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Primary liver cancer is the sixth most commonly diagnosed 
cancer and the fourth leading cause of cancer mortality 
worldwide.1 Liver transplantation and surgical resection are 
two curative therapeutic options for liver cancer patients 
at the early stages. However, most patients are diagnosed 
at advanced stages. For those patients, chemotherapy, tar-
geted therapy, radiotherapy (RT), and combination therapy 
are employed to treat unresectable liver cancer.2 Among the 
treatments, RT has emerged as an effective treatment for 
patients at an intermediate stage. However, the efficacy of 
RT is limited due to its radiotoxicity in liver tissues adja-
cent to tumors, resulting in radiation-induced liver disease 
(RILD).3 RILD is an acute response within few weeks or a 
chronic response that occurs from months to years after 
RT. Hepatic stellate cells (HSCs),4 the main fibrogenic cell 
type, are known to be radiosensitive and to release various 
profibrotic factors that promote liver fibrosis during RT, re-
sulting in the development of radiation-induced liver fibrosis 
(RILF). RILF is becoming an increasingly serious problem 
as it could prevent irradiation dose escalation or terminate 
repeated irradiation treatment for liver cancer and is associ-
ated with a high mortality rate. Efficient treatment options 
for RILF are limited. Therefore, elucidation of the molecular 
mechanisms for the development of RILF is urgently need-
ed in order to improve the survival of liver cancer patients 
treated with RT.

A recent study by Niu et al.,5 titled “CircTUBD1 regulates 
radiation-induced liver fibrosis response via a circTUBD1/
micro-203a-3p/Smad3 positive feedback loop,” identified a 
circular RNA (circRNA) signaling pathway that is critically 
involved in the development of RILF. That study is based on 
a previous observation by the same group that circTUBD1 
(has_circ_0044897) expression was significantly upregu-
lated, with activation of a human hepatic stellate cell line 
(LX-2) following irradiation.6 Based on that interesting lead, 

Niu et al.5 devised this study to functionally characterize 
and elucidate the potential role of circTUBD1 in RILF using 
an in vitro 3-dimensional (3D) spheroid model of LX-2 cells 
as well as an in vivo RILF mouse model. Using a knockdown 
approach, these researchers found that suppression of circ-
TUBD1 reduced the activity of LX-2 cells, as evidenced by 
a decrease in the expression of fibrosis-related markers at 
both mRNA and protein levels. Analysis in the CircInterac-
tome database found that circTUBD1 shared response ele-
ments with micro-203a-3p. The binding of circTUBD1 and 
micro-203a-3p was further confirmed by dual-luciferase re-
porter assays, mutation analysis, and RNA pulldown assays. 
Functionally, the micro-203a-3p inhibitor not only aggravat-
ed radiation-induced activation of LX-2 cells but also partial-
ly rescued the suppressive effect of circTUBD1 knockdown 
in LX-2 cells, revealing the functional role of circTUBD1 as 
a sponge of micro-203a-3p to regulate RILF in LX-2 cells.

To further elucidate the downstream signaling of circ-
TUBD1/micro-203a-3p, the investigators performed RNA 
sequencing to compare the genetic profiles between circ-
TUBD1 and control LX-2 cells upon irradiation. The results 
suggested that the TGF-β signaling pathway was enriched 
and the expression and phosphorylation of SMAD3, a tran-
scription factor related to the pathway, were repressed 
upon circTUBD1 knockdown. The observations echo the 
finding showing that the TGF-β/SMAD3 signaling pathway 
is a crucial mediator during the process of radiation-induced 
liver injury.7 With the TargetScan database, multiple bind-
ing sites between micro-203a-3p and SMAD3-3′UTR were 
identified, and their interactions were further confirmed by 
dual-luciferase assays and functional characterization. The 
data show that circTUBD1 suppressed the micro-203a-3p/
SMAD3 interaction, resulting in the upregulation of TGF-β 
signaling.

Additionally, the study provides mechanistic insight into 
how circTUBD1 expression is upregulated in HSCs following 
irradiation. Based on the GTAR and JASPAR databases, Niu 
et al.5 revealed for the first time that SMAD3 potentially 
binds to multiple binding sites in the promoter region of 
TUBD1. Further confirmation analysis showed two effec-
tive SMAD3 binding sites in the promoter region of TUBD1. 
Chromatin immunoprecipitation (ChIP) quantitative real-
time PCR analysis using a specific anti-SMAD3 antibody 
confirmed the physical interaction between SMAD3 and the 
TUBD1 promoter, and that the occupancy of SMAD3 was 
consistently decreased by knockdown of circTUBD1 in LX-2 
cells. The potential positive SMAD3/circTUBD1 feedback 
loop was further confirmed by a knockdown experiment in 
which repression of SMAD3 significantly decreased TUBD1, 
pre-TUBD1, and circTUBD1 levels in LX-2 cells. These excit-

Abbreviations: 3D, 3-dimensional; circRNA, circular RNA; HSC, hepatic stel-
late cell; RILD, radiation-induced liver disease; RILF, radiation-induced liver fi-
brosis; RT, radiotherapy.
*Correspondence to: Terence KW Lee, Room 805, Block Y, Department of Ap-
plied Biology and Chemical Technology, Lee Shau Kee Building, The Hong Kong 
Polytechnic University, Hong Kong, China. ORCID: https://orcid.org/0000-0003-
0682-322X. Tel: +852-3400-8799, Fax: +852-2364-9932, E-mail: terence.kw. 
lee@polyu.edu.hk
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ing findings indicated that SMAD3 was not only regulated 
by circTUBD1 but also in turn modulated the endogenous 
expression of circTUBD1 in LX-2 cells. Targeting the positive 
feedback loop is a potentially promising therapeutic strat-
egy to alleviate liver fibrosis after irradiation.

To confirm the in vitro findings, Niu et al.5 established a 
RILF mouse model in which the left liver was irradiated with 
30 Gy with five fractions, 6 Gy per week, and examined 
the therapeutic effect of targeting the circTUBD1 signaling 
cascade by intravenous injection of adenoviral-based sh-
circTUBD1 virus. With that RILF model, irradiation resulted 
in upregulation of the expression of fibrogenic markers in-
cluding α-SMA, COL1A1, COL3A1, and CTGF. Knockdown 
of circTUBD1 partially offset the upregulated expression 
of these markers. Phenotypically, knockdown of circTUBD1 
also alleviated the effect of irradiation on inflammatory in-
filtrates, excess collagen deposition around the vessel, and 
liver damage.

The study provides novel mechanistic insight into thera-
peutic strategies for RILF. First, it established a 3D spheroid 
model of LX-2 cells for the in vitro analysis of liver fibrosis 
upon irradiation, which provides a more physiological sys-
tem compared to the 2-dimensional cell line approach. Sec-
ond, it revealed the novel role of circTUBD1 in the regula-
tion of RILF via a circTUBD1/micro-203a-3p/Smad3 positive 
feedback loop (Fig. 1). Most importantly, the study provides 
a novel therapeutic strategy to alleviate RILF by targeting 
the circTUBD1 signaling cascade. Although major progress 
has been made in circRNA research in recent years, target-
ing circRNA is still under investigation for potential clinical 
trials. A recent study showed that the CRISPR/Cas13 sys-
tem showed promise in knocking down circRNAs with high 
specificity and efficiency.8 Further investigation targeting 
circTUBD1 for RILF is highly warranted to translate the cur-

rent results to the bedside. Additionally, because of recent 
advancements in biomedical technology, photoacoustic im-
aging can be employed to evaluate the therapeutic effect of 
suppressing circTUBD1 on RILF in mice.9,10
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Nonalcoholic fatty liver disease (NAFLD) is a growing epi-
demic, representing the most common chronic liver disease 
worldwide.1 NAFLD is highly associated with type 2 diabe-
tes mellitus (T2DM) and obesity, conditions that increase 
morbidity and mortality.2 A background of T2DM has also 
been shown to be predictive of cirrhosis and hepatocellular 
carcinoma occurrence in patients with T2DM, and cirrhotic 
patients with diabetes seem to have a higher risk of hepatic 
decompensation with manifestations of hepatic encepha-
lopathy.3 In addition, it should not be underestimated the 
significantly increased risk for cardiovascular disease (CVD) 
and chronic kidney disease (CKD) in subjects with NAFLD, 
regardless of T2DM presence.4,5

Newer antidiabetic drugs, like sodium-glucose co-trans-
porter-2 (SGLT-2) inhibitors and glucagon-like peptide-1 re-
ceptor agonists (GLP-1RAs) have attracted scientific inter-
est in the last decade, because of their multiple pleiotropic 
effects, with emphasis on cardio- and reno-protection with 
both drug classes.6 Their potential role in the treatment of 
NAFLD has been widely discussed recently.7

A previous meta-analysis demonstrated that both drug 
classes provided a significant improvement in liver enzymes 
and steatosis in patients with NAFLD.8 Two recent meta-
analyses confirmed the beneficial effects of these drug 
classes on liver enzymes and liver fibrosis, along with sig-
nificant improvements in the overall metabolic profile and 
glycemic control.9,10 What is more, a recently published 

retrospective study documented that 5-year treatment with 
SGLT-2 inhibitors in patients with T2DM and NAFLD resulted 
in a significant improvement in liver steatosis and fibrosis, 
and that addition of a GLP-1RA was safe.11 It has also been 
speculated that their diuretic effects might be of great value 
for cirrhotic patients with refractory ascites.12 Some anec-
dotal data retrieved from small case series support this hy-
pothesis.13

Regarding GLP-1RAs, a previous population-based ret-
rospective cohort study found that treatment with this 
antidiabetic drug class resulted in a significant decrease 
in the risk of individual decompensation events, includ-
ing ascites, spontaneous bacterial peritonitis, hepatorenal 
syndrome, esophageal variceal hemorrhage, and hepatic 
encephalopathy.14 However, when SGLT-2 inhibitors and 
GLP-1RAs were directly compared, no significant differ-
ence in decompensation rates was observed.14 Combining 
SGLT-2 inhibitors and GLP-1RA has been shown to be safe 
and highly efficacious in patients with T2DM, providing 
a greater reduction in glycated hemoglobin levels, body 
weight, and systolic blood pressure, compared with each 
drug class alone.15 In addition, the cardiovascular benefit 
obtained by combining a SGLT-2 inhibitor and GLP-1RA 
seems to be greater than that obtained with a SGLT-2 in-
hibitor or GLP-1RA alone.16

Unfortunately, except for the observations made by 
Akuta and colleagues11 in a small cohort of patients with 
NAFLD,11 there is no evidence of a synergistic effect of a 
SGLT-2 inhibitor plus GLP-1RA on liver steatosis and/or fi-
brosis in patients with NAFLD. The greater reductions of gly-
cated hemoglobin level and body weight shown in previous 
randomized controlled trials and meta-analyses, should be 
considered a major step in achieving increased benefits with 
treatment of liver steatosis by combining a SGLT-2 inhibitor 
and GLP-1RA.15 In addition, greater reductions in subcu-
taneous fat and the visceral fat mass, should be expected 
with such a combination, along with a greater reduction in 
intrahepatic fat content, although that has to be confirmed 
in future trials.17,18 Remarkably, only an observational study 
in a total of 24 patients with NAFLD and T2DM showed that 
addition of a SGLT-2 inhibitor to an incretin-based regimen 
with GLP-1RA or a DPP-4 inhibitor resulted in a significant 
decrease in alanine aminotransferase levels that led to nor-
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malization and in a significant improvement in the FIB-4 
index.19

Of course, it has to be admitted that the safety and ef-
ficacy of a great number of drug classes and investigational 
agents for the treatment of NAFLD with or without comor-
bidities testing are currently under investigation in clinical 
trials.20 Peroxisome proliferator-activated receptor agonists, 
pyruvate carrier (MPC) inhibitors, farnesoid X receptor ago-
nists, liver X receptor alpha inhibitors, fibroblast growth fac-
tor analogs/activators, dual GLP-1 and glucose-dependent 
insulinotropic peptide receptor analogs or agonists, thyroid 
hormone receptor (THR-β)-selective agonists, antioxidants, 
fibrosis-targeted treatment options, and their combina-
tions, are being assessed for their potential incorporation 
into the armamentarium of NAFLD treatments.20 Of note, 
some are also being tested in combination with either SGLT-
2 inhibitors or GLP-1RAs.20

Therefore, it appears that such a combination would be 
of great value for patients with NAFLD and comorbidities, 
such as obesity, CVD, or even CKD (a simplified treatment 
approach is shown in Fig. 1). However, no studies have yet 
assessed the impact of such a combination on histologi-
cal outcomes in patients with NAFLD and T2DM to confirm 
whether an SGLT-2 inhibitor/GLP-1RA combination might 
have beneficial synergistic effects on liver steatosis and fi-
brosis. Well-designed, prospective studies are required to 
answer this sound, scientific question. In addition, cost-ef-
fectiveness analyses are needed.
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Abstract

Background and Aims: Iron overload can contribute to 
the progression of nonalcoholic fatty liver disease (NAFLD) 
to nonalcoholic steatohepatitis (NASH). Hepcidin (Hamp), 
which is primarily synthesized in hepatocytes, is a key reg-
ulator of iron metabolism. However, the role of Hamp in 
NASH remains unclear. Therefore, we aimed to elucidate the 
role of Hamp in the pathophysiology of NASH. Methods: 
Male mice were fed a choline-deficient L-amino acid-defined 
(CDAA) diet for 16 weeks to establish the mouse NASH 
model. A choline-supplemented amino acid-defined (CSAA) 
diet was used as the control diet. Recombinant adeno-asso-
ciated virus genome 2 serotype 8 vector expressing Hamp 
(rAAV2/8-Hamp) or its negative control (rAAV2/8-NC) was 
administered intravenously at week 8 of either the CDAA 
or CSAA diet. Results: rAAV2/8-Hamp treatment markedly 
decreased liver weight and improved hepatic steatosis in 
the CDAA-fed mice, accompanied by changes in lipogenesis-
related genes and adiponectin expression. Compared with 
the control group, rAAV2/8-Hamp therapy attenuated liver 
damage, with mice exhibiting reduced histological NAFLD 
inflammation and fibrosis, as well as lower levels of liver 
enzymes. Moreover, α-smooth muscle actin-positive acti-
vated hepatic stellate cells (HSCs) and CD68-postive mac-
rophages increased in number in the CDAA-fed mice, which 
was reversed by rAAV2/8-Hamp treatment. Consistent with 
the in vivo findings, overexpression of Hamp increased adi-
ponectin expression in hepatocytes and Hamp treatment 
inhibited HSC activation. Conclusions: Overexpression of 
Hamp using rAAV2/8-Hamp robustly attenuated liver stea-
tohepatitis, inflammation, and fibrosis in an animal model 
of NASH, suggesting a potential therapeutic role for Hamp.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most 
prevalent liver diseases worldwide. Hepatic manifestation 
of metabolic syndrome associated with NAFLD is highly 
prevalent in obese and diabetic inidividuals.1,2 Nonalcoholic 
steatohepatitis (NASH) is a subtype of NAFLD that can pro-
gress to cirrhosis, liver failure, hepatocellular carcinoma, 
and death. Despite the severe outcomes of NASH, there 
are no known efficacious treatments for NASH-related ad-
vanced fibrosis. Thus, there is an urgent need to develop 
new therapies.3–5

The pathogenesis of liver inflammation and fibrosis in pa-
tients with NAFLD is not completely understood. Other than 
insulin resistance, iron overload has been considered an in-
dicator of inflammation and fibrosis. Accumulating evidence 
suggests that approximately one-third of USA and Chinese 
patients with biopsy-proven NAFLD develop hepatic iron 
stores.6–8 Increased iron stores could be of pathogenic im-
portance in NAFLD, since elevated iron levels can increase 
the risk of hepatocyte ballooning, inflammation, and fibro-
sis, all of which are characteristics of NASH. Iron reduction 
therapy could potentially reduce steatosis and insulin re-
sistance, as well as serum transaminase activity in patients 
with NASH/NAFLD.9–11 However, treatment of iron overload 
presents some challenges. A meta-analysis showed that 
iron depletion does not significantly improve indices of in-
sulin resistance, liver enzyme levels, or liver histology com-
pared to lifestyle changes alone in patients with NAFLD.12

Hepcidin (Hamp) is an acute-phase reactant produced 
primarily in the liver, that was first identified as an antimicro-
bial peptide and was subsequently shown to play a central 
role in regulating iron homeostasis. There is increasing evi-
dence to suggest that its synthesis is regulated in response 
to inflammation, hypoxia, and iron homeostasis.13,14 Taking 
this into account, the increased Hamp levels in NAFLD are 
most likely induced by elevated inflammatory cytokines; 
therefore, there has been great interest in evaluating Hamp 
as a potential non-invasive biomarker of NAFLD. Of note, 
serum Hamp levels have previously been reported to be 
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correlated with obesity but not liver disease.15–17 Despite 
the fact that the mechanism through which Hamp induces 
NAFLD remains uncertain, excessive cytokines, such as in-
terleukin (IL) 6, have a core function in Hamp production. 
More interestingly, Tsutsumi et al.18 recently found that 
there was a significant inverse correlation between Hamp 
immunoreactivity and fibrosis in pediatric NAFLD patients, 
suggesting that these patients experienced a reduction in 
the Hamp-producing ability of the liver in response to iron 
levels, leading to subsequent fibrosis.

Our preliminary data also demonstrated that low levels 
of Hamp are associated with murine carbon tetrachloride 
(CCl4)-induced liver fibrosis, leading to the hypothesis that 
Hamp might be effective in treating NASH-related fibrosis. 
Therefore, we sought to determine if Hamp contributes to 
the severity of steatosis, inflammation, and fibrosis in a 
mouse model of NASH induced by a choline-deficient l-
amino acid-defined (CDAA) diet. We used a recombinant 
adeno-associated virus genome 2 serotype 8 (rAAV2/8) 
vector to efficiently transfect a Hamp overexpressing plas-
mid into liver cells to investigate the effects of Hamp on 
NASH-related inflammation and fibrosis in a mouse model.

Methods

Experimental animals

This study was approved by the Institutional Animal Care 
and Usage Committee of the Beijing Friendship Hospital, 
Capital Medical University. C57BL/6J mice were fed a CDAA 
diet (M10530i; Moldiets Co. Ltd., Chengdu, China) for 16 
weeks to induce NASH. The control group received a CSAA 
diet (M10530Ci; Moldiets). Recombinant adeno-associated 
virus subtype 2/8 vector expressing Hamp (rAAV2/8-Hamp) 
or its negative control vector (rAAV2/8-NC) were amplified 
by Obio (Shanghai, China). Mice were treated with either 
the rAAV2/8-NC or rAAV2/8-Hamp via tail vein injection at 
a dose of 3×1011 genome copies/mouse after 8 weeks of 
being fed either the CDAA or CSAA diet. The mice were 
housed on a 12 h light/dark cycle, with controlled tempera-
ture (23±2°C) at 40–60% humidity.

Food intake and body weight were monitored weekly. Af-
ter a total of 16 weeks on the CDAA or CSAA diet, animals 
were euthanized and sacrificed. Serum was collected and 
frozen, and the livers and spleens were dissected, weighed, 
and snap-frozen for further analysis.

Hamp treatment

The rat hepatic stellate cell (HSC) line-T6 was a gift from 
Dr. Scott Friedman (Mount Sinai Medical Center, New York, 
NY, USA). T6 cells were plated in Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% (v/v) fetal bo-
vine serum (FBS). When cells reached 80–90% confluence, 
they were detached using trypsin and reseeded at 2×105 
per well in a 6-well plate. T6 cells were cultured overnight 
in serum-free medium before experimentation. Cells were 
stimulated with Hamp (10 ng/mL or 100 ng/mL; Peptide 
Institute, Osaka, Japan) and cultured for 48 h. Control cells 
were left unstimulated.

Generation of Hamp-overexpressing hepatocyte cell 
line

AML12 mouse hepatocytes (American Type Culture Collec-
tion, Manassas, VA, USA) were cultured in DMEM/F12 with 

10% FBS supplemented with 1% Insulin-Transferrin-Seleni-
um (ITS) (51500056; Invitrogen, Waltham, MA, USA), 40 
ng/mL dexamethasone, and 1% penicillin streptomycin mix-
ture. The plRES2-EGFP-NC and plRES2-EGFP-Hamp plasmids 
were transfected into AML12 cells using the EndoFectin™ 
Max transfection reagent (GeneCopoeia, Rockville, MD, USA) 
following the manufacturer’s instructions. Briefly, AML12 
cells (5×104 per well) were seeded into a 12-well plate. After 
24 h, the cells were transfected with either 2 or 4 µg of the 
plasmids using the EndoFectin™ Max transfection reagent.

Quantitative real-time (q)PCR analysis

Total mRNA was extracted using the TRIzol reagent (Sig-
ma-Aldrich, St. Louis, MO, USA) according to the manu-
facturer’s protocol.19 Reverse transcription was performed 
with 1 µg total RNA using the SuperScript™ VILO™ Master 
Mix (Invitrogen). The SYBR Green Real-time PCR Master Mix 
(Invitrogen) was used for qPCR. Primers used for qPCR are 
listed in Table 1. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used to normalize the PCR results, and 
the ΔΔCt method was used for quantification.

Western blot analysis

Total cell lysates were homogenized in tissue lysis buffer 
(FNN0071; Invitrogen) supplemented with protease and 
phosphatase inhibitors (Roche, Basel, Switzerland).20 Pro-
teins were resolved by SDS-PAGE and transferred to nitro-
cellulose membranes (Amersham Biosciences, Buckingham-
shire, UK). Membranes were then incubated with primary 
antibodies against alpha-smooth muscle actin (αSMA) (di-
luted 1:500; Abcam, Cambridge, UK), tissue inhibitor of 
metalloproteinase (TIMP)1 (diluted 1:500; Invitrogen), and 
β-actin (diluted 1:2,000; Peprotech, Rocky Hill, NJ, USA) 
overnight at 4°C. On the following day, the membranes were 
incubated with the appropriate secondary antibodies (Cell 
Signaling Technology, Danvers, MA, USA) and proteins were 
visualized using a chemiluminescent substrate (Invitrogen).

Histopathological analysis

Liver samples were fixed with neutral-buffered formalin, 
embedded in paraffin, and cut into 4-µm thick sections that 
were stained with either hematoxylin and eosin (HE) or Sir-
ius Red (SR), or prepared for immunohistochemistry (IHC) 
analysis of αSMA and CD68 expression.

Histological assessment and scoring were performed by 
a pathologist blinded to the study. Steatosis and lobular in-
flammation scoring on liver histology were performed us-
ing the clinical criteria outlined by Kleiner et al.21 Activated 
HSCs and total macrophages were detected using an anti-
αSMA antibody (diluted 1:200; Abcam) and an anti-CD68 
antibody (diluted 1:500; Invitrogen), respectively. Morpho-
metric quantification of SR staining (percentage of area) 
was performed at 200× in 10 random fields per mouse from 
five individual animals using ImageJ software. αSMA- and 
CD68-positive cells were quantified as the number of posi-
tively stained cells per high-power field (HPF).

For Oil-red O staining, optimal cutting temperature-em-
bedded frozen tissue was sectioned at 7 µm and fixed in 10% 
neutral buffered formalin. After washing with distilled water, 
dried slides were subsequently incubated with 60% isopro-
panol and Oil-red O solution, then rinsed with 60% isopro-
panol solution and distilled water and mounted with glycerin. 
Morphometric quantification of Oil-red O staining (percent-
age of area) was performed at 200× in 10 random fields per 
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mouse from five individual animals using ImageJ software.

Serum biochemistry

Serum samples were stored at −80°C until analyses could 
be performed. Serum aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), and iron were measured using 
Olympus Beckman Coulter AU480 automatic biochemistry 
analysis system reagents (InTec Products, Shenzhen, China) 
provided by the manufacturer. Hemoglobin (Hb) levels were 
measured using the Mindray Bc 3000 Automatic Blood Cell 
Analyzer according to the manufacturer’s recommendations.

Statistical analysis

Data were expressed as mean±standard error of the mean 

(SEM) and were analyzed using GraphPad Prism software 
(v.5; GraphPad Software, La Jolla, CA, USA). A Student’s t-
test was used to compare values obtained from two groups. 
Data from multiple groups were compared using a one-way 
ANOVA followed by the Tukey’s post-hoc test. Finally, p-val-
ues <0.05 were considered significant.

Results

rAAV2/8-Hamp treatment increased Hamp expres-
sion in CDAA-induced NASH

To investigate the anti-steatotic effects of Hamp, we fed mice 
a CDAA diet for 16 weeks, which is commonly used to induce 
steatosis in mouse models of NASH. The mice were admin-
istered a total dose of 3×1011 genome copies per mouse of 
either rAAV2/8-Hamp or rAAV2/8-NC after 8 weeks of either 

Table 1.  Primers used for qPCR

Gene Primer sequences Product size Accession No

Hamp F: 5′-CAATGTCTGCCCTGCTTTCT-3′ 113 bp NM_032541.2

R: 5′-TCTCCTGCTTCTCCTCCTTG-3′

αSMA F: 5′-GATGAAGCCCAGAGCAAGAG-3′ 87 bp XM_021152572.1

R: 5′-CTTTTCCATGTCGTCCCAGT-3′

COL1A1 F: 5′-GAGCGGAGAGTACTGGATCG-3′ 158 bp NM_007742.4

R: 5′-GCTTCTTTTCCTTGGGGTTC-3′

CCR2 F: 5′-GGCTCAGCCAGATGCAGTTAA-3′ 76 bp NM_011333.3

R: 5′-CCTACTCATTGGGATCATCTTGCT -3′

TGFβ-1 F: 5′-GAGGTCACCCGCGTGCTA-3′ 70 bp NM_011577.2

R: 5′-TGTGTGAGATGTCTTTGGTTTTCTC-3′

Il10 F: 5′-GCTCTTACTGACTGGCATGAG-3′ 105 bp NM_010548.2

R: 5′-CGCAGCTCTAGGAGCATGTG-3′

TNFα F: 5′-TCCCAGGTTCTCTTCAAGGGA-3′ 51 bp NM_001278601.1

R: 5′-GGTGAGGAGCACGTAGTCGG-3′

TIMP-1 F: 5′-CCAGAGCCGTCACTTTGCTT-3′ 126 bp NM_001294280.2

R: 5′-AGGAAAAGTAGACAGTGTTCAGGCTT -3′

SREBP1c F: 5′-TGGAGACATCGCAAACAAG-3′ 274 bp XM_030245748.1

R: 5′-GGTAGACAACAGCCGCATC-3′

ChREBP F: 5′-AGATGGAGAACCGACGTATCA-3′ 104 bp NM_001359237.1

R: 5′-ACTGAGCGTGCTGACAAGTC-3′

Acc F: 5′-GATGAACCATCTCCGTTGGC-3′ 65 bp XM_030245463.1

R: 5′-GACCCAATTATGAATCGGGAGTG-3′

Scd1 F: 5′-TGACCTGAAAGCCGAGAA-3′ 342 bp NM_009127.4

R: 5′-ATGTGCCAGCGGTACTCA-3′

Adiponectin F: 5′-TGTTCCTCTTAATCCTGCCCA-3′ 104 bp NM_009605.5

R: 5′-CCAACCTGCACAAGTTCCCTT-3′

GAPDH F: 5′-TCCACTCACGGCAAATTCAAC-3′ 89 bp XM_017321385.1

R: 5′-CGCTCCTGGAAGATGGTGATG-3′

αSMA, smooth muscle alpha-actin; COL1A1, collagen type I alpha 1 chain; CCR2, C-C motif chemokine receptor 2; TGFβ-1, transforming growth factor-beta 1; Il10, in-
terleukin 10; TNF, tumor necrosis factor; TIMP-1, tissue inhibitor of metalloproteinase 1; SREBP1c, sterol-regulatory element binding protein-1c; ChREBP, carbohydrate 
response element binding protein; Acc, acetyl coenzyme A carboxylase; Scd1, steatoyl-coenzyme A desaturase 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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the CDAA or control CSAA diet (Fig. 1A). We found that Hamp 
mRNA levels were significantly lower in the CDAA-fed mice 
compared to the CSAA-fed mice, as expected. We also found 
that Hamp was increased in all liver tissues from mice inject-
ed with rAAV2/8-Hamp compared to rAAV2/8-NC (Fig. 1B).

rAAV2/8-Hamp treatment reduced body weight gain 
without affecting iron status and Hb levels

Both the CSAA and CDAA diets have been shown to cause 
a progressive and time-dependent increase in body weight. 

In our model, the CDAA-fed mice gained less body weight 
(∼6% less) compared to the CSAA-fed mice after 16 weeks. 
It is worth noting that rAAV2/8-Hamp treatment decreased 
body weight gain in the control group (∼5% lower) (Fig. 
1C). Food intake (data not shown) following rAAV2/8-Hamp 
and rAAV2/8-NC treatment in both the CDAA- and CSAA-fed 
mice increased at similar rates and there were no differ-
ences in relative liver weight and spleen weight between the 
two groups (Fig. 1D–E).

Hamp is a master regulator of systemic iron homeosta-
sis, and therefore tightly controls erythrocyte production. 
We measured serum iron and Hb levels among the four 

Fig. 1.  Hamp levels increased following rAAV2/8-Hamp treatment in mice fed CDAA or CSAA diets for 16 weeks. (A) Male mice (8 weeks-old) were fed 
either the CSAA or CDAA diet for 16 weeks with rAAV2/8-NC or rAAV2/8-Hamp treatment at week 8 (n=10 per group). (B) Hamp gene expression, (C) growth curve, 
(D) relative liver mass, (E) relative spleen mass, (F) serum iron levels, and (G) Hb levels in mice fed either the CSAA or CDAA diet for 16 weeks. Data represent the 
mean±SEM of at least 10 animals per group. CDAA, choline-deficient L-amino acid-defined; CSAA, choline-supplemented amino acid-defined; rAAV, recombinant adeno-
associated virus; NC, negative control; Hb, Hemoglobin.
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groups of mice. Serum iron levels were significantly higher 
in the CDAA-fed mice compared to the CSAA-fed mice, but 
rAAV2/8-Hamp treatment did not significantly decrease se-
rum iron levels compared to rAAV2/8-NC treatment in ei-
ther the CDAA- or CSAA-fed mice (Fig. 1F). Hb levels were 
similar among the four groups (Fig. 1G). Our data suggest 
that overexpression of Hamp in liver tissue does not induce 
systemic iron overload or affect Hb levels.

rAAV2/8-Hamp treatment reversed steatosis in 
CDAA-fed mice

We next determined whether increased Hamp expression 
following rAAV2/8-Hamp transduction reversed CDAA-in-
duced hepatic steatosis. HE staining showed evidence of he-
patic steatosis (primarily as micro- and macro-steatosis) in 
the CDAA-fed mice, and rAAV2/8-Hamp treatment remark-
ably decreased the hepatic lipid deposition in the CDAA-fed 
mice compared to the rAAV2/8-NC treatment (Fig. 2A). The 
semi-quantitative steatosis data were confirmed using lipid 
morphometry on Oil-red O stained liver sections; we ob-
served an approximate three-fold decrease in the rAAV2/8-
Hamp treatment group compared to the rAAV2/8-NC 
treatment group of the CDAA-fed mice (54.34±6.14% vs. 
18.91±2.42%, respectively; p<0.05) (Fig. 2B). In addition, 
the steatosis score was lower in the rAAV2/8-Hamp treat-
ment group compared to the rAAV2/8-NC treatment group 
(2.80±0.42 vs. 1.70±0.67, respectively; p<0.05) (Fig. 2C).

The CSAA-fed mice group showed significant glucose 
intolerance compared to that of the CDAA-fed mice group 
after a 16-week feeding. rAAV2/8-Hamp treatment signifi-
cantly improved oral glucose tolerance at 60, 90, and 120 m 
after gavage with glucose in the CSAA group; however, there 
was no difference between rAAV2/8-Hamp and rAAV2/8-NC 
administration in the CDAA group. These results indicate 
that Hamp effectively attenuated CSAA-induced changes in 
metabolic parameters (Fig. 2D).

rAAV2/8-Hamp treatment modulates the expression 
of lipogenesis-related genes

To further explore the underlying mechanisms of steatao-
hepatitis, we determined the difference in lipid metabolism 
following rAAV2/8-Hamp treatment in both the CDAA- and 
CSAA-fed mice. Compared to the CSAA diet, the CDAA diet 
significantly down-regulated the expression of genes in-
volved in de novo lipogenesis. These genes included car-
bohydrate response element binding protein (ChREBP), 
sterol regulatory binding protein 1c (SREBP1c), Stearoyl-
CoA desaturase 1 (Scd1), acetyl-CoA carboxylase (Acc), 
and adiponectin. rAAV2/8-Hamp treatment down-regulat-
ed, although not significantly, the expression of these lipo-
genesis-related genes in the CSAA-fed mice. In contrast, 
rAAV2/8-Hamp treatment significantly up-regulated the ex-
pression of ChREBP and SREBP1c in the CDAA-fed mice but 
had no effect on the expression of Scd1 and Acc1 between 
the two groups (Fig. 3E–H). Interestingly, rAAV2/8-Hamp 
treatment increased adiponectin expression in the CDAA-
fed mice compared to the rAAV2/8-NC treatment (Fig. 3I).

Hamp overexpression modulated adiponectin ex-
pression in AML12 cells

To further evaluate the role of Hamp in hepatocyte adiponec-
tin expression, we transfected mouse hepatocyte AML12 
cells with either the plRES2-Hamp or plRES2-NC plasmid 

(Fig. 3A). Consistent with the in vivo study, we found that 
expression of adiponectin was dramatically elevated in the 
AML12 cells transfected with plRES2-Hamp compared to 
plRES2-NC (Fig. 3B–C).

rAAV2/8-Hamp treatment suppressed liver inflam-
mation in CDAA-fed mice

We next analyzed liver inflammation in the CDAA- and 
CSAA-fed mice treated with rAAV2/8-Hamp after 16 weeks. 
Immunostaining analysis of CD68, a well-established mark-
er of activated macrophages, showed that CD68 expression 
was significantly increased in the CDAA-fed mice compared 
to the CSAA-fed mice. Treatment with rAAV2/8-Hamp sig-
nificantly attenuated CDAA-induced macrophage infiltration 
and decreased the inflammation score (Fig. 4A–C).

Aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) activity significantly increased in the 
CDAA-fed mice compared to the CSAA-fed mice. Treatment 
with rAAV2/8-Hamp in the CDAA-fed mice significantly de-
creased the serum ALT and AST levels compared to the 
rAAV2/8-NC treatment (Fig. 4D–E).

In line with these findings, livers from the CDAA-fed mice 
had increased mRNA levels of chemokine (C-C motif) re-
ceptor 2 (CCR2) and tumor necrosis factor alpha (TNFα) 
compared to the CSAA-fed mice, whereas expression of 
these genes was suppressed in CDAA-fed mice treated with 
rAAV2/8-Hamp (Fig. 4F–G). The mRNA levels of Il10, a po-
tent anti-inflammatory cytokine, were significantly higher in 
the livers of the CDAA-fed mice compared to the CSAA-fed 
mice, and expression of Il10 was slightly increased in the 
CDAA-fed mice treated with rAAV2/8-Hamp (Fig. 4H).

rAAV2/8-Hamp treatment ameliorated liver fibrosis 
in CDAA-fed mice

Finally, we evaluated liver fibrosis in the CDAA- and CSAA-
fed mice treated with rAAV2/8-Hamp after 16 weeks. Col-
lagen deposition and HSC activation were significantly in-
creased in the CDAA-fed mice compared to the CSAA-fed 
mice, and rAAV2/8-Hamp treatment reduced these fibrosis 
markers in the CDAA-fed mice, as assessed by SR stain-
ing and IHC detection of αSMA (Fig. 5A–C). Similarly, liv-
ers from CDAA-fed mice had increased mRNA levels of CO-
L1A1, αSMA, and TIMP-1 compared to CSAA-fed mice, and 
rAAV2/8-Hamp treatment suppressed expression of these 
genes in the CDAA-fed mice (Fig. 5D–F).

Hamp supplementation showed anti-fibrotic effects 
in HSCs in vitro

Considering the major pathophysiological role that HSCs 
have in fibrogenesis, we investigated the effect of Hamp 
in cultured HSC T6 cells. Specifically, we measured the ex-
pression of fibrogenetic genes (αSMA, TIMP-1, COL1A1, and 
transforming growth factor beta 1 [TGFβ-1]). Hamp (10 and 
100 ng/mL) dose-dependently and significantly reduced the 
mRNA levels of fibrogenetic genes after 48 h of incubation 
compared to unstimulated HSCs (Fig. 6A–D). Reduction of 
αSMA and TIMP1 were also confirmed at the protein level, as 
determined by quantitative western blot analysis (Fig. 6E).

Discussion

Iron-load is prevalent in a third of NAFLD patients and can 
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Fig. 2.  rAAV2/8-Hamp treatment showed anti-steatotic properties in CDAA-fed mice. (A) Representative HE (original magnification 200×) and Oil-red O stain-
ing images (original magnification 100×) in liver sections of mice treated with rAAV2/8-Hamp or rAAV2/8-NC for up to 16 weeks. (B) Quantification of Oil-red O staining 
images of mice fed either the CDAA or CSAA diet. (C) Liver steatosis scores. (D) Oral glucose tolerance test. (E–I) Hepatic transcript levels of ChREBP, SREBP1c, Scd1, 
Acc, and adiponectin in mice fed either the CDAA or CSAA diet for 16 weeks. Data represent the mean±SEM of at least 10 animals per group. HE, hematoxylin-eosin; 
CDAA, choline-deficient L-amino acid-defined; CSAA, choline-supplemented amino acid-defined; rAAV, recombinant adeno-associated virus; ChREBP, carbohydrate re-
sponse element binding protein; SREBP1c, sterol-regulatory element binding protein-1c; Scd1, steatoyl-coenzyme A desaturase 1; Acc, acetyl coenzyme A carboxylase.
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accelerate the progression of steatosis, fibrosis, cirrhosis, 
and hepatocellular carcinoma. As such, iron removal thera-
py has become a potential treatment strategy for NASH.6,7 
Given its role in regulating iron homeostasis, Hamp has 
gained attention as a promising therapeutic agent that can 
remove liver iron stores.13,14 In the present study, our data 
showed that rAAV2/8-Hamp treatment significantly sup-
pressed CDAA diet-induced steatosis, hepatic inflammation, 
and subsequent liver fibrosis in mice.

A choline-deficient diet can increase the onset of stea-
tohepatitis features and fibrosis in mice, similar to patients 
with rapid NASH progression. Since our main focus is un-
derstanding how to best treat NASH-related fibrosis, we es-
tablished the CDAA mouse model to best mirror pathology 
and pathogenesis of human NASH. In agreement with pre-
vious studies, the CDAA diet resulted in moderate hepatic 
lipoapoptosis, liver inflammation, and fibrosis, while the 
CSAA diet led to severe insulin resistance and absence of 
inflammation and fibrosis.22–24 Mice on the CDAA developed 
macrovesicular steatosis in the liver, but the CDAA-fed mice 
developed a metabolic profile opposite to what is observed 
in human disease. We found that the CDAA diet significantly 
down-regulated the expression of genes involved in fatty 
acid synthesis, which might result from compensatory he-
patic uptake of serum lipids or by impairment in very low-
density lipoprotein secretion from the liver. NAFLD in pa-
tients has a complex and heterogeneous pathogenesis, thus 
it should be pointed out that animal models of NAFLD may 
not recapitulate all characteristics of human disease.

In our study, we first found that Hamp expression was 
significantly down-regulated and that iron stores were in-
creased in the CDAA-fed mice, suggesting an important role 
for Hamp in the pathogenesis of NASH. Hamp is mostly pro-
duced by hepatocytes in response to iron loading in cells. 
As iron loads increase, Hamp expression also increases 
in hepatocytes, resulting in elevated serum Hamp level.25 
Patients with chronic liver diseases have evidence of liver 
dysfunction and anemia associated with inflammation but 

surprisingly also have lower serum Hamp levels compared 
to control subjects.26 Similar findings have been reported 
in alcoholic chronic liver diseases,27 chronic hepatitis C,28,29 
hepatitis B virus-related cirrhosis,30–33 and in autoimmune 
liver diseases.34 Hamp levels in NAFLD are difficult to in-
terpret, since Hamp expression is likely to be regulated by 
complex mechanisms in response to diverse pathophysi-
ological stimuli. In the later stages of NAFLD/NASH, serum 
Hamp levels are not suppressed, and the levels eventually 
decrease in NAFLD with advanced fibrosis, similar to other 
liver diseases.18

Although accumulating evidence shows that serum Hamp 
levels and iron metabolism are related to serum markers 
of steatosis, inflammation, fibrosis, and insulin resistance, 
no study has investigated if Hamp supplementation could 
be used as a therapeutic strategy for NASH. Here, we first 
investigated the possible effect of rAAV2/8-Hamp on CDAA 
diet-induced hepatic steatosis in mice. Our data demon-
strated that treatment with rAAV2/8 significantly attenu-
ated CDAA diet-induced hepatic steatosis without affecting 
iron and Hb levels. While the CDAA diet is a well-established 
nutritional NAFLD model, the metabolic profile of this diet 
does not completely reflect all properties of NAFLD. Specifi-
cally, other aspects of metabolic dysregulation are not nec-
essarily accounted for because hepatic lipid accumulation in 
the model is mainly due to impaired secretion of very low-
density lipoprotein. Our study showed that overexpression 
of Hamp corrected the abnormal expression of SREBP1c 
and ChREBP. This could partially explain the mechanism by 
which rAAV2/8-Hamp treatment can suppress CDAA diet-
induced hepatic steatosis and regulate lipid metabolism. 
Furthermore, we noted that rAAV2/8-Hamp treatment nor-
malized the loss in body weight in the CDAA diet-induced 
NASH model.

Increased inflammation is a hallmark of NASH. Thus, 
controlling liver inflammation may be a potential strategy to 
treat NASH. Macrophages are key cells that induce the re-
lease of inflammatory mediators, such as TNFα, CCR2, and 

Fig. 3.  Hamp overexpression modulated adiponectin expression in AML12 cells. AML12 hepatocytes were transduced with either the Hamp overexpression 
plasmid or the NC plasmid. (A) Transfection efficiency was visualized using fluorescence microscopy. (B, C) Transcript levels of Hamp and adiponectin. Data represent 
the mean±SEM. NC, negative control.
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Fig. 4.  rAAV2/8-Hamp treatment suppressed hepatic inflammation in CDAA-fed mice. (A) Representative CD68-positive macrophages (original magnifica-
tion 200×) in liver sections of mice treated with rAAV2/8-Hamp or rAAV2/8-NC. (B) Quantification of images of mice fed either the CDAA or CSAA diet. rAAV2/8-Hamp 
treatment decreased (D) serum ALT and (E) AST levels in mice fed a CDAA diet compared with rAAV2/8-NC treatment. (F–H) Transcript levels of CCR2, TNFα and Il10. 
Data represent the mean±SEM of at least 10 animals per group. CDAA, choline-deficient L-amino acid-defined; CSAA, choline-supplemented amino acid-defined; rAAV, 
recombinant adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; NC, negative control; CCR2, C-C Motif chemokine receptor 2; 
TNF, tumor necrosis factor; Il10, interleukin 10.
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IL1β in NASH.35–37 These inflammatory mediators further 
stimulate hepatocytes and HSCs to induce hepatocyte stea-
tosis and fibrosis, respectively. As expected, overexpression 
of Hamp decreased the CDAA diet-induced levels of hepatic 
CD68-positive macrophages and altered the inflammatory 
response in our model, as indicated by a down-regulation in 
pro-inflammatory cytokines (TNFα and CCR2) and a slight 
up-regulation in the anti-inflammatory cytokine (IL10).

Hamp expression is controlled mainly at the transcrip-
tional level by various stimuli, including inflammation, iron 
status, and hypoxia. The link between inflammation/infec-
tion and liver production of Hamp is attributed to IL6 pro-
duced at the sites of infection/inflammation. IL6 binds to 
the IL6-receptor and phosphorylates JAK-2/STAT3, which 
binds to and activates the Hamp promoter.38 Importantly, 
Hamp can also influence the function of macrophages. Zla-

Fig. 5.  rAAV2/8-Hamp treatment suppressed hepatic fibrosis in mice fed a CDAA diet. (A) Representative SR staining (top; original magnification 200×) and 
αSMA-positive HSCs (bottom; original magnification 200×) in liver sections of mice treated with rAAV2/8-Hamp or rAAV2/8-NC. (B–C) Quantification of images of mice 
fed either the CDAA or CSAA diet. (D–F) Transcript levels of COL1A1, αSMA, and TIMP-1. Data represent the mean±SEM of at least 10 animals per group. SR, sirius 
red; CDAA, choline-deficient L-amino acid-defined; CSAA, choline-supplemented amino acid-defined; rAAV, recombinant adeno-associated virus; αSMA, smooth muscle 
alpha-actin; HSCs, hepatic stellate cells; NC, negative control; COL1A1, collagen type I alpha 1 chain; TIMP-1, tissue inhibitor of metalloproteinase 1.
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tanova et al.39 reported that Hamp-induction by IL6 and/
or iron could reduce the secretion of IL4 and IL13 in mac-
rophages, thereby inhibiting cardiac repair. In contrast, 
Hamp-deficiency in macrophages promoted the release of 
IL4 and IL13 by recombinant IL6. It has been suggested 
that Hamp is an upstream repressor of reparatory cytokines 
(IL4 and IL13) secreted by cardiac macrophages. A simi-
lar study showed that Hamp induces M1 macrophage po-
larization.40 In contrast, another study showed that Hamp 
reduced M1 polarization of RAW264.7 macrophages. The 
authors explain that this discrepancy may be caused by 
factors such as differential simulation, iron concentration, 
and cell condition.41 We found that overexpression of Hamp 
in liver cells decreased the number of CD68-positive mac-
rophages in the liver. Moreover, mRNA expression of pro-
inflammatory cytokines, such as CCR2 and TNFα, decreased 
significantly, suggesting a role for Hamp in liver inflamma-
tion and macrophage infiltration.

Our study suggests an important role of Hamp in HSC 
activation, which results in hepatic fibrosis following a CDAA 
diet. The CDAA diet decreased Hamp expression, which 
was accompanied by HSC activation, as demonstrated by 
an increase in αSMA-positive cells. Furthermore, expression 
of fibrotic genes (αSMA, TIMP-1, and COL1A1) was signifi-
cantly reduced in the livers of the CDAA-fed mice following 
rAVV2/8-Hamp treatment. Consistent with our data, phar-
macological administration of Hamp has been shown to im-
prove fibrosis by blocking activation of HSCs both in the 
CCl4 and bile duct ligation fibrosis models.42,43 Conversely, 

when challenged with an iron-overload diet, Hamp knockout 
mice displayed significant liver fibrosis associated with iron 
accumulation and stellate cell activation.44 In liver fibrosis, 
low Hamp levels cause high iron load and oxidative stress. 
Oxidative stress and lack of Hamp-induced suppression in-
duces HSC activation, which results in scar tissue deposition 
and liver fibrosis.34 Cell-based assays provide a mechanism 
whereby exogenous Hamp hinders TGFβ1-induced SMAD-
3 phosphorylation in HSCs, inhibiting their activation. On 
the other hand, there have been contradictory reports as to 
the role of Hamp in NASH/NAFLD. Hamp knockout NAFLD 
mice develop liver damage. Although loss of Hamp is as-
sociated with a reduction in liver steatosis, liver fibrosis is 
present early and is more pronounced in the knockout mice 
compared to mice with normal Hamp expression.45 Different 
animal models of NASH involve several factors, including 
various degrees of hepatocyte damage, insulin resistance, 
inflammation, and lipid metabolism, all of which can affect 
the regulation of Hamp. Therefore, regulation of Hamp and 
consequently iron homeostasis need to be further investi-
gated.

It is noteworthy that the beneficial effects of Hamp over-
expression on lipid metabolism and inflammation may be 
due to HSC activation and induced adiponectin expression. 
Adiponectin is the predominant adipokine made by adi-
pose tissue and is involved in the regulation of hepatic lipid 
metabolism. In addition to its metabolic effects, growing 
evidence suggests that adiponectin possesses potent anti-
fibrotic and anti-inflammatory properties.46,47

Fig. 6.  Effect of hepcidin on HSCs activation. HSCs were stimulated with hepcidin (10 or 100 ng/mL) for 48 h. (A–D) Gene expression of (A) αSMA, (B) TIMP-1, 
(C) COL1A1, and TGFβ-1 (D) in HSCs. (E) Protein expression of αSMA and TIMP1 in HSCs. Data represent the mean±SEM. HSCs, hepatic stellate cells; αSMA, smooth 
muscle alpha-actin; TIMP-1, tissue inhibitor of metalloproteinase 1; COL1A1, collagen type I alpha 1 chain; TGFβ-1, transforming growth factor-beta 1.
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Altogether, we demonstrated for the first time that 
rAAV2/8-Hamp treatment ameliorated CDAA-induced in-
flammation and related liver fibrosis as well as improved 
lipid metabolic abnormalities, suggesting that rAAV2/8-
mediated Hamp intervention may have beneficial effects on 
NASH. This increase in hepatic Hamp produced a marked 
induction of adiponectin both in vivo and in vitro. Further-
more, Hamp directly inhibited HSC fibrogenesis in vitro. To 
fully understand the protective and therapeutic function of 
Hamp, other dietary animal models, such as high fat- or 
western diet-induced NAFLD, should be explored.
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Abstract

Background and Aims: Metabolic-associated fatty liver 
disease (MAFLD) is a newly proposed terminology from 
2020; yet, the applicability of conventional noninvasive fi-
brosis models is still unknown for it. We aimed to evaluate 
the performance of conventional noninvasive fibrosis scores 
in MAFLD. Methods: The NHANES 2017-2018 datasets 
were used to compare the performances of different non-
invasive fibrosis scores in MAFLD, including the aspartate 
aminotransferase (AST) to platelet ratio index (APRI), body 
mass index (BMI)-AST/alanine aminotransferase (ALT) ratio 
and diabetes score (BARD), fibrosis-4 index (FIB-4), and 
NAFLD fibrosis score (NFS). Moreover, Asian patients with 
biopsy-proven MAFLD were enrolled to further validate the 
findings. Results: A total of 2,622 participants in the Na-
tional Health and Nutrition Examination Survey (NHANES) 
cohort and 293 patients with MAFLD in the Asian cohort 
were included. Patients in the Asian cohort had a lower BMI 
and higher liver enzymes (p<0.001). The area under the 
receiver operating characteristic curve (AUROC) of NFS was 
the largest in the NHANES cohort and Asian cohorts (0.679 
and 0.699, respectively). The AUROC of NFS was followed 
by APRI, FIB-4, and BARD in the NHANES cohort (0.616, 
0.601, and 0.589, respectively). In the Asian cohort, the 
AUROC of APRI, FIB-4, and BARD for predicting advanced 

fibrosis were 0.625, 0.683, and 0.615, respectively. The 
performance of FIB-4 was better in the Asian cohort than 
that in the NHANES cohort. Conclusions: NFS is better for 
predicting advanced fibrosis in MAFLD. FIB-4 can be an al-
ternative choice for MAFLD with high liver enzymes when 
NFS is unavailable. Novel efficient noninvasive fibrosis scor-
ing systems are highly required for patients with MAFLD.

Citation of this article: Chen X, Goh GBB, Huang J, Wu 
Y, Wang M, Kumar R, et al. Validation of Non-invasive Fi-
brosis Scores for Predicting Advanced Fibrosis in Meta-
bolic-associated Fatty Liver Disease. J Clin Transl Hepatol 
2022;10(4):589–594. doi: 10.14218/JCTH.2021.00311.

Introduction

With the growing epidemic of obesity and type 2 diabetes 
mellitus, nonalcoholic fatty liver disease (NAFLD) has be-
come one of the most common chronic liver diseases world-
wide.1,2 It is reported that the global prevalence of NAFLD 
is approximately 25%, and the prevalence in the USA 
has risen from 20.0% to 31.9% in the past 3 decades.3,4 
There is a similar estimated prevalence of 29.62% in Asia.5 
NAFLD may progress through various fibrosis stages and 
has the potential to develop into cirrhosis and hepatocel-
lular carcinoma. Liver fibrosis is closely related to a poor 
prognosis and is considered a strong prognostic predictor 
for NAFLD.6–8 Therefore, identifying patients with advanced 
fibrosis for stratification and early intervention is critical for 
individualized management of NAFLD.

Liver stiffness measurement (LSM) and controlled at-
tenuation parameter (CAP) using transient elastography 
are regarded as reliable methods for the diagnosis of liver 
fibrosis and steatosis in NAFLD.9,10 Liver biopsy, the “gold 
standard” for diagnosing liver fibrosis, is impractical for 
wide usage in NAFLD due to its invasiveness, sampling 
variability, poor acceptability, and the high prevalence of 
NAFLD.11,12 These limitations highlight the need for reliable 
noninvasive fibrosis scores. Currently, commonly used non-
invasive fibrosis models include the aspartate aminotrans-
ferase (AST) to platelet ratio index (APRI),13 body mass 
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index (BMI)-AST/alanine aminotransferase (ALT) ratio and 
diabetes score (BARD),14 fibrosis 4 index (FIB-4),15 and 
NAFLD fibrosis score (NFS).16 The formulas for calculat-
ing these non-invasive scoring systems are shown in Sup-
plementary Table 1. These models have been tested and  
perform well in predicting fibrosis in NAFLD.17–19

Metabolic-associated fatty liver disease (MAFLD) is a new 
concept, proposed in 2020 to revise the term NAFLD.20 Un-
like NAFLD, MAFLD does not need to exclude alcohol intake 
or any other liver diseases. MAFLD will be diagnosed if the 
patient has hepatic steatosis and any of the following three 
conditions: overweight/obesity, type 2 diabetes mellitus, or 
at least two metabolic abnormalities in nonobese individu-
als.21 Considering the significant difference between MAFLD 
and NAFLD, the applicability of traditional noninvasive fibro-
sis scores requires re-evaluation. This study aimed to verify 
the performance of different noninvasive scores in predict-
ing advanced fibrosis in MAFLD.

Methods

Study population

The study data were obtained from the latest National Health 
and Nutrition Examination Surveys (NHANES) 2017-2018, 
which is an unbiased survey dataset collected by the National 
Center for Health Statistics of the Centers for Disease Control 
and Prevention of the USA. The NHANES database has been 
frequently used for the study of fatty liver disease.22–24 Cur-
rently, NHANES 2017-2018 is the only public database with 
FibroScan® liver fibrosis assessment, laboratory, and exami-
nation data. All NHANES datasets are anonymous and free to 
access online (https://www.cdc.gov/nchs/nhanes/index.htm).

Additionally, patients with biopsy-proven MAFLD were 
enrolled from the First Affiliated Hospital of Fujian Medi-
cal University in China and Singapore General Hospital in 
Singapore as an Asian validation cohort. As the hepatitis B 
virus infection rate is high in Asia, especially among Asian 
patients who undergo liver biopsy, MAFLD patients com-
bined with hepatitis B were excluded in the Asian cohort. 
The study protocol was approved by the Ethics Committee 
of The First Affiliated Hospital of Fujian Medical University 
and Singapore General Hospital, conforming to the ethical 
guidelines of the Declaration of Helsinki. All patients pro-
vided written informed consent for the use of their data in 
research studies, such as this one.

Definition of MAFLD and fibrosis

MAFLD was diagnosed based on the updated international 
expert consensus statement on MAFLD from 2020.21 In the 
NHANES cohort, hepatic steatosis was measured by Fibro-
Scan®, with a criterion of CAP ≥248 dB/m.25 Advanced fi-
brosis was defined as fibrosis grade ≥F3 (LSM ≥8.2 kPa).26 
Participants with a fasting time <3 h, <10 complete LSMs, 
or LSM interquartile range/median LSM ≥30% were consid-
ered as unsuccessful measurements and excluded.

All patients in the Asian cohort underwent percutaneous 
liver biopsy under ultrasonic guidance. When more than 
5% of hepatocytes presented steatosis, fatty liver was di-
agnosed. Advanced fibrosis was defined as stage 3 or 4, 
according to the Metavir fibrosis stage.27

Statistical analysis

The quantitative variables were expressed as mean±standard 

deviation or median (interquartile range) and compared by 
Student’s t-test or Mann-Whitney U-test. The qualitative 
variables were expressed as counts (percentages) and com-
pared using the χ2 test. The receiver operating characteris-
tic (ROC) curve was used to evaluate the performances of 
noninvasive models. The optimal cutoffs were chosen based 
on Youden’s index. Statistical analyses were conducted us-
ing the SPSS software version 22.0 (IBM Corp., Armonk, NY, 
USA) and MedCalc software version 20.0 (MedCalc Software 
Ltd, Ostend, Belgium). A p-value <0.05 was considered sta-
tistically significant.

Results

Baseline characteristics of participants

The NHANES 2017-2018 dataset contained 9,254 partici-
pants. After excluding 3,776 cases with missing data and 
405 cases with ineligible FibroScan® data, a total of 5,073 
participants were eligible for final analysis (Fig. 1). Among 
them, a total of 2,622 (51.69%) participants met the cri-
teria for MAFLD. Furthermore, a total of 293 patients with 
MAFLD were enrolled from The First Affiliated Hospital of 
Fujian Medical University in China and Singapore General 
Hospital in Singapore between 2005 to 2021 as an Asian 
cohort. A total of 356 (13.58%) participants of the NHANES 
cohort and 86 (29.35%) patients of the Asian cohort had 
advanced fibrosis (Fig. 1). Patients in the Asian cohort had 
a lower level of BMI, a higher prevalence of diabetes mel-
litus and high liver enzymes (all with a p-value <0.05; Ta-
ble 1). Baseline characteristics of patients from China and 
Singapore in the Asian cohort are shown in Supplementary 
Table 2. 

Performances of APRI, BARD, FIB-4, and NFS in pre-
dicting advanced fibrosis in the NHANES cohort

The ROC curves were used to evaluate the performances of 
traditional noninvasive fibrosis scoring systems for predicting 
advanced fibrosis in the NHANES cohort (Fig. 2A). NFS had the 
largest AUROC (0.679; 95% CI: 0.648–0.709), followed by 
APRI (0.616; 95% CI: 0.583–0.650), FIB-4 (0.601; 95% CI: 
0.569–0.63371), and BARD (0.589; 95% CI: 0.556–0.621). 
The optimal cutoff values of the four noninvasive models for 
predicting advanced fibrosis and the verification of previously 
reported cutoffs are shown in Table 2. The results showed 
the best cutoffs of NFS, APRI, FIB-4, and BARD for diagnos-
ing advanced fibrosis in the NHANES cohort were 0.159, 0.3, 
1.02, and 3, respectively. The thresholds for all models, ex-
cept BARD, were lower than previously reported values.

With the newly established cutoffs, the accuracy of the 
four models ranged from 58.0% to 79.8% (Table 2). The 
positive likelihood ratio (PLR) and negative likelihood ratio 
(NLR) of the four models with the new thresholds ranged 
from 1.39–2.37 and 0.64–0.81, and diagnostic odds ratios 
did not exceed 3.5 (Table 2). These scoring systems all had 
high negative predictive values (NPVs) (>88%), but the 
positive predictive values (PPVs) were far from ideal (17.9–
27.2%). By applying the previously reported cutoff value of 
NFS for predicting advanced fibrosis (0.676), the sensitiv-
ity, specificity, PLR, and NLR were 37.6%, 85.6%, 2.62, and 
0.73, respectively. The performances of the other three scor-
ing systems were also not sufficiently satisfactory (Table 2).

The pairwise comparison of the four noninvasive scores in 
the NHANES cohort is shown in Supplementary Table 3. The 
results suggested NFS had the best predictive performance 
and was statistically significantly better when compared to 

https://www.cdc.gov/nchs/nhanes/index.htm
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the other three (NFS vs. APRI, p=0.001; NFS vs. BARD, 
p<0.001; NFS vs. FIB-4, p<0.001).

Performances of APRI, BARD, FIB-4, and NFS in pre-
dicting advanced fibrosis in the Asian cohort

Figure 2B shows the ROC curves of the four noninvasive fi-
brosis scores when applied to the Asian cohort. The AUROC 
of NFS was still the largest (0.699; 95% CI: 0.639–0.747), 
followed by FIB-4, APRI, and BARD (0.683, 0.625, and 
0.615, respectively; Table 3). The optimal cutoffs of APRI 
and FIB-4 in the Asian cohort were the same or very close 
to that in the NHANES cohort (0.3 vs. 0.3 and 1.02 vs. 1.21, 
respectively). However, the best cutoffs of NFS and BARD 
were lower than those in the NHANES cohort (−0.372 vs. 
0.159 and 2 vs. 3, respectively). The accuracy of the four 
models ranged from 49.2.0% to 72.0%, which was not suf-
ficiently good.

In the Asian cohort, NFS also had the largest AUROC, which 
was better than APRI and BARD with a statistically significant 
difference (NFS vs. APRI, p=0.046; NFS vs. BARD, p=0.021; 

Supplementary Table 4). The AUROC of FIB-4 was better in 
the Asian cohort than that in the NHANES cohort (0.683 vs. 
0.601, p=0.030; Supplementary Table 5). The predictive ca-
pabilities of NFS and FIB-4 were not significantly different in 
the Asian cohort which had high liver enzymes (0.699 vs. 
0.683, p=0.519).

Discussion

The main finding of this study was that NFS is more reli-
able for predicting advanced fibrosis in patients with MAFLD. 
Overall, the performances of the four noninvasive scoring 
systems in MAFLD are not as good as previously reported 
for NAFLD.

Conventional noninvasive scoring systems calculated from 
readily available clinical and laboratory parameters are widely 
used for the assessment of advanced fibrosis in chronic liver 
disease.28–30 The results of this study suggested that the NFS 
performed better than the other three non-invasive models 
in assessing advanced fibrosis for patients with MAFLD. This 
is probably because NFS includes many metabolism-related 

Fig. 1.  Flowchart for the analysis and validation of noninvasive fibrosis scores for predicting advanced fibrosis in MAFLD. ALB, albumin; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; MAFLD, metabolic associated fatty liver disease; NHANES, National Health and Nutrition 
Examination Surveys; PLT, platelet count.
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parameters, such as BMI, impaired fasting glucose, and dia-
betes. However, it is also very complex and inconvenient in 
clinical practice. A novel, simpler, and more accurate noninva-
sive fibrosis scoring system is urgently required.

FIB-4 was initially exploited to assess fibrosis in patients 
with human immunodeficiency virus/hepatitis C virus.15 Al-
though FIB-4 did not perform well in the NHANES cohort, its 
performance was better in the Asian cohort. This may be a 
result of the increased liver enzymes and lower BMI among 

patients in the Asian cohort, because ALT and AST are cru-
cial components of the calculation of FIB-4. Additionally, the 
generally lower BMI of Asians may not highlight the accuracy 
of NFS so well, as compared to the NHANES cohort. Whereas 
FIB-4 may be more accurate as BMI is not included. FIB-4 is 
easier to calculate than NFS because it includes only four clin-
ical indicators. Therefore, FIB-4 can be an alternative choice 
for MAFLD with high liver enzymes when NFS is unavailable.

Fig. 2.  ROC curves of different scoring systems for advanced fibrosis in the two cohorts. (A) ROC curves of different scoring systems for advanced fibrosis 
in the NHANES cohort. (B) ROC curves of different scoring systems for advanced fibrosis in the Asian cohort. ALT, alanine aminotransferase; APRI, AST to platelet ratio 
index; AST, aspartate aminotransferase; BARD, body mass index-AST/ALT ratio and diabetes score; FIB-4, fibrosis-4 index; NFS, NAFLD fibrosis score; ROC: Receiver 
operating characteristic.

Table 1.  Baseline characteristics of the patients with MAFLD

NHANES cohort (n=2,622) Asian cohort (n=293) P-value

Age (years) 50.70±18.36 49.47±13.49 0.264

Male, n (%) 1,388 (52.94) 157 (53.58) 0.833

BMI (kg/m2) 32.47±6.83 29.64±6.89 <0.001

Diabetes mellitus, n (%) 706 (26.93) 161 (54.95) <0.001

Hypertension, n (%) 1,304 (49.73) 132 (45.05) 0.190

Platelet (×109/L) 248.62±65.91 245.33±83.78 0.433

Albumin (g/dL) 4.10 (3.80, 4.30) 4.16 (3.80, 4.40) 0.001

ALT (U/L) 20.0 (15.0, 30.0) 74.0 (40.0, 111.0) <0.001

AST (U/L) 20.0 (16.0, 25.0) 52.0 (33.5, 75.5) <0.001

TBIL (µmol/L) 6.8 (5.1, 8.6) 13.6 (10.0, 19.0) <0.001

GGT (U/L) 24.0 (17.0, 37.0) 82.0 (43.5, 137.5) <0.001

Triglyceride (mmol/L) 1.45 (1.01, 2.12) 1.67 (1.23, 2.42) 0.247

HDL-C (mmol/L) 1.22 (1.03, 1.42) 1.51 (1.12, 2.00) 0.025

Glycohemoglobin (%) 6.03±1.21 7.68±1.65 <0.001

hs-CRP (mg/L) 2.52 (1.20, 5.28) 2.36 (0.82, 6.13) 0.913

HOMA-IR 3.79 (2.43, 6.38) 4.54 (2.78, 6.20) 0.825

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; GGT, γ-glutamyl transpeptidase; 
HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; TBIL, total bilirubin.
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The APRI score only includes the two parameters of AST 
and platelet count, and the BARD has no more than four 
variables. The APRI and BARD scores are simple to calcu-
late and easy to acquire in clinical practice. APRI and BARD 
were originally developed to identify fibrosis in patients with 
hepatitis C and nondiabetic NAFLD.13,14 However, their per-
formance in predicting advanced fibrosis in patients with 
MAFLD is not satisfactory. The poor performance of BARD 
might be caused by the partial duplication of the BARD scor-
ing variables and the MAFLD diagnostic variables.

It is worth mentioning that there are some differences 
between patients in the Asian cohort and patients in the 
NHANES cohort, like a higher prevalence of diabetes, a 
lower BMI, and high liver enzymes. The Asian cohort is 
composed of populations from China and Singapore but the 
NHANES cohort is mainly composed of Caucasians from the 

USA. Moreover, different from the population-based survey 
of the NHANES cohort, the increased liver enzyme was the 
main reason precipitating consultation in the biopsy-proven 
Asian cohort. These differences may explain why the cutoffs 
of NFS and BARD in the Asian cohort were lower than those 
in the NHANES cohort. This result also suggested that dif-
ferent races and regions may require different thresholds to 
distinguish advanced fibrosis in MAFLD.

This study is the first large-sample study using FibroS-
can® and liver biopsy to evaluate the utility of conventional 
noninvasive fibrosis scoring systems in MAFLD. However, it 
is necessary to acknowledge the limitations of this study. 
First, the diagnoses of hepatic steatosis and fibrosis in the 
NHANES cohort were based on FibroScan® rather than the 
“gold-standard”, liver biopsy. This is because the study data 
were derived from the latest NHANES, which was a popu-

Table 2.  Comparison of the performance among NFS, APRI, FIB-4, and BARD in the NHANES cohort

Cutoffs AUROC Accuracy 
(%)

Sensitiv-
ity (%)

Specific-
ity (%) PPV (%) NPV 

(%) PLR NLR DOR Youden’s 
index

NFS −1.455 42.5 84.8 35.9 17.2 93.8 1.32 0.42 3.14 0.207

0.159 0.679 72.4 51.7 75.7 25.1 90.9 2.13 0.64 3.33 0.274

0.676 79.1 37.6 85.6 29.1 89.7 2.62 0.73 3.59 0.233

APRI 0.3 0.616 77.6 36.5 84.0 26.4 89.4 2.29 0.76 3.01 0.205

0.5 85.2 14.3 96.3 37.8 87.7 3.86 0.89 4.34 0.106

1.5 86.6 2.3 99.9 80.0 86.7 25.46 0.98 25.98 0.022

FIB-4 1.02 0.601 58.0 58.4 57.9 17.9 89.9 1.39 0.72 1.93 0.163

1.30 68.5 37.6 73.4 18.2 88.2 1.41 0.85 1.66 0.110

1.45 73.0 32.9 79.3 20.0 88.3 1.59 0.85 1.87 0.122

2.67 86.1 9.3 98.2 44.6 87.3 5.12 0.92 5.57 0.075

3.25 86.9 6.7 99.5 68.6 87.2 13.89 0.94 14.78 0.063

BARD 2 48.0 63.8 45.5 15.5 88.9 1.17 0.80 1.46 0.093

3 0.589 79.8 29.2 87.7 27.2 88.7 2.37 0.81 2.93 0.169

Best cutoff value is presented in italic font. AUROC, area under the receiver operating characteristic curve; DOR, diagnostic odds ratio; NLR, negative likelihood ratio; 
NPV, negative predictive value; PLR, positive likelihood ratio; PPV, positive predictive value.

Table 3.  Comparison of the performance among NFS, APRI, FIB-4, and BARD in the Asian cohort

Cutoffs AUROC Accura-
cy (%)

Sensitiv-
ity (%)

Specific-
ity (%)

PPV 
(%)

NPV 
(%) PLR NLR DOR Youden’s 

index

NFS −1.455 61.7 67.4 59.4 40.8 81.5 1.66 0.55 3.02 0.269

−0.372 0.699 72.0 53.5 79.7 52.3 80.5 2.64 0.58 4.55 0.332

0.676 71.2 14.7 94.7 57.7 73.4 3.28 0.87 3.77 0.121

FIB-4 1.21 0.683 62.1 75.6 56.5 41.9 84.8 1.74 0.43 4.05 0.321

1.30 61.4 67.4 58.9 40.6 81.3 1.64 0.55 2.98 0.264

1.45 65.9 60.5 68.1 44.1 80.6 1.90 0.58 3.28 0.297

2.67 70.6 26.7 88.9 50.0 74.5 2.41 0.82 2.94 0.151

3.25 70.3 18.6 91.8 48.5 73.1 2.27 0.89 2.55 0.116

APRI 0.3 0.625 49.2 90.7 31.9 35.6 89.2 1.33 0.29 4.59 0.226

0.5 52.9 65.1 47.8 34.1 76.7 1.25 0.73 1.71 0.130

1.5 69.6 17.4 91.3 45.5 72.7 2.01 0.90 2.23 0.097

BARD 2 0.615 55.2 67.4 50.2 36.0 78.8 1.36 0.65 2.09 0.177

Best cutoff value is presented in italic. AUROC, area under the receiver operating characteristic curve; DOR, diagnostic odds ratio; NLR, negative likelihood ratio; NPV, 
negative predictive value; PLR, positive likelihood ratio; PPV, positive predictive value.
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lation-based survey and liver biopsy was not possible to be 
performed in the health examination cohort. Therefore, we 
validated the results in a biopsy-proven MAFLD population, 
which supported the findings based on the NHANES cohort. 
Second, the dataset used in this study is mainly composed 
of Caucasians in the USA and a small part of Asians, and it is 
unclear whether the results apply to other cohorts. The find-
ings require further verification in more regions and races.

In conclusion, NFS is better for predicting advanced fibro-
sis in MAFLD. FIB-4 can be an alternative choice for MAFLD 
with high liver enzymes when NFS is unavailable. Novel ef-
ficient non-invasive fibrosis scoring systems are highly re-
quired for patients with MAFLD.
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Abstract

Background and Aims: Visceral obesity is a risk factor for 
nonalcoholic fatty liver disease (NAFLD). We investigated 
sex-specific optimal cutoff values for visceral fat area (VFA) 
associated with lean and overweight/obese NAFLD in an 
Asian population. Methods: This retrospective study includ-
ed 678 potential living liver donors (mean age, 30.8±9.4 
years; 434 men and 244 women) who had undergone ab-
dominal computed tomography (CT) imaging and liver bi-
opsy between November 2016 and October 2017. VFA was 
measured using single-slice abdominal CT. NAFLD was eval-
uated by liver biopsy (≥5% hepatic steatosis). Receiver op-
erating characteristic curve analysis was used to determine 
cutoff values for VFA associated with lean (body mass index 
[BMI] <23 kg/m2) and overweight/obese (BMI ≥23 kg/m2) 
NAFLD. Results: Area under the curve (AUC) values with 
95% confidence intervals (CI) for VFA were 0.82 (95% CI, 
0.75–0.88) for lean and 0.74 (95% CI, 0.69–0.79) for over-
weight/obese men with NAFLD. The AUC values were 0.67 
(95% CI, 0.58–0.75) for lean and 0.71 (95% CI, 0.62–0.80) 
for overweight/obese women with NAFLD. The cutoff values 
for VFA associated with lean NAFLD were 50.2 cm2 in men 
and 40.5 cm2 in women. The optimal cutoff values for VFA 
associated with overweight/obese NAFLD were 100.6 cm2 
in men and 68.0 cm2 in women. Conclusions: Sex-specific 
cutoff values for VFA may be useful for identifying subjects 
at risk of lean and overweight/obese NAFLD.

Citation of this article: Lee S, Kim KW, Lee J. Sex-specific 
Cutoff Values of Visceral Fat Area for Lean vs. Overweight/
Obese Nonalcoholic Fatty Liver Disease in Asians. J Clin 
Transl Hepatol 2022;10(4):595–599. doi: 10.14218/JCTH. 
2021.00379.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a major etiology 
of chronic liver disease worldwide.1 The diagnosis of NAFLD 
is confirmed by the presence of ≥5% hepatic steatosis (HS) 
either on imaging or histology in the absence of secondary 
causes for hepatic fat accumulation (e.g., excessive alcohol 
consumption, use of steatogenic medications, or hereditary 
disorders).2 Although NAFLD is associated with obesity and 
has been reliably established as a hepatic manifestation of 
the metabolic syndrome, it can also occur in lean patients, 
i.e., those having body mass indices (BMIs) of <23 kg/m2 in 
Asians or <25 kg/m2 in non-Asians.3,4 Recent studies have 
indicated that visceral obesity may have a more important 
role in development of the metabolic syndrome and NAFLD 
than generalized obesity.5,6

While the diagnosis of NAFLD can be determined by im-
aging, including ultrasonography, the controlled attenuation 
parameter of transient elastography, computed tomography 
(CT), and magnetic resonance (MR) spectroscopy or proton 
density fat fraction, histological analysis of liver biopsies is 
regarded as the gold standard.7 For evaluation of viscer-
al adiposity, CT imaging is considered the gold standard.8 
Although many studies have identified values for visceral 
adiposity associated with the metabolic syndrome,9–14 few 
have focused on NAFLD.15 Moreover, appropriate cutoff val-
ues for visceral fat area (VFA) stratified by sex and BMI for 
NAFLD have not been identified in studies using gold-stand-
ard methods. We aimed to identify sex-specific optimal cut-
off values for VFA, measured by CT imaging, and associated 
with lean and overweight/obese NAFLD assessed by liver 
biopsy, in an Asian population.

Methods

The study was approved by the institutional review board of 
our institution. The requirement for written informed con-
sent was waived because the analysis was retrospective.

Study population

Our institution’s databases were retrospectively searched 
to identify living liver donor candidates who had under-
gone an abdominal CT imaging examination and ultrasound 
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(US)-guided percutaneous liver biopsy as part of a routine 
predonation evaluation between November 2016 and Octo-
ber 2017. The medical evaluation process consisted of three 
phases. Phase 1 comprised a clinical examination, review of 
the past medical history, and laboratory tests, including viral 
serology. Subjects who consumed more than 20 g of alco-
hol per day or used drugs regularly including herbal medica-
tions were considered inappropriate for liver donation. Donor 
candidates who had diabetes mellitus, hypertension, or any 
other significant medical diseases were excluded from right 
liver donation. Subjects with serologic evidence of hepatitis 
B or hepatitis C were excluded from liver donation. Phase 2 
included liver CT to evaluate vascular anatomy, hepatic vol-
ume, and steatosis. Phase 3 consisted of MR cholangiography 
and indocyanine green retention tests.

CT image acquisition

CT scans were performed with a 128-slice (Definition AS+ 
or Edge, Siemens, Erlangen, Germany) multidetector-row 
CT scanner. Unenhanced CT scans were obtained, followed 
by biphasic contrast-enhanced CT (hepatic arterial and por-
tal venous phases) after administration of 150 mL of iopro-
mide (Ultravist 370, Bayer Schering Pharma, Berlin, Germa-
ny) for anatomical mapping of the hepatic vasculature and 
CT volumetry. The scanning and reconstruction parameters 
were beam collimation of 128 slices by 0.6 mm, spiral pitch 
of 1, gantry rotation time of 0.5 s, tube voltage of 100 or 
120 kVp, tube current of 120–200 mAs with automatic ex-
posure control (Care Dose 4D, Siemens), and section thick-
ness and interval of 5 mm.

Assessment of abdominal fat parameters

A single axial CT image at the level of the inferior endplate 
of the L3 lumbar vertebra was processed for each patient. 
Abdominal CT image analysis was performed with a fully con-
volutional network-based automatic segmentation technique 
using a deep learning system.16 Assessment of body composi-
tion was conducted using artificial intelligence software (AID-
U, iAID Inc., Seoul, Republic of Korea).16 CT images were 
automatically segmented to generate boundaries, with meas-
urement of abdominal fat. The VFA (cm2) was demarcated 
using fat-tissue thresholds (−190 to −30 Hounsfield units).

Liver biopsy

As part of the living liver donor evaluation, US-guided per-

cutaneous biopsy of the right hepatic lobe was performed 
using an 18-gauge needle (Stericut 18G coaxial, TSK Lab-
oratory, Tochigi, Japan). Two or more biopsy specimens, 
each approximately 1.5 cm in length, were obtained and 
stained with hematoxylin and eosin. The degree of HS was 
assessed as the percentage of liver parenchyma replaced 
by steatotic droplets. NAFLD was defined as the presence 
of ≥5% HS.2

Data collection

Demographic data (age and sex), anthropometric measure-
ments (body weight and height), and laboratory parameters 
[serum AST, ALT, total cholesterol, triglycerides, high-den-
sity lipoprotein (HDL)] were collected. BMI (kg/m2) status 
was determined using ethnicity-specific cutoff values of <23 
kg/m2 for lean, 23–24.9 kg/m2 for overweight, and ≥25 kg/
m2 for obese.17

Statistical analysis

Descriptive values are reported as mean±standard devia-
tion (SD). Differences between male and female subjects 
were evaluated with two-sample t-tests. Subject character-
istics of were analyzed according to lean vs. overweight/
obese status and the presence or absence of NAFLD using 
one-way analysis of variance, followed by post hoc analysis 
using the Bonferroni method. Receiver operating charac-
teristic (ROC) curve analysis was used to assess the accu-
racy of identifying the presence of NAFLD in lean and over-
weight/obese subjects. Accuracy was measured by area 
under the curve (AUC) with 95% confidence intervals (CIs). 
Sex-specific cutoff values for VFA were chosen to maximize 
the sum of the sensitivity and specificity of Youden’s in-
dex. At optimal cutoff values, sensitivity and specificity with 
95% CIs were determined. Statistical significance was set 
at a p-value of <0.05. Statistical analysis was performed 
with SPSS 23.0 (IBM Corp., Armonk, NY, USA) and MedCalc 
16.2.1 (MedCalc Software, Ostend, Belgium).

Results

A total of 678 subjects (30.8±9.4 years of age, 434 men, 
and 244 women) were included in the analysis. Their base-
line characteristics are summarized in Table 1. The BMI, se-
rum AST, ALT, and triglycerides, and VFA were higher in men 
and age and serum HDL were higher in women.

The study cohort was divided into subgroups by BMI and 

Table 1.  Participant characteristics

Total (n=678) Male (n=434) Female (n=244) p-value

Age, y 30.8±9.4 29.5±9.0 33.3±9.6 <0.001

Body mass index, kg/m2 23.6±3.1 24.0±2.9 22.9±3.5 <0.001

AST, IU/L 22.3±23.1 23.9±26.7 19.6±14.2 0.021

ALT, IU/L 21.9±29.5 25.3±34.6 16.0±15.5 <0.001

Total cholesterol, mg/dL 177.1±35.3 177.7±35.2 175.8±35.4 0.498

Triglyceride, mg/dL 109.3 ±74.8 122.9±80.9 86.2±56.3 <0.001

HDL, mg/dL 56.6±14.1 53.2±12.6 62.4±14.5 <0.001

Visceral fat area, cm2 68.3±45.9 78.3±49.1 50.5±32.7 <0.001

Data are mean±standard deviation. ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL, high-density lipoprotein.
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NAFLD as lean without NAFLD, lean with NAFLD, overweight/
obese without NAFLD, and overweight/obese with NAFLD. 
The subgroup characteristics subdivided by sex are shown 
in Table 2. In men, subgroup differences in age, BMI, serum 
ALT, total cholesterol, triglyceride, and HDL levels, and VFA 
were significant (p≤0.004). In women, subgroup differenc-
es in BMI, serum triglyceride, and HDL levels, and VFA were 
significant (p≤0.004). In both lean and overweight/obese 
subjects, VFA tended to be higher in those with NAFLD than 
in those without NAFLD, and post hoc analysis showed that 
the VFA in lean subjects with NAFLD and overweight/obese 
without NAFLD of either sex were not significant (men, 
p>0.999 and women, p=0.189).

Table 3 and Figure 1 report the AUC values of VFA for 
identifying lean and overweight/obese NAFLD. NAFLD was 
found in 37.3% lean and 46.7% of overweight/obese men 
and 15.6% of lean and 36.7% of overweight/obese women. 

The AUCs were 0.82 (95% CI, 0.75–0.88) for lean and 0.74 
(95% CI, 0.69–0.79) for overweight/obese men and 0.67 
(95% CI, 0.58–0.75) for lean and 0.71 (95% CI, 0.62–
0.80) for overweight/obese women. The optimal cutoff val-
ues for VFA for lean and overweight/obese NAFLD were 50.2 
cm2 and 100.6 cm2, respectively, in men and 40.5 cm2 and 
68.0 cm2, respectively, in women. In men, the sensitivity 
and specificity at the optimal VFA cutoffs were 81.4% (95% 
CI, 69.1–90.3%) and 71.7% (95% CI, 61.8–80.3%), re-
spectively, for lean, and 61.2% (95% CI, 52.3–69.7%) and 
76.2% (95% CI, 68.5–82.8%), respectively, for overweight/
obese NAFLD. In women, the sensitivity and specificity at 
the optimal VFA cutoffs were 57.1% (95% CI, 34.0–78.2%) 
and 81.6% (95% CI, 73.2–88.2%), respectively, for lean 
NAFLD and 70.0% (95% CI, 53.5%–83.4%) and 69.6% 
(95% CI, 57.3–80.1%), respectively, for overweight/obese 
NAFLD.

Table 2.  Features of study subjects stratified by BMI and NAFLD status and subdivided by sex

Lean with-
out NAFLD Lean NAFLD Overweight/obese 

without NAFLD
Overweight/
obese NAFLD p-value

Male (n=434)

  n 99 59 147 129

  Age, y 26.7±7.8 31.3±8.2a 28.2±8.4 32.2±10.1a,c <0.001

  Body mass index, kg/m2 21.1±1.4 21.6±1.3 25.3±2.1a,b 25.8±2.6a,b <0.001

  AST, IU/L 22.1±13.2 24.4±18.0 21.2±9.8 28.1±44.7 0.161

  ALT, IU/L 17.9±12.8 28.2±23.2 22.0±14.2 33.4±57.6a,c 0.004

  Total cholesterol, mg/dL 168.4±29.9 187.2±37.7a 175.2±35.4 183.5±35.8a 0.001

  Triglyceride, mg/dL 98.8±70.8 132.9±98.8 116.8±66.1 146.5±87.9a,c <0.001

  HDL, mg/dL 58.2±13.3 52.1±11.5a 53.7±13.1a 48.7±10.4a,c <0.001

  Visceral fat area, cm2 41.4±27.7 80.5±35.6a 71.9±44.1a 113.0±49.6a,b,c <0.001

Female (n=244)

  n 114 21 69 40

  Age, y 33.6±8.4 34.9±8.7 31.1±9.8 35.4±12.3 0.109

  Body mass index, kg/m2 20.5±1.6 20.7±1.4 25.6±2.5a,b 26.5±3.1a,b <0.001

  AST, IU/L 19.6±16.0 17.7±3.1 19.8±15.4 20.5±9.7 0.909

  ALT, IU/L 14.1±14.2 14.7±5.5 17.7±17.9 18.9±17.9 0.258

  Total cholesterol, mg/dL 174.2±30.7 179.2±40.2 171.8±40.1 186.3±36.1 0.185

  Triglyceride, mg/dL 77.7±58.7 75.9±47.3 87.2±48.8 115.3±56.8a,b 0.004

  HDL, mg/dL 65.8±14.0 66.1±17.0 60.2±14.4 54.2±10.9a,b <0.001

  Visceral fat area, cm2 32.1±19.0 47.1±27.2a 61.1±28.5a 86.8±35.9a,b,c <0.001

Data are mean±standard deviation. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; HDL, high-density lipoprotein; NAFLD, 
nonalcoholic fatty liver disease. ap<0.05 by post hoc analyses vs. lean without NAFLD. bp<0.05 by post hoc analyses vs. lean NAFLD. cp<0.05 by post hoc analysis vs. 
overweight/obese without NAFLD.

Table 3.  Optimal cutoff values for VFA for identifying lean and overweight/obese NAFLD subdivided by sex

Lean NAFLD Overweight/obese NAFLD

Male Female Male Female

AUC (95% CI) 0.82 (0.75–0.88) 0.67 (0.58–0.75) 0.74 (0.69–0.79) 0.71 (0.62–0.80)

Optimal VFA cutoff value, cm2 50.2 40.5 100.6 68.0

Sensitivity (95% CI), % 81.4 (69.1–90.3) 57.1 (34.0–78.2) 61.2 (52.3–69.7) 70.0 (53.5–83.4)

Specificity (95% CI), % 71.7 (61.8–80.3) 81.6 (73.2–88.2) 76.2 (68.5–82.8) 69.6 (57.3–80.1)

Optimal VFA cutoff values were defined by the maximal sum of sensitivity and specificity. AUC, area under the curve; CI, confidence interval; NAFLD, nonalcoholic fatty 
liver disease; VFA, visceral fat area.
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Discussion

The VFA tended to be higher in subjects with NAFLD than 
in those without NAFLD in both lean and overweight/obese 
potential living liver donors who underwent abdominal CT 
imaging and liver biopsy. We also identified optimal VFA cut-
off values for identifying the presence of NAFLD stratified by 
sex and BMI status.

Although obesity is generally related to NAFLD, a con-
siderable number of patients with NAFLD are nonobese or 
even lean, and a substantial proportion of overweight or 
obese individuals do not develop NAFLD.3 The development 
of NAFLD may be related to adipose tissue distribution, and 
visceral adipose tissue is widely accepted as a risk factor for 
NAFLD independent of generalized obesity.18 Our study also 
demonstrated that the mean VFA was higher in subjects 
with NAFLD than in those without NAFLD in both lean and 
overweight/obese groups. Visceral fat has higher lipolytic 
activity, and directly releases free fatty acids into the liver 
via the portal circulation, which may substantially contrib-
ute to HS.19 Increased visceral fat results in increased pro-
duction of cytokines and adipokines, leading to disease pro-
gression in NAFLD.3 In addition, our study showed that the 
VFA was not significantly different between lean subjects 

with NAFLD and overweight/obese subjects without NAFLD 
in either sex, indicating that visceral fat accumulation was 
as high in lean subjects with NAFLD as it was in overweight/
obese individuals, which is consistent with a previous study 
in a Chinese population that used MR imaging to detect HS 
and measure visceral fat.20

Many studies have investigated the optimal cutoffs for 
visceral fat indices when screening for the metabolic syn-
drome,9–14 but to the best of our knowledge, there has 
been only one study that established optimal VFA cutoffs 
for NAFLD.15 In a study by Yoon et al.15 in a Korean popula-
tion, the optimal VFA cutoffs at the L4-L5 level for detecting 
NAFLD, measured by CT imaging, were 132 cm2 in men and 
119 cm2 in women. In that study, the liver attenuation in-
dex derived from the difference between mean hepatic and 
splenic attenuation on unenhanced CT imaging was used in 
the diagnosis of NAFLD.15 Unlike that study,15 we generated 
sex-specific cutoff values for CT-measured VFA at the L3 
level to separate metabolically normal Koreans from those 
with lean and overweight/obese NAFLD, as assessed by liv-
er biopsy (i.e., the gold standard for an NAFLD diagnosis). 
We propose VFA cutoffs of 50.2 cm2 in men and 40.5 cm2 
in women to identify those at risk of lean NAFLD, and 100.6 
cm2 in men and 68.0 cm2 in women to identify those at risk 

Fig. 1.  Receiver operating characteristic curves for visceral fat area to identify (A) lean nonalcoholic fatty liver disease (NAFLD) in men, (B) in lean 
women, (C) in overweight/obese men, and (D) overweight/obese in women. 
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of overweight/obese NAFLD. The values may be useful for 
identifying patients in whom visceral obesity places them 
at increased risk for lean or overweight/obese NAFLD. In 
addition, they may be used as therapeutic target values for 
visceral fat reduction to resolve NAFLD.

The study has several limitations. First, it was a prelimi-
nary retrospective study conducted at a single center, and 
the number of enrolled subjects was not large. Prospective 
multicenter, studies with more participants are needed to 
confirm our results. Second, the study included potential 
living liver donors who had undergone liver biopsy as part 
of a predonation workup. The inclusion criteria were im-
plemented to assess NAFLD and VFA using gold standard 
diagnostic methods, but that may have resulted in selection 
bias. Also, noninvasive evaluation of HS by transient elas-
tography was not performed in this study. In addition, the 
enrolled subjects were relatively young adults capable of 
donating their livers. Therefore, it is unclear whether they 
are representative of the general population. Third, we in-
cluded only Korean subjects, which may have limited the 
generalizability of our findings to other ethnicities. So, our 
findings need to be validated by trials in a broader popula-
tion. Fourth, the prevalence of NAFLD in lean men (37.3%) 
was much higher than previously reported,4,21,22 so it may 
have led to the better performance of AUC in lean men with 
NAFLD than in the other groups.

In conclusion, the cutoff values of CT-measured VFA for 
identifying NAFLD were influenced by sex and BMI. Sex-
specific cutoff values for VFA may be useful for identifying 
lean and overweight/obese individuals at risk of NAFLD.
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Abstract

Background and Aims: Patients with hepatocellular carci-
noma (HCC) surgically resected are at risk of recurrence; 
however, the risk factors of recurrence remain poorly un-
derstood. This study intended to establish a novel machine 
learning model based on clinical data for predicting early re-
currence of HCC after resection. Methods: A total of 220 
HCC patients who underwent resection were enrolled. Clas-
sification machine learning models were developed to predict 
HCC recurrence. The standard deviation, recall, and preci-
sion of the model were used to assess the model’s accura-
cy and identify efficiency of the model. Results: Recurrent 
HCC developed in 89 (40.45%) patients at a median time 
of 14 months from primary resection. In principal compo-
nent analysis, tumor size, tumor grade differentiation, por-
tal vein tumor thrombus, alpha-fetoprotein, protein induced 
by vitamin K absence or antagonist-II (PIVKA-II), aspartate 
aminotransferase, platelet count, white blood cell count, and 
HBsAg were positive prognostic factors of HCC recurrence 
and were included in the preoperative model. After compar-
ing different machine learning methods, including logistic re-
gression, decision tree, naïve Bayes, deep neural networks, 
and k-nearest neighbor (K-NN), we choose the K-NN model 
as the optimal prediction model. The accuracy, recall, preci-

sion of the K-NN model were 70.6%, 51.9%, 70.1%, respec-
tively. The standard deviation was 0.020. Conclusions: The 
K-NN classification algorithm model performed better than 
the other classification models. Estimation of the recurrence 
rate of early HCC can help to allocate treatment, eventually 
achieving safe oncological outcomes.

Citation of this article: Liu C, Yang H, Feng Y, Liu C, Rui F, 
Cao Y, et al. A K-nearest Neighbor Model to Predict Early Re-
currence of Hepatocellular Carcinoma After Resection. J Clin 
Transl Hepatol 2022;10(4):600–607. doi: 10.14218/JCTH. 
2021.00348.

Introduction

Primary liver cancer is the sixth most common cancer 
worldwide and the fourth leading cause of cancer-related 
death, accounting for ∼90% of primary liver cancers.1 Hepa-
tocellular carcinoma (HCC) is the most frequent histologic 
type of liver cancer. The most effective first-line treatment 
is surgical resection for selected patients and is widely rec-
ommended by current guidelines.2,3 However, patients with 
surgically resected HCC are still at risk of recurrence, with 
an annual rate of ≥ 10% and a recurrence rate of 70–80% 
after 5 years.4 In addition, the reasons for postsurgical re-
currence and how to prevent recurrence are unresolved. 
Therefore, identification of potentially curable patients at 
high risk for postoperative recurrence is critical to improve 
long-term survival after HCC resection.

HCC recurrence is the main postoperative complica-
tion, which is generally considered either early (less than 2 
years) or late (more than 2 years).5 However, early recur-
rence occurs in 30–50% of patients and accounts for more 
than 70% of tumor recurrences, and is the major cause 
of mortality. Previous studies have shown that early recur-
rence of HCC is usually related to aggressive tumor patho-
logical features, such as large tumor size, multiple tumors, 
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poor cell differentiation, and macroscopic or microscopic 
vascular invasion.6 Other risk factors for HCC recurrence 
are cirrhosis, tumor size of > 5 cm, or portal vein invasion.7

The prognosis of HCC has traditionally been assessed by 
staging, such as the tumor-node-metastasis (TNM), Bar-
celona clinic liver cancer and Hong Kong liver cancer sys-
tems.8–11 However, staging systems are not available to pa-
tients after surgical treatment and therefore do not predict 
postoperative recurrence. A few models including the Sin-
gapore liver cancer recurrence score and surgery-specific 
cancer of the liver Italian program (SS-CLIP),12 have been 
developed specifically to detect tumor recurrence after sur-
gical resection but none of them have been externally vali-
dated.13

Machine learning (ML) algorithms are techniques for data 
mining that use artificial intelligence to evaluate and analyze 
data, and can generate predictive models more efficiently 
and effectively than conventional methods by detecting hid-
den patterns within large data sets. Recent advances in ML 
models have helped to learn about features represented in 
data and to improve model performance in different HCC 
domains, including disease prediction, disease classifica-
tion, and clinical practice.14 Various types of model architec-
tures have been used, such as logistic regression, k-nearest 
neighbor (K-NN), decision trees, naïve Bayes (NB), and 
deep neural networks (DNN).15 Several examples of prog-
nosis prediction methods using ML approaches based on 
pathological information to evaluate micro (mi)RNA expres-
sion in exosomes, circulating miRNA information, and to 
incorporate radiomics have been described,16–19 but which 
tumor markers should be included in a surveillance program 
remains controversial. A more precise prognostic and recur-
rent prediction model is urgently needed.

In this study, we enrolled pathologically confirmed HCC 
patients to investigate the factors that are associated with 
tumor recurrence and to develop a prognostic model to im-
prove the predictive accuracy for HCC recurrence using ML. 
We hope the model will provide clinicians with an appropri-
ate surveillance tool for early detection of HCC recurrence 
and treatment.

Methods

Patient population

Of the 312 HCC patients diagnosed between September 

2016 and June 2018 at Shandong Provincial Hospital, 220 
patients recruited in this retrospective study. Patients (1) 
with HCC diagnosed by liver biopsy, (2) without other tu-
mors on preoperative CT evaluation and, (3) receiving ini-
tial treatment were eligible for inclusion. Patients (1) with 
cholangiocarcinoma, or (2) metastasis, (3) without post-
surgical follow-up; (4) younger than 18 years of age, and 
(5) with imaging evidence of recurrence within 2 months 
after treatment were excluded. All patients with HCC en-
rolled in this study were diagnosed by pathological evalua-
tion. The study was approved by local Hospital Ethics Com-
mittee and patient informed consent was waived when data 
were collected. Figure 1 is a flow chart of patient selection. 
Patients were divided into two study groups by HCC re-
currence and followed-up until recurrence of HCC, death, 
study conclusion on August 31, 2019. HCC recurrence of 
HCC was defined by clinical, radiological, and/or pathologi-
cal diagnosis.

Dataset preparation

We collected patient-related clinical, laboratory, and radio-
logical information from medical records and at follow-up 
visits. (Tables 1 and 2). Thirty-seven patient characteristics 
were collected, including. age, etiology, treatment strategy, 
degree of tumor differentiation, tumor size, number of tu-
mors, platelet count (PLT), alkaline phosphatase (ALP), total 
bilirubin, prothrombin time (PT), alpha-fetoprotein (AFP), 
aspartate aminotransferase (AST), white blood cell (WBC) 
count, protein induced by vitamin K absence or antagonist-
II (PIVKA-II), HBsAg, and others.

Evaluation metrics

We used logistic regression, K-NN, decision tree, NB, and 
DNN models to predict the recurrence of HCC from the pa-
tient information. The training cohort included 176 of the 
220 patients; the testing cohort included the remaining 44. 
The training set contains a learned output that the model 
generalizes to new data. The algorithm flow is shown in Fig-
ure 2. The performance of the prediction results was evalu-
ated by introducing four metrics, accuracy (Acc), precision 
(Prc), recall rate (TPR), and standard deviation (SD).

Acc was the ratio of the number of correctly classified 
samples and the total number of samples:

Fig. 1.  Study cohort selection. 
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TP TN FP FN

+
=

+ + +
In the confusion matrix of classification results TP repre-

sents the positive samples that are predicted to be positive 
by the model, FP represents the negative samples that are 
predicted to be positive by the model, FN represents the 
positive samples that are predicted to be negative by the 
model, and TN represents the negative samples that are 
predicted to be negative by the model. Prc is the ratio of 
the number of correctly classified positive instances and the 

number of instances classified as positive:

.TPPrc
TP FP

=
+

TPR was the proportion of the number of positive cases 
correctly classified to the actual number of positive cases: 

.TPTPR
TP FN

=
+

The SD is the extent of dispersion of the accuracy of ran-
dom tests:

Table 1.  Patient characteristics

Characteristics All patients 
(N=220)

Patients with 
recurrence (N=89)

Patients without 
recurrence (N=131) p-value

Age 56.65±10.39 55.89±10.63 57.16±10.23 0.37

Sex

  Male 192 (87.27%) 76 (85.39%) 116 (88.55%) 0.49

  Female 28 (12.73%) 13 (14.61%) 15 (11.45%)

Follow-up time 7.64±8.04 9.71±7.97 14.0±6.36 < 0.001

Hypertension 56 (25.45%) 24 (26.97%) 32 (24.42%) 0.67

Diabetes 27 (12.27%) 12 (13.48%) 15 (11.45%) 0.65

Fatty liver 9 (4.09%) 2 (2.25%) 7 (5.34%) 0.25

Cirrhosis 186 (84.55%) 70 (78.65) 96 (73.28%) 0.36

Family history of liver cancer 14 (6.37%) 7 (7.86%) 7 (5.34%) 0.45

Etiology

  Alcohol 8 (3.64%) 3 (3.37%) 5 (3.82%) 0.83

  HBV 131 (59.55%) 54 (60.67%) 77 (58.78%)

  HCV 5 (2.28%) 1 (1.12%) 4 (3.05%)

  Alcohol and HBV 64 (29.09%) 25 (28.09%) 39 (29.77%)

  Others 12 (5.45%) 6 (6.74%) 6 (4.58%)

Treatment strategy

  Tumor resection 131 (59.55%) 47 (52.80%) 84 (64.12%) 0.09

  Resection and TACE 89 (40.45%) 42 (47.20%) 47 (35.88%)

Portal vein tumor thrombus

  With 41 (18.64%) 26 (29.21%) 15 (11.45%) < 0.001

  Without 179 (81.36%) 63 (70.79%) 116 (88.55%)

Degree of tumor differentiation

  Poorly differentiated 39 (17.72%) 22 (24.72%) 17 (12.98%) 0.08

  Moderately differentiated 162 (73.64%) 60 (67.42%) 102 (77.86%)

  Well differentiated 19 (8.64%) 7 (7.86%) 12 (9.16%)

Tumor size

  ≤5cm 133 (60.45%) 42 (47.19%) 91 (69.47%) < 0.001

  >5cm 87 (39.55%) 47 (52.81%) 40 (30.53%)

Number of tumors

  Solitary 186 (84.55%) 73 (82.02%) 113 (86.26%) 0.50

  2–3 34 (15.45%) 16 (17.98%) 18 (13.74%)

TACE, trans arterial chemoembolization.
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Fig. 2.  Algorithm flow. K-NN, k-nearest neighbor; NB, naïve Bayes; DNN, deep neural networks. 

Table 2.  Patient laboratory findings

Variables All patients (N=220) Patients with re-
currence (N=89)

Patients without 
recurrence (N=131)

p-
value

White blood cell count, ×109/L 5.1 (2–82) 5.2 (2.1–82) 5.1 (2–15) 0.62

Red blood cell count, 4.7 (1.7–5.8) 4.7 (1.7–5.8) 4.7 (3.1–5.6) 0.44

Hemoglobin, g/L 14 (6–84) 15 (10–84) 14 (6–82) 0.44

Platelet count, ×109/L 175.30±82.63 184.79±81.72 168.86±82.93 0.16

Alanine aminotransferase, U/L 30.5 (10–581) 37 (12–581) 36 (10–209) 0.64

Aspartate aminotransferase, U/L 38 (9–317) 38.0 (9–317) 38.0 (16.00–249.00) 0.29

Alkaline phosphatase, U/L 76.5 (12–968) 94 (23–968) 61 (12–807) 0.005

γ-glutamyl transpeptadase, U/L 104 (14–619) 106 (14–427) 103 (19–619) 0.06

Total bilirubin, m/L 17 (7–74) 16 (7–47) 18 (7–74) 0.06

Direct bilirubin, um/L 3 (1–97) 3 (1–97) 3 (1–64) 0.77

Indirect bilirubin, µm/L 13 (5–61) 13 (5–61) 14 (5–56) 0.06

ALB, g/L 41.59±5.18 41.55±4.41 41.85±5.65 0.38

Glucose, mmol/L 5.0 (2–14) 5.0 (4–13) 5.0 (2–14) 0.41

Cholesterol 4.39±1.39 4.60±1.37 4.23±1.39 0.27

Triglycerides, mmol/L 0.88 (0.3–2.79) 0.77 (0.3–1.8) 0.9 (0.42–2.79) 0.04

High-density lipoprotein, mmol/L 1.21 (0.37–4.06) 1.25 (0.4–4.06) 1.20 (0.37–3.19) 0.95

Low-density lipoprotein, mmol/L 2.59±0.93 2.73±0.97 2.49±0.89 0.30

PT, s 13 (10–18) 13 (10–17) 13 (10–18) 0.58

PTA, % 85.45±13.36 85.23±13.62 85.61±13.23 0.84

Alpha-fetoprotein, ng/mL 27.0 (1.1–998.0) 59 (1.5–919.0) 15.0 (1.1–998.0) 0.001

PIVKA-II, ng/mL 604.81 (9.38–75,000) 1,519.5 (16.00–75,000) 355.29 (9.38–75,000) 0.001

Fibrosis-4 (FIB-4)

  Low (<1.45) 43 (19.55%) 20 (22.47%) 23 (17.56%) 0.41

  Intermediate (1.45–3.25) 110 (50.0%) 46 (51.69%) 64 (48.85%)

  High (>3.25) 47 (21.35%) 23 (25.84%) 44 (33.59%)

HBsAg, IU/mL 5,790.5 (0.39–8,724.0) 5,828.0 (0.41–8,002.0) 5,122.0 (0.39–8,724) 0.78

PIVKA-II, protein induced by vitamin K absence or antagonist-II.
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where x1, x2, …, xn are real numbers, µ is the arithmetic 
mean, and σ is the SD.

Statistical analysis

Continuous variables were reported as means (SD) if they 
were normally distributed or a medians (IQR) if they were 
not. Categorical variables were reported as numbers and 
percentages (%). We assessed differences between severe 
and nonsevere patients with two-sample t-tests or the Wil-
coxon rank-sum test depending on parametric or nonpara-
metric data for continuous variables and Fisher’s exact test 
for categorical variables. A two-sided α of less than 0.05 
was considered statistically significant. The statistical analy-
sis was performed with SPSS version 26.0 (IBM Corp., Ar-
monk, NY, USA).

In the building of the predictive models, the Pearson cor-
relation coefficient was used to find the independent predic-
tors of severity of disease from 37 vectors. The predictive 
models were built based on five ML classification algo-
rithms, i.e. logistic regression, K-NN, decision tree, NB and 
DNN model by using Python programming software version 
3.6.5.
1. Pearson correlation coefficient and feature selection by 

univariate analysis were used. The Pearson coefficient 
between each patient characteristic and recurrence was 
calculated separately, and the characteristics with signifi-
cant correlations were selected. The specific steps were 
as follows: To make the characteristics in the dataset D = 
{x1, x2, …, xm, y} numerically comparable, the absolute 
values, maxima and minima of each were mapped to [0, 
1]; 
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where xi
k, yk represent the value of the k-th sample of the 

characteristic, and xi, y represent the sample mean value 
of the two characteristics, represents the total number of 
characteristics in the patient data.

3. To calculate the eigenvectors and eigenvalues of the co-
variance matrix the features with large influencing factors 
were selected as the optimal feature subset. The final 
data set was constructed based on the feature subset.
The K-NN algorithm was constructed as follows:

1. For data set , the distance from each sample di = (xi, yi) 
to be classified x to all known samples, L(di, dj);  

( )
1/222( ) ( )

1
, m l l

i j i jli j x x yL d d y
=

æ ö÷ç= - + - ÷ç ÷çè øå
was constructed.

2. Adjacent values of each sample were sorted in descend-
ing order according to the distance.

3. The k-nearest neighbors of each sample are obtained by 
determining the K value. According to the majority voting 
rule of the following formula, the sample x to be classified 
is classified into the category with the largest number of 
samples: 

Cx = argmax j∊l∑y=xkI(Cy = j)
Where j represents the tag values of different categories, 
and Y represents the k-nearest neighbors of sample x to be 
classified.

Results

Patient characteristics

The clinical characteristics of the patients are shown in Table 
1. Most patients were men (192/220, 82.27%), and the mean 
age was 56.65 (SD = 10.39) years. Of the 220 HCC patients, 
89 (40.5%) were recrudescent and 131(59.5%) were nonre-
crudescent. The mean time from surgery to recurrence was 
14 (SD = 6.36) months. Patients with recurrent HCC were 
more likely to have larger tumors (> 5 cm diameter, 52.81% 
vs. 30.53%, P < 0.001) and portal vein tumor thrombus 
(29.21% vs. 11.45%, P < 0.001). Some differences in the 
laboratory values of patients with recurrent and nonrecurrent 
HCC obtained on admission (Table 2) were significant.

Performance comparison

In principal component analysis, we found nine key factors 
affecting the recurrence of HCC, including tumor size, tumor 
grade differentiation, portal vein tumor thrombus, PLT, AFP, 
PIVKA-II, AST, WBC, and HBsAg (Fig. 3). Tumor size, tumor 
differentiation grade, portal vein tumor thrombus, PLT, AFP, 
PIVKA-II, AST, WBC, HBsAg, and recurrence results of 176 
patients in the training cohort were formed into a data set. 
The data sets were input into different ML algorithms (i.e. lo-
gistic regression, K-NN, decision tree, naïve Bayes, and DNN) 
to form the ML model. Then the data of 44 patients in the test-
ing cohort were input into the five ML models for prediction. 
The prediction results from different models were evaluated 
by comparing the model performance metrics. The accuracies 
of the K-NN (70.6%), NB (60.9%), decision tree (57.5%), 
logistic regression (67.9%), and DNN (64.9%) models is re-
ported in Figure 4. After comparing different ML methods, we 
choose the K-NN model as the optimal prediction model. In 
terms of accuracy and precision, K-NN algorithm was superior 
to other algorithms. It had 70.6% Acc and 70.1% Prc. The 
TPR was 51.9% and the SD was 0.02.

Discussion

The ideal resection index is early solitary HCC, regardless of 
tumor size, and preserved liver function. Unfortunately, the 
rate of disease recurrence remains high, with early relapses 
considered to be "true relapses" and "relapses" afterward 
assumed to be mainly caused by de novo tumors. However, 
there is no reliable prediction tool for early HCC recurrence. 
In this study, we retrospectively evaluated 89 patients with 
early recurrence of HCC, which had different clinical char-
acteristics and laboratory parameters compared with non-
recurrent patients. Using Pearson analysis, we discovered 
that early recurrence was mainly determined by aggressive 
characteristics of the primary (resected) tumor, including 
size, grade, differentiation, and higher serum AFP, PIVKA-II, 
PLT, AST, WBC, and HBsAg levels.

Currently, we can only use tumor markers such as AFP 
and PIVKA-II to determine HCC recurrence, because there 
is no useful postoperative recurrence marker. AFP is the 
most commonly used clinical biomarker of HCC, but its 
sensitivity and specificity are not ideal. AFP is a risk fac-
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tor for the recurrence of HCC after radical treatment, and 
has been considered as a better prognostic predictor than 
cancer morphology alone.20,21 PIVKA-II may play a role in 
the progression of HCC and is associated with HCC size, 
microvascular invasion, metastatic dissemination, and re-
currence after tumor ablation. In fact, AFP levels are high in 
40–60% of HCC patients and in 10–20% of early-stage tu-
mors. It may also be elevated in many benign tumors.22–24 
Other studies have shown that the performance of PIVKA-II 
in HBV-related HCC varies across populations, with a sensi-
tivity of 44–91% and specificity of 68–99% at a cutoff val-
ues between 40 and 150 mAU/mL.25 The evidence supports 
the need for more sensitive and specific HCC markers, no 
method to predict the recurrence of surgically resected HCC 
is currently available.

Given the validated, good discriminatory performance 
of AFP and PIVKA-II prediction models, we studied a novel 
predictor of HCC recurrence based on the AFP model and 
including 36 additional serological, pathological, and radio-
logical patient features. Nine features, tumor size, tumor 
grade differentiation, portal vein tumor thrombus, PLT, AFP, 
PIVKA-II, AST, WBC, and HBsAg were found influence the 
recurrence of HCC. The accuracy, recall, and precision of 
the model were 70.6%, 51.9%, 70.1%, respectively. The 
inclusion of more clinical markers might further improve the 
diagnostic accuracy.

In recent years, ML has developed rapidly, and has con-
tributed to outstanding achievements in disease prediction 
and clinical practice. ML algorithms can be used to predict 
the outcome of a new observation, based on a training data-
set containing previous observations where the outcome is 
known. It can detect complex nonlinear relationships be-
tween numerous variables that are useful in predictive ap-
plications.26,27 Many research results show that prediction 
models based on ML significantly improve the accuracy of 
cancer diagnosis and prognosis prediction.28–30 In this study, 
after data training and performance comparisons, we found 
a novel, sensitive, and stable K-NN model to predict the re-
currence of HCC after surgery. We believe that it can help to 
identify individuals who are at high risk of early recurrence 
after tumor resection. K-NN algorithms are very effective 
nonparametric models that are widely used for classification, 
regression, and pattern recognition. It is highly appropriate 
to use the K-NN method to predict HCC recurrence of HCC, 
especially using a large chronic liver disease, tumor charac-
teristics, and hepatic function dataset. The K-NN model was 
the optimal prediction model, with 70.6% accuracy. When 
developing the model to predict the risk of patient recur-
rence, we input nine key factors, tumor size, grade, and 
differentiation; portal vein tumor thrombus, PLT, AFP, PIVKA-
II, AST, WBC, and HBsAg in the K-NN algorithm, which then 
was able to automatically estimate the HCC recurrence risk 

Fig. 3.  Variable importance plot for predicting tumor recurrence showing absolute values of Spearman correlation coefficients between markers and 
HCC recurrence. AFP, alpha-fetoprotein; PIVKA-II, protein induced by vitamin K absence or antagonist-II; AST, aspartate amino transferase; WBC, white blood cells; 
HBsAg, hepatitis B surface antigen; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; ALP, alkaline phosphatase; TBiL, total bilirubin; RBC, red 
blood cell; PT, prothrombin time; IB, indirect bilirubin; PTA, prothrombin activity. 
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of each patient.
This study has several limitations. It was limited by the 

small sample size and retrospective method. Some cases 
had incomplete documentation of laboratory testing, and 
most of the HCC patients included in our study had chronic 
hepatitis B infection. The limitations might have result in 
some bias in our general understanding of the disease. In 
addition, early and late recurrence were not distinguished in 
this study because of the relatively short follow-up. The two 
problems mentioned above can be resolved by additional 
study. The main limitations of ML algorithms are that they 
are best suited to predicting outcomes in the environment 
from which they are derived. Conversely, this limitation is 
also its strength, in that it is highly specific to the peculi-
arities of a particular center, enabling the best decision for 
each individual patient.

In conclusion, used ML to develop a K-NN model for 
predicting HCC recurrence that included a comprehensive 
evaluation of serological, pathological, and radiological fea-
tures. The accuracy of this model was about 70.6%, which 
is much better than the models using only clinical or se-
rological data. This K-NN model was sensitive and stable 
when used to predict the recurrence of HCC in patient after 
surgical resection.
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Abstract

Background and Aims: This study was designed to uncov-
er the mechanism for extracellular polysaccharide (EPS1-1)-
mediated effects on hepatocellular carcinoma (HCC) devel-
opment. Methods: HCC cells were treated with EPS1-1, 
miR-494-3p mimic, sh-TRIM36, and pcDNA3.1-TRIM36. The 
levels of miR-494-3p and TRIM36 were measured in nor-
mal hepatocytes, THLE-2, and HepG2 and HuH7HCC cell 
lines, along with the protein expression of cyclin D/E and 
p21. The proliferation, cell cycle, and apoptosis of HCC cells 
were assayed. The interactions between miR-494-3p and 
TRIM36, and between TRIM36 and cyclin E were assessed. 
Finally, the expression and localization of TRIM36 and cyclin 
E were monitored, and tumor apoptosis was detected, in 
tumor xenograft model. Results: EPS1-1 suppressed HCC 
cell proliferation and cyclin D/E expression and promoted 
apoptosis and p21 expression. miR-494-3p was upregulated 
and TRIM36 was downregulated in HCC cells. Transfection 
with miR-494-3p mimic or sh-TRIM36 facilitated HCC cell 
proliferation and the expression of cyclin D/E protein but 
they inhibited apoptosis and p21 expression in the pres-
ence of EPS1-1. Overexpression of TRIM36 further con-
solidated EPS1-1-mediated inhibition of HCC proliferation, 
cyclin D/E, and the promotion of apoptosis and p21 expres-
sion. Those effects were reversed by miR-494-3p overex-
pression. TRIM36 was a target gene of miR-494-3p, and 
TRIM36 induced cyclin E ubiquitination. EPS1-1 suppressed 
cyclin E expression, promoted TRIM36 expression and tu-
mor apoptosis, all of which were abrogated by increasing 
the expression of miR-494-3p in vivo. Conclusions: EPS1-
1 protected against HCC by limiting its proliferation and sur-
vival through the miR-494-3p/TRIM36 axis and by inducing 
cyclin E ubiquitination.
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Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of 
cancer-related death and remains one of the most aggres-
sive malignancies worldwide.1,2 Although liver resection is 
one of the most effective treatment options, the prognosis 
of HCC is extremely poor, with a 1-year survival of 40%.3,4 
Thus, identifying the underlying mechanisms contributing 
to the progression of HCC is crucial to facilitate the develop-
ment of novel diagnostic biomarkers and effective thera-
peutic targets.

In recent years, considerable attention has been paid 
to the study of natural antitumor compounds with known 
biological activities and few or no side effects.5,6 Rhizopus 
nigrum, a zygote filamentous fungus, has been exten-
sively used by the pharmaceutical industry for production 
of organic acids and biotransformation.7 An extracellular 
polysaccharide (EPS1-1) extracted from R. nigricans was 
found to exert antitumor activity and improve the immune 
response.8–10 EPS1-1 was reported to not only suppresses 
colitis-related colorectal cancer11 but also to have a role 
in ameliorating functional disorders of colorectal cancer in 
mice.12 The involvement of EPS1-1 in biological processes 
including proliferation, metastasis, and apoptosis of colo-
rectal cancer has been described.13,14 Previous studies have 
indicated that EPS1-1 repressed the progression of HCC in 
vitro and in vivo,15 but whether EPS1-1 can regulate biolog-
ical processes and molecular mechanisms of HCC remains 
unclear.

Micro (mi)RNAs are small noncoding RNAs that post-tran-
scriptionally regulate gene expression by degrading their 
target messenger (m)RNAs or by terminating translation. 
miRNAs are aberrantly expressed in a majority of human 
cancers, suggesting that they have essential roles in tu-
morigenesis and tumor development.16 Moreover, miRNAs 
were reported to be involved in cellular processes including 
cell proliferation, apoptosis, and differentiation.17 Up until 
now, a growing number of studies have elucidated the role 
of miRNA in the molecular pathogenesis of HCC. For ex-
ample, abundant expression of miR-517a was associated 
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with adverse outcomes in patients with HCC.18 In contrast, 
miR-199a/b-3p and miR-219-5p were found to act as tu-
mor suppressors in HCC.19,20 Therefore, the identification of 
drug agents that substantially regulate oncogenic or tumor-
suppressive miRNA expression may be a promising thera-
peutic strategy to treat or prevent human cancers. Previous 
studies have shown that miR-494-3p acts as an oncogene 
by stimulating the proliferation and invasion and suppress-
ing apoptosis in glioma cells.21 Also, increased miR-494-3p 
expression has been linked to HCC progression.22 Howev-
er, whether EPS1-1 can downregulate miRNAs, specifically 
miR-494-3p in HCC, remains unknown.

Our study investigated the potential involvement of 
EPS1-1 in the proliferation and apoptosis of HCC in vitro 
and its effect on tumor-bearing mice in vivo. Collectively, 
the findings demonstrate novel inhibitory effects of EPS1-1 
on HCC development through modulation of the miR-494-
3p/TRIM36 axis and ubiquitination of cyclin E.

Methods

Clinical sample

HCC and adjacent normal tissues were collected from 22 
patients diagnosed at our hospital between October 2019 
and December 2020. The tissues were preserved in liquid 
nitrogen for subsequent examination. All procedures involv-
ing humans were performed with the approval of the ethics 
committee of the Third Xiangya Hospital of Central South 
University and the informed consent of the patients or their 
relatives.

Cell culture

THLE-2 normal human hepatocytes and HepG2 and HuH7 
HCC cell lines were acquired from the Cell Bank of Chinese 
Academy of Sciences (Shanghai, China). Exopolysaccha-
ride EPS1-1 was purified from the fermentation broth of 
R. nigricans. HepG2 and HuH7 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 
10% fetal bovine serum (ThermoFisher Scientific, Waltham, 
MA, USA) at 37°C in a 5% CO2 incubator. The cells at ap-
proximately 90% confluency were dissociated with 0.25% 
trypsin followed by addition of serum-containing medium to 
terminate digestion. The cells were then gently pipetted into 
single-cell suspension and passaged.

Transient transfection

HepG2 and HuH7 cells were inoculated onto 96-well plates 
at a density of 1 × 104 cells/well. When the adherent cells 
reached 60% confluency, miR-494-3p inhibitor/mimic (100 
nmol) plasmids containing silenced (sh-TRIM36, 2 µg) or 
overexpressed (oe-TRIM36, 2 µg) TRIM36, inhibitor/mimic 
negative control (NC) or sh-NC/oe-NC (Shanghai GeneP-
harma Co., Ltd., Shanghai, China) was transfected into the 
cells with Lipofectamine 2000 (ThermoFisher Scientific) fol-
lowing the manufacturer’s instructions. Subsequent experi-
ments were carried out 48–72 h later.

Cell grouping

Cells were allocated to be treated for 72 h with EPS1-1 25 
µg/mL, 50 µg/mL, 100 µg/mL, or 200 µg/mL. After trans-
fection, HCC cells were treated 200 µg/mL of EPS1-1 for 

24 h and then divided into EPS1-1, EPS1-1 + mimic NC, 
EPS1-1 + miR-494-3p mimic, EPS1-1 + sh-NC, EPS1-1 + 
sh-TRIM36, EPS1-1 + oe-NC, EPS1-1 + oe-TRIM36 group, 
and EPS1-1 + oe-TRIM36 + miR-494-3p mimic groups. Af-
ter transfection with pcDNA3.1 or pcDNA3.1-TRIM36, HCC 
cells were induced with 20 µM protease inhibitor MG132 for 
4 h and divided into oe-NC + DMSO, oe-TRIM36 + DMSO, 
oe-NC + MG132, and oe-TRIM36 + MG132 groups.

Methylthiazol tetrazolium (MTT) assay

Cells at a density of 5 × 103 cells/well were plated onto 
96-well plates. At indicated time points (24, 48, or 72 h), 
10 µl of MTT solution (5 mg/mL) was added to each well 
at 37°C for 4 h. Subsequently, 100 µL DMSO was added 
and the cells were incubated overnight at 37°C to terminate 
the reaction. The absorbance (optical density, OD) was re-
corded at a wavelength of 490 nm using a microplate reader 
(Sectramax 190, Molecular Devices Corp., Sunnyvale, CA, 
USA). The OD value represents cell viability. The results 
from three independent assays of each group were calcu-
lated and averaged. A proliferation curve was plotted for 
optimum visualization of the viability data.

Flow cytometry

For the detection of cell apoptosis, single-cell suspensions 
of cells in each group were prepared and centrifuged at 
2,000 rpm. After washing twice with phosphate buffered 
saline (PBS), the cells were resuspended in binding buffer. 
Then, 5 µL of Annexin-V-FITC and propidium iodide (PI) 
were added to 195 µL cell suspension containing 105 cells 
and cultured for 10 min in the dark. Cell apoptosis was 
assayed by flow cytometry (BD FACS Canto II, 488N, San 
Jose, CA, USA).

For analysis of cell cycle events, cells from each group 
were seeded onto 6-well culture plates (3 × 105 cells/well) 
for 24 h. Cells were then fixed with 4% paraformaldehyde 
(Shanghai Sangon Biological Engineering Co., Ltd., Shang-
hai, China) for 15 min before incubation with 50 µg/mL PI 
(Solarbio, Beijing, China) in the dark (37°C, 30 min). The 
fluorescence intensity of cells (excitation wavelength 488 
nm) was assessed by flow cytometry (BD FACS Canto II, 
488N, San Jose, CA, USA)

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Thermo Fish-
er Scientific, MA, USA) following the manufacturer’s instruc-
tions. The extracted RNA was reverse transcribed into cDNA 
using a reverse transcription system (Promega, Madison, 
WI, USA). Gene expression was detected using a LightCy-
cler 480 qRT-PCR instrument (Roche, IN, USA), and reac-
tions were performed with a qRT-PCR kit (SYBR Green PCR 
kit, Takara Bio, Inc., Otsu, Japan). Thermal cycling condi-
tions were: initial denaturation 5 min at 95°C, and 40 cycles 
of denaturation for 10 s at 95°C, annealing 10 s at 60°C, 
and elongation 20 s at 72°C. miR-494-3p and TRIM36 ex-
pression were normalized against U6 and GAPDH, respec-
tively. Data were analyzed by the 2−ΔΔCt method. The primer 
sequences are shown in Table 1.

Western blotting

Cells were lysed in RIPA buffer containing Halt protease 
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inhibitor cocktail (Pierce, Rockford, IL, USA) and phos-
phatase inhibitors (Cayman Chemical, Ann Arbor, MI, 
USA), and the protein concentration was determined by 
the Bradford method. Sodium dodecyl sulfate-polyacryla-
mide agarose gel electrophoresis (SDS-PAGE) was run 
at 120 V for protein separation. Thereafter, the proteins 
were transferred from the gel to polyvinylidene fluoride 
(PVDF) membranes and blocked in TBS-Tween (TBS-T) 
supplemented with 0.05 g/mL bovine serum albumin for 
1 h. The membranes were then incubated with primary 
antibodies against GAPDH (1:10,000, ab181602), TRIM36 
(1:1,000, ab272672), and cyclin E (1:1,000, ab33911) 
(Abcam, Cambridge, MA, USA) overnight at 4°C. After 
washing with TBS-T, the membranes were incubated with 
goat anti-rabbit IgG (1:5,000, Beijing ComWin Biotech 
Co., Ltd., Beijing, China) for 2 h at room temperature, fol-
lowed by washing three times in TBS-T. Protein bands were 
quantified by chemiluminescence imaging analysis system 
(GE Healthcare, Beijing, China) using an electrogenerated 
chemiluminescence (ECL) reagent.

Dual luciferase reporter assay

Starbase database was used to predict the binding site be-
tween miR-494-3p and TRIM36, and TRIM36-3′UTR wild 
sequence and mutated TRIM36-3′UTR sequence were syn-
thesized. These two sequences were cloned into dual lu-
ciferase reporter vector (pGL3-Basic) to construct the wild 
dual luciferase reporter (WT-TRIM36) and the mutant dual 
luciferase reporter (MUT-TRIM36) carrying the 3′UTR of 
TRIM36. HepG2 and HuH7 cells (5 × 105/well) were seeded 
into 6-well plates and maintained in a humidified 5% CO2 
incubator for 24 h at 37°C. Thereafter, the cells were co-
transfected with a pGL3-TRIM36-3′ UTR luciferase reporter 
vector and 5 µL of miR-494-3p mimic or its normal control 
(NC) for 6 h at 37°C using Lipofectamine 2000 following the 
manufacturer’s recommendations.Dual luciferase reporter 
assay system was used to detect the activity.

Co-immunoprecipitation (CO-IP)

Whole-cell lysates were centrifuged and incubated with 2 
µg of anti-TRIM36 (sc-100881, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), anti-cyclin E (ab33911, Abcam, 
Cambridge, MA, USA) or normal IgG antibodies and pro-
tein G-Agarose beads (Roche Diagnostics Ltd, Shanghai, 
China) overnight at 4°C. The immunocomplexes were sep-

arated by SDS-PAGE and then blotted with the indicated 
antibodies.

Ubiquitination assay

Oe-TRIM36 or oe-NC were transfected into HepG2 cells, 
after which the lysates were immunoprecipitated with IgG 
(ab172730) or anti-cyclin E (ab33911, Abcam, Cambridge, 
MA, USA) antibody at 4°C overnight. Bound proteins that 
eluted from the protein G-Agarose beads were separated by 
SDS-PAGE and then immunoblotted with an anti-Ub anti-
body (ab134953, Abcam, Cambridge, MA, USA).

Animals

Pathogen-free (SPF) BALB/c male nude mice 4–5 weeks of 
age and weighing 14–18 g were obtained from Vital River 
Lab Animal Technology Co, Ltd (Beijing, China). The mice 
were bred under SPF conditions at the Third Xiangya Hos-
pital of Central South University and kept at 26–28°C, 
40–60% humidity, a 10 h light period, and water and food 
ad libitum for 1 week before use. All animal studies were 
performed following animal experimentation protocols ap-
proved by the Third Xiangya Hospital of Central South Uni-
versity, and care was taken to minimize pain to the animals.

Tumor xenograft experiments

The experiments were done in compliance with the ethics 
committee of the Third Xiangya Hospital of Central South 
University. Twenty-four male BALB/C nude mice (Vital River, 
Beijing, China) weighing 14–18 g and 4–5 weeks of age 
were divided into control, EPS1-1, EPS1-1 + mimic NC, and 
EPS1-1 + miR-494-3p mimic groups of six mice each. HepG2 
cells transfected with mimic NC or miR-494-3p mimic were 
maintained in DMEM (200 µg/mL) for 24 h. Stably trans-
fected cells then were selected, identified, and cultured. The 
cells were dissociated with trypsin and gently pipetted to 
form single-cell suspensions. The cell density was adjusted 
to 105 cells/mL. Mice were subcutaneously injected with 0.2 
mL of the single-cell suspension and observed regularly to 
record the body weight and tumor length and width. The 
tumor size and volume were calculated weekly by detecting 
the luciferase activity of tumors using a real-time imaging 
system. After 28 days, the nude mice were sacrificed to 
obtain the tumors. The tumor weights and volumes were 
determined.

Immunohistochemistry (IHC)

Sections were heated for 4 h in an oven at 65°C, after which 
the sections were dewaxed in xylene and ethanol. Thereaf-
ter, the sections were placed into a citrate antigen retrieval 
solution before being boiled in a pressure cooker, cooled to 
room temperature, and washed three times for 3 m in PBS 
before adding 3% peroxidase inhibitor for 10 min and wash-
ing again three times in PBS. A non-specific staining blocker 
was added for 15 min at room temperature. PBS-diluted 
primary antibodies against TRIM36 (1:100, sc-100881, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and cyclin 
E (1:100, ab135380, Abcam, Cambridge, MA, USA) were 
added to the slides for incubation overnight at 4°C in a re-
frigerator. The next day, the sections were taken from the 
refrigerator and rewarmed for 1 h to room temperature to 
remove excess primary antibodies, followed by PBS wash-

Table 1.  Primer sequences for qRT-PCR assays

Primer Sequence

miR-494-3p-F CTCCAAAGGGCACATA

miR-494-3p-R GCAGGGTCCGAGGTATTC

U6-F GCTTGCTTCGGCAGCACATATAC

U6-R TGCATGTCATCCTTGCTCAGGG

TRIM36-F CTGCACTGAAACCAGCTCTTG

TRIM36-R ACTAGCTCTGCTCACCCAAA

Cyclin E-F CAACAAACACAGGGGGCAAC

Cyclin E-R AGCTGTTTTTCGACCACCCA

GAPGH-F GTCAGTGGTGGACCTGACCT

GAPDH-R TGCTGTAGCCAAATTCGTTG

F, forward; R, reverse.
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ing (3 × 3 m). The sections were incubated with secondary 
antibody (1:1,000, ab6728, Abcam, Cambridge, MA, USA) 
for 30 min at room temperature before washing with PBS 
(3 × 3 m). A few drops of streptavidin-H2O2 were added to 
the sections and incubated for 15 min at room temperature, 
after which the sections were washed with PBS (3 × 3 m). 
The sections were then stained with hematoxylin for 2 min, 
washed with tap water for 10 min, differentiated in 2% hy-
drochloric acid alcohol for 15 s, and washed with tap water 
(10 min). Following dehydration in ethanol, permeabiliza-
tion with xylene, and mounting, the sections were observed 
by light microscopy and photographed.

TUNEL assay

Tumor sections were fixed 30 m in 0.5 mL 4% paraform-
aldehyde for 30 m. The paraformaldehyde was removed, 
the sections were washed once in 0.5 mL of PBS, and then 
permeabilized by 0.5 mL of Triton X-100 for 5 min. The per-
meabilization solution was discarded and the sections were 
washed twice in 0.5 mL PBS, each for 5 min. TUNEL reac-
tion mixture (5 µL TdT plus 45 µL dUTP label) was added 
and incubated in the dark at room temperature for 1 h. The 
mixture was removed and the sections were washed three 
times in 0.5 mL PBS. After the PBS was discarded, DAPI was 
used for nuclear staining.

Immunofluorescence

Tumor sections were baked in a 60°C incubator for 60–90 
m and immersed in xylene for 10 m. Thereafter, the xylene 
was replaced and the sections were maintained in xylene for 
another 10 m. The sections were successively placed for 5 
m in absolute, 95%, 85%, 75% ethanol, and distilled wa-
ter followed by washing three times in PBS. Then, antigen 
retrieval was performed (0.01 M citrate buffer solution, pH 
6.0; boiling in microwave oven and heating over low heat for 
16 min), and the sections were washed three times for 5 m 
in PBS and blocked in 5% goat serum for 30 min at room 
temperature. Excess serum was removed and the sections 
were incubated at 4°C overnight with 50 µL of primary anti-
body against TRIM36 (1:100, ab272672) or cyclin E (1:100, 
ab33911) in a wet bot, with PBS as a negative control. After 
incubation, the sections were rewarmed to 37°C for 30–45 
min and washed three times in PBS for 5 min. The sections 
were wiped dry, and multi-fluorescein-labeled homogenous 
secondary antibody (40–50 µL) was added for incubation 
50 m at room temperature in the dark. After washing three 
times in PBS for 5 min, the sections were counterstained, 
and nuclei were stained for. 5 min with DAPI 5 µg/mL. The 
sections were rinsed four times for 5 min, and 30 µL of anti-
fade reagent was added before coverslips were added. The 
tissue was observed by fluorescence microscopy (Leica, Ger-
many).

Statistical analysis

All experiments were conducted in triplicate except as 
otherwise noted, and the data were reported as means ± 
standard deviation. The statistical analysis as performed 
with SPSS 18.0 (IBM Corp., Armonk, NY, USA) and Graph-
Pad Prism 6.0 (GraphPad Software Inc., San Diego, CA, 
USA). Between-group comparisons were performed by t-
tests, and one-way analysis of variance was used for mul-
tiple-group comparisons followed by the Dunnett’s multiple 
comparisons test. P-values <0.05 were considered statisti-
cally significant.

Results

EPS1-1 suppresses HCC cell proliferation and pro-
motes apoptosis

The effects of EPS1-1 on HCC cells were investigated in vitro 
by assays of cell proliferation in cultures treated with concen-
trations from 25 to 200 µg/mL. EPS1-1 effectively reduced 
the proliferation of HepG2 and HuH7 HCC cells in time- and 
dose-dependent manners (Fig. 1A). Flow cytometry showed 
that EPS1-1 treatment resulted in a dose-dependent G0/G1 
phase arrest in HepG2 and HuH7 cells (Fig. 1B), indicating 
that EPS1-1 inhibited the growth of HCC cells. The expres-
sion of the cell cycle regulatory proteins cyclin D/E and cyc-
lin-dependent kinase inhibitor (CDKI) p21 was assessed by 
SDS-PAGE. EPS1-1 treatment significantly repressed cyclin 
D and cyclin E expression and enhanced p21 expression in 
a dose-dependent manner (Fig. 1C), corroborating the MTT 
and flow cytometry results that demonstrated the inhibition 
of HCC cell proliferation by EPS1-1. Annexin V-FITC/PI stain-
ing and flow cytometry found that compared with the control 
(0 µg/mL), cell apoptosis significantly increased after treat-
ment with 100 µg/mL and 200 µg/mL EPS1-1 (Fig. 1D). The 
overall findings indicate that EPS1-1 inhibited the prolifera-
tion and stimulated the apoptosis of HCC cells in vitro.

EPS1-1 hinders HCC progression by inhibiting miR-
494-3p

miR-494-3p expression was greater in HepG2 and HuH7 
HCC cells than it was in THLE-2 cells (Fig. 2A), and miR-494-
3p expression was consistently found to be higher in cancer 
tissue collected from HCC patients compared with noncan-
cerous, normal tissue collected from the patients (Fig. 2B). 
To evaluate the correlation of miR-494-3p expression with 
clinicopathological features, the patients were divided into 
groups with high or low miR-494-3p expression based on 
the mean value of miR-494-3p expression. As shown in Ta-
ble 2, miR-494-3p was correlated with tumor size, tumor 
number and tumor, node, and metastasis (TNM) stage, but 
was not correlated with gender and age. To investigate the 
relationship of EPS1-1 treatment with miR-494-3p expres-
sion, miR-494-3p transcript levels were monitored in HCC 
cells after treatment with different doses of EPS1-1. miR-
494-3p expression was significantly suppressed after EPS1-
1 (100 µg/mL and 200 µg/mL) treatment compared with 
the control (0 µg/mL) (Fig. 2C). The data implied that EPS1-
1 inhibited HCC cell proliferation and facilitated apoptosis 
by downregulating miR-494-3p expression. As 200 µg/mL 
EPS1-1 exhibited the most potent suppression of miR-494-
3p in HCC cells compared with the control (Fig. 2C), that 
concentration was used in subsequent procedures.

The involvement of miR-494-3p in EPS1-1-modulated pro-
liferation and apoptosis was confirmed in transfected HCC 
that overexpressed miR-494-3p. The transfection efficiency 
of the miR-494-3p mimic in HepG2 and HuH7 cells were as-
sessed by qRT-PCR, which showed significantly enhanced 
miR-494-3p expression in HepG2 and HuH7 cells (Fig. 2D). 
The proliferation of HCC cells in the control, EPS1-1, EPS1-1 
+ mimic NC, and the EPS1-1 + miR-494-3p mimic groups 
showed that EPS1-1 treatment led to decreased HCC pro-
liferation, but that the decrease was not sustained when 
miR-494-3p mimic was overexpressed in the EPS1-1 + miR-
494-3p mimic group (Fig. 2E). Flow cytometry revealed that 
EPS1-1 treatment led to an increase in the percentage of 
cells in the G0/G1 phase compared with its control, but that 
was not observed in cells transfected with the miR-494-3p 
mimic (Fig. 2F). To further study the effects on the cell cycle, 
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cyclin D and E, and p21 expression were assayed in west-
ern blots. Cyclin D and cyclin E expression were repressed 
and p21 expression was upregulated, and in spite of EPE1-
1 treatment, the expression patterns were reversed when 
the miR-494-3p mimic was overexpressed (Fig. 2G). Annexin 
V-FITC/PI staining showed that EPS1-1 treatment increased 
apoptosis in HCC cells and that apoptosis decreased in the 
EPS1-1 + miR-494-3p mimic group (Fig. 2H) compared with 
control. Overall, the findings showed that EPS1-1 inhibited 
HCC cell proliferation and promoted apoptosis by suppress-
ing miR-494-3p expression.

TRIM36 is a target gene of miR-494-3p

To understand the mechanism of miR-494-3p-mediated 

HCC progression further, we screened for its targets, which 
led us to examine an E3 ubiquitin ligase TRIM36 expres-
sion in THLE-2 normal hepatocyte cells, and HCC cell lines. 
Reportedly, TRIM36 was downregulated in gastric cancer 
and prostate cancer, but little is known with regard to its 
function in the HCC. TRIM36 was weakly expressed at both 
transcript and protein levels in HepG2 and HuH7 cells in 
contrast to THLE-2 cells (Fig. 3A), and TRIM36 expression 
was downregulated in tissues collected from the HCC group 
patients compared with adjacent normal tissue (Fig. 3B). As 
shown in Figure 3C, StarBase, a database of known micro-
RNA–mRNA interactions, indicated that miR-494-3p could 
bind to the 3′-UTR of TRIM36. The direct interaction be-
tween miR-494-3p and TRIM36 was confirmed with a dual 
luciferase reporter carrying the 3′-UTR of TRIM36, which 
showed that transfection of miR-494-3p mimic significantly 

Fig. 1.  EPS1-1 inhibits HCC cell proliferation and facilitates apoptosis. MTT assay of cell proliferation (A). Flow cytometry assay of the cell cycle (B). Western 
blot assay of the cell cycle regulatory proteins cyclin D, cyclin E, and p21 (C). Annexin V-FITC/PI staining assay of cell apoptosis (D). *p<0.05 vs. control. Data are 
means ± standard deviation; independent-sample t-test or one-way analysis of variance and Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; 
HCC, hepatocellular carcinoma; PI, propidium iodide.



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  608–619 613

Yan H. et al: Mechanisms of the protective effects of EPS1-1 in HCC

Fig. 2.  EPS1-1 inhibits HCC progression via inhibiting miR-494-3p. miR-494-3p is strongly expressed in HepG2 and HuH7 HCC cells (A). miR-494-3p expression 
was increased in HCC tissues (B). EPS1-1 repressed miR-494-3p expression in HCC cells (C). qRT-PCR assay of the transfection efficiency of the miR-494-3p mimic (D). 
MTT assay of HCC cell proliferation (E). Flow cytometry assay of the HCC cell cycle in each study group were monitored by FCM (F). Western blot assays of the cell cycle 
regulatory proteins cyclin D, cyclin E, and p21 (G). Annexin V-FITC/PI staining assay of cell apoptosis (H). *p<0.05, **p<0.01 vs. control, mimic NC group or normal 
group. &&p<0.01 vs. THLE-2, #p<0.05 vs. EPS1-1 + mimic NC. Data are means ± standard deviation; independent-sample t-test or one-way analysis of variance and 
Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; HCC, hepatocellular carcinoma; PI, propidium iodide.
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suppressed the luciferase activity of wild-type (WT)-TRIM36 
(p<0.01) and that the luciferase activity of mutant (MUT)-
TRIM36 was unaffected (Fig. 3D). In addition, qRT-PCR and 
western blotting confirmed that transfection of the miR-
494-3p mimic significantly decreased TRIM36 expression 
and that inhibiting miR-494-3p led to elevated TRIM36 ex-
pression (Fig. 3E). The results indicate that TRIM36 was a 
direct downstream target of miR-494-3p.

EPS1-1 limits HCC cell development via the miR-494-
3p/TRIM36 axis

The role of TRIM36 in the inhibition of HCC by EPS1-1 was 
investigated by monitoring TRIM36 levels in HCC cells fol-
lowing EPS1-1 treatment at different concentrations. Both 
mRNA and protein expression of TRIM36 were significantly 
increased in cells treated with 100 µg/mL and 200 µg/mL 
EPS1-1 compared with the 0 µg/mL EPS1-1 control (Fig. 
4A). To clarify the relative contributions of TRIM36 and miR-
494-3p in EPS1-1-mediated effects on HCC, the cells were 
transfected with oe-TRIM36, sh-TRIM36, or miR-494-3p 
mimic+oe-TRIM36 before being treated with 200 µg/mL of 
EPS1-1. As expected, TRIM36 expression was reduced in 
the EPS1-1 + sh-TRIM36 group and elevated in the (EPS1-
1 + oe-TRIM36) group compared with their non-silencing 
controls (Fig. 4C). Interestingly, when TRIM36 was cotrans-
fected with miR-494-3p and then stimulated with EPS1-1, 
TRIM36 expression did not increase compared with the oe-
TRIM36 group stimulated with EPS1-1 only (Fig. 4B, C), 
which supported a finding that TRIM36 was downstream of 
miR-494-3p in HCC. In addition, as shown in Figure 4D–G, 
HCC cell proliferation and cyclin D and cyclin E expres-
sion were significantly increased and p21 expression and 
apoptosis were significantly decreased when TRIM36 was 
silenced in spite of EPS1-1 stimulation. The results were 
reversed, with decreased proliferation and cyclin expression 
and increased apoptosis and p21 expression when TRIM36 
was overexpressed, but the effects were minimized when 
miR-494-3p was upregulated despite TRIM36 overexpres-
sion (Fig. 4D–G). Collectively, the data demonstrate that 
EPS1-1 hindered HCC cell proliferation and stimulated cell 

apoptosis by regulating the miR-494-3p/TRIM36 signaling.

TRIM36 induces ubiquitination of cyclin E

The results suggested that EPS1-1 and miR-494-3p regu-
late the expression of cyclin E protein in HCC, and the Gen-
eCards database (https://www.genecards.org/) provided 
information regarding the unique E3 ubiquitin ligase activity 
of TRIM36. We therefore hypothesized that TRIM36 played 
a crucial role in cell proliferation, migration, and invasion by 
regulating the ubiquitination of cyclin E or cyclin D. The re-
sults showed that while TRIM36 was unable to ubiquitinate 
cyclin D, it did induce cyclin E ubiquitination. Overexpres-
sion of TRIM36 did not change cyclin E transcription (Fig. 
5A), but significantly inhibited its protein expression (Fig. 
5B), but that was blunted by treatment with the protease 
inhibitor MG132 (Fig. 5B), consistent with TRIM36 participa-
tion in the post-transcriptional regulation of cyclin E through 
ubiquitination. Co-immunoprecipitation procedures revealed 
that cyclin E was not pulled down by IgG treatment, but 
that anti-TRIM36 antibody managed to immune-precipitate 
cyclin E. Similarly, when cyclin E was immune-precipitated, 
TRIM36 expression effectively increased and coprecipitated 
(Fig. 5C). Analysis of ubiquitination further confirmed that 
TRIM36 induced ubiquitination of cyclin E (Fig. 5D). The 
data suggest that TRIM36 inhibited HCC development by 
binding and inducing the ubiquitination of cyclin E.

EPS1-1 inhibits tumor growth in vivo

To examine the importance of miR-494-3p in the tumor-
suppressive activity of EPS1-1 in vivo, subcutaneous xeno-
grafts in nude mice were evaluated. The experiments re-
vealed that EPS1-1 treatment significantly reduced tumor 
volume and weight. The inhibitory functions of EPS1-1 
were significantly reduced when the miR-494-3p mimic was 
added to the treatment (Fig. 6A, B). TUNEL assays showed 
that EPS1-1 treatment substantially promoted tumor cell 
apoptosis compared with the control. Apoptosis significantly 
decreased in the EPS1-1treated miR-494-3p mimic group 

Table 2.  Correlation of miR-494-3p with the clinicopathological features of patients with hepatocellular carcinoma

Clinicopathological factor Low miR-494-3p (n = 11) High miR-494-3p (n = 11) p-value

Sex

  Male, n 5 7 0.6699

  Female, n 6 4

Age, years

  ≤55 6 6 1

  >55 5 5

Tumor size, cm

  ≥5 1 9 0.0019**

  <5 10 2

Tumor number

  Multiple 2 8 0.0300*

  Single 9 3

TNM stage

  I-II 8 2 0.0300*

  III-IV 3 9

https://www.genecards.org/
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compared to its control (Fig. 6C). The relationship between 
miR-494-3p, TRIM36, and the effects of EPS1-1 on the ex-
pression of TRIM36 and cyclin E were also evaluated in vivo. 
qRT-PCR and IHC staining confirmed that EPS1-1 treatment 
upregulated TRIM36 expression and downregulated cyclin 

E expression (Fig. 6D-E) and that miR-494-3p mimic treat-
ment reduced TRIM36 expression and increased cyclin E ex-
pression (Fig. 6D–E). Immunofluorescence double staining 
found that TRIM36 co-localized with cyclin E in cell nuclei 
(Fig. 6F). Overall, these results show that EPS1-1 inhib-

Fig. 3.  TRIM36 is a direct target gene of miR-494-3p. qRT-PCR and western blot assays of TRIM36 expression in HCC cells and tissues (A, B). Possible miR-494-
3p and TRIM36 binding sites predicated by StarBase (C). Dual luciferase reporter assay of the interaction between miR-494-3p and TRIM36 (D). qRT-PCR and western 
blot assays of TRIM36 expression in HCC cells in each study group (E). *p<0.05, **p<0.01 vs. mimic NC or normal cells. &p<0.05, &&p<0.01 vs. THLE-2. #p<0.05 vs. 
inhibitor NC. Data are means ± standard deviation; independent-sample t-test. HCC, hepatocellular carcinoma.
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Fig. 4.  EPS1-1 affects HCC cell progression via miR-494-3p/TRIM36 axis. qRT-PCR and western blot assays of TRIM36 expression in HCC cells treated with differ-
ent concentrations of EPS1-1 (A). qRT-PCR assays of miR-494-3p expression (B). Expression of of TRIM36 mRNA and protein (C). Assays of HCC cell proliferation, cell cycle, 
cell cycle regulatory proteins, and cell apoptosis by MTT (D), FCM (E), Western blot (F), and Annexin V-FITC/PI staining (G), respectively. *p<0.05, **p<0.01 vs. control 
or EPS1-1 + sh-NC. #P<0.05; ##p<0.01 vs. EPS1-1 + oe-NC; &p<0.05; &&p<0.01 vs. EPS1-1 + oe-TRIM36. Data are means ± standard deviation; independent-sample 
t-test or one-way analysis of variance and Tukey’s. Each assay was performed in triplicate. FCM, flow cytometry; HCC, hepatocellular carcinoma; PI, propidium iodide.
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ited HCC development in vivo by modulating miR-494-3p/
TRIM36 signaling and cyclin E ubiquitination.

Discussion

In this study, we evaluated the effects of EPS1-1 on HCC in 
vitro and in vivo. We observed that EPS1-1 treatment inhib-
ited HCC cell progression by downregulating the tumor pro-
moter miR-494-3p to promote TRIM36 expression, which 
in turn induced ubiquitination of cyclin E. Previous studies 
have shown that EPS1-1 has antitumor activity in vitro and 
in vivo9,23 and was reported to be a tumor suppressor in 
HCC,15 but causative relationships have not been elucidated 
yet. This study investigated the in vitro and in vivo inhibi-
tion of HCC cell and tumor growth of HCC by EPS1-1 poly-
saccharide extracted from R. nigrum. EPS1-1, at concentra-
tions of 25–200 µg/mL decreased HCC cell proliferation in a 

time- and dose-dependent manner. Cell cycle suppression is 
recognized as a potential target in cancer therapy,24 and in 
this study, EPS1-1 treatment induced G0/G1 phase arrest in 
HCC cells. Cell cycle progression is dependent on CDK, ar-
rested by CDK inhibitors, and activated by cyclin binding.25 
EPS1-1 reduced the expression of the cell cycle regulatory 
proteins cyclin D and cyclin E expression and it increased 
the expression of p21, a CDK inhibitor, (p21) in a dose-
dependent manner, indicating potent inhibitory effects of 
EPS1-1 on HCC cell proliferation. Promotion of cell apoptosis 
is an important mechanism of action of anticancer drugs,26 
and EPS1-1 at 100 and 200 µg/mL significantly promoted 
the apoptosis of HCC cells. Our findings demonstrate the 
anti-proliferative and pro-apoptotic effects of EPS1-1 in 
HCC cells, which is not only in line with earlier studies but a 
further confirmation of the effects of EPS1-1 on cancer cell 
progression. Nonetheless, the working molecular mecha-
nism of EPS1-1 has not been previously described.

In recent years, miRNAs have been shown to play sig-

Fig. 5.  TRIM36 stimulates ubiquitination of cyclin E. qRT-PCR and Western blot assays of cyclin E mRNA and protein expression (A, B). Co-immunoprecipi-
tation (CO-IP) confirms the interaction between TRIM36 and cyclin E (C). TRIM36 elicits ubiquitination of cyclin E (D). *p<0.05, **p<0.01 vs. oe-NC+DMSO, oe-
TRIM36+DMSO, or oe-NC+MG132. Data are means ± standard deviation; independent-samples t-test of one-way analysis of variance and Tukey’s test. Each assay 
was performed in triplicate.
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nificant roles in modulating the progression of several types 
of cancers, including HCC.27 Previous studies indicated that 
miR-494-3p is upregulated in HCC,22,28 and suggested it is a 
tumor promoter in HCC. Herein, we demonstrated that miR-
494-3p was a key player in EPS1-1-mediated inhibition of 
HCC. We also showed that miR-494-3p was overexpressed 
in HCC cells and significantly suppressed following EPS1-1 
treatment (100 µg/mL and 200 µg/mL). Moreover, in the 
presence of EPS1-1, miR-494-3p overexpression significant-
ly promoted proliferation and cyclin D/E expression in HCC 
cells while it decreased p21 expression, the percentage of 
cells in the G0/G1 phase, and apoptosis. Taken together, the 
data reveal that EPS1-1 suppressed HCC proliferation and 
boosted cell apoptosis via inhibiting miR-494-3p expression.

miRNAs directly bind to the 3′-UTR of target mRNAs 
and then downregulate expression of the corresponding 
gene.29,30 TRIM36 a TRIM family member, was identified as 
a target of miR-320a.31 Previously, TRIM36 downregulation 
was reported in gastric and prostate cancer cells and tissues, 
but its expression in HCC has not been reported.32,33 We 
found that TRIM36 was weakly expressed in HCC and it had 
a binding site for miR-494-3p. Overexpression of miR-494-
3p in HCC suppressed TRIM36 expression and inhibition of 
miR-494-3 enhanced TRIM36 expression. Increased TRIM36 
expression has been shown to indicate a favorable progno-
sis, and TRIM36 is a tumor suppressor in prostate cancer by 
inhibiting cell proliferation and stimulating apoptosis.32 This 
background prompted us to explore the role of TRIM36 in 
the inhibition of EPS1-1 in HCC. TRIM36 levels were upregu-
lated by EPS1-1 treatment. Cell proliferation was enhanced, 
and cell apoptosis was decreased, by TRIM36 inhibition 
and EPS1-1 treatment. The presence of both EPS1-1 and 
TRIM36 overexpression effectively blunted the progression 
of HCC cells. Moreover, miR-494-3p overexpression partially 
counteracted the synergic effects of EPS1-1 and TRIM36 on 
suppressing HCC. The data support EPS1-1 suppression of 
HCC cell development via a miR-494-3p/TRIM36 axis. The 
TRIM protein family includes E3 ubiquitin ligases with activity 

related to a broad range of biological and pathological pro-
cesses.34 Our data demonstrated that TRIM36 has unique E3 
ubiquitin ligase activity and TRIM36 overexpression induced 
the ubiquitination of cyclin E in HCC. Additionally, in vivo 
animal experiments revealed that administration of EPS1-1 
repressed tumor growth in nude mice by regulating miR-494-
3p/TRIM36 axis and ubiquitination of cyclin E. In addition 
to TRIM36, miR-494-3p has been reported to promote HCC 
metastasis by targeting PTEN,22 and the regulatory activ-
ity was reported in non-small cell lung cancer and glioma in 
which miR-494-3p was sponged by the long noncoding RNA 
WT1-AS1.21,35,36 In-depth studies are needed to elucidate 
the impact of the interactions between miR-494-3p and other 
known HCC targets, which would facilitate the development 
of miRNA-based treatment of HCC.

Conclusion

In summary, our study describes a working molecular 
mechanism for EPS1-1 inhibition of proliferation and sur-
vival of HCC in vitro and in vivo. The inhibitory effects of 
EPS1-1 were achieved through downregulation of miR-494-
3p expression and upregulation of TRIM36-mediated ubiq-
uitination of cyclin E, ultimately regulating the progression 
of HCC. HCC treatments that include EPS1-1 may be useful 
and warrant further study.
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Abstract

Background and Aims: Hepatic arterioportal fistulas 
(HAPFs) are abnormal shunts or aberrant functional con-
nections between the portal venous and the hepatic arte-
rial systems. Detection of HAPFs has increased with the ad-
vances in diagnostic techniques. Presence of HAPFs over a 
prolonged period can aggravate liver cirrhosis and further 
deteriorate liver function. However, the underlying causes of 
HAPFs and the treatment outcomes are now well character-
ized. This study aimed to summarize the clinical character-
istics of patients with HAPFs, and to compare the outcomes 
of different treatment modalities. Methods: Data of 97 pa-
tients with HAPFs who were admitted to the Second Xiang-
ya Hospital between January 2010 and January 2020 were 
retrospectively reviewed. Demographic information, clinical 
manifestations, underlying causes, treatment options, and 
short-term outcomes were analyzed. Results: The main 
cause of HAPF in our cohort was hepatocellular carcinoma 
(78/97, 80.41%), followed by cirrhosis (10/97, 10.31%). 
The main clinical manifestations were abdominal distention 
and abdominal pain. Treatment methods included transcath-
eter arterial embolization (n=63, 64.9%), surgery (n=13, 
13.4%), and liver transplantation (n=2, 2.1%); nineteen 
(19.6%) patients received conservative treatment. Among 
patients who underwent transcatheter arterial embolization, 
polyvinyl alcohol, lipiodol combined with gelatin sponge, and 
spring steel ring showed comparable efficacy. Conclusions: 
Hepatocellular carcinoma and cirrhosis are common causes 
of HAPFs. Transcatheter arterial embolization is a safe and 
effective method for the treatment of HAPFs, and polyvinyl 
alcohol, lipiodol combined with gelatin sponge, and spring 
steel ring showed comparable efficacy in our cohort.

Citation of this article: Cao B, Tian K, Zhou H, Li C, Liu D, 
Tan Y. Hepatic Arterioportal Fistulas: A Retrospective Analy-

sis of 97 Cases. J Clin Transl Hepatol 2022;10(4):620–626. 
doi: 10.14218/JCTH.2021.00100.

Introduction

Hepatic arterioportal fistulas (HAPFs) refer to abnormal 
shunts or aberrant functional connections between the por-
tal vein and the hepatic artery.1 HAPFs are rare entities; 
however, advances in diagnostic techniques have helped in-
crease the detection rate of HAPFs. HAPFs can be congeni-
tal, although most of these lesions are acquired.2 Common 
causes include hepatocellular carcinoma (HCC), cirrhosis, 
and iatrogenic (secondary to liver biopsy, transhepatic bil-
iary drainage, transhepatic cholangiogram, and surgery).3 
Patients with HAPFs may be asymptomatic or can present 
with symptoms of portal hypertension (such as ascites, gas-
trointestinal bleeding, diarrhea, and congestive heart fail-
ure).4,5 The symptoms are largely dependent on the size, 
location, shunt volume, and liver resistance of the fistula.6,7 
Moreover, HAPFs may impair the arterial blood perfusion in 
the liver, critically affecting the supply of oxygen and vari-
ous nutrients to the liver, and eventually aggravating liver 
function.8 Effective sealing of the fistula can reduce the por-
tal pressure, increase blood perfusion, and hasten recovery.

The treatment modalities of HAPFs include surgery and 
minimally-invasive percutaneous interventions (usually tran-
scatheter embolization). However, surgery is costly and is 
usually associated with major trauma and slow recovery. 
Conversely, transcatheter embolization offers the advantag-
es of low morbidity, repeatability, and lower cost; therefore, 
it is regarded as the first-line treatment for HAPFs.4,9–11 Vari-
ous embolic agents have been used, such as lipiodol, gela-
tin sponge particles, spring steel coils, and polyvinyl alco-
hol (PVA) particles. The aim of embolization is to obliterate 
the fistula, improve clinical condition, and prolong survival 
time.12 Embolization can be performed with a single mate-
rial or a combination of materials; the type of embolic agent 
employed is primarily dependent on the size of the fistula. 
Each agent has its advantages and disadvantages, and can 
be chosen appropriately based on the individual circumstanc-
es. For example, lipiodol is useful in patients with poor or no 
blood shunt,13–15 however, it can easily occlude small blood 
vessels and cause liver tissue ischemia. Therefore, it is not 
suitable in HCC cases with severe HAPFs.16 PVA needs to 
be combined with a contrast agent and is effective in long-
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term sealing, with fewer side effects. Spring steel coils are 
long-term embolization materials that are normally used for 
high-flow HAPFs; however, coils are typically used for simple 
shunts because in complex shunts, the coil may not reach 
small feeders that are difficult to access and distally located. 
Moreover, shunts with multiple feeders are prone to recanali-
zation.17,18 Gelatin sponge particles are a medium-term em-
bolization material, which are typically resorbed within 2–4 
weeks, leading to a high recanalization rate.19

Despite an increase in the reported cases of HAPFs, the 
clinical characteristics of these patients and the efficacy of 
the different embolization methods are not well character-
ized in the contemporary literature. In the present study, 
we sought to retrospectively summarize the characteristics 
of HAPFs treated in a single center and compare the efficacy 
of different embolization methods.

Methods

This was a retrospective, single-center study conducted at 
a tertiary care hospital in China. The study was approved 
by the ethics committee of the Second Xiangya Hospital, 
Central South University. Written informed consent was ob-
tained from all subjects. The study protocols conformed to 
the ethical principles enshrined in the latest version of the 
Declaration of Helsinki. Data pertaining to consecutive pa-
tients with HAPFs who were admitted to the Second Xiangya 
Hospital of Central South University between January 2010 
and January 2020 were retrieved from the medical records. 
For all patients, the diagnosis of HAPF was based on im-
aging examination (digital subtraction angiography (DSA), 
Doppler ultrasound, computed tomography (CT), or mag-
netic resonance imaging (MRI)). On DSA, HAPFs manifest 
as filling of the contrast medium in the portal vein through 
the fistula in the arterial phase after injection of the contrast 
medium. CT or MRI signs of HAPFs include early visualiza-
tion of the portal vein, early enhanced visualization of the 
portal vein, abnormal vascular mass, and wedge-shaped or 
triangular hepatic segment (Fig. 1). On Doppler ultrasound, 
HAPFs are characterized by bidirectional, low-impedance bi-
directional blood flow in the portal vein (Fig. 2).

Treatment methods

Transcatheter arterial embolization: After clearly dis-
playing the location, size, and type of the fistula, the most 

appropriate embolization material and embolization method 
were selected to occlude the fistula. The embolic materi-
als used were lipiodol (Guerbet Group, France, 1238 yuan 
per bottle), PVA (Cook Group, USA, 1450 yuan per bottle), 
gelatin sponge granule particle (made by our hospital, 98 
yuan per piece), spring steel (Cook Group, USA, 1898 yuan 
per piece), or a combination of two or more materials of the 
above four materials. The size and number of embolic mate-
rials used depended on the size of fistula.

Surgical treatment: Some patients with liver cancer and 
hepatic artery fistula were treated by surgical resection of 
the lesion. Some patients with liver cancer were fitted with a 
chemotherapy pump when necessary.

Liver transplantation: Liver transplantation was per-
formed in some patients with congenital HAPFs or liver cancer.

Assessment of treatment outcomes

Short-term efficacy of transcatheter arterial embolization 

Fig. 1.  Representative computed tomography findings of HAPF showing 
early enhancement of the portal vein in the arterial phase. HAPF, hepatic 
arterioportal fistula.

Fig. 2.  Ultrasound image showing HAPFs under Doppler (A) and Sonovue contrast (B). HAPF, hepatic arterioportal fistula.



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  620–626622

Cao B. et al: Characteristics of HAPFs

was assessed using the Child-Pugh score 3–7 days after the 
operation.20 Long-term efficacy was defined as the closure 
of the fistula following application of the different emboli-
zation methods. Most of the HAPFs were induced by HCC; 
therefore, abdominal CT was used as the first-line surveil-
lance method 1–2 months after the operation. Doppler ul-
trasound was also performed for patients who underwent 
lipiodol and/or coil treatment. Outcomes were graded as 
follows: (1) effective clinical closure: almost complete clo-
sure of the fistula; or (2) noneffective clinical closure: no 
change in the size of the fistula or aggravation of the fistula.

Statistical analysis

SPSS 21.0 software (IBM Corp., Armonk, NY, USA) was used 
for statistical analysis. Continuous variables were presented 
as the mean±standard deviation, and the matched-sample 
t test was used for between-group comparisons. The effi-
cacy of various plugging materials in causing obliteration of 
the fistula was compared using the chi-squared test. Two-

tailed p values <0.05 were considered indicative of statisti-
cally significance.

Results

A total of 97 HAPF patients were included in the analysis 
(mean age: 52.06±13.81years, range: 0–79); male: 83/95, 
85.57%). Regarding etiology, in 80.41% (78/97) of the 
cases, HAPF was induced by HCC. Abdominal distension and 
pain were the most common clinical manifestations (Table 
1), although it was sometimes difficult to determine whether 
the symptoms were attributable to HAPFs or the underlying 
diseases such as HCC and liver cirrhosis. Regarding treat-
ment method, 63 cases (64.9%) underwent transcatheter 
arterial embolization, 13 cases (13.4%) underwent surgical 
resection, 2 cases (2.1%) received liver transplantation, and 
the remaining 19 cases (19.6%) received only conserva-
tive treatment (Fig. 3). All 13 patients who received surgical 
treatment had Barcelona Clinic Liver Cancer stage A HCC, 
and the tumor and the associated arteriovenous fistula were 

Table 1.  Clinical characteristics of the study population

Clinical feature Value

Sex, % cases (n)

  Male 85.57 (83)

  Female 15.43 (14)

Mean age in years 52.06±13.81

Etiology, % cases (n)

  HCC 80.41 (78)

  Cirrhosis* 10.32 (10)

  Congenital 2.06 (2)

  Portal spongiform transformation 2.06 (2)

  Portal hypertension 2.06 (2)

  Liver trauma 1.03 (1)

  Unclear 2.06 (2)

HCC clinical classification, % cases (n) 100 (78)

  Massive 41 (32)

  Diffuse 35.9 (28)

  Nodular 23.1 (18)

Clinical manifestations, % cases (n)

  Abdominal distension 42.3 (41)

  Abdominal pain 40.2 (39)

  Yellowish skin 3.1 (3)

  Anorexia 2.1 (2)

  Fatigue 2.1 (2)

  Chest pain 2.1 (2)

  Fever 2.1 (2)

  Hematemesis and melena 1.0 (1)

  Physical examination 4.0 (4)

*Nine out of the ten patients with liver cirrhosis had received medical intervention: three cases received liver biopsy, one received liver biopsy and laparoscopic chol-
ecystectomy, two received endoscopic variceal ligation, on received endoscopic variceal ligation and transjugular intrahepatic portosystemic shunt (commonly known 
as TIPS), and two received cholecystectomy. There was no evidence of HAPFs before these medical interventions; therefore, it is difficult to clarify whether HAPFs were 
spontaneous or iatrogenic. HAPF, hepatic arterioportal fistula; HCC, hepatocellular carcinoma.
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removed simultaneously. For the two patients who received 
liver transplantation, one patient had liver failure caused by 
chronic hepatitis B, and the other had congenital diffuse in-
trahepatic arteriovenous fistulas with biliary atresia. Among 
the 63 patients treated with transcatheter arterial emboliza-
tion, 22 patients (22.7%) were treated with lipiodol emboli-
zation, 19 patients (19.5%) were treated with PVA emboliza-
tion, 14 patients (14.4%) were treated with lipiodol+gelatin 
sponge granule particle embolization, and 8 patients (8.3%) 
were treated with spring steel embolization.

Among all the patients treated with transcatheter arterial 
embolization, discharge occurred at 3–5 days after the proce-
dure and showed significant improvement in post-treatment 

liver function (assessed by Child-Pugh score) before discharge 
and at approximately 1 month after treatment (p=0.001; Ta-
ble 2). Comparison of the outcomes revealed comparable ef-
ficacy PVA, lipiodol+gelatin sponge particles, and spring steel 
coils (p=0.447; Table 3). Liopiodol alone was not included in 
the comparison as it is not an embolic agent of choice for HAPF 
when used alone. Lipiodol is used in combination with other 
embolic agents or is used if HCC, per se, is cause of HAPF.

Discussion

HAPF was first reported approximately 50 years ago.21 It 

Fig. 3.  Flow chart for management of the 97 cases of HAPF in the present study. HAPF, hepatic arterioportal fistula.
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is defined as an abnormal intrahepatic communication be-
tween the hepatic artery and the portal venous system. 
HAPF is an uncommon cause of presinusoidal portal hyper-
tension and is believed to result from increased blood flow in 
the portal system. Accurate diagnosis of HAPFs is challeng-
ing, as the majority of patients are asymptomatic or have 
nonspecific symptoms. HAPFs are sometimes incidentally 
detected during imaging evaluations.1,22–24 Symptomatic 
HAPFs often present with complications of portal hyperten-
sion, including ascites, gastrointestinal bleeding, or heart 
failure.4,5 HAPFs are usually categorized into three classes, 
as follows: Type 1: small peripheral intrahepatic; Type 2: 
large central HAPF; and Type 3: diffuse congenital intrahe-
patic.22 Type 1 is usually caused by percutaneous liver bi-
opsy. Patients are usually asymptomatic, and the HAPF typi-
cally develops thrombosis within 1 month. Close follow-up 
using Doppler ultrasound is recommended for these lesions. 
Type 2 lesions can cause portal hypertension and hepato-
portal sclerosis, progressing to portal fibrosis. These fistu-
las require intervention to prevent the irreversible hepatic 
parenchymal changes. Transcatheter arterial embolization 
is a feasible treatment method. Type 3 is congenital HAPFs, 
which are usually intrahepatic and diffuse, and they cause 
severe portal hypertension in infancy. In the present study, 
81 of the 97 patients exhibited symptoms related to portal 
hypertension, such as abdominal distension (41/97), ab-
dominal pain (39/97), and gastrointestinal bleeding (1/97), 
although the symptoms may have also been caused by pri-
mary diseases such as HCC and cirrhosis.

Four of the 97 cases in our study were possibly Type 1, 91 
cases were Type 2, and the remaining 2 were Type 3. Gen-
erally, less than 10% of HAPFs cases are congenital, usually 
diffuse or multiple, and most are acquired HAPFs.4,25 Idio-
pathic HAPFs have also been described.9 Common acquired 
causes include malignant tumors, liver cirrhosis, severe 
blunt or penetrating trauma, iatrogenic injury, ruptured vis-
ceral aneurysm into the portal vein, portal vein thrombo-
sis, and Budd-Chiari syndrome.26–28 In our cohort, the most 
common cause of HAPF was HCC, followed by cirrhosis, and 
only two patients had congenital HAPF. During HCC progres-
sion, tumors tend to infiltrate the hepatic portal vein, result-
ing in direct communication between the hepatic artery and 
portal vein, forming HAPFs.9 Congenital HAPFs should be 
considered in infants who have recurrent and severe up-
per gastrointestinal bleeding, failure to thrive, hepatic bruit, 
splenomegaly or ascites. It is a rare but treatable cause 
of portal hypertension.29,30 In this study, there were two 
children with congenital HAPFs. One was a male newborn, 

and the abnormality was detected in utero during antenatal 
ultrasound examination. He had a congenital arteriovenous 
shunt, in addition to the absence of the inferior vena cava 
and changes in the descending aortic arch. No special treat-
ment was administered. The other case was a 5-year-old 
girl who presented with hematemesis and underwent liver 
transplantation after diagnosis.

Low-flow fistulas with no obvious clinical symptoms of 
portal hypertension do not require active intervention,5 and 
periodic follow-up is recommended. In symptomatic cases, 
the fistula should be actively treated. Sealing of the fistula 
is required for the recovery of liver function. Additionally, 
sealing of the fistula curbs the blood shunt between the 
hepatic artery and the portal vein, blocking the blood sup-
ply to the tumor and starving the tumor cells of nutrients, 
thereby protecting normal liver tissue and reducing distant 
metastasis caused by HAPFs.6,31 Both transcatheter arterial 
embolization and surgery are methods that can reduce por-
tal hypertension, increase functional portal vein blood, and 
improve liver function.13,31 On liver function assessment of 
63 patients treated with transcatheter arterial embolization, 
the Child-Pugh score of 11 patients shifted from Child B to 
Child A 3 to 5 days after treatment, and the score of another 
11 patients shifted from Child B to Child A 1 month after 
treatment; this indicated that transcatheter arterial emboli-
zation can help improve the liver function.

The aim of treatment of HAPFs is to achieve fistula clo-
sure. The optimum catheter position should be as close 
as possible to the fistula site. Currently, there is no clear 
consensus with respect to the choice of embolic agent; 
the choice should be based on the embolization proper-
ties of the agent, the angio-architecture of the shunt and 
its underlying mechanism.18 Lipiodol, gelatin sponge par-
ticles, absolute ethanol, spring steel coils, PVA particles, or 
a combination of the above materials have been reported 
for embolization of the HAPFs, with acceptable results in 
selected patients.32–36 However, comparison between these 
materials is rare. In the study by Murata et al.,32 transcath-
eter arterial chemoembolization of HCC-associated HAPFs 
with corresponding portal vein occlusion showed better 
therapeutic efficacy, tumor response and survival outcomes 
compared with shunt embolization with coils and/or gelatin 
sponge particles. Huang et al.,37 treated 97 cases of HCC-
associated HAPFs with ethanol (n=64) or gelfoam (n=33); 
they reported higher complete occlusion rate, lower reca-
nalization rate and better survival in the ethanol group com-
pared to that in the gelfoam group. In the present study, 
we treated 63 patients with four different materials, and we 

Table 2.  Changes of liver function in patients after transcatheter arterial embolization.

Liver function  
status

Before  
therapy

3–5 days after  
therapy p value Before therapy 1 month after 

therapy* p value

Child A 47 58 0.001 42 55 0.001

Child B 16 5 15 2

Child C 0 0 0 0

*Six patients did not undergo liver function test at 1-month follow-up; therefore, only 57 cases are included.

Table 3.  Comparison of the outcomes of embolization of HAPFs with different embolization materials

Embolization method Effective clinical closure Noneffective clinical closure Total p value

Polyvinyl alcohol 18 1 19 0.447

Lipiodol+gelatin Sponge granules 12 2 14

Spring steel 8 0 8

Total 51 12 63

HAPF, hepatic arterioportal fistula.
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retrospectively retrieved the medical data and compared 
their efficacies. We found no significant difference between 
PVA, lipiodol+gelatin sponge, and spring steel ring. We did 
not compare lipiodol with the other three materials be-
cause liopiodol alone is not an embolic agent of choice 
for HAPF, and it is used in combination with other embolic 
agent or used in treatment of HCC, if HCC, per se, is the 
cause of HAPF.

Some limitations of our study should be acknowledged. 
First, this was a single-center, retrospective study with a 
relatively small sample size. A prospective, large-scale 
study is required to obtain more definitive evidence. Sec-
ond, this study was conducted at a tertiary hospital, where 
other embolization methods such as balloon occlusion or 
other new materials have not been used; therefore, our re-
sults may not be generalizable to patients treated in other 
settings. Third, most of the HAPFs in our cohort were Type 
2, and the majority were induced by HCC, which may differ 
from those reported in Western countries.

In conclusion, most of the HAPFs are acquired, commonly 
due to HCC and cirrhosis, and usually present with nonspe-
cific symptoms such as abdominal distention and pain. The 
choice of embolic material should be guided by the loca-
tion, size, and shunt of the fistula. The therapeutic effect 
of PVA and spring steel rings is acceptable but prospective, 
large-scale studies are warranted to obtain more definitive 
evidence.

Acknowledgments

We would like to thank the staff from the department of 
Radiology and department of Hepatobiliary Surgery for their 
help in diagnosis and treatment of some of the patients.

Funding

None to declare.

Conflict of interest

The authors have no conflict of interests related to this pub-
lication.

Author contributions

Study concept and design (YT), acquisition of data (BC, 
DL), analysis and interpretation of data (BC, KT, HZ, CL), 
drafting of the manuscript (YT, BC), critical revision of the 
manuscript for important intellectual content (YT, BC, DL), 
administrative, technical, or material support, study super-
vision (YT, DL).

Data sharing statement

The data used to support the findings of the study are avail-
able from the corresponding authors upon reasonable re-
quest.

References

[1] Dessouky BAM, El Abd OL. Intrahepatic vascular shunts: strategy for early 
diagnosis, evaluation and management. Egypt J Radiol Nucl Med 2011; 
42(1):19–34. doi:10.1016/j.ejrnm.2011.02.005.

[2] Lumsden AB, Allen RC, Sreeram S, Atta H, Salam A. Hepatic arterioportal fis-

tula. Am Surg 1993;59(11):722–726. doi:10.1097/00000478-199311000-
00018, PMID:8239193.

[3] Kumar A, Ahuja CK, Vyas S, Kalra N, Khandelwal N, Chawla Y, e al. Hepatic ar-
teriovenous fistulae: role of interventional radiology. Dig Dis Sci 2012;57(10): 
2703–2712. doi:10.1007/s10620-012-2331-0, PMID:22875308.

[4] Vauthey JN, Tomczak RJ, Helmberger T, Gertsch P, Forsmark C, Caridi J, et 
al. The arterioportal fistula syndrome: clinicopathologic features, diagno-
sis, and therapy. Gastroenterology 1997;113(4):1390–1401. doi:10.1053/
gast.1997.v113.pm9322535, PMID:9322535.

[5] Capron JP, Gineston JL, Remond A, Lallement PY, Delamarre J, Revert R, et 
al. Inferior mesenteric arteriovenous fistula associated with portal hyperten-
sion and acute ischemic colitis. Successful occlusion by intraarterial embo-
lization with steel coils. Gastroenterology 1984;86(2):351–355. PMID:669 
0362.

[6] Strodel WE, Eckhauser FE, Lemmer JH, Whitehouse WM Jr, Williams DM. 
Presentation and perioperative management of arterioportal fistulas. Arch 
Surg 1987;122(5):563–571. doi:10.1001/archsurg.1987.01400170069010, 
PMID:3555408.

[7] Eastridge BJ, Minei JP. Intrahepatic arterioportal fistula after hepatic gunshot 
wound: a case report and review of the literature. J Trauma 1997;43(3):523–
526. doi:10.1097/00005373-199709000-00024, PMID:9314320.

[8] Hiraki T, Kanazawa S, Mimura H, Yasui K, Tanaka A, Dendo S, et al. Altered 
hepatic hemodynamics caused by temporary occlusion of the right hepatic 
vein: evaluation with Doppler US in 14 patients. Radiology 2001;220(2):357–
364. doi:10.1148/radiology.220.2.r01au15357, PMID:11477237.

[9] Kumar N, de Goyet Jde V, Sharif K, McKiernan P, John P. Congenital, solitary, 
large, intrahepatic arterioportal fistula in a child: management and review of 
the literature. Pediatr Radiol 2003;33(1):20–23. doi:10.1007/s00247-002-
0764-x, PMID:12497231.

[10] Routh WD, Keller FS, Cain WS, Royal SA. Transcatheter embolization of a 
high-flow congenital intrahepatic arterial-portal venous malformation in an 
infant. J Pediatr Surg 1992;27(4):511–514. doi:10.1016/0022-3468(92) 
90350-g, PMID:1522468.

[11] Katzen LB, Katzen BT, Katzen MJ. Treatment of carotid-cavernous fistulas 
with detachable balloon catheter occlusion. Adv Ophthalmic Plast Reconstr 
Surg 1987;7:157–165. PMID:3502734.

[12] Hirakawa M, Nishie A, Asayama Y, Ishigami K, Ushijima Y, Fujita N, et al. Clin-
ical outcomes of symptomatic arterioportal fistulas after transcatheter arte-
rial embolization. World J Radiol 2013;5(2):33–40. doi:10.4329/wjr.v5.i2. 
33, PMID:23494252.

[13] Wu H, Zhao W, Zhang J, Han J, Liu S. Clinical characteristics of hepatic Ar-
terioportal shunts associated with hepatocellular carcinoma. BMC Gastroen-
terol 2018;18(1):174. doi:10.1186/s12876-018-0899-3, PMID:30419830.

[14] Li X, Feng GS, Zheng CS, Zhuo CK, Liu X. Influence of transarterial chem-
oembolization on angiogenesis and expression of vascular endothelial growth 
factor and basic fibroblast growth factor in rat with Walker-256 transplanted 
hepatoma: an experimental study. World J Gastroenterol 2003;9(11):2445–
2449. doi:10.3748/wjg.v9.i11.2445, PMID:14606073.

[15] von Marschall Z, Cramer T, Höcker M, Finkenzeller G, Wiedenmann B, Rose-
wicz S. Dual mechanism of vascular endothelial growth factor upregulation 
by hypoxia in human hepatocellular carcinoma. Gut 2001;48(1):87–96. 
doi:10.1136/gut.48.1.87, PMID:11115828.

[16] Sergio A, Cristofori C, Cardin R, Pivetta G, Ragazzi R, Baldan A, et al. Transcath-
eter arterial chemoembolization (TACE) in hepatocellular carcinoma (HCC): 
the role of angiogenesis and invasiveness. Am J Gastroenterol 2008;103(4): 
914–921. doi:10.1111/j.1572-0241.2007.01712.x, PMID:18177453.

[17] Furuse J, Iwasaki M, Yoshino M, Konishi M, Kawano N, Kinoshita T, et al. 
Hepatocellular carcinoma with portal vein tumor thrombus: embolization of 
arterioportal shunts. Radiology 1997;204(3):787–790. doi:10.1148/radiol-
ogy.204.3.9280260, PMID:9280260.

[18] Chan WS, Poon WL, Cho DH, Chiu SS, Luk SH. Transcatheter embolisation of 
intrahepatic arteriovenous shunts in patients with hepatocellular carcinoma. 
Hong Kong Med J 2010;16(1):48–55. PMID:20124574.

[19] Zhou WZ, Shi HB, Liu S, Yang ZQ, Zhou CG, Xia JG, et al. Arterioportal shunts 
in patients with hepatocellular carcinoma treated using ethanol-soaked gela-
tin sponge: therapeutic effects and prognostic factors. J Vasc Interv Radiol 
2015;26(2):223–230. doi:10.1016/j.jvir.2014.11.002, PMID:25645411.

[20] Wong CS, Lee WC, Jenq CC, Tian YC, Chang MY, Lin CY, et al. Scoring short-
term mortality after liver transplantation. Liver Transpl 2010;16(2):138–
146. doi:10.1002/lt.21969, PMID:20104481.

[21] Gryboski JD, Clemett A. Congenital hepatic artery aneurysm with superior 
mesenteric artery insufficiency: a steal syndrome. Pediatrics 1967;39(3): 
344–347. PMID:6018965.

[22] Guzman EA, McCahill LE, Rogers FB. Arterioportal fistulas: introduction 
of a novel classification with therapeutic implications. J Gastrointest Surg 
2006;10(4):543–550. doi:10.1016/j.gassur.2005.06.022, PMID:16627220.

[23] Remer EM, Motta-Ramirez GA, Henderson JM. Imaging findings in incidental 
intrahepatic portal venous shunts. AJR Am J Roentgenol 2007;188(2):W162–
167. doi:10.2214/AJR.05.1115, PMID:17242223.

[24] Lee BB, Do YS, Yakes W, Kim DI, Mattassi R, Hyon WS. Management of 
arteriovenous malformations: a multidisciplinary approach. J Vasc Surg 
2004;39(3):590–600. doi:10.1016/j.jvs.2003.10.048, PMID:14981454.

[25] Ibn Majdoub Hassani K, Mohsine R, Belkouchi A, Bensaid Y. Post-traumatic 
arteriovenous fistula of the hepatic pedicle. J Visc Surg 2010;147(5):e333–
336. doi:10.1016/j.jviscsurg.2010.09.001, PMID:20932817.

[26] Heaton ND, Davenport M, Karani J, Mowat AP, Howard ER. Congenital hepat-
oportal arteriovenous fistula. Surgery 1995;117(2):170–174. doi:10.1016/
s0039-6060(05)80081-9, PMID:7846621.

[27] Chavan A, Harms J, Pichlmayr R, Galanski M. Transcatheter coil occlusion 
of an intrahepatic arterioportal fistula in a transplanted liver. Bildgebung 
1993;60(4):215–218. PMID:8118188.

https://doi.org/10.1016/j.ejrnm.2011.02.005
https://doi.org/10.1097/00000478-199311000-00018
https://doi.org/10.1097/00000478-199311000-00018
http://www.ncbi.nlm.nih.gov/pubmed/8239193
https://doi.org/10.1007/s10620-012-2331-0
http://www.ncbi.nlm.nih.gov/pubmed/22875308
https://doi.org/10.1053/gast.1997.v113.pm9322535
https://doi.org/10.1053/gast.1997.v113.pm9322535
http://www.ncbi.nlm.nih.gov/pubmed/9322535
http://www.ncbi.nlm.nih.gov/pubmed/6690362
http://www.ncbi.nlm.nih.gov/pubmed/6690362
https://doi.org/10.1001/archsurg.1987.01400170069010
http://www.ncbi.nlm.nih.gov/pubmed/3555408
https://doi.org/10.1097/00005373-199709000-00024
http://www.ncbi.nlm.nih.gov/pubmed/9314320
https://doi.org/10.1148/radiology.220.2.r01au15357
http://www.ncbi.nlm.nih.gov/pubmed/11477237
https://doi.org/10.1007/s00247-002-0764-x
https://doi.org/10.1007/s00247-002-0764-x
http://www.ncbi.nlm.nih.gov/pubmed/12497231
https://doi.org/10.1016/0022-3468(92)90350-g
https://doi.org/10.1016/0022-3468(92)90350-g
http://www.ncbi.nlm.nih.gov/pubmed/1522468
http://www.ncbi.nlm.nih.gov/pubmed/3502734
https://doi.org/10.4329/wjr.v5.i2.33
https://doi.org/10.4329/wjr.v5.i2.33
http://www.ncbi.nlm.nih.gov/pubmed/23494252
https://doi.org/10.1186/s12876-018-0899-3
http://www.ncbi.nlm.nih.gov/pubmed/30419830
https://doi.org/10.3748/wjg.v9.i11.2445
http://www.ncbi.nlm.nih.gov/pubmed/14606073
https://doi.org/10.1136/gut.48.1.87
http://www.ncbi.nlm.nih.gov/pubmed/11115828
https://doi.org/10.1111/j.1572-0241.2007.01712.x
http://www.ncbi.nlm.nih.gov/pubmed/18177453
https://doi.org/10.1148/radiology.204.3.9280260
https://doi.org/10.1148/radiology.204.3.9280260
http://www.ncbi.nlm.nih.gov/pubmed/9280260
http://www.ncbi.nlm.nih.gov/pubmed/20124574
https://doi.org/10.1016/j.jvir.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25645411
https://doi.org/10.1002/lt.21969
http://www.ncbi.nlm.nih.gov/pubmed/20104481
http://www.ncbi.nlm.nih.gov/pubmed/6018965
https://doi.org/10.1016/j.gassur.2005.06.022
http://www.ncbi.nlm.nih.gov/pubmed/16627220
https://doi.org/10.2214/AJR.05.1115
http://www.ncbi.nlm.nih.gov/pubmed/17242223
https://doi.org/10.1016/j.jvs.2003.10.048
http://www.ncbi.nlm.nih.gov/pubmed/14981454
https://doi.org/10.1016/j.jviscsurg.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20932817
https://doi.org/10.1016/s0039-6060(05)80081-9
https://doi.org/10.1016/s0039-6060(05)80081-9
http://www.ncbi.nlm.nih.gov/pubmed/7846621
http://www.ncbi.nlm.nih.gov/pubmed/8118188


Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  620–626626

Cao B. et al: Characteristics of HAPFs

[28] Akpek S, Ilgit ET, Cekirge S, Yücel C. High-flow arterioportal fistula: treat-
ment with detachable balloon occlusion. Abdom Imaging 2001;26(3):277–
280. doi:10.1007/s002610000174, PMID:11429952.

[29] Norton SP, Jacobson K, Moroz SP, Culham G, Ng V, Turner J, et al. The 
congenital intrahepatic arterioportal fistula syndrome: elucidation and pro-
posed classification. J Pediatr Gastroenterol Nutr 2006;43(2):248–255. 
doi:10.1097/01.mpg.0000221890.13630.ad, PMID:16877994.

[30] Karnak I, Cil BE, Akay H, Haliloglu M, Ciftci AO, Senocak ME, et al. Congeni-
tal intrahepatic arterioportal fistula: an unusual cause of portal hypertension 
treated by coil embolization in an infant. Eur J Pediatr Surg 2009;19(4):251–
253. doi:10.1055/s-2008-1038825, PMID:19065507.

[31] Yu JS, Kim KW, Jeong MG, Lee JT, Yoo HS. Nontumorous hepatic arterial-por-
tal venous shunts: MR imaging findings. Radiology 2000;217(3):750–756. 
doi:10.1148/radiology.217.3.r00dc13750, PMID:11110939.

[32] Murata S, Tajima H, Nakazawa K, Onozawa S, Kumita S, Nomura K. Initial 
experience of transcatheter arterial chemoembolization during portal vein 
occlusion for unresectable hepatocellular carcinoma with marked arteriopor-
tal shunts. Eur Radiol 2009;19(8):2016–2023. doi:10.1007/s00330-009-
1349-y, PMID:19238387.

[33] Miyayama S, Matsui O. Superselective Conventional Transarterial Chem-
oembolization for Hepatocellular Carcinoma: Rationale, Technique, and Out-

come. J Vasc Interv Radiol 2016;27(9):1269–1278. doi:10.1016/j.jvir.2016. 
04.014, PMID:27345337.

[34] Uchida H, Ohishi H, Matsuo N, Nishimine K, Ohue S, Nishimura Y, et al. Tran-
scatheter hepatic segmental arterial embolization using lipiodol mixed with 
an anticancer drug and Gelfoam particles for hepatocellular carcinoma. Car-
diovasc Intervent Radiol 1990;13(3):140–145. doi:10.1007/BF02575465, 
PMID:2171772.

[35] Miyayama S, Matsui O, Yamashiro M, Ryu Y, Kaito K, Ozaki K, et al. Ultrase-
lective transcatheter arterial chemoembolization with a 2-f tip microcatheter 
for small hepatocellular carcinomas: relationship between local tumor recur-
rence and visualization of the portal vein with iodized oil. J Vasc Interv Radiol 
2007;18(3):365–376. doi:10.1016/j.jvir.2006.12.004, PMID:17377182.

[36] Shi HB, Yang ZQ, Liu S, Zhou WZ, Zhou CG, Zhao LB, et al. Transarterial 
embolization with cyanoacrylate for severe arterioportal shunt complicated 
by hepatocellular carcinoma. Cardiovasc Intervent Radiol 2013;36(2):412–
421. doi:10.1007/s00270-012-0410-4, PMID:22580682.

[37] Huang MS, Lin Q, Jiang ZB, Zhu KS, Guan SH, Li ZR, et al. Comparison of 
long-term effects between intra-arterially delivered ethanol and Gelfoam for 
the treatment of severe arterioportal shunt in patients with hepatocellular 
carcinoma. World J Gastroenterol 2004;10(6):825–829. doi:10.3748/wjg.
v10.i6.825, PMID:15040025.

https://doi.org/10.1007/s002610000174
http://www.ncbi.nlm.nih.gov/pubmed/11429952
https://doi.org/10.1097/01.mpg.0000221890.13630.ad
http://www.ncbi.nlm.nih.gov/pubmed/16877994
https://doi.org/10.1055/s-2008-1038825
http://www.ncbi.nlm.nih.gov/pubmed/19065507
https://doi.org/10.1148/radiology.217.3.r00dc13750
http://www.ncbi.nlm.nih.gov/pubmed/11110939
https://doi.org/10.1007/s00330-009-1349-y
https://doi.org/10.1007/s00330-009-1349-y
http://www.ncbi.nlm.nih.gov/pubmed/19238387
https://doi.org/10.1016/j.jvir.2016.04.014
https://doi.org/10.1016/j.jvir.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27345337
https://doi.org/10.1007/BF02575465
http://www.ncbi.nlm.nih.gov/pubmed/2171772
https://doi.org/10.1016/j.jvir.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17377182
https://doi.org/10.1007/s00270-012-0410-4
http://www.ncbi.nlm.nih.gov/pubmed/22580682
https://doi.org/10.3748/wjg.v10.i6.825
https://doi.org/10.3748/wjg.v10.i6.825
http://www.ncbi.nlm.nih.gov/pubmed/15040025


Copyright: © 2022 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License  
(CC BY-NC 4.0), which permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided.  

“This article has been published in Journal of Clinical and Translational Hepatology at https://doi.org/10.14218/JCTH.2021.00216 and can also be viewed 
 on the Journal’s website at http://www.jcthnet.com ”.

Original Article

Journal of Clinical and Translational Hepatology 2022  vol. 10(4)  |  627–641 
DOI: 10.14218/JCTH.2021.00216

Spindle and Kinetochore-associated Family Genes are 
Prognostic and Predictive Biomarkers in Hepatocellular 
Carcinoma
Chenhui Cai, Ying Zhang, Xu Hu, Sizhen Yang, Jiawen Ye, Zihan Wei and Tongwei Chu*

Department of Orthopedics, Xinqiao Hospital, Third Military Medical University (Army Medical University), Chongqing, China

Received: 9 June 2021  |  Revised: 7 September 2021  |  Accepted: 8 October 2021  |  Published: 4 January 2022

Abstract

Background and Aims: Hepatocellular carcinoma (HCC) 
is one of the most frequent malignant tumors. Spindle and 
kinetochore-associated (SKA) family genes are essential 
for the maintenance of the metaphase plate and spindle 
checkpoint silencing during mitosis. Recent studies have 
indicated that dysregulation of SKA family genes induces 
tumorigenesis, tumor progression, and chemoresistance 
via modulation of cell cycle and DNA replication. However, 
the differential transcription of SKAs in the context of HCC 
and its prognostic significance has not been demonstrated. 
Methods: Bioinformatics analyses were performed using 
TCGA, ONCOMINE, HCCDB, Kaplan-Meier plotter, STRING, 
GEPIA databases. qRT-PCR, western blot, and functional as-
says were utilized for in vitro experiments. Results: We 
found remarkable upregulation of transcripts of SKA family 
genes in HCC samples compared with normal liver samples 
on bioinformatics analyses and in vitro validation. Inter-
action analysis and enrichment analysis showed that SKA 
family members were mainly related to microtubule motor 
activity, mitosis, and cell cycle. Immuno-infiltration analysis 
showed a correlation of all SKA family genes with various 
immune cell subsets, especially T helper 2 (Th2) cells. Tran-
scriptional levels of SKA family members were positively as-
sociated with histologic grade, T stage, and α-fetoprotein in 
HCC patients. Receiver operating characteristic curve analy-
sis demonstrated a strong predictive ability of SKA1/2/3 for 
HCC. Increased expression of these SKAs was associated 
with unfavorable overall survival, progression-free survival, 
and disease-specific survival. On Cox proportional hazards 

regression analyses, SKA1 upregulation and pathological 
staging were independent predictors of overall survival and 
disease-specific survival of HCC patients. Finally, clinical 
tissue microarray validation and in vitro functional assays 
revealed SKA1 acts an important regulatory role in tumor 
malignant behavior. Conclusions: SKA family members 
may potentially serve as diagnostic and prognostic markers 
in the context of HCC. The correlation between SKAs and 
immune cell infiltration provides a promising research direc-
tion for SKA-targeted immunotherapeutics for HCC.

Citation of this article: Cai C, Zhang Y, Hu X, Yang S, Ye 
J, Wei Z, et al. Spindle and Kinetochore-associated Family 
Genes are Prognostic and Predictive Biomarkers in Hepato-
cellular Carcinoma. J Clin Transl Hepatol 2022;10(4):627–
641. doi: 10.14218/JCTH.2021.00216.

Introduction

Hepatocellular carcinoma (HCC) accounts for 75–85% of 
primary liver cancers and is associated with high morbid-
ity and mortality.1 Due to the high propensity for recur-
rence and metastasis, the overall survival of patients with 
advanced HCC is extremely poor. Every year, more than 
500,000 deaths are attributable to HCC worldwide.2,3 Ef-
forts have been made to understand the mechanism of the 
development, progression, and metastasis of HCC. Use of 
serum markers and advanced medical imaging techniques 
can facilitate early diagnosis of HCC.4–6 Besides, molecular 
targeted therapy, chemotherapy, immunotherapy, and sur-
gical resection are effective treatment methods for HCC.7,8 
However, the molecular characteristics of HCC are not well 
characterized. The lack of specific markers for tumor type 
or disease stage poses a significant challenge in the under-
standing and treatment of HCC.

Mitosis, the basic form of cell division, is a common bio-
logical process in eukaryotes. During mitosis, the spindle en-
sures the division of chromosomes into two equal groups of 
sister chromatids.9 The spindle and kinetochore-associated 
(SKA) complex is composed of SKA1/2/3 proteins and main-
tains the attachment of intermediate spindle microtubules to 
the centromere, thus ensuring the completion of mitosis.10,11 
Dysfunction of the SKA complex leads to chromosomal con-
gression failure and subsequent cell death.12 Recent studies 
have shown that abnormal cell cycle and uncontrolled cell 
proliferation can be attributed to the overexpression of SKAs; 

Keywords: Spindle and kinetochore-associated genes; Liver hepatocellular 
carcinoma; Prognostic value; Immune infiltration; Bioinformatics analysis.
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moreover, studies have also suggested a potential role of 
SKAs in the genesis, progression, and chemotherapeutic re-
sistance of various types of tumors.13–18 In an in vitro study, 
G2/M blockade of pancreatic cancer was inhibited by upregu-
lating the SKA1 gene, which enhanced pancreatic cancer ag-
gressiveness and malignancy.15 SKA2 expression was found 
to be significantly upregulated in esophageal squamous cell 
carcinoma (ESCC) samples and inhibition of SKA2 mRNA lev-
el suppressed ESCC cell proliferation and migration.19 SKA3 
overexpression accelerated the cell cycle by activating the 
PI3K-Akt signaling, thereby promoting cervical cancer cell 
migration and proliferation.14 However, the expression pro-
file, molecular biological function, and prognostic significance 
of SKA in HCC have not been fully elucidated.

In our research, we carried out comprehensive bioinfor-
matics analysis of the expression patterns of SKA family 
genes in HCC, investigated their association with immune in-
filtration, assessed their diagnostic and prognostic relevance 
in HCC. We observed markedly high expression of SKA family 
genes in HCC, which simultaneously showed good diagnostic 
significance for HCC. Interaction analysis (i.e. protein inter-
action and gene interaction) and enrichment analysis showed 
that SKA family members were mainly related to microtubule 
motor activity, mitosis, and cell cycle. Comprehensive im-
mune infiltration analysis showed that all SKA family mem-
bers were correlated with immune cell subsets, especially 
Th2 cells. We further demonstrated an inverse association 
between increased expression of SKA family members and 
the prognosis of HCC patients and identified SKA1 as an in-
dependent predictor of HCC patients. Further functional as-
says indicated that knockdown of SKA1 decreased the pro-
liferation and invasion of HCC cells. Our research aimed to 
elucidate the specific functions and mechanisms of SKA fam-
ily genes in the development of HCC from a new perspec-
tive; our findings may facilitate a better understanding of the 
pathogenetic mechanism of HCC and offer insights for the 
development of SKA-targeted tumor immunotherapy.

Methods

Data resource

We downloaded level three data of liver hepatocellular carci-
noma (LIHC) patients from The Cancer Genome Atlas (TCGA) 
database (cancergenome.nih.gov/), which contains data of 
374 samples of HCC and 50 samples of para-carcinoma tissue. 
The workflow type we chose was HTSeq-FPKM. Correspond-
ing clinical information was also obtained from the TCGA data 
portal. For the sake of subsequent analysis, we converted the 
HTSeq-FPKM data into transcripts per million (TPM) reads.

Gene expression profiling interactive analysis (GE-
PIA)

GEPIA is an online tool for analyses and visualization of RNA 
sequencing data of 9,700 tumors and 8,500 normal tissues.20 
In this study, transcriptional levels of SKA family genes in 20 
distinct cancer samples and nonneoplastic control samples 
were acquired from GEPIA. Besides, we used a similar gene 
detection function in the “expression analysis module” to 
identify the most similar genes of SKA family genes.

Integrative Molecular Database of Hepatocellular 
Carcinoma (HCCDB)

HCCDB is a specialized database that integrates multiple 

databases including Gene Expression Omnibus (GEO), In-
ternational Cancer Genome Consortium (ICGC), etc. It con-
tains expression spectrum analysis of more than 3,000 HCC 
samples (lifeome.net/database/hccdb/).21 We applied this 
comprehensive database to identify the expression of SKA 
family genes in liver cancer.

ONCOMINE

ONCOMINE database (oncomine.org) is an online data-min-
ing tool that provides an integrated analysis of genome-wide 
expression in a wide variety of tumor samples and normal 
control samples.22 We compared the transcription levels of 
SKA family members in different HCC samples and normal 
adjacent tissues. Statistical significance was considered at 
p-values <0.05. The fold change in our study was set to 2, 
and thresholds for statistical significance were set at 10%.

STRING

STRING (string-db.org/) is a search tool that predicts a net-
work of genes and proteins that may have an interacting 
association.23 A protein-protein interaction (PPI) network 
analysis of SKAs and their most similar genes were con-
ducted using the STRING and further processed using the 
visualization tool Cytoscape.

GeneMANIA

GeneMANIA (genemania.org) is a visual database tool with 
highly accurate prediction algorithms providing information 
on physical interactions, coexpression, genetic interactions, 
and co-localization of query genes.24 We used GeneMANIA 
to measure the predictive value of SKA family members.

Functional enrichment analysis

To identify the gene ontology (GO) annotations and Kyo-
to Encyclopedia of Genes and Genomes (KEGG) pathways 
where SKAs and similar genes were enriched, functional en-
richment analysis was carried out using the R package clus-
ter profiler.25 Enrichment analysis predicts the functional 
roles of SKA family genes and their similar genes based on 
three aspects, i.e., biological process, cellular component, 
and molecular function, while KEGG analysis defines the re-
lated pathways of SKA family genes and their similar genes.

Immune infiltration analysis

The infiltration of 24 tumor-infiltrating immune cells in HCC 
samples was quantified by single sample gene set enrich-
ment analysis (ssGSEA) methods using the GSVA R package. 
We scored the enrichment of every immunocyte based on 
gene signatures unique to 24 tumor-infiltrating lymphocytes 
(TILs), including B cells, T cells, macrophages, neutrophils, 
etc. Spearman correlation analysis was used to evaluate the 
correlation between SKAs and the tumor immune infiltration.

Kaplan-Meier plotter

Kaplan-Meier plotter is an online tool for survival analysis 
of cancer patients, and it was used to assess the prognostic 
significance of the expression of SKA family gene mRNA in 
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HCC patients.26,27 Survival outcomes included overall sur-
vival (OS), progression-free survival (PFS), and disease-
specific survival (DSS). The optimal cutoff value was set 
through the KM plotter algorithm. P-values < 0.05 were 
considered significant.

Cell culture and transfection

Normal human liver cell line (L-02 cells) and HCC cell lines 
(SMMC-7721, LM3, and Hep3) were used in our experimen-
tal study. They were purchased from the China Cell Bank 
(ATCC, Shanghai, China). All cell lines were grown in Dulbec-
co’s Modified Eagle Medium (Gibco, Carlsbad, CA, USA) with 
10% fetal bovine serum (FBS; Ausbian, Sydney, Australia) 
and 1% penicillin-streptomycin (Gibco, Carlsbad, CA, USA). 
Cells were maintained in an incubator at a constant tempera-
ture of 37°C with 5% CO2. siRNA against SKA1 (5′-GCAUGU-
CAAGGAGCACCACAATTUUGUGGUGCUCCUUGACAUGCTT-3′) 
and short interfering noncoding oligonucleotides (5′-UUCUC-
CGAACGUGUCACGUTTACGUGACACGUUCGGAGAATT-3′)

were synthesized by Sangon Biotech (Sangon, Shang-
hai, China) and transfected into cells using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) following the product 
instructions. After 3 days of transfection, the cells were col-
lected to determine the knockdown effects.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from cultured cells by Trizol reagent 
(Takara, Dalian, China). SYBR Premix Ex Taq II in a PCR 
detection system (Bio-Rad, Hercules, CA, USA) was used 
to assay the expression of target genes. cDNA was syn-
thesized using PrimeScript RT reagent kits (Takara Dalian, 
China). The transcriptional levels were normalized to those 
of the internal control gene GAPDH. The sequences of all 
target genes are shown in Supplementary Table 5.

Western blotting

The protein concentration of cells lysates were measured 
with a Bradford protein assay. Total proteins were isolated 
by 8% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride mem-
branes. After being blocked with 5% bovine serum albumin 
at room temperature for 3 h, the membranes were incu-
bated overnight at 4°C with anti-GAPDH (1:1,000; Protein-
tech, Chicago, IL, USA) and anti-SKA1 (1:1,000; Affinity, 
Cincinnati, OH, USA) primary antibodies. The membrane 
was then washed with phosphate buffered saline Tween and 
incubated with secondary antibodies (1:4,000) for 2 h The 
protein bands were visualized with an enhanced chemilumi-
nescence detection kit (Biosharp, Hefei, China).

Cell proliferation and invasion assays

Cell Counting Kit-8 (CCK-8) and colony formation assays 
were performed to assess cell proliferation. Cells maintained 
in 96-well plates were incubated with 10 µL CCK-8 solution 
(Dojindo, Kumamoto, Japan) at 37°C for 2.5 h. Cell viability 
was then determined by at 450 nm absorbance. To assay 
colony formation, about 2,500 HCC cells were seeded in 
six-well plates and cultured for 11 days. The colonies were 
then fixed in 4% paraformaldehyde and stained with crys-
tal violet. Transwell assays were carried out to assess cell 
invasion. Cell migration was assayed in about 6×103 trans-

fected HCC cells that were inoculated in serum-free medium 
on the Matrigel-coated upper surface of an 8 µm Transwell 
chamber (Corning, NY, USA). The culture medium in the 
lower chamber was supplemented with 350 µL of medium 
containing 10% FBS. The cells that had migrated through 
the membrane were stained with 0.5% crystal violet and 
counted by light microscopy.

HCC tissue microarray and immunohistochemical 
(IHC) staining

Human HCC tissue microarrays (Cat No. IWLT-N-64LV41) 
containing 10 pairs of HCC and adjacent normal tissues were 
obtained from Wuhan Saiweier Biotechnology Co; Wuhan, 
China), and CDT1 expression was assayed by IHC stain-
ing using an anti-SKA1 antibody (1:250; Affinity, Cincinnati, 
OH, USA). And following the kit manufacturer’s instructions. 
The H-score method was used to assess the expression of 
SKA1 protein. Positivity and H-scores (0–300) were report-
ed as (1×% of cells with weak staining intensity) + (2×% of 
cells with moderate staining intensity) + (3×% of cells with 
strong staining intensity).

Statistical analysis

The statistical analysis was performed with R version 3.6.3 
(www.r-project.org). One-way analysis of variance was 
used to compare differences among the three groups, and 
between-group differences were compared using t-tests. 
Correlations of SKA expression and the clinical parameters 
of HCC patients were evaluated by the Wilcoxon signed-
rank test. Univariate and multivariate Cox analysis was 
used to evaluate the prognostic significance of SKAs levels 
in terms of OS and DSS. Correlations of SKA family genes 
were assessed with Spearman’s correlation coefficient. The 
performance of differentially expressed SKA family genes 
in distinguishing between HCC samples and normal liver 
samples was assessed by receiver operating characteris-
tic (ROC) curve analysis using the pROC package (version 
1.16.2).28 An area under the ROC curve (AUC) >0.7 and 
from 0.5–0.7 indicated good and poor accuracy, respective-
ly. The H-scores of HCC and adjacent healthy tissues were 
compared using paired t-tests. Statistical significance was 
defined as p <0.05.

Results

Transcription of SKAs in HCC patients

There is accumulating evidence that SKAs are novel tu-
mor biomarkers.29,30 However, transcriptional analysis and 
prognostic significance of SKA genes in human HCC have 
not been well elucidated. Therefore, GEPIA was used to 
compare the transcription levels of SKA family genes be-
tween normal and tumor samples of 33 different cancers. 
The mRNA levels of SKA family genes were significantly in-
creased compared with normal tissues in the analysis of 
HCC tissues (p<0.001, Supplementary Fig. 1).

We further compared the transcriptional levels of SKAs 
between HCC samples and normal control samples in the 
HCCDB database. The results of the ICGC GEO dataset 
(GSE22058, GSE22097, GSE54236, GSE64041, GSE25097, 
and ICGC-LIRI-JP) analysis all suggested abnormally high 
expression of SKA1/2/3 in HCC (Fig. 1). We also compared 
the differences of transcription levels of SKAs between HCC 
cancer samples and normal samples in the TCGA database. 

http://www.r-project.org
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The mRNA levels of SKAs were markedly increased in HCC 
samples relative to normal liver samples, which was con-
sistent with our previous result (Fig. 2A). The observation 
was also verified in paired HCC and normal tissues (Fig. 
2B). We also compared the transcriptional levels of SKA 

family members between tumor tissues and normal control 
tissues in ONCOMINE databases. Specifically, the results 
from Chen datasets showed upregulation of SKA1 in HCC 
samples compared with that in normal samples, with fold 
changes of 1.212–2.534.31–33 In Wurmbach datasets, HCC 

Fig. 1.  mRNA level of SKA family genes in different GEO and ICGC datasets (HCCDB). *p<0.05, **p<0.01, ***p<0.001. GEO, Gene Expression Omnibus; 
HCCDB, Integrative Molecular Database of Hepatocellular Carcinoma; ICGC, International Cancer Genome Consortium; SKA, spindle and kinetochore-associated.
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Fig. 2.  Transcriptional levels of SKAs in hepatocellular carcinoma samples and normal tissue samples. (A) SKAs mRNA expression in normal and tumor 
tissues (TCGA). (B) SKA expression in paired tissues (TCGA). (C) SKA mRNA levels in normal and tumor tissues (ONCOMINE) (D) qRT-PCR results of SKA expression 
in normal human liver cell line and HCC cell lines. *p<0.05, **p<0.01, ***p<0.001. HCC, hepatocellular carcinoma; SKA, spindle and kinetochore-associated; TCGA, 
The Cancer Genome Atlas.
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tissues showed a 1.266–1.331-fold increase in the mRNA 
expressions of SKA2 and SKA3 (Fig. 2C).33 Finally, differ-
ences in the expression of SKAs were validated by qRT-PCR 
in normal human liver cell line and HCC cell lines (Fig. 2D).

Correlation and molecular interactions of SKAs in HCC

Correlation between the expression levels of SKA family 
members in HCC was assessed using Spearman correlation 
analysis. Scatter plot results indicated a strong correlation be-
tween the transcriptional levels of SKA1/3 (r=0.890). Besides, 
there was a moderate correlation between SKA1 and SKA2 
(r=0.590) and between SKA2 and SKA3 (r=0.640, Fig. 3A–C).

Through GEPIA, we identified genes whose expression 
patterns were similar to those of differentially expressed 
SKAs in HCC patients. The results of similar gene detection 
are presented in Supplementary Table 1. To elucidate the 
potential interactions among SKAs and their most similar 
genes, we further built a PPI network by STRING dataset 
analysis and Cytoscape visualization (Fig. 3D). The SKA 
family genes and their similar genes were associated with 
microtubule binding, microtubule motor activity, cytoskel-
etal protein binding, and the cell cycle. The gene-gene in-
teraction network through GeneMANIA also revealed that 
SKAs and their associated genes (e.g., NUDT5, SPC24, 
DSN1, NDC80, CENPE, and BUB1) were primarily related 
to chromosome segregation, mitosis, nuclear division, and 
microtubule polymerization or depolymerization (Fig. 3E).

GO and KEGG enrichment analyses of SKA family 
members and their most similar genes

To further investigate the potential mechanisms of SKAs in 
HCC, GO, and KEGG enrichment analyses were carried out 
to probe the functions and pathways of SKA family pro-
teins and their most similar genes using the “ClusterPro-
filer” package in R software. The biological processes for 
these genes were predominantly enriched in mitotic nuclear 
division, nuclear division, organelle fission, and microtubule 
cytoskeleton organization. The molecular functions were 
mainly microtubule motor activity, motor activity, microtu-
bule binding, and ATP-dependent microtubule motor activ-
ity. In terms of the cellular component category, the over-
expressed SKA family members and their similar molecules 
were mainly associated with spindle, chromosome (cen-
tromeric region), mitotic spindle, and chromosomal region 
(Fig. 3F–H). The results of KEGG enrichment revealed sev-
eral major KEGG pathways of SKAs and their similar genes, 
and included the p53 signaling pathway, cell cycle, and cell 
senescence (Fig. 3I). All the enriched pathways were tightly 
associated with the occurrence and progression of malig-
nant tumors (Supplementary Table 2).34,35

Correlation between SKAs levels and immune infil-
trates

The complexity of immune cells in the tumor microenvi-
ronment influences the biological behavior of the tumor, 
prognosis, and outcomes of immunotherapy.36,37 There-
fore, we investigated the correlation between various im-
mune cells infiltrating in the HCC microenvironment and 
SKA family members. All members of the SKA family 
showed a positive correlation with T helper 2 (Th2) cells 
[SKA1 (r=0.752, p<0.001), SKA2 (r=0.438, p<0.001), 
SKA3 (r=0.718, p<0.001)], T follicular helper cells (Tfhs) 
[SKA1 (r=0.235, p<0.001), SKA2 (r=0.126, p=0.015), 
SKA3 (r=0.218, p<0.001)], and T helper (Th) cells [SKA1 

(r=0.203, p<0.001), SKA2 (r=0.178, p<0.001), SKA3 
(r=0.261, p<0.001)], as well as a negative correlation with 
neutrophils [SKA1 (r=−0.308, p<0.001), SKA2 (r=0.224, 
p=0.015), SKA3 (r=0.343, p<0.001)] and dendritic cells 
(DCs) [SKA1 (r=−0.272, p<0.001), SKA2 (r=−0.326, 
p<0.001), SKA3 (r=−0.328, p<0.001)]. The correlation 
with Th2 was the most significant (Fig. 4A–C). We further 
compared the enrichment score of Th2 cells of HCC sam-
ples in SKA1-high and SKA1-low groups. Consistently, the 
results demonstrated that high SKA1 expression samples 
had a higher enrichment score of Th2 cells than those in low 
SKA1 expression samples (Fig. 4D–F). All the above analy-
ses indicated the significant correlation between SKA family 
members and immune cell subsets, especially Th2 cells.

Relationship of mRNA levels of SKAs and clinico-
pathological features of HCC patients

We further assessed the correlation between transcriptional 
levels of SKA genes and clinicopathologic features [such as 
histologic grade, T stage, and α-fetoprotein (AFP)] of HCC 
patients. The tissues obtained from HCC patients tended 
to express higher levels of SKAs mRNA as cancer stages 
advanced [SKA1, (G4 vs. G1, p<0.001), SKA2, (G3 vs. 
G2, p<0.001), SKA3, (G4 vs. G1, p<0.001)]. The highest 
mRNA levels of SKA family genes were predominantly found 
in grade 3 and grade 4 HCC (Fig. 5A–C). T stage has an im-
portant prognostic significance. Patients with high-T stage 
tumors tended to express higher mRNA levels of SKA1/2/3 
according to the pathological T stage criterion (p<0.05) 
(Fig. 5D–F). AFP is a specific diagnostic biomarker for liver 
cancer. Therefore, we assessed the correlation between 
SKAs expression and AFP level. As expected, there were 
significant differences between the high-AFP group and the 
low-AFP group based on these SKAs expression (p<0.001, 
Fig. 5G–I). We further analyzed the association of SKAs ex-
pression with other clinical characteristics (e.g., age, sex, 
TNM stage, AFP, Child-Pugh grade, fibrosis Ishak score, 
vascular invasion, albumin, and prothrombin time) in HCC 
patients (Supplementary Table 3). High SKA1 expression 
was significantly linked to T stage, AFP, and prothrombin 
time; high SKA2 expression was significantly linked to age, 
T stage, AFP, and prothrombin time; high SKA3 expression 
was significantly linked to T stage and AFP (p<0.05). The 
findings indicated the potential prognostic significance of 
the expression of SKA family members in patients with HCC.

Diagnostic and prognostic value of SKAs expression 
in HCC patients

To identify the diagnostic role of mRNA expression of SKAs 
for HCC, the R statistics pROC package was used to con-
struct ROC curves based on transcriptome sequencing and 
clinical data derived from the TCGA database. The diagnos-
tic potential of mRNA expression of these SKAs for HCC was 
assessed based on AUC (Fig. 6A–C). The AUCs, optimal cut-
off values sensitivity, specificity and Youden index for pre-
dicting HCC are shown in Supplementary Table 4. Statistical 
analysis of the differences in the AUCs of SKAs suggested 
that the AUC of SKA1 (0.982, 95% CI: 0.970–0.994) was 
the largest, followed by SKA3 (0.973, 95% CI: 0.957–0.989) 
and SKA2 (0.887, 95% CI: 0.852–0.922). We also assessed 
the diagnostic value of SKA expression for multiple clinical 
features of HCC patients, such as the pathological stage and 
TNM stage (Supplementary Fig. 2). The results showed that 
SKA expression had a certain significance in the diagnosis of 
TNM staging and pathological staging, which implied that the 
transcriptional levels of SKAs had a relatively greater sensi-



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  627–641 633

Cai C. et al: SKA-associated genes in HCC

Fig. 3.  Expression correlations, interaction analyses and enrichment analysis of SKAs in HCC. (A–C) Correlation scatter diagram of SKA family genes in HCC 
patients. (D) Interaction network of different expressed SKA family proteins on GeneMANIA datasets. (E) PPI network of different expressed SKAs and the 50 most 
similar genes based on STRING dataset analysis and Cytoscape visualization. (F–H) Bubble diagram results of GO enrichment analysis. (I) Bubble diagram results of 
KEGG enrichment analysis. GO, gene ontology; HCC, hepatocellular carcinoma; KEGG, and Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; 
SKA, spindle and kinetochore-associated.
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tivity and specificity for the diagnosis of HCC. Furthermore, 
we analyzed the influence of the expressions of SKAs on 
the OS, PFS, and DSS to assess the prognostic significance 
of SKAs in HCC patients by Kaplan-Meier plotter analysis. 
The OS of patients with high expressions of SKA1/2/3 was 
remarkably lower than that of patients with low expression 
of the corresponding SKAs (p<0.01, Fig. 6D). In addition, 
increased mRNA expression of SKA1/2/3 were associated 
with poor PFS and DSS (p<0.05, Fig. 6E–F). The findings 
indicated the potential prognostic significance of SKA mRNA 
levels in HCC patients. We further assessed the prognos-
tic value of SKA1/2/3 using univariate and multivariate Cox 
proportional hazards regression analysis (Table 1). RNA se-
quencing and clinical data of 374 HCC patients were Level 
3 data of the LIHC project in the TCGA database. Univari-
ate analysis showed an association of expression of SKA1/3 
and pathologic stage with poor OS and DSS. The Child-Pugh 

grade was also associated with poor DSS. In multivariate 
analysis, high transcriptional levels of SKA1 (HR=2.047, 
95% CI: 1.211–3.459, p=0.007) and high pathologic stage 
(HR=1.920, 95% CI: 1.308–2.818, and p<0.001) were in-
dependent predictors of a significantly shorter OS of HCC 
patients. The expression of SKA1 mRNA, Child-Pugh grade, 
pathologic stage, and race were independent predictors of 
DSS. To sum up, we identified transcriptional levels of SKA1 
as an independent predictor of OS and DSS of HCC patients.

SKA1 knockdown inhibited the in vitro tumorigenic-
ity of HCC cells

In the previous analysis, SKA1 was confirmed as an inde-
pendent prognostic factor for HCC. To further validate the 
role of CDT1 in HCC, we performed IHC staining on HCC 

Fig. 4.  Association of SKAs with infiltration of tumor immune cells. (A–C) Correlation between differentially expressed SKAs and infiltrating of 24 tumor im-
mune cells (ssGSEA method). (D–F) Enrichment score of Th2 cells in HCC samples in SKA1-high and SKA1-low groups. Data are means ± SD. *p<0.05, **p<0.01, 
***p<0.001. Th2, T helper 2; ssGSEA, single sample gene set enrichment analysis; HCC, hepatocellular carcinoma; SKA, spindle and kinetochore-associated.
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tissue microarrays. The results of the scatter plot analysis 
by paired t-tests revealed that SKA1 expression in HCC tis-
sues was significantly higher than that in para-carcinoma 
tissues (Fig. 7A). The functional assays were also performed 
in LM3 and Hep3B cell lines. Western blot detection showed 
that SKA1 was markedly knocked down by SKA1 siRNA (Fig. 
7B). CCK-8 and colony formation assays demonstrated that 
CDT1 knockdown significantly inhibited the proliferation 
and invasiveness of LM3 and Hep3B cells (Fig. 7C, E). CDT1 
knockdown also significantly inhibited the invasiveness of 

HCC cells in Transwell assays (Fig. 7D). The results indicat-
ed that SKA1 knockdown suppressed the proliferation and 
invasiveness of HCC cells.

Discussion

HCC is associated with high mortality and morbidity rates 
and accounts for approximately 75–85% of all primary liver 
cancers worldwide. The poor 5-year survival makes it the 

Fig. 5.  Association of mRNA levels of SKAs with clinicopathological parameters of patients with hepatocellular carcinoma. (A–C) Relationship of SKA 
mRNA levels with histologic grade of HCC. (D–F) Correlation of SKA expression with T stage of HCC. (G–I) Relationship of SKA expression with AFP levels of HCC pa-
tients. *p<0.05, **p<0.01, ***p<0.001. AFP, α-fetoprotein; HCC, hepatocellular carcinoma; SKA, spindle and kinetochore-associated.
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Fig. 6.  Diagnostic significance and prognostic value of differentially expressed SKA family genes in HCC patients. (A–C) Diagnostic significance of different 
SKA mRNA levels in patients with HCC. (D) Correlation of differentially expressed SKAs and OS. (E) Correlation of differentially expressed SKAs and DSS. (F) Correla-
tion of differentially expressed SKA and PFS. DSS, disease-specific survival; OS, overall survival; PFS, progression-free survival; HCC, hepatocellular carcinoma; SKA, 
spindle and kinetochore-associated.
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Fig. 7.  Knockdown of SKA1 suppressed the proliferation and invasion abilities of HCC cells. (A) IHC staining results of SKA1 protein expression in HCC tis-
sues and paired adjacent normal tissues and the corresponding scatter plot. (B) Western blot assay of SKA1 protein expression in SKA1-knockdown liver cancer cells. 
(C) The effect of CDT1 knockdown on cell viability was evaluated by CCK-8 assays. (D) Transwell assays reflected the effect of SKA1 knockdown on cell invasion in liver 
cancer cells. (E) Knockdown of SKA1inhibited clonogenic survival of HCC cells. Scale bars in (E) are 5 mm. Data are means ± SD of three independent experiments. 
*p<0.05, **p<0.01, ***p<0.001. CCK-8, Cell Counting Kit-8; HCC, hepatocellular carcinoma; IHC, immunohistochemical; SKA, spindle and kinetochore-associated.
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second most common cause of death after lung cancer.1 
There are several risk factors for the occurrence and pro-
gression of HCC, including hepatitis B or C virus infection, 
aflatoxin exposure, contamination of drinking water, and 
excessive alcohol consumption.38–40 Recent next-genera-
tion sequencing studies have demonstrated different evo-
lutionary patterns of liver cancer and confirmed the high 
molecular heterogeneity in HCC;1,41 the high incidence of 
metastasis and recurrence of liver cancer may be attribut-
able to its high molecular heterogeneity. Although numer-
ous studies have probed the molecular mechanisms that 
contribute to the occurrence, progression, and recurrence 
of HCC, there are limited therapeutic options to delay tu-
mor progression and improve survival outcomes. Besides, 
the high metastasis and recurrence rates of HCC are a sig-
nificant impediment to favorable treatment outcomes. The 
underlying mechanisms of the clinical characteristics of HCC 
are not well characterized. SKA family proteins, as essen-
tial mediators of mitosis and participate in the coordination 
of cell cycle and proliferation in eukaryotic cells. Several 
studies have demonstrated a close association between ab-
normal expression of SKAs and the occurrence or progres-
sion of tumors such as lung carcinoma,29 invasive breast 
carcinoma,17 prostatic intraepithelial neoplasia,42 and other 
malignant tumors. However, the molecular mechanisms and 
functions of different SKA family members in HCC remain 
unclear. In this study, we used bioinformatics analysis to 
comprehensively and systematically describe the expres-
sion levels, diagnostic and prognostic significance, gene 
mutation patterns, transcriptional regulation, and immune 
cell infiltration levels of SKA family genes in HCC.

We found significantly higher expression levels of 
SKA1/2/3 in HCC tissues relative to nonneoplastic tissues. 
Significant upregulation of SKA1 has been demonstrated in 
a variety of tumors, such as non-small cell lung cancer,43 
prostate cancer,42 and pancreatic ductal adenocarcinoma.30 
An in vitro study found that the transcriptional levels of 
SKA1 were significantly elevated in human non-small cell 
lung cancer tissues and positively correlated with the prolif-
eration, invasion, and metastatic ability of lung cancer cell 
lines.43 Li et al. reported that the overexpression of SKA1 
induced centrosomal expansion of human prostatic epithe-
lial cells by inducing centriole overduplication, which ulti-
mately leads to spontaneous tumor formation in transgenic 
mouse models.42 SKA1 has also been shown to be highly ex-
pressed in pancreatic ductal adenocarcinoma tissues com-
pared with noncancer tissues. Survival analysis found that 
SKA1 expression was an independent prognostic factor for 
pancreatic cancer but was not related to relapse-free sur-
vival.15 In our study, SKA1 expression was greater in HCC 
tissues than that in non-tumor tissue. We further explored 
the transcriptional levels of SKA1 in HCC and assessed their 
association with clinicopathological characteristics. The re-
sults showed a marked correlation of SKA1 expression with 
histologic grade, T stage, and AFP in HCC patients. Notably, 
ROC curve analysis showed that the expression of SKA1 
had a good diagnostic value for liver cancer. Moreover, high 
SKA1 expression was linked with unfavorable outcomes in 
HCC patients. Through Cox proportional hazards regres-
sion analysis, we identified transcriptional expression of 
SKA1 as an independent predictor of poor OS and DSS of 
HCC patients. To further validate the role of SKA1 in HCC, 
we performed IHC staining of HCC tissue microarray and 
found that SKA1 expression in HCC tissues was markedly 
higher than that in para-carcinoma tissues. In vitro func-
tional assays indicated that SKA1 knockdown significantly 
suppressed the proliferation and invasion abilities of HCC 
cells. To summarize, we identified SKA1 as an independent 
marker of survival outcomes in HCC and confirmed its im-
portant role in tumor cell malignant behavior.

Multiple studies have also focused on the oncogenic role 

of SKA2 in a variety of tumors. Wang et al. found significant 
upregulation of the transcriptional levels of SKA2 in breast 
cancer and that SKA2 knockdown inhibited the proliferation, 
invasion, and migration of breast cancer cells.17 In another 
study, expression of SKA2 mRNA was higher in human ESCC 
tissues relative to nonneoplastic tissues, and SKA2 overex-
pression contributed to both proliferation and migration of 
ESCC cells via activation of Akt signaling in vitro.19 A few 
studies have investigated the expression pattern, function, 
and mechanism of SKA2 in liver cancer. SKA2 expression 
was positively correlated with the expression of β-catenin in 
liver cancer cells in vitro and in vivo, and SKA2 knockdown 
inhibited tumor formation and growth in nude mice.44 How-
ever, further studies are required to investigate the underly-
ing molecular mechanisms, biological functions, and clinical 
applications of SKA2 in HCC. In the present study, HCC tis-
sues showed higher expression of SKA2 compared with nor-
mal tissues, which was significantly linked with unfavorable 
histologic grade, T stage, and AFP levels. The results of ROC 
curve analysis suggested that SKA2 may be a potential di-
agnostic marker in HCC. Moreover, high SKA2 expression in 
HCC patients was correlated with unfavorable OS, PFS, and 
DSS. The results indicate the oncogenic role of SKA2 in HCC 
and its potential prognostic significance.

Similar to SKA1 and SKA2, the carcinogenic role of SKA3 
has been demonstrated in multiple human malignancies, 
such as cervical cancer14 and laryngeal squamous cell car-
cinoma.45 An IHC study of 100 cervical cancer patients 
revealed overexpression of protein levels of SKA3 in ad-
vanced cervical cancer. High SKA3 expression was found 
to promote cervical cancer cell proliferation and invasion 
via the PI3K/Akt-dependent signaling.14 In laryngeal squa-
mous cell carcinoma, Li et al. initially revealed a role of 
SKA3 in regulating tumor proliferation through metabolic 
reprogramming and demonstrated that targeting SKA3 in-
hibited the chemotherapy and proliferation resistance of tu-
mor cells by inhibiting glycolysis mediated by the PLK1-Akt 
axis.45 The transcriptional levels of SKA3 were found to be 
significantly higher in pancreatic ductal adenocarcinoma tis-
sues relative to para-carcinoma tissues and had a marked 
association with unfavorable prognosis and immune infil-
tration.30 Consistent with the results of SKA1 and SKA2, 
our study revealed a higher transcriptional level of SKA3 in 
HCC samples compared with that in adjacent nonneoplastic 
tissues, and SKA3 expression showed a strong correlation 
with clinicopathological characteristics, such as histologic 
grade, T stage, and AFP levels. Early diagnosis of cancer is 
crucial for tracking the progression of the disease and early 
use of antitumor therapy. On ROC curve analysis, transcrip-
tional levels of SKA3 were found to be highly sensitive and 
specific for the diagnosis of HCC. Predictably, HCC patients 
with high SKA3 expression showed markedly unfavorable 
OS, DFS, and DSS. The results revealed that SKA3 may be 
partially involved in the carcinogenic mechanism of HCC.

To further verify the possible oncogenic function of SKA 
family genes, we constructed a gene-gene interaction net-
work of SKA family genes through GeneMANIA and a PPI 
network of SKAs and their most similar genes based on the 
STRING dataset. The two networks revealed that SKAs were 
primarily related to microtubule motor activity, cytoskeletal 
protein binding, and cell cycle, all of which were closely as-
sociated with abnormal proliferation of malignant tumors.

Subsequently, we explored the function of highly ex-
pressed SKAs and their similar genes through GO and KEGG 
enrichment analysis. As expected, the results showed that 
they were significantly related to cell cycle, cellular senes-
cence, and the p53 signaling pathway. It is widely accepted 
that impaired regulation of the cell cycle leads to uncon-
trolled growth of normal cells and induces their transforma-
tion into tumor cells.46,47 The p53 signaling pathway, which 
regulates the initiation of the cell cycle, is the most closely 
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related pathway found in human tumors.48,49 Cellular se-
nescence is a universal biological phenomenon, and recent 
studies have suggested that cellular senescence may con-
tribute to the occurrence and development of tumors by 
inducing chronic inflammation.50,51 Therefore, our results 
demonstrate the participation of SKA family genes in the 
carcinogenic mechanism of HCC and their potential value as 
new therapeutic targets.

As an important component of the tumor microenviron-
ment, immune cell infiltration can have a significant impact 
on tumor progression as well as recurrence and is consid-
ered as a key determinant of responses to immunotherapy 
and clinical outcomes of cancer patients.52,53 Recent studies 
have proven the SKA1 expression associated with an abun-
dance of tumor-infiltrating immune cells in adrenocortical 
carcinoma was closely related with poor prognosis. It has 
also been reported that SKA1 and SKA3 have a vital role in 
the recruitment and regulation of immune-infiltrating cells 
in pancreas ductal adenocarcinoma, which eventually influ-
ence overall patient survival. Based on literature research 
and existing research basis, we analyzed the association of 
SKA and immune infiltration using the ssGSEA algorithm. 
We found that the transcriptional levels of SKA family genes 
were correlated with the infiltration of Th2 cells, Tfhs, and Th 
cells, neutrophils, and dendritic cells (DCs), especially Th2 
cells. Helper T cells, both Th1 and Th2 cells, are important 
immune regulatory cells, and normally there is a dynamic 
equilibrium between Th1 and Th2 subtypes.54 Increased se-
cretion of Th2 cytokines in patients with malignant tumors 
induces Th1/Th2 drift, resulting in the imbalance of Th1/
Th2.55 Many tumors, including lung cancer, liver cancer, and 
gastric cancer, have a Th1/Th2 balance shift that is often 
dominated by Th2 cells in the body, which may be related to 
the immune escape of tumors.56 Consistent with the above 
assumptions, we found a positive association of SKAs ex-
pression with Th2 cell infiltration in this study. We observed 
a significant positive correlation between mRNA levels of 
SKAs and markers of Th2 cells, thus revealing the underlying 
mechanism by which SKAs influence the immune microen-
vironment through altering the infiltration state of Th2 cells.

While our study revealed some important findings, there 
are some limitations. Most of the experimental results in 
this study are based on online bioinformatics data analysis, 
and further experiments are required to explore the under-
lying mechanisms. In addition, most of the analyses were 
based on transcriptome data. We did not explore the asso-
ciation between SKA family protein expression and the clini-
cal outcomes of HCC patients. Finally, the specific mecha-
nism by which SKA promotes the progression of HCC was 
not discussed in this review. Further study is required to 
address these issues.

Conclusion

In summary, we performed differential expression profiling 
of SKA family genes in HCC. We analyzed the association of 
the expression of SKA family genes with tumor-infiltrating 
immune cells and found positive correlations with Th2 cells. 
We also evaluated the diagnostic and prognostic significance 
of SKA family members, identified SKA1 as an independent 
marker of survival outcomes in HCC, and confirmed its im-
portant role in tumor cell malignant behavior. Further ex-
perimental studies are required to confirm our findings.
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Abstract

Background and Aims: Microvascular invasion (MVI) is 
a major risk factor for the early recurrence of hepatocel-
lular carcinoma (HCC) and it seriously worsens the prog-
nosis. Accurate preoperative evaluation of the presence of 
MVI could greatly benefit the treatment management and 
prognosis prediction of HCC patients. The study aim was to 
evaluate the diagnostic performance of the apparent dif-
fusion coefficient (ADC), a quantitative parameter for the 
preoperative diagnosis MVI in HCC patients. Methods: 
Original articles about diffusion-weighted imaging (DWI) 
and/or intravoxel incoherent motion (IVIM) conducted on a 
3.0 or 1.5 Tesla magnetic resonance imaging (MRI) system 
indexed through January 17, 2021were collected from MED-
LINE/PubMed, Web of Science, EMBASE, and the Cochrane 
Library. Methodological quality was evaluated using Quality 
Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2). 
The pooled sensitivity, specificity, and summary area un-
der the receiver operating characteristic curve (AUROC) 
were calculated, and meta-regression analysis was per-
formed using a bivariate random effects model through a 
meta-analysis. Results: Nine original articles with a total 
of 988 HCCs were included. Most studies had low bias risk 
and minimal applicability concerns. The pooled sensitivity, 
specificity and AUROC of the ADC value were 73%, 70%, 
and 0.78, respectively. The time interval between the index 
test and the reference standard was identified as a pos-
sible source of heterogeneity by subgroup meta-regression 
analysis. Conclusions: Meta-analysis showed that the ADC 

value had moderate accuracy for predicting MVI in HCC. The 
time interval accounted for the heterogeneity.

Citation of this article: Deng Y, Li J, Xu H, Ren A, Wang 
Z, Yang D, et al. Diagnostic Accuracy of the Apparent Dif-
fusion Coefficient for Microvascular Invasion in Hepato-
cellular Carcinoma: A Meta-analysis. J Clin Transl Hepatol 
2022;10(4):642–650. doi: 10.14218/JCTH.2021.00254.

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon primary liver malignancies and the third leading cause 
of tumor-related deaths worldwide.1,2 Surgical resection and 
transplantation are currently considered the optimal treat-
ments of HCC, and despite consistent improvement in recent 
decades, both early-stage and long-term prognosis remain 
poor because of high recurrence rates.3 Studies of tumor 
characteristics, such as histological grade and tumor size,4,5 
have verified that microvascular invasion (MVI) is involved 
in early recurrence and poor long-term prognosis in HCC pa-
tients treated with resection or transplantation.6,7 As preop-
erative evaluation of MVI is difficult, a noninvasive, highly 
accurate tool for evaluating the presence/absence of MVI in 
HCC patients would help to make treatment decisions.

Diffusion-weighted imaging (DWI) is a magnetic resonance 
imaging (MRI) technique that is widely accessible and its 
high sensitivity for detecting the restriction of water molecule 
movement, contributes to the imaging of liver lesions, includ-
ing HCC.8,9 The apparent diffusion coefficient (ADC) value, 
which reflects the combination of water molecular diffusion 
and capillary perfusion, has been investigated for lesion 
characterization, HCC histological grade assessment,9,10–12 
and preoperative assessment of MVI in HCC.13–15 The varied 
results of available studies warrants a pooled analysis. This 
meta-analysis aimed to evaluate the diagnostic accuracy of 
the ADC value for predicting the presence of MVI in HCC.

Methods

Preferred Reporting Items for Systematic Reviews and Me-
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Diffusion-weighted imaging; Microvascular invasion.
Abbreviations: ADC, apparent diffusion coefficient; AUROC, area under the 
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ta-Analyses (PRISMA)16 was adopted as a guide for per-
forming the meta-analysis.

Literature search

The PICOS standard was used to guide the search.17 We 
conducted a comprehensive search for studies on the di-
agnostic validity of all diffusion-related parameters for the 
preoperative evaluation of MVI in HCC in Web of Science, 
EMBASE, PubMed/MEDLINE, and the Cochrane Library un-
til January 17, 2021. EndNote X9 software (Thomson Reu-
ters, NY, USA) was used for efficient filtering. Details of the 
search strategy are shown in Supplement 1. Additionally, 
all references shown in the listed literature were manually 
checked.

Inclusion and exclusion criteria

The inclusion criteria were as follows. (1) The diagnostic 
performance of MVI in HCC was evaluated using the ADC 
parameters of DWI or intravoxel incoherent motion (IVIM) 
in the original quantitative study. (2) The data provided by 
the study were sufficient to construct a diagnostic 2 × 2 
table. (3) The article was published in English; and 4) at 
least 30 HCC patients were included. The exclusion criteria 
were as follows: (1) nonhuman research; and 2) literature 
published in formats including reviews, patents, guidelines, 
chapters, case reports, conference abstracts, letters, or edi-
torials.

Data extraction and quality assessment

Two observers with more than 6 years of experience in liver 
imaging performed the data extraction and quality assess-
ment. For any disagreements in the above process, consen-
sus was obtained with the help of a third radiologist with 16 
years of liver imaging experience, as needed. The extracted 
data included basic data (true positives, false negatives, 
false negatives, and true negatives) and additional data 
(patient characteristics, imaging characteristics, and study 
characteristics) for meta-regression.18 If multiple diagnostic 
performance data were provided in the original study, we 
chose the best outcome. All extracted data were entered 
into Microsoft Excel 2016 for further analysis. Quality as-
sessment was performed with Quality Assessment of Diag-
nostic Accuracy Studies 2 (QUADAS-2).19 The bias risk was 
rated as low, unclear, or high, and the clinical applicability 
concern was rated as low, unclear, or high, with converted 
scores of 1, 2, or 3, respectively.20 In subsequent meta-
regression analyses, the total scores of each study served 
as covariates to quantitatively represent the general risk of 
bias and applicability.

Pathological MVI in HCC

MVI is defined as the presence of tumors in endothelial cells 
by microscopy, including the portal vein and hepatic vein.21 
In all included studies, MVI was divided into two groups 
(positive MVI or negative MVI).

Statistical analysis

QUADAS evaluations of the included articles were performed 
with Review Manager 5.3 software (Cochrane Collaboration, 

Copenhagen, Denmark). Threshold effect assessment was 
conducted using Meta-Disc 1.4 software provided by Ra-
mon y Cajal Hospital, Madrid, Spain.22 The pooled sensitiv-
ity, specificity, positive likelihood ratio, negative likelihood 
ratio, and diagnostic odds ratio and their corresponding 
95% confidence intervals (CIs) were determined by STATA 
14 (StataCorp, College Station, Texas, USA) software using 
the MIDAS command.23,24 Both the I2 statistic (I2>50%) 
and Cochran Q (p<0.05) were used to determine the pos-
sible occurrence of between-study heterogeneity.25,26 Meta-
regression was conducted to assess study heterogeneity.

Results

Literature search

After a comprehensive search, 435 records were retrieved. 
Initially, 148 records were removed by the automatic find-
duplicate function embedded in Endnote X9 software, and 
44 conference abstracts, 21 reviews, five meta-analyses, 
two case reports, two letters, and two editorials were 
excluded because their improper publication type. For a 
more accurate screening, we read the full texts of the re-
maining 211 records. After excluding seven non-English 
studies, those without sufficient data to extract, and 191 
unrelated studies, nine studies eventually remained (Fig. 
1).

Quality assessment and data extraction

The detailed data of the included articles are shown in Table 
113-15,27–32 and Supplement 2, including patient characteris-
tics (country/region, year, average age, number of lesions, 
average size), research characteristics (research design, 
number of readers, recruitment methods, time interval 
between the index test and the reference standard, blind-
ness to the index test during the reference test, blindness 
to the reference test during the index test), and imaging 
characteristics (MR manufacturer, MR field, MRI sequence, 
quantitative parameters, details of b values). The methodo-
logic quality of all studies based on QUADAS-2 is shown in 
Figure 2. Generally, there was a low bias risk and minimal 
concern of clinical applicability in most studies. Five studies 
had an unclear bias risk because it was not certain whether 
consecutive patients were recruited. Unclear applicability 
concerns were present in four studies because of the rela-
tive simplicity of the patient inclusion and exclusion criteria. 
Only one study had an unclear bias risk because it was not 
clear whether the reference results were blinded during the 
index test. Five studies had an unclear bias risk because 
they did not report the status of blinding of the index test 
results during the reference test in the reference standard. 
Additionally, there were concerns of the applicability of two 
studies because of insufficient information on pathological 
MVI. Regarding flow and timing, one study that did not re-
port the interval between the reference standard and MRI 
examinations, and three with time intervals greater than 1 
month were regarded as having an unclear bias risk and a 
high bias risk, respectively.

Diagnosis of MVI in HCC

Overall, the accuracy of the ADC value in predicting the 
presence of MVI was evaluated in nine studies including 
988 HCCs. The details of pooled sensitivity, specificity, posi-
tive likelihood ratio, negative likelihood ratio, and diagnostic 
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odds ratio were shown in Table 2. The area under the re-
ceiver operating characteristic curve (AUROC) of the ADC 
value was 0.78 for diagnosing MVI in HCC (Fig. 3). The for-
est plots showed that the between-study heterogeneities of 
ADC presented sensitivity (p=0.10, I2=40.64%) and speci-
ficity (p <0.01, I2=70.59%, Fig. 4).

The Begg’s funnel plot for ADC in predicting MVI 
(Z=2.40, p=0.016) are presented in Figure 5, which sug-
gests slight asymmetry in the data. Therefore, in evaluat-
ing our funnel plots, we can report only that there may 
have been publication bias, which is difficult to quantify, 
and that no major publication bias was detected. There 
was no significant threshold effect (p=1.0) for ADC in di-

agnosing MVI in HCC.

Meta-regression

Subgroup meta-regression analyses were performed with 
the following nine covariates: number of lesions (<90 or 
≥90), average age (<54 or ≥54 years), average size (<30 or 
≥30 mm), interval between the index test and the reference 
test (<30 or ≥30 days), blinding of the index test during the 
reference test (yes or unclear), blinding of the reference test 
during the index test (yes or unclear), concern of applicabil-
ity score (<4 or ≥4), risk of bias score (≤6 or >6) and MR 

Fig. 1.  Flowchart of study selection. ADC, apparent diffusion coefficient.
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parameter (DWI or IVIM). The results are shown in Table 3. 
The time interval (p<0.01 by the joint model) was a signifi-
cant cause of heterogeneity. Studies with time intervals ≥ 30 
days had significantly lower sensitivity and higher specificity 
than those with time intervals of <30 days (72% vs. 75% 
and 70% vs. 72%, respectively, p<0.01). In contrast, there 
were no sources of heterogeneity for mean age (p=0.21), 
mean size (p=0.08), number of lesions (p=0.91), blinding 
of the reference standard during the index test (p=0.70), 
blinding of the index test during the reference test (p=0.49), 
QUADAS risk of bias score (p=0.35), QUADAS applicability 
concern score (p=0.11) and MR sequence (p=0.57).

In addition, studies with a large number of lesions had the 
same specificity (70% vs. 70%, p=0.12) and a significantly 
higher sensitivity (74% vs. 72%, p<0.01) than those with 
a small number of lesions. Studies with a low risk of bias 
reported a significantly higher sensitivity than studies with 
a high risk of bias (75% vs. 71%, p=0.02). Studies with 
small sample sizes reported a significantly higher sensitivity 

and a significantly lower specificity (65% vs. 74%, p=0.01) 
than those with large sizes (79% vs. 69%, p=0.04). Studies 
with unclear blinding of the index test reported significantly 
higher sensitivity and specificity than studies with blinding 
of the index test (74% vs. 73%, p<0.01 and 73% vs. 66%, 
p=0.02, respectively). Studies using the DWI parameter re-
ported a significantly higher sensitivity and a significantly 
lower specificity (67% vs. 75%, p=0.01) than those using 
the IVIM parameter (74% vs. 72%, p=0.03).

Discussion

This meta-analysis included. nine original articles with 988 
HCCs and assessed the diagnostic performance of the ADC 
value for predicting MVI, with a pooled sensitivity, specific-
ity, and AUROC of 73%, 70% and 0.78, respectively. Our 
meta-analysis indicated that the ADC value had moderate 

Table 1.  Characteristics of the included studies

Patient characteristics Study characteristics

Reference
Region Age, 

years
Size, 
mm

Le-
sions, 
n

Study 
design

Con-
secu-
tive

Read-
ers, n

Blind 
1

Blind 
2

TI 
(days)

Risk 
score

Appli-
cation 
score

China 51.97 63.1 135 p Yes 2 Yes Yes 14 4 3 Wei et al.27

Japan 66.7 20.72 73 R Yes 2 Yes Unclear 85 7 4 Okamura 
et al.15

China 52 19 94 R Unclear 2 Yes Unclear 14 6 3 Rao et 
al.28

Korea 56 34.06 67 R Unclear 1 Yes Yes 45 7 4 Suh et 
al.14

China 54.14 39.43 100 unclear Yes Unclear Unclear Unclear Unclear 7 4 Wang et 
al.32

China 51.51 27.9 41 p Yes 2 Yes Unclear 30 5 3 Li et al.29

China 53.2 14.4 109 R Unclear 2 Yes Yes 16 5 4 Xu et al.13

China 59 57 318 R Unclear 2 Yes Unclear 7 6 5 Zhao J 
et al.30

China 50.6 56.7 51 R Unclear 2 Yes Yes 58 7 3 Zhao W 
et al.31

Imaging characteristics
Reference

Sequence Parameter Field (T) Manufacturer b-value feature, s/mm2

IVIM ADC/D 3 GE 0, 10, 20, 40, 80, 100, 150, 200, 
400, 600, 800, 1,000, and 1,200

Wei et al.27

DWI ADC 1.5/3.0 Siemens/GE 0, 1,000 Okamura et al.15

DWI ADC 1.5 Siemens 0, 500 Rao et al.28

DWI ADC 3 Siemens 50, 400, 800 Suh et al.14

DWI ADC 3 GE/Philips 0, 100, 600 Wang et al.32

IVIM ADC/D 3 Philips 0, 10, 20, 40, 80, 200, 400, 600, 1000 Li et al.29

DWI ADC 1.5 Siemens 0, 500 Xu et al.13

DWI ADC 1.5 GE 0, 800 Zhao J et al.30

IVIM ADC/D 3 GE 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100, 200, 300, 400, 500, 1,000

Zhao W et al.31

ADC, apparent diffusion coefficient; Application score, QUADAS score of clinical application concern; Blind 1, blinded to reference standard when assessing index test; 
Blind 2, blinded to index test when assessing reference test; D, tissue diffusivity; DWI, diffusion-weighted imaging; IVIM, intravoxel incoherent motion; P, prospective; 
R, retrospective; Risk score, QUADAS bias risk score; T, Tesla; TI, time interval between index test and reference standard.
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accuracy in predicting MVI in HCC, which was consistent 
with the findings of several high-impact original studies,27–30 
with a sensitivity and specificity of 71–76% and 65–66%, 
respectively. Several hypothetical reasons may contribute 
to the relation between the ADC value and the MVI status 
in HCC. First, MVI is more common in HCCs with higher 
histologic grades,33 and the ADC value has been reported to 
accurately assess the histologic grade of HCC.18 Therefore, 
it is possible that the ADC value could be used to predict 
MVI in HCC. Second, tumor embolism in MVI-positive he-
patic vascular branches, such as the portal vein, hepatic 
vein and intracapsular vessel, can limit the diffusion of wa-

ter molecules to some extent.34 Additionally, the presence 
of MVI can further increase the infiltration of tumor cells, 
provide more nutrients needed for proliferation, increase 
the tumor-cell density, and further limit the diffusion of wa-
ter molecules.27 However, because of the intrinsic inability 
to separate the effects of capillary perfusion and molecular 
diffusion, the diagnostic performance of the ADC value is 
not as promising in predicting MVI in HCC.

Several studies have investigated the diagnostic accu-
racy of other diffusion parameters, including the mean ap-
parent kurtosis coefficient and tissue diffusivity (D-value). 
Wang et al.35 and Cao, et al.36 found that higher mean kur-

Table 2.  Diagnostic accuracy of the apparent diffusion coefficient value for microvascular invasion of hepatocellular carcinoma

Studies, n 
(patients, n) AUROC Sensitivity, 

% (95% CI)
Specificity, 
% (95% CI)

positive likeli-
hood ratio, 
(95% CI)

Negative likeli-
hood ratio, 
(95% CI)

Diagnostic 
odds ratio, 
(95% CI)

ADC 9  
(988)

0.78  
(0.74, 0.81)

0.73  
(0.68, 0.78)

0.70  
(0.62, 0.77)

2.4  
(2.0, 3.1)

0.38  
(0.32, 0.46)

6  
(5, 9)

ADC, apparent diffusion coefficient; AUROC, area under the summary receiver operating characteristic curve; HCC, hepatocellular carcinoma; MVI, microvascular invasion.

Fig. 2.  Stacked bar charts of Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS2) scores of methodologic study quality provide an over-
view of study quality in the whole meta-analysis. 
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tosis values were potential predictors of MVI in HCC, with 
sensitivity, specificity and AUROC values of 70%, 77%, 
and 0.784 and 68.4%, 75%, and 0.77, respectively, which 
were comparable to the diagnostic performance of the ADC 
value calculated in this study. Diffusion kurtosis imaging 
(DKI), which reflects the heterogeneity and irregularity of 
tissue components, is an extension of diffusion tensor im-
aging for the detection of non-Gaussian water diffusion.37 
The higher mean kurtosis values may be caused by a more 
complex microenvironment with denser cellular structures 
and more irregular and heterogeneous lesions introduced 
by MVI, such as neoplastic cells, necrosis, and inflamma-
tion.35 In theory, IVIM can distinguish true water molecule 
diffusion from microcapillary perfusion. Therefore, the true 
tissue molecular diffusivity (D) calculated by the IVIM tech-
nique is more effective than the ADC value in probing the 
small differences in water molecule diffusion induced by 
MVI.38,39 To date, three published studies have examined 
the diffusion parameter of the D-value, and the results are 
inconsistent.27,29,31 Wei et al.27 found that the D-value was 
better than the ADC value for assessing MVI in HCC, with 
sensitivity, specificity and AUROC values of 78.2%, 75%, 
and 0.815, respectively. Zhao et al.31 showed that the D-
value had a moderate diagnostic performance for assessing 
MVI in HCC, with sensitivity, specificity and AUROC values 
of 66.7%, 88.9%, and 0.753, respectively. With limited 
studies and varied results, more studies are needed in the 
future to evaluate and confirm the diagnostic performance 
of the D-value and apparent kurtosis coefficient for MVI in 
HCC.

Fig. 3.  Summary receiver operating characteristic (SROC) plots of the 
apparent diffusion coefficient (ADC) value for microvascular invasion 
(MVI) of hepatocellular carcinomas. 

Fig. 4.  Forest plots of tests. The accuracy estimates (sensitivity and specificity) of the apparent diffusion coefficient (ADC) value for microvascular invasion (MVI) 
of hepatocellular carcinomas.
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Fig. 5.  Begg’s funnel plot for publication bias. The apparent diffusion coefficient (ADC) value for microvascular invasion (MVI) of hepatocellular carcinomas.

Table 3.  Covariate meta-regression results of apparent diffusion coefficient value for microvascular invasion of hepatocellular carcinoma

Covariate Sub-
group

Stud-
ies, n p Summary sensitiv-

ity, % (95% CI) p1 Summary specific-
ity, 5 (95% CI) p2

Age, years <54 5 0.21 0.77 (0.72, 0.83) 0.05 0.69 (0.59, 0.78) 0.05

≥54 4 0.68 (0.61, 0.76) 0.72 (0.62, 0.82)

Size, mm <30 4 0.08 0.79 (0.73, 0.84) 0.04 0.65 (0.55, 0.76) 0.01

≥30 5 0.69 (0.62, 0.76) 0.74 (0.65, 0.82)

Included lesions, n <90 4 0.91 0.72 (0.64, 0.80) 0.00 0.70 (0.59, 0.81) 0.12

≥90 5 0.74 (0.68, 0.81) 0.70 (0.60, 0.80)

Blind to reference Yes 8 0.70 0.74 (0.68, 0.79) 0.18 0.71 (0.63, 0.78) 0.72

Unclear 1 0.71 (0.57, 0.85) 0.65 (0.44, 0.86)

Blind to index test, n Yes 4 0.49 0.73 (0.66, 0.80) 0.00 0.66 (0.56, 0.77) 0.02

Unclear 5 0.74 (0.67, 0.82) 0.73 (0.64, 0.82)

Time interval, days <30 4 0.00 0.75 (0.68, 0.82) 0.03 0.72 (0.61, 0.83) 0.24

≥30 4 0.72 (0.64, 0.80) 0.70 (0.58, 0.82)

Risk score ≤6 5 0.35 0.75 (0.69, 0.82) 0.02 0.73 (0.63, 0.82) 0.32

>6 4 0.71 (0.63, 0.78) 0.67 (0.56, 0.78)

Applicability 
concern score

<4 4 0.11 0.78 (0.69, 0.87) 0.14 0.74 (0.65, 0.84) 0.29

≥4 5 0.71 (0.63, 0.78) 0.67 (0.58, 0.76)

Sequence DWI 6 0.57 0.74 (0.68, 0.80) 0.03 0.67 (0.59, 0.75) 0.01

IVIM 3 0.72 (0.62, 0.83) 0.75 (0.65, 0.86)

ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; HCC, hepatocellular carcinoma; IVIM, intravoxel incoherent motion; MVI, microvascular invasion.
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In addition to quantitative parameters, many qualita-
tive parameters are available for evaluating MVI, such as 
non-smooth tumor margins, irregular rim-like enhancement 
in the arterial phase, peritumoral arterial phase hyperen-
hancement, and peritumoral hepatobiliary phase hypoin-
tensity on MRI. In a high-quality meta-analysis, Hong et 
al.40 summarized multiple MRI features and concluded that 
rim arterial enhancement, arterial peritumoral enhance-
ment, peritumoral hypointensity in the hepatobiliary phase 
(HBP), and non-smooth margins were significant predictors 
of MVI of HCC, with sensitivities and specificities of 36.4% 
and 87.9%, 49.7% and 81.5%, 44.2% and 91.1%, and 
67.1% and 60.7%, respectively. A recent meta-analysis41 
of the evaluation of non-smooth tumor margins and peritu-
moral hypointensity in the HBP to preoperatively diagnose 
the presence of MVI in HCC obtained similar results with 
sensitivity, specificity and AUROC values of 73%, 61%, and 
0.74 and 43%, 90%, and 0.76, respectively. Those param-
eters were similar to the ADC value in predicting MVI in 
HCC with moderate accuracy, but qualitative parameters 
are subjective. Even for experienced radiologists, there is a 
difference.42 The ADC value can be quantitative or qualita-
tive. As a quantitative parameter, compared with qualita-
tive parameters, it is not limited by subjective differences 
of interpretation and has stronger practicability. In addition, 
the ADC value is one of the most commonly used clinical 
indicators and can be obtained without the use of contrast 
agents. Accordingly, we believe this work is necessary and 
useful, especially for those who are unable to undergo MRI 
enhancement for many reasons.

Compared with deep learning and radiomics, the diag-
nostic performance of the ADC value was inferior to that of 
the fusion-deep supervision net based on ADC, with sensi-
tivity, specificity and AUROC values of 67.06% vs. 75.29%, 
70.43% vs. 79.13%, and 71.24 vs. 79.69, respectively.32 Ad-
ditionally, the diagnostic performance of the ADC value was 
inferior to that of radiomics models based on MRI. Feng et 
al.43 found that a radiomics model based on HBP images had 
a relatively high performance in predicting MVI in HCC, with 
sensitivity, specificity and AUROC values of 90%, 75%, and 
0.83, respectively, in the validation cohort. A recent study44 
found that a radiomics model based on DWI combined with 
multiple phases of gadoxetate disodium-enhanced MRI had a 
higher performance in diagnosing MVI in HCC, with sensitiv-
ity, specificity and AUROC values of 96%, 86%, and 0.918 in 
the validation cohort. Therefore, the use of deep learning and 
radiomics can improve the diagnostic performance of MVI in 
liver cancer and is a direction for future research.

In this study, meta-regression analyses of nine covari-
ates showed that only the time interval was a significant 
source of heterogeneity. Studies with time intervals <30 
days exhibited significantly higher sensitivity and specific-
ity than those with time intervals ≥30 days. The shorter 
the time interval between MRI examination and surgical 
resection, the more closely the imaging features reflect 
the tumor parenchyma, and the better the diagnostic ef-
fectiveness. Therefore, an appropriate time interval should 
be considered in future studies. Additionally, studies with 
tumor sizes of <30 mm exhibited significantly higher sen-
sitivity and lower specificity than studies with tumors ≥30 
mm. Generally, the larger the diameter of HCCs, the greater 
the possibility of the existence of MVI45–47 and the easier 
it is to observe the imaging features; thus, the diagnos-
tic efficiency of MVI is better. However, that result was not 
obtained in the study. A possible reason is that the larger 
the HCC is, the more prone it is to bleeding and necro-
sis, which affect the ADC measurement. Meta-regression 
was conducted for bias risk, and studies with low risk had 
higher sensitivity than studies with high risk (75% vs. 71%, 
p=0.02), which showed that improving the quality of test 
studies is essential. Meta-regression was also conducted for 

the blind to index test, and studies with unclear blinding 
had better sensitivity and specificity than those with blind-
ing (74% vs. 73%, p <0.01 and 73% vs. 66%, p=0.02). 
The measurement bias of the pathological results probably 
occurred because reviewers had some knowledge of the sig-
nal intensity. Meta-regression was also conducted for the 
number of included lesions, and studies with a large num-
ber of lesions had higher sensitivity than those with a small 
number of lesions (74% vs. 72%, p <0.01), which indicated 
that increasing the number of samples is essential. Those 
covariates should be used to reduce heterogeneity as much 
as possible in further studies.

There were several limitations. First, most of the studies 
included in the meta-analysis were retrospective, which may 
cause patient and imaging technique selection biases. Sec-
ond, we discussed the diagnostic accuracy of the D-value in 
predicting MVI in HCC in our discussion but did not include it 
in our meta-analysis because of the limited number of stud-
ies. Finally, only original articles in English were included in 
the meta-analysis. In conclusion, our meta-analysis found 
that the ADC value had moderate accuracy in noninvasively 
predicting pathological MVI in HCC. In future studies, artifi-
cial intelligence such as radiomics studies and deep learning 
based on a combination of multiple MRI sequences or more 
MRI features, including the D-value of IVIM, could be per-
formed to investigate and verify potential improvements for 
predicting MVI in HCC.
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Abstract

Background and Aims: 1,5-Anhydroglucitol (1,5AG) activ-
ity has been reported in chronic liver disease. Hepatitis B vi-
rus (HBV)-related acute-on-chronic liver failure (HBV-ACLF) 
patients have a high mortality. We aimed to discover the re-
lationship between serum 1,5AG and the prognosis of HBV-
ACLF. Methods: Serum 1,5AG levels were determined in 
333 patients with HBV-ACLF, 300 without diabetes were allo-
cated to derivation (n=206) and validation cohorts (n=94), 
and 33 were recruited to evaluate 1,5AG in those with diabe-
tes. Forty patients with chronic hepatitis B, 40 with liver cir-
rhosis, and 40 healthy people were controls in the validation 
cohort. Results: In the derivation and validation cohorts, 
serum 1,5AG levels were significantly lower in nonsurvivors 
than in survivors. The AUC of 1,5AG for 28-day mortality 
was 0.811. In patients with diabetes, serum 1,5AG levels 
were also significantly lower in nonsurvivors than in survi-
vors. In multivariate Cox regression analysis, serum 1,5AG 
levels were independently associated with 28-day mortal-
ity. A novel predictive model (ACTIG) based on 1,5AG, age, 
TB, cholesterol, and INR was derived to predict mortality. 
In ACTIG, the AUC for 28-day mortality was 0.914, which 
was superior to some prognostic score models. ACTIG was 
also comparable to those prognostic score models in pre-
dicting 6-month mortality. In mice with D-galactosamine/
lipopolysaccharide-induced liver failure, 1,5AG levels were 
significantly reduced in serum and significantly increased in 
urine and liver tissue. Conclusions: Serum 1,5AG levels are 
a promising predictor of short-term mortality in HBV-ACLF 
patients. The 1,5AG distribution changed in mice with D-

galactosamine/ lipopolysaccharide-induced liver failure.

Citation of this article: Zhang L, Zhao Y, Xie Z, Xiao L, 
Hu Q, Li Q, et al. 1,5-Anhydroglucitol Predicts Mortality in 
Patients with HBV-Related Acute-on-chronic Liver Failure. 
J Clin Transl Hepatol 2022;10(4):651–659. doi: 10.14218/
JCTH.2021.00347.

Introduction

Acute-on-chronic liver failure (ACLF) is associated with high 
short-term mortality,1,2 and hepatitis B virus (HBV) is a fre-
quent etiology of ACLF in Asia.3 The high mortality of HBV-
ACLF had made it valuable to find novel markers to predict 
the prognosis.4,5 1,5-Anhydroglucitol (1,5AG) is obtained 
mainly from food, and nearly 99.9% is reabsorbed by glu-
cose transporters in renal tubules to form a stable metabolic 
pool.6 Because glucose competitively inhibits reabsorption,7 
1,5AG is used as a biomarker to reflect glucose control and 
postprandial plasma glucose in diabetes.8 1,5AG activity 
has been reported in various diseases, including acute coro-
nary syndrome, diabetes and end-stage renal disease.9–11

Yamagishi et al. found that 1,5AG levels were signifi-
cantly reduced in cirrhotic patients compared with healthy 
people,12 Koga et al. reported decreased serum 1,5AG lev-
els in chronic liver disease and that low serum 1,5AG levels 
were linked to impaired liver function.13 1,5AG can be bio-
synthesized in the liver,6,13,14 and previous research from 
our laboratory on plasma metabolites indicated that 1,5AG 
was a potential marker of liver regeneration in a rat mod-
el.15 However, a relationship between HBV-ACLF and serum 
1,5AG levels has not been reported. Here, we explored the 
correlation between serum 1,5AG levels and the prognosis 
of HBV-ACLF for the first time. We confirmed our results in 
a mouse model of D-galactosamine- and lipopolysaccharide 
(D-GaIn/LPS)-induced liver failure.

Methods

Study population

A group of 384 HBV-ACLF patients were recruited from May 
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1, 2017, to December 31, 2020 at the First Affiliated Hospi-
tal, College of Medicine, Zhejiang University. Fifty-one were 
excluded, 300 without diabetes were separated into deri-
vation (n=206) and validation cohorts (n=94), and a third 
cohort of 33 patients was recruited to evaluate 1,5AG in 
those with diabetes. Forty healthy controls (HC), 40 liver 
cirrhosis (LC) patients, and 40 chronic hepatitis B (CHB) 
patients were controls in the validation cohort. Exclusion 
characteristics were the presence of renal disease, hepa-
tocellular carcinoma, extrahepatic malignancies, <18 years 
of age, pregnancy, other serious systemic diseases pre-ex-
isting liver disease (autoimmune liver disease, schistoso-
miasis disease, alcoholic liver disease, and so on). Fifty-one 
patients were excluded. Sixteen did not satisfy the Asian 
Pacific Association for the Study of the Liver ACLF criteria, 
five for lack of follow-up, six for hepatocellular carcinoma, 
three for extrahepatic malignancies, fourteen for pre-exist-
ing liver diseases, two for pre-existing renal diseases, and 
five for incomplete data.

HBV-ACLF was diagnosed by the Asian Pacific Association 
for the Study of the Liver criteria as previously described.16 
CHB was diagnosed by the 2009 American Association for 
the Study of Liver Diseases guidelines, and LC was diag-
nosed according to the 2012 North American consortium for 
the study of end-stage liver disease experience.17–19 Prog-
nostic score models, including the Model for End-Stage Liv-
er Disease (MELD),20 iMELD,21 MELD-Na,22 Chinese Group 
on the Study of Severe Hepatitis B (COSSH-ACLF),23 and 
Chronic Liver Failure Consortium Acute-on-Chronic Liver 
Failure (CLIF-C ACLF)24 were used to predict 28-day and 
6-month mortality.

The study was approved by the Ethics Committee of the 
First Affiliated Hospital, College of Medicine, Zhejiang Uni-
versity and was conducted in compliance with the principles 
of the 1975 Declaration of Helsinki. Subjects gave informed 
consent to participate in the study. All animal experiments 
were performed under sodium pentobarbital anesthesia to 
minimize suffering and were approved by the Ethics Com-
mittee of the First Affiliated Hospital, Zhejiang University 
School of Medicine.

Animals

Male C57BL/6J mice (20–25 g) were obtained from Beijing 
Vital River Laboratory Animal Technology Corporation. Liver 
injury was induced by injection of 400 mg/kg D-GaIN and 
10 µg/kg LPS (Sigma, St Louis, MO, USA). Mice were sac-
rificed 6 h after injection, and liver tissue, urine and blood 
were collected for analysis. The survival of mice in the study 
groups was continuously monitored every 2 h for 24 h, and 
24 mice (12 per group) were used.

Biochemical assays

Serum, liver tissue, and urine were stored at −80°C be-
fore use. 1,5AG was determined with ELISA kits (Abbexa, 
Cambridge, UK). ALT, AST, and serum glucose levels were 
determined with commercial kits (Jiancheng Bioengineering 
Institute, Nanjing, Jiangsu, China).

Statistical analysis

Statistical analysis was performed with MEDCALC (Ostend, 
Belgium) and SPSS 18.0 (SPSS Inc., Chicago, IL, USA). 
Continuous variables were reported as means ± stand-
ard deviation \or medians with interquartile range. Differ-
ences were compared with Student’s t-test, Mann-Whitney 

U tests, one-way analysis of variance or Kruskal-Wallis H 
tests, as appropriate. Categorical variables were reported 
as numbers and percentages (%), and differences were 
compared with chi-squared or Fisher’s exact tests. Multi-
variate analysis of independent prognostic factors for HBV-
ACLF was performed using Cox regression. Cumulative sur-
vival rates were compared by the Kaplan-Meier method and 
log-rank tests.

Results

Patient baseline characteristics

From 1 May 2017, to 31 December 2020, 384 patients with 
HBV-ACLF were enrolled. Based on the exclusion criteria, 
51 were not included in the analysis, 83.5% of the deriva-
tion cohort. were men, and 34.0% died or underwent liver 
transplantation within 28 days. At 28 days the nonsurvivors 
were older (p=0.005), had higher white blood cell (p=0.008) 
and neutrophil (p=0.002) counts, higher total bilirubin (TB, 
p<0.001), hepatic encephalopathy (HE) grade (p<0.001), 
hypoglycemia (p=0.040), international normalized ratio 
(INR, p<0.001), ammonia (p=0.002), and blood urea ni-
trogen (BUN, p=0.005) than the survivors (Table 1). 1,5AG 
(p<0.001), triglycerides (p<0.001), cholesterol (p<0.001), 
alpha fetoprotein (AFP, p=0.001), and gamma glutamyl 
transpeptidase (GGT, p=0.007) were significantly higher in 
survivors than in nonsurvivors (Table 1). The incidence of 
organ failure including the liver (p=0.004), brain (p=0.006), 
and coagulation (p<0.001), was significantly higher in non-
survivors (Table 1). The MELD, iMELD, MELD-Na, COSSH-
ACLF and CLIF-C ACLF scores were also significantly higher 
in nonsurvivors (Table 1, all p<0.001). The clinical data of 
the validation cohort are shown in Supplementary Table 1.

Serum 1,5AG levels in HBV-ACLF

As shown in Figure 1A, serum 1,5AG levels were lower in 
nonsurvivors than in survivors (p<0.001) in the derivation 
and validation cohorts. As the number of failed organs in-
creased in the derivation cohorts, the serum 1,5AG levels 
significantly decreased (p<0.001, Fig. 1B). In the validation 
cohort, serum 1,5AG was significantly lower in HBV-ACLF 
nonsurvivors than in survivors and in the HC, CHB, and LC 
groups (p<0.05, Fig. 1C). 1,5AG levels were higher in the 
HC the than in the CHB and LC groups and the HBV-ACLF 
survivors and nonsurvivors (p<0.05, Fig. 1C). The char-
acteristics of patients in the HC, CHB, and LC groups are 
shown in Supplementary Table 2. Patients in the LC group 
were older than those in the CHB, HC and HBV-ACLF groups. 
There were no significant sex differences of the four groups.

1,5AG levels in HBV-ACLF in 33 patients with diabetes are 
shown in Figure 1I. Serum 1,5AG levels were significantly 
lower in nonsurvivors (p<0.05) and lower in those with dia-
betes than without diabetes (p<0.01, Fig. 1H). In HBV-ACLF 
survivors, serum 1,5AG levels were also significantly lower 
in patients with diabetes (p<0.01, Supplementary Fig. 1A). 
In the nonsurvivor groups, there were no significant differ-
ences in serum 1,5AG levels between HBV-ACLF patients 
with and without diabetes (p=0.457, Supplementary Fig. 
1B). The clinical characteristics of patients with diabetes are 
shown in Supplementary Table 3.

Correlations of serum 1,5AG levels and the laboratory 
values in the derivation cohort are shown in Supplemen-
tary Figure 3. Serum 1,5AG had a moderately positive cor-
relation with serum uric acid (r=0.307) in patients with-
out pre-existing hyperuricemia and a moderately negative 



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  651–659 653

Zhang L. et al: 1,5AG predicts mortality in HBV-ACLF

Table 1.  Baseline characteristics of the derivation cohort

Characteristic
HBV-ACLF (n=206)

p
Survivors (n=136) Nonsurvivors (n=70)

Age, years 45.4±12.6 51.2±10.5 0.005

Male sex 109 (80.1) 63 (90.0) 0.071

BMI (kg/m2) 24.0±3.6 23.5±3.6 0.358

Liver cirrhosis 72 (52.9) 41 (58.6) 0.442

Complications

  Gastrointestinal hemorrhage 5 (3.7) 7 (10.0) 0.128

  Ascites 74 (54.4) 38 (54.3) 0.986

  Infection 55 (40.4) 33 (47.1) 0.357

HE

  I–II 14 (10.3) 19 (27.1) <0.001

  III–IV 4 (2.9) 10 (14.3)

Laboratory data

  ALT (U/L) 160.5 (89.0, 376.5) 255.0 (105.5, 405.0) 0.258

  AST (U/L) 128.5 (76.0, 214.0) 147.0 (88.5, 230.8) 0.263

  ALP (U/L) 133.0 (108.0, 157.5) 126.0 (107.8, 150.8) 0.455

  Albumin (g/dL) 31.2±4.0 31.7±4.5 0.478

  TB (µmol/L) 327.9±109.8 412.4±126.5 <0.001

  TBA (µmol/L) 280.0±116.8 264.5±116.1 0.371

  GGT (U/L) 79.0 (57.0, 116.5) 62.0 (41.8, 106.0) 0.007

  Creatinine (µmol/L) 66.0 (55.0, 75.0) 65.5 (55.0, 94.5) 0.143

  BUN (mmol/L) 4.0 (2.9, 5.4) 4.7 (3.4, 6.8) 0.005

  Triglycerides (mmol/L) 1.3 (1.1, 1.8) 1 (0.8, 1.3) <0.001

  Uric acid (µmol/L) 143.1±45.9 130.0±47.6 0.057

  Cholesterol (mmol/L) 2.4±0.9 2.0±0.7 <0.001

  White blood cell count (109/L) 7.1±3.0 8.3±3.6 0.008

  Neutrophil count (109/L) 4.9±2.7 6.3±3.3 0.002

  Hemoglobin (g/L) 122.3±23.0 123.0±19.7 0.827

  Platelet count (109/L) 112.5±57.4 101.6±51.2 0.183

  INR 1.8 (1.6, 2.1) 2.6 (2.1, 3.1) <0.001

  Lg (DNA) 5.2±1.6 5.9±1.9 0.010

  Ferritin (ng/mL) 2,587.2 (1,525.5, 4,025.1) 3,149.8 (1,866.8, 5,184.5) 0.069

  AFP (ng/mL) 154.5 (50.3, 353.8) 49.1 (18.7, 186.7) 0.001

  Sodium (mmol/L) 137.7±3.4 137.8±4.6 0.852

  Serum ammonia (µmol/L) 49.5±25.5 66.3±37.0 0.002

  Blood glucose (mmol/L) 4.0 (3.4, 4.6) 4.3 (3.4, 5.6) 0.240

  Hypoglycemia (no.) 8 (5.9) 10 (14.5) 0.040

  1,5AG (µg /mL) 36.7±12.5 23.3±8.7 <0.001

Organ failure

  Liver 115 (84.6) 69 (98.6) 0.004

  Coagulation 10 (7.4) 41 (58.6) <0.001

  Kidney 0 (0.0) 3 (4.3) 0.069

  Brain 4 (2.9) 10 (14.3) 0.006

(continued)
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correlation with INR (r= −0.353, Supplementary Fig. 3A). 
Serum 1,5AG levels were not significantly correlated with 
AFP (r=0.078), BMI (r=0.095), blood glucose (r=−0.017), 
BUN (r=−0.122), TB (r=−0.106), or creatinine (r=−0.124, 
Supplementary Fig. 3A). Serum 1,5AG levels were also 
negatively correlated with COSSH-ACLF (r=−0.370), CLIF-
C ACLF (r=−0.327), MELD (r=−0.323), iMELD (r=−0.318), 
and MELD-Na (r=−0.312) prognosis scores (Supplementary 
Fig. 3B). We confirmed the correlations in the validation co-
hort (Supplementary Fig. 4).

Predictive ability of serum 1,5AG levels for 28-day 
and 6-month mortality

The predictive ability of serum 1,5AG levels for 28-day mor-
tality was investigated in the derivation cohorts. The area 
under the receiver operating characteristic curve (AUC) of 
serum 1,5AG levels alone was 0.811 (Fig. 1D). Patients were 
stratified into low- and high-1,5AG groups using the optimal 
1,5AG cutoff value of 29.5 µg/mL. The 28-day mortality was 
significantly higher in the low-1,5AG group (p<0.001, Fig. 
1F). The sensitivity was 0.800 and specificity was 0.654. We 
confirmed the results in the validation cohort (Supplemen-
tary Fig. 2A and C). The predictive ability of serum 1,5AG 
in HBV-ACLF patients with diabetes was 0.763 (Supplemen-
tary Fig. 1C).

Six-month mortality was estimated in the derivation, val-
idation, and HBV-ACLF with diabetes cohorts. Four patients 
lost to follow-up. The predictive ability of serum 1,5AG lev-
els alone was 0.737 in the derivation cohort (Fig. 1E), 0.728 
in the validation cohort (Supplementary Fig. 2B) and 0.688 
in the HBV-ACLF with diabetes cohort (Supplementary Fig. 
1D). Mortality was significantly higher in the low-1,5AG 
than in the high-1,5AG group in the derivation and valida-
tion cohorts (p<0.001; Figs 1G and 2D).

Independent prognostic predictors for short-term 
mortality

In the derivation cohort, univariate Cox analysis found that 

HE grades, age, TB, creatinine, triglycerides, cholesterol, 
white blood cell count, neutrophil count, INR, Lg (DNA), fer-
ritin, AFP, and serum 1,5AG levels (Table 2) were high-risk 
factors for the 28-day mortality of HBV-ACLF. Multivariate 
Cox regression indicated that serum 1,5AG level [(hazard ra-
tio (HR) 0.918, p<0.001), TB level (HR 1.003, p=0.003), age 
(HR 1.026, p=0.022), INR (HR 3.724, p<0.001) and choles-
terol level (HR 0.619, p=0.007)] were independent prognos-
tic predictors of 28-day mortality of HBV-ACLF (Table 2).

A predictive model was developed from the multivari-
ate Cox regression analysis with ACTIG=0.026×age+0.00
3×TB+1.315×INR−0.085×1,5AG−0.480×cholesterol. The 
AUC for 28-day mortality of the ACTIG model was 0.914, 
which was superior to those of MELD-Na (0.801, p<0.001), 
iMELD (0.774, p<0.001), MELD (0.812, p<0.001), COSSH-
ACLF (0.861, p=0.028) and CLIF-C ACLF (0.825, p=0.002) 
for predicting 28-day mortality (Table 3, Fig. 2A). In pre-
dicting 6-month mortality (Table 3, Fig. 2B), ACTIG (0.865) 
was also comparable to that of MELD-Na (0.818, p=0.147), 
iMELD (0.805, p=0.069), MELD (0.825, p=0.206), COSSH-
ACLF (0.857, p=0.751) and CLIF-C ACLF (0.820, p=0.136). 
Nonsurvivors had a significantly higher ACTIG score than 
survivors in the derivation and validation cohorts (Fig. 2C). 
We divided patients into high- and low-ACTIG groups by the 
cutoff value of 0.710. The 28-day and 6-month mortality 
of the high-ACTIG group was significantly higher than that 
of the low-ACTIG group (p<0.001, Fig. 2D and E). We con-
firmed the new model in the validation cohort (Supplemen-
tary Table 4, Fig. 2G and H) and HBV-ACLF patients with 
diabetes (Supplementary Fig. 1E and F).

1,5AG levels in D-GaIN/LPS-induced liver failure

Previous studies reported that 1,5AG remains steady in blood, 
tissues and urine.25,26 Therefore, the distribution balance of 
1,5AG may be disrupted in ACLF patients. As HBV-ACLF does 
not have a standard animal model, we investigated 1,5AG 
levels in D-GaIN/LPS-induced liver failure. LPS/D-GaIN-treat-
ed mice began to die at 6 h, and the mortality rate was 75% 
(Fig. 3B). As shown in Figure 3B, serum ALT (p=0.014) and 
AST (p<0.001) levels were significantly increased in the D-

Characteristic
HBV-ACLF (n=206)

p
Survivors (n=136) Nonsurvivors (n=70)

  Lung 0 (0.0) 1 (1.4) 0.340

  Circulation 0 (0.0) 1 (1.4) 0.340

Severity score

  MELD 21.2±3.7 27.4±6.4 <0.001

  MELD-Na 21.9±4.4 28.5±7.0 <0.001

  iMELD 38.4±6.3 46.4±8.6 <0.001

  CLIF-C ACLF 37.6±6.4 46.6±7.4 <0.001

  COSSH-ACLF 4.8±0.5 6.0±1.1 <0.001

HBV-ACLF (COSSH criteria)

  ACLF grade 1 126 (92.6) 28 (40.0) <0.001

  ACLF grade 2 9 (6.6) 30 (42.9)

  ACLF grade 3 1 (0.7) 12 (17.1)

Data are means ± standard deviation, numbers (%), or medians (interquartile range), as shown. 1,5AG, 1,5-anhydroglucitol; AFP, Alpha fetoprotein; ALP, Alkaline 
phosphatase; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; CLIF-C ACLF, Chronic Liver Failure Consortium Acute-on-
Chronic Liver Failure score; COSSH-ACLF, Chinese Group on the Study of Severe Hepatitis B; GGT, γ-glutamyl transpeptidase; HE, Hepatic encephalopathy; iMELD, 
Integrated MELD. INR, International normalized ratio; MELD-Na, MELD sodium; MELD, Model for End-stage Liver Disease score; TB, Total bilirubin; TBA, Total bile acid.

Table 1.  - (continued)
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GaIN/LPS group at 6 h. Hematoxylin–eosin staining showed 
liver architecture disruption, vacuolization, disappearance of 
nuclei, ballooned hepatocytes, and severe tissue hemorrhage 
(Fig. 3A). Assays of 1,5AG concentration in serum, urine and 
liver tissue found that the 1,5AG levels were significantly re-
duced in serum (p=0.001, Fig. 3C) and significantly increased 
in urine (p=0.005, Fig. 3C) and liver tissue (p.=0.009, Fig. 
3C) in the D-GaIN/LPS group. We also found lower glucose 
levels in the D-GaIN/LPS group (p<0.001, Fig. 3B).

Discussion

Because of the high mortality of liver failure,1 accurate bio-
markers of prognosis are valuable. Here, we showed for the 
first time that serum 1,5AG levels were predictive of the 28-
day and 6-month mortality of HBV-ACLF patients. We showed 
that serum 1,5AG levels were also significantly lower in HBV-
ACLF nonsurvivors than in the survivors and the HC, CHB, 
and LC groups. In accord with previous studies,12,13 we found 
lower serum 1,5AG levels in the LC and CHB groups than 

in the HC group. According to the optimal cutoff value, pa-
tients with lower serum 1,5AG levels had significantly higher 
28 day and 6-month mortality. The results were validated in 
another cohort of HBV-ACLF patients, which strengthens the 
reliability of the predictive ability. It is well known that 1,5AG 
is related to diabetes. Thus, we also investigated 1,5AG lev-
els in HBV-ACLF patients with diabetes. Serum 1,5AG levels 
were significantly lower in HBV-ACLF patients with diabetes. 
In patients with diabetes, we also found that serum 1,5AG 
levels were markedly lower in nonsurvivors than in survivors. 
Because of the small sample size, the association between 
serum 1,5AG levels and the prognosis of HBV-ACLF with dia-
betes needs to be confirmed in further studies.

Moreover, in multivariate Cox regression analysis of 28-
day mortality, serum 1,5AG levels remained an independent 
prognostic factor when analyzed together with clinical param-
eters. We developed a new predictive model that was superior 
to MELD-Na, iMELD, MELD, COSSH-ACLF and CLIF-C ACLF in 
predicting 28-day mortality. It was also comparable to MELD-
Na, iMELD, MELD, COSSH-ACLF and CLIF-C ACLF in predicting 
6-month mortality. To our knowledge, there are only a few 

Fig. 1.  Serum 1,5-Anhydroglucitol (1,5AG) levels in patients with hepatitis B virus related acute-on-chronic liver failure (HBV-ACLF) and ability to 
predict 28 day and 6-month mortality. Distribution of serum 1,5AG levels in the derivation and validation cohorts (a). Serum 1,5AG levels decreased with increasing 
failed organ numbers in the derivation cohort (b). Serum 1,5AG levels were significantly lower in HBV-ACLF nonsurvivors than in the survivors and the healthy controls 
(HC), chronic hepatitis B (CHB), and liver cirrhosis (LC) groups (c). Prediction of 28-day (d) and 6-month (e) mortality by serum 1,5AG levels in the derivation cohorts. 
Survival rates at 28 days (f) and 6 months (g) at high- and low serum 1,5AG levels in the derivation cohort. Serum 1,5AG levels in HBV-ACLF patients with and without 
diabetes (h). Serum 1,5AG level distribution in HBV-ACLF patients with diabetes (i). *p<0.05, **p<0.01 and ***p<0.001.
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Fig. 2.  Prediction of 28 day and 6-month mortality of patients with HBV-ACLF, by ACTIG and other scores. Prediction of 28 day (a), and 6-month (b), 
mortality in the derivation cohorts. ACTIG score distribution in both the derivation and validation cohorts (c). Survival rates at 28 days (d), and 6 months (e), in the 
low- and high-ACTIG score groups in the derivation cohort. ***p<0.001.

Table 2.  Independent risk factors for 28-day mortality

Variable
Univariate Cox regression model Multivariate Cox regression model

HR (CI 95 %) p HR (CI 95 %) p

Age, years 1.030 (1.011–1.050) 0.002 1.026 (1.004–1.049) 0.022

HE 2.248 (1.647–3.068) <0.001

TB (µmol/L) 1.005 (1.003–1.007) <0.001 1.003 (1.001–1.005) 0.003

Creatinine (µmol/L) 1.012 (1.007–1.016) <0.001

Triglycerides (mmol/L) 0.233 (0.117–0.465) <0.001

Cholesterol (mmol/L) 0.526 (0.364–0.761) 0.001 0.619 (0.437–0.876) 0.007

White blood cell count (109/L) 1.101 (1.032–1.175) 0.003

Neutrophil count (109/L) 1.129 (1.056–1.207) <0.001

INR 2.901 (2.352–3.577) <0.001 3.724 (2.583–5.368) <0.001

Lg (DNA) 1.203 (1.048–1.382) 0.009

Ferritin 1.000 (1.000–1.000) 0.020

AFP 0.999 (0.997–1.000) 0.016

1,5AG 0.904 (0.878–0.930) <0.001 0.918 (0.890–0.948) <0.001

1,5AG, 1,5-anhydroglucitol; AFP, Alpha fetoprotein; HE, Hepatic encephalopathy; INR, International normalized ratio; TB, Total bilirubin; HR, Hazard ratio.
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studies evaluating the association of 1,5AG level with liver 
diseases.12,13 1,5AG levels have not been studied thus far in 
ACLF patients. All the results demonstrated that the serum 
1,5AG level is a promising biomarker for HBV-ACLF.

As an animal model, LPS/GaIN has been widely used 
to mimic clinical liver dysfunction.27 We found that 1,5AG 
levels were significantly reduced in serum and significantly 
increased in urine and liver tissue in mice with D-GaIN/LPS-
induced liver failure. That indicates that the distribution bal-
ance of 1,5AG was changed. Small amounts of 1,5AG are 
synthesized in the liver by the anhydrofructose pathway.14 

However, most 1,5AG originates from food, so impaired 
hepatic synthesis cannot explain the reduced serum 1,5AG 
levels.13 It also cannot explain the increase in 1,5AG levels 
in the liver in our mouse model. It has been reported that 
1,5AG remains balanced in blood, tissues and urine.25 Koga 
et al.13 found a correlation between 1,5AG levels and serum 
uric acid. 28 Uric acid is also reabsorbed in renal tubules. 
Therefore, they proposed that the low serum 1,5AG levels in 
patients with chronic liver disease may be associated with re-
nal tubular dysfunction. According to a previously published 
study, patients with jaundice developed hypouricemia that 

Fig. 3.  1,5AG concentration in the D-galactosamine and lipopolysaccharide (D-GaIN/LPS)-induced liver failure model. Hematoxylin–eosin-stained liver 
sections (100×). (a) Serum glucose, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in mice (n=6). (b) Survival rate of D-GaIN/LPS-
induced liver failure (n=12). (b) 1,5AG concentration in serum (n=6), urine (n=6) and liver tissue (n=6). (c) *p<0.05, **p<0.01 and ***p<0.001.

Table 3.  Comparison of the predictive value for patients with HBV-ACLF in derivation cohorts

Model
28-day mortality 6-month mortality

AUC (95% CI) Z-value p-value AUC (95% CI) Z-value p-value

n=206 n=204

ACTIG 0.914 (0.867–0.948) 0.865 (0.810–0.908)

MELD 0.812 (0.752–0.863) 3.464 <0.001 0.825 (0.766–0.875) 1.266 0.206

MELD-Na 0.801 (0.740–0.853) 3.753 <0.001 0.818 (0.759–0.869) 1.452 0.147

iMELD 0.774 (0.710–0.829) 4.497 <0.001 0.805 (0.744–0.857) 1.816 0.069

CLIF-C ACLFs 0.825 (0.766–0.874) 3.085 0.002 0.820 (0.760–0.870) 1.490 0.136

COSSH-ACLFs 0.861 (0.806–0.905) 2.204 0.028 0.857 (0.801–0.902) 0.318 0.751

CLIF-C ACLF, Chronic Liver Failure Consortium Acute-on-Chronic Liver Failure score; COSSH-ACLF: Chinese Group on the Study of Severe Hepatitis B; MELD: Model for 
End-stage Liver Disease score; MELD-Na: MELD sodium; iMELD: Integrated MELD.
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was associated with renal tubular dysfunction.29 However, 
they did not investigate urinary excretion of 1,5AG in chronic 
liver disease patients. Another study also found that serum 
1,5AG and urinary excretion 1,5AG were closely correlated 
with urine N-acetyl-beta-glucosaminidase, which may indi-
cate renal tubular damage.30 Renal injury is a common com-
plication of ACLF and is always related to poor outcomes.31 
We found a correlation between uric acid and serum 1,5AG 
levels in our HBV-ACLF patients. In our mouse model, 1,5AG 
levels were significantly increased in urine, but we did not 
find significant correlations between 1,5AG and creatinine 
and BUN. Creatinine is a marker of glomerular filtration 
function but not kidney tubular injury.32 BUN cannot accu-
rately reflect kidney function in patients with end-stage liver 
disease.33 Based on those studies and our results, low serum 
1,5AG levels in HBV-ACLF patients may be partly related to 
the decrease in reabsorption of 1,5AG caused by renal tubu-
lar injury, as illustrated by Figure 4. A future study may be 
required to detect specific biomarkers of renal tubular injury 
may be required to confirm the results.

However, the significantly increased 1,5AG levels in liver 
tissue still need to be explained. Serum 1,5AG levels were 
reported to dramatically increase during the oral glucose 
tolerance test.34 An in vitro study found that after an acute 
glucose load, 1,5AG in the culture medium of hepatocytes 
increased slightly rather than declining. 1,5AG and glucose 
may share the same transporter and are competitive with 
each other in hepatocytes.26 It is known that glucose me-
tabolism is impaired during liver disease.35 Our mouse mod-

el showed hypoglycemia, which may explain the increased 
1,5AG levels in liver tissue. The HBV-ACLF nonsurvivor 
group also displayed a higher percentage of hypoglycemia. 
However, we did not find a significant relation between se-
rum 1,5AG levels and blood glucose. The relationship be-
tween serum 1,5AG levels and blood glucose in ACLF should 
be investigated in the future.

Several study limitations may have influenced the re-
sults. First, the prognostic predictive ability of serum 1,5AG 
levels was only observed in a single center study with a 
retrospective cohort study. The result should be assessed in 
multicenter prospective studies. Second, our research only 
included ACLF patients with HBV infection, and the prognos-
tic value of 1,5AG in liver failure caused by other etiologies 
needs further confirmation. Third, the D-GaIN/LPS-induced 
liver failure model cannot fully reflect the pathophysiological 
changes in ACLF patients, and we may need a better model 
to verify the results.

In summary, serum 1,5AG levels were a promising pre-
dictor of short-term mortality in patients with HBV-ACLF. 
1,5AG distribution changed in a D-GaIN/LPS-induced liver 
failure model.
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Abstract

Background and Aims: Hepatitis B vaccination is the most 
cost effective way to prevent hepatitis B virus (HBV) infection. 
Hepatitis B vaccine (HepB) efficacy is usually assessed by an-
ti-hepatitis B surface antigen (HBsAg) level, but there are few 
reports of humoral and cellular immune responses to HepB in 
children after neonatal vaccination. Methods: A group of 100 
children with a history of primary hepatitis B immunization 
were included in this study to evaluate the efficacy of HepB. 
Blood samples were obtained from 80 children before, and 41 
children after, a single HepB booster dose. Children with low 
anti-HBsAg (HBs) titers of <100 mIU/mL received a booster 
dose after giving their informed consent. Anti-HBsAg, T-cell re-
sponse and percentage of B-cell subsets were assayed before 
and after the booster. Results: Of the 80 children, 81.36% 
had positive T cell and anti-HBsAg responses at baseline. After 
the booster dose, the anti-HBsAg titer (p<0.0001), positive 
HBsAg-specific T-cell response (p=0.0036), and spot-form-
ing cells (p=0.0003) increased significantly. Compared with 
pre-existing anti-HBsAg titer <10 mIU/mL, the anti-HBsAg 
(p=0.0005) and HBsAg-specific T-cell responses (p<0.0001) 
increased significantly in preexisting anti-HBsAg titer between 
10 and 100 mIU/mL group. Change of the HBV-specific hu-
moral response was the reverse of the T-cell response with 
age. Peripheral blood lymphocytes, B cells, and subset fre-
quency decreased. Conclusions: HBV immunization protec-
tion persisted at least 13 years after primary immunization 
because of the complementary presence of HBV-specific hu-
moral antibodies and a T-cell immune response. One dose of 
a HepB booster induced protective anti-HBsAg and promoted 

an HBsAg-specific T-cell response. In HBV endemic regions, a 
HepB booster is recommended to children without anti-HBsAg 
because of effectiveness in HBV prevention.

Citation of this article: Huang Y, Yang Y, Wu T, Li Z, Xu H, 
Huang A, et al. Complementary Presence of HBV Humoral 
and T-cell Response Provides Protective Immunity after Ne-
onatal Immunization. J Clin Transl Hepatol 2022;10(4):660–
668. doi: 10.14218/JCTH.2021.00272.

Introduction

Hepatitis B vaccination is the most cost effective way to pre-
vent acute or chronic HBV infection and reduce complica-
tions of hepatitis B infection. The Chinese government has 
adopted routine hepatitis B vaccination, and importation of 
a yeast-derived hepatitis B vaccine (HepB) began in the late 
1980s. Routine immunization began in 1992, and HepB was 
integrated into the Expanded Program of Immunization in 
2002.1 Following the implementation of routine HBV vaccina-
tion China has successfully changed from a highly endemic 
to a moderately endemic country. Serosurveys found that 
HBsAg seropositivity decreased by 52%, from 9.8% to 4.7% 
in the general population; by 97%, from 9.7% to 0.3% in 
children <5 years of age; and by 92.4%, from 10.5% to 
0.8% in children <15 years of age from 1992 to 2014.2–4 It 
is estimated that 80 million acute HBV infections and 20 mil-
lion chronic HBV infections have been prevented since 1992.5

The need for a HepB booster in children after neonatal im-
munization is controversial. Many studies have not identified a 
need of booster immunization in healthy children. The protec-
tion afforded by primary HepB immunization can last 30 years; 
only 0.7% of vaccinees had HBV breakthrough infections in 
the 5–20 years after neonatal HBV vaccination.6–8 Immune 
memory for HepB persists in children with waning or undetect-
able anti-HBsAg concentrations,9 but the loss of HepB immune 
memory has been reported in 25–50% of vaccinees after 15 
years of age,10,11 and 10.1% had no immune response to a 
HepB booster after the initial vaccination.12 A HepB booster 
has been recommended for at-risk youths who with a history 
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of primary immunization. We previously reported that anti-
HBsAg declined with age in children from 93.7% at 1 year of 
age to 42.3% at 9 years of age.13,14 Whether a protective im-
mune response is elicited in children without anti-HBsAg is no 
known, and the need for booster doses has not been resolved.

This study investigated the protective humoral and cel-
lular immunity responses following primary immunization 
and a HepB booster for children who had lost protective 
antibodies. The efficacy of a HepB booster in children with 
low baseline anti-HBsAg levels between 10 and 100 mIU/
mL was evaluated.

Methods

Design and trial participants

This prospective single-center cohort study was performed 
at Clinical Research Center of Children’s Hospital of Chong-
qing Medical University, a general children hospital with pa-
tients from all over the country. The study was approved by 
the institutional ethics review committee of and registered 
at ClinicalTrials.gov (NCT03867643). All children and their 
legal guardians provided written informed consent. All pro-
cedures were conducted following the ethical principles of 
the Declaration of Helsinki.

Children born after January 1, 2005 in Chongqing, China 

who completed primary vaccination with a series of three dos-
es of HepB containing 10 µg HBsAg each beginning at birth, 
and not receiving a booster dose were eligible for inclusion. 
Children with a history of allergy or adverse reaction to the 
vaccine, immunosuppressive treatment or immunodeficiency, 
any vaccination in the previous 4 weeks, with an acute dis-
ease or anti-infective therapy in the past 4 weeks, fever (ax-
illary temperature ≥38°C) in the previous week, history of 
blood transfusion, history of infectious diseases (e.g., hepa-
titis, AIDS, syphilis, gonorrhea, etc.), family history of HBV 
in three generations of lineal relatives, or abnormalities on 
physical examination were excluded. Figure 1 is a flowchart of 
participant selection. A group of 100 children aged 1–13-year 
were included via the hospital’s official website. Blood sam-
ples were obtained from 80 children before the HepB booster, 
which contained 20 µg HBsAg (Huabei Pharmaceutical Co., 
Hebei, China), and from 41 children 1 month after the booster.

HBV seromarkers

Blood samples were collected for determination of HBV se-
romarkers by chemiluminescent microparticle immunoas-
say (CMIA) with the Architect system (Abbott Laboratories). 
HBsAg seropositivity was >0.05 IU/mL and anti-HBsAg ti-
ters ≥10 mIU/mL were considered seroprotective. Sample 
cutoff values of anti-hepatitis B e antigen ≥1.0 and anti-
hepatitis B core antigen of ≥1.0 were considered positive.

Fig. 1.  Flowchart of inclusion and withdrawal of study participants. Blood samples were obtained from 80 eligible children before a dose of HepB 
booster and 41 children post-booster. N, number; Anti-HBsAg, antibodies to hepatitis B surface antigen.
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Detection of interferon (IFN)-γ-secreting HBsAg-spe-
cific T cells

Peripheral blood mononuclear cells (PBMCs) were isolated 
by density gradient centrifugation, and HBsAg-specific cy-
tokine-secreting T cells were identified with a human IFN-γ 
ELISpot PLUS assay (Mabtech, Stockholm, Sweden). IFN-γ 
precoated 96-well plates were preincubated with Roswell 
Park Memorial Institute (RPMI) 1640 medium (Gibco, In-
vitrogen, USA) for 30 minutes at room temperature be-
fore adding 5×105 PBMCs/well in 200 µL RPMI 1640. PB-
MCs were stimulated with 10 μg/ml of recombinant HBsAg 
(Bersee, Beijing, China). Wells containing PBMCs and RPMI 
1640 with anti-CD3 mAb (Mabtech, Stockholm, Sweden) 
were positive controls and wells without any stimulant were 
negative controls. The culture plates were incubated for 48 
h at 37°C in a 5% CO2 atmosphere and were then read with 
an ELISpot reader (AID, Strassberg, Germany). A response 
two-fold greater than that of the negative control was con-
sidered positive.15

Assay of B lymphocyte subpopulations

The B-cell phenotypes isolated from peripheral blood sam-
ples were evaluated by flow cytometry (FACSCanto II; BD 
Biosciences, SanJose, Calif). The mAbs were from BD Bio-
sciences, and the B lymphocyte subpopulations included 
αCD19-ApC, αCD24-pE, αCD27-BV450, αCD38-perCp-Cy5.5, 

and αIgD-BV510. The data were analyzed by FACS Diva.

Statistical analysis

The data were analyzed and compared by SPSS version 
20.0 (IBM Corp. Armonk, NY, USA); graphs were drawn by 
Graphpad prism (version 8.0). Continuous variables were 
compared with the Student t-test. Comparisons of cat-
egorical variables were performed by χ2 or Fisher’s exact 
tests. The Spearman rank correlation was used to evalu-
ate the associations between ELISpot results and anti-
HBsAg titers. P-values <0.05 were considered statistically 
significant.

Results

Participant baseline characteristics

The characteristics of the 80 available subjects are shown 
in Table 1 and the characteristics of the 51 participants 
with prebooster anti-HBsAg titers <100 mIU/mL are shown 
in Supplementary Table 1. All participants had received a 
three-dose primary neonatal HBV vaccination and were 
grouped by anti-HBsAg titer. Twenty-one had baseline titers 
of <10 mIU/mL, 30 had titers ≥10 and <100 mIU/mL, and 
29 had titers ≥100 mIU/mL. Between-group comparisons 
of sex, age, weeks of pregnancy week, birth weight, and 

Table 1.  Baseline characteristics of the 80 study participants

Variable
Anti-HBsAg 
<10 mIU/mL, 
n=21 (%)

10≤ anti-HBsAg 
<100 mIU/
mL, n=30 (%)

Anti-HBsAg 
≥100 mIU/
mL, n=29 (%)

p-valuea

Sex

  Boys 15 (71.43) 18 (60) 11 (37.93) 0.049*

  Girls 6 (28.57) 12 (40) 18 (62.07)

Age, years

  1–3 2 (9.52) 7 (23.33) 6 (20.69) 0.56

  4–6 6 (28.57) 9 (30) 12 (41.38)

  7–9 8 (38.10) 6 (20) 5 (17.24)

  10–13 5 (23.81) 8 (26.67) 6 (20.69)

Pregnancy

  Normal 17 (81) 30 (100) 27 (93.10) 0.039*

  Premature delivery 4 (19) 0 (0) 2 (6.90)

Birth weight

  Normal 17 (80.96) 27 (90) 26 (89.66) 0.22

  Overweight 2 (9.52) 3 (10) 3 (10.34)

  Underweight 2 (9.52) 0 (0) 0 (0)

History of allergies 0 (0) 0 (0) 3(10.34)

History of hepatitis infection 0 (0) 0 (0) 0 (0)

History of blood transfusion 0 (0) 0 (0) 0 (0)

History of surgery 0 (0) 0 (0) 0 (0)

History of radiotherapy and chemotherapy 0 (0) 0 (0) 0 (0)

History of HBV infection of parents or grandparents 3 (14.29) 8 (26.67) 10 (34.48) 0.28

aPearson χ2 or Fisher exact test. *Statistically significant.
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disease history among each group found that boys were 
at a lower titers than girls (p=0.049) and more preterm 
infants than normal term infants were anti-HBsAg negative 
at baseline (p=0.039).

HBsAg-specific T-cell responses are frequent in 
antibody-negative participants

The ELISpot assay results of HBsAg-specific T-cell responses 
in children without anti-HBsAg and the distribution of posi-
tive and negative humoral and cellular immunity is shown 
in Figure 2. Of the antibody-negative participants, 85.71% 
had positive HBsAg-specific T-cell responses, 18.64% of 
the antibody-positive subjects had negative responses, and 
96.25% of the children had positive HBsAg-specific T cell or 
anti-HBsAg responses. Of 41 children given a booster dose, 
all antibody-negative subjects became positive and their 
HBsAg-specific T-cell responses were enhanced.

Children with high prebooster anti-HBsAg titers had 
high post-booster humoral responses

Pre- and post-booster anti-HBsAg titers are shown in Figure 
3. The titers increased after booster administration to >100 
mIU/mL in all children (p<0.0001) and to >1,000 mIU/mL 
in 56.25% those with prebooster titers of 0–10 mIU/mL and 
100% of children with prebooster titers from 10–100 mIU/
mL (p=0.0005). Children with high prebooster anti-HBsAg 
titers had higher humoral responses than those with low 
prebooster titers.

Post-booster IFN-γ-secreting HBsAg-specific T-cell re-
sponse depended on the prebooster anti-HBsAg titer

The pre- and post-booster HBsAg-specific T-cell responses 
are shown in Figure 4. The ELISpot results indicated sig-
nificant increases of the percentage (p=0.0036) and the 

magnitude of response (p=0.0003) of spot-forming cells 
(SFCs) following booster administration. The magnitude of 
the response in IFN-γ-secreting HBsAg-specific T cells was 
not associated with the anti-HBsAg titer after neonatal im-
munization (p=0.1140). The post-booster T-cell response 
showed the same change trend as the humoral response, 
with a significant increase (p=0.0004) in the number of 
IFN-γ-secreting HBsAg-specific T cells. Compared with 
children with low anti-HBsAg prebooster titers (0–10 mIU/
mL), those with pre-existing titers between 10 and 100 
mIU/mL had significantly stronger HBsAg-specific T-cell 
responses to the booster vaccination. The intensity of T-
cell immunoreactivity depended on the pre-existing anti-
HBsAg titer.

Association between HepB humoral and T-cell re-
sponse and age

The association between humoral and T-cell response and 
age is shown in Figure 5, which shows the changes of anti-
HBsAg titers and HBV-specific T-cell response in children 
of different ages. Post-booster anti-HBsAg titers increased 
significantly in all four age groups of the 41 children who 
were vaccinated. The anti-HBsAg titers were higher in 1- to 
3-year-old than in 10- to 13-year-old children (p=0.031) 
and pre- and post-booster ELISpot assay results were signif-
icantly different in 10- to 13-year-old children (p=0.0172). 
As shown in Figure 5C, differences in prebooster anti-HBsAg 
titers were the opposite of T-cell values in each age group. 
The percentage of protective antibodies initially decreased 
with age and then increased in children 1–13 years of age. 
The T-cell response increased initially and then decreased. 
After the booster dose (Fig. 5D) the percentage of protec-
tive antibody titers decreased in each age group from 1 to 
13 years of age, but the positive T-cell response increased 
in each age group. The overall positive anti-HBsAg and 
T-cell response rates in each age group were similar. The 
results show that the change of the HBV-specific humoral 
response was associated differences in the T-cell response 
in the four age groups.

Fig. 2.  Distribution of positive and negative humoral and cellular immunity pre- and post-booster. (A) Distribution of positive and negative anti-HBsAg and 
IFN-γ-secreting HBsAg-specific T cells at baseline (n=80). (B) Changes of anti-HBsAg titers and IFN-γ-secreting HBsAg-specific T cells prebooster (open circle) and 
post-booster (solid circle) (n=41). PBMCs, peripheral blood mononuclear cells; SFC, spot-forming cell; P, positive; N, negative; pre-, prebooster; post-, post-booster.
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Changes of immune B-cell subsets after booster ad-
ministration

The gating strategy for definition of the B-cell subsets is 
depicted in Figure 6A. Changes in the immune B-cell sub-
sets before and after booster vaccination (Fig. 6) included 
a decrease in B-cell frequency in peripheral lymphocytes 
(p=0.0002), and antibody-secreting cells included plas-
mablasts. Changes in the numbers of CD19+ B-cells were 
similar in participants with low and with high baseline 
anti-HBsAg titers. One month after booster vaccination, 
class-switched and unswitched memory B-cell frequencies 
decreased significantly. In children with low pre-existing 
anti-HBsAg titers (0–10 mIU/mL), there were a significant 
rise in naïve B cells (p=0.0387) and DN B cells (p=0.0134). 
In children with high baseline anti-HBsAg titers (10–100 
mIU/mL), the percentages of both naïve B cells (p<0.0001) 
and DN B cells (p=0.0013) increased.

Discussion

The Chinese Center for Disease Control and prevention 
(CDC) reported that three-dose HBV vaccination coverage 
before 1 year of age was 83–99.53% between 2001 and 
2017.16 Our previous serosurvey found that 46.03–72.29% 
of children from 1 to 14 years of age were seroprotected, 
and that 3.33–25.79% of all age groups had anti-HBsAg ti-
ters of <10 mIU/ml,13 which was consistent with a CDC sur-

vey of HBV seroprevalence in various age groups in China.4
HepB is one of the safest available vaccines. It prevents 

HBV infection and reduces the occurrence of liver cancer.17 
All the children in this study had completed the three-
dose primary vaccination series that begins with a dose at 
birth. We analyzed the immune response to a HepB booster 
dose after completing neonatal immunization to determine 
whether children without detectable anti-HBsAg (i.e., titers 
<10 mIU/mL) were still protected and whether or not chil-
dren without anti-HBsAg need a HepB booster vaccination.

This is the first study to show that protective immunity 
from neonatal immunization exists in children because of 
the complementary presence of HBV-specific humoral and 
T-cell immune responses. A detectable T-cell response to 
HBsAg was found in 85.71% of children with anti-HBsAg 
titers of <10 mIU/mL. The presence of HBsAg-specific INF-γ 
in children up to 13 years of age suggests that protection 
may be long lasting. A study by Wang et al reported that 
most anti-HBsAg negative vaccinees had positive HBsAg-
specific immune-cell responses.18 Leuridan et al reported 
activation of immune cells in vaccinees based on cell pro-
liferative response.19 Long lasting cellular immunity has 
also been shown by detection of secretion of cytokines by 
Th1 and Th2 lymphocytes after stimulation by HBsAg.7 The 
previous results confirm that T cell immunity persists re-
gardless of anti-HBsAg, which is consistent with our results. 
HBsAg-specific T-cell responses initially increased and then 
a decrease with age, which was the reverse of changes in 
anti-HBsAg titers. In neonates, adaptive immune respons-
es to pathogens are relatively weak and narrowly focused, 

Fig. 3.  Humoral response to HepB booster vaccination in children (n=41). Subjects were grouped by prebooster anti-HBsAg titer, 0–10 mIU/mL (red), 10–100 
mIU/mL (green). (A) Prebooster (open circle) and post-booster (solid circle) Anti-HBsAg. (B) Post-booster Anti-HBsAg titer in children with different pre-existing anti-
HBsAg. Boxes and whiskers are medians and interquartile range. (C) Percentage of children with post-booster anti-HBsAg of <1,000 mIU/mL and ≥1,000 mIU/mL in 
children with pre-existing anti-HBsAg of 0–10 mIU/mL and 10–100 mIU/mL. Pre-, pre-booster; Post-, post-booster.
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causing T-cell hyporesponsiveness.20 In younger children, 
HBV-specific T cells are lacking and fail to produce adequate 
amounts of IFN-γ, but the response gradually improves 
with age.21 Before and after HepB booster, the direction of 
change in anti-HBsAg titer in this study was opposite that 
of the HBsAg-specific T-cell response in each age group. 
In vaccine development, determining the balance between 
humoral and cellular responses is the key challenge.22 The 
complementary existence of anti-HBsAg and T-cell respons-
es is important for the persistence of protection following 
vaccination. There is no need to worry about the decline 
in anti-HBsAg in populations. It is precisely because of the 
dynamic balance that screening for HBsAg-specific T-cell 
immunity is not recommended for the general population. 
Routine screening for anti-HBsAg in vaccinees is sufficient 
to evaluate the protection afforded by HepB.

One dose of HepB booster was effective in children with-
out anti-HBsAg. All those given a HepB booster dose pro-
duced protective anti-HBsAg and an enhanced HBV-specific 
T-cell response 4 weeks after the vaccination. All children 
with anti-HBsAg <10mIU/ml produced anti-HBsAg with ti-

ters >100 mIU/mL, demonstrated an anamnestic response 
to the booster dose,23 even when detectable anti-HBsAg 
were absent at the time of exposure. We found that hu-
moral and T-cell responses to the HepB booster depended 
on the pre-existing anti-HBsAg titer. Only 56.25% of chil-
dren with pre-booster anti-HBsAg <10mIU/ml had anti-HB-
sAg ≥1,000 mIU/mL 4 weeks post-vaccination. Those with 
prebooster anti-HBsAg <10mIU/ml were less likely to pro-
duce high titers of anti-HBsAg compared with children who 
had anti-HBsAg titers from 10 to 100 mIU/ml. Equally, the 
intensity of the T-cell booster response also depended on 
the prebooster anti-HBsAg titer. After the booster, the num-
bers of IFN-γ-secreting HBsAg-specific T cells in children 
with prebooster anti-HBsAg titers of 10–100 mIU/ml were 
significantly increased compared with children with anti-HB-
sAg titers <10mIU/ml. That has been previously reported.24 
Establishment of immune memory by routine vaccination 
against HBV at birth is key for the effectiveness of the HepB 
booster and for long-term immunity.

Although immune memory for HepB is persistent in chil-
dren, a booster is recommended for children without an-

Fig. 4.  T-cell response to HepB booster vaccination (n=41). Subjects were grouped by prebooster anti-HBsAg titer, 0–10 mIU/mL (red) or 10–100 mIU/mL 
(green). (A) Correlation of anti-HBsAg titer and IFN-γ–secreting HBsAg-specific T cells prebooster (open circle) and post-booster (solid circle). (B) IFN-γ–secreting 
HBsAg-specific T cells were significantly increased post- compared with prebooster (p=0.0004). (C) Post-booster HBsAg-specific T-cell responses were significantly 
stronger in children with higher pre-existing anti-HBsAg titers (p<0.0001). SFC, spot-forming cells; PBMCs, peripheral blood mononuclear cells; Pre-, pre-booster; 
Post-, post-booster.
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ti-HBsAg in HBV endemic regions. The available evidence 
does not provide a compelling basis for recommending a 
booster dose of HepB.6,25 Moreover, chronic HBV infec-
tion is on the decrease after primary immunization even in 
children without detectable (<10 mIU/mL) anti-HBsAg.6,26 
More attention should be paid to children over 10 years 
of age. According to our previous study, the prevalence of 
HBsAg and anti-HBc increased from 0.46% to 1.40% be-
tween 11 and 16 years of age compared with 5.69% to 
7.8% between 1 and 10-years of age.14 That suggests that 
the risk of exposure to HBV is increased in children who are 

older than 10 years of age. A HepB booster should be given 
at that age to reduce the risk of breakthrough infection. In 
this study, a significant number of vaccinees with low anti-
HBsAg following neonatal vaccination had large increases 
of anti-HBsAg titer within 4 weeks of a single booster dose. 
HepB has been continuously improved since its launch in 
1986. The safety of HepB has been confirmed and vaccina-
tion coverage in China has continuously improved.1 Sero-
surveys show that the prevalence of HBV has significantly 
decreased,2–4,27 and that the change is closely associated 
with hepatitis B vaccination. Some individuals with anti-

Fig. 5.  Age-related humoral (orange) and T-cell responses (blue) before and after booster vaccination. Vaccinees (n=41) were stratified to groups 1–3, 
4–6, 7–9, and 10–13 years of age. (A) Pre- and post-booster anti-HBsAg titers. (B) Pre- and post-booster IFN-γ-secreting HBsAg-specific T cells. (C, D) Age-related 
prebooster (open column) and post-booster (solid column) anti-HBsAg seropositivity and HBsAg-specific T-cell response. Y-axis: the median of each value divided 
by the maximum in children prebooster or post-booster. SFC, spot-forming cells; PBMCs, peripheral blood mononuclear cells; Pre-, pre-booster; Post-, post-booster.
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HBsAg <10mIU/ml and at high risk of HBV exposure will 
require only one HepB booster to achieve seroprotective 
anti-HBsAg titers.

In addition to a T-cell response, B cells respond to HepB by 
generating a protective anti-HBsAg titer. Our results found 
that total B cells, including some antibody-secreting cells, 
significantly decreased after booster vaccination. Decreases 
in plasmablasts, memory B cells, and unswitched memory 
B cells were observed in children with pre-existing anti-HB-
sAg titers of 10–100 mIU/ml. Immunization is known to be 
followed by rapid activation of circulating memory cells to 
terminally differentiate into low-affinity plasma cells or to 
form germinal centers, which mediate further proliferation 
and selection for antigen binding later.28,29 In this study, 
there were declines in memory B cells, unswitched mem-
ory B cells and plasmablasts at 4 weeks post-booster. But 
the children did show a rise in anti-HBsAg in the peripheral 
blood, so they may have produced high affinity antibody-
secreting cells at before blood collection.30

The main limitation of this study is the limited sample 
size. This study was a clinical trial and it was difficult to 
include a large numbers of children in each age group due 
to children’s particularity. In addition, evaluation on the ef-
ficacy of one dose of HepB booster may be insufficient in 

this study. We were unable to assess the expression of other 
more activation markers or cytokines. Further study is war-
ranted to evaluate more biomarkers in cellular response to 
HepB. More doses and long-term follow-up may also be re-
quired in the follow-up study.

In conclusion, this study had comprehensively analyzed 
humoral and cellular immune response to HepB booster in 
children after neonatal vaccination. Protection from primary 
HBV immunization persists at least 13 years after primary 
immunization on account of the complementary presence of 
HBV-specific humoral and T-cellular immune response. In 
addition, we demonstrated that one dose of HepB booster is 
efficient enough to produce protective anti-HBsAg and en-
hance HBsAg-specific T-cell responses. As an effective way, 
HepB booster immunization could be recommended to chil-
dren without anti-HBsAg in the endemic areas to prevent 
HBV infection.
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Abstract

Background and Aims: Transplantation of mesenchymal 
stem cells (MSCs) derived from bone marrow (BM) is an 
alternative treatment of acute liver failure (ALF) mainly be-
cause of the resulting anti-inflammatory activity. It is not 
known how MSCs regulate local immune responses and 
liver regeneration. This study explored the effects of MSCs 
on hepatic macrophages and the Wnt signaling pathway in 
ALF. Methods: MSCs were isolated from BM aspirates of 
C57BL/6J mice, and transplanted in mice with ALF induced 
by D-galactosamine (D-Gal). The proliferation of hepato-
cytes was assayed by immunohistochemical (IHC) staining 
of Ki-67 and proliferating cell nuclear antigen (PCNA). The 
levels of key proteins in the Wnt signaling pathway were 
assayed by western blotting and cytokines were determined 
enzyme-linked immunosorbent assays (ELISAs). A mac-
rophage polarization assay characterized the M1/M2 ratio. 
The potential role of interleukin-4 (IL-4) in the biological ac-
tivity of MSCs was determined by silencing of IL-4. Results: 
Transplantation of allogeneic MSCs significantly attenuated 
D-Gal-induced hepatic inflammation and promoted liver re-
generation. MSC transplantation significantly promoted a 
phenotypic switch from proinflamatory M1 macrophages to 
anti-inflammatory M2 macrophages, leading to significant 
Wnt-3a induction and activation of the Wnt signaling path-
way in mice with D-Gal-induced ALF. Of the paracrine fac-
tors secreted by MSCs (G-CSF, IL-6, IL-1 beta, IL-4, and IL-
17A), IL-4 was specifically induced following transplantation 

in the ALF model mice. The silencing of IL-4 significantly ab-
rogated the phenotypic switch to M2 macrophages and the 
protective effects of MSCs in both the ALF model mice and 
a co-culture model in an IL-4 dependent manner. Conclu-
sions: In vivo and in vitro studies showed that MSCs ame-
liorated ALF through an IL-4-dependent macrophage switch 
toward the M2 anti-inflammatory phenotype. The findings 
may have clinical implications in that overexpression of 
IL-4 may enhance the therapeutic effects of allogeneic MSC 
transplantation in the treatment of ALF.

Citation of this article: Wang J, Ding H, Zhou J, Xia S, Shi 
X, Ren H. Transplantation of Mesenchymal Stem Cells At-
tenuates Acute Liver Failure in Mice via an Interleukin-4-de-
pendent Switch to the M2 Macrophage Anti-inflammatory 
Phenotype. J Clin Transl Hepatol 2022;10(4):669–679. doi: 
10.14218/JCTH.2021.00127.

Introduction

Acute liver failure (ALF) is an uncommon but life-threaten-
ing condition with high mortality.1 Liver transplantation is 
an established salvage therapy for ALF, but the shortage of 
donors and the high cost of surgery are major considera-
tions.2,3 Therefore, there is an urgent need of alternative 
treatments for patients with ALF.

Mesenchymal stem cells (MSCs), also known as mesen-
chymal stromal cells, are adult stem cells present in adi-
pose tissue, bone marrow (BM), skeletal muscle, umbilical 
cord blood, and synovium.4 MSCs are good candidates for 
transplantation as they are easily obtained from a variety 
of tissues and expanded in culture. Unlike other types of 
stem cells (e. g. embryonic stem cells), MSCs avoid im-
mune rejection and ethical issues related to stem cell trans-
plantation.5 In addition to self-renewal and differentiation 
along multiple lineages, MSCs modulate innate and adap-
tive immune responses through secretion of mediators 
like transforming growth factor beta (TGF-β), indoleamine 
2,3-dioxygnase, cyclooxygenase 2 (COX2), prostaglandin 
E2 (PGE2), interleukin (IL)-4, and TNF-alpha stimulated 
gene (TSG)-6.6 Accumulating evidence indicates that MSCs 
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can exert immunosuppressive effects, such as anti-inflam-
matory activity, which is why MSC transplantation has been 
used to treat inflammatory diseases.7 For example, allo- 
and autotransplantation of MSCs by portal vein injection 
to reduce D-galactosamine (D-Gal)-induced liver failure,8,9 
which is a widely used model of immune-induced hepatic 
failure.10 From the perspective of clinical application, MSCs 
obtained by in vitro expansion have advantages compared 
with autologous transplantation. However, the mechanisms, 
including those underlying MSCs-mediated attenuation of 
D-Gal-induced liver failure, are complex and remain to be 
elucidated. In this study, we performed in vivo and in vitro 
investigations of the mechanisms underlying the therapeu-
tic effects of MSCs on ALF induced by D-Gal in mice.

Methods

Experimental animals

C57BL/6J mice were purchased at 4–6 weeks of age from 
the Experimental Animal Center of Drum Tower Hospital, 
Nanjing University of Medical School (Nanjing, Jiangsu, 
China). The mice were maintained on a 12 h light/dark cy-
cle in a room with suitable air pressure and temperature, 
and given axenic water and sterile standard pellet feed. The 
mice were used for preparation of MSCs and in vivo studies 
and were sacrificed by cervical dislocation on completion of 
the study procedures. The protocols involving experimen-
tal mice were reviewed and approved by the institutional 
animal care and use committee of Nanjing University (Nan-
jing, Jiangsu, China) and conducted following the National 
Institutes of Health (NIH) laboratory animal care and use 
guidelines.

Isolation and characterization of MSCs

MSCs were isolated from fresh BM aspirates of C57BL/6J 
mice. Briefly, the soft tissues surrounding the femur, hu-
merus, and tibia were cut to expose the BM cavity, followed 
by washing three times with phosphate buffered saline 
(PBS). The BM was collected and centrifuged at 1,200 rpm 
for 5 m. The cell pellet was resuspended in low-glucose Dul-
becco’s modified Eagle medium (DMEM, Gibco, Grand Is-
land, NY, USA) with 10% fetal bovine serum (FBS), 100 U/
mL penicillin, and 100 mg/mL streptomycin and cultured 
in a 37°C incubator with 5% CO2. When the cells reached 
approximately 80% confluence, they were passaged. MSCs 
were used for transplantation at passages 3 to 6. The sur-
face markers (e.g., CD29, CD44, CD45, CD90) were as-
sayed by flow cytometry (FACScan; Becton Dickinson, San 
Diego, CA, USA).

Isolation and identification of hepatic macrophages

Hepatic macrophages were isolated from the fresh liver tis-
sues of C57BL/6J mice as previously described.11 In brief, 
liver tissue was cut into small pieces and digested by incu-
bating in 10 mL Roswell Park Memorial Institute 1640 (RPMI 
1640, Gibco, Grand Island, NY, USA) medium containing 
0.1% type IV collagenase at 37°C for 30 m. The result-
ing tissue homogenate was filtered through 70 µm stain-
less steel mesh to remove undigested tissue, and the cell 
suspension was centrifuged at 300×g (Eppendorf 5810R, 
Germany) at 4°C for 5 m. The cell pellet was resuspended in 
10 mL RPMI 1640 and centrifuged at 300×g for 5 m at 4°C. 
The pellet cells were resuspended in 10 mL RPMI 1640 and 

centrifuged at 50×g for 3 m at 4°C. The cell pellet was re-
suspended in 10 mL RPMI 1640, and centrifuged at 50×g for 
3 m at 4°C. The aqueous phase (clarified cell suspension) 
was transferred to a 10 mL tube, and centrifuged at 300×g 
for 5 min at 4°C. The pellet was resuspended and seeded 
in six-well plates at a density of 1–3×107 cells/well for cul-
ture in DMEM supplemented with 10% FBS and 100 U/mL 
penicillin/streptomycin in an 37°C incubator with 5% a CO2 
atmosphere for 2 h. Nonadherent cells (macrophages) were 
then harvested by gentle washing with PBS. The prepared 
hepatic macrophages were characterized by flow cytometry 
(FACScan; Becton Dickinson, San Diego, CA, USA) using a 
PE-Cyanine7-labeled anti-F4/80 monoclonal antibody (25-
4801; eBioscience, USA) as previously described.

Co-culture of MSCs and macrophages

For co-culture of MSCs and macrophages, hepatic mac-
rophages were isolated from normal or ALF mouse livers 
and plated at 4×105 cells/well in the lower chamber of Tran-
swell six-well plates with 0.4 µm pore membranes (Corning 
Inc., Corning, NY, USA). Macrophages were seeded in the 
upper chambers at 2×105 cells/well. Macrophages cultured 
alone and co-cultured with MSCs with short hairpin IL-4 
knockdown were controls. After incubation for 24 h, hepatic 
macrophages were collected for flow cytometric analysis.

Mouse model of ALF and MSC transplantation

C57BL/6J mice 4-6 weeks of age were used to establish a 
mouse model of ALF induced by intraperitoneal injection of 
D-Gal (0.6 g/kg). The C57BL/6J mice were randomly as-
signed to MSCs transplantation (n=20) or PBS transplanta-
tion (n=20). Twelve hours after induction of ALF, mice in 
the MSCs transplantation group were injected with 1×106 
MSCs suspended in 0.5 mL PBS through the hepatic portal 
vein (MSCs group). Mice in the PBS-treatment group were 
injected with 0.5 mL PBS alone, and normal C57BL/6J mice 
without any transplantation were the control group.

To examine effects of MSC transplantation on survival 
and ALF, and to study the mechanisms, 10 mice were ran-
domly selected from each of the MSC group and control 
groups. Blood and liver samples were collected at 24, 48, 
72, 96, 120, 144, and 168 h after transplantation in the 
MSC and PBS groups. To investigate the hepatoprotection 
of Wnt-3a, 10 µg/kg recombinant Wnt-3a (R & D Systems, 
Minneapolis, MN, USA) in DMEM (n=10) and 0.1µM Wnt-
C59 (SelleckChem, Houston, TX, USA) in with 0.5 mL 0.5% 
methylcellulose and 0.1% Tween-80 (n=10) were given by 
intravenous injection 24 h after injection of D-Gal.

Blood biochemistry

Blood samples were collected from the vena cava and cen-
trifuged at 3,000×g for 10 m. Serum levels of aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), 
ammonia (NH3), and prothrombin time (PT) were assayed 
with an autoanalyzer (Fuji, Tokyo, Japan).

Cytokine assays

To evaluate the anti-inflammatory effect of MSCs trans-
plantation, serum cytokines, including tumor necrosis fac-
tor alpha (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1α, 
IL-1β, IL-4, IL-6, IL-10, and IL-17A, were determined by 
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enzyme-linked immunosorbent assay (ELISA) kits on day 3 
after induction of ALF.

Real-time quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). cDNA was synthesized using Super-
script II reverse transcriptase sit (Invitrogen). qRT-PCR was 
performed to determine the relative mRNA expression of 
the genes of interest using Power SYBR Green PCR Master 
Mix (Takara, Tokyo, Japan). mRNA expression was calcu-
lated with the 2−ΔΔCT method and normalized to β-actin. The 
primer sequences are listed in Supplementary Table 1.

Labeling MSCs with DiR to track the transplanted 
MSCs

MSCs were incubated with 50 µmol/L DiR buffer (Fanbo 
Biochemicals, Beijing, China) at 37°C for 20 m. The DiR-
labeled MSCs were centrifuged at 453×g for 5 m and re-
suspended in PBS, following the manufacturer’s protocol. In 
vivo imaging was performed with an in vivo imaging system 
using a charged-coupled device camera (IVIS Spectrum, 
Caliper Life Sciences, Runcorn, Cheshire, UK) on day 3 after 
MSC transplantation. Living Image version 4.3.1 (Caliper 
Life Sciences, Hopkinton, MA, USA) was used to analyze the 
image data.

Western blot assay

Expression of non-phospho-β-catenin (active β-catenin), 
phospho-β-catenin, HGF, c-Myc, Cyclin D1, TCF1, and LEF1 
was assayed by western blotting. Briefly, total protein, cy-
toplasmic protein, and nuclear protein were extracted from 
total liver tissue lysates and the cytoplasmic, and nuclear 
fractions following the kit manufacturer’s instructions (Ac-
tive Motif Company, Carlsbad, CA, USA). Protein concentra-
tion was determined with a bicinchoninic acid (BCA) assay 
(Sigma-Aldrich, St Louis, MO, USA). The protein extracts 
were separated by 12% sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) and transferred to ni-
trocellulose membranes. The membrane were blocked with 
5% (w/V) fat-free emulsion in Tris buffered saline (TBS) 
containing 0.05% Tween 20, and then incubated with pri-
mary antibodies overnight at 4°C. The membranes were the 
incubated with horseradish peroxidase-conjugated second-
ary antibodies (1:10,000 dil.). The antibody-bound bands 
were visualized and analyzed by electrochemiluminescence 
(ECL) and the signal intensity of each protein band was 
quantified with ImageJ (NIH, Bethesda, MD, USA). Primary 
antibodies used for western blot assays were listed in Sup-
plementary Table 2.

Flow cytometry of M1/M2 macrophages

M1 and M2 macrophages were characterized by flow cy-
tometry to identify their specific surface markers. The 
classic CD11c M1 macrophage marker and the classic M2 
macrophage markers were labeled with phycoerythrin (PE)-
conjugated anti-mouse CD11c (Biolegend, San Diego, CA, 
USA) and fluorescein isothiocyanate (FITC) anti-mouse 
CD206 (Biolegend, San Diego, CA). Briefly, the cells were 
incubated with fluorescent labeled antibody for 30 m, 
washed with staining buffer at 4°C, fixed in PBS contain-

ing 2% paraformaldehyde, and assayed (FACScan; Becton 
Dickinson) following the manufacturer’s instructions.

Histological and immunohistochemical assays

Three 5 µm sections of each block of liver tissue were 
stained with hematoxylin and eosin (H-E) for histological 
evaluation. Apoptosis was assayed by TdT-mediated dUTP 
nick-end labeling (TUNEL) staining using a cell death de-
tection kit (Roche, Frankfurt, Germany). The prolifera-
tion of hepatocytes was assayed by immunohistochemical 
(IHC) staining of Ki-67 and proliferating cell nuclear antigen 
(PCNA; AVIVA Systems Biology, Beijing, China). The ex-
pression of p-β-catenin, cyclin D1, and c-myc proteins was 
assayed by IHC staining. Semi-quantitative analysis was 
conducted with Image Pro Plus software (Media Cybernet-
ics, Bethesda, MD, USA).

Immunofluorescence staining of M1 and M2 mac-
rophage phenotype biomarkers

M1/M2 macrophages were characterized by immunofluores-
cence staining of phenotype markers, including iNOS (an 
M1 marker), arginase-1 (Arg1, (an M2 marker), and F4/80 
(a marker of murine macrophages). The primary antibod-
ies were F4/80 (1:100, ab6640), arginase-1 (Arg1, 1:100, 
ab91279), and iNOS (1:500, ab178954 were all from Ab-
cam and all were fluorescence labeled. Ten micrometer liver 
sections were blocked with a PBS blocking solution con-
taining goat serum (Gibco) for 1 h at room temperature, 
and incubated with the primary antibody at 4°C overnight. 
The secondary antibody was added and incubated for 1h at 
room temperature. After washing for three times with PBS, 
the slides were incubated with diamidino-phenylindole (DAP 
for 10 m. The secondary antibodies were goat anti-rabbit 
IgG Alexa Fluor 488/594 (1:200, Invitrogen) and goat an-
ti-rat IgG1 Alexa Fluor 488/594 (1:150, Invitrogen). Im-
age Pro Plus 5.0 was used to count the number of stained 
macrophages and calculate the proportions of positive mac-
rophages.

Macrophage depletion

To determine the role of liver macrophages in MSC-pro-
moted liver regeneration, 100 µL clodronate liposomes 
(Cl2MBP; Vrije Universiteit, Amsterdam, The Netherlands) 
was injected 48 h before treatment with D-Gal.

IL-4 shRNAs and transfection

To silence IL-4 gene expression, three IL-4 specific shRNA 
target sequences were selected for IL-4 RNA interference 
short hairpin (sh)RNA1 (316–336) AAG CTG CAC CAT GAA 
TGA GTC; shRNA2 (181–201) AAC ACC ACA GAG AGT GAG 
CTC; and shRNA3 (47–67) AAT GTA CCA GGA GCC ATA TCC. 
The sequence of the IL-4 mismatch shRNA1 was AAG AGT 
AAG ATC CAC GTC. The negative control scrambled shRNA 
was from Ambion (Austin, TX). Lentiviral vector systems 
were used to deliver IL-4 shRNAs into MSCs to silence IL-4 
gene expression following the manufacturer’s instructions.

Ethical approval

All animal procedures were performed with the approval 
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of Ethics Committee for Animal Experimentation of the Af-
filiated Drum Tower Hospital of Nanjing University Medical 
School (No.20160601). All surgery was performed under 
isoflurane anesthesia, and all efforts were made to minimize 
animals suffering.

Statistical analysis

The results were expressed as means±standard derivations 
(SDs) from at least three independent assays. The statisti-
cal analysis was performed by Prism, version 6.0 (GraphPad 
Software Inc., La Jolla, California, USA). Student’s t-test 
was used to evaluate between-group differences, and p-
values <0.05 were considered statistically significant.

Results

Transplantation of MSCs attenuated D-Gal-induced 
ALF by promoting liver regeneration

The protective effects of MSC transplantation are shown in 
Figure 1A. D-Gal administration significantly elevated se-
rum ALT, AST, PT, and NH3, all, of which were significantly 
decreased in the mice with MSC transplantation compared 
with those given PBS (p<0.05). MSC transplantation sig-
nificantly improved the survival of mice exposed to D-Gal 
(p<0.05, Fig. 1B). H&E staining of liver sections showed 
that the area of necrosis in mice with MSC transplantation 
was significantly smaller than that in those given PBS only 
(p<0.05, Fig. 1C). TUNEL analysis revealed that there sig-
nificantly fewer apoptotic hepatocytes in mice with MSC 

transplantation than in those given PBS only (p<0.05, Fig. 
1D). The proliferation assays found that there were signifi-
cantly more Ki-67- and PCNA-positive hepatocytes in the 
MSC transplantation group than in the PBS group (p<0.01, 
Fig. 1E).

Western blot assays found that the expression of he-
patic active-β-catenin was significantly higher in the MSCs 
transplantation group than in the PBS group (p<0.05, Fig. 
1F). The results show that MSC transplantation attenu-
ated D-Gal-induced liver damage in this mouse model of 
ALF by promoting liver regeneration, with involvement of 
β-catenin.

MSC transplantation promoted liver regeneration 
with involvement of the hepatic Wnt/β-catenin sign-
aling pathway

Changes in the expression of proteins and mRNAs involved 
in the Wnt/β-catenin signaling pathway and association with 
liver regeneration were assayed. As shown in Figures 2 and 
3, the expression of HGF, c-myc, and cyclin D1 mRNA and 
protein were significantly higher in the tissues from mice 
with MSC transplantation compared with those given PBS 
only (all p<0.05). The results provide additional evidence 
that MSC transplantation alleviated D-Gal-induced ALF by 
promoting liver regeneration involving the Wnt/ β-catenin 
signaling pathway. Wnt/β-catenin signaling modulates cy-
tokine production. As shown in Figure 2C, cytokines lev-
els differed significantly in mice with MSC transplantation 
and in those given PBS only (p<0.05). Consistent with the 
changes in cytokine levels, the expression of both Wnt3a 
mRNA and protein were significant higher in mice in the 
MSC transplantation in those in the PBS group (Fig. 2D, E), 

Fig. 1.  Mesenchymal stem cell transplantation attenuated D-Gal-induced ALF. (A) Effects of mesenchymal stem cell (MSC) transplantation on serum levels of 
alanine transaminase (ALT), aspartate transaminase (AST), prothrombin (PT), and NH3 at 24, 48, 72, 96, 120, 144, and 168 h after transplantation. Transplantation 
significantly decreased the levels of liver enzymes (ALT and AST), PT, and NH3 after infusion; (B) Effects of MSC transplantation on survival included a significant re-
duction in mortality; (C) Hematoxylin and eosin staining of liver sections; (D) TUNEL staining assay of apoptosis; (E) Immunohistochemical staining of Ki67 and PCNA 
for assay of cell proliferation; (F) Western blots of β-catenin and active-β-catenin protein expression. *p<0.05 vs. phosphate buffered saline. Normal C57BL/6J mice 
without transplantation were controls.
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Fig. 2.  Mesenchymal stem cell (MSC) transplantation increased hepatic Wnt-3a mRNA and protein expression. (A) mRNA expression of HGF, c-Myc, and 
Cyclin D1; (B) Western blot assays of TCF1, HGF, c-Myc, and cyclin D1 protein expression; (C) Liver cytokines associated with the Wnt signaling pathway measured 
by ELISA. (D) Western blots of Wnt-3a protein expression; (E) qRT-PCR assay of Wnt-3a mRNA expression. *p<0.05 vs. phosphate buffered saline. Normal C57BL/6J 
mice without transplantation were controls.

Fig. 3.  Effects of Wnt-3a and the Wnt signaling inhibitor on mesenchymal stem cell (MSC) transplantation-promoted liver regeneration. (A) Immuno-
histochemical staining of Ki67 and PCNA (200×). Wnt-3a treatment significantly increased the number of Ki-67- and PCNA-positive hepatocytes. Wnt-C59 treatment 
significantly abrogated promotion of cell proliferation by MSCs. *p<0.05 vs. Wnt-C59; (B) Western blots of β-catenin, active-β-catenin, and Wnt-3a expression. Wnt-
C59 significantly decreased the expression of hepatic β-catenin, active-β-catenin, and Wnt-3a proteins. *p<0.05 vs. MSCs transplantation; (C) Western blots of TCF1, 
HGF, c-Myc, and Cyclin D1 protein expression. Wnt-C59 significantly decreased the expression of TCF1, HGF, c-Myc, and Cyclin D1. Data are means±standard devia-
tions. *p<0.05 vs. MSC transplantation.
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which is in line with the cytokine results.
The roles of Wnt-3a and the Wnt/β-catenin signaling 

pathway in MSC transplantation-induced liver regenera-
tion, mice were injected with recombinant mouse Wnt-3a 
or Wnt-C59, Wnt/β-catenin signaling pathway inhibitor. 
As shown in Figure 3, Wnt-3a significantly increased the 
number of Ki-67- and PCNA-positive hepatocytes (p<0.05), 
Wnt-C59 significantly abrogated the proliferation promot-
ing effects of MSC transplantation (p<0.05). Wnt-C59 also 
significantly decreased the expression of hepatic Wnt-3a, 
HGF, c-myc, and cyclin D1 proteins (Fig. 3B, C). The results 
indicated that the Wnt/β-catenin signaling pathway was in-
volved in the promotion of liver regeneration in mice with 
D-Gal-induced ALF, and that upregulation of hepatic Wnt-3a 
ameliorated ALF.

MSC transplantation induced a macrophage switch 
toward anti-inflammatory M2 phenotype in D-Gal-
induced ALF

As shown in Figure 4A, the mRNA expression of F4/80, a cell 
surface marker of mouse macrophages as significantly in-
creased in response to MSCs transplantation, but the mRNA 
expression of the markers of other immune cells in the liver 
remained unchanged. IHC staining (Fig. 4B) showed that 
there were significantly more F4/80-positive cells in MSC-
transplanted mice than in those given PBS (p<0.05). Also, 
following transplantation, MSCs were found in the liver, but 
not detected in other organs, showing a great homing abil-
ity for the D-Gal-injured liver (Fig. 4C).

To determine the contributory roles of macrophages to 
the secretion of Wnt-3a after MSC transplantation, chlo-
roethanol was used to promote inflammatory liver injury. 
After chloroethanol administration, no F4/80-positive cells 
were detected (Fig. 4D). Chlorohydrin treatment signifi-
cantly increased serum levels of ALT/AST/PT/NH3 and the 
extent of liver necrosis (Fig. 4E and F). Furthermore, chlo-
roethanol significantly decreased the number of Ki-67- and 
PCNA-positive hepatocytes (Fig. 4G). The results suggested 
that a key protective role of liver macrophages was to in-
crease Wnt-3a levels.

Changes in the expression of macrophage markers in-
dicated that the transplantation of MSCs was associated 
with a switch from the M1 to the M2 phenotype. The mRNA 
expression of M1 markers, nitric oxide synthase (iNOS), 
TNF-α, and MCP-1, and M2 markers arginase 1 (Arg1), 
Mrc-2, and CD163 in mouse liver tissue is shown in Fig-
ure 5A. As shown in Figure 5B, Wnt-3a was localized to 
macrophages. Immunofluorescence staining that the num-
ber of iNOS-positive M1 macrophages was reduced and the 
number of Arg1-postive M2 macrophages was increased in 
MSC-transplanted mice compared the controls (Fig. 5C and 
D). The data indicated that MSC transplantation induced a 
switch in macrophage phenotypic from M1 to M2, leading to 
production of Wnt-3a.

MSC transplantation increased hepatic IL-4 expres-
sion in mice with D-Gal-induced ALF

To investigate the mechanisms underlying the switch to 
proinflammatory M1 macrophages anti-inflammatory M2 
macrophages we looked for changes in the expression of 
paracrine factors secreted by MSCs, including G-CSF, IL-6, 
IL-1 beta, IL-4, and IL-17A. IL-4 mRNA and protein expres-
sion were both significantly elevated in the MSC-transplant-
ed mice compared with the PBS controls. The differences 
in IL-6, IL-1β, and IL-17A (Fig. 6) were not significant. The 
findings indicate that IL-4 induction was specific to MSCs.

Knockdown of IL-4 abrogated MSC transplantation-
mediated phenotype switch toward M2 macrophages 
and protective effects in D-Gal-induced ALF

To investigate the role of IL-4 in the switch from the M1 
to the M2 macrophage phenotype, the IL-4 gene was si-
lenced by shRNA-mediated interference. IL-4 expression 
was knocked down in mice treated with IL-4 shRNA com-
pared with scrambled shRNA negative controls (Fig. 7A). 
IL-4 knockdown led to a significant increase in serum ALT/
AST/PT/NH3 (Fig. 7B) and the extent of liver necrosis (Fig. 
7C). It did lead to a significant decrease in liver regenera-
tion (Fig. 7D) and survival (Fig. 7E). Silencing IL-4 gene 
expression significantly affected the markers of M1 and M2 
macrophages, resulting in increased hepatic iNOS mRNA 
expression (Fig. 7F), and decreased hepatic Arg1 mRNA ex-
pression (Fig. 7F). The results indicate that IL-4 was essen-
tial for the switch toward M2 macrophages and subsequent 
protective effects in D-Gal-induced ALF.

MSCs rely on IL4 to drive the phenotypic switch of 
mouse liver macrophages toward the M2 phenotype

The dependence of the transplantation-mediated pheno-
typic switch on IL-4 was investigated an in vitro model of 
co-cultured MSCs and mouse liver macrophages (Fig. 8A, 
B). Flow cytometry confirmed that the number of CD11c-
postive M1 macrophages was reduced and the number of 
CD206-postive M2 macrophages was increased in the D-
Gal (+) shRNA-IL-4 MSC (+), scrambled shRNA MSC (−) 
group versus the D-Gal (+) shRNA-IL-4 MSC (−) scrambled 
shRNA MSCs (−) group (p>0.05, Fig. 8C). The number of 
CD11c-postive and CD206-postive macrophages was sig-
nificantly reduced in the D-Gal (+) shRNA-IL-4 MSC (−), 
scrambled shRNA MSCs-scramble (+) group versus the D-
Gal (+) shRNA-IL-4 MSC (−), scrambled shRNA MSCs (−) 
group (p<0.05, Fig. 8C). The data indicate that MSC-in-
duced phenotype switch was IL-4-dependent. Interference 
of shRNA-transfected MSCs which prevented the switch to 
M2 macrophage due to the knockdown of IL-4. The findings 
indicate that IL-4 was essential for the observed switch to 
M2 macrophages following MSC transplantation in this D-
Gal-induced ALF model.

Discussion

Immune-mediated liver disease is often complicated by ful-
minant hepatitis or liver failure. MSC transplantation is an 
alternative treatment for ALF, but the therapeutic mecha-
nisms need to be elucidated. The major novel findings of 
this study are: (1) MSC transplantation significantly amelio-
rated D-Gal-induced inflammation and stimulated liver re-
generation (2) and induced a switch of hepatic macrophag-
es from the M1 to the M2 phenotype. (3) Secretion of the 
paracrine factors IL-4 was specifically induced in following 
MSC transplantation compared with PBS control mice (4) 
Knockdown of IL-4 significantly abrogated the switch to 
anti-inflammatory M2 macrophages and attenuation of D-
Gal-induced ALF. (5) Silencing of IL-4 in in vitro co-cultures 
of MSCs and hepatic macrophages showed that MSCs pro-
moted the switch to M2 macrophages in an IL-4 depend-
ent manner. The findings indicated that MSCs ameliorated 
ALF through IL-4-dependent macrophage switch toward M2 
anti-inflammatory phenotype. These results are consist-
ent with mediation of the protective effects of MSCs by in-
creased levels of hepatic Wnt-3a, which in turn inhibited 
phosphorylation of β-catenin. The resulting increase of non-
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phospho-β-catenin (active β-catenin) led to upregulation of 
HGF, c-myc, and cyclin D1, which promoted liver regenera-
tion. The macrophage phenotype switch can account for the 
increase of Wnt-3a that was associated with MSC transplan-
tation. Allogeneic MSC transplantation has great therapeutic 
potential and may be used in clinical practice in the future.

It has been reported that transplantation of autologous 
MSCs can prevent liver injury caused by D-Gal in animal 

models.8 The transplantation of autologous MSCs to treat-
ment patients with severe ALF is not feasible because the 
severity of the condition makes it challenging to obtain au-
tologous MSCs that meet quality and quantity standards. 
That is the reason we used allogeneic MSCs in this study. 
We transplanted BM-derived MSCs into recipient mice of the 
same species with different genes. The results showed that 
allogeneic MSCs transplantation achieved protective effects 

Fig. 4.  Role of hepatic macrophages in mesenchymal stem cell (MSC) transplantation-mediated effects on acute liver failure (ALF). (A) F4/80, CD4, 
CD8, Foxp3, and CD49b mRNA expression. *p<0.05 vs. phosphate buffered saline (PBS). (B) F4/80 staining (200×). *p < 0.05 vs. PBS transplantation group. (C) 
IVIS was used to identify distribution of DiR-labeled mesenchymal stem cells (MSCs). (D) F4/80 staining of liver sections after chloroethanol administration (200×); 
(E) Serum ALT, AST, PT, and NH3 after MSC transplantation. *p<0.05 vs. MSC transplantation. (F) Hematoxylin and eosin staining of liver tissue (200×). *p<0.05 vs. 
MSC transplantation. (G) Ki67 and PCNA staining (200×). *p<0.05 vs. CL+MSCs. (H) Survival analysis. *p<0.05 vs. MSCs transplantation group. Normal C57BL/6J 
mice without transplantation were controls.
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in mice with D-Gal-induced ALF.
We found that most transplanted MSCs homed to D-Gal-

injured liver tissue. Twenty-four hours after intracavitary in-
jection, MSCs were detected in the liver, but not in any other 
organs. Amiri F. et al.12 found that MSCs migrated to the 
liver within 24 h after blood transfusion, and were able to 
reducing liver failure. However, several other studies have 
reported that MSCs were mainly found in the lungs, after 
administration, and not in the liver.13 Lee KC et al.14 also 
found that most MSCs were retained in the lungs, but re-

duced hepatocyte apoptosis. The inconsistency may be re-
lated to different injection methods. MSCs infused through 
the portal vein flow into the liver first, while MSCs given 
by tail vein infusion flow into the lungs first. Most of the 
injected MSCs remain in the liver or lungs in the form of 
emboli. Although no MSCs were detected in the liver af-
ter intravenous injection, hepatitis was still remarkably at-
tenuated in animal models. In this study, BM-derived MSCs 
had a beneficial effect on ALF. MSCs transplanted into the 
liver reduced the inflammatory reaction and the liver injury 

Fig. 6.  Mesenchymal stem cell (MSC) transplantation increased hepatic IL-4 expression in D-Gal-induced acute liver failure (ALF). (A) G-CSF, IL-6, IL-1 
beta, IL-4, and IL-17A paracrine factors secreted by MSCs determined by enzyme-linked immunosorbent assay. (B) Western blots of hepatic IL-4 protein after MSC 
transplantation or phosphate buffered saline; (C) qRT-PCR assay of IL-4 mRNA expression in the MSCs transplantation and control groups. *p<0.05 vs. PBS.

Fig. 5.  Mesenchymal stem cell (MSC) transplantation induced the phenotypic switching of liver macrophages to the M2 phenotype. (A) The mRNA 
expression levels of nitric oxide synthase (iNOS), TNF-α, and MCP-1 markers of M1 phenotype and arginase 1 (Arg1), Mrc-2, and CD163 markers of M2 phenotype, in 
liver tissue. #p<0.05 vs. control. *p<0.05 vs. phosphate buffered saline (PBS). Representative images of dihydroethdium (DHE) staining of (B) Wnt-3a, (C) iNOS, and 
(D) Arg-1 after mesenchymal stem cell transplantation or PBS. Green and red fluorescence indicate positive staining of target proteins. Normal C57BL/6J mice without 
transplantation were controls.
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by promoting a phenotypic switch to anti-inflammatory M2 
macrophages, and the involvement of Wnt-3a, was support-
ed by the finding that Wnt-c59, a Wnt-3a inhibitor, blocked 
the hepatoprotective effect of MSCs. The results indicate 
that Wnt-3a was involve in the liver protection of MSCs, 
especially in the regulation of macrophage polarization. In 
this study, it was found that the increase in Wnt-3a caused 
by MSCs promoted the recovery of liver injury by activat-
ing the Wnt signaling pathway, leading to upregulation of 
non-phospho-β-catenin expression.15 It is well known that 
activation of the β-catenin pathway is indispensable for the 
repair of liver damage, and that β-catenin is a key protein 
in the regulation of the expression of cyclins A, D and E. 
Cyclins regulate the progression of cells from the G1 to the 
S phase of the cell cycle.16,17 It has been found that within 
24 h of D-Gal induced liver injury, the expression of nu-
clear and cytoplasmic β-catenin significantly increased in 
some hepatocytes. Elevated β-catenin could be the basis of 
liver lobule repair and promotion of liver regeneration. In 
this study, the increased expression of β-catenin was ac-
companied by increased expression of the HGF, c-myc and 
cyclin-D1. Consistent with previous studies, we found that 
the induction of β-catenin expression occurred before that 
of its target genes.15

Wnt-3a regulates the activation of various immune cells, 
such as macrophage phenotype transformation, and activa-
tion of regulatory T cell subsets and helper T cells. We found 
that the expression of Foxp3 was not changed, and that the 
number of CD4 T cells was significantly reduced. Therefore, 
the activation of Wnt-3a induced by MSC transplantation 
was closely related to macrophages. Moreover, Wnt-3a from 
macrophages rather than T cells has been shown to inhibit 
acute inflammation, which further supports our findings.18 
Ylostalo et al.19 found that MSCs induced macrophage M2 
polarization mainly through the COX2-dependent prosta-
glandin E2 pathway. In contrast to Ylostalo et al.,19 we ob-

served a significant increase in the expression of IL4 but 
not COX2 following MSC transplantation. In addition, the 
therapeutic effect of BM-derived MSCs was abrogated by 
IL-4 gene knockout, indicating that the IL4 gene was essen-
tial for the immunomodulatory activity of MSCs.

It merits attention that in our study, BM-derived MSC 
promoted a switch in macrophage phenotype from M1 to M2 
by increasing Wnt-3a. The underlying mechanism involved 
production and secretion of IL-4 by BM-derived MSCs in the 
host inflammatory state, stimulated the reprogramming of 
the host liver macrophages, and increased the expression 
of Wnt-3a, which inhibited the liver inflammatory response 
and reduced liver injury.

In conclusion, the findings demonstrate that transplanta-
tion of allogeneic MSCs ameliorated ALF induced by D-Gal 
through an IL-4-dependent macrophage switch toward the 
M2 anti-inflammatory phenotype. Our findings may have 
clinical implications in that upregulation of IL-4 may en-
hance the therapeutic effects of allogeneic MSC transplan-
tation in the treatment of ALF.
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Abstract

Background and Aims: Radiation-induced liver fibrosis 
(RILF), delayed damage to the liver (post-irradiation) re-
mains a major challenge for the radiotherapy of liver ma-
lignancies. This study investigated the potential function 
and mechanism of circTUBD1 in the development of RILF. 
Methods: By using a dual luciferase assay, RNA pull-
down assays, RNA sequencing, chromatin immunoprecipi-
tation (known as ChIP) assays, and a series of gain- or 
loss-of-function experiments, it was found that circTUBD1 
regulated the activation and fibrosis response of LX-2 cells 
induced by irradiation via a circTUBD1/micro-203a-3p/
Smad3 positive feedback loop in a 3D system. Results: 
Knockdown of circTUBD1 not only reduced the expression 
of α-SMA, as a marker of LX-2 cell activation, but also 
significantly decreased the levels of hepatic fibrosis mol-
ecules, collagen type I alpha 1 (COL1A1), collagen type 
III alpha 1 (COL3A1), and connective tissue growth factor 
(CTGF) in a three-dimensional (3D) culture system and 
RILF model in vivo. Notably, knockdown of circTUBD1 al-
leviated early liver fibrosis induced by irradiation in mice 
models. Conclusions: This study is the first to reveal the 
mechanism and role of circTUBD1 in RILF via a circTUBD1/
micro-203a-3p/Smad3 feedback loop, which provides a 
novel therapeutic strategy for relieving the progression 
of RILF.

Citation of this article: Niu H, Zhang L, Wang B, Zhang 
GC, Liu J, Wu ZF, et al. CircTUBD1 Regulates Radiation-in-
duced Liver Fibrosis Response via a circTUBD1/micro-203a-
3p/Smad3 Positive Feedback Loop. J Clin Transl Hepatol 
2022;10(4):680–691. doi: 10.14218/JCTH.2021.00511.

Introduction

Radiotherapy is one of the most important nonsurgical 
treatments of liver malignancies1 such as hepatocellular 
carcinoma and intrahepatic cholangiocarcinoma. However, 
the efficacy of radiotherapy for liver malignancy is severely 
limited by radiation-induced liver fibrosis (RILF),2 which 
prevents re-irradiation or irradiation dose escalation for 
additional treatment of the cancer.1–4 It cannot be ignored 
that patients with liver dysfunction have a decreased toler-
ance to radiation and are more likely to develop RILF after 
completion of radiotherapy.2,5,6 Therefore, it is necessary to 
thoroughly clarify the central mechanisms underlying RILF 
and find suitable interventions to prevent or alleviate RILF 
occurrence and development.

However, research progress in RILF remains slow and no 
efficient therapies are available. One of the major obstacles 
is the lack of a stable fibrosis model induced by irradiation 
in vitro.7 Hepatic stellate cells (HSCs) are the main fibro-
sis cell type of liver fibrosis.8 However, human primary HSCs 
are difficult to culture because they have limited proliferation 
capacity. The two-dimensional (2D) culture model’s rapid 
dedifferentiation limits observation of the long-term cell phe-
notypes of chronic liver diseases, such as hepatotoxicity or fi-
brosis. Thus, it is imperative to develop new in vitro systems 
for maintaining quiescent LX-2 cells during prolonged periods 
of culture. A 3D culture system has recently gained much 
attention as a reliable system in vitro for studying various 
molecular and screening therapeutic drugs.7,9,10 Pingitore et 
al. established multilineage 3D spheroids as a model of liver 
steatosis and reported that LX-2 cells facilitate the compact-
ness of 3D spheroids.9 In addition, the 3D model system is 
more similar to in vivo conditions, which makes it a realistic 
system for in vitro translation studies.10,11 These studies sug-
gested that 3D cultures have potential as an in vitro model to 
explore mechanisms involved in chronic liver diseases.7,9,11

Increasing evidence shows that small RNA molecules have 
significant roles in the regulation of a variety of biological pro-
cesses.12 In addition, circRNAs characteristically have tissue-
specific expression patterns13 that indicate they have a po-
tential role in the diagnosis and treatment of disease. It was 
reported that circ-10720 serves as a biomarker of hepatocel-
lular carcinoma and is positively correlated with poor prog-
nosis in hepatocellular carcinoma.13 Hsa_circ_0070963 inhib-
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its liver fibrosis by regulation of miR-223-3p and LEMD3.14 
The findings suggest that targeting circRNAs is a promising 
therapeutic strategy. However, the expression and function of 
circRNAs in RILF remain largely unexamined. Because con-
ventional 2D cell culture is sensitive to irradiation, it restricts 
observation of the chronic phenotype of liver fibrosis induced 
by high-dose irradiation. To study RILF, we successfully estab-
lished a 3D spheroid model of LX-2 cells, which greatly facili-
tated this research. To examine the mechanism of activation 
and fibrogenic response of LX-2 cells to irradiation, a circRNA 
microarray was used to screen differentially expressed circR-
NAs in irradiated and nonirradiated LX-2 cells in our previous 
study.15 Among the significantly different circRNAs, circTUBD1 
(hsa_circ_0044897) caught our attention because it was sig-
nificantly upregulated, and its change was consistent with the 
activation of LX-2 cells. In this study, its role and regulation 
mechanism were further investigated in a 3D spheroid model 
of human HSCs LX-2 cells and in RILF mice models.

Methods

3D spheroid culture

LX-2 cells were purchased from the Shanghai Academy of 
Life Sciences (Shanghai, China) and cultured in Dulbecco’s 
Modified Eagle Medium (HyClone Laboratories, Logan, UT, 
USA). LX-2 cells were seeded into ultra low-attachment 96-
well plates (Corning, Corning, NY, USA) at 3,000 viable cells 
per well in 200 µL specific culture medium with 2% fetal 
bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL 
streptomycin. The spheroids were sufficiently compact at 3 
days after seeding, and 50% of the medium was exchanged 
daily with fresh medium. Spheroids were transferred to 
spinner flasks and maintained on a constant temperature 
cell shaker with stirring at 50 rpm.

Cell irradiation with X-rays

To minimize cell activation, the cells were cultured for 3–5 
generations after irradiation. LX-2 cells were irradiated with 
a single dose of 8 Gy X-rays, a photon beam energy of 8 MV, 
and at a dose rate of 300 cGy/min using an ONCORTM linear 
accelerator (Siemens, Munich, Germany). The distance be-
tween the cell plates and the X-ray source was 100 cm. The 
cells were collected at the indicated times for subsequent 
experiments.

Cell viability assay

To measure cell viability, a CellTiter-Glo Luminescent Cell 
Viability Assay kit (Promega, Madison, WI, USA) was used 
following the manufacturer’s instructions to measure ATP 
content. Briefly, 50 μL reagent was added to each sample 
well. After disruption of spheroids by pipetting, the plate was 
incubated at room temperature for 20 min in the dark. Then, 
the plate was placed in a SpectraMax i3 (Molecular Devices, 
San Jose, CA, USA) counter and luminescence was meas-
ured with SoftMax Pro 6.3 software (Molecular Devices).

Immunofluorescence

Briefly, 3D spheroidal cells were fixed with 8% paraformalde-
hyde for 12 h, embedded in OCT Cryomount, and then sec-
tioned at 8 μm. The sections were permeabilized with 0.5% 
Triton X-100, blocked with 10% FBS, and then incubated with 

primary antibodies against α-SMA, COL1A1, COL3A1, CTGF 
(Cell Signaling Technology, Danvers, MA, USA) for 60 min at 
37°C. All antibodies were diluted in 0.2% (w/v) bovine serum 
albumen in phosphate buffered saline. Sections were then 
probed with a Cy3-conjugated goat antimouse or antirab-
bit IgG secondary antibody for 30 min at 37°C. Nuclei were 
stained with antifade mounting medium containing diamidi-
no-2-phenylindole (DAPI) (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). Images were obtained by fluorescence 
microscopy (model BZ 700; Keyence, Osaka, Japan).

RNA pull-down assay

RNA pull-down assays were performed following the manu-
facturer’s instructions. Briefly, for circTUBD1 to pull down en-
dogenous miR-203a-3p, a biotin-coupled probe was designed 
to bind to the junction sites of circTUBD1, and a negative 
probe was used as a control. Biotin-circTUBD1 and its nega-
tive probe were incubated with 600 μg streptavidin magnetic 
beads (Life Technologies, Carlsbad, CA, USA) to form a biotin-
coupled RNA complex. Total RNA was extracted from 2×107 
LX-2 cells, and 200 μg total RNA was incubated with the bi-
otin-coupled RNA complex. Bound RNAs were evaluated by 
qRT-PCR. The same method was used for biotin-miR-203a-3p 
mimics to pull down endogenous circTUBD1. The circTUBD1 
probe, miR-203a-3p probe, and the corresponding negative 
control probes are listed in Supplementary Table 1.

RNA sequencing analysis

LX-2 cells transfected with small interfering RNA targeting 
circTUBD1 and its negative control were treated with 8 Gy 
X-rays. After irradiation for 72 h, LX-2 cells were collected 
for RNA sequencing. Transcriptome sequencing and bioinfor-
matics analysis was performed with an Illumina HiSeq2500 
instrument at Shanghai Majorbio Biopharm Technology Co. 
Ltd. (Shanghai, China).

ChIP assay

ChIP assays were performed following the manufacturer’s 
protocol using the Magna Ch-IP G Assay kit (EMD Millipore, 
Temecula, CA, USA). Briefly, cells were cross-linked with 1% 
formaldehyde for 10 m at room temperature, and quenched 
with 0.25 mol/L glycine. The cell pellet was resuspended in 
lysis buffer and incubated on ice for 15 min. The pellet was 
resuspended in nuclear lysis buffer. Effective sonication was 
confirmed by bioanalyzer analysis. The chromatin fraction 
was incubated with an anti-SMAD3 mAb (1:100) overnight 
at 4°C. The protein/DNA cross links were reversed to obtain 
free DNA, and after cross links were reversed, the purified 
DNA was detected and amplified by PCR.

RILF model establishment and studies

Male C57/B6J mice (6 weeks of age) were purchased from 
Shanghai Laboratory Animal Co. Ltd (SLAC, Shanghai, Chi-
na) and maintained in pathogen-free conditions. Mice were 
randomly allocated to four groups of 12 each. The RILF 
model was constructed by irradiating the left liver with 30 
Gy with five fractions, 6 Gy/per week. After 4 weeks of ir-
radiation, adenovirus (Ad-cirTUBD1-NC, Ad-sh1-circTUBD1 
and Ad-sh2-circTUBD1) were administrated through the tail 
vein at a titer of 5×108 pfu/mouse, once/week, three times. 
After 6 months of irradiation, the mice were killed by meth-
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ods following the regulations of Animal Ethics Committee 
of Zhongshan Hospital, Fudan University. Liver tissue was 
collected for hematoxylin and eosin, Masson-trichrome, and 
Sirius red staining, immunohistochemistry (IHC), western 
blotting, and qRT-PCR assays.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 
and SPSS v. 26.0.0.2. Results were compared by one-way 
analysis of variance, followed by Student’s t-test for unpaired 
observations or Bonferroni’s correction for multiple compari-
sons. A p-value of <0.05 was considered significant. Results 
were reported as means ± standard error of the means.

Supplementary Methods

For details about other methods, please refer to Supplemen-
tary File 1.

Results

Irradiation-induced human HSC activation and fibro-
sis response

To detect the effect of irradiation on the viability of the LX-2 
cell spheroids, ATP levels of spheroids irradiated with 8 Gy 
X-rays were measured. Spheroid viability increased within 
3 days before irradiation and decreased after irradiation, 
but maintained higher levels until 4 days after irradiation 
compared with 2D culture (Fig. 1A, B). Compared with 12 
h after irradiation, α-SMA began to increase significantly at 
24 h and remained at a high level. Fibrotic indicators of 
HSCs, such as COL1A1, COL3A1, and CTGF, were not sig-
nificantly increased within 24 h after irradiation, but began 
to increase at 48 h and reached the highest level at 72 h 
after radiation (Fig. 1C). Taken together, the results indi-
cated that 72 h after irradiation was an appropriate time to 
evaluate fibrotic phenotypes of LX-2 cell spheroids.

Down-regulation of circTUBD1 inhibited irradiation-
induced LX-2 cell activation and fibrosis response

Knocking down circTUBD1 significantly reduced LX-2 cell vi-
ability, but LX-2 cells remained viable more than 6 days 
after irradiation (Fig. 2A, B). Compared with the nonirra-
diated group, irradiation significantly induced activation of 
LX-2 cells (e.g., increased α-SMA and expression of fibro-
sis-related molecules, including COL1A1, COL3A1, CTGF 
mRNA and protein. Down-regulation of circTUBD1 not only 
reduced LX-2 activity, but also significantly decreased the 
expression of fibrosis-related molecules (Fig. 2C, D). The 
relative expression of the proteins in Figure 2D is shown 
in Supplementary Figure 1A. We also performed immuno-
fluorescence staining of the LX-2 spheroids, and the results 
were consistent with the results of qRT-PCR and western 
blotting (Fig. 2E). The relative quantitative fluorescence in-
tensity in Figure 2E are shown in Supplementary Figure 1B.

MiR-203a-3p reversed the effect of circTUBD1 on the 
activation and profibrotic response of LX-2 cells

The prediction results from Circinteractome database indi-

cated that circTUBD1 shared response elements for miR-
203a-3p (Fig. 3A). Dual luciferase reporter assays indicat-
ed that compared with the miR-203a-3p negative control, 
mimics of miR-203a-3p significantly reduced the luciferase 
activity of a reporter containing the wild-type circTUBD1 
sequence. However, it had no effect on the mutant circ-
TUBD1 sequence (Fig. 3B, C). The results confirmed that 
circTUBD1 directly bound to miR-203a-3p. RNA pull-down 
assays further confirmed that miR-203a-3p was substan-
tially enriched by the bio-circTUBD1 probe. Likewise, circ-
TUBD1 was pulled down by the wild-type bio-miR-646 
probe (Fig. 3D, E). We also examined how circTUBD1 
regulated the radiation-induced activation and fibrosis re-
sponse of LX-2 cells through interactions with miR-203a-
3p. The results indicated that the level of miR-203a-3p 
or circTUBD1 was not significantly changed in LX-2 cells 
transfected with knockdown of circTUBD1 or miR-203a-
3p mimics, compared with the corresponding control (Fig. 
3F, G). Compared with the negative control, miR-203a-
3p inhibitor aggravated radiation-induced activation and 
fibrosis of LX-2 cells, including the increasing of α-SMA, 
COL1A1, COL3A1, CTGF (Fig. 3H, I). The relative expres-
sion of proteins in Figure 3I are shown in Supplementary 
Figure 2. The suppression caused by silencing circTUBD1 
was partially reduced by miR-203a-3p inhibitor. These re-
sults further revealed that circTUBD1 sponged miR-203a-
3p to regulate the radiation-induced activation and fibrosis 
response of LX-2 cells.

MiR-203a-3p mediated circTUBD1 through SMAD3 to 
regulate the radiation-induced activation and fibro-
sis of LX-2 cells

The results of RNA sequencing suggested that the TGF-β 
signaling pathway ranked third among the top 15 enriched 
pathways and that the expression of SMAD3 was significant-
ly downregulated after knockdown of circTUBD1 (Fig. 4A, 
B). To explore why knockdown of circTUBD1 resulted in the 
decrease of SMAD3, prediction database was used. The re-
sults of Targetscan indicated that there were multiple bind-
ing sites between miR-203a-3p and SMAD3-3′-untrasnlated 
region (UTR) (Fig. 4C). The dual luciferase assay findings 
revealed that miR-203a-3p mimics significantly reduced lu-
ciferase activity of the report vector containing wild-type of 
SMAD3 but had no significant effects on the mutant SMAD3 
(Fig. 4D, E). These results showed that miR-203a-3p directly 
bound to SMAD3. To verify whether miR-203a-3p mediated 
the regulation of circTUBD1 through SMAD3, we transfected 
miR-203a-3p inhibitor into cells to knock down circTUBD1. 
The qRT-PCR and western blot results suggested that miR-
203a-3p inhibitors partially reversed the inhibition effect of 
knocking down circTUBD1 on SMAD3, p-SMAD3, SMAD2, p-
SMAD2, and TGF-β levels (Fig. 4F, G). The relative expres-
sion of the proteins in Figure 4G is shown in Supplemen-
tary Figure 3A. To examine whether SMAD3 was involved in 
radiation-induced activation and fibrosis response of LX-2 
cells, we knocked down SMAD3. The results indicated that 
compared with the negative control, SMAD3 knockdown sig-
nificantly inhibited radiation-induced activation and expres-
sion of fibrosis-related molecules in LX-2 cells, including the 
down-regulation of α-SMA, COL1A1, COL3A1, and CTGF. 
Knockdown of SMAD3 partially reversed the promotion ef-
fect of miR-203a-3p inhibitors on radiation-induced activa-
tion and fibrosis-related molecules of LX-2 cells (Fig. 4H–J). 
The relative expression of the proteins in Figure 4J is shown 
in Supplementary Figure 3B, C. The findings indicated that 
circTUBD was mediated by miR-203a-3p through SMAD3 
to regulate the radiation-induced activation and fibrosis of 
LX-2 cells.
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Fig. 1.  Irradiation induced the activation and fibrosis response of the human hepatic stellate line LX-2 cells. (A) The representative morphology of LX-2 
cells spheroids every day after irradiation (scale bar: 100 µm). (B) ATP level in LX-2 cells in 3D spheroid and 2D culture assayed by CellTiter-Glo Luminescent Cell Vi-
ability Assay Kits. (C) Expression of activation and fibrosis markers of LX-2 cells, including α-SMA, COL1A1, COL3A1, and CTGF assayed after irradiation by qRT-PCR. 
*p <0.05, **p<0.01, ***p<0.001. Bars are means ± SEM of at least three independent assays. 2D, two-dimensional; 3D, three-dimensional; COL1A1, collagen type 
I alpha 1; COL3A1, collagen type III alpha 1; CTGF, connective tissue growth factor. ns, not significant.
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Fig. 2.  Down-regulation of circTUBD1 suppressed the irradiation-induced activation and fibrosis response of LX-2 cells. (A, B) Representative images of 
3D spheroids and the viability of transfected LX-2 cells with circTUBD1 knockdown every day after irradiation (scale bar: 100 µm). (C, D) qRT-PCR and western blot 
assays of circTUBD1, α-SMA, COL1A1, COL3A1, CTGF expression in transfected LX-2 cells with down-regulation of circTUBD1 and corresponding control 72 h after ir-
radiation. (E) Representative images of immunofluorescence stained makers of activation and fibrosis molecules (CY3, red) in 3D spheroids of LX-2 cells with nucleic 
counterstained by DAPI (blue, scale bar: 200 µm). *p vs. non-irradiation, #p vs. NC-circ at 72 h after irradiation, ***p<0.001. ##p<0.01, ###p<0.001. Bar are means 
± SEM of at least three independent assays. NC-circ, negative control of circTUBD1; sh1-circ, short hairpin RNA 1 of circTUBD1; sh2-circ, short hairpin RNA 2 of circ-
TUBD1. DAPI, 4′,6-diamidino-2-phenylindole; CY3, Cyanine3.
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Fig. 3.  MiR-203a-3p reverses the effect of circTUBD1 on the activation and profibrotic response of LX-2 cells. (A) Putative binding sites of circTUBD1 and 
microRNA response elements of miR-203a-3p predicted by Circinteractome. (B, C) Luciferase reporter assays in LX-2 cells co-transfected with wild-type, mutant circ-
TUBD1, or negative control of luciferase vector and miR-203a-3p mimics, or negative control of miR-203a-3p mimics. (D, E) RNA pull-down assay followed by qRT-PCR 
of miR-203a-3p or circTUBD1 enriched with biotin-circTUBD1 probes or biotin-miR-203a-3p probes. (F, G) miR-203a-3p or circTUBD1 assayed by qRT-PCR in LX-2 cells 
transfected with knockdown of circTUBD1 or miR-203a-3p mimics. (H, I) α-SMA, COL1A1, COL3A1, CTGF in LX-2 expression assayed by qRT-PCR and western blot after 
co-transfection and knockdown of circTUBD1 with or without miR-203a-3p inhibitors or their negative controls. *p vs. NC-circ and NC-miR, #p vs. NC-circ and IN-miR. 
ns: not significant, ***p<0.001. #p<0.05, ##p<0.005. Bars are means ± SEM of at least three independent assays. NC-circ, negative control of circTUBD1; sh1-circ, 
sh1-TUBD1; sh2-circ, sh2-TUBD1; NC-miR, negative control of miR-203a-3p inhibitor; IN-miR, miR-203a-3p inhibitor; ns, not significant. WT, wild type; Mut, mutant.
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Fig. 4.  MiR-203a-3p mediates the regulation of circTUBD1 on SMAD3. (A) TGF-β signaling pathway ranked third among the top 15 enriched pathways in the 
knockdown of circTUBD1 vs. control group by Kyoto Encyclopedia of Genes and Genomes pathway enrichment. (B) SMAD3 ranked fifth among the different genes 
contained in the TGF-β signaling pathway analyzed by cluster analysis and displayed in the heatmap. (p <0.05 vs. NC-circTUBD1, red: high, blue: low). (C) Binding 
sites of the seed region of miR-203a-3p and SMAD3 3′-UTR predicted by Targetscan. (D, E) Luciferase reporter assay in LX-2 cells co-transfected with wild-type, mutant 
SMAD3, or negative control with miR-203a-3p mimics or negative control. (F, G) Expression of SAMD3, p-SAMD3, SAMD2, p-SAMD2 and TGF-β protein assayed after 
irradiation by qRT-PCR and western blot after co-transfection with knockdown of circTUBD1 and miR-203a-3p inhibitor or control in LX-2 cells. (H–J) qRT-PCR and west-
ern blot assays of the expression of fibrosis markers and molecules at 72 h after irradiation by in LX-2 cells transfected with knockdown of SMAD3 or negative control 
with miR-203a-3p inhibitors. *p vs. NC-SMAD3 and NC-miR, #p vs. IN-miR and NC-SMAD3 ns, not significant; *p<0.05; ***p<0.001; #p<0.05; ###p<0.001. Bars are 
means ± SEM of at least three independent assays. NC-SMAD3, negative control of SMAD3; si-SMAD3, short interference RNA of SMAD3; NC-miR, negative control of 
miR-203a-3p inhibitor; IN-miR, miR-203a-3p inhibitor; ns, not significant.



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  680–691 687

Niu H. et al: Regulation mechanism of circTUBD1 in RILF

CircTUBD1 was also be regulated by SMAD3 via a 
positive feed back

The predicted results from GTAR and JASPAR database re-
vealed that SMAD3, as a transcription factor, possessed 
multiple transcription factor binding sites (TFBSs) in the 
TUBD1 promoter region (Fig. 5A, B). The results of the 
dual luciferase assay revealed that there were two effective 
TFBSs on the TUBD1 promoter region that bound to SMAD3 
(Fig. 5C, D). To further examine how SMAD3 regulated circ-
TUBD1, specific primers were designed to detect expres-
sion of TUBD1 pre-mRNA and TUBD1, and circTUBD1 mRNA 
(Fig. 6E). To explore the transcriptional regulation of SMAD3 
on TUBD1, we performed ChIP assays using a mAb against 
SMAD3. ChIP-PCR analysis confirmed the occupancy of 
SAMD3 on the promoter of TUBD1 (Fig. 5F, G). Moreover, 
knockdown of SMAD3 significantly decreased TUBD1, pre-
TUBD1, and circTUBD1 expression in LX-2 cells (Fig. 5H–J). 
Taken together, the findings suggest that SMAD3 was not 
only regulated by cirTUBD1, but it also regulated endog-
enous expression of circTUBD1.

Knockdown of circTUBD1 alleviated the progression 
of irradiation-induced liver fibrogenesis in vivo model

qRT-PCR and western blot assays found that irradiation in-
duced up-regulation of α-SMA, COL1A1, COL3A1, and CTGF 
and knockdown of circTUBD1 partially alleviated the effect 
on the fibrosis makers (Fig. 6A, B). The relative expression 
of the proteins in Figure 6B are shown in Supplementary 
Figure 4. The RILF model was successfully constructed in 
C57BL/6 mice irradiated with 30 Gy X-ray in five fraction, 
manifested as the disruption of the regular lobular struc-
ture of liver, the extent of inflammatory cell infiltration (Fig. 
6C), and excess collagen deposition around blood vessels 6 
months after irradiation (Fig. 6 D, E). Notably, the results 
of immunohistochemistry confirmed that irradiation induced 
up-regulation of the above motioned fibrosis makers, and 
knockdown of circTUBD1 alleviated the fibrosis phenotype 
(Fig. 6F).

Discussion

RILF delayed post-irradiation damage to the liver that is 
inevitable and can be lethal.2,3,5 In this study, it was found 
that knockdown of circTUBD1 alleviated radiation-induced 
activation and fibrosis response in 3D culture systems in vit-
ro and in a RILF mouse model, including inhibition of α-SMA 
expression, reduction in the expression of the fibrosis-pro-
moting molecules COL1A1, COL3A1, and CTGF in LX-2 cells 
treated with irradiation. The study results revealed that 
circTUBD1 regulated the activation and fibrosis response 
of LX-2 cells induced by irradiation through a circTUBD1/
micro-203a-3p/Smad3 positive feedback loop.

To date, more than 380 cell lines have been established 
as 3D models and are used in drug toxicology studies, can-
cer research, and metabolomics research. The 3D culture 
system helps us understand complex cell physiology and 
cell function in response to stimuli in a condition closer to 
the in vivo environment. A previous study found that cells 
in 3D culture system enhanced extracellular matrix deposi-
tion and expression of biomarkers.11 Through optimization 
of culture conditions, we successfully established an LX-2 
cell 3D spheroid culture system as an in vitro model for 
the study of the mechanism of RILF. Our results confirmed 
that viability of the LX-2 cells was maintained longer after 
irradiation in the 3D spheroid system. More important, we 

discovered that the increases in α-SMA, COL1A1, COL3A1, 
and CTGF induced by irradiation were significant higher in 
the 3D model than in 2D culture. It is possible that LX-2 
cells were auto-activated in 2D culture. It was also found 
that irradiation induced significant increases in the expres-
sion of TGF-β and SMAD3 in activated LX-2 cells. The results 
are consistent with those of previous studies.16,17 Taken to-
gether, our results and those of previous studies confirm 
that the 3D spheroid system is a useful in vitro model that 
has advantages over 2D culture for the study of chronic liver 
diseases.11

Many small RNAs have been identified as being involved 
in regulation of disease.18 Different small RNAs are multidi-
mensional and have significantly different biological activ-
ity. Dysregulation of small RNAs, like miRNAs and circR-
NAs, contributes to regulation of the progression of hepatic 
fibrosis by targeting mRNAs.19 It has been reported that 
circRNA_000203 enhanced the expression of fibrosis-asso-
ciated genes by derepressing targets of miR-26b-5p, Col1a2 
and CTGF, in cardiac fibroblasts.20 In this study, we showed 
that irradiation induced a significant increase of circTUBD1 
in LX-2 cells. Knockdown of circTUBD1 inhibited HSC acti-
vation and profibrotic molecules, such as α-SMA, COL1A1, 
COL3A1, and CTGF. The results indicated that circTUBD1 
was involved in radiation-induced LX-2 cell activation and 
profibrotic response. Study findings suggest that miR-203a-
3p also inhibits HSC proliferation and attenuates liver fibro-
sis in mice via modulation of the p66Shc/β-catenin pathway 
induced by CCl4.21 We found that miR-203a-3p inhibitor 
significantly promoted the radiation-induced activation and 
fibrosis of LX-2 cells. Our results, which were partially con-
sistent with previous studies, confirmed that miR-203a-3p 
inhibited liver fibrosis. We also confirmed that knockdown 
of circTUBD1 could reverse the promotion effect of miR-
203a-3p inhibitors on the radiation-induced activation and 
fibrosis of LX-2 cells. Our previous studies showed that LX-2 
cells immediately secreted large amounts of proinflamma-
tory cytokines, including interleukin (IL)-1β, IL6, and tumor 
necrosis factor alpha (TNF-α) 24 h after irradiation, which 
regulated by circTUBD1/miR-146a-5p/TLR4 pathway.22 In 
this study, we found that HSCs began to synthesize a large 
amount of collagen at 48 h after radiation. Our previous 
work and the study results together suggest that radiation-
induced activation of HSCs not only promote the secretion 
of inflammatory factors in the early stage but also promote 
the synthesis of fibrosis in the late stage through different 
signaling pathways.

The TGF-β/SMAD3 signaling pathway is an important 
mediator during regulation of responses to radiation-in-
duced acute or chronic injury in the liver.16,17 Experimen-
tal and clinical studies have found that the TGF-β/SMAD3 
signaling pathway promotes a radiation dose-dependent 
increase in the inhibition of TGF-β/SMAD3 that reduces 
post-irradiation liver fibrosis in animals. Our LX-2 cell 
spheroid model also revealed an irradiation-induced acti-
vation of the TGF-β/SMAD3 signaling pathway. Anti-TGF-β 
therapy is a potential therapeutic strategy against RILF. 
Nevertheless, direct antagonization of TGF-β activity to re-
duce RILF will be a challenge because TGF-β is active in 
maintaining normal physiological activities in various cells 
of the liver. Therefore, the therapeutic approach of direct 
targeting of TGF-β to inhibit liver fibrosis would introduce 
unavoidable side effects. But we cannot completely negate 
the role of the TGF-β signaling pathway, as it may be a 
potential strategy to alleviate RILF by inhibiting down-
stream regulators like SMAD2 and SMAD3. Our previous 
study using circRNA microarrays revealed that circTUBD1 
expression in LX-2 cells was specifically and significantly 
increased when induced by irradiation,15 and Kyoto Ency-
clopedia of Genes and Genomes results suggested that the 
TGF-β signaling pathway ranked third among all pathways, 
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Fig. 5.  SMAD3 regulates circTUBD1 by targeting the pre-mRNA of TUBD1. (A, B) TFBSs in the promoter region of TUBD1 for SMAD3 predicted by GTAR and 
JASPA data. (C, D) Luciferase reporter assay in LX-2 cells co-transfected with wild-type, mutant TFBS of TUBD1 in GV238 vector, or negative control with SMAD3 over-
expression (GV141-SMAD3) or negative control. (E) Diagram of the specific primers designed to detect pre-mRNA of TUBD1, mRNA of TUBD1, and circTUBD1. (F, G) 
ChIP assay of the TUBD1 promoter using antibodies against SMAD3 in LX-2 cells and analyzed by PCR. (H, I) Expression of mRNA, pre-mRNA of TUBD1, and circTUBD1 
in LX-2 cells by qRT-PCR. **p<0.01, ***p<0.001. Bars are means ± SEM of at least three independent assays. NC-SMAD3, negative control of SMAD3; si-SMAD3, short 
interference RNA of SMAD3; NC-miR, negative control of miR-203a-3p inhibitor; IN-miR, miR-203a-3p inhibitor; ns, not significant.
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Fig. 6.  Knockdown of circTUBD1 alleviated irradiation-induced liver fibrogenesis in vivo model. (A, B) qRT-PCR and Western blot assays of the relative ex-
pression of activation and fibrosis markers α-SMA, COL1A1, COL3A1, and CTGF in mice at 6 months after irradiation. (C) Hematoxylin and eosin stained tissue showed 
irradiation-induced disruption of the regular lobular structure of the liver and the infiltration of inflammatory cells (yellow arrow); scale bar: 500 µm. (D, E) Masson and 
Sirius red staining show excess collagen deposition around the vessel 6 months after irradiation (yellow arrow); scale bar: 500 µm). (F) Immunohistochemistry shows 
that knockdown of circTUBD1 reduced the fibrosis phenotype and fibrosis makers (α-SMA, COL1A1, COL3A1, and CTGF) induced by irradiation. *p <0.05, **p<0.01, 
***p<0.001. Bar represent means ± SEM of at least three independent assays. NC-circ, negative control of circTUBD1; sh1-circ, sh1-TUBD1; sh2-circ, sh2-TUBD1.
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with significant differences after knockdown of circTUBD1. 
The result implied that altering circTUBD1 significantly af-
fected the TGF-β pathway. We further confirmed that, as a 
sponge of miR-203a-3p, circTUBD1 was involved in regula-
tion of the radiation-induced LX-2 cell profibrotic response 
through SMAD3. Although the general components of 
TGF-β/SMADs signaling is now understood, the core issue 
of how to control TGF-β/SMAD signaling in context remains 
unclear.23,24 It has been reported that SMAD3 mediates 
the constitutive active loop between lncRNA PCAT7 and the 
TGF-β signaling pathway to promote cancer metastasis.25 
However, the central question of how the TGF-β/SMAD 
feedback model exerts its versatile and context-depend-
ent functions in liver fibrosis is unclear. In this study, we 
found that the expression level of circTUBD1 changed after 
knockdown of SMAD3. Using different methods, we con-
firmed that SMAD3 was not only regulated by cirTUBD1, 
it also regulated the endogenous expression of circTUBD1 
and forms a positive feedback. The feedback mode helps 
to adjust the signal strength more effectively.

In previous studies, RILF models were established by ir-
radiation whole liver.1,16 To exclude individual differences 
and better simulate focal radiation in clinical, we irradiated 
only the left liver of mice with X-rays. Compared with the 
right liver, the left liver manifested infiltration of a number of 
inflammatory cells infiltrate around blood vessels and vas-
cular and interstitial congestion at early stages. The regular 
lobular structure was partially disrupted, and excess col-
lagen was deposited in the interstitium, especially around 
the vessels. Notably, we observed that irradiation induced 
migration of HSCs to vascular spaces from the subendothe-
lial space of Disse, which further confirmed that HSCs have 
an important role in irradiation-induced collagen deposition 
around the vessels. These results implied that knockdown 
of circTUBD1 inhibited the cascade reaction induced by the 
circTUBD1/micro-203a-3p/Smad3 positive feedback loop 
and reduced collagen secretion from HSCs, may be a poten-
tial strategy to alleviate the RILF.

Conclusion

This study clarified the activities and mechanism of circ-
TUBD1 in the process of RILF through a circTUBD1/miR-
203a-3p/SMAD3 positive feedback loop by 3D model in vitro 
and RILF model in vivo. Knockdown of the specific circTUBD1 
may be a potential strategy for effective prevention of RILF.

Funding

This work was supported by National Natural Science Foun-
dation of China (Grant Nos. 81773220 and 82003225). 
Shanghai Sailing Program (Grant No. 20YF1405500), the 
Youth Programme of Zhongshan Hospital, Fudan University 
(Grant No. 2020ZSQN24).

Conflict of interest

The authors have no conflict of interests related to this pub-
lication.

Author contributions

Study conception and design (ZCZ), data acquisition (HN, 
LZ), data analysis and interpretation (BW, GCZ), manuscript 
drafting (HN), manuscript revision for important intellectual 

content (JL, ZFW, SSD), and administrative, technical, ma-
terial support, and study supervision (ZCZ).

Ethical statement

The study was approved by the Zhongshan Hospital Re-
search Ethics Committee.

Data sharing statement

Research data will be shared upon reasonable request di-
rected to the corresponding author.

References

[1] Koay EJ, Owen D, Das P. Radiation-Induced Liver Disease and Modern Ra-
diotherapy. Semin Radiat Oncol 2018;28(4):321–331. doi:10.1016/j.sem-
radonc.2018.06.007, PMID:30309642.

[2] Straub JM, New J, Hamilton CD, Lominska C, Shnayder Y, Thomas SM. Ra-
diation-induced fibrosis: mechanisms and implications for therapy. J Can-
cer Res Clin Oncol 2015;141(11):1985–1994. doi:10.1007/s00432-015- 
1974-6, PMID:25910988.

[3] Benson R, Madan R, Kilambi R, Chander S. Radiation induced liver disease: 
A clinical update. J Egypt Natl Canc Inst 2016;28(1):7–11. doi:10.1016/j.
jnci.2015.08.001, PMID:26300327.

[4] Dawson LA, Normolle D, Balter JM, McGinn CJ, Lawrence TS, Ten Haken 
RK. Analysis of radiation-induced liver disease using the Lyman NTCP mod-
el. Int J Radiat Oncol Biol Phys 2002;53(4):810–821. doi:10.1016/s0360-
3016(02)02846-8, PMID:12095546.

[5] Toesca DAS, Ibragimov B, Koong AJ, Xing L, Koong AC, Chang DT. Strate-
gies for prediction and mitigation of radiation-induced liver toxicity. J Radiat 
Res 2018;59(suppl_1):i40–i49. doi:10.1093/jrr/rrx104, PMID:29432550.

[6] Chou CH, Chen PJ, Lee PH, Cheng AL, Hsu HC, Cheng JC. Radiation-in-
duced hepatitis B virus reactivation in liver mediated by the bystander 
effect from irradiated endothelial cells. Clin Cancer Res 2007;13(3):851–
857. doi:10.1158/1078-0432.Ccr-06-2459, PMID:17289877.

[7] van Grunsven LA. 3D in vitro models of liver fibrosis. Adv Drug Deliv Rev 
2017;121:133–146. doi:10.1016/j.addr.2017.07.004, PMID:28697953.

[8] Puche JE, Saiman Y, Friedman SL. Hepatic stellate cells and liver fibrosis. Com-
pr Physiol 2013;3(4):1473–1492. doi:10.1002/cphy.c120035, PMID:242 
65236.

[9] Pingitore P, Sasidharan K, Ekstrand M, Prill S, Lindén D, Romeo S. Human 
Multilineage 3D Spheroids as a Model of Liver Steatosis and Fibrosis. Int J 
Mol Sci 2019;20(7):1629. doi:10.3390/ijms20071629, PMID:30986904.

[10] Coll M, Perea L, Boon R, Leite SB, Vallverdú J, Mannaerts I, et al. Genera-
tion of Hepatic Stellate Cells from Human Pluripotent Stem Cells Enables In 
Vitro Modeling of Liver Fibrosis. Cell Stem Cell 2018;23(1):101–113.e107. 
doi:10.1016/j.stem.2018.05.027, PMID:30049452.

[11] Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FD. 3D cell culture 
systems: advantages and applications. J Cell Physiol 2015;230(1):16–26. 
doi:10.1002/jcp.24683, PMID:24912145.

[12] Zhang F, Zhang R, Zhang X, Wu Y, Li X, Zhang S, et al. Comprehensive 
analysis of circRNA expression pattern and circRNA-miRNA-mRNA network 
in the pathogenesis of atherosclerosis in rabbits. Aging 2018;10(9):2266–
2283. doi:10.18632/aging.101541, PMID:30187887.

[13] Meng J, Chen S, Han JX, Qian B, Wang XR, Zhong WL, et al. Twist1 Regu-
lates Vimentin through Cul2 Circular RNA to Promote EMT in Hepatocel-
lular Carcinoma. Cancer Res 2018;78(15):4150–4162. doi:10.1158/0008-
5472.Can-17-3009, PMID:29844124.

[14] Ji D, Chen GF, Wang JC, Ji SH, Wu XW, Lu XJ, et al. Hsa_circ_0070963 
inhibits liver fibrosis via regulation of miR-223-3p and LEMD3. Aging 
2020;12(2):1643–1655. doi:10.18632/aging.102705, PMID:32003753.

[15] Chen Y, Yuan B, Wu Z, Dong Y, Zhang L, Zeng Z. Microarray profiling of 
circular RNAs and the potential regulatory role of hsa_circ_0071410 in 
the activated human hepatic stellate cell induced by irradiation. Gene 
2017;629:35–42. doi:10.1016/j.gene.2017.07.078, PMID:28774651.

[16] Kumar D, Yalamanchali S, New J, Parsel S, New N, Holcomb A, et al. Develop-
ment and Characterization of an In Vitro Model for Radiation-Induced Fibro-
sis. Radiat Res 2018;189(3):326–336. doi:10.1667/rr14926.1, PMID:2935 
1058.

[17] Hu Z, Qin F, Gao S, Zhen Y, Huang D, Dong L. Paeoniflorin exerts protective 
effect on radiation-induced hepatic fibrosis in rats via TGF-β1/Smads sign-
aling pathway. Am J Transl Res 2018;10(3):1012–1021. PMID:29636890.

[18] Barcena-Varela M, Colyn L, Fernandez-Barrena MG. Epigenetic Mechanisms 
in Hepatic Stellate Cell Activation During Liver Fibrosis and Carcinogenesis. 
Int J Mol Sci 2019;20(10):2507. doi:10.3390/ijms20102507, PMID:3111 
7267.

[19] Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems 
J. The biogenesis, biology and characterization of circular RNAs. Nat Rev 
Genet 2019;20(11):675–691. doi:10.1038/s41576-019-0158-7, PMID:313 
95983.

[20] Tang CM, Zhang M, Huang L, Hu ZQ, Zhu JN, Xiao Z, et al. CircRNA_000203 

https://doi.org/10.1016/j.semradonc.2018.06.007
https://doi.org/10.1016/j.semradonc.2018.06.007
http://www.ncbi.nlm.nih.gov/pubmed/30309642
https://doi.org/10.1007/s00432-015-1974-6
https://doi.org/10.1007/s00432-015-1974-6
http://www.ncbi.nlm.nih.gov/pubmed/25910988
https://doi.org/10.1016/j.jnci.2015.08.001
https://doi.org/10.1016/j.jnci.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26300327
https://doi.org/10.1016/s0360-3016(02)02846-8
https://doi.org/10.1016/s0360-3016(02)02846-8
http://www.ncbi.nlm.nih.gov/pubmed/12095546
https://doi.org/10.1093/jrr/rrx104
http://www.ncbi.nlm.nih.gov/pubmed/29432550
https://doi.org/10.1158/1078-0432.Ccr-06-2459
http://www.ncbi.nlm.nih.gov/pubmed/17289877
https://doi.org/10.1016/j.addr.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28697953
https://doi.org/10.1002/cphy.c120035
http://www.ncbi.nlm.nih.gov/pubmed/24265236
http://www.ncbi.nlm.nih.gov/pubmed/24265236
https://doi.org/10.3390/ijms20071629
http://www.ncbi.nlm.nih.gov/pubmed/30986904
https://doi.org/10.1016/j.stem.2018.05.027
http://www.ncbi.nlm.nih.gov/pubmed/30049452
https://doi.org/10.1002/jcp.24683
http://www.ncbi.nlm.nih.gov/pubmed/24912145
https://doi.org/10.18632/aging.101541
http://www.ncbi.nlm.nih.gov/pubmed/30187887
https://doi.org/10.1158/0008-5472.Can-17-3009
https://doi.org/10.1158/0008-5472.Can-17-3009
http://www.ncbi.nlm.nih.gov/pubmed/29844124
https://doi.org/10.18632/aging.102705
http://www.ncbi.nlm.nih.gov/pubmed/32003753
https://doi.org/10.1016/j.gene.2017.07.078
http://www.ncbi.nlm.nih.gov/pubmed/28774651
https://doi.org/10.1667/rr14926.1
http://www.ncbi.nlm.nih.gov/pubmed/29351058
http://www.ncbi.nlm.nih.gov/pubmed/29351058
http://www.ncbi.nlm.nih.gov/pubmed/29636890
https://doi.org/10.3390/ijms20102507
http://www.ncbi.nlm.nih.gov/pubmed/31117267
http://www.ncbi.nlm.nih.gov/pubmed/31117267
https://doi.org/10.1038/s41576-019-0158-7
http://www.ncbi.nlm.nih.gov/pubmed/31395983
http://www.ncbi.nlm.nih.gov/pubmed/31395983


Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  680–691 691

Niu H. et al: Regulation mechanism of circTUBD1 in RILF

enhances the expression of fibrosis-associated genes by derepressing 
targets of miR-26b-5p, Col1a2 and CTGF, in cardiac fibroblasts. Sci Rep 
2017;7:40342. doi:10.1038/srep40342, PMID:28079129.

[21] Wang Z, Zhao Y, Zhao H, Zhou J, Feng D, Tang F, et al. Inhibition of p66Shc 
Oxidative Signaling via CA-Induced Upregulation of miR-203a-3p Allevi-
ates Liver Fibrosis Progression. Mol Ther Nucleic Acids 2020;21:751–763. 
doi:10.1016/j.omtn.2020.07.013, PMID:32781430.

[22] Niu H, Zhang L, Chen YH, Yuan BY, Wu ZF, Cheng JC, et al. Circular RNA 
TUBD1 Acts as the miR-146a-5p Sponge to Affect the Viability and Pro-
Inflammatory Cytokine Production of LX-2 Cells through the TLR4 Path-
way. Radiat Res 2020;193(4):383–393. doi:10.1667/rr15550.1, PMID:320 

97101.
[23] Hu HH, Chen DQ, Wang YN, Feng YL, Cao G, Vaziri ND, et al. New in-

sights into TGF-β/Smad signaling in tissue fibrosis. Chem Biol Interact 
2018;292:76–83. doi:10.1016/j.cbi.2018.07.008, PMID:30017632.

[24] Xu F, Liu C, Zhou D, Zhang L. TGF-β/SMAD Pathway and Its Regula-
tion in Hepatic Fibrosis. J Histochem Cytochem 2016;64(3):157–167. 
doi:10.1369/0022155415627681, PMID:26747705.

[25] Lang C, Dai Y, Wu Z, Yang Q, He S, Zhang X, et al. SMAD3/SP1 complex-
mediated constitutive active loop between lncRNA PCAT7 and TGF-β signal-
ing promotes prostate cancer bone metastasis. Mol Oncol 2020;14(4):808–
828. doi:10.1002/1878-0261.12634, PMID:31925912.

https://doi.org/10.1038/srep40342
http://www.ncbi.nlm.nih.gov/pubmed/28079129
https://doi.org/10.1016/j.omtn.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/32781430
https://doi.org/10.1667/rr15550.1
http://www.ncbi.nlm.nih.gov/pubmed/32097101
http://www.ncbi.nlm.nih.gov/pubmed/32097101
https://doi.org/10.1016/j.cbi.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30017632
https://doi.org/10.1369/0022155415627681
http://www.ncbi.nlm.nih.gov/pubmed/26747705
https://doi.org/10.1002/1878-0261.12634
http://www.ncbi.nlm.nih.gov/pubmed/31925912


Copyright: © 2022 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License  
(CC BY-NC 4.0), which permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided.  

“This article has been published in Journal of Clinical and Translational Hepatology at https://doi.org/10.14218/JCTH.2021.00353 and can also be viewed 
 on the Journal’s website at http://www.jcthnet.com ”.

Review Article

Journal of Clinical and Translational Hepatology 2022  vol. 10(4)  |  692–699 
DOI: 10.14218/JCTH.2021.00353

Pluripotent Stem Cell-derived Strategies to Treat Acute  
Liver Failure: Current Status and Future Directions
Jingfeng Liu1,2,3* , Zhiming Yuan4 and Qingwen Wang2,3*

1Institute of Biomedicine and Biotechnology, Shenzhen Institute of Advanced Technology, Chinese Academy of Science, Shenz-
hen, Guangdong, China; 2Shenzhen Key Laboratory of Immunity and Inflammatory Diseases, Peking University Shenzhen Hospi-
tal, Shenzhen, Guangdong, China; 3Department of Rheumatism and Immunology, Peking University Shenzhen Hospital, Shenz-
hen, Guangdong, China; 4Department of Gastroenterology, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China

Received: 22 August 2021  |  Revised: 17 January 2022  |  Accepted: 12 February 2022  |  Published: 9 March 2022

Abstract

Liver disease has long been a heavy health and economic 
burden worldwide. Once the disease is out of control and 
progresses to end-stage or acute organ failure, orthotopic 
liver transplantation (OLT) is the only therapeutic alternative, 
and it requires appropriate donors and aggressive adminis-
tration of immunosuppressive drugs. Therefore, hepatocyte 
transplantation (HT) and bioartificial livers (BALs) have been 
proposed as effective treatments for acute liver failure (ALF) 
in clinics. Although human primary hepatocytes (PHs) are 
an ideal cell source to support these methods, the large 
demand and superior viability of PH is needed, which re-
strains its wide usage. Thus, a finding alternative to meet 
the quantity and quality of hepatocytes is urgent. In this 
context, human pluripotent stem cells (PSC), which have 
unlimited proliferative and differential potential, derived 
hepatocytes are a promising renewable cell source. Recent 
studies of the differentiation of PSC into hepatocytes has 
provided evidence that supports their clinical application. 
In this review, we discuss the recent status and future di-
rections of the potential use of PSC-derived hepatocytes in 
treating ALF. We also discuss opportunities and challenges 
of how to promote such strategies in the common applica-
tions in clinical treatments.

Citation of this article: Liu J, Yuan Z, Wang Q. Pluripotent 
Stem Cell-derived Strategies to Treat Acute Liver Failure: 
Current Status and Future Directions. J Clin Transl Hepatol 
2022;10(4):692–699. doi: 10.14218/JCTH.2021.00353.

Introduction

Liver diseases, including acute liver failure (ALF) are a pub-
lic health challenge worldwide, because of death caused by 
liver dysfunction.1–3 ALF is a severe condition with signifi-
cant morbidity and mortality even for the patients without 
pre-existing liver disease. The causes of ALF vary geograph-
ically with viral infections of the liver, primarily hepatitis B, 
C, and E in developing countries and drug overdose-induced 
ALF, usually paracetamol (acetaminophen), in developed 
countries such as USA and parts of Europe.4–8 Because of 
the severity of ALF, there are few ways to prevent or cure 
patients other than orthotopic liver transplantation (OLT), 
which is now the only treatment that is considered effective 
to avoid the life-threatening complications caused by ALF.9–
11 However, OLT is limited by the scarcity of available donor 
livers, complicated surgery procedures, and high financial 
burden.12 Therefore, other than OLT and drug supplements 
for the maintenance of basic vital signs, there is a need for 
effective therapeutic treatments for ALF.

In recent years, hepatocytes transplantation (HT) and bio-
artificial liver (BAL) system have emerged as effective meth-
ods for the compensatory treatments of ALF related liver 
dysfunction.13–16 These two methods potentially build up the 
fundamental niche for host liver regeneration and decelerate 
the disease progression, which creates a bridging time for 
OLT. As reported, effective HT involves reconstitution of as 
much as 2.5% functional liver tissue in treating acute-on-
chronic liver failure (ACLF).17 Consistent with that, primary 
hepatocytes (PHs) are considered the ideal cell source for 
such treatments. Unfortunately, it remains a bottleneck to 
meet the demand of large quantity and clinical quality of PH 
from limited viable organ donation. To solve these problems, 
studies have focused on developing strategies using human 
pluripotent stem cell (PSC)-derived hepatic-like cells (HLCs), 
including hepato-blasts and hepatocytes. The differentiation 
of PSCs into clinical-grade HLCs has been studied.18–20 The 
aim of this review is to summarize the current opinions re-
garding the therapeutic effectiveness of PSC-derived HLC for 
ALF treatment and to discuss recent progresses in preclini-
cal and clinical treatments and challenges, which need to be 
improved in using PSC-derived HLC (Fig. 1).

Characteristics of ALF

ALF is characterized by severe injury of liver cells that has 
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a rapid onset and leads to a frequent fatal outcome, with 
up to 30% mortality.21 Paracetamol overdose and autoim-
munity caused liver injuries are the most frequent causes 
in developed countries. HBV infection is the primary cause 
of ALF in developing countries.2 Paracetamol toxicity, which 
induces mitochondrial oxidant stress-related cell death and 
sterile inflammatory responses in hepatocytes, accounts for 
more than 46% of the ALF cases in the USA.22 At the early 
stage of paracetamol-induced liver injury, treatment with 
N-acetyl-cysteine or 4-methylpyrazole (fomepizole) can ef-
fectively control the progress.23 However, at later stages, 
drugs are no longer effective to slow disease progression, 
which leaves OLT as the last option to save such patients. 
HBV infection has plagued China for a long time, and is in-
volved in 84% of hepatocellular carcinoma and 77% of liver 
cirrhosis patients annually.6 Control of HBV is fundamental 
to preventing ALF. Anti-HBV drugs focus on how to slow 
the replication of viral DNA, but completely eliminating HBV 
DNA is hard to achieve, and is the main reason of HBV re-

lapse and progression.24,25 Once the HBV replication is out 
of control, there’s a large chance to cause ALF. The pathol-
ogy and autopsy of ALF patients often shows widespread 
hepatic apoptosis and necrosis with few viable hepatocytes 
remaining, which leads to the failure of liver regeneration. 
To save ALF patients, the question to answer is how to buy 
time for patients to carry out liver regeneration.

Treatment of ALF must deal with systemic complications 
including the release of pro-inflammatory cytokines, multi-
ple organ failure, and a hypotensive environment. Hepatic 
encephalopathy frequently appears because they hepato-
cyte death results in aberrant liver function and toxins that 
travel to the brain and affect the brain function. Although 
L-ornithine-L-aspartate and ornithine phenylacetate inhibit 
ammonia synthesis to relieve symptoms, OLT is current, y 
the last chance for ALF patients currently. Development of 
novel treatments of ALF patients is currently urgent.

Current knowledge of the treatments for ALF

In addition to the basic symptomatic supporting treatments 
to stabilize the vital signs, cell therapy-based supplement 
for liver regeneration and bioartificial liver (BAL) support 
system have been developed as effective tools for ALF pa-
tients. Both of these methods require a large quantity of 
viable hepatocytes.

BAL system

Before the emergence of BAL, abiotic artificial liver therapy, 
including plasmapheresis, hemoperfusion absorption, and 
venous hemodiafiltration, were used as clinical treatments 
with limited success.26,27 The molecular adsorbent recircu-
lating system and Prometheus system are widely used non-
bioartificial liver systems with benefits for ALF patients.28,29 
However, as it relies on exogenous detoxification, is not able 
to provide an environment needed for hepatic regenera-
tion as it is complicated to mimic all the functions of host 
hepatocytes. BAL systems include functional hepatocytes in 
a bioreactor that simulates the function of a normal human 
liver. To a large extent, it can not only remove the toxic 
substances but also provide functions such as synthesis and 
metabolism, which temporarily replace the function of the 
damaged liver in order to survive from the fatal onsets of 
ALF.16,30 The indispensable factor within the BAL system are 
the functional hepatocytes. The quality of functional hepat-
ocytes, the ease of obtaining them and safety are decisive 
in determining whether the BAL can play an important role 
in clinical treatment.

Prior to this, the main sources of functional hepatocytes 
were primary liver cells, porcine liver cells, human liver can-
cer cell lines like HepG2, HepaRG, and immortalized human 
liver cell lines like L-02. Human PH are the best for use in 
BALs, but organ sources are limited, and it is difficult to 
obtain a sufficient number of human PH for BALs. Porcine 
liver cells are used because of their functions, abundant 
source, and the easy accesses. For example, the AMC artifi-
cial liver system using porcine liver cells successfully helped 
12 patients with ALF to gain time for OLT. One patient no 
longer needed because of the effectiveness of therapy.31,32 
The HepaAssist system, which uses porcine liver cells, is 
the only BAL system that has been a investigated in a mul-
ticenter randomized controlled clinical trial in the USA. Al-
though it has achieved encouraging therapeutic effects in 
phase III clinical trials, it has not yet obtained Federal Drug 
Administration approval. It is underlying safety concerns 
including heterogeneous immune rejection and animal-de-
rived virus infections have made it difficult to obtain regula-

Fig. 1.  Producing pluripotent stem cell (PSC)-derived hepatic-like cells 
(HLCs) for use in bioartifical liver support and hepatocyte transplanta-
tion applications. The advantage of using PSC derived of HLC is their unlimited 
proliferation potential, which addresses both the shortage of viable donor livers 
and primary hepatocytes. By differentiating PSC (hESCs or iPSCs) or genome 
edited PSC into HLC, we can obtain HLCs of the required quantity and quality for 
BAL and HT in severe liver disease (e.g., ALF, ACLF, and ESLD). After BAL or HT 
treatment, the ideal outcome is either graft expansion and the regeneration of 
the host liver or bridging to OLT. ALF, acute liver failure; ACLF, acute on chronic 
liver failure; BAL, bioartificial liver; ESLD, end-stage liver disease; hESC, hu-
man embryonic stem cell; HLC, hepatic-like cell; HT, hepatocyte transplanta-
tion; iPSC, induced pluripotent stem cell; OLT, orthotopic liver transplantation; 
PSC, pluripotent stem cell.
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tory approval.33 The superiority of human liver cancer cell 
lines and immortalized human liver cell lines is that they can 
proliferate indefinitely in vitro. However, their functions are 
greatly compromised and there is a potential tumorigenic 
risk, which limits their application prospects. For example, 
the Vital Therapies artificial liver system, which uses C3A 
liver cancer cells, failed a phase III clinical trial because of 
poor therapeutic effects, even though the effectiveness in 
animal experiments was good.34,35 Therefore, to obtain a 
large quantity and clinical-grade quality of functional hepat-
ocytes is the major hindrance for BAL.

Nowadays, in the research of regenerative medicine, PSC 
has received much attention due to the potential to be dif-
ferentiated into functional hepatocytes as the source of seed 
cells in the BAL system. Precise differentiation of human 
embryonic stem cell (hESCs) or induced pluripotent stem 
cell (iPSCs) into HLC has been achieved and improved tre-
mendously. In addition, with the appearance of 3D culturing 
system, hepatic organoid formation brings out more mature 
HLC, which owns comprehensive functions.36,37 Moreover, 
Lijian Hui of Shanghai also successfully transdifferentiated 
human fibroblasts into human hepatocytes (hiHep), and 
overexpressed SV40 Large T through gene editing, thus 
obtaining the ability to be expanded in vitro, providing a 
potential cell source for BAL.38 This technology also suc-
cessfully conducted a clinical trial of a bioartificial liver in 
2016, and achieved good therapeutic effects, which greatly 
improved the confidence to promote hiHep into the clinic 
applications. In addition, bioreactors, as the key devices in 
BAL system, are able to provide a favorable proliferative 
and metabolic platform for a large-scale liver cell culture 
and storage.39 For example, a fluidized-bed bioreactor with 
alginate-based spherical beads is able to scale up 1011 liver 
cells culture and retains their hepatic functions.40 Yet the 
challenge is to extend such design to clinical applications.

Hepatocyte transplantation (HT)

The concept of HT therapy was first described by scientists 
in the early 1970s. After more than 20 years of develop-
ment, HT therapy was translated from animal experiments 
to clinical trials, and was shown to be effective in ALF, or 
acute-on-chronic liver failure (Table 1).17,41–45 HT has sev-

eral key therapeutic advantages. (1) It is less invasive OLT 
surgery and can be performed multiple times. (2). The pa-
tient’s liver is preserved and retains its ability to regenerate 
itself. (3) With the development of gene editing and stem 
cell technology, HT can be coupled with targeted genome 
modifications, realizing individualized and precise treat-
ment.15,46 These advantages are not available in OLT or BAL 
support systems. So far, many liver diseases have under-
gone clinical trials of HT treatment, laying the foundation for 
clinical promotion and application.

How to gain time is a significant issue for ALF patients. For 
one thing, HT helps patients to regenerate their own livers, 
providing a proliferative niche for transplanted hepatocytes. 
While OLT is inevitable, HT plays a role as a transitional 
bridge connecting patients with an appropriate donor liver. 
In animal models of drug-induced ALF, HT significantly im-
proves survival. In clinical trials, there have been more than 
40 cases of ALF caused by drugs or viral infections treated 
by HT worldwide.47,48 Although, they were not multicenter 
randomized controlled trials and the delivery method, vol-
ume of transplanted cells, and cell sources were not stand-
ardized, which makes them difficult to compare statistically, 
most patients responded well to treatment, with prolonged 
survival time, bridging to OLT, and even fully recovery (Ta-
ble 1).17,41 The limited clinical data fully confirms the thera-
peutic effect of HT, but it needs to be further standardized 
and unified.

PSC-derived hepatocytes

With both BAL support or HT treatment, the key to success 
is the quality and quantity of functional liver cells. Human 
PSCs, including human embryonic stem cells (hESCs) and 
induced pluripotent stem cells (iPSCs), have unlimited pro-
liferation ability and the pluripotency to differentiate into 
any somatic cell type. Therefore, the differentiation of PSCs 
into HLCs with similar gene expression profiles and func-
tions as human hepatocytes can, to a large extent, solve 
the problem of limited sources of functional hepatocytes. 
Recent advances in stem cell research have found methods 
that have increased the ease of inducing in vitro differentia-
tion into HLCs. However, often not more than 109–1010 the 
hepatocytes are available for treatment, which is a barrier 

Table 1.  Clinical use of hepatocyte transplantation to treat acute liver failure (ALF)

Time (year) Number of 
recipients Delivery route Outcomes Reference

Drug-induced ALF

  1999 2 Portal vein 2 Deaths: days 4 and 35 41

  2000 3 intrasplenic 3 Deaths: 6 h, days 14, and 20 42

  2006 6 Intrasplenic and 
portal vein

3 Deaths: days 1, 3, 18; 2 OLT: 
days 2 and 10; 1: Full recovery

43

Hepatitis virus-induced ALF

  2000 1 Intrasplenic 1 Full recovery 45

  2000 2 Intrasplenic and 
portal vein

2 Deaths: 18 h and day 52 42

  2006 2 Portal vein 2 Deaths: days 2 and 7 43

  2010 1 Portal vein 1 Death: day 11 44

Acute-on-chronic liver failure

  2014 7 Intrasplenic 3: Full recovery; 3 Death: 
2.5–12 months; 1: OLT

17
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between PSC differentiation and clinical application. One of 
the obstacles is that the efficiency of differentiation is lim-
ited, which often accompanied by the risk of incomplete dif-
ferentiation or incorrect cell fates, resulting in unpredictable 
safety issues. Additionally, the current hepatocyte culture 
system has not been well developed, which is hard to main-
tain the proliferation ability and the functions of cultured 
hepatocytes at the same time. Therefore, we need to reach 
a more comprehensive and in-depth understanding of the 
molecular mechanisms of direct differentiation of PSC into 
HLC, to establish an efficient and stable differentiation sys-
tem. We need to find ways to culture and expand hepat-
ocytes in vitro to obtain a large number of clinical-grade 
hepatocytes, which is of great significance for the treatment 
of ALF by BAL and HT. The paragraphs below review the 
current status and progress of PSCs used for the treatment 
of ALF.

Differentiation of PSCs into HLCs

The study of precise differentiation of PSC into HLC in vitro is 
mainly through simulating the development of human liver, 
which is accomplished by adding growth factors and small 
molecules that regulate the related signal pathways. Meth-
ods described in the available studies can be used to induce 
the differentiation of PSC into definitive endoderm (DE), 
hepatoblasts (HB), and mature hepatic cells, i.e. HLCs. Al-
though the specific induction schemes adopted by different 
research groups are not the same, the basic method is: (1) 
induction of DE cells by activin-A; (2) Transformation of DE 
to HB by treatment with FGF, BMP, and HGF; and (3) use of 
OSM and dexamethasone (DEX) to induce maturation of HB 
into HLC (Fig. 2).49

The induction of DE is the first step of differentiation and 
is a key step that determines the final differentiation ef-
ficiency. The most frequently used method is the induction 
of PSC to form DE cells by activin-A. The underlying mech-
anism is activation of the Nodal signaling pathway, which 
simulating the early steps of liver development in vivo.50–52 
Some studies have reported that inhibiting the PI3K sign-
aling pathway was a prerequisite for the effective use of 
activin-A for DE induction. Adding PI3K signaling pathway 
inhibitors improves the efficiency of DE differentiation.53 
Adding a rho kinase (ROCK) inhibitor at that stage reduces 
cell apoptosis to a certain extent, which improves cell sur-
vival and differentiation efficiency. Compared with the com-
plex signaling pathways regulated at the DE stage, the reg-
ulation of the differentiation of HB and HLC cells is relatively 
clear. In vivo studies of liver development, in-vitro coculture 
studies and the single-cell sequencing have shown that the 
transforming growth factor beta (TGF-β), Wnt and NOTCH 

signaling pathways are the pathways most involved in the 
induction of DE cells by growth factors such as BMP, FGF, 
and HGF. This step avoids the establishment of an incorrect 
cell fate (e.g., bile duct or pancreas cells) and improves the 
purification of HLC at the final stage.54

Differentiation induced by growth factors is recognized 
as an efficient method of obtaining functional HLCs, but 
growth factors are expensive and difficult to store, which 
limits their use for large-scale production of HLCs. In addi-
tion, most growth factors are protein products containing 
animal components that may cause adverse reactions as-
sociated with clinical use. In that context, a combination of 
small molecules can be used to replace the growth factors 
and obtain functional HLC with high efficiency. Properties of 
the small molecules include the ability to freely penetrate 
cell membranes, stable structures, no immunogenicity, low 
cost, and wide variety. The use of small-molecule com-
pounds is expected to become a safer and more effective 
method of inducing clinical-grade HLCs. Recent reports by 
multiple research groups have described the use of small 
molecules to induce differentiation into HLCs. IDE1 and 
IDE2 are small molecules that can efficiently induce PSC 
to form DE, act much as activin-A by simulating the Nodal 
signaling pathway.55 In the HB stage, glycogen synthase 
kinase (GSK)-3β is used to simulate the Wnt pathway to 
guide DE to a hepatic fate and not bile duct fate.56,57 Re-
cently, Asuma et al.20 reported the use of small molecules 
to differentiate hESCs into HLC. A comparison of HLCs in-
duced by small molecules and those derived from growth 
factors showed a considerable number of functions, such 
as albumen (ALB) secretion, CYP450 activity which me-
tabolizes drugs and enzymes. In addition, Pan et al.58 in-
troduced an improved combination of small molecules for 
robust HLC induction. The use of small molecules activity 
has promising prospects, but further research is needed 
to develop more stable and efficient combinations of small 
molecules to increase effectiveness and safety for adapting 
to clinical use.

Functional HLCs can be obtained by direct differentiation 
of PSCs. There are also reports of transdifferentiating so-
matic cells to obtain functional HLCs. Hui, L et al.38 reported 
that after human fibroblasts overexpressing the transcrip-
tion factors FOXA3, HNF1α and HNF4α can be transdiffer-
entiated into HLCs and perform a series of functions similar 
to those of PHs. Transdifferentiation provides another way 
to source of HLC, but it safety needs further verification, as 
such transcriptional factors are known to participate in the 
carcinogenesis of hepatocellular carcinoma.

In vitro expansion of HLCs

Obtaining HLCs from PSCs has been validated by multiple 

Fig. 2.  Introduction of the differentiation of human pluripotent stem cells (hPSCs) into mature hepatocyte-like cells (HLCs). Adapting hPSCs with activin-
A is a well-known protocol for definitive endoderm (DE) induction. IDE-1 and IDE-2 are small molecules that can replace activin-A, which is an easier and inexpensive 
way of induction. The combination of growth factors for hepatoblast (HB) induction is well studied. Hepatic-like cell (HLC) induction and maturation is the last step for 
a successful differentiation. This step can be induced by dexamethasone (DEX) and oncostatin M (OSM). Small molecules could be developed for use in clinical ap-
plications.
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research groups, proving its reproducibility and efficiency. 
However, owing to the required volume of cells for trans-
plantation for clinical applications, relying on the differenti-
ated HLC is not enough. As a result, how to expand hepato-
cytes in vitro has attracted widespread attention in recent 
years. Hepatocytes are terminally differentiated cells, which 
makes them difficult to culturing in vitro and maintain their 
inherent functional properties. Hui Lijian et al.59 reported 
that a combination of small molecules, adding Wnt3a to 
hepatocyte medium and removing Rspo1, Noggin, and for-
skolin increased the fold-expansion of human hepatocytes 
by 10,000 times. However, they found that the expanded 
hepatocytes had a bidirectional differentiation potential 
that placed them between HPCs and mature hepatocytes. 
It seems to be a complicated task to expand hepatocytes 
in vitro, and the research is focused on the expansion of 
hepatic progenitor cells like HBs that still have some degree 
of stemness.

Compared with mature hepatocytes, HBs has a stronger 
proliferation ability and the potential of rapid differentiation 
into both hepatocytes and bile duct cells.60–63 Amplifying 
PSC-derived HBs is an ideal alternative source of hepato-
cytes. On the one hand, it is feasible to develop the pro-
liferation potential of HB, and on the other hand, amplified 
HBs can be frozen to establish a cell bank, acting as seed 
cells that could be rapidly obtained for functional HLC dif-
ferentiation. Recent reports have found that multiple small-
molecule compounds are suitable for amplifying HB, such 
as the GSK-3β inhibitor CHIR99021, the TGF-β signaling 
pathway inhibitor A83-01, and the ROCK inhibitor Y27632. 
A recent study combined small molecules to simultaneously 
regulate the BMP/WNT/TGF-β/Hedgehog pathway, which 
not only maintains the stemness of HBs, but also retains 
their proliferative capacity. The HBs amplified by the com-
bination had therapeutic effectiveness after transplantation 
into ALF-model mice.64,65 Large-scale expansion of HBs, 
would be a major step in producing the HLCs in the quantity 
and with the quality required for clinical development and 
application.

Clinical benefits of PSC-derived cell therapy

Much effort has been made worldwide to promote PSC-de-
rived methods to cure chronic and acute illness. Induced 
PSC-derived retinal pigment epithelium cells have used clin-
ically to cure patients with macular degeneration, with good 
outcomes 1 year after transplantation, which supports the 
use of PSC-derived cells in clinical applications.66 The use 
of PSC-derived HLC for ALF, HT, and BAL applications would 
serve as a promising tool for clinical alternatives. The clini-
cal indications and benefits of PSC-derived cell therapies 
for treating ALF or end-stage liver disease are summarized 
below.

Modulating the regeneration niche

A positive outcome requires that HT promotes sufficient re-
generation of the host liver. Besides increasing the homing 
and engraftment of transplanted hepatocytes, modulating 
the injury niche to include host immune responses such 
as the macrophage activation and cytokine release,67,68 is 
also an important benefit of using PSC-derived HLCs. Un-
like PH-derived HLCs, as hypoimmunogenic PSC-derived 
HLCs would modulate the host immune recruitment to re-
strain systemic inflammation. For example, phagocytosis 
mediated by macrophage activation might be limited by 
the CD47-SIRPα axis if PSC-derived HLCs overexpressing 
CD47 were transplanted.69–72 Such clinical applications 

could be useful in a broader scope of liver disease and not 
limited to ALF.

Transplantation feasibility and safety

Even if the shortage of donor livers could be solved, OLT is 
still a challenging procedure with risks including intraopera-
tive bleeding, postsurgical cardiovascular dysfunction, and 
unavoidable death.73,74 PSC-derived HT is a safer alterna-
tive with infusion that does not require major surgery and 
the possibility of multiple transplantation procedures.75 Im-
provements in cell culture would make PSC-derived HLCs 
are a good alternative source of hepatocytes compared with 
PHs. The feasibility of PSC-derived HLCs is not limited by 
lack of a large quantity of HLCs, which can be cryopreserved 
to ensure a constantly available cell source for emergency 
treatment of ALF patients.76,77

Individualized treatment

PSC-derived HLCs combined with Crispr/Cas9 genome edit-
ing and PSC differentiation would allow generating multi-
ple PSC cell lines that met individual patient requirements 
or those of the primary illness.78,79 For instance, the HBV-
induced liver disease could theoretically be corrected by 
transplantation with HBV receptor (NTCP) knock-out or 
ectopic expression of NTCP variants in HLCs derived from 
edited PSCs.80,81 Following transplantation in such patients, 
HBV could not enter hepatocytes as they lacked the recep-
tor, which would avoiding the recurrence of HBV. Treatment 
might thus be adjusted depending on the pathophysiology 
of the primary illness that caused ALF.

Challenges of current PSC based options

Clinical trials of HT and BAL support systems are ongoing, 
and strive to promote the two therapeutic methods with 
broad application prospects in clinical treatment. However, 
the novelty of the methods and the complexity of ALF, are 
challenging, and can be summarized as follows:

The lack of rigorous clinical trials makes it difficult to 
achieve a unified and standardized treatment. Most ALF 
patients indicated for HT and BAL are in a life-threatening 
stage of disease and require urgent treatment intervention. 
It is not possible for multiple centers to formulate detailed 
treatment procedures in time, which makes it difficult to 
reach a consensus. Standardized treatment indications, 
treatment procedures, countermeasures for complications, 
and the introduction of appropriate treatment guidelines are 
the prerequisites for the adoption of HT and BAL as clinical 
applications.

The key requirement of these two treatments is the quan-
tity and quality of functional liver cells. No matter which 
method is used to obtain functional liver cells, an inevitable 
core problem is the immunogenicity of the cells. At pre-
sent, adjuvant immunosuppressive agents or pretransplant 
radiotherapy are used in patients receiving HT, to suppress 
the patient’s immune system and protect the transplanted 
cells. Once the immune system is suppressed, the patient 
is exposed to risks of tumorigenesis and infection. Recently, 
hypoimmunogenic PSC have been developed to overcome 
the issue of immune rejection. Through knocking out hu-
man lymphocyte antigen (HLA) Class I and II molecule 
accompanied by overexpression of the natural killer (NK) 
cell specific inhibition receptor (HLA-E) might help to evade 
host immune surveillance.82,83 Human embryonic stem cells 
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overexpressing CTLA4-Ig and PD-L1 are immune-evasive 
and have shown therapeutic effectiveness in a humanized 
mouse model of acute liver injury.84,85 Further research 
should be carried out to elucidate the underlying mecha-
nism. Its safety should not be neglected as the risk of tu-
mor formation increases without host immune recognition. 
The development of novel immune tolerance strategies is of 
great significance for HT therapy.

Improvement of transplanted-cell engraftment and hom-
ing needs to be studied. After the liver is damaged, hepatic 
stellate cells are activated, become fibroblasts, deposit col-
lagen that makes it difficult for transplanted cells to enter 
damaged regions of the liver. Different routes of delivery 
have been validated, among which splenic transplantation 
and hepatic portal vein are typically used in clinical treat-
ments. There are three ways of delivery via the portal vein, 
ultrasound guided intrahepatic portal vein puncture, trans-
cutaneous splenic vein puncture, and intrahepatic portosys-
temic shunt via the hepatic venous system.35 However, the 
procedures are associated with risks of portal vein hyper-
tension, bleeding, or thrombosis.86 Alternate routes include 
the hepatic artery, which has a higher blood flow velocity 
and lower thrombosis formation risk.87 More clinical data 
should be collected to choose the appropriate routes of de-
livery. Coupling nanomaterials and HT is a novel opinion 
that would improve the viability, homing, and engraftment 
of transplanted hepatocytes.88,89 Micro-encapsulated HLC 
patches or decellularized liver scaffolds would avoid intrave-
nous or arterial injection.90–92 Increasing the rate of homing 
of transplanted cells is a guarantee for the clinical therapeu-
tic effectiveness of HT and needs further validation.

Concluding remarks

In summary, HT and BAL support have bright prospects and 
application value in the treatment of ALF. PSC-derived HLCs 
have the potential for wide clinical application, but dem-
onstration of effectiveness and lack of complications are 
still needed. The use of humanized immune system animal 
models can provide more accurate immune-response data 
for HT studies of reducing the immunogenicity of trans-
planted cells, establishing immune tolerance strategies, and 
safety. Last but not least, the combining various therapies 
for ALF treatment is a future trend.
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Abstract

Cholangiocarcinoma (CCA) is a highly aggressive biliary 
tree malignancy with intrahepatic and extra-hepatic sub-
types that differ in molecular pathogeneses, epidemiology, 
clinical manifestations, treatment, and prognosis. The over-
all prognosis and patient survival remains poor because of 
lack of early diagnosis and effective treatments. Preclini-
cal in vivo studies have become increasingly paramount as 
they are helpful not only for the study of the fundamental 
molecular mechanisms of CCA but also for developing novel 
and effective therapeutic approaches of this fatal cancer. 
Recent advancements in cell and molecular biology have 
made it possible to mimic the pathogenicity of human CCA 
in chemical-mechanical, infection-induced inflammatory, 
implantation, and genetically engineered animal models. 
This review is intended to help investigators understand the 
particular strengths and weaknesses of the currently used 
in vivo animal models of human CCA and their related mod-
eling techniques to aid in the selection of the one that is the 
best for their research needs.

Citation of this article: Li M, Zhou X, Wang W, Ji B, Shao 
Y, Du Q, et al. Selecting an Appropriate Experimental Animal 
Model for Cholangiocarcinoma Research. J Clin Transl Hepa-
tol 2022;10(4):700–710. doi: 10.14218/JCTH.2021.00374.

Introduction

Cholangiocarcinoma (CCA) comprises a heterogeneous group 
of biliary tree malignancies. The overall incidence and mortal-

ity of CCA have been increasing,1 and the overall 5-year sur-
vival rate of all stages and subtypes is estimated as 7–20%.2 
CCA can be intrahepatic (iCCA), perihilar CCA, or distal dCCA. 
The latter two are described as extra-hepatic cholangiocarci-
noma (eCCA), and account for up to 90% of CCA cases. Com-
bined hepatocellular carcinoma (cHCC) includes both HCC 
and iCCA. The anatomical subtypes have different molecular 
and clinical characteristics.3,4 The effectiveness of targeted 
therapy and immunotherapy has not been demonstrated in 
CCA,5 and the poor prognosis of CCA stems from a lack of 
understanding of the molecular pathogenesis of its diverse 
subtypes and the lack of effective treatment.

Recent discovery of genetic alterations related to CCA by 
next-generation sequencing (NGS) is a great leap forward. 
For example, the tumor protein p53 gene (TP53), Kirsten rat 
sarcoma virus oncogene (Kras), recombinant human moth-
ers against decapentaplegic homolog 4 (SMAD4) and BRCA-
associated protein 1 gene have been identified in nearly 40% 
of CCA cases.6 Moreover, distinct molecular mutation spectra 
are present in different anatomical subtypes, such as fibrous 
growth factor receptor (FGFR) gene fusion, mutations in 
isocitrate dehydrogenase 1 (IDH1) and the BRCA-associated 
protein 1 gene are more common in iCCA. Kras and E74 like 
ETS transcription factor 3 have increased mutation frequen-
cies in eCCA, whereas alterations of epidermal growth factor 
receptor mutation, erb-b2 receptor tyrosine kinase 2 amplifi-
cation, and phosphatase and tensin homolog (PTEN) deletion 
are more common in gallbladder cancer.7–9

Although NGS has broadened our knowledge of abnormal 
molecular alterations in CCA,10 the functional consequenc-
es of these putative driver alterations have not yet been 
fully interpreted and translated into effective clinical man-
agement in vivo. Suitable animal models not only help in 
mechanistic exploration of CCA development and progres-
sion but also provide a good platform to explore new strate-
gies for early clinical diagnosis and precise treatment of this 
disease. Herein, we review several current techniques and 
examples of CCA induction in animal models and provide 
insights into the advantages and limitations of these in vivo 
tools. Readers are also encouraged to refer to several previ-
ous review articles.11–15 Compared with previous reviews 
we provide better coverage of the different aspects involved 
in carcinogenic mechanisms and the models used for the 
study of CCA. We also provide more educational back-
ground knowledge before the introduction of each specific 
model and its related techniques to facilitate understanding 
for introductory scholars. In addition, more detailed infor-
mation in particular the subtypes of CCA (e.g., iCCA, eCCA, 
or a mixture with HCC) that can be tracked while describing 
each specific model is included in this review.
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Chemical-mechanical and infection-induced inflam-
matory models

Chemical-mechanical models

Chemical carcinogens produce genotoxic effects by destroying 
DNA structural integrity, damaging cell membranes, and in-
ducing inflammatory reactions, thus promoting the formation 
and development of CCA.16 The commonly used carcinogens 
are furan, thioacetamide (TAA), diethylnitrosamine (DEN), 
and their combined models with bile duct ligation (Table 1).

Furan-induced models

Furan is metabolized into reactive substances in the liver, 
and the long-term effects of these intermediates in reaction 
with hepatic macromolecular proteins may lead to a dose-
dependent increase of liver tumors, including CCA.17 Maron-
pot et al.18 investigated the consequences of furan exposure 
in Fischer 344 rats, and found that continuous gavage with 
low concentrations of furan (2, 4, or 8 mg/kg body weight) 
for 2 years resulted in the formation of CCA in 86–100% 
of the rats. Short-term exposure to high concentrations of 
furan (30 mg/kg body weight) for 3 months eventually led 

to the evolution of biliary fibrosis to CCA in all the rats. Fur-
ther mechanistic study has demonstrated that intrahepatic 
cholangiocarcinogenesis-related cellular changes, such as 
cholangiofibrosis and intestinal metaplasia, were induced 
after treatment with high concentrations of furan for 2 to 
3 weeks.19 Notably, long-term sustained furan exposure 
disrupted the microenvironment that stimulates hepatocyte 
differentiation and induces irreversible bile duct lesions at 
high concentrations20 or non-neoplastic bile duct lesions at 
lower concentrations (<2 mg/kg body weight).21

TAA models

TAA is metabolized in the liver to highly reactive sulfur di-
oxide, which covalently binds to cellular macromolecules to 
produce hepatotoxicity and induce the development of CCA. 
In 1984, Praet et al.22 developed the first TAA-induced CCA 
model by feeding TAA-containing food to Lewis rats. Sub-
sequently, in a study of Sprague-Dawley rats fed drinking 
water containing 300 mg/L TAA, 50% of the rats developed 
multifocal bile duct hyperplasia with marked intestinal epi-
thelial metaplasia after only 9 weeks, and all the rats de-
veloped invasive iCCA within 16–22 weeks.23 However, the 
model did not show systemic metastatic foci or cause death 
in rats at the end of the 6-month study. In contrast, se-
vere proliferation of bile ducts and CCA with stromal desmo-

Table 1.  Commonly used chemical-mechanical models

Dose Route Strain Latency Related to human CCA Tumor 
type Ref.

Chemicals Furan 15–60 mg/
kg bwt

Gavage Fischer 
344 rats

16 
months

Developed intestinal epithelial 
metaplasia and bile duct 
fibrosis confined to the caudate 
and right hepatic lobes, 
eventually progressing to CCA

iCCA 19

TAA 300 mg/L Water Sprague-
Dawley 
rats

16–22 
weeks

Developed multifocal bile 
duct hyperplasia with 
marked intestinal epithelial 
metaplasia, and then all 
of these rats developed 
invasive intestinal-type CCA 
with intense expression of 
CK19, similar to multistep 
progression of human CCA

iCCA 23

Chemical-
mechanical

TAA-
BDL

0.05% Water Wistar 
rats

30 
weeks

Developed histologically invasive 
intestinal and mucin-producing 
CCA with positive expression 
of CK-7 and Claudin-4

CCA 30

DMN-
BDL

20 mg/kg ip Syrian 
hamsters

40 
weeks

Developed cholangiofibrosis, 
mucous cystadenoma, and CCA, 
accompanied by sequential bile 
duct obstruction and dilatation, 
formation of large cysts and 
necrosis and regeneration of 
the BECs, but without acute 
proliferative cholangitic lesions 
and epithelial hyperplasia 
of second order ducts

CCA 31

DEN-
LMBDL-
DEN

100 mg/kg ip 
and 25 mg/kg 
oral gavage

ip and 
oral 
gavage

BALB/C 
mice

28 
weeks

Developed liver injury, 
chronic cholestasis, fibrosis 
and cirrhosis, and CCA with 
physiopathological features 
of human CCA progression

CCA 33

BDL, bile duct ligation; bwt, body weight; CCA, cholangiocarcinoma; DEN, diethylnitrosamine; DMN, dimethylnitrosamine; HCC, hepatocellular carcinoma; LMBDL, left 
and median bile duct ligation; iCCA, intrahepatic cholangiocarcinoma; ip, intraperitoneal injection; TAA, thioacetamide.
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plasia, as seen in humans, were detected histologically in 
Wistar rats.24 Recently, TAA-induced iCCA rat models were 
used to investigate the immunogenicity and efficacy of DNA 
cancer vaccines targeting cytotoxic T-lymphocyte antigen 4 
blockade and programmed death-ligand 1.25

Combined TAA-DEN models

TAA was found to significantly potentiate the carcinogenic 
effects of DEN-mediated tumorigenesis in the context of 
precancerous lesions. The oncogenicity mainly resulted 
from DEN-indued DNA alkylation damage.26,27 However, 
this combined TAA-DEN model has a low incidence of CCA 
accompanied by a high incidence of HCC, which limits the 
study of the iCCA subtype.

Combined models of cholestasis and carcinogens

Chronic biliary diseases such as primary sclerosing cholan-
gitis, hepatobiliary stones, and choledochal cysts are as-
sociated with cholestasis, and the involvement of those 
diseases in the development of CCA is now recognized.28 
Surgical procedures, such as common bile duct ligation, 
mimic above pathological changes.29 Various CCA models 
have been developed by combining the widely used chemi-
cal carcinogens DEN or dimethylnitrosamine with bile duct 
ligation,30–33 and the models effectively characterize the 
multistep pathological evolution of human CCA from cystic 
hyperplasia to atypical hyperplasia and to CCA. However, 
bile duct ligation is relatively demanding for the operator 
and vulnerable to anesthetic and surgical risks.33

Infection-induced inflammatory models

Liver fluke infection induces chronic inflammation of the bile 
ducts and is an important risk factor for CCA formation. 
Oral administration of Opisthorchis viverrini metacercariae 
combined with dimethylnitrosamine or N-dimethylaminoni-
trosamine induces cholangiocarcinogenesis in hamsters in 
vivo.34–37 Combined induction with infection and nitrosa-
mines leads to liver injury, increased inflammation-mediat-
ed DNA fragmentation, mitochondrial apoptosis, and struc-
tural disruption, which in turn leads to tumor progression.38 
Studies addressing that type of etiology will improve our 
knowledge of the prevention of CCA disease. Thus, the de-
velopment of CCA models following infection could be of im-
portance, especially in the Far East, in which infections with 
liver flukes is a public health problem. However, the latency 
period of such models varies.

In summary, chemical-mechanical and infection-induced 
models effectively mimic the continuum of pathological 
changes in human liver tumor initiation and progression 
stages caused by environmental factors and provide useful 
preclinical platforms to study the etiology and chemopreven-
tion of CCA. However, such models often lead to a simultane-
ous development liver cancer and other systemic tumors.27 
In addition, the associated genetic changes are unknown.

Implantation models

General considerations

Implantation of established human or rodent cancer cells or 
tissues into a host animal can generate CCA in a relatively 
short period of time. Modeling is influenced by various fac-

tors, such as the biological characteristics and tumorgenic-
ity of implanted tissue or cells, the volume of cells or tissue 
block, the implantation route, the site and procedure, and 
the genetic background and immune status of the host.

Types of implantation

Allograft models

Allograft models involve the reimplantation of cells or tis-
sues from animal into other inbred animal that have immune 
activity of the same strain and genetic background. Rizvi et 
al.39 injected seven different C57BL/6 mouse CCA cell lines 
(1×106 cells) into the lateral medial lobe of the liver of the 
same strain of mice. All mice formed tumors histologically 
and morphologically similar to human CCA after 4 weeks, 
with positive expression of the bile duct cell markers CK-7, 
CK-19, and SOX9, formation of hyperplastic connective tis-
sue and malignant glands. The tumorgenicity of the implant-
ed tissues or cells affected the modeling and the biological 
characteristics of CCA. For example, poorly invasive and tu-
morigenic BDEsp cells (4×106 cells) and highly tumorigenic 
BDEneu cells (4×106 cells) from the same immortalized rat 
BDE1 bile duct cell lines were inoculated into the bile ducts 
of the same strain of Fischer 344 rats. After 21–26 days the 
rats transplanted with BDEsp cells formed only nonmeta-
static iCCA without biliary obstruction, whereas those trans-
planted with BDEneu cells exhibited biliary obstruction, ex-
tensive abdominal metastasis, and weight loss.40 The above 
two models mimicked early versus late disease progression 
and metastasis of human iCCA, respectively.

Allografts can be used in immunocompetent hosts, fa-
cilitating the evaluation of the therapeutic response to an-
titumor drugs in vivo and have profound impacts on tumor 
immunology research and immunotherapeutic agent de-
velopment. In a syngeneic transplantation model, cancer-
associated fibroblasts in the tumor microenvironment have 
been identified as a potential antitumor target.41 Moreo-
ver, the antitumor activity in vivo of imatinib mesylate,42 
sorafenib,43 and vismodegib44 was confirmed in several 
syngeneic orthotopic transplantation models. However, it is 
difficult to fully mimic the complex biological and molecular 
heterogeneity of human CCA.45

Xenograft models

Xenotransplantation involves the implantation of tumor cell 
lines or tissues into immunodeficient hosts of different spe-
cies. Currently, the commonly used models include cell line-
derived and patient-derived xenografts (PDXs). The first ec-
topic xenograft model was established by injecting cell line 
xenografts derived from intrahepatic metastatic human CCA 
tumor tissue subcutaneously into the flanks of nude mice. 
The histological characteristics were maintained after seven 
consecutive cell passages.46

Orthotopic xenograft models: Orthotopic transplanta-
tion involves the surgical implantation of CCA cells or tis-
sue into the bile duct or liver. Micro-CT, MRI, ultrasound, 
and other methods can be used to evaluate tumor size 
and metastasis. Several orthotopic CCA xenograft models 
have been established for efficacy assessment of antitumor 
drugs47 and mechanistic studies of either tumor progres-
sion48 or stemness modulation49 of iCCA. However, ortho-
topic CCA-PDX models are usually technically challenging 
to establish and require expensive and laborious longitu-
dinal imaging to monitor tumor growth and therapeutic re-
sponse. Recently, an orthotopic iCCA-PDX model has been 
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developed using ultrasound-guided intrahepatic injection 
and rapid and easy monitoring by minimally-invasive high-
frequency ultrasound and bioluminescence imaging.50 Such 
an iCCA model provides a favorable experimental tool to 
test the anticancer efficacy of chemotherapeutic agents in 
autochthonous environments.

Ectopic xenograft models: Ectopic transplantation gen-
erally involves subcutaneous injection of cells or tissue directly 
into the flanks of mice, which facilitates direct observation of 
tumor growth and size. In 2016, Cavalloni et al.51 established 
the first iCCA-PDX model and a subsequent iCCA-PDX model 
endogenously expressing the FGFR2-CCDC6 fusion protein.52 
In addition, various ectopic transplantation models have been 
used to identify the regulatory mechanisms of CCA biological 
behavior, such as abnormal upstream and downstream regu-
lation of microRNAs53,54 and long noncoding RNAs,55,56 or ac-
tivation of autophagy,57,58 which provide potential therapeutic 
targets for antitumor drug development.

In general, xenograft models are the most important tool 
for preclinical drug screening and efficacy assessment be-
cause of their short latency, ease of operation, and ability 
to mimic many of the genetic and epigenetic abnormalities 
of human tumors. However, xenograft models do not reflect 
tumorigenesis,45 immunodeficient hosts are not suitable for 
tumor immunology studies,59 and phase III clinical trials of 
antitumor drugs screened based on the results of cell line-
derived xenograft models often fail.60 One reason is that the 
models do not fully encompass the heterogeneity of CAA. 
Highly transplantable iCCA and eCCA cell lines with disease 
heterogeneity have been established from a PDX model, 
which may be a promising platform for individualized anti-
cancer drug screening.61 Moreover, fresh human tumor tis-
sue is not easily accessible. To overcome that, some studies 
have generated CCA models with metastasis biopsies62 or 
secondary engraftment of cryopreserved tissues63 obtained 
from CCA patients.

Genetically engineered models

Genetically engineered models (GEMs) induce CCA by over-
expression, deletion, or mutation of genes related to car-
cinogenesis through transgenes or gene transduction. GEMs 
can be used to explore the causes and molecular mecha-
nisms of cholangiocarcinogenesis, progression, and metas-
tasis at the level of specific genes, to identify biomarkers 
for prognosis, and to preclinically assess the therapeutic re-
sponse to targeted drugs.64,65 More importantly, GEM-based 
tumors are generated de novo in immunocompetent ani-
mals and are more representative of human tumorigenesis.

Conditional GEMs

Recently, genomic complexity has been partially revealed 
by high-throughput sequencing, and the deletion of tumor 
suppressor genes such as TP53, SMAD4, and PTEN, or the 
activation of actionable oncogenes, like KrasG12D have been 
found in CCA.7 More importantly, those genetic driver mu-
tations can be functionally mimicked by a site-specific Cre 
recombinase (Cre)-loxP system in specific tissues or cells 
without affecting normal gene expression in other tissues or 
cells.66 Cre activity can be induced by liver-specific albumin 
(Alb) promoter. Such recombinase activity is low at birth and 
gradually increases because of the gradual loss of a floxed 
target gene in the liver lineage, reaching its maximum ac-
tivity at 4–6 weeks of age.67 In contrast, a modified Cre-ERT 
recombinase system68 can realize tissue- and time-specific 
manipulation of Cre recombinase activity by controlling the 
administration time of exogenous tamoxifen (TAM). Alb-Cre 

is expressed in both cholangiocytes and hepatocytes, and 
Alb-Cre driven GEM models often induce a mixture of iCCA 
and HCC. In addition to Alb, other promoters including Ah 
and SOX9, have also been used to mediate the activation of 
Cre recombinase. Here, we summarize the conditional gene 
expression and/or deletion models based on the commonly 
used Cre-loxP system in Table 2.

Liver-specific PTEN-SMAD4 knockout models

Various alterations abrogate the antagonistic effect of PTEN 
on the PI3K/AKT/mTOR pathway, leading to biliary tract ma-
lignancies.69 Although the frequency of PTEN variation in 
CCA was found to be only 0.6–11% through NGS,7 human 
clinical specimens have shown that PTEN expression is lost 
or downregulated in CCA tissues compared with paracan-
cerous tissues.70 SMAD4 is one of the most common tumor 
suppressor genes in CCA, and regulates cell growth through 
the transforming growth factor beta (TGF-β) signaling path-
way.71 Aberrant SMAD4 expression has been found in various 
digestive malignancies.72 In 2006, Xu et al.73 crossed mice 
carrying PTEN conditional allele loss (PTENL) and/or SMAD4 
conditional allele loss (SMAD4L) with mice carrying Alb-Cre 
recombinase. The findings showed that of the different geno-
types, only Alb-Cre+; SMAD4L/L; PTENL/L mice formed inva-
sive CCA histologically similar to human iCCA at 4–7 months 
of age, and all died before 10 months of age. Mice with the 
SMAD4L/L alone genotype did not develop tumors. In con-
trast, homozygous deletion of PTEN alone resulted in HCC 
in 66.7% (8/12) of mice at 19 months of age.74 Given the 
similar genetic backgrounds of mice and the gene-specific 
recombination system used by these two research teams, it 
is reasonable to assume that the model used by Xu et al.73 
might be a cHCC/iCCA model if the survival time of Alb-Cre+; 
SMAD4L/L; PTENL/L mice is long enough. Xu et al.73 confirmed 
that cholangiocarcinogenesis involved the activation of AKT, 
mTOR, ERK, and CyclinD1, as well as the inactivation of 
FOXO1. However, the model was established in the absence 
of chronic liver injury and inflammation, and there was no 
distant metastasis. Notably, the model was accompanied by 
the formation of salivary gland tumors, which may be tied to 
nonspecific expression of the Alb promotor.

Models combining liver-specific PTEN deletion with 
Kras activation

Kras mutation has been found in 16.7% of iCCA cases.75 In 
2013, Marsh et al.76 achieved PTEN deletion with Kras activa-
tion in both gallbladder epithelial cells and the intrahepatic 
bile duct system in adult mice with an Ah promoter-driven 
Cre-loxP system. It was found that PTEN deletion alone with-
out Kras activation was sufficient to cause slow transforma-
tion of normal bile duct epithelium into low-grade malignan-
cies, while dual mutations further shortened the latency of 
tumorigenesis and transformed tumors into more invasive 
phenotypes. Based on Cre activities mediated by Alb and TAM 
administration, or SOX9 promoter, mice with specific liver 
KrasG12D expression and PTEN homozygous deletion was in-
duced intrahepatic cholangiocarcinogenesis.77 Further inves-
tigation showed that in the presence of LSL-KrasG12D, the type 
of PTEN gene deletion (homozygous or heterozygous) deter-
mined the fate of liver tumors with regard to formation from 
biliary or hepatocyte lineages because immunohistochemi-
cal staining revealed that Alb-Cre+; LSL-KrasG12D; PTENL/L 
mice (AKPP) developed only iCCA; Alb-Cre+; LSL-KrasG12D; 
PTENL/+ mice (AKP) developed iCCA and HCC; while Alb-Cre+; 
LSL-KrasG12D; PTEN+/+ mice (AK) developed only HCC. No-
tably, the spatiotemporal specificity of TAM-induced recom-
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binase activity may be correlated with specific tumor type, 
as evidenced by the fact that TAM administration at 10 days 
of age induced Cre recombinase activity in hepatocytes and 
biliary cells, culminating in the intrahepatic cholangiocarcino-
genesis, whereas administration on day 56 mediated genetic 
recombination only in hepatocytes, culminating in the forma-
tion of HCC and hepatocyte dysplasia, which also supports 
the conclusion that hepatocytes can serve as the cellular ori-
gin of iCCA. Based on the results obtained in the above mod-
els, Lin et al.78 crossed mice expressing the KrasG12D allele 
and/or the PTEN allele with mice expressing Cre recombinase 
under the control of the SOX9 gene and screened for SOX9+; 
CreERT2+; LSL-KrasG12D; PTENL/L (S+KPP) mice. The model 
achieved PTEN deletion and Kras activation in the intrahepatic 
and extra-hepatic biliary epithelium and the pancreatic ductal 
epithelium, which eventually formed iCCA, eCCA, and pan-
creatic cancer, providing a platform for studying hepatopan-
creatic ductal carcinoma. Notably, SOX9+ cells with deletion 
of the PTEN gene alone already have the potential to form 
HCC and iCCA using the same inducible Sox9-CreERT-based 
approach,79 indicating that loss of PTEN alone is sufficient to 
drive the transformation of SOX9+ cells in the liver. In addi-
tion, a pancreatic and duodenal homeobox 1 promoter-driven 
Cre recombination system was used to mediate the knockout 
of PTEN or activation of PIK3caH1047R, a mutant of PI3K. Both 
were found to produce conditional GEMs of eCCA,80 which 
faithfully recapitulates human eCCA and provides a novel 
platform for genome-wide mutagenesis screening.

Models combining KrasG12D activation with TP53 
knockout

The most common gene mutations in CCA are Kras and 
TP53.6 In 2012, O’Dell et al.81 established Alb-Cre+; Kras-
G12D; TP53L/L CCA models. Liver tumors formed as early as 
9 weeks of age and were histopathologically confirmed to be 
66% iCCA, 17% mixed HCC/iCCA, and 17% HCC. Most of 
the mice had symptoms of bloody ascites and tumor necro-
sis. In addition, 75% of the tumors invaded adjacent organs 
or developed distant metastases. It was also found that 
TP53 gene deletion alone was not sufficient to cause liver 
lesions even over a sufficiently long time period. However, 
when combined with KrasG12D activation, both heterozygous 
and homozygous TP53 mutations accelerated tumorigen-
esis and metastasis. Of note, a certain proportion of HCC 
was present in this model. To identify mechanisms driving 
precancerous lesions and subsequent progression toward 
invasive tumors that faithfully recapitulate human iCCA, a 
model that combined KrasG12D expression with a 3,5-dieth-
oxycarbonyl-1,4-dihydrocollidine (DDC) diet had the po-
tential to mimic multistep pathological changes of chronic 
cholangitis, ductular hyperplasia, cystic atypical hyperpla-
sia, and eventually iCCA.82 The model well represented the 
initiation and evolution of iCCA precursor lesions. When 
combined KrasG12D activation with TP53 deletion in liver, the 
mice formed mixed HCC/iCCA. Notably, the cells of tumor 
origin differed with different promoters. For example, Cre-
mediated KrasG12D activation and TP53 deletion driven by 
the thyroid-binding globulin promoter in mice could result 
in mature hepatocyte-derived cHCC/iCCA, while the same 
genetic alterations driven by the SOX9 promoter eventually 
led to HCC/iCCA of biliary lineage origin.83

Models combining Kras activation and IDH2 mutation

IDH 1/2 mutations have been found in approximately 20% 
of iCCA cases.84 Alb-Cre+; LSL-IDH2R172K; LSL-KrasG12D 
mice formed multifocal and palpable CK-19+, Hep Par1– G
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iCCA lesions at 33–58 weeks of age with peritoneal me-
tastases and splenic invasion, whereas mice with KrasG12D 
activation alone formed single HCC nodules.85 Mechanis-
tically, mutant IDH inhibited the differentiation of hepatic 
progenitor cells in the liver after hepatocyte nuclear factor 
4α inactivation, thus promoting iCCA formation. Because of 
the high mutation rate of IDH in tumors and the relatively 
mature clinical studies of IDH inhibitors,86 the model is of 
great significance for the direct evaluation of therapeutic 
response to anti-iCCA agents. However, the model has a 
relatively long incubation period.

Models combining Kras activation with TGF-βR2 and 
CDH1 inactivation

FGFR2 gene fusions are seen in 13–45% of iCCA pa-
tients,87,88 and frequent abnormal changes in TGF-β family 
receptors have been detected in eCCA by NGS.6 Nakagawa 
et al.89 first knocked CreERT into the endogenous K19 locus 
to obtain K19CreERT mice with TAM administration. Effective 
genetic recombination was confirmed with reporter mice. 
Then, K19CreERT; LSL-KrasG12D; TGFβR2L/L mice (KT-K19Cre-
ERT) were generated by crossing LSL-KrasG12D, TGFβR2L/L 
and K19CreERT mice and induced with TAM. All (15/15) KT-
K19CreERT mice died of respiratory failure, which was proba-
bly caused by lung adenocarcinoma. CDH1 gene deletion has 
been shown to promote liver tumor development in mice90 
and to lead to a series of pathological changes similar to 
those of primary sclerosing cholangitis in human. These mice 
showed an increased ductular reaction after 7 months of a 
high-fat diet (HFD).91 HFDs cause nonalcoholic fatty liver dis-
ease,92 and HFD-related models are a good tool for the study 
of the pathogenesis of iCCA in the context of chronic liver 
damage. HFDs also promote the initiation and deterioration 
of cHCC/iCCA in CDH1L/L/KRASG12D mice.91 By crossing KT-
K19CreERT and CDH1L/L mice with KrasG12D mice, Nakagawa 
et al.89 established a KTC-K19CreERT mouse model charac-
terized by CDH1/TGFβR2 dual knockout and Kras activation, 
in which the pathological manifestations were histologically 
similar to human eCCA, with jaundice and lymph node me-
tastases, but no bile duct tumors were observed with altera-
tions in any of the aforementioned genes. However, the mice 
developed lung adenocarcinomas, leading to lung failure or 
death within 4 weeks, which is not suitable for long-term 
experimental studies.

Models combining TP53 deficiency with carcinogens

A common limitation of transgenic CCA models is that the tu-
mor initiation and formation do not involve chronic inflamma-
tion and liver injury, which limits the aggressive development 
of tumors. The exposure of transgenic mice to carcinogens 
can compensate for the lack of an inflammatory background 
in transgenic models. Intraperitoneal injection of transgenic 
mice with TP53 deletions with CCL4 three times a week for 
4 months resulted in 54% of TP53L/L mice developing iCCA, 
and approximately 14% (1/7) mice developing lymph node 
metastasis at 29 weeks of age.93 Using a similar approach, 
Guest et al.94 fed hepatotoxic TAA to biliary epithelium-
specific TP53-knockout transgenic mice in an attempt to in-
duce a tumorigenic stress response. After 26 weeks, 80% of 
TP53L/L mice developed multifocal, invasive CCA in the liver.

Notch models

Aberrant Notch activation can activate Notch 1 intracellular 
domain (NICD), which has been implicated in a variety of 

tumors.95 The pathophysiological role of the Notch signaling 
pathway has been partially elucidated in CCA GEMs. For ex-
ample, Alb-Cre:: NICD transgenic mice generated by cross-
ing mice carrying a sequence encoding NICD overexpres-
sion with Cre mice activates the Notch signaling pathway, 
making mature hepatocytes transdifferentiate into biliary 
epithelial cells.96 Implanting liver tissue from 9-month-old 
transgenic mice subcutaneously into SCID mice results in 
the formation of iCCA after 3 weeks.97 Biliary tract malig-
nancies are often accompanied by elevated levels of phos-
phorylated AKT.69 Cellular fate-tracing results have shown 
that overexpression of NICD combined with AKT leads to 
the development of iCCA originating from hepatocytes.98 
Cirrhosis, chronic hepatitis B and C, and liver fluke infection 
are major risk factors for iCCA, which is often accompanied 
by chronic liver inflammation. In this context, iCCA has a 
high rate of TP53 gene mutation.99 In the basis of liver in-
jury by TAA administration, TP53L/L transgenic mice develop 
iCCA originating from biliary epithelium.100 This model mim-
ics a common situation in human cholangiocarcinogenesis.

Nonconditional GEMs

Nonconditional GEMs are usually established by local injec-
tion in the liver or bile duct and transposon- or duct-specific 
promoter-mediated constitutive activation of oncogenes. 
Transposons can carry relatively large exogenous gene 
fragments for efficient transposition in animals and are im-
portant tools in the field of transgenic animal modeling, of 
which a relatively commonly used one is the Sleeping Beau-
ty transposon. Currently, several iCCA models have been 
constructed based on that system.

Phosphorylated AKT was found to be upregulated in 
eCCA.101 Similar to AKT, Yes-associated protein (YAP) is a 
transcriptional activator associated with primary liver can-
cer development.102 The method used to establish AKT/YAP 
models was to directly inject a transposase mixture contain-
ing AKT/YAP plasmids into the bile duct of wild-type C57BL/6 
mice while ligating the bile draining duct so that the targeted 
oncogene remained in the left lobe of the liver. The mitogen 
IL-33, which has the ability to promote bile duct cell prolif-
eration, inflammation, and liver fibrosis, was continuously 
injected intraperitoneally for 3 days after surgery, and its 
effect had been confirmed in previous studies.103 Seventy-
two percent of mice transduced with the AKT/YAP gene and 
treated with IL-33 developed tumors that had a morphology 
and phenotype similar to human CCA, accompanied by high 
expression of the cholangiocyte markers CK-7, CK-19, and 
SOX9. Only 20% of mice transduced with the AKT/YAP gene 
alone developed iCCA, indicating that IL-33 plays an impor-
tant role in iCCA formation. However, knockout of focal ad-
hesion kinase (FAK), a nonreceptor tyrosine kinase, in AKT/
YAP mice delayed iCCA development and progression.104 
Wang et al.105 used the same gene delivery technique to 
target liver with exogenous co-expression of myr-AKT and 
Fbxw7F, a dominant negative form of the tumor suppressor 
Fbxw7, and found the development of iCCA in YAP wild-type 
mice within a short time of approximately 54 day. In YAP 
homozygous deleted mice, the tumor latency was signifi-
cantly prolonged. Using the same methods, histone lysine 
methyltransferase G9a, and NICD have been demonstrated 
to be involved in cholangiocarcinogenesis.106,107 This model 
develops tumors quickly and can be used to study new ther-
apeutic drugs for iCCA. However, it is technically demanding 
because it requires surgical ligation of the bile ducts and bile 
duct perfusion with drugs.

In addition to tail vein injection, electroporation can be 
used to introduce exogenous DNA into cells. However, dif-
ferent models of gene introduction have been found to have 
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different effects on the type of tumor that develops. For 
example, delivery of plasmids containing Myc and mutant 
NRAS proto-oncogene or AKT1 via tail vein injection induces 
HCC, whereas transfection of the same plasmids by elec-
troporation induces iCCA formation.108 That indicates that 
the tumor microenvironment plays an important role in the 
development of CCA, and gene overexpression based on 
gene transduction modalities interact with the tumor micro-
environment. Bovine protein 5 is a promoter that is actively 
expressed in both the stratified and pseudostratified epithe-
lia of several organs, and is an important tool for construct-
ing animal models of gene overexpression. A mouse model 
overexpressing wild-type erb-b2 receptor tyrosine kinase 2 
under the control of the Bovine protein 5 promoter has been 
modeled, and all of these mice developed gallbladder ade-
nocarcinoma at 4 months of age.109 The model recapitulates 
the multistep evolution of gallbladder lesions.

Recently, clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR associated protein 9 
(Cas9) system, a new somatic gene editing technology, has 
been developed to mediate highly specific and irreversible 
genomic screening. An advantage of the technique is that 
genome-wide screening identifies several novel genes as-
sociated with tumorigenesis. For example, Weber et al.110 
used the method to directly mediate multiple genetic muta-
tions of up to 18 target gene sets in adult mouse liver so-
matic cells, and found that 100% of mice developed mixed 
HCC/iCCA after 20–30 weeks. CCA mouse models have also 
been established either via CRISPR/Cas9-mediated knock-
out of Nf1,111 or through CRISPR/Cas9 system-based KRAS-
G12D activation and TP53 deletion.112 Notably, the latency 
period of iCCA in the latter was significantly shorter than 
that in the comparable conditional GEMs model.112 Dasat-
inib sensitivity was tested in CRISPR/Cas9-mediated human 
iCCA cells with IDH mutation.113

Taken together, somatic gene integration models, espe-
cially those based on hydrodynamic injection and Sleeping 
Beauty transposon, are flexible, relatively easy to establish 
and have a short tumorigenic latency, therefore they are 
important tools to study gene and promoter functions. How-
ever, target gene transfection is mainly limited to the peri-
central region and only lasts for a few hours to days.114 Hy-
drodynamic delivery can also cause transient liver damage. 
In the meantime, because mutations are present in cancers 
in adult human cancers and affect only a small number of 
cells, CRISPR/Cas9-based models are more responsive to 
tumorigenesis in humans.

Conclusions

There is no perfect animal model that meets all the needs of 
human CCA research. Choosing the right animal model for 
each experimental purpose is key. Multiple parameters such 
as tumor type, host immune activity, genetic alterations, and 
the tumor microenvironment, should be considered to weigh 
the advantages and disadvantages when selecting a model. 
For example, chemical-mechanical and infection-induced in-
flammatory models can simulate the entire process of tumor 
development by changing environmental factors, but an ob-
vious shortcoming is the poor specificity of the tumors that 
develop, which may include tumors of multiple systems. Im-
plantation models are easy to establish, but the tumors grow 
in immunodeficient animals, which makes it difficult to truly 
reflect the growth of human tumors. In contrast, GEMs can 
simulate the initiation of CCA at the genetic and molecular 
level, but available models using Alb-driven Cre-loxP system 
usually induce iCCA or a mixture of iCCA and HCC. Moreover, 
the latency period is long, the technology is demanding, and 
it is difficult to develop a system where the transgenic prod-

ucts fully and accurately reflect the growth of human tumors.
With the development of targeted therapy and immu-

notherapy, PDX models and GEMs are playing key roles in 
precision medicine. Humanized PDX models have benefits 
in immunotherapy drug screening in malignancies, such as 
nasopharyngeal carcinoma115 and triple-negative breast 
cancer.116 They also recapitulate the interactions of cancer, 
the tumor microenvironment, and the immune system in 
humans. Efforts should be made to develop humanized PDX 
models of all CCA subtypes to promote the development of 
individualized immunotherapy in the future. Simultaneous-
ly, there has been an active search for promoters that spe-
cifically target intrahepatic or extra-hepatic bile duct cells. 
Optimization of existing genetic recombination systems is 
a promising option. In addition, flexible CRISPR/Cas9 gene 
editing technique may be another favorable choice. Ongo-
ing optimization of preclinical animal models through the 
integration of various technologies will contribute to rapid 
translation from bench to bedside.
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Abstract

In May 2022, the UK International Health Regulations Na-
tional Focal Point notified World Health Organization of 176 
cases of severe acute hepatitis of unknown etiology in chil-
dren under 10 years of age. From that moment on, cases of 
severe acute hepatitis of unknown origin in children began 
to be reported in several countries. As of June 17, 2022, a 
total of 991 cases had been reported in 35 countries world-
wide, 50 children needed a liver transplant and 28 patients 
died. According to information published by ECDC, 449 
cases have been detected in 21 EU countries. The children 
were between 1 month and 16 years of age. Adenovirus 
was detected in 62.2% of the analyzed samples. So far, 
the cause of these cases is unknown and many hypoth-
eses remain open, but hepatitis A–E viruses and COVID-19 
vaccines have been ruled out. A possible hypothesis has 
been published to explain the cause of these cases of severe 
hepatitis, according to which it could be a consequence of 
adenovirus infection in the intestine in healthy children pre-
viously infected with SARS-CoV-2. No other clear epidemio-
logical risk factors have been identified to date. Thus, at this 
time, the etiology of the current cases of hepatitis remains 
under active investigation.

Citation of this article: Pérez-Gracia MT, Tarín-Pelló A, 
Suay-García B. Severe Acute Hepatitis of Unknown Origin 
in Children: What Do We Know Today? J Clin Transl Hepatol 
2022;10(4):711–717. doi: 10.14218/JCTH.2022.00244.

Introduction

On April 5, 2022, the United Kingdom (UK) International 
Health Regulations (IHR) National Focal Point notified the 
World Health Organization (WHO) of 10 cases of severe 
acute hepatitis of unknown etiology in previously healthy 

children under 10 years of age in Scotland. The age of the 
children ranged from 11 months to 5 years. Nine cases had 
symptom onset during March 2022, and one had an ear-
lier onset in January 2022. Symptoms included jaundice, 
diarrhea, vomiting, and abdominal pain. All 10 cases were 
detected while the patient was hospitalized. After initiating 
a nationwide investigation, by April 8, 2022, a total of 74 
cases meeting the case definition had been identified in the 
UK.1 As per the case definition, severe acute hepatitis was 
present with high levels of aminotransferases, i.e. alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) >500 IU/L). It is thus likely that there have been pa-
tients with milder cases of hepatitis that have not been re-
ported. The clinical syndrome in the identified cases is acute 
hepatitis with very high transaminases, often with jaundice, 
and sometimes preceded by gastrointestinal symptoms. 
Some cases required transfer to specialized pediatric liver 
units and six children required liver transplantation. No child 
was reported to have died. On May 6, 2022, the UK pub-
lished technical briefing, “Investigation into acute hepatitis 
of unknown etiology in children in England," that described 
163 cases, 11 of which required liver transplantation and no 
deaths at that time.2 From that moment on, cases of severe 
acute hepatitis of unknown origin in children began to be 
reported in several countries (Fig. 1).The latest report pub-
lished by the UK Health Safety Agency indicates that there 
have been 260 cases, 12 of which required liver transplan-
tation and no deaths.3

Epidemiology

Worldwide, as of June 17, 2022, a total of 991 cases had 
been detected by the WHO, Centers for Disease Control 
(CDC), and the European Center for Disease Prevention and 
Control (ECDC) that were detected in 35 countries. Fifty 
children required liver transplantation and 28 died. Eleven 
deaths occurred in the United States (USA), seven in Indo-
nesia, seven in Brazil, one in Mexico, one in Ireland, and 
one in Palestine (Fig. 2).4–8

According to information published by the ECDC,9–11 449 
cases have been detected in 21 EU countries, the UK, Aus-
tria, Spain, Sweden, Portugal, Belgium, Denmark, France, 
Ireland, Italy, Germany, Latvia, Moldova, Netherlands, 
Norway, Serbia, Slovenia, Poland, Romania, Greece, and 
Cyprus. The remaining cases were detected in Argentina, 
Brazil, Canada, Costa Rica, Mexico, Panama, Puerto Rico, 
Indonesia, Israel, Japan, Palestine, Singapore, Malaysia, 
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South Korea, and the USA (Table 1).
The cases reported in the European Union included chil-

dren between 1 month and 16 years of age. The majority 
(76.6%) were under 5 years of age, 31.2% were admitted 
to the intensive care unit and 8.4% received a liver trans-
plant. There was one death associated with this disease. 
Adenovirus was detected in 52.4% of the analyzed samples, 
and most of the positive samples were whole blood. SARS-
CoV-2 PCR assays were positive in 10.6%, and antibodies 
against SARS-CoV-2 were detected in 63.5%. A total of 
85.9% were not vaccinated against COVID-19.9–11

The clinical syndrome in all identified cases was acute 
hepatitis with markedly elevated liver enzymes. Many cases 
reported gastrointestinal symptoms including abdominal 
pain, diarrhea, and vomiting that preceded presentation 
with severe acute hepatitis, elevated liver enzyme levels 
(aspartate transaminase (AST) or alanine aminotransami-

nase (ALT) > 500 IU/L) and jaundice. Most cases did not 
have fever. Hepatitis is an inflammation of the liver that can 
be caused by viral infections, alcohol consumption, toxins, 
medications, and certain other medical conditions. So far, 
the cause of these cases is unknown, and many hypotheses 
remain open, but hepatitis A–E viruses have been ruled out. 
COVID-19 vaccines have also been ruled out, as most of 
the children are too young and had not been vaccinated. 
Other possible causes, including other types of coronavi-
ruses, other infections, or environmental causes, are being 
actively investigated. At this stage the role of the viruses 
found in some of the cases in the hepatitis pathogenesis 
is still unclear. No other clear epidemiological risk factors 
have been identified to date, including recent international 
travel. Thus, at this time, the etiology of the current cases 
of hepatitis is still considered unknown and remains under 
active investigation. Laboratory testing for many infections, 

Fig. 1.  Timeline of reported cases of hepatitis of unknown origin in children from April 5 to May 13. 

Fig. 2.  Worldwide distribution of cases, transplants, and deaths from severe acute hepatitis of unknown origin in children as of June 17, 2022. 
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chemicals, and toxins continues to be performed in the 
identified cases (Table 2).12

The UK has established a case definition and has devel-
oped a survey for the investigation of cases that meet the 
definition, which have been shared by the IHR with the rest 
of the countries.12 The provisional confirmed case definition 
is a person presenting, after January 1, 2022 with an acute 
hepatitis which was not caused by hepatitis A–E viruses, or 
an expected presentation of metabolic, inherited or genetic, 
congenital or mechanical cause with serum transaminases 
>500 IU/L (AST or ALT), and ≤10 years of age. A possible 
case definition is a person presenting with acute hepatitis 
after January 1, 2022 with acute hepatitis not caused by 
hepatitis A–E viruses, or an expected presentation of meta-
bolic, inherited, or genetic, congenital or mechanical cause 
with serum transaminases >500 IU/L (AST or ALT), who is 
11–15 years of age. The Epi-linked case definition is a per-
son presenting after January 1, 2022 with acute non-A–E 
hepatitis who is a close contact of a confirmed case. To pre-
vent double-counting of cases, a person who is epi-linked 
but also meets the confirmed or possible case definition is 
recorded as a confirmed or possible case and the epi-link 
noted in their medical record.

As far as what we know today about liver biopsies and 
treatment of some of the children who have suffered from 
severe acute hepatitis, we have two studies conducted in 
Israel and in the UK.13,14 In the study carried out in Israel, 
the authors reported five pediatric patients who recovered 
from COVID-19 and later presented with liver injury. Two 
types of clinical presentations were distinguishable. Two 
previously healthy infants 3 and 5 months of age pre-
sented with acute liver failure that rapidly progressed to 
liver transplantation. Their liver explants showed massive 
necrosis with cholangial proliferation and lymphocytic infil-
trate. Three children, two were 8 years of age and one was 
13 years of age, presented with hepatitis with cholesta-
sis. Children had a liver biopsy significant for lymphocytic 
portal and parenchyma inflammation, along with bile duct 
proliferation. All three were started on steroid treatment. 
Their liver enzymes improved, and they were weaned suc-
cessfully from treatment. For all five patients, extensive 
etiology workup for infectious and metabolic etiologies 
were negative.13

In the study conducted in King’s College Hospital in the 
UK, the authors describe the course of eight children admit-
ted to pediatric intensive care unit from February to May 
2022.14 The main reason for admission was neurologic de-
terioration (hepatic encephalopathy) with rising ammonia, 
lactate, and international normalized ratio. Patients were 
neuro-monitored with transcranial Dopplers (TCD) and re-
versed jugular venous saturation. Four patients had ab-
normal pulsatility index on TCD and six had low reversed 
jugular venous saturation, with the lowest being 25.9%, 
that required intervention. They were neuroprotected by 
early initiation of high-volume continuous kidney replace-
ment therapy (CKRT) with a minimum CKRT dose of 60 mL/
kg/h initiated within 24 h of admission, plasma exchange, 
use of hypertonic saline, noradrenaline to maintain cerebral 
perfusion pressure, temperature control and thiopentone 
infusion. All received N-acetylcysteine, and those positive 
for adenovirus received at least two doses of cidofovir. All 
eight children survived, with six requiring liver transplan-
tation. One was re-transplanted and two survived without 
liver transplantation, one of who was delisted after 6 days 
on the super-urgent list as his clinical and biochemical con-
dition improved.

Histopathology studies of the liver explant and in a few 
patient biopsies did not find evidence of adenovirus in 
hepatocytes, but all revealed hepatocyte necrosis and pa-
renchymal collapse. The lack of adenovirus in hepatocytes, 
but severe liver injury leading to acute liver failure, may C
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have been related to an aberrant immune response from 
the host’s liver immune system. Detailed characterization 
of immune infiltrates in the liver of children who progress 
to liver failure may identify a subgroup that responds to im-
munosuppression including steroids and avoids liver trans-
plantation.14

Investigations and main etiological hypotheses

The hypotheses being considered are that this hepatitis may 
be caused by: 1. An abnormal susceptibility or response of 
the host to adenovirus, which would cause the adenovirus 
to progress more frequently to hepatitis because of (a) lack 
of exposure during the COVID-19 pandemic; (b) prior infec-
tion with SARS-CoV-2 (including the Omicron variant) or 
other infection; (c) coinfection with SARS-CoV-2 or other 
virus; or (d) toxin, drug, or environmental exposure. (2) 
Increased frequency of normal adenovirus infections, which 
highlights a very rare or under-recognized complication. (3) 
A new adenovirus variant, with or without the contribution 
of a cofactor; (4) A post-infectious SARS-CoV-2 syndrome 
(including a restricted effect of Omicron); (5) Drug, toxin or 
environmental exposure; (6) A new pathogen acting alone 
or as a coinfection; (7) A new variant of SARS-CoV-2; or (8) 
SARS-CoV-2 envelope glycoprotein spike acting as a supe-
rantigen.

Adenovirus

Adenovirus infection together with other cofactors that 
would enhance its effect remains the main causal hypothe-
sis. Thus, of all cases reported from the UK that were tested 
for adenovirus (some identified as adenovirus 41F), 72% 
were positive. In recent weeks, according to UK respiratory 
infection surveillance data, the incidence of adenovirus in-
fections has increased significantly compared with previous 
years, especially in children 1–4 years of age and children 
5–9 years of age.1

Several hypotheses have been proposed to explain how 
adenoviruses might have changed their pathogenesis to 
cause hepatitis in healthy children: (1) Lack of exposure to 
pathogens during the COVID-19 pandemic may have gener-
ated an immune deficit in children and rendered them more 
susceptible to adenovirus infection generating a rarer and 
more severe condition. (2) Relaxation of restrictions has 

generated a massive wave of adenovirus infections, which 
would allow detection of a rarer outcome of infection. (3) A 
past infection or coinfection with another pathogen, or ex-
posure to a toxin, drug, or environmental factor, has altered 
the response to adenovirus infection. (4) Infection with a 
new adenovirus that is capable of causing severe liver dis-
ease in children.

Adenoviruses are common pathogens that typically cause 
mild respiratory or gastrointestinal symptoms. Adenovi-
ruses 40–41F are among the most frequent causes of vi-
ral gastroenteritis in children. In some cases, adenoviruses 
have been implicated in hepatitis in immunocompromised 
children and adults, and exceptionally in healthy individu-
als.15–17 In addition, not all children have tested positive 
for adenovirus, and those who did test positive have often 
tested positive in only whole blood, and at very low con-
centrations, with the virus not being detected in liver and 
plasma samples. Adenoviruses are very common and may 
only be an incidental finding.

SARS-CoV-2 acting as a superantigen

Recently, a hypothesis to explain the cause of these cases 
of severe hepatitis has been published, according to which 
it could be a consequence of adenovirus infection in the 
intestine in healthy children previously infected with SARS-
CoV-2 and carriers of other viruses.18,19 There is evidence 
that SARS-CoV-2 can persist in the gastrointestinal tract. In 
fact, the virus can be detected in the intestine for a much 
longer period in children than in adults.2 Repeated release 
of viral protein in the intestinal epithelium would result in 
activation of the immune system. Specifically, part of the 
SARS-CoV-2 envelope, glycoprotein S, could act as a supe-
rantigen. Superantigens are a class of antigens that cause 
excessive and uncontrolled activation of the immune sys-
tem. Specifically, they cause nonspecific (polyclonal) acti-
vation of T lymphocytes and massive release of cytokines 
(small proteins that regulate cell function). If a normal im-
mune system response activates less than 0.001% of T 
lymphocytes, a superantigen activates up to 20%. Many 
bacterial toxins or viral molecules can act as superantigens 
that generate a massive nonspecific immune response that 
is not directed against a particular antigen or pathogen. 
Continuous and repeated activation because of adenovi-
rus coinfection, could enhance a multisystem inflammatory 
syndrome (MIS-C) leading to acute hepatitis in children. 

Table 2.  Recommended laboratory tests in suspected cases of severe acute hepatitis in children

Sample type Test Pathogen

Blood* PCR Adenovirus, Enterovirus, CMV, EBV, HSV, Hepatitis 
A, Hepatitis C, Hepatitis E, HHV6 and HHV7

Blood* Serology Hepatitis A, B, C, E, CMV, EBV, SARS-CoV-2 anti-S, 
SARS-CoV-2 anti-N (only if locally available)

Blood Culture Standard culture for bacteria/fungi (only if clinically indicated i.e. fever)

Throat swab* PCR Respiratory virus panel (including adenovirus/
enterovirus/influenza, SARS-CoV-2)

Stool* PCR Adenovirus, sapovirus, norovirus, enterovirus. Standard bacterial stool 
pathogen panel to include Salmonella spp. (or stool culture depending on  
local test availability)

Blood* (whole blood in EDTA and 
plasma separated specimens)

Toxicology Local investigations according to history

Urine* Toxicology Local investigations according to history

*Earliest possible sample.
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This syndrome appears in a small percentage of children 
for a few weeks to a few months after the child becomes ill, 
even if the illness is mild. It is usually quite severe, requir-
ing hospitalization.20 The liver is one of the most frequently 
affected organs. In fact, 43% of MIS-C cases result in hepa-
titis. The cause is thought to be impairment of the intestinal 
barrier, with the virus escaping into the bloodstream and 
causing inflammation.21

Another observation that tends to confirm this hypothesis 
is the presence in the spike protein of SARS-CoV-2 of a se-
quence not present in other coronaviruses and resembling 
another sequence in Staphylococcus aureus enterotoxin 
B that produces toxic shock syndrome.22 It also acts as a 
superantigen, binding to major histocompatibility complex 
class II molecules on antigen-presenting cells and to the Vβ 
chains of the specific T-cell receptor (TCR).23 The interac-
tion results in the activation of a large proportion (up to 
30%) of T cells and the massive release of proinflamma-
tory cytokines24 that trigger a rapid and potent inflamma-
tory reaction. It has been shown in mice that an adenovirus 
infection generates hypersensitivity against enterotoxin B.23 
For those reasons, Brodin and Arditi suggest that children 
with acute hepatitis be investigated for SARS-CoV-2 per-
sistence in stool, T-cell receptor skewing, and interferon 
gamma (IFN-γ) upregulation, because that would provide 
evidence of a SARS-CoV-2 superantigen mechanism in an 
adenovirus-41F-sensitized host.18

Along the same lines, Nishiura et al.25 suggest that prior 
exposure to the Omicron variant (B.1.1.529) may be as-
sociated with an increased risk of severe hepatitis in chil-
dren, indicating a critical need for cofactor studies. They 
analyzed the correlation between reported cases of Omi-
cron variant and cases of acute hepatitis in children in 38 
Organization for Economic Cooperation and Development 
countries and Romania between December 1, 2021, and 
April 27, 2022. Twelve of the 39 countries reported at least 
one case of hepatitis. The confirmed diagnoses of Omicron 
cases ranged from 4.4 to 11.9 million between the dates 
studied. In the remaining 27 countries, the cumulative 
number of cases of this variant ranged from 0.5 to 5.5 mil-
lion. For example, a seroepidemiological study published 
in the US reported that approximately 75% of children 
were infected with Omicron variant by the end of Febru-
ary. It concluded that countries that reported more cases 
of this rare condition were those with a higher proportion 
of the population infected with Omicron.25 According to all 
the studies that we have to date, episodes of severe acute 
hepatitis can be explained by a concatenation of two cir-
cumstances. (1) A SARS-CoV-2 infection with accumulation 
of virus in the intestine and outflow viral proteins into the 
bloodstream because increased intestinal permeability. (2) 
An adenovirus infection that sensitizes the immune system 
and causes an over reaction with subsequent liver inflam-
mation. The hypothesis is complex, but whether children 
with acute hepatitis are carriers of SARS-CoV-2 in the stool, 
and whether evidence of superantigen-mediated immune 
activation is found, needs further investigation. If so, early 
application of immunomodulatory therapies could be con-
sidered to prevent liver damage and prevent transplanta-
tion. This therapy has been shown to be effective in some 
cases in Israel and in a case in a 3-year-old girl in the 
US.26,27 On the other hand, if it is proven that the liver 
damage is directly caused by a virus, treatment with anti-
virals would be necessary.

For the moment all the hypotheses remain unproven. It 
is important to know the cause in order to identify cases as 
soon as possible and to find effective treatments. The les-
son we draw from the available evidence is that, faced with 
such a complex situation, one must keep an open mind to 
all possible explanations. Unfortunately, the simplest one is 
not always the correct one.
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Abstract

Severe alcoholic hepatitis (sAH) is defined by a modified 
discriminant function ≥32 or model for end-stage liver 
disease (MELD) >20. Patients with sAH are in an immu-
nocompromised state attributed to cirrhosis-related immu-
noparesis and corticosteroid use. Individuals with sAH often 
develop severe infections that adversely impact short-term 
prognosis. Currently, the corticosteroid prednisolone is the 
only treatment with proven efficacy in sAH; however, the 
combination of corticosteroid treatment and altered host 
defense in sAH has been thought to increase the risk of 
acquiring of bacterial, opportunistic fungal, and viral infec-
tions. Newer studies have shown that corticosteroids do not 
increase occurrence of infections in those with sAH; unfor-
tunately, the lack of response to corticosteroids may instead 
predispose to infection development. Prompt and appropri-
ate antibiotic treatment is therefore essential to improving 
patient outcomes. This review highlights common infections 
and risk factors in patients with sAH. Additionally, current 
diagnostic, therapeutic, and prophylactic strategies in these 
patients are discussed.

Citation of this article: Kaur B, Rosenblatt R, Sundaram V. 
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Introduction

Alcoholic liver disease (ALD) involves a range of injury from 
simple steatosis to frank cirrhosis. Over the last decade 
there has been a rapid rise in the prevalence of ALD in the 
USA, particularly among patients younger than age 30.1 
These trends have intensified since the start of the coro-
navirus disease 2019 (COVID-19) pandemic with a notable 

increase in incidence of alcohol use disorder, ALD, and alco-
holic hepatitis (AH).2

AH is considered the most severe form of alcohol-related 
liver disease. Clinical presentation typically includes re-
cent or ongoing excessive alcohol intake, with a minimal 
threshold for women being 3 drinks (≥40 g per day) and 
for men 4 drinks (≥50–60 g per day).3,4 The severity of 
AH is classically determined by a Maddrey (modified) dis-
criminant function (mDF) of ≥32, based on a combination 
of prothrombin time and bilirubin levels.5 More recently, the 
model for end-stage liver disease (MELD) has been utilized 
to identify severe AH, with a score >20 signifying severe 
AH.6 In certain cases, patients may develop multiorgan fail-
ure (MOF) and the 3-month mortality rate can approach 
40%.7 The prevalence of severe AH has been reported to be 
as high as 20% in hospitalized patients.8

Certain patients with severe AH may require corticoster-
oid treatment with prednisolone, which is the only thera-
peutic option demonstrated to improve short-term survival 
for this condition. Currently, the use of steroids in AH is con-
troversial, as studies have shown conflicting results.9–11 In 
a meta-analysis of 11 randomized controlled trials (RCTs), 
which ultimately included 2,111 patients with sAH, it was 
demonstrated that corticosteroid treatment significantly re-
duced mortality at 28 days compared with placebo, with 
an overall 36% risk reduction.9 However, the largest dou-
ble-blinded placebo RCT regarding treatment of sAH, the 
STOPAH trial, did not demonstrate a statistically significant 
survival benefit at 28 days in patients receiving corticoster-
oids compared with placebo, while in a post hoc multivaria-
ble analysis, corticosteroids were associated with improved 
28-day survival (odds ratio [OR] 0.609; p=0.015) but not 
at 90 days (OR 1.02) or 1-year (OR 1.01).10 Despite these 
discrepancies, guidelines recommend that a MDF ≥32 or 
MELD score >20 indicate the need for treatment with cor-
ticosteroids.11,12

Patients with sAH, however, are at high risk of developing 
bacterial and fungal infections, due to immunoparesis relat-
ed to disease pathogenesis and the immunosuppressive ef-
fects of corticosteroids.13 A meta-analysis of 12 randomized 
trials found a cumulative incidence of infection of 20% in 
patients with AH during corticosteroid therapy.14 Addition-
ally, a cohort study found an infection incidence of 53% in 
162 patients with biopsy-proven severe AH during a 90-day 
follow up.15 The incidence of bacterial infection in the set-
ting of severe AH is variable, ranging from 30% to 80% of 
cases,16 leading to a significantly greater risk of mortality.17

The purpose of this review is to highlight common in-
fections and risk factors in patients with sAH. Additionally, 
current prevention strategies in these patients will be sum-
marized and discussed.
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Risk factors for infection development

AH vs. cirrhosis-associated immune dysfunction

AH is physiologically unique, when compared to cirrhosis, 
and often presents as a state of high-grade inflammation. 
Dysregulation of the immune system due to acute or recent 
alcohol use can lead to both an immunocompromised and 
proinflammatory state.18 Alcohol and its metabolite acetal-
dehyde alter tight junctions among epithelial cells, leading 
to increased gut permeability, allowing increased level of 
pathogen-associated molecular pattern (PAMP) molecules, 
including lipopolysaccharide (LPS), to enter the portal circu-
lation.18,19 LPS binds to toll-like receptor (TLR) 4 on Kupffer 
cells in the liver to produce increased proinflammatory cy-
tokines, including TNF-α, which activates the cell-death 
pathway triggering production of reactive oxygen species.20 
Additionally, this cascade of cytokines and chemokines can 
lead to a state of both inflammation and immunosuppres-
sion (Fig. 1).18,20 One prospective study analyzed serum 
from 20 patients with acute AH, 16 patients with stable ad-
vanced alcohol-related cirrhosis, and 12 healthy controls. 
Compared to patients with advanced alcohol-related cirrho-
sis, those with acute AH had markedly greater suppression 
of T lymphocytes, due to overexpression of inhibitory recep-
tors and reduced neutrophil antimicrobial activities. These 
alterations seem to be dependent on the higher chronic LPS 
exposure observed in severe AH.21 Also, chronic and acute 
alcohol consumption are associated with a decrease in T 
cells, B cells, natural killer cells, monocytes, and an increase 

in proinflammatory cytokines.13,19,22,23 Ultimately, findings 
suggest that excessive response of the immune system to 
PAMPs, including LPS, plays a role in the development of 
liver damage in AH, which is different from alcohol-related 
cirrhosis.18–20,24

In contrast, in compensated cirrhosis, damage-associ-
ated molecular patterns (DAMPS) from stressed/damaged 
tissue or necrotic hepatocytes activate circulating immune 
cells.22 The progression of cirrhosis distorts hepatic archi-
tecture and impairs functional capacity. These events com-
promise the immune surveillance function of the liver and 
impairment of the bactericidal role of phagocytic cells. This 
low-grade systemic inflammation is a distinctive feature of 
compensated and stable decompensated cirrhosis.19 The 
degree of systemic inflammation and immunodeficiency in-
tensifies as the course of cirrhosis progresses.

Immunodeficiency is characteristically present in the 
setting of acute-on-chronic liver failure (ACLF) and often 
among patients with stable decompensated cirrhosis, con-
tributing to episodes of acute decompensation triggered by 
bacterial infection.19 Ultimately, this immunodeficiency in-
creases the risk of infection at any stage of liver disease, 
with greater risk of infection correlating with higher ACLF 
grade.25 In decompensated cirrhosis, gut barrier dysfunc-
tion arises from damage at all levels of intestinal barrier 
defense, which may contribute to the frequency and sever-
ity of complications.26

In summary, alcohol-induced derangement of the im-
mune system via the LPS-TLR pathway triggers an extend-
ed inflammatory response, resulting in immune exhaustion 
and paralysis.18,27 This process is offset by a dysregulated 

Fig. 1.  Alcohol and the innate immune response. Alcohol and its metabolite acetaldehyde alter tight junctions among epithelial cells, leading to increased gut 
permeability, allowing increased levels of lipopolysaccharide (LPS) to enter the portal circulation. LPS binds toll-like receptor (TLR) 4 and activates a cascade of cy-
tokines and chemokines that lead to a state of both inflammation and immunosuppression. BP, binding protein; IFN, interferon; IL, interleukin; NF, nuclear factor; 
ROS, reactive oxygen species; TGF, transforming growth factor. Permission has been obtained for reproduction by source: Clinics in Liver Disease, Article: Infection 
and Alcoholic Liver Disease.
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compensatory anti-inflammatory pathway that predisposes 
patients with AH to infection.18,27,28

Corticosteroid-related immunosuppression

Prednisolone, the primary treatment for sAH, may tip the 
balance between systemic inflammatory response system 
(SIRS) and compensatory anti-inflammatory response 
syndrome (CARS) toward CARS, which then results in im-
mune paralysis, nosocomial infections, and multiple organ 
dysfunction.13 Cirrhosis-associated immune dysfunction is 
characterized by increased expression of immune inhibitory 
markers and decreased phagocytic activity of neutrophils 
and monocytes, setting the stage for susceptibility to in-
fections.13,21 Prednisolone may also further exacerbate this 
diminished adaptive immune response, as it can suppresses 
cellular (Th1) immunity.29 At the cellular level, predniso-
lone inhibits the access of leukocytes to inflammatory sites 
in several ways, including interfering with the function of 
leukocytes, endothelial cells, and fibroblasts, while also 
suppressing the production and effects of humoral factors 
involved in the inflammatory process.30

Several studies have demonstrated increased risk of 
infection among patients with AH treated with corticos-
teroids.10,13,31,32 In the STOPAH trial, prednisolone nearly 
doubled the risk of infections reported as serious adverse 
events in patients with AH (13% vs. 7%, p=0.002).10 In 
a post-hoc analysis that the STOPAH trial used to evalu-
ate bacterial DNA levels to monitor for infection, it was 
noted that patients with sAH who were given prednisolone 
were at greater risk for developing serious infections com-
pared to those who did not receive prednisolone.31 Based 
on circulating DNA levels, 12% of patients with sAH were 
noted to have infection at baseline and 23% developed 
infection while on prednisolone treatment. The most com-
mon serious infections included respiratory tract infections 
and bacteremia.31 Another observational study showed 
that corticosteroid use, along with younger age and higher 
MELD score, were independently associated with infec-
tion, specifically invasive fungal infections (IFIs).32 How-
ever, separate studies have indicated that corticosteroids 
do not appear to increase the risk of infections in those 
with sAH, but rather the lack of response to corticosteroids 
may indicate greater risk of infection. A prospective study 
by Louvet et al.33 analyzed a cohort of 246 patients and 
found that the infection risk was significantly greater in 
steroid non-responders compared to responders, at 42.5% 
vs. 11.1%, respectively (p<0.000001). Furthermore, that 
study showed that the development of infection may de-
pend more upon the response to corticosteroid treatment 
(assessed by the Lille score) rather than the treatment of 
choice or duration.

Pharmacological interventions

Trials have also investigated the efficacy of other medica-
tions for the treatment of sAH, including pentoxifylline, anti-
tumor necrosis factor (TNF)-α agents (infliximab, etaner-
cept), and granulocyte-colony stimulating factor (G-CSF) in 
severe AH. Pentoxifylline has been postulated to exert an 
anti-inflammatory effect through phosphodiesterase inhibi-
tion and increased cAMP levels, with the potential to reduce 
the risk of hepatorenal syndrome.20 When analyzing infec-
tion risks, a study by Vergis et al.31 demonstrated no as-
sociation between pentoxifylline therapy and the incidence 
of serious infection (p=0.08), infection during treatment 
(p=0.20), or infection after treatment for sAH (p=0.27). 
In fact, adding pentoxifylline to corticosteroids may reduce 

the risk of infection compared with corticosteroid mono-
therapy.34 Additionally, a network meta-analysis suggested 
that, in patients with severe AH, pentoxifylline and corti-
costeroids (alone and in combination with pentoxifylline or 
N-acetylcysteine [NAC]) can reduce short-term mortality.35 
Contrary to this, the STOPAH trial, along with several other 
studies, has provided data to support a survival benefit with 
prednisone but not pentoxifylline; subsequently, pentoxyfil-
line has not been recommended in the most current Amer-
ican Association for the Study of Liver Diseases (AASLD) 
guidelines.9,12,36

The role of anti-TNF-α, including infliximab and etaner-
cept, in the setting of sAH has been evaluated. These 
agents inhibit the action of the major proinflammatory cy-
tokine TNF-α, which mediates the immune-induced liver in-
jury. Unfortunately, the anti-TNF-α strategies studied have 
been ineffective and increased the risk of bacterial infec-
tions and mortality, leading to early discontinuation of the 
trials evaluating these medications.37,38

G-CSF has been shown to favorably modify the intrahe-
patic immune environment and stimulate the regenerative 
potential of the liver. Under normal physiological condi-
tions, G-CSF mobilizes CD34+ cells, increases hepatocyte-
growth factor, and induces hepatic progenitor cell prolifera-
tion.39 A randomized pilot study comparing pentoxifylline 
plus G-CSF with pentoxifylline alone for treatment of sAH 
demonstrated marked improvement in survival in the com-
bination treatment group at 90 days (78.3% vs. 30.4%; 
p=0.001).40 It is thought that neutrophil function enhanced 
via G-CSF use may improve the innate immune response to 
bacteria, diminish the risk of infection, and contribute to an 
improved outcome in patients with sAH.41 However, a mul-
ticenter, randomized phase II trial showed that G-CSF did 
not improve patient survival and was unable to reduce the 
rate of complications including infections in patients with 
ACLF.42

Although some initial studies have shown encouraging 
results with G-CSF in patients with severe AH, more work 
needs to be done to characterize associated risks prior to 
initiating wide clinical use in the setting of AH.43

Bacterial pathogens

The majority of infections among patients with sAH are 
bacterial, though it is uncertain which species are the most 
commonly acquired. One small study on AH showed that 
Gram-negative bacilli (GNB), predominantly Escherichia 
coli, represented 75% of all isolated bacteria.44 Converse-
ly, another small study analyzed the prevalence of blood-
stream infections only in patients with AH. The investi-
gators reported a significant prevalence of Gram-positive 
cocci (44%) and GNB presence of only 22%.45 A cross-sec-
tional analysis revealed that, among hospitalized patients 
with AH, prevalence of Clostridium difficile infection (CDI) 
was 1.6% or about 1.5-fold higher than that among hos-
pitalized patients without AH.46 Furthermore, CDI in these 
patients was associated with increased inpatient mortal-
ity.46

Regarding the site of infection, urinary tract and res-
piratory systems have been found to be more common in 
patients with AH.47 A cohort study analyzed data from 121 
patients with AH and showed pneumonia to be the most 
frequent infection (26%), followed by urinary tract infec-
tion (UTI) (23%) and skin and soft tissue infections (SSTIs) 
(8%), while spontaneous bacterial peritonitis (SBP) was 
found to be present in only 6% of infected patients.48 A 
separate large, retrospective cohort study was conducted 
to evaluate patients with AH admitted between 2009 and 
2014 to seven centers in Europe and the USA.49 Among the 
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patients studied, 49% showed clinical or culture-based evi-
dence of infection, primarily involving the lower respiratory 
tract or urinary tract. Gut commensal bacteria, particularly 
E. coli and Enterobacter species, were most commonly iso-
lated in culture. Fungal infection was rarely seen.

Certain studies have shown that the most common in-
fections sites differ before and after corticosteroid admin-
istration. For example, Louvet et al.33 reported that prior 
to steroid treatment, SBP or bacteremia occurred more 
frequently (44%), followed by UTI (32%) and respiratory 
infections (13%). After or during corticosteroid treatment, 
there appeared to be a notable shift towards respiratory 
infections (40%), followed by SBP or bacteremia (28%) and 
UTI (18%). A separate meta-analysis from 2016 showed 
that, in patients with AH, corticosteroids-related infections 
included pneumonia (23%), UTI (10%), SBP (7%), and 
SSTI (2%).14 In the STOPAH trial, respiratory infections 
accounted for 50% of all infections (both in treated and 
untreated groups) during follow-up. Lung infections were 
more common in patients who received prednisolone (7%) 
vs, those who did not receive prednisolone (3%).10

Fungal pathogens

Fungal infection is associated with high mortality in criti-
cally-ill patients with cirrhosis.50,51 However, there are lim-
ited studies looking specifically at invasive aspergillosis ( 
IA ) in the setting of AH. A meta-analysis demonstrated 
higher frequency of fungal infection occurrence among 
steroid-treated AH patients; in these patients, fungal in-
fections were life-threatening, with a high mortality rate 
(approximately 33% compared to 12% in all steroid-treat-
ed infections).14 In a cohort study of 94 patients with biop-
sy-proven sAH, IA incidence was 16%. The primary sites 
of infection included the lungs and central nervous sys-
tem, while IA was disseminated in two cases. Of note, 13 
cases of IA occurred in the context of corticosteroids, and 
2 had received no specific treatment for AH.52 These stud-
ies have shown that IA is a frequent complication of sAH 
and carries a very high risk of mortality. Along with liver 
disease, other risk factors of IA include neutropenia, he-
matologic malignancies, HIV, or organ transplantation.53,54 
Early and routine screening for IA may be beneficial.52,55 
Serum galactomannan (GM) has been demonstrated as a 
good screening test factor for IA in those with severe AH. 
The classical cutoff of ≥0.5 for serum GM has shown a high 
diagnostic performance, with sensitivity of 89%, specific-
ity of 84%, positive predictive value of 67%, and negative 
predictive value of 95%.52

Invasive candidiasis incidence has been reported to be 
between 2% to 8% in patients with sAH.52 A recent study, 
from 2021, demonstrated that human neutrophil responses 
to the fungal pathogen C. albicans are significantly dimin-
ished in patients with cirrhosis compared to healthy con-
trols. This defect may be due to neutrophil exhaustion in 
the setting of persistently elevated circulating levels of in-
flammatory cytokines.56 Patients with sAH present a more 
markedly reduced neutrophil antimicrobial activity, includ-
ing phagocytosis and oxidative burst.21 This underlying im-
mune dysfunction in patients with AH may explain the lack 
of neutrophil functioning, thus increased prevalence of can-
didemia.

Pneumocystis jirovecii pneumonia (PJP) is another op-
portunistic fungal infection, which may occur in sAH.57 Faria 
et al.,58 analyzed seven ICU patients with biopsy-proven AH 
who developed bronchoalveolar lavage-confirmed PJP. Six 
of these patients received steroids for AH treatment prior 
to the diagnosis. All patients progressively developed acute 
respiratory distress requiring mechanical ventilation, ulti-

mately leading to death despite receiving appropriate treat-
ment. Additionally, two case reports have been published 
evaluating patients with human immunodeficiency virus 
(HIV) and steroid-treated AH who subsequently developed 
severe pneumopathy due to PJP.59 Lastly, a report highlight-
ed a case of PJP together with cytomegalovirus infection 
in an HIV-negative alcoholic patient.60 Although small in 
sample size, these studies have shown that otherwise rare 
opportunistic infections, such as PJP, may occur in patients 
with AH, particularly in the setting of steroid use.

Biomarkers of infection

Determining the presence of infection may be challenging 
in patients with AH, as cultures may be negative despite 
the presence of clinical indicators of active infection, such 
as leukocytosis.15 One study showed that the SIRS criteria 
are met in approximately 50% of patients with sAH, even 
without documented infection.15 Both C-reactive protein 
(CRP) and procalcitonin (PCT) have been investigated as 
potential biomarkers to determine the presence of under-
lying infection. Although CRP and PCT levels have been 
useful for detecting infection in cirrhosis, there have been 
inconsistencies in differentiating infection from SIRS with-
out infection in AH. Among patients with AH, the findings 
of one study highlighted that a PCT cutoff of 0.45 ng/mL 
had positive and negative predictive values of 83% and 
71% respectively for infection-associated SIRS, while CRP 
displayed no discriminative capability.15 Another study 
found that serum PCT can be a useful marker for diagnos-
ing sepsis in patients with AH and SIRS, and compares 
favorably with serum CRP levels.61 On the other hand, in 
yet another study, PCT cutoff value failed to discriminate 
infected from non-infected patients with AH.62 Therefore, 
although promising, biomarkers for underlying infection 
need further study, and in clinical settings should be care-
fully interpreted in combination with clinical assessment 
and correlation.

Infection treatment and prevention

Management of sAH begins with thorough review of symp-
toms, physical exam findings, and infection workup, in-
cluding chest radiography, urinalysis, cultures, ascitic fluid 
analysis, and viral serology (Table 1). If infection is detect-
ed, pathogen-directed therapy should be initiated (Fig. 2). 
Identification of an infection is critical prior to the initiation 
of steroids or immunosuppressant therapy to reduce risk of 
complications from these medications. If infection is unlike-
ly, prevention strategies are focused on early treatment of 
sAH, based on discriminant function or MELD score. Addi-
tionally, the Lille score (which reassesses prognosis, identi-
fies nonresponses, and guides therapy) may be used to de-
termine whether corticosteroids should be discontinued.12

In patients with sAH, the development of infection may 
depend more on the response to corticosteroid treatment 
as assessed by the Lille score, rather than the treatment of 
choice or duration.33 The response to corticosteroids based 
on the Lille score is significantly associated with improved 
survival.63 The addition of intravenous of NAC to predniso-
lone may be used as a prevention strategy, as it has been 
reported to decrease the incidence of bacterial infections in 
patients with sAH. The adjunction of NAC to corticosteroid 
treatment has been shown to decrease the incidence of in-
fections by 23%, when compared to corticosteroids alone.64 
Other supplementary infection prevention approaches in-
clude adequate patient nutrition. A RCT from 2016 showed 
that a daily caloric intake of fewer than 21.5 kcal/kg/day 
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was associated with increased rates of infection and mortal-
ity at 6 months, when compared to higher intake (65.8% 
vs. 33.1%, p<0.0001).65

Antimicrobials

Although patients with sAH are at increased risk of infec-
tion, evidence has not yet been reported to support a role 
for antibiotic prophylaxis. Currently, the use of prophylactic 
antibiotics in combination with corticosteroids is being in-
vestigated in the AntibioCor study.66 An interim analysis of 
this study’s data, presented as an abstract, revealed that 
infection rates in patients treated with amoxicillin/clavula-
nate plus corticosteroids were lower compared to those in 
the placebo group after 2 months of therapy (29.7% vs. 
41.5%; hazard ratio [HR] 0.616, 95% confidence interval 
[CI] 0.417–0.909; p=0.015). Although a 30-day course of 
antibiotics with prednisolone did not improve 2-month sur-
vival in patients with sAH, they did reduce the likelihood of 
infections.67 Careful restriction of prophylactic antibiotics to 
the high-risk populations could reduce the spread of mul-
tidrug-resistant bacteria.47 Additionally, antifungal agents 
should be considered in patients with risk factors for fungal 
infections, including comorbid diabetes, acute kidney injury, 
longer hospital stays, and admission for bacterial infec-
tion.51 Despite management of antibiotics, the presence of 
infection alone has not been shown to be a driver of short-

term mortality. For example, one study observed that the 
use of antimicrobials early after admission delayed but did 
not reduce the occurrence of infections in patients with AH, 
without an effect on mortality.49

Conclusions

Patients with AH are in an immunocompromised state, sec-
ondary to a combination of cirrhosis related immunopare-
sis and corticosteroids use, which may predispose them 
to higher risk of infection. To date, corticosteroids are the 
only treatment with proven efficacy in sAH. Nevertheless, 
corticosteroid impact on the occurrence of infection re-
mains controversial. Some studies have shown that corti-
costeroid use may significantly reduce short-term mortal-
ity in patients with sAH.9,10 Additionally, the combination 
of corticosteroid treatment and altered host defense in AH 
has been suggested as a cause of bacterial, opportunistic 
fungal, and viral infections.68 Recent studies have shown 
that corticosteroids do not appear to increase occurrence 
of infections in those with sAH, though the lack of response 
to corticosteroids may increase infection risk.33 However, 
screening for infections should be performed prior to cor-
ticosteroid initiation and during treatment, if clinically indi-
cated. Physicians should be cognizant of recognizing poten-
tial infections in patients with ALD, in order to appropriately 
administer antibiotic therapy that will reduce the associated 

Table 1.  sAH assessment and management

History

  Recent or ongoing excessive alcohol intake

  Women=3 drinks (≥40 g per day)

  Men=4 drinks (≥50-60 g per day)

  Recent jaundice

Laboratory findings

  mDF ≥32 (prothrombin time and bilirubin levels)

  MELD >20 (bilirubin, creatinine, international normalized ratio)

Exam findings

  Jaundice, icteric conjunctiva

  Enlarged liver, ascites, caput medusa

  Systemic hypotension, asterixis, confusion

  Spider angiomata, palmar erythema

  Gynecomastia, gonadal atrophy in men

  Proximal muscle wasting, weight loss

Therapeutics

  Prednisolone 40 mg/daily

  Intravenous NAC+prednisolone 40 mg/day (may improve 30-day survival of patients with sAH)

  Of note, pentoxifylline is no longer recommended in the treatment of AH

Duration/Response

  Lillie model (albumin, creatinine, and prothrombin time)

  Lille score <0.45: Responders to corticosteroids

  Lille score ≥0.45: Non-responders

  Cessation of corticosteroids after 7 days is recommended in non-responders

MELD, Model for end-stage liver disease; AH, alcoholic hepatitis; mDF, maddrey (modified) discriminant function; NAC, N-acetylcysteine.
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mortality rate. The use of biomarkers such as CRP or PCT to 
aid in determination of infection development can be useful, 
though further studies are needed to justify their routine 
use. We recommend reassessment and potential antibiotic 
de-escalation at 48 h to reduce the spread of multidrug-
resistant bacteria, fungi, or Clostridium difficile.
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Abstract

Histoplasma capsulatum is the most common cause of en-
demic mycosis in developing countries. It is a self-limited 
and asymptomatic disease in immunocompetent individu-
als but remains a frequent cause of opportunistic infection 
in patients with compromised immune status. Liver in-
volvement as a part of disseminated histoplasmosis is well 
known. However, liver infection as a primary manifestation 
of histoplasmosis without evidence of primary lung involve-
ment is rare. In conclusion, clinicians should be aware of 
isolated histoplasmosis affecting the hepatobiliary system, 
and careful evaluation is warranted to confirm the diagno-
sis. Given the appropriate clinical context, histoplasmosis 
should be considered in both immunocompetent and immu-
nocompromised patients, regardless of pulmonary symp-
toms, in non endemic as well as endemic areas.

Citation of this article: Sayeed M, Benzamin M, Nahar L, 
Rana M, Aishy AS. Hepatic histoplasmosis: An update. J Clin 
Transl Hepatol 2022;10(4):726–729. doi: 10.14218/JCTH. 
2020.00080.

Introduction

Histoplasmosis is a systemic fungal disease that is caused by 
the dimorphic fungus Histoplasma capsulatum, which usually 
infects an individual by way of the respiratory tract. Cases 
comprise two distinct groups of conditions—the subcutane-
ous and systemic mycoses. The fungal infection has recently 
emerged as an important opportunistic infection among im-
munocompromised patients living in endemic areas for this 
fungus, and are prone to develop more severe disease.1

Epidemiology

Histoplasmosis is distributed worldwide but endemic in the 
Americas, Africa, and Asia. The actual incidence of histoplas-

mosis is not known, as the majority of the studies done on 
this subject have been limited to regions affected by out-
breaks of the disease. Globally, about half a million people 
get infected with Histoplasma infection every year. However, 
approximately 100,000 people develop disseminated his-
toplasmosis,2 which is associated with high mortality rates 
(ranging between 30–50% if treated and 100% if not).3–5 In 
North America, the area of highest endemicity is in the Mis-
sissippi and Ohio River Valleys of the USA. In these areas, the 
incidence of histoplasmosis reaches up to an estimated 6.1 
cases per 100,000.6,7 Through a 2011–2014 surveillance of 
cases in the USA, state-specific annual incidence rates were 
found to range from 0 to 4.3/100,000 population.8

A recent systematic literature review of both case volume 
and type of histoplasmosis in Southeast Asia, excluding the 
Indian sub-continent, found a total of 407 cases.9 Most 
cases (255 (63%)) were disseminated histoplasmosis.9 The 
highest burden of histoplasmosis was noted in Myanmar, 
Bali, and Surabaya in Indonesia, Ho ChiMinh City in Viet-
nam, southern Thailand, and north Luzon in the Philippines. 
In the East African region, a study from Northern Tanzania 
retrospectively identified 9 (0.9%) cases of probable histo-
plasmosis among 970 febrile in-patients.10

In Bangladesh, all variants of fungal infections are tracked 
and some studies have documented their frequency. In a 
study of 3,435 patients attending a dermatology clinic, 601 
(17.5%) were diagnosed with superficial fungus infections.11 
Deep mycoses are also an important evolving problem, as 
evidenced by reports of 16 cases of histoplasmosis with vary-
ing clinical manifestations.12,13 Isolated hepatic histoplasmo-
sis is an uncommon condition; liver involvement is commonly 
associated with disseminated histoplasmosis. H. capsulatum 
has been recovered from soil of the Gangetic plains.14 When 
soil is disturbed by construction or excavation, the spores 
become airborne and are then inhaled.15 Considering the 
likeness of geo-climatic conditions, it is possible that many 
more cases of histoplasmosis occur in Bangladesh than are 
currently documented.

Pathogenesis

Upon inhalation of airborne spores, once they reach the al-
veoli, they convert to a yeast form, which is the tissue-inva-
sive form. The current multiplying yeasts are then phagocy-
tosed by alveolar macrophages, that are initially incapable 
of killing the fungus. The ingested yeasts multiply inside 
the macrophages and during the pre-immune phase of the 
illness, and they are then spread throughout the body via 
the lymphatics to organs rich in reticuloendothelial cells.16 
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Hematogenous dissemination usually occurs before cellular 
immunity develops, during the first 2 weeks.17 In an im-
munocompetent host, once sufficient cell-mediated immu-
nity develops, the infection is eliminated by cytokines (e.g., 
interferon-γ and interleukin-12) which aid macrophages in 
either killing the organism or halting their progression by 
forming a calcified granuloma.18 In immunosuppressed pa-
tients, especially those with defective cell-mediated immu-
nity, these defense mechanisms are impaired, causing reac-
tivation of old foci or a progressive dissemination involving 
the extra-pulmonary tissues.19 The typical incubation period 
is 7–21 days.15

Predisposing factors

A variety of conditions can predispose to disseminated his-
toplasmosis, such as immunocompromised condition (i.e. 
acquired immune deficiency syndrome (AIDS)), taking of im-
munosuppressive medications (i.e. glucocorticoids, anti-re-
jection therapies in solid organ transplantation, or TNF-α in-
hibitor therapies), primary immunodeficiency, and extremes 
of age.20–22

Clinical features

Histoplasmosis can present in various forms, including:
• Asymptomatic primary infection
• Acute pulmonary histoplasmosis
• Sequelae: mediastinal granuloma, rheumatologic 

syndromes, pericarditis
• Chronic pulmonary histoplasmosis
• Disseminated histoplasmosis
• Other: mediastinal fibrosis, broncholithiasis, central 

nervous system histoplasmosis, gastrointestinal histo-
plasmosis, hepatic histoplasmosis.19,23

The most common symptoms of the disseminated forms 
are fever (89.1%), respiratory symptoms (38.1%), weight 
loss (37.4%), and various common signs, including spleno-
megaly (72%), hepatomegaly (68.1%) and lymphadenopa-
thy (41.2%).24 Initial infection occurs in the lung alveoli, 
and then is transformed by the reticuloendothelial system 
and spread to various organs, resulting in progressive dis-
seminated histoplasmosis.23

Hepatic histoplasmosis

Hepatic histoplasmosis can occur both in children and 
adults, in immunocompetent and immunocompromised pa-
tients, and in endemic and nonendemic areas.24 Hepatic in-
volvement is frequent in disseminated histoplasmosis. The 
liver is reportedly involved in about 90% of patients with 
disseminated histoplasmosis.25 However, liver histoplasmo-
sis as a primary sign of histoplasmosis without lung involve-
ment is uncommon. Patients with primary liver involvement 
usually present with nonspecific symptoms, such as fever, 
fatigue, nausea, vomiting, weight loss, and elevation of 
liver enzymes. They may present with stigmata of chronic 
liver disease, portal hypertension, ascites, and/or varices. 
These features may be due to chronic parenchymal liver 
disease resulting from histoplasma-induced liver injury. The 
full spectrum of hepatic manifestations of this disease is 
unknown but spans the range in the literature from mildly 
abnormal liver enzymes to severe icteric cholestasis with 
fever and pain.24–26

H.capsulatum is an uncommon cause of granulomatous 
liver disease. There are few case reports on hepatic histo-
plasmosis with atypical presentations. Sartin et al.27 from 

the Mayo Clinic (Rochester, MN, USA) found histoplasmosis 
comprised 4.5% (4 of 88) of cases of idiopathic granuloma-
tous disease. Cholestasis due to H. capsulatum in the set-
ting of primary liver manifestation has been rarely detected. 
Only a few case reports of liver biopsy-proven histoplasmo-
sis have reported associated cholestasis.25,28–30

The typical clinical presentations are fever and jaundice 
in the setting of immunosuppression. Right upper quadrant 
pain might be confused with biliary colic in cases of choles-
tatic hepatitis secondary to disseminated histoplasmosis.24 
Clinically, these patients are usually symptomatic with ele-
vated liver enzymes and pyrexia of unknown origin.31 There 
is one case report in the publicly available literature that 
describes a patient with acute cholestatic granulomatous 
hepatitis with disseminated histoplasmosis.24 Obstruction 
by peri-portal lymph nodes results in obstructive jaundice.20 
Two case reports by Park et al.24 and Kothadia et al.30 de-
scribe patients who underwent laparoscopic cholecystec-
tomy for uncertain etiology shortly before being diagnosed 
with disseminated histoplasmosis. Nahar et al.28 reported a 
patient with disseminated histoplasmosis that presented as 
chronic liver disease with portal hypertension.

Diagnosis

Disseminated histoplasmosis can be diagnosed using vari-
ous methods, like antigen detection, cultures, serology, or 
direct microscopy. Recovery of the organism from a biologic 
extra-pulmonary specimen is the gold standard.16

Laboratory values are highly variable for this disease. 
Transaminase levels are usually above the upper limit of 
normal, and the elevated alkaline phosphatase level is often 
as high as >2,100 U/L. In addition, high total bilirubin is 
usually associated with a concomitant rise in direct bilirubin, 
and γ-glutamyl transpeptidase (GGT) is significantly elevat-
ed as demonstrated by the case reported by Gill et al.31 A 
liver biopsy is often obtained in conjunction with serum and 
urine antigen studies to establish the diagnosis.

The tissue response in histoplasmosis causes granulomas 
that are visible by histopathologic examinations. Grocott-
Gomorimethenamine-silver nitrate and periodic acid-Schiff 
stains are useful for visualizing Histoplasma organisms in 
tissues. The early lesions in the tissue specimen contain 
a large number of macrophages and lymphocytes, with 
occasional epithelioid cells and multinucleated giant cells. 
Histological examination shows varying degrees of central 
caseation and occasionally calcification. Areas of caseous 
necrosis with a surrounding fibrous capsule which prevents 
the spread of the organism are characteristic. H. capsula-
tum may also be seen in tissues inside macrophages (Fig. 
1).29 If features of portal hypertension are present, then es-
ophagogastrodudenoscopy should be performed to identify 
and evaluate varices (Fig. 2).28

Treatment

Prompt diagnosis and initiation of antifungal therapy are 
crucial in immunocompromised, who otherwise have a fa-
tality rate of 100% if left untreated,8 The agents most com-
monly used for the treatment of histoplasmosis are ampho-
tericin B and itraconazole. For moderately severe to severe 
disease, liposomal amphotericin B (3mg/kg/day) is sug-
gested for 1–2 weeks, followed by oral itraconazole (200mg 
thrice daily for 3 days and then 200mg twice daily for a total 
of at least 12 months). Liposomal formulation is preferred 
to deoxycholate, due to its superior side effect profile, bet-
ter response rate, and survival benefit. Patients with mild-
to-moderate disease can be treated with itraconazole.30
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Monitoring

Antigen levels in urine can be used to monitor the response 
to treatment. Antigen levels usually decline by the end of 
12 weeks, and more rapidly in serum than in urine. Most 
of the decline in antigen level was seen in the first 2 weeks 
of therapy.32 An increase in antigen concentration indicates 
relapse or treatment failure, and further evaluation of the 
adequacy of treatment is needed.22

Conclusions

The liver is involved in about 90% of patients with dissemi-
nated histoplasmosis. Hepatic histoplasmosis can present as 
granulomatous hepatitis, as stigmata of chronic liver disease, 
portal hypertension, comprising ascites or varices, or with 
elevated liver enzymes. The most common hepatic finding 
seen on liver biopsy is portal lymphohistiocytic inflamma-
tion. Discrete hepatic granulomas are found in less than 20% 
cases of involved livers. There are limited case reports of dis-
seminated histoplasmosis presenting as primary hepatic his-
toplasmosis. A high clinical suspicion is warranted in patients 
who present with stigmata of chronic liver disease and portal 
hypertension with no evidence of cirrhosis, especially if the 
person lives in or has visited an endemic area.28
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Abstract

Nonalcoholic fatty liver disease (NAFLD) is emerging glob-
ally, while no therapeutic medication has been approved as 
an effective treatment to date, lifestyle intervention through 
dietary modification and physical exercise plays a critical 
role in NAFLD management. In terms of dietary modifica-
tion, Mediterranean diet is the most studied dietary pattern 
and is recommended in many guidelines, however, it may 
not be feasible and affordable for many patients. Recently, a 
ketogenic diet and intermittent fasting have gained public at-
tention and have been studied in the role of weight manage-
ment. This article reviews specifically whether these trendy 
dietary patterns have an effect on NAFLD outcomes regard-
ing intrahepatic fat content, fibrosis, and liver enzymes, the 
scientific rationales behind these particular dietary patterns, 
as well as the safety concerns in some certain patient groups.

Citation of this article: Sripongpun P, Churuangsuk C, 
Bunchorntavakul C. Current Evidence Concerning Effects of 
a Ketogenic Diet and Intermittent Fasting in Patients with 
Nonalcoholic Fatty Liver. J Clin Transl Hepatol 2022;10(4): 
730–739. doi: 10.14218/JCTH.2021.00494.

Introduction

Nonalcoholic fatty liver disease (NAFLD), recently named 
as metabolic-associated fatty liver disease, is a major non-
communicable disease pandemic, currently affecting approx-
imately 25% of the global population.1 The trend of NAFLD 
incidence has been increasing worldwide together with those 

of obesity and metabolic syndrome.2 Although the efficacies 
of various pharmacologic treatments in NAFLD management 
have been studied, no effective medication has been proven 
and recommended as a standard treatment of NAFLD; life-
style intervention remains the mainstay of management.

Generally, clinical practice guidelines of major interna-
tional hepatology associations concordantly recommend 
weight reduction ≥7–10% in overweight or obese patients 
with NAFLD via hypocaloric diet,3 in combination with more 
physical exercise.4–6 Notably, successful weight reduction is 
associated with a reduction in liver enzyme levels and an 
improvement in histological findings related to liver steato-
sis, inflammation, and fibrosis.4–6 However, a 7–10% weight 
loss is not easily achievable or sustainable even in the con-
text of clinical trials. Moreover, one-fifth of patients with 
NAFLD were classified as lean and 40% were non-obese;7 
hypocaloric diet may not be the most appropriate treatment 
for such patients. Therefore, the effect of exposure to di-
etary patterns on weight reduction, and its benefit beyond 
weight loss, has been studied in patients with NAFLD.

The Mediterranean diet is the most evaluated dietary pat-
tern in patients with NAFLD; most NAFLD guidelines have 
established its beneficial effects.4–6 The Mediterranean diet is 
characterized by a high intake of vegetables, nuts, legumes, 
olive oil, fruits, whole grains, and fish, with a low intake of 
red meat, sugars, and refined carbohydrates.8 Nonetheless, 
in other parts of the world, such as low-income countries and 
those with food insecurity, that dietary pattern may not be 
feasible for many people with NAFLD because energy-dense, 
high-fat, high-sugar, or processed foods are more palatable 
and affordable than the Mediterranean-style diet.9,10

In recent years, there has been a paramount interest in 
two dietary patterns, ketogenic diets and intermittent fasting 
(IF), and their benefits in the management of various health 
conditions have been evaluated. In this review, we focus on 
the role of the aforementioned dietary patterns on liver-relat-
ed outcomes in patients with NAFLD. In the current review, 
we performed a comprehensive search regarding the effec-
tiveness of a ketogenic diet or IF on NAFLD using the search 
terms (“ketogenic diet” OR “intermittent fasting”) AND “fatty 
liver” in PubMed and Web of Science database from incep-
tion to October 10, 2021. As we focused exclusively on liver 
outcomes, only studies including patients with documented 
NAFLD, not only overweight/obese patients, and available 
outcomes of liver fat/intrahepatic triglycerides or liver fibrosis 
were reviewed and summarized in this article. The details of 
the literature search for the studies included in Tables 1 and 
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2 are shown in Figure 1.11–28 Of the 18 studies included, two 
were available only in abstract form (see the Tables 1 and 2). 
PS performed the literature search and CB double checked 
the included studies. The outcomes beyond liver outcomes 
(e.g. cardiovascular, metabolic syndrome, and cancer includ-
ing hepatocellular carcinoma) in patients with NAFLD were be-
yond the scope of this review and not included in this article.

Ketogenic Diet

Rationale

A ketogenic diet is one that induces ketosis. It can be a very 
low-calorie diet (<800 kcal/day) or very low carbohydrate 
diet that limits carbohydrate intake to <50 g/day and has 
an energy intake usually of >1,000 kcal/day).29 Very low 
carbohydrate diets have gained much research interest in 
terms of health benefits and have become popular in lay 
public use and among some clinicians and nutrition scien-
tists.30,31 The current National Lipid Association Nutrition 
and Lifestyle Task Force classification of diets commonly 
confused with a ketogenic diet is shown in Table 3.29 In 

this review, a very low carbohydrate ketogenic diet (VLCKD) 
is one that limits carbohydrate intake to <20–50 g/day or 
<10% of total energy intake, regardless of total daily en-
ergy intake.32

While emphasis is laid on carbohydrate intake, the types 
of fats and proteins that replace carbohydrates are less em-
phasized,33 this usually results in a high intake of saturated 
fats and cholesterol, which is related to insulin resistance 
and cardiovascular risks.29,34 The use of the ketogenic diet 
in patients with NAFLD stems from the notion that limiting 
carbohydrate intake results in relatively low blood glucose 
levels34 leading to lower insulin levels, and thus in reduc-
tion of hepatic de novo lipogenesis.35 Patients with NAFLD 
have high hepatic triglyceride levels resulting from three 
sources, de novo lipogenesis (mostly from glucose), lipoly-
sis from adipose tissue, and dietary free fatty acids.36 In 
healthy people, free fatty acids from adipose tissue con-
tribute 60–80% of hepatic triglycerides, followed by dietary 
free fatty acids (15%), and de novo lipogenesis (5%).36 
On the other hand, the level of hepatic triglycerides gener-
ated from de novo lipogenesis is five times higher (26%) in 
patients with NAFLD than in healthy people (5%) because 
of insulin resistance in patients with NAFLD.36 Given that 
de novo lipogenesis mostly results from the metabolism of 

Table 3.  National Lipid Association Nutrition and Lifestyle Task Force classification of low carbohydrate, very low carbohydrate ketogenic, and very 
low-calorie diets29

Nomenclature Ketogenic Total calo-
ries per day

% Macronutrients in total calories per day

CHO Protein Fat

VLCHF/KD Yes >1,000 <10 (<20–50 g/day) Around 10 (1.2–1.5 g/kg/day) 70–80

Low CHO No >1,000 10–25 (38–97 g/day) 10–30 25–45

Very low-calorie diet Yes/No varies <800 Varies Varies Varies

Classic KD Yes Varies 3 7 90

CHO, carbohydrate; KD, ketogenic diet; VLCHF, very low CHO.

Fig. 1.  Literature search for the studies included in Tables 1 and 2. 
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circulating glucose, this physiological perspective could ex-
plain the promising role of ketogenic diet exposure in NAFLD 
management.

Nutritional ketosis, ketone bodies, generated in response 
to carbohydrate restriction could further facilitate weight loss 
by promoting satiety leading to reduction of total energy in-
take.37 In addition, growing evidence has shown beneficial 
effects of ketone bodies in the inhibition of obesity-induced 
inflammation and oxidative stress and might play a role in 
modulating NAFLD pathophysiology. In particular, Youm et 
al.38 reported that β-hydroxybutyrate (BHB) reduced NLRP3 
inflammasome-mediated interleukin (IL)-1β and IL18 pro-
duction in human monocytes together with an attenuation 
of IL1β secretion a in mouse model, a key inflammatory 
cytokine related to obesity and insulin resistance. Activa-
tion of NLRP3 inflammasome also had a central role in liver 
inflammation and fibrosis in a mouse model.39 BHB is a li-
gand for hydroxycarboxylic acid receptor-2 (HCA2), which is 
highly expressed in immune cells such as macrophages and 
monocytes, and has been shown to have anti-inflammatory 
properties in atherosclerosis, obesity, and cancer.40 BHB is an 
epigenetic modifier by inhibiting histone deacetylase, result-
ing in histone acetylation, and expression of oxidative stress 
resistance gene.41

Evidence of ketogenic diet exposure effects on NAFLD 
outcomes

The study that initially reported beneficial effects of VLCKD 
was published in 2007.11 Tendler et al.11 placed five patients 
with biopsy-proven NAFLD on a restricted diet of <20 g/day 
of carbohydrates for 6 months without total calorie restric-
tion. At the end of the study period, the patients had an av-
erage weight reduction of 10.9%. On follow-up liver biopsy, 
a significant reduction in the degree of hepatic steatosis was 
observed, with a trend towards improvement in liver fibrosis 
(p=0.07). Table 1 summarizes the studies of VLCKD and ef-
fects on the outcomes of patients with NAFLD. The majority 
of studies on VLCKD had a single arm with a limited number 
of patients and involved caloric restriction below 1,200 kcal/
day, resulting in significant weight loss and hepatic stea-
tosis improvement. It is difficult to determine whether the 
reduction in hepatic fat content was caused by the VLCKD 
pattern or weight loss in general. Nonetheless, Mardinoglu 
et al.12 conducted a single arm interventional study in which 
10 Nordic patients with NAFLD were instructed to consume 
<30 g/day of carbohydrates, without total energy restric-
tion. The average energy intake was 3,115 kcal/day). They 
observed a significant reduction in hepatic fat content of 
43.8% despite a minimal weight loss of 1.8%. Another re-
cent report from Wolver et al.13 demonstrated interesting 
outcomes of VLCKD for 6-months. with significant improve-
ment of both liver steatosis and liver fibrosis. However, this 
was a preliminary result of the study and presented in a 
conference abstract only, and no data regarding total calo-
ries per day were mentioned. The final results of that study 
are eagerly awaited.

A randomized controlled trial (RCT) by Kirk et al.,14 ob-
served a similar degree of weight loss in patients in VLCKD 
and low-calorie control diet. The intrahepatic triglyceride 
content decreased significantly from baseline but was not 
different in the two groups at the end of the study. More 
recently, Holmer et al.15 conducted an RCT in patients with 
NAFLD who received a standard of care (SoC) or VLCKD for 
12 weeks. Patients in the VLCKD arm experienced a sig-
nificantly greater weight loss and intrahepatic fat content 
reduction, despite a smaller reduction in daily total energy 
intake. However, the benefit in terms of liver fibrosis was 
not demonstrated.

Previously, the largest RCT with a long-term follow-up 
duration was conducted by Gepner et al.16 in 278 patients, 
with 139 on a VLCKD with 40 g/day of carbohydrates for 2 
months and was gradually increased to 70 g/day for a to-
tal of 18 months with a Mediterranean-style diet (Med/LC). 
The control group included 139 patients on a low-fat diet 
for the 18 month period. The reduction in liver fat content 
was significantly greater in the Med/LC group than in the 
low-fat diet group. Unfortunately, liver fibrosis, the impor-
tant surrogate marker of long-term outcomes in patients 
with NAFLD, was not reported. In addition, VLCKD exposure 
lasted only for the first 2 months of the total study period; 
hence, it was impossible to conclude whether the greater 
reduction in hepatic fat content was caused by the VLCKD 
or resulted from the beneficial effect of the Mediterranean-
style diet.

Overall, based on the current evidence of VLCKD ef-
fects in patients with NAFLD, a significant reduction in in-
trahepatic fat content was observed in patients exposed 
to VLCKD. However, it is important to keep in mind that 
most data came from a combination of VLCKD with calo-
rie restriction (hypocaloric diet). And the control arms in 
comparative studies, when the diets were hypo-energetic, 
the intrahepatic fat content was reduced as well. With-
out hypocaloric diet, the beneficial effect of VLCKD is yet 
to be defined. Furthermore, based on available data on 
isocaloric diet effects compared between patients exposed 
to low-fat, high-carbohydrate diets and in those exposed 
to high-fat, low-carbohydrate (above the VLCKD level) di-
ets, intrahepatic fat content tended to be lower in patients 
exposed to low-fat diets than in those exposed to low-
carbohydrate diets.42

Safety concerns

Ketogenic diets require an extreme avoidance of carbohy-
drate foods to generate nutritional ketosis. Carbohydrates 
are a good source of vitamins, minerals, and bioactive com-
pounds such as polyphenols, and thus long-term exposure 
to a ketogenic diet can result in micronutrient inadequacy or 
deficiency if the diet is not appropriately guided. Reduction 
in thiamine, folate, calcium, magnesium, iron, iodine, and 
fiber intake have been reported after ketogenic or low-car-
bohydrate diets.43 Moreover, case reports have highlighted 
occurrences of Wernicke’s encephalopathy, cardiac beriberi, 
and optic neuropathy in patients with low carbohydrate in-
take.44,45

As mentioned earlier, there is less emphasis on types of 
fat and protein consumed, which could contribute to differ-
ent metabolic responses. The ketogenic diet is usually high 
in saturated fats, which increases LDL cholesterol levels and 
insulin resistance,46,47 thereby potentially augmenting the 
risk of atherosclerotic cardiovascular diseases.48,49 A lon-
gitudinal cohort study also showed that a high intake of 
animal fat and protein, in place of carbohydrates, is associ-
ated with high risk of mortality and type 2 diabetes.50–52 
Several recent case reports have highlighted the occurrence 
of ketoacidosis in people following ketogenic diets,53–56 lac-
tating women,57,58 and patients with type 2 diabetes using 
SGLT-2 inhibitors reportedly have a higher risk of ketoacido-
sis.59 Exacerbating panic and anxiety disorders in a woman 
on a ketogenic diet has been reported, probably resulting 
from diet-induced reductions brain serotonin and plasma 
tryptophan.60

Apart from possible adverse events of VLCKD in gener-
al, some had been reported in the studies of patients with 
NAFLD. Most of the studies did not report the adverse ef-
fects following VLCKD, however, muscle cramping had been 
reported in one patient in a study by Tendler et al.,11 in 
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and six of 25 patients in Holmer et al.15 experienced either 
dyspepsia, nausea, headache, or vertigo, and felt that the 
diet was difficult to implement, which led to diet discontinu-
ation in five patients. In addition, a case series reported 
that two cirrhotic patients tolerated VLCKD well for weight 
reduction for 28–30 weeks before liver transplantation with-
out significant adverse effects.61 Nonetheless, elevation of 
total bilirubin was observed at the end of the VLCKD period 
in both patients, and elevations in serum alanine transami-
nase (ALT) and creatinine were observed in one patient. In 
our opinion, more data are needed to confirm the safety of 
VLCKD in patients with cirrhosis.

IF

Rationale

IF refers to a period of voluntary abstinence from food and/
or drink for caloric restriction, or no caloric intake over a 
specified period of time.62 There are three types of IF, alter-
nate-day fasting (ADF), periodic fasting, and time-restrict-
ed fasting (TRF).63 The most well-known periodic fasting 
schedule is 5:2, which means having a regular diet for 5 
days a week and fasting or near fasting for 2 days a week. 
The most well-known TRF schedule is 16:8, which means 
fasting for 16 h and eating for 8 h a day (Fig. 2). IF has 
gained attention as an effective strategy for weight loss in 
people with NAFLD, given that weight loss is the mainstay of 
NAFLD management for fat content and fibrosis extent re-
duction.63 Generally, people following IF have approximate-
ly 10% or 300 kcal less energy intake than people taking 
normal diets or in non-fasting periods (Table 2). In addition, 
several health benefits of IF have been reported, includ-
ing improvements in insulin resistance, inflammation, blood 
pressure, and blood cholesterol levels.64 Extensive studies 
in rodents and non-human primates have demonstrated 
that the molecular mechanisms whereby dietary restriction 
promotes health and longevity primarily involve inhibition of 
mammalian target of rapamycin signaling, insulin/insulin-
like growth factor signaling, growth hormone signaling, and 
autophagy pathways.64

Evidence of IF effects on NAFLD outcomes

In contrast to VLCKD, IF or a time-restricted diet effects just 
have been recently studied in patients with NAFLD. Figure 2 
depicts the common types of IF,63,65 and Table 2 summarizes 
studies of the effect of IF on NAFLD outcomes. Ramadan is a 
holy month for Muslims and fasting is one of Islam’s Five Pil-
lars. Healthy adults are expected to practice Ramadan fasting 
(RF). Muslims who observe RF refrain from eating or drinking 
from dawn to sunset every day for 1 month.17 Several stud-
ies have evaluated the effects of RF in NAFLD patients.17,66–68 
However, there was only one observational study evaluated 
the effects of RF on liver fat outcomes.17 The study included 
83 patients in Iran and demonstrated that those who fasted 
during Ramadan had greater weight loss and improvement in 
hepatic steatosis grade on ultrasound than those who did not 
fast. Improvements in liver enzymes and cholesterol levels 
were also observed in the RF group. Moreover, daily caloric 
intake appeared to be lower in patients who fasted.

Four RCTs investigating the effect of IF on the outcomes 
of patients with NAFLD who underwent different methods of 
fasting have been published. One was an abstract and three 
were published manuscripts. Two of the RCTs had conflict-
ing results of the impact of ADF on patient outcomes. Cai et 
al.18 randomly assigned patients to an ADF with a 25% ca-
loric intake on fasting days or a control group for 12 weeks. 
Patients in ADF group had a lower daily energy intake, end-
of-study weight, and total body fat mass. Nevertheless, the 
degree of liver fibrosis measured by transient elastography, 
was not improved and was comparable to that in the control 
group. Johari et al.,19 whose study was published in the 
same year, reported greater weight loss, greater reduction 
in hepatic steatosis grade, and improved liver fibrosis meas-
ured by shear wave elastography in patients with modified 
ADF with 70% caloric intake during fasting days, compared 
with patients who consumed their usual diet for a duration 
of 8 weeks. Cai et al.18 compared the outcomes of TRF us-
ing the 8:16 h method with SoC outcomes. Intriguingly, the 
TRF group had a greater weight loss than the SoC group 
even though the daily caloric intake appeared to be a little 
higher in the TRF group. The study showed no change in the 
extent of liver fibrosis, but the patients had a high degree 

Fig. 2.  Common types of intermittent fasting (IF). 
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of fibrosis, with a mean liver stiffness >18 kPa, which is 
comparable to stage 4 fibrosis or cirrhosis, in both groups. 
Hodge et al.20 conducted an RCT using TRF as IF. Patients in 
IF arm had a significant reduction in both liver steatosis and 
liver fibrosis measured by liver stiffness. The same results 
were not observed in patients in the control group despite 
similar degrees of body mass index (BMI) reduction.20 A 
recent RCT by Holmer et al.15 evaluated and compared the 
effects of IF and SoC on patient outcome. The IF group used 
the 5:2 dietary approach with a caloric restriction of 500 
cal/day in women and 600 kcal/day in men for two non-
consecutive days per week. Patients in the IF group had a 
greater reduction in daily caloric intake, lost more weight, 
and had a greater reduction in hepatic steatosis than those 
in the SoC group. Moreover, an improvement in hepatic fi-
brosis measured by transient elastography was observed 
in both groups. Notably, liver stiffness improvement was 
numerically higher in the IF than in the SoC group (1.8 vs. 
1.5 kPa). In spite of the better liver-related outcomes re-
ported in both observational RF studies and RCTs compared 
with controls, it is unclear whether the improved outcomes 
resulted from IF or weight loss. Notwithstanding, IF may be 
a viable alternative for patients who are unable to maintain 
weight control by daily caloric restriction.

Safety concerns

IF is simple and relatively safe for most people, with fewer 
safety concerns compared with a ketogenic diet. Possible 
concerns related to IF include hypoglycemia in patients with 
diabetes receiving insulin therapy or insulinogenic drugs 
and hypotension in patients taking antihypertensive medi-
cations. In addition, in patients with liver cirrhosis under-
going IF, overnight fasting can mimic 72 h starvation, re-

sulting in malnutrition and increased complications. IF can 
also aggravate starvation effects, thereby causing negative 
outcomes. In the clinical trials of IF in patients with NAFLD, 
most studies reported that no significant adverse events 
were observed. Holmer et al.15 reported only one hypogly-
cemic and one presyncope episode in a patient participated 
in the study.

There is also a concern that IF could trigger binge eating, 
i.e. overeating after food is made available, as IF requires 
a shift in regular mealtimes. Although one study showed no 
relationship between IF and pathologic eating patterns in 
people with no history of eating disorders,65 two studies in 
individuals with eating disorders showed an increase in food 
intake following 6 h and 14 h fasts.69,70 A longitudinal study 
also reported that self-reported fasting was a predictor of 
eating pathologies and recurrent binge eating.71

Comparisons of Mediterranean Diet, Ketogenic Diet, 
and IF on Liver Outcomes in Patients with NAFLD

Although there was no head-to-head comparison evaluate 
liver fat and liver fibrosis outcomes of the three dietary pat-
terns, there are some overlaps on proposed mechanistic 
pathways in the Mediterranean diet, VLKCD, and IF (Fig. 3). 
Briefly, all dietary patterns are associated with lower total 
energy intake and negative energy balance that leads to 
weight loss. Apart from negative energy balance, the Medi-
terranean diet is characterized by low saturated fat and re-
fined sugar and high omega-3 and mono-unsaturated fatty 
acid intake, which has a theoretical benefit on reduction of 
oxidative stress and improvement of insulin resistance.72 
VLKCDs limit carbohydrate intake that results in persistently 
low insulin level, and fatty acid oxidation is promoted, which 
leads to a reduction of de novo hepatic lipogenesis.34,35 

Fig. 3.  Proposed mechanistic pathways of Mediterranean diet, ketogenic diet and intermittent fasting for NAFLD. NAFLD, nonalcoholic fatty liver disease.
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Lastly, for IF, prolonged fasting of more than 12 h also leads 
to hepatic glycogen depletion and augmented hepatic lipol-
ysis, that would reduce hepatic steatosis.72

The key concepts and evidence of the effects of dietary 
pattern on liver outcomes in patients with NAFLD are sum-
marized in Table 4.11,13,63 The Mediterranean diet is associ-
ated with the lowest possible adverse effects and long-term 
liver-related benefits.16,73–75 Ketogenic diets and IF also 
have scientific rationales and clinical results of improving 
liver outcomes in patients with NAFLD, but some concerns 
and long-term results are uncertain.

Summary

In the light of an increasing global burden of NAFLD, lifestyle 
intervention is the mainstay of NAFLD management, as ef-
fective therapeutic medications have not been established. 
Although the Mediterranean diet is recommended by many 
guidelines, it is not easily accessible for many patients. Ke-
togenic diets and IF have recently become dietary patterns 
of general interest. The pros and the cons of both dietary 
patterns are summarized in Table 4. With some plausible 
mechanisms underlying a reduction in intrahepatic fat con-
tent, it remains inconclusive whether the abovementioned 
outcomes resulted from the dietary pattern itself or from 
a hypocaloric intake after exposure to the dietary pattern. 
In our opinion, ketogenic diets and IF appear acceptable in 
patients without significant comorbidities. Both ketogenic 
diets and IF should not be routinely recommended in all 
patients with NAFLD, but can be considered as alternative 
therapeutic options in patients who do not achieve targeted 
weight loss by conventional lifestyle intervention recom-
mendations. They may have some additional benefits in 

patients who can tolerate and adhere to the dietary pat-
terns, such as reduction in liver fat, and to a lesser extent, 
reduction in liver fibrosis. Nonetheless, there are concerns 
of possible adverse events following exposure to the dietary 
patterns, which should be considered.
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Abstract

Transarterial chemoembolization (TACE) is widely applied 
for the treatment of hepatocellular carcinoma. Repeat TACE 
is often required in clinical practice because a satisfactory 
tumor response may not be achieved with a single session. 
However, repeated TACE procedures can impair liver func-
tion and increase treatment-related adverse events, all of 
which prompted the introduction of the concept of “TACE 
failure/refractoriness”. Mainly based on evidence from two 
retrospective studies conducted in Japan, sorafenib is rec-
ommended as the first choice for subsequent treatment 
after TACE failure/refractoriness. Several studies have in-
vestigated the outcomes of other subsequent treatments, 
including locoregional, other molecular targeted, anti-pro-
grammed death-1/anti-programed death ligand-1 therapies, 
and combination therapies after TACE failure/refractoriness. 
In this review, we summarize the up-to-date information 
about the outcomes of several subsequent treatment mo-
dalities after TACE failure/refractoriness.

Citation of this article: Zhang S, Wang WS, Zhong BY, Ni 
CF. Subsequent Treatment after Transarterial Chemoemboli-
zation Failure/Refractoriness: A Review Based on Published 
Evidence. J Clin Transl Hepatol 2022;10(4):740–747. doi: 
10.14218/JCTH.2021.00336.

Introduction

Transarterial chemoembolization (TACE) plays a fundamental 
role in the treatment of unresectable hepatocellular carci-
noma (HCC), either as a palliative approach for unresect-

able condition, as bridging therapy prior to liver transplanta-
tion, or for tumor downstaging prior to surgical resection.1–3 
According to the global HCC BRIDGE (i.e. Bridge to Better 
Outcomes in HCC) study involving 18,031 patients in 14 
countries, TACE is the most widely applied approach both for 
intermediate- and advanced-stage HCC.4 Nevertheless, the 
prognosis of HCC treated with TACE varies because of high 
patientheterogeneity of patients and biological characteris-
tics of HCC.5–7 Repeat TACE is often recommended because 
it is sometimes difficult to achieve a satisfactory tumor re-
sponse with a single session.8 Nonetheless, high frequency 
and number of repeat TACE procedures can impair liver func-
tion and increase treatment-related adverse events, negat-
ing the benefits achieved from tumor necrosis. Meticulous 
assessment of the risks and benefits of repeat TACE is war-
ranted to improve the long-term outcomes of TACE for HCC. 
The concept of TACE failure/refractoriness was subsequently 
introduced by several organizations including the Japan Soci-
ety of Hepatology (JSH), the International Association for the 
Study of the Liver, and a European expert panel (Table 1).9–11

Appropriate subsequent treatment after TACE failure/
refractoriness is another key point to improve long-term 
prognosis of patients with HCC. The current TACE failure/
refractoriness guidelines recommend sorafenib therapy af-
ter occurrence of TACE failure/refractoriness. Notably, this 
recommendation was mainly based on the results of two 
retrospective studies with small sample sizes.12,13 Apart 
from those two studies, several others have investigated the 
outcomes of other subsequent treatments, including locore-
gional therapies, other molecular targeted agents (MTAs), 
anti-programmed death ligand-1/anti-programmed death-1 
therapies, and combination therapies after TACE failure/re-
fractoriness. Therefore, we reviewed the available evidence 
about the efficacy and safety of subsequent therapies after 
TACE failure/refractoriness in the treatment of HCC.

Search strategy and selection criteria

A comprehensive literature search was performed on the 
PubMed and Web of Science databases for relevant stud-
ies published in English language through April 2021. The 
search terms were: (“transarterial chemoembolization” OR 
“transcatheter arterial chemoembolization” OR “TACE”) 
AND (“failure” OR “refractoriness” OR “refractory”). Only 
original research articles that focused on the subsequent 
treatments after TACE failure/refractoriness were included. 
Duplicate publications, reviews, case reports, conference 
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abstracts, and studies published in languages other than 
English were excluded.

Subsequent treatment and prognosis after TACE fail-
ure/refractoriness

After the introduction of the concept of TACE failure/refrac-
toriness in 2010 by the JSH, several studies have investi-
gated the outcomes of subsequent treatments after TACE 
failure/refractoriness. A total of 23 studies were finally 
included in the review (Table 2).12–34 Among them, seven 
reported outcomes of subsequent treatments without com-
parison to other treatments. Eight compared the outcomes 
of sorafenib therapy as subsequent treatment with those of 
other treatments. Eight studies compared the outcomes of 
continuation of TACE in combination with systemic therapies 
with those of other treatments.

Subsequent treatments without comparison

Iwasa et al.14 administered transcatheter arterial infusion 
chemotherapy with a fine-powder formulation of cisplatin for 
advanced HCC after TACE failure/refractoriness. Notably, the 
criteria for TACE failure/refractoriness in their study was an 
increase in size or 25% reduction in the size of hypervascular 
lesions 1 month after TACE, which was different from the 
2010 JSH criteria. The study included 84 patients, and the 
median overall survival (OS) was 7.1 months. The authors 
reported only a modest effect of transcatheter arterial in-
fusion chemotherapy using cisplatin, a median progression-
free survival (PFS) of only 1.7 months and an objective re-
sponse rate (ORR) of 3.6%. Besides, adverse events (AEs) 
occurred frequently during the treatment, and nearly 50% 
patients experienced grade 3/4 elevations of liver enzymes. 
Recently, Hus et al.15 reported the outcomes of hepatic arte-
rial infusion chemotherapy (HAIC) with a modified FOLFOX 
regimen in 87 patients with advanced HCC after TACE fail-

ure/refractoriness, based on 2014 JSH–LCSGJ criteria. The 
majority of patients in the cohort had multinodular HCC and 
large tumors with a mean diameter of largest tumors of 7.1 
cm. The OS, PFS, and time to tumor progression (TTP) were 
up to 9 months, 3.7 months, and 4.1 months, respectively. 
However, approximately 29% (25/87) of patients received 
concurrent treatment with MTAs and the related information 
was not reported, which may have introduced an element of 
bias resulting in weaker efficacy of HAIC monotherapy.

In addition, various locoregional therapies including dif-
ferent types of TACE or percutaneous therapies have been 
investigated. A small pilot study investigated the efficacy 
of TACE with DC beads (DCB-TACE) in 10 patients with 
solitary HCC nodules that were insensitive to lipiodol-TA-
CE.16 All tumor nodules responded to DCB-TACE at the 1 
month follow-up, and the median TTP was 7.8 months. 
Unfortunately, the end point of DCB-TACE was not report-
ed and eight of the 10 patients received additional treat-
ments such as HAIC and radiation therapy. Kobayashi et 
al.17 explored the potential of Hepasphere Microspheres 
for HCC refractory to conventional TACE following the 2014 
JSH–LCSGJ criteria. The targeted tumors had a good re-
sponse to Hepasphere-TACE, with an ORR of 19.1% and 
a disease control rate (DCR) of 76.4%. The median PFS 
and OS in the study were 2.9 and 16.3 months, respec-
tively. Besides, grade 3/4 AEs were not documented, and 
liver function was preserved during TACE. Transarterial ra-
dioembolization (TARE) for HCC after drug-eluting beads 
TACE (DEB-TACE) failure/refractoriness was reported in 
2017.18 The majority of patients (22/30) in the cohort had 
multinodular HCCs, and the mean diameter of largest tu-
mor was 4.1 cm. The median OS after first TARE was 14.8 
months and the safety profile was acceptable. In addition, 
eleven patients (36.7%) had partial responses and three 
(10%) were downstaged within the Milan criteria and sub-
sequently received liver transplants. Kim et al.19 reported 
the outcomes of balloon-occluded TACE for multinodular 
HCC after conventional TACE. The study included 60 pa-
tients with Barcelona Clinic Liver Cancer A/B/C stages and 
a mean tumor diameter of 3 cm. The primary efficacy out-

Table 1.  Concepts of TACE failure/refractoriness

Organization Definition

JSH criteria, 2010 (1) Intrahepatic lesion: more than two consecutive incomplete necrosis (depositions ( 
50%) of lipiodol) are seen by response evaluation CT within the treated tumors at the 4 
weeks after adequately performed TACE; more than two consecutive appearances of a 
new lesion (recurrence) are seen in the liver by response evaluation CT at the 4 weeks 
after adequately performed TACE. (2) Appearance of vascular invasion. (3) Appearance of 
extrahepatic spread continuous elevation of tumor markers even though right after TACE. 
(4) Tumor marker continuous elevation of tumor markers even though right after TACE

JSH–LCSGJ criteria, 2014 (1) Intrahepatic lesion: two or more consecutive insufficient responses of the treated 
tumor (viable lesion >50%) even after changing the chemotherapeutic agents and/
or reanalysis of the feeding artery seen on response evaluation CT/MRI at 1–3 months 
after having adequately performed selective TACE; Two or more consecutive progressions 
in the liver (tumor number increases as compared with tumor number before the 
previous TACE procedure) even after having changed the chemotherapeutic agents 
and/or reanalysis of the feeding artery seen on response evaluation CT/MRI at 1–3 
months after having adequately performed selective TACE. (2) Continuous elevation 
of tumor makers immediately after TACE even though slight transient decrease is 
observed. (3) Appearance of vascular invasion. (4) Appearance of extrahepatic spread

International Association 
for the Study of the Liver

No response after 3 or more TACE procedures within a 6 month period, to the same area

Europe Depending on the purpose of TACE, if TACE is used as palliative therapy, 
stable lesions can be regarded as effective. Conversely, if TACE is used as 
a curative therapy, stable lesions are considered as TACE failure

CT, computed tomography; JSH, Japan Society of Hepatology; LCSGJ, Liver Cancer Study Group of Japan; MRI, magnetic resonance imaging; TACE, transarterial 
chemoembolization.
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Table 2.  Studies of treatment and prognosis subsequent to TACE failure/refractoriness

StudyRef Pa-
tients, n

BCLC 
stage

Definition of TACE fail-
ure/refractoriness

Subsequent 
treatment

Median OS (95% CI), 
months; p-value

Iwasa et al., 
201114

84 C An increase in size or 
25% reduction in size of 
the hypervascular lesions 
1 month after TACE

TAI with cisplatin –

Song et al., 
201316

10 A/B More than two 
consecutive incomplete 
necrosis (depositions 
<50% of lipiodol)

DEB-TACE 22.2 (N/A)

Ikeda et al., 
201421

114 N/A Progression or a tumor 
shrinkage rate of <25% of 
the hypervascular lesions 
1–3 months after TACE

sorafenib vs. hepatic 
arterial infusion 
chemotherapy

16.4 (N/A) vs. 8.6 
(N/A); p<0.01

Ogasawara et 
al., 201413

56 B 2010 JSH criteria sorafenib vs. 
continued TACE

25.4 (9.3–41.5) vs. 11.5 
(8.3–14.8); p=0.003

Arizumi et 
al., 201512

56 B 2014 JSH–LCSGJ criteria sorafenib vs. 
continued TACE

24.7 (17.16–54.7) 
vs. 13.6 (8.96–
17.43); p=0.002

Hatooka et 
al., 201623

96 B/C 2010 JSH criteria HAIC vs. sorafenib 8 (N/A) vs. 15 
(N/A); p=0.021

Huang et al., 
201632

26 B Disease progression or 
shrinkage of <25% in 
hypervascular tumor lesions 
after 1–2 cycles of TACE

S–1 chemotherapy 
plus TACE vs. TACE 
monotherapy

17 (15.6–18.4) vs. 15 
(9.2–20.8); p=0.549

Huang et al., 
201631

26 B Disease progression or 
shrinkage of <25% in 
hypervascular tumor lesions 
after 1–2 cycles of TACE

S–1 chemotherapy 
plus TACE vs. TACE 
monotherapy

18 (15.3–24.7) vs. 13 
(9.8–16.2); p=0.040

Wu et al., 201728 61 C No details presented TACE plus sorafenib 
vs. TACE

17.9 (N/A) vs. 7.1 
(N/A); p<0.001

Klompenhouwer 
et al., 201718

30 B/C Progression or stable 
disease after one or more 
sessions of DEB-TACE

TARE 14.8 (8.33–26.5)

Kodama et 
al., 201822

152 N/A 2014 JSH–LCSGJ criteria HAIC vs. sorafenib 7 vs. 7 for MVI positive; 
p=0.6710.5 vs. 20 for 
MVI negative; p=0.001

Qiu et al., 201933 58 B/C 2014 JSH–LCSGJ criteria TACE plus apatinib 
vs. TACE

17.0 (12.0–22.0) vs. 10.7 
(6.4–15.0); p=0.027

Lin et al., 202029 66 A/B/C Progressive disease after two 
consecutive of transarterial 
chemoembolization 
treatment within 6 months

TACE plus sorafenib 
vs. TACE

23.1 (N/A) vs. 11.0 
(N/A); p=0.001

Chen et al., 
202026

44 B No less than 2 consecutive 
ineffective responses of 
treated tumors (necrotic 
lesion <50%) or one 
ineffective response of 
treated tumors (necrotic 
lesion <25%) or tumor 
number increased

MWA vs. sorafenib Not reached vs. 16.6 
(13.4–19.8); p=0.001

Kim et al., 
202019

60 A/B/C No details presented balloon-occluded TACE Median TTP: 5.3 (4.0–6.9)

Yoo et al., 202024 94 B/C 2014 JSH–LCSGJ criteria TACE plus 
chemotherapy 
vs. sorafenib

6.4 (2.9–9.9) vs. 4.1 
(2.6–5.6); p=0.355

Shimose et 
al., 202027

171 B 2014 JSH–LCSGJ criteria lenvatinib vs. 
sorafenib vs. TACE

Median PFS: 5.8 vs. 3.2 
vs. 2.8; p=0.01, p<0.001

(continued)
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come of the study was TTP and not OS. The median TTP 
was 5.3 months and the major complication rate was only 
6.7% (4/60). At the first follow-up, tumor response was 
achieved in all 60 patients, among whom 45 (75%) had 
complete responses and 15 (25%) had partial respons-
es. Xu et al.20 reported computed tomography-guided Io-
dine-125 (125I) seed implantation for the treatment of HCC 
after TACE failure/refractoriness. All 21 patients in their 
cohort had solitary HCC nodules with a mean diameter of 
4.3 cm. The median TTP was 8.8 months and the 6 month 
ORR of the targeted tumors was 90.5%. The findings sug-
gested that aggressive locoregional therapies, including 
125I brachytherapy and thermal ablation can achieve fa-
vorable outcomes in residual HCC nodules ≤5 cm, as tu-
mors of that size tend to undergo complete necrosis with 
minimal postoperative liver damage. However, all were 
single-arm studies with small sample sizes. Larger studies 
are required to provide more robust evidence.

Switching to sorafenib and comparison with other 
treatments

During the past 10 years, sorafenib has been used as the 
standard treatment for advanced HCC with preserved liver 
function. Whether it is also the ideal treatment for patients 
after TACE failure/refractoriness is of considerable interest 
to the researchers. Ikeda et al.21 compared the efficacy of 
sorafenib therapy (n=48) with that of HAIC using cisplatin 
(n=66) in a study of 114 patients with HCC after TACE fail-
ure/refractoriness. They defined TACE failure/refractoriness 
as tumor progression or a tumor shrinkage rate of <25% for 
hypervascular lesions 1–3 months after TACE. The median OS 
in the sorafenib group was significantly longer than that in the 
HAIC group (16.4 vs. 8.6 months; p<0.01). The correspond-
ing DCRs were 60.4% vs. 28.8% (p=0.001) and the median 
TTPs were 3.9 vs. 2.0 months (p<0.01), which were also sig-
nificantly better in the sorafenib group. The study results fa-
vored sorafenib over HAIC as the subsequent treatment after 
TACE failure/refractoriness. A large study by Kodama et al.22 
compared sorafenib and HAIC as subsequent treatment af-

ter TACE failure/refractoriness based on the 2014 JSH–LCSGJ 
criteria. Patients were divided into two groups by their mac-
roscopic vascular invasion (MVI) status. In the MVI-positive 
group, the median OS was not significantly different between 
patients receiving sorafenib and HAIC (7 months in both 
groups, p=0.67). In the MVI-negative group, the median OS 
of patients receiving sorafenib was significantly longer than 
that of patients receiving HAIC (20 months vs. 10.5 months, 
p=0.001). The authors concluded that sorafenib may be a 
better choice compared to HAIC for HCC with MVI after TACE 
failure/refractoriness. Notably, Hatooka et al.23 found that 
HAIC tended to cause vascular damage and led to drug resist-
ance compared with sorafenib, thereby resulting in a shorter 
time to treatment failure and shorter median OS for patients 
with TACE failure/refractoriness. Yoo et al.24 compared the 
effectiveness of conventional TACE combined with systemic 
infusion of 5-fluorouracil and sorafenib. Of the 94 patients 
with unresectable HCC who were refractory to DEB-TACE, 49 
received transarterial infusion of epirubicin and cisplatin in a 
mixture of 5 to 10 mL of iodized oil without gelatin sponge 
embolization, followed by systemic infusion of 5-FU (200 mg/
m2) for 12 h. Although patients treated with TACE combined 
with systemic chemotherapy had longer median OS, the be-
tween-group difference was not statistically significant (6.4 
vs. 4.1 months; p=0.355). Notably, grade 3/4 AEs occurred 
more frequently in the sorafenib group than in the combina-
tion group (p=0.024). The authors concluded that TACE com-
bined with HAIC may be a better alternative for patients who 
experience TACE failure/refractoriness along with sorafenib 
intolerance. However, more definitive evidence is required to 
support the efficacy and safety of combination therapy.

Ogasawara et al.13 and Arizumi et al.12 performed similar 
retrospective studies that compared the treatment efficacy 
of sorafenib monotherapy and continued TACE for intermedi-
ate HCC after TACE failure/refractoriness in 2014 and 2015, 
respectively. Both studies demonstrated the superiority of 
sorafenib monotherapy over continued TACE with respect 
to survival outcomes and preservation of liver function. The 
study by Ogasawara et al.13 included 56 patients, and ap-
proximately 80% patients had ≥3 tumor nodules. Compared 
with patients who received continued TACE, patients in the 
sorafenib group (n=36) had significantly longer median OS 

StudyRef Pa-
tients, n

BCLC 
stage

Definition of TACE fail-
ure/refractoriness

Subsequent 
treatment

Median OS (95% CI), 
months; p-value

Villani et al., 
202125

76 B Development of new 
intrahepatic lesions, the 
appearance of vascular 
invasion, the appearance of 
extrahepatic spread after 3 
months from TACE session

continue TACE 
vs. sorafenib

10.6 (2.3–14.0) vs. 9.5 
(1.7–12.3); p=0.72

Kobayashi et 
al., 202017

27 B/C 2014 JSH–LCSGJ criteria DEB-TACE 16.3 (8.6–24.0)

Zheng et al., 
202134

51 B/C 2014 JSH–LCSGJ criteria TACE+ICIs+sorafenib 
vs. TACE+sorafenib

23.3 (17.56–29.07) 
vs. 13.8 (9.11–
18.50); p=0.012

Kaibori et 
al., 202130

70 B 2014 JSH–LCSGJ criteria TACE+sorafenib 
vs. TACE

20.5 vs. 15.4; p=0.009

Hsu et al., 
202115

87 C 2014 JSH–LCSGJ criteria HAIC 9.0 (7.6–10.4)

Xu et al., 202120 19 A/B 2014 JSH–LCSGJ criteria 125I brachytherapy Median TTP: 8.8

BCLC, Barcelona Clinic Liver Cancer; CI, confidence interval; DEB-TACE, drug-eluting bead transarterial chemoembolization; HAIC, hepatic arterial infusion chemo-
therapy; ICIs, immune checkpoint inhibitors; JSH, Japan Society of Hepatology; LCSGJ, Liver Cancer Study Group of Japan; MWA, microwave ablation; OS, overall 
survival; PFS, progression-free survival; TACE, transarterial chemoembolization; TAI, transcatheter arterial infusion; TARE, transarterial radioembolization; TTP, time 
to progression.

Table 2.  (continued)
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(25.4 vs. 11.5 months; p=0.003). Simultaneously, time to 
liver dysfunction, defined as the period from judgment as 
TACE-refractory until diagnosis of Child-Pugh C disease, 
was significantly longer in the sorafenib group (29.8 vs. 
17 months; p=0.030). A study by Arizumi et al.12 included 
32 patients who switched to sorafenib and 24 patients who 
continued to receive TACE. The median OS in the sorafenib 
group was significantly longer than that in the TACE group 
(24.7 vs. 13.6 months; p=0.002). At the 6 month follow-up, 
the TACE group experienced more serious deterioration of 
liver function (p=0.005). Nevertheless, as information relat-
ed to tumor characteristics was not reported, it is debatable 
whether the difference of OS was related to the between-
group differences in the baseline characteristics of patients. 
Additionally, the median treatment time in the sorafenib 
group was only 4.13 months, and the survival time after tu-
mor progression was up to 20 months. The long treatment 
time after tumor progression may have challenged the ef-
ficacy of sorafenib. Recently, Villani et al.25 reported results 
that conflicted with those of the two aforementioned studies. 
Their study included 76 elderly patients ≥65 years of age 
with intermediate-stage HCC after TACE failure/refractori-
ness. The median OS of the two groups were comparable, 
with an OS of 9.5 months for sorafenib and 10.6 months for 
continued TACE (p=0.72). The corresponding 1 year survival 
rates were 43.6% and 32% (p=0.12). Interestingly, micro-
wave ablation (MWA) had better outcomes than sorafenib for 
viable residual nodules that were insensitive to TACE. Chen 
et al.26 compared the outcomes of sorafenib and MWA for 
intermediate HCC with tumor sizes ≤7 cm and tumor num-
bers ≤5 after TACE failure/refractoriness. The study included 
52 patients and after one-to-one propensity score match-
ing (PSM), 22 pairs were enrolled for further analysis. Me-
dian OS in the MWA group was significantly longer than that 
in the sorafenib group both before (48.8 vs. 16.6 months, 
p=0.001) and after (not reached vs. 16.6 months; p=0.001) 
PSM. In spite of the favorable OS, the safety of MWA as well 
as tumor response was not documented in the study.

The REFLECT trial demonstrated the efficacy and safety 
of lenvatinib for advanced HCC.35 Subsequently, it has been 
applied as another first-line treatment for advanced HCC. 
Shimose et al.27 compared sorafenib (n=53), lenvatinib 
(n=45), and continued TACE (n=73) for intermediate HCC 
after TACE failure/refractoriness. The definition of TACE fail-
ure/refractoriness was based on the 2014 JSH–LCSGJ cri-
teria, and 84% of patients (144/171) were beyond the up-
to-seven criteria. The median PFS was significantly longer 
in the lenvatinib group (5.8 months) than in the sorafenib 
(3.2 months), and continued TACE (2.8 months) groups 
(p<0.001). The up-to-seven criteria, albumin-bilirubin 
(ALBI) grade and treatment modality were prognostic fac-
tors for PFS. Building upon the positive outcomes of pre-
vious studies, molecular targeted-agent monotherapy may 
be a good alternative for patients who have TACE failure/
refractoriness along with a heavy tumor burden.36

Continued TACE combined with systemic therapies 
compared with other treatments

Although many randomized controlled trials in addition to 
the TACTICS trial, failed to demonstrate the efficacy of 
combination therapy with TACE and sorafenib for interme-
diate-stage HCC, additional sorafenib administration to pa-
tients with TACE refractoriness may potentially improve the 
prognosis.37–39 In a study by Wu et al.28 TACE-refractory 
patients treated with TACE plus sorafenib had significantly 
better median OS than TACE monotherapy, (17.9 vs. 7.1 
months, p<0.001). Similarly, the combination treatment 
group had significantly better median TTP (9.3 vs. 3.4 

months, p<0.001). The toxicity of sorafenib was effectively 
mitigated by lowering the drug dose; only two patients in 
the combination group experienced severe AEs. A study by 
Lin et al.29 also supported the efficacy of additional sorafenib 
administration for patients with TACE refractoriness, with a 
median OS of 23.1 months with combination therapy and 
11.0 months with TACE monotherapy (p=0.001). Further-
more, by analyzing the characteristics of the 202 TACE-re-
fractory patients in the study, a tumor number >3, tumor 
size ≥5 cm, bilateral tumor extent, or baseline AFP level 
≥200 mg/dL were identified as risk factors for TACE refrac-
toriness. Early initiation of combination therapy was recom-
mended for such high-risk patients. In a recent study that 
supported combination therapy with TACE and sorafenib 
for intermediate HCC after TACE failure/refractoriness, ad-
ditional sorafenib administration increased the interval be-
tween two TACE sessions, prolonged the maintenance of 
liver function, prolonged the time to extrahepatic spread, 
and improved. the transition to post-treatments.30

Huang et al.31,32 performed two similar studies compar-
ing the treatment outcomes of TACE monotherapy and TACE 
combined with S-1 chemotherapy. Both studies included 26 
patients with intermediate HCC, and TACE failure/refracto-
riness was defined as disease progression or shrinkage of 
<25% in hypervascular tumor lesions after 1–2 cycles of 
TACE. Combination treatment had significantly better me-
dian OS (18 vs. 13 months; p=0.040) in one of the two 
studies.31 Interestingly, in the other study, the median OS 
was not significantly different between the two treatments 
(17 months for TACE plus S-1 and 15 months for TACE 
monotherapy, p=0.549).32 The difference in the last day 
of follow-up may be responsible for the difference clinical 
outcomes. Qiu et al.33 investigated the treatment outcomes 
of concurrent apatinib administration for unresectable HCC 
after TACE failure/refractoriness. A total of 58 patients were 
included and TACE failure/refractoriness was defined follow-
ing the 2014 JSH–LCSGJ criteria. Patients treated with TACE 
combined with apatinib had significantly better median OS 
compared with those treated with TACE monotherapy (17.0 
vs. 10.7 months; p=0.027). Similar results were observed 
with respect to median PFS (7 vs. 2 months; p<0.001). 
Three patients in the combination group experienced severe 
AEs and the remaining 39 experienced a series of apatinib-
related AEs that were relieved by symptomatic treatment 
or dosage reduction. The positive outcomes of combination 
treatment using apatinib instead of sorafenib were con-
sistent with previous studies that investigated the use of 
sorafenib as systemic therapy.

Recently, Zheng et al.34 reported the efficacy and safety 
of TACE combined with immune checkpoint inhibitor (ICI) 
therapy and sorafenib for patients with TACE failure/re-
fractoriness. A total of 51 patients with unresectable HCC 
who were refractory to TACE were included and were as-
signed to treatment with TACE combined with sorafenib 
(n=29), or TACE combined with sorafenib plus an ICI, ei-
ther pembroizumab (n=10) or nivolumab (n=12). Patients 
in the triple combination treatment group had significantly 
better treatment efficacy compared with those in the TACE 
combined with sorafenib group, with longer median OS 
(23.3 vs. 13.8 months; p=0.012), better DCR (81.82% 
vs. 55.17%; p=0.046), and longer median PFS (16.26 vs. 
7.30 months; p<0.001). However, there was no signifi-
cant difference in median OS or PFS between patients re-
ceiving different ICIs. Four patients in the triple combina-
tion group and three patients in the TACE combined with 
sorafenib group required dose reduction or treatment in-
terruption (18.18% vs. 10.34%, p=0.421). The incidence 
of AEs was comparable in both groups. The study was the 
first attempt to explore treatment outcomes of TACE com-
bined with recently recommended systemic therapy with 
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ICIs combined with a molecular agent for HCC refractory 
to TACE. Further studies are required to draw more defini-
tive conclusions.

Discussion

In spite of the multitude of studies of TACE failure/refrac-
toriness, standardized treatment recommendations for pa-
tients with TACE failure/refractoriness have not yet been 
developed. That is largely attributable to two main reasons. 
Firstly, there is no clear consensus on the definition of TACE 
failure/refractoriness; a widely-accepted definition is ex-
pected to guide study designs and protocols. Notably, seven 
of the 23 retrieved studies used local tumor response as the 
sole criterion for judging TACE failure/refractoriness, which 
may be attributable to the locoregional nature of TACE. It 
seems to be well-accepted that insufficient radiologic re-
sponse of treated tumors after repeat TACE sessions is one 
of the unambiguous definitions of TACE failure/refractori-
ness (Fig. 1). However, whether portal vein tumor throm-
bosis, extrahepatic spread, and new lesion(s) are TACE 
endpoints is still under debate. Secondly, the definition of 
TACE failure/refractoriness incorporates many situations 
and considerable patient heterogeneity poses a challenge 
to the formulation of a unequivocal treatment strategy. In 
2020, a nationwide online survey of 257 clinicians treating 
HCC in 184 hospitals in China was conducted to identify 
the real-world trends in the clinical application of TACE and 
recognition of TACE failure/refractoriness.40 Most clinicians 
(n=229, 89.1%) agreed that TACE was a palliative treat-
ment but can achieve curative effects under certain con-
ditions. Despite the varied treatment outcomes of TACE, 
nearly all (n=252, 98.1%) still choose TACE as the first-
line treatment of patients with intermediate-stage HCC. In 
addition, 90% (n=226) did not think the current scoring 
systems, including the ART and ABCR scores or the up-to-
seven criteria, were effective in guiding TACE treatment or 
repeated TACE procedures. Nearly three-quarters (n=199, 
74.3%) supported the rationale of the concept of TACE fail-
ure/refractoriness, but 91.4% (n=235) did not agree with 
the current definition of TACE failure/refractoriness. Most 
participants (n=221, 86%) believed that repeated TACE 

can be performed for HCC nodules with insufficient necro-
sis, especially when the tumor-feeding artery was identified 
by angiography. However, they reported that TACE should 
be performed no more than three times before assessment 
of treatment outcome, nearly one-third (n=75, 29.2%) 
thought that three insufficient TACE sessions was the ideal 
number to define TACE failure/refractoriness. Notably, only 
a small proportion (n=42, 16.3%) of participants agreed 
that appearance of new intrahepatic lesion(s) should be 
considered as a criterion for TACE failure/refractoriness. 
Combination therapy, including TACE, was considered as the 
ideal treatment for new HCC nodule(s). Similarly, as long 
as patients had well-preserved liver function, over 90% of 
respondents would choose continuing TACE or TACE-based 
combination therapy to interfere with intrahepatic tumor 
progression even in the setting of invasion of portal vein 
(n=242, 94.2%) or extrahepatic organs (n=253, 98.5%). 
Based on the evidence from previous studies as well as the 
survey outcomes, a potentially useful schematic illustration 
(Fig. 2) is presented to judge TACE failure/refractoriness 
and to guide subsequent treatment to overcome TACE fail-
ure/refractoriness.

Conclusion

Overall, not only sorafenib but also other therapies such as 
DEB-TACE, HAIC, ablation, and TACE combined with sys-
temic therapies are potentially useful as subsequent treat-
ment after TACE failure/refractoriness. However, all the 
available evidence is based on retrospective studies. Pro-
spective studies are warranted to identify the ideal treat-
ment for HCC after TACE failure/refractoriness.
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Fig. 1.  Pathological and physiological changes in HCCs with consecutive insufficient responses to TACE. (A) HCCs can be nourished by several potential 
arteries other than the main feeding artery, and peritumor tissue can be supported by the portal vein as well. (B) After consecutive super selective TACE, HCCs may still 
be viable or even undergo progression because of a blood supply from delicate collateral arteries or the distal portal vein. Hypovascular HCCs tend to have unsatisfied 
iodized oil deposition. Under those circumstances, additional TACE is no longer effective, and define TACE failure/refractoriness. (C) Additional TACE sessions after TACE 
failure/refractoriness not only insignificantly increase tumor response rate but also damage liver function. Frequent interventional insults put pressure on the tumor 
microenvironment, making the residual HCCs more malignant and aggressive. TACE, transarterial chemoembolization.
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Abstract

Liver injury is an important complication that may arise in 
patients suffering from coronavirus disease 2019 (COV-
ID-19) and is accompanied by a transient increase of 
transaminases and/or other liver enzymes. Liver function 
test (LFT) abnormalities generally disappear when the COV-
ID-19 resolves or hepatotoxic drugs are discontinued. The 
LFT abnormalities are associated with drug-induced liver in-
jury (DILI), due to the overuse of antimalarials, antivirals, 
and antimicrobials. Studies have reported varying levels of 
these liver injuries in COVID-19 patients; however, most in-
volve elevated serum aminotransferases. Hepatic dysfunc-
tion is significantly high in patients with severe illness and 
has poor outcome. Normally, the liver is involved in the me-
tabolism of many drugs, including nucleoside analogs and 
protease inhibitors, which are currently repurposed to treat 
COVID-19. In addition to the manifestation of COVID-19, 
drugs implemented in its treatment may aggravate liver in-
juries. Thus, DILI should be considered especially in those 
COVID-19 patients with underlying liver disease. It was 
unclear whether the elevated liver enzymes have originat-
ed from the underlying disease or DILI in this population. 
Furthermore, it is difficult to establish a direct relationship 
between a specific drug and liver injury. Another possible 
effect of liver damage may due to inflammatory cytokine 
storm in severe COVID-19. Liver injury can change metabo-
lism, excretion, dosing, and expected concentrations of the 
drugs, which may make it difficult to achieve a therapeutic 
dose of the drug or increase the risk of adverse effects. 
These repurposed drugs have shown limited efficacy against 
the virus and the disease itself; however, they still pose risk 
of adverse effects. Careful and close monitoring of LFTs in 
COVID-19 patients can provide early diagnosis of liver in-
jury, and the risk of DILI could be reduced. Also, drug inter-
actions in liver-transplanted patients should always be kept 

in mind for certain immunosuppressive therapies and their 
known signs of DILI. Altogether, abnormal LFTs should not 
be regarded as a contraindication to use COVID-19 experi-
mental therapies if needed under emergent status.

Citation of this article: Zhang R, Wang Q, Yang J. Im-
pact of Liver Functions by Repurposed Drugs for COVID-19 
Treatment. J Clin Transl Hepatol 2022;10(4):748–756. doi: 
10.14218/JCTH.2021.00368.

Introduction

Coronavirus disease 2019 (COVID-19) continues to affect 
our lives, yet there are still no specific antiviral therapies for 
it. Global efforts have been put forth to develop a vaccine 
against the causative pathogen, severe acute respiratory 
syndrome-coronavirus-2 (SARS-CoV-2), due to the knowl-
edge that vaccines are the most efficient method against 
viruses. The routine strategy for creating such a vaccine 
includes exploration of mRNA, inactivated viruses, DNA 
and/or recombinant protein, and viral vectors. However, 
the time consumption requirement of around 18 months or 
more makes it even harder to develop an efficacious vac-
cine in a timely manner, although massive-scale efforts are 
underway. In the meantime, a number of drugs used for 
other diseases have been repurposed to tackle the COV-
ID-19 pandemic, since this approach may be one of the 
quickest ways to discover an efficacious treatment for this 
new viral infection.

Since the SARS-CoV-2 shares extensive homology with 
SARS-CoV and the Middle East respiratory syndrome coro-
navirus (MERS-CoV), effective therapies for these two vi-
ruses may also have therapeutic potential for the current 
SARS-CoV-2 outbreak.

Besides mainly targeting the respiratory system, SARS-
CoV-2 attacks nearly all the other organs and systems, 
causing myocardial damage, acute coronary syndromes, 
acute kidney injury, gastrointestinal symptoms, and liver in-
jury.1 Liver injury is an important complication observed in 
COVID-19 patients. A ephemeral increase of transaminases 
and/or other liver enzymes may occur in COVID-19 patients 
within the range of 10.5–53.1%.2,3 These abnormalities 
are generally self-limiting, mild to moderate increases, and 
mainly seen among symptomatic and severe COVID-19 pa-
tients.3,4 Liver function test (LFT) abnormalities generally 
disappear when the COVID-19 infection resolves or hepato-
toxic drugs are discontinued.5
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Although the underlying mechanisms remain unknown, 
virus-induced inflammation, liver hypoxia and drug-induced 
liver injury (DILI) are three primary factors associated with 
hepatic injury.6 LFT abnormalities associated with DILI due 
to the overuse of antimalarials, antivirals, and antimicro-
bials during COVID-19 necessitate special attention of the 
attending physicians.7

Rising levels of alanine aminotransferase (ALT) and as-
partate transaminase (AST) are frequently indicative of 
hepatocellular damage, while this trend for alkaline phos-
phatase (ALP) and gamma-glutamyl transferase (GGT) is 
associated with bile duct damage or cholestasis. Serum bil-
irubin levels indicate liver secretion capacity, while serum 
albumin level and prothrombin time indicate liver synthesis 
capacity. ALT and AST enzymes have wide tissue distribu-
tions. The AST enzyme is found in the liver, heart, kid-
ney, brain, pancreas, and leucocytes; thus, isolated AST 
elevations usually indicate organ injury. ALT is also found in 
skeletal muscle, myocardium, lungs, and kidneys. Hence, 
minor AST and ALT elevations remain nonspecific, espe-
cially in severe illness with multiorgan injury, as in severe 
COVID-19. As expected, there is heterogeneity in the re-
ported literature regarding the incidence and impact of liver 
injury in COVID-19.

We used “Boolean Operators” such as AND, OR and NOT 
to search relevant research articles/reviews from the Pub-
Med for repurposed drugs applied as COVID-19 treatment. 
The repurposed drugs of chloroquine and hydroxychloro-
quine, remdesivir, ribavirin, umifenovir, and favipiravir are 
already being used in clinical trials to treat the COVID-19 
patients. These drugs have been approved for a different 
indication and belong to diverse categories, such as anti-
malarial/antiparasitic, antiretroviral/anti-viral, or protective 
against rheumatoid arthritis. As described above, though 
a vaccine would be an ideal option for providing active im-
munity against the SARS-CoV-2, it is time-consuming. The 
repurposed drugs are the most viable option against SARS-
CoV-2 currently. Hence, we searched, obtained and filtered 
the relevant articles in the literature, with the schema as 
shown in Figure 1.

We have searched the literature and screened pub-

lished research articles to further investigation to deter-
mine which molecule the repurposed drug targets and their 
route of administration. Based on the literature survey, 
we divided the repurposed drugs that can be used for the 
trials to treat COVID-19 into four categories: (I) antima-
larial/antiparasitic drugs; (II) drugs used for rheumatoid 
arthritis; (III) antiretroviral/antiviral drugs; (IV) others. 
Liver injuries were involved in each of these five catego-
ries. Altogether, a total of 106 articles/reviews (all in Eng-
lish language) containing “COVID-19 & drug-induced liver 
injury” were screened and selected for analysis, among 
which there were 44 reviews, 5 books and documents, 1 
meta-analysis and 1 systematic review, and 55 other type 
articles, including clinical trials.

Liver and COVID-19

Studies have reported varying levels of liver injury in COV-
ID-19 patients but mostly elevated serum aminotrans-
ferases.8 Two to eleven percent of patients have existing 
chronic liver disease and 14–53% develop hepatic dysfunc-
tion, particularly in severe COVID-19. Hepatic dysfunction 
is significantly high in severe patients and associated with 
poor outcomes.3

In a study by Zhang et al.,9 the mean level of ALT (37.9 
vs. 21.2 IU/L), AST (38.9 vs. 24.4 IU/L), GGT (56.9 vs. 28.5 
IU/L), and total bilirubin (14.1 vs. 10.3 mg/dL) was higher 
in severe COVID-19 patients than that in mild COVID-19 
patients. Most of the LFTs in COVID-19 patients were found 
to be correlated with C-reactive protein (CRP) and neutro-
phil-to-lymphocyte ratio (NLR) levels. Histological examina-
tion of the needle biopsy specimens reveals mild sinusoidal 
dilatation and minimal lymphocytic infiltration, while other 
specific damages are absent. In another study with 417 
COVID-19 patients, 21.8% developed severe disease, 318 
had abnormal LFTs and 90 had signs of liver injury during 
hospitalization.10

Goel et al.7 showed that baseline and ≥3×upper limit 
of normal (ULN) transaminase elevations was present in 
61.2% and 9.4% of patients at admission, respectively. 

Fig. 1.  Schema of literature fetching and filtering for repurposed drugs in treatment to COVID-19 with DILI. DILI, drug-induced liver injury. 
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Furthermore, 72.1% and 22.4% of patients developed in 
baseline and ≥3×ULN elevated transaminases during the 
course of COVID-19, respectively. However, bilirubin and 
ALP elevations were less likely to be apparent at admission 
(11.4% and 12.6%, respectively) and through the course of 
the disease (17.7% and 22%). All LFT changes were corre-
lated with inflammatory markers, while hyperbilirubinemia 
was correlated with elevated mortality. On the other hand, 
the effect of AST and ALT levels on mortality are different, 
with elevated AST being associated with mortality but ALT 
with survival.

A study reported that the hospitalized patients have a 
76.3% abnormal LFTs and 21.5% have liver injury. Patients 
with severe pneumonia tended to have abnormal LFTs. The 
emergence of abnormal LFTs (3×ULN) was more common 
in the first 2 weeks of hospitalization. Lopinavir/ritonavir 
(LPV/r) treatment was found to be related to increased risk 
for liver injury.10 In another study, it was reported that liver 
injury occurred in 14.8% of COVID-19 patients, mostly in 
severe cases. They also stated that liver injury occurred 
after administrating multiple drugs, such as LPV/r (18.6%), 
which are tightly associated with liver morbidity.11 Huang et 
al.,12 have reported that 30.7% of COVID-19 patients were 
diagnosed with nonalcoholic fatty liver disease (NAFLD) and 
35.7% had abnormal LFTs, according to the clinical fea-
tures of COVID-19 patients with NAFLD. The median ALT 
levels (35 IU/L vs. 23 U/L) and the elevated ALT (>40 U/L) 
(40.7% vs. 10.8%) were significantly higher in patients 
with NAFLD compared to those without, respectively. Mul-
tivariate analysis showed that age >50 years and concur-
rent NAFLD were independent risk factors of ALT elevation; 
however, the usage of interferon α-2b inhalation reduced 
the risk of ALT elevation.

Liver and Proposed Drugs of COVID-19

Effects of drugs on liver function

The liver is a principal site for the metabolization and elimi-
nation of chemical substances. Besides, it is involved in the 
metabolism of various drugs, including nucleoside analogs 
and protease inhibitors, which are currently repurposed 
for COVID-19 treatment. In addition to the manifestation 
of COVID-19, drugs implemented in its treatment may ag-
gravate liver injury. Thus, DILI should be further evaluated 
especially for those patients with underlying liver disease.13 
It has remained unclear where the elevated liver enzymes 
originate from (either the disease or DILI) in this popula-
tion. It has also been difficult to confirm the direct relation-
ship between a specific drug and liver injury, due to the 
common combined use of antimalarials, antivirals, antimi-
crobials, and anticoagulants during COVID-19.14 Finally, in-
flammatory cytokine storms in severe COVID-19 can result 
in liver damage.13

Some medications previously used to treat a variety 
of other diseases, i.e. antivirals (such as LPV/r, remdesi-
vir, ribavirin, favipiravir, umifenovir), antimalarials (chloro-
quine and hydroxychloroquine), antimicrobials (azithromy-
cin, interferons), and immunomodulators (corticosteroids, 
tocilizumab) have been the widely repurposed in the fight 
against COVID-19.15 These drugs have a comparable risk 
for liver injury (Table 1).10,11,16–37

Cai et al.10 demonstrated that patients under LPV/r had 
higher total bilirubin and GGT levels during hospitalization. 
In a study by Sun et al.,16 evaluating adverse drug events 
(ADEs) in 217 COVID-19 patients, ADEs were associated 
with LPV/r and umifenovir, at rates of 63.8% and 18.1%, 
respectively; in addition, liver system disorders were the 
most frequently observed ADEs, after gastrointestinal dis-

orders. In a meta-analysis,17 the pooled incidence of DILI 
among COVID-19 patients was 25.4%; DILI occurred in 
37.2% and 15.2% of COVID19 patients receiving LPV/r and 
remdesivir, respectively.

Interferon-β is produced by recombinant technology and 
is a cytokine with antiviral, immunomodulatory and antipro-
liferative properties. Interferon-β is available in three sub-
types – 1a, 1b and pegylated β-1a – and all are approved 
for use in multiple sclerosis by either subcutaneous or in-
tramuscular administration.38 All forms of interferon-β may 
also induce liver injury, though most of such cases are mild 
and even asymptomatic. Interferon-related DILI is tran-
sient, with mild elevations in serum aminotransferases (ALT 
and AST), and with normal or mildly elevated ALP levels.18 
Whereas, LPV/r treatment had a higher rate of enzymes 
elevation (56% vs. 25%).19

LPV/r administration will induce moderate to severe el-
evations in serum aminotransferase levels (>5×ULN). Low-
dose ritonavir has less impact on the frequency or severity 
of LFT elevations. Additionally, ritonavir has some proper-
ties similar to an enzymatic inhibitor and it can increase the 
serum level of co-administered drugs, resulting in a higher 
risk of hepatotoxicity.18

Hydroxychloroquine and chloroquine are antiviral/im-
mune modulators that are used for the treatment and 
prophylaxis of malaria, rheumatoid arthritis, lupus ery-
thematosus, photodermatosis, and liver amoebiasis. Hy-
droxychloroquine is metabolized by several CYP enzymes 
in the liver, with desethylhydroxychloroquine being an ac-
tive metabolite. The USA’s Food and Drug Administration’s 
prescribing information cautions use in patients with exist-
ing liver disease and/or concomitant use with hepatotoxic 
drugs.39,40 Hydroxychloroquine is known to accumulate in 
the liver.41 and animal studies have shown that accumula-
tion occurs rapidly, in the first 2 weeks of treatment.42 How-
ever, hydroxychloroquine was found to have a low hepatic 
extraction ratio, indicating that a reduction in liver blood 
flow in cirrhosis may not directly result in increased expo-
sure to the drug.43 Hydroxychloroquine is also known to be 
hydrophilic,44 and this should be a consideration in patients 
with ascites and decompensated cirrhosis. Based on these 
lines of evidence, hydroxychloroquine is regarded as a pos-
sible but rare cause of DILI.18 Falcao et al.20 reported a 
severe COVID-19 patient who showed a 10-fold increase 
of transaminases after using hydroxychloroquine, which re-
turned to normal levels after withdrawal of the drug.

Remdesivir is a nucleotide analog for treatment of hepa-
titis C virus, used formerly.45,46 Currently, data regarding 
hepatotoxicity of remdesivir is inadequate to draw firm con-
clusions. There was no liver injury in LiverTox,18 and liver 
toxicity data were not reported in Ebola trials; however, 
abnormal liver enzyme profiles are common during Ebola 
infection, making it difficult to rule-out accompanying drug-
induced liver toxicity.47–49 The specificity of the cyano group 
in the remdesivir molecule allows for it to avoid inhibition by 
the host mitochondrial DNA polymerase and consequently 
limits the potential risk for lactic acidosis or mitochondrial 
toxicity. LFT elevations have varied widely among trials of 
remdesivir, accounting for 1% to 32% of participants.21–23 
LFT elevation rate was 23% among 53 patients, which led 
to remdesivir discontinuation in two patients, while bili-
rubin elevation was not detected in that trial.24 Wang et 
al.25 showed that hypoalbuminemia, hyperbilirubinemia, 
and AST elevation were present in 13%, 10%, and 5% of 
patients treated with remdesivir, respectively; also, in the 
remdesivir group, three patients discontinued treatment 
due to ALT elevation. Sabers et al.50 reported that a patient 
presented with high liver enzymes (≥20×ULN) and had re-
ceived remdesivir; eventually, the patient’s liver enzymes 
improved through the course of the disease and they were 
discharged on day 10 of hospitalization.
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There is a theoretical risk of P-glycoprotein interaction 
with remdesivir. Inhibition of P-glycoprotein with comedica-
tions reduces efflux of remdesivir from hepatocytes, rais-
ing cellular remdesivir concentration to supratherapeutic 
levels. However, the occurrence of this interaction is very 
low, because of remdesivir being the minor substrate of 
P-glycoprotein, as well as its short half-life.51 In the re-
cent case report by Carothers et al.,52 the benefit of ace-
tylcysteine continuous infusion was investigated in acute 
liver injury related to remdesivir. Both of the two patients 
investigated showed significant increases in transaminase 
levels with coagulopathy and encephalopathy in response 
to remdesivir therapy; the continuous infusion of acetyl-
cysteine rapidly resolved the high transaminase levels in 
these patients.

Favipiravir is a type of RNA-dependent RNA polymerase 
(RdRp) inhibitor. It presumably acts as a nucleotide analog 
that selectively inhibits the viral RdRp or causes lethal mu-
tagenesis upon embedding into the virus RNA.53–57 Favip-
iravir, when used for the treatment of influenza, is adminis-
tered at a dose of 1600 mg twice daily on day 1, followed by 
600 mg twice daily on days 2–5. Besides being a treatment 
for influenza virus,58 favipiravir has shown potent antiviral 
activity against other segmented negative-strand RNA vi-
ruses in both in vitro and in vivo studies.59,60 Furthermore, 
some positive-strand RNA viruses can also be inactivated 
by favipiravir,61,62 and the virus replication process can be 
interfered with by the drug’s competition with purine nu-
cleosides, as has been shown to consequently inhibit the 
viral RdRp of SARS-CoV-2.26 Studies have also shown that 

Table 1.  Changes in liver functions and liver enzymes in COVID-19 trials

Drugs Toxicity Type of toxicity Reference

LPV/r 8.8% ALT elevation (>3 ULN) 10

4.8% AST elevation (>3 ULN)

10.3% GGT elevation (>3 ULN)

2.6% Total bilirubin elevation (>3 ULN)

18.6% Liver injury 11

37.2% Liver injury 17

63.8% Any adverse drug effect 16

57.8% Elevation is more than the ULN value (ALT, 
AST, ALP, GGT, and total bilirubin)

19

Umifenovir 18.1% Any adverse drug effect 16

Remdesivir 15.2% Liver injury 17

3.4% AST elevation 21

2.3% ALT elevation

7% ALT elevation 22

5.8% AST elevation

32% AST-ALT elevation 23

23% Increased LFTs 24

10% Hyperbilirubinemia 25

5% AST elevation

2% ALT elevation leading to 
discontinuation of remdesivir

Ribavirin Favipiravir No data Elevation in serum aminotransferases 18

2.1-fold ALT and AST elevation CPT A 26–28

2.0-fold CPT B

3.7-fold CPT C

Hydroxychloroquine 10-fold Elevation in transaminases 18,20

Azithromycin 1–2% Elevation in serum aminotransferases 18

Interferons 25% ALT and AST elevation, and mildly elevated ALP 18,19

Corticosteroids N/A No ADEs for short duration 18,32,33

Convalescent plasma (antibody) N/A No detailed information 28,34

Tocilizumab Mild Liver enzyme elevation 18,29–31

Acetaminophen 48%max Dose-related hepatotoxicity 35–37

COVID-19, coronavirus disease 2019; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, gamma-glutamyl transferase; LFT, 
liver function test; LPV/r, lopinavir/ritonavir; ULN, upper limit of normal; CPT, Child Pugh Turcotte; ADEs, adverse drug events.
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favipiravir administration provides better prognosis in COV-
ID-19 patients in terms of disease progression and viral 
clearance.27 ALT and AST elevation is just a possible ad-
verse effect of favipiravir, however no data are available in 
cirrhosis patients.28

Tocilizumab is a monoclonal antibody against the inter-
leukin-6 (IL-6) receptor, which is usually used to treat the 
cytokine storm that occurs in the advanced stages of the 
disease.63 Though small series and case reports suggest 
its beneficial effects, it was not proven in randomized con-
trolled trials.29,64,65 Tocilizumab administration can lead to 
liver enzyme elevation but rarely to severe liver injury.18 
Recently, a patient with COVID-19 was reported on due to 
their transaminase levels increasing 40-fold after 24 h of 
initiation of tocilizumab administration.66 Tocilizumab may 
pose a risk of hepatitis B virus (HBV) reactivation, thereby 
causing risk of indirect liver damage.67 A study predicted 
that patients with severe COVID-19 and resolved HBV un-
der immune modulator treatment had a low risk for HBV 
reactivation, and recommended that patients without an-
tibodies to hepatitis B surface antigen (anti-HBs) be fol-
lowed-up after discharge, if possible, and suggested that a 
short course of antiviral prophylaxis may be preferred. No 
hepatitis B surface antigen seroreversion was detected in 
their cohort and only two (3%) patients had detectable se-
rum HBV-DNA.30 In another study, liver injury was observed 
in COVID-19 patients with or without chronic HBV. Also, 
three patients experienced hepatitis B reactivation. Thus, 
monitoring of LFTs and HBV-DNA levels was recommended 
in COVID-19 patients treated with tocilizumab.31

Furthermore, membrane transporters localized on the 
cell membrane, especially those on tissues in the central 
organ for drug metabolism, such as the liver, can effectively 
influence pharmacokinetic characteristics and ADEs. Cana-
licular ABC transporters in hepatocytes, such as ABCC2/
MRP2, ABCG2/BCRP, ABCB1/MDR1/P-gp and ABCB11/
BSEP, mediate the extrusion of endo- and xenobiotics into 
the bile. P-gp, MRP2 and ABCG2 are multispecific transport-
ers mediating the efflux of hydrophobic or partially detoxi-
fied amphiphilic compounds. MRP2 is the key transporter 
for bilirubin conjugates. The SLC-type transporter MATE1 
in the hepatocyte canalicular membrane mainly transports 
cationic drugs, but also some zwitterionic and anionic mol-
ecules,68,69 and mediates their biliary excretion. Inhibition 
of these drug exporters may cause elevated liver toxicity, 
such as cholestasis or DILI. All of the above repurposed 
drugs have various effects in inducing DILI through the 
special inhibition to transporters. A recent study showed 
that lopinavir and ritonavir, given in low micromolar con-
centrations, inhibited BSEP and MATE1 exporters as well as 
OATP1B1/1B3 uptake transporters. Ritonavir had a simi-
lar inhibitory pattern but also inhibiting OCT1. Specifically, 
remdesivir strongly inhibited MRP4, OATP1B1/1B3, MATE1 
and OCT1. Favipiravir had no significant effect on any of 
these transporters.70

Corticosteroid is used in the treatment of a variety of in-
flammatory and autoimmune conditions. It is used at a wide 
range of doses, ranging from 0.5 to 80 mg daily.71 Other 
glucocorticoids, including prednisolone, are used regularly 
for patients with significant liver disease in the treatment of 
autoimmune and alcoholic hepatitis, including for patients 
with cirrhosis, acute liver failure, ALT/AST >10×ULN and 
post-liver transplant.72,73 Dexamethasone is metabolized 
in the liver via CYP3A4,74 and has very limited influence 
in hepatic impairment, though its half-life is prolonged in 
severe liver disease.71 Corticosteroid treatments are as-
sociated with hepatic steatosis, hepatic glycogenosis, and 
hepatic enlargement.18 Corticosteroids can also promote 
hepatic gluconeogenesis, reduce peripheral use of glucose, 
and increase insulin levels consequently. Glucocorticoids 
have a pro-adipogenic function of increasing deposition of 

abdominal fat, and leading to glucose intolerance and hy-
pertriglyceridemia. In addition, these drugs play a role in 
controlling liver metabolism and can lead to the develop-
ment of hepatic steatosis.32 But, in COVID-19 patients, this 
effect is unlikely to be significant given the very low dose 
(6 mg daily) and short duration.33 Although toxicities that 
may arise in long-term use are not a problem for COVID-19 
patients, it should be considered that there are short-term 
risks, such as HBV reactivation.30

Convalescent plasma has shown a potential therapeutic 
effect, with low risk for the treatment of severe COVID-19 
patients.34 At the same, there are still few experiences of 
convalescent plasma therapy in COVID-19 patients with 
chronic liver disease.28

Azithromycin is a macrolide antibiotic used in treatment 
of various infections, such as community-acquired pneu-
monia, bronchitis, soft tissue infections and uncomplicated 
genital infections due to Chlamydia trachomatis and Neis-
seria gonorrhoeae. The liver is the main site for metabolism 
of azithromycin and 50% is excreted unchanged in the bile, 
although some inactive metabolites are also found.35 A pre-
vious study demonstrated that azithromycin has an associa-
tion with a low rate of acute, transient, and asymptomatic 
elevations in serum aminotransferases, occurring in 1% to 
2% of patients treated for short periods.18 This drug can, 
thus, be exempted for further evaluation when used in COV-
ID-19 patients, especially with low dose and short duration.

Ribavirin is a guanosine nucleoside analogue, approved 
for use in combination with direct acting antivirals or pe-
gylated-interferon 2a or 2b for treatment of hepatitis C. In 
the treatment of hepatitis C, ribavirin is given orally and is 
dosed dependent on weight, ranging from 800 mg to 1200 
mg daily. However, it has not been associated with serum 
aminotransferase elevations. Ribavirin treatment is usually 
used in COVID-19 patients with underlying liver disease; 
however, it is difficult to interpret increases in serum ami-
notransferase levels during therapy.18

Because of the fever and pain experienced by COVID-19 
patients, several medicines agencies have warned physicians 
against the excessive use of non-steroidal anti-inflammato-
ry drugs (NSAIDs), while the acetaminophen (paracetamol) 
was strongly recommended.35 However, this recommenda-
tion could possibly result in the misuse of acetaminophen 
and consequently increase liver injury. Acetaminophen use 
is associated with generally mild ADEs, such as hepatitis, 
cholestasis, or other nonspecific liver enzyme elevation, but 
acetaminophen-induced hepatotoxicity is mostly estimated 
to account for 48% of acute liver injury diagnoses, provid-
ing caution for acetaminophen-caused dose-related hepa-
totoxicity.36,37

Another important point is the potential drug-drug in-
teractions (DDIs) between the drugs used in patients with 
transplantation (such as tacrolimus and steroids) and COV-
ID-19. These DDIs may also indirectly increase the risk of 
hepatotoxicity if the effect of the immunosuppressive or the 
COVID-19 drug were to become altered pharmacodynami-
cally or pharmacokinetically.75

Clarify the liver injury by DILI vs. systemic inflam-
mation from COVID-19

As described above, drugs implemented in the treatment 
may aggravate liver injury, which can occur besides the 
manifestation of COVID-19 or other underlying liver dis-
ease.13 However, it was difficult to confirm the direct re-
lationship between a specific drug and liver injury due to 
the combined use of all of above repurposed drugs during 
COVID-19.14 According to the existing literature, we tried to 
conclude this complexity in order to caution the physicians 
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and guide the drug use, and our findings are shown in Table 
2.[10,16–25,50–52,27–37,63–67

Recommendation on drug use in liver injury

Liver injury can change metabolism, excretion, dosing, and 
expected concentrations of drugs, which may make it diffi-
cult to achieve an effective therapeutic dose or can increase 
the risk of ADEs.76

Acute liver injury has been commonly defined by the ULN 
of serum ALT, ALP, and serum concentration of total biliru-
bin based on the biological criteria, that is, elevation of ALT 
≥5×ULN or ALP ≥2×ULN, or combination of ALT ≥3×ULN 
with a simultaneous total bilirubin concentration exceeding 
2 ×ULN.77,78

Till now, the pharmacokinetics of remdesivir have not 
been evaluated in patients with hepatic injury. Hence, the 
hepatic function should be monitored in all patients before 
initiating and during daily treatment with remdesivir. Cur-
rently, remdesivir is not recommended in patients with ALT 
≥5×ULN at baseline. It should be discontinued if ALT rises 
to higher than 5×ULN during treatment or if ALT elevation is 
accompanied by signs or symptoms of liver inflammation or 

increasing conjugated bilirubin, ALP, or INR, however, this 
therapy can be restarted if ALT is less than 5×ULN79,80

Since hydroxychloroquine commonly accumulates in 
the liver, it is recommended to monitor LFTs continuously 
and administrate it cautiously with concurrent hepatotoxic 
drugs.81 It is also recommended that LFTs should be closely 
monitored for each patient while initiating tocilizumab; if 
ALT or AST are higher than 1.5×ULN, the treatment needs 
to be discontinued immediately.82

Since LPV/r is primarily metabolized by the liver, it is 
recommended to evaluate patient response and use with 
caution in case of liver injury. Although there is no need to 
reduce the dose for mild to moderate hepatic injury, fre-
quent monitoring of LFTs is strongly recommended.33 LPV/r 
administration has not been studied in patients with severe 
hepatic injury and its use is contraindicated.83

Azithromycin is eliminated predominantly in liver, and 
as such it should be used with caution due to its potential 
risk of hepatotoxicity and it should be avoided in patients 
with severe liver disease. A study has demonstrated that 
azithromycin pharmacokinetics do not differ consistently 
in patients with Child-Pugh A or B cirrhosis, in compari-
son with healthy volunteer; therefore, dosage modification 
is not required in these patient groups.84 No difference in 
single-dose pharmacokinetics of ribavirin was noted in pa-

Table 2.  Potential ADEs of repurposed drugs on liver in COVID-19 patients and non-COVID-19 patients

Drugs COVID-19 Non-COVID-19 Reference

LPV/r + +++ 10,16,17,18,19

_ /

Remdesivir + + 17,18,21–25,50,51,52

– /

Ribavirin + +/− 18

– –

Favipiravir + −/+ 27,28

– –

Umifenovir + + 16

– /

Hydroxychloroquine + −/+ 18,20

– N/A

Azithromycin + −/+ 18

– –

Interferons + +/− 18

– /

Convalescent plasma (antibody) + −/+ 28,34

– N/A

Corticosteroids + +/– 30,32,33

– –

Tocilizumab + +/− 18,63,29,64,65,66,67,30,31

– –

Acetaminophen + +++ 35–37

– +/−

Note: In COVID-19 column: with COVID-19(+), without COVID-19(−); in ADEs column: severe (+++), mild to Moderate (+), no ADEs (−), possible ADEs (+/−), pos-
sible no ADEs (−/+), with no report (N/A). COVID-19, coronavirus disease 2019; ADEs, adverse drug events.
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tients with mild, moderate, or severe hepatic dysfunction 
(Child-Pugh score A, B, or C).85 Full-dose ribavirin can be 
used in severe hepatic dysfunction with caution; mild and 
moderate hepatic dysfunction associated renal impairment 
are suggested to make a proper dose reduction based on 
estimated glomerular filtration rate (eGFR).33 Alteration of 
favipiravir dose is not recommended in mild and moderate 
hepatic impairment (Child-Pugh A and B), while it should be 
considered in severe hepatic injury (Child-Pugh C).33

Altogether, the detailed information of these repurposed 
drugs for COVID-19 treatment, including the family of the 
drug, the mode of action, and the possible mechanism by 

which it induces liver injury, are presented in the Table 
3.10,16–25,50–52,27–37,63–67

Conclusion

Through the last year, COVID-19 devastated our health care 
systems and invoked an unprecedented need for new treat-
ment options to heal its notorious manifestations. The sci-
entific community is still far from finding a ‘silver bullet’ to 
overcome its detrimental effects; thus, some medications 
with limited in vitro activity against the eliciting virus are 

Table 3.  Four categories of repurposed drugs for COVID-19 treatment and their detailed information

Drug category Drug Dose recom-
mendation Metabolism Reference

I. Anti-malarial/
anti-parasitic 
drugs

Hydroxychloroquine Maximum dosage 
based on minimal 
data and risk of 
hepatotoxicity

Major: CYP3A4/5, Minor: 
CYP2D6, CYP2C8

18,20

II. Drugs used 
for rheumatoid 
arthritis

Hydroxychloroquine

Tocilizumab In patients with 
baseline ALT or AST 
>5×ULN, treatment 
is not recommended

Catabolic pathway 18,63,29,64,65,66,67,30,31

corticosteroids / Hydroxylation via 
CYP3A4, followed 
by glucuronidation 
or sulfation

30,32,33

Interferon-β Caution if ALT 
>2.5×ULN, Dose 
reduction advised 
if ALT >5×ULN

Metabolized and 
excreted by liver 
and kidneys

18

Azithromycin Discontinue if 
signs of hepatic 
dysfunction

Liver: 35% to inactive 
metabolites

18

III. Anti-
retroviral/anti-
viral drugs

LPV/r Use with caution in 
mild to moderate 
hepatic impairment 
and monitor 
for toxicities

CYP3A4/5, auto-
induction own 
metabolism; stabilization 
after 10–16 days

10,16,17,18,19

Remdesivir Discontinuation: 
ALT >5×ULN or 
ALT elevation

In vitro: CYP2C8 
CYP2D6, CYP3A4, 
OATP1B1, P-gp substrate

17,18,21–25,50,51,52

Favipiravir Dose adjustment 
should be considered

Extensive metabolism by 
hydroxylation (aldehyde 
oxidase and xanthine 
oxidase) to M1 and M2

27,28

Ribavirin Discontinue if 
progressive and 
clinically significant 
ALT rises, despite 
dose reduction, or 
accompanied by 
increased bilirubin

Intracellular 
phosphorylation by 
adenosine kinase to 
ribavirin mono-, di-, and 
triphosphate metabolites

18

IV. Others Acetaminophen / / 35–37

Convalescent 
plasma (antibody)

/ / 28,34

COVID-19, coronavirus disease 2019; ALT, alanine aminotransferase; AST, aspartate transaminase; LPV/r, lopinavir/ritonavir; ULN, upper limit of normal; CYP, cyto-
chrome P450 enzymes; OATP, organic anion transporting polypeptide.
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being repurposed for its treatment. Those repurposed drugs 
have had limited efficacy against the virus and the disease 
itself; however, they still pose risk of adverse effects. Close 
monitoring of liver functions in COVID-19 patients can pro-
vide early diagnosis of liver injury, and reduce the risk of 
DILI as much as possible. A special caution should be given 
to those patients who are liver-transplanted, for drug-drug 
interactions occurring under certain immunosuppressive 
therapies. Abnormal liver tests should not be a contraindi-
cation against use of COVID-19 experimental therapies, if 
needed.

Limitations

Many measures have been applied against this virus dur-
ing the pandemic, which have included officially approved 
Emergency Use Authorization (EUA) candidates and even 
some unofficial treatment methods. Among them, the re-
purposed old drugs have accounted for the majority in clin-
ic, and most had been used before as anti-malarial/anti-
parasitic, anti-retroviral/anti-viral, anti-cancer, or against 
rheumatoid arthritis drugs. Yet, there was no standard and 
systematic evaluation for their ADEs in COVID-19 patients, 
especially for their DILI aspects. As such, this review was 
limited by the ability to collect information on all of the 
repurposed drugs used worldwide. In-depth systematic ex-
ploration and discovery should be further improved for this 
topic.
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Abstract

In 2015, the Chinese Society of Hepatology and the Chinese 
Society of Gastroenterology issued a consensus statement 
on the diagnosis and management of cholestatic liver dis-
eases. More clinical data on this topic have appeared during 
recent years. The Autoimmune Liver Disease Group of the 
Chinese Society of Hepatology organized an expert group to 
review recent evidence and provide an update to these pre-
vious guidelines. Herein, we provide 22 recommendations 
as a working reference for the management of cholestatic 
liver diseases by clinical practitioners.
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Introduction

Cholestasis is a pathological condition in which various in-
trahepatic or extrahepatic factors impede bile formation, se-
cretion, or excretion, leading to increased flow of bile into 
the duodenum and blood. The clinical characteristics of af-
fected patients include pruritus, fatigue, darkened urine, and 
jaundice. During early-stage cholestasis, patients are usually 
asymptomatic and may only present with elevations of se-
rum alkaline phosphatase (ALP) and gamma- glutamyl trans-
ferase (GGT). Hyperbilirubinemia may occur as disease pro-

gresses, and may lead to liver cirrhosis, liver failure, or even 
death.1,2 Hepatobiliary diseases with cholestasis from various 
causes are called cholestatic liver diseases, and cholestasis 
itself further aggravates liver damage in these patients.

To help clinicians standardize the diagnosis and treatment 
of cholestatic liver diseases, the Chinese Society of Hepatol-
ogy, Chinese Society of Gastroenterology, and Chinese So-
ciety of Infectious Diseases formulated the “Consensus on 
Diagnosis and Treatment of Cholestatic Liver Diseases” in 
2015.3 Because of the publication of additional clinical data 
regarding cholestatic liver diseases in China since then, we 
updated this guideline and revised the original consensus. 
The present guideline describes the etiology, classification, 
clinical manifestations, diagnostic criteria, treatment princi-
ples, diagnosis, and treatment of cholestatic liver diseases. 
The cholestasis induce by drugs, alcohol, hepatitis B virus, 
hepatitis C virus, primary biliary cholangitis (PBC), primary 
sclerosing cholangitis (PSC), autoimmune hepatitis, meta-
bolic-related fatty liver disease and other liver diseases can 
be diagnosed and treated according to the corresponding 
guideline. We rated the evidence and recommendations in 
this guideline using the GRADE system for the evaluation of 
clinical guidelines (Table 1).

Etiology and classification

Hepatocytes and cholangiocytes produce bile, and the daily 
total flow of bile in a healthy adult is about 600 mL. Hepat-
ocytes produce bile salt-dependent bile (about 225 mL/
day) and bile salt-independent bile (about 225 mL/day), 
and cholangiocytes produce additional bile (about 150 mL/
day). Cholestasis is a disorder caused by the reduced flow 
or formation of bile,4 and the cause can be intrahepatic 
or extrahepatic. Intrahepatic cholestasis4–7 is characterized 
by dysfunction of hepatocytes, bile canaliculus, canals of 
Hering, bile ductule (<15 µm,), or cholangiocytes of the 
interlobular bile duct (15 to 100 µm), without obvious 
manifestations of bile duct obstruction based on imaging 
examination. The main causes are use of drugs or alcohol, 
viral or bacterial infection, and immune system disorders, 
etc. (Fig. 1). Extrahepatic cholestasis is characterized by 
obstruction or injuries of the septal bile duct (>100 µm), 
regional bile duct (300 to 400 µm), segmental bile duct 
(400 to 800 µm), left or right hepatic ducts, or the com-
mon bile duct to the ampulla.2,7 Although the main causes 
are outside the liver, biliary cancer growing into the intra-
hepatic bile duct and hilar bile duct is also a cause. Bile 
duct stones, a malignancy from the pancreas or bile duct 
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and ampulla, or a benign biliary stricture are the main 
causes of extrahepatic cholestasis, and these conditions 
usually cause acute cholestasis.8 Cholestasis that persists 
more than 6 months is defined as chronic cholestasis.5 It 
is important for clinicians to distinguish extrahepatic and 
intrahepatic cholestasis, but this could be difficult when 
only considering symptoms, signs, and biochemical param-
eters. Instead, a detailed diagnostic procedure is needed to 
distinguish these different conditions. PSC is a pathology 
that affects small and large intrahepatic bile ducts and/or 
extrahepatic bile ducts, and some patients with this condi-
tion can have intrahepatic or extrahepatic lesions (Fig. 1). 
According to the location of cytological damages, Cholesta-
sis may be classified as hepatocellular or cholangiocytotic,5 

and injuries of both hepatocytes and cholangiocytes are 
known as mixed cholestasis.

Epidemiology

At present, there are no reliable data on the incidence of 
cholestatic liver diseases. Bortolini et al.9 reported that 
cholestasis was present in 882 (35%) of 2,520 patients 
who were diagnosed with chronic liver diseases for the first 
time, and that cholestasis was more common in patients 
with PBC and PSC. A study of 1,000 patients with chronic 
viral hepatitis showed that 56% of them had elevated ALP 
or GGT at discharge, and that elevation of these enzymes 

Fig. 1. Location of injuries that lead to cholestatic liver disease. BRIC, benign recurrent intra-hepatic cholestasis; ICP, intrahepatic cholestasis of pregnancy; 
IgG4-SC, IgG4-related sclerosing cholangitis; PBC, primary biliary cholangitis; PFIC, progressive familial intrahepatic cholestasis; PSC, primary sclerosing cholangitis; 
SSC, secondary sclerosing cholangitis.

Table 1.  GRADE system used to evaluate all recommendations

Grading of evidence Notes Symbol

High quality Further research is very unlikely to change confidence in the estimated effect. A

Moderate quality Further research is likely to have an important impact on confidence 
in the estimated effect and may change the estimated effect.

B

Low or very low quality Further research is very likely to have an important impact 
on confidence in the estimated effect and may change the 
estimated effect. Any estimated effect is uncertain.

C

Grading of recom-
mendations Notes Symbol

Strong recommendation 
warranted

Factors influencing the strength of the recommendation included quality 
of evidence, presumed patient-important outcomes, and cost.

1

Weaker recommendation Variability in preferences and values, or more uncertainty; more 
likely a weak recommendation is warranted. Recommendation 
has less certainty; higher cost or resource consumption.

2
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was associated with increased risk for and severity of liver 
fibrosis and cirrhosis.10 Cao et al.11 performed a survey of 
4,660 patients who were hospitalized with chronic liver dis-
eases in Shanghai and reported that the total incidence of 
cholestasis was 10.26%, and that the incidence increased 
with patient age.

Clinical manifestations

In addition to the clinical symptoms caused by the original 
disease, cholestasis itself can cause clinical symptoms, as 
well as secondary changes due to alterations in bile. Pa-
tients with early-stage disease may have no symptoms or 
nonspecific symptoms, such as fatigue, anorexia, nausea, 
and epigastric discomfort. The main clinical manifestations 
of cholestasis are jaundice, pruritus, fatigue, steatorrhea, 
xanthoma, and hepatic osteodystrophy.

Biomarkers

The most common biomarkers for cholestasis are ALP, GGT, 
bile acid, bilirubin, and several molecular markers.

ALP and GGT

Elevation of ALP and GGT are the most common manifesta-
tions of early cholestasis. It is generally thought that the 
retention of bile salts in cholestasis leads to the proliferating 
of small bile ductules with increase in ALP and GGT pro-
duction. The mechanism by which ALP and GGT enters the 
blood and increases during cholestasis is still unclear. The 
internal pressure of the bile canaliculus and ductules leads 
to abnormally increased bile excretion and this increases 
ALP production. In addition, bile acid, because of its surface 
activity, dissolves ALP from lipid membranes, and this may 
also serum increased ALP.12 Moreover, elevation of ALP can 
also occur during pregnancy, child growth, and in patients 
with bone diseases and certain tumors. Compared with 
other serum enzymes in these patients, GGT increases ear-
lier and the increase remains longer. Among liver enzymes, 
GGT has the highest diagnostic sensitivity for cholestasis, 
but its specificity is low. The sensitivity and specificity of 
GGT in the diagnosis of cholestasis are noninferior or even 
better than those of ALP. If ALP and GGT are both elevated 
and other causes of liver injury are excluded (alcoholism, 
infection, etc.), this indicates damage of hepatocytes and 
cholangiocytes. If GGT is elevated but ALP is not, this indi-
cates damage of bile canaliculus and cholangiocytes. If ALP 
is elevated but GGT is not, this indicates that liver injuries 
can often be excluded. However, in some specific cholestatic 
liver diseases, such as familial intrahepatic cholestasis (FIC 
type 1, 2, 4, 5, and 6), and USP53 deficiency disease, the 
levels of combined bilirubin or bile acid are increased, but 
GGT is normal or often reduced.13,14

Bile acids

Bile acid is more sensitive than bilirubin for the diagnosis of 
bile secretion disorder, but it is not as sensitive as ALP. Pa-
tients with many liver diseases, such as cirrhosis and acute 
and chronic hepatitis, have elevated serum bile acid. The 
normal range of fasting serum bile acid is 1.0 to 6.0 µmol/L, 
and the normal postprandial range (2 h after eating) is 6.0 
to 9.0 µmol/L. This level of bile acid can be more than 10 
µmol/L in patients with cholestasis, and there are standard 

ranges for defining mild elevation (10 to 20 µmol/L), moder-
ate elevation (20 to 40 µmol/L), and severe elevation (>40 
µmol/L).1,4 Although bile acid and cholic acid are sensitive 
markers for cholestasis, these measurements have limited 
use in China and elsewhere due to the lack of reliable de-
tection methodologies and standardization, the presence of 
various interfering factors, and poor diagnostic specificity. 
The elevation of bile acid is specific to hepatobiliary dis-
eases, the sensitivity is low and cannot be increased by the 
additional measurement of bile acid at 2 h after a meal.4

Bilirubin

Cholestasis can cause elevated serum bilirubin, especially 
direct bilirubin. Hepatocellular damage can increase direct 
and indirect bilirubin due to abnormalities in bilirubin syn-
thesis, conjugation, and excretion, but the increase of direct 
bilirubin is generally more obvious than that of indirect bili-
rubin. An increase of bilirubin without an increase of liver 
enzymes generally indicates hereditary diseases such as 
Gilbert’s disease, or hemolysis diseases.

Molecular markers

Mutations of specific genes can cause hereditary cholestatic 
liver diseases. Traditional sequencing can directly detect 
mutations in specific genes whose alteration may be sug-
gested by patient phenotype. Second-generation sequenc-
ing has also been applied in the clinic and has made it easier 
to identify certain hereditary cholestatic liver diseases, such 
as FIC. Table 2 summarizes specific hereditary cholestatic 
liver diseases and the genes with causative mutations.15 
However, mutations in individual genes account for only a 
small portion of liver diseases, and most hereditary liver 
diseases are caused by mutations of multiple genes or a 
combination of gene mutations and environmental factors.

Pathology

Patients with cholestasis have gross liver specimens that 
are yellow-green and liver biopsy specimens with scattered 
green or dark green spots. The basic pathological changes 
of intrahepatic cholestasis begin from zone 3 in the bile 
canaliculus and canals of Hering, and are characterized by 
feather degeneration of hepatocytes and plugs in the di-
lated bile ducts.6,7,16 In severe cases, the hepatocytes are 
arranged in an acinar shape around the dilated bile cana-
liculus, and there are characteristic pathological changes 
indicative of intrahepatic cholestasis. There may also be hy-
pertrophic Kupffer cells in the sinusoid bile and cholestasis 
of the interlobular bile duct in the portal area, with bile plug 
formation. Electron microscopy typically shows edematous 
and shortened microvilli of the capillary bile duct, and histo-
pathology of extrahepatic obstructive cholestasis shows bile 
lakes in the liver around the portal area, with bile granulo-
mas. Long-term extrahepatic obstruction can cause second-
ary intrahepatic cholestasis, and late-stage cholestasis can 
progress to portal fibrosis or even cirrhosis.

Diagnosis

Diagnostic criteria

There are currently no unified diagnostic criteria or specific 
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Table 2.  Genes related to cholestatic diseases15

Cholestatic disease Gene(s) affected
Alagille syndrome JAG1, NOTCH2
1-antitrypsin deficiency SERPINA1
α-methylacyl-CoA racemase deficiency AMACR
Arthrogryposis-renal dysfunction-cholestasis syndrome VIPAS39, VPS33B
Autosomal recessive polycystic kidney disease PKHD1
BA conjugation disorder SLC27A5
BA reabsorption disorder SLC10A1, SLC10A2
BA receptor defect GPBAR1
BA synthesis disorders CYP7A1
Biliary atresia SLC51B
BRIC ABCB11, ATP8B1, SLC51A
Cerebrotendinous xanthomatosis CYP27A1
Cholesteryl ester storage disease LIPA
Citrullinemia SLC25A13
Congenital bile acid synthesis defect ACOX2, AKR1D1, AMACR, CYP7B1, HSD3B7
Cystic fibrosis CFTR
D-bifunctional protein deficiency HSD17B4
Dubin–Johnson syndrome ABCC2
Extrahepatic cholestasis SLC51B
Familial hypercholanemia BAAT, TJP2
Lucey–Driscoll syndrome UGT1A1
Crigler–Najjar syndrome UGT1A1
Fanconi renotubular syndrome 3 EHHADH
Gallbladder disease ABCB4, ABCG8
Hereditary fructose intolerance ALDOB
Ichthyosis, leukocyte vacuoles, alopecia 
and sclerosing cholangitis

CLDN1

ICP ABCB4, ATP8B1
Joubert syndrome CC2D2A, MKS1, TMEM216, NPHP1
Lipid storage disorder SCP2
Transient infantile liver failure TRMU
Meckel syndrome CC2D2A, MKS1, NPHP3, TMEM216
Mitochondrial DNA depletion syndrome DGUOK, POLG, MPV17
Neonatal sclerosing cholangitis DCDC2
Nephronophthisis INVS, NPHP1, NPHP3, NPHP4
Niemann–Pick disease NPC1, NPC2, SMPD1
North American Indian childhood cirrhosis UTP4
Peroxisomal disorders PEX1, PEX10, PEX11B, PEX12, PEX13, PEX14, PEX16, 

PEX19, PEX2, PEX26, PEX3, PEX5, PEX6, PEX7
PFIC ABCB11, ABCB4, SLC51A, TJP2, ATP8B1, NR1H4, MYO5B
Renal cysts and diabetes syndrome HNF1B
Renal-hepatic-pancreatic dysplasia 1 NPHP3
Sitosterolemia ABCG5, ABCG8
Smith–Lemli–Opitz syndrome DHCR7
Transaldolase deficiency TALDO1
Tyrosinemia type I FAH
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indicators of cholestatic liver diseases, and the diagnostic 
value of ALP and GGT are uncertain. The European Associa-
tion for the Study of the Liver, which presented guidelines 
for the management of cholestatic liver diseases in 2009, 
recommended diagnosis of cholestatic liver diseases using 
upper limit of normal (ULN) thresholds; in particular they 
considered an ALP exceeding 1.5×ULN and a GGT exceed-
ing 3×ULN as pathological indicators.5 In 2015, the Chinese 
Association of Hepatology supported the same recommen-
dation.3 However, it should be noted that GGT is not el-
evated in some specific cholestatic liver diseases, such as 
some progressive familial intrahepatic cholestasis (PFIC) 
and benign recurrent intrahepatic cholestasis (BRIC). Thus, 
in view recent progress and current understanding, the pre-
sent guideline recommends a diagnosis of cholestasis when 
the ALP exceeds 1.5×ULN and the GGT exceeds 3×ULN, 
but that some specific cholestatic liver diseases (FIC 1, 2, 
4, 5, and 6, and USP53 deficiency) are characterized by 
increased conjugated bilirubin or bile acid, but normal or 
nearly normal GGT. GGT may be elevated in FIC type 3, 
Alagille syndrome, Citrin deficiency, biliary duct plate dys-
plasia (Caroli disease, congenital and cystic fibrosis), and 
Niemann-ck disease (C1/C2 type).

Diagnostic steps

First, the presence of cholestasis should be determined by 
serological measurements. Second, imaging and endoscopy 
should be used to distinguish intrahepatic from extrahepatic 
cholestasis. Finally, the diagnosis should be obtained us-
ing a comprehensive analysis of medical history, symptoms, 
and signs, blood biochemistry, imaging, endoscopy, liver bi-
opsy, and gene detection (Fig. 2).

Difference and connection with jaundice

Cholestasis has some similarities to jaundice, a condition 
due to the accumulation of all bile components, including 
bilirubin.1 However, jaundice is characterized by increased 
serum bilirubin with yellow skin and sclera. Patients with 
early-stage cholestasis typically have only elevated ALP and 
GGT, but no signs of jaundice, which appears only when the 
serum bilirubin exceeds 34.2 µmol/L. Some diseases, such 
as hereditary hyperbilirubinemia (Gilbert syndrome, Crigler-
Najjar syndrome, Dubin-Johnson syndrome, and Rotor syn-
drome) are characterized by disruption of bilirubin metabo-
lism, and affected patients have increased serum bilirubin; 
however, patients with these diseases have normal levels of 
the other components of bile, and normal levels of ALP and 
GGT, and are not considered cholestatic disorders. Jaundice 
may also occur in some hemolytic diseases, such as he-
reditary spherocytosis, thalassemia, paroxysmal nocturnal 
hemoglobinuria, acquired hemolytic anemia, and newborn 
hemolytic disease, but these patients usually have nor-
mal levels of liver enzymes. Therefore, genetic factors and 
hemolytic diseases should first be excluded when a patient 
presents with jaundice.

Recommendations

1. We recommend a diagnosis of cholestatic liver diseases 
when ALP exceeds 1.5×ULN and GGT exceeds 3×ULN 
(B1), although some familial intrahepatic cholestastic dis-
eases are characterized by elevated conjugated bilirubin 
and/or bile acids, but normal or nearly normal GGT (B2).

2. We recommend computed tomography (CT), magnetic 
resonance cholangiopancreatography (MRCP), and/or ul-

trasound imaging as the main approach to distinguish 
intrahepatic and extrahepatic cholestasis (C1).

3. We recommend endoscopic retrograde cholangiopancre-
atography (ERCP) or endoscopic ultrasonography when 
a routine imaging examination cannot provide a definite 
diagnosis, and when extrahepatic biliary obstruction or 
cholangitis is highly suspected (B1).

4. When the tests are negative for AMA, AMA2, anti-SP100, 
and anti-GP210, we recommend additional autoantibody 
tests to exclude systemic or autoimmune diseases for un-
explained intrahepatic cholestasis. We recommend a liver 
biopsy when the cause of cholestasis remains uncertain 
(C1). We recommend detection of gene variants for pa-
tients with suspected hereditary cholestasis (B1).

5. We recommend exclusion of hemolytic disease in patients 
who present with jaundice, although jaundice may be ab-
sent in patients with early-stage cholestatic liver diseases 
or hereditary hyperbilirubinemia (B1).

Treatment

Treatment principle

The main treatment principle is to etiological treatment and 
management of symptoms. Etiological treatment, such as 
removal of stones or surgical resection of tumors to relieve 
obstruction, is often the most effective treatment. Ursode-
oxycholic acid (UDCA) can also be used for PBC and PSC. 
Cessation in the use of drugs or alcohol is the most impor-
tant intervention for patients with drug- or alcohol-induced 
liver diseases. Patients with hepatitis B or C should receive 
antiviral treatment, those with autoimmune hepatitis should 
be considered for glucocorticoid and/or immunosuppressant 
treatment, and those with metabolic-related fatty liver dis-
eases should be encouraged to change their lifestyles, es-
pecially diet and exercise.

Drug treatment

The purpose of treatment is to reduce the clinical symptoms 
and liver damage caused by cholestasis. The main drugs are 
UDCA, S-adenosyl-L-methionine (SAMe), cholestyramine, 
obeticholic acid, and fibrates.17–19

UDCA

UDCA is used to treat cholestasis because of its hydrophilic, 
cytoprotective, and non-cytotoxic properties. UDCA func-
tions as a replacement for lipophilic, detergent-like toxic 
bile acids, and it promotes of secretion of bile and immune 
regulation. It can successfully manage symptoms in pa-
tients with PBC, PSC, intrahepatic cholestasis of pregnancy 
(ICP), cystic fibrosis, cholestasis after liver transplantation, 
drug-induced cholestasis, FIC, and Alagille syndrome. The 
typical dose is 10 to 15 mg/kg/day, but it can be increased 
20 to 25 mg/kg/day for cystic fibrosis and 45 mg/kg/ day 
for Byler’s disease and Alagille syndrome.

SAMe

SAMe functions as an in vivo as a methyl donor in transmeth-
ylation and a precursor of sulfhydryl compounds (cysteine, 
taurine, glutathione, and coenzyme A). SAMe can be used 
to treat hepatocellular cholestasis, ICP, and drug-induced 
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cholestasis. Intravenous SAMe (0.5 to 1.0 g/day) is recom-
mended for initial treatment, and oral SAMe tablets (1.0 
to 2.0 g/day) is recommended for maintenance treatment.

Cholestyramine

Cholestyramine is an anion exchange resin that combines 
with bile acids in the intestine, and then increases the ex-
cretion of bile acids by 3 to 4-fold above the normal level. 
Oral cholestyramine (12 to 16 g/day, t.i.d.) can be taken 

with water or another drink ∼20 minutes before meals and 
before bed. There should be an interval of at least 4 h be-
tween taking cholestyramine, UDCA, or other drugs.

Obeticholic acid

Obeticholic acid is a farnesoid X receptor (FXR) agonist that 
indirectly inhibits the expression of cytochrome 7A1 (CY-
P7A1) and the synthesis of bile acid. It is mainly used to 
treat patients with PBC who had poor responses to UDCA, 

Fig. 2.  Recommended procedures for diagnosis of cholestatic liver diseases. ALP, alkaline phosphatase; AMA, anti-mitochondrial antibodies; ANA, antinuclear 
antibodies; ERCP, endoscopic retrograde cholangiopancreatography; EUS, endoscopic ultrasound; GGT, gamma-glutamyl transferase; IgG4, immunoglobulin G4; PSC, 
primary sclerosing cholangitis.
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and the recommended oral dose is 5 to 10 mg/day. Obeti-
colic acid should be avoided in advanced and decompen-
sated liver disease.

Fibrates

Fibrates are peroxisome proliferator-activated receptor ago-
nists that reduce bile acid synthesis by inhibiting the ex-
pression of a bile acid synthase (CYP7A1). Fibrates can also 
increase bile excretion by up-regulating the expression of 
a bile acid transporter and multidrug resistance protein 3 
(MDR3). The recommended dose for oral fenofibrate is 160 
to 200 mg/day and for oral bezafibrate is 400 mg/day.

Other treatments

After fully weighing the risks and benefits, patients with 
immune-mediated cholestasis may be considered for glu-
cocorticoid or immunosuppressant treatment. Other treat-
ments, such as ultraviolet irradiation, albumin dialysis, and 
nasobiliary drainage may also be considered. Patients with 
cholestatic liver diseases who have poor responses to active 
treatment and have a risk of death within 6 to 12 months 
or a MELD score of more than 15 should be evaluated for 
liver transplantation. Traditional Chinese medicines, such 
as Yinzhihuang and Kuhuang, may provide some benefit 
for cholestatic liver diseases, but further investigations are 
needed. There are many new drugs under development, 
including FGF19 analogues, nor-UDCA, simtuzumab, inf-
liximab, and fecal transplantation, that may provide new 
alternatives in the future.

Recommendations

6. We recommend etiological treatment and management 
of cholestasis as the treatment principle for cholestatic 
liver diseases. We recommend UDCA (A1), SAMe (B1), 
cholestyramine (B1), fibrates (B1), and obeticholic acid 
(B1), alone or in combination, as the main therapeutic 
drugs.

7. We recommend a glucocorticoid and/or immunosuppres-
sant, ultraviolet irradiation, albumin dialysis, and naso-
biliary drainage (as appropriate) for patients who fail to 
respond to the above treatments (C2).

8. We recommend evaluation of patients for liver transplan-
tation if the active medical treatments for cholestatic 
liver disease were unsuccessful, or if death within 6 to 
12 months seems likely, or if the MELD score is 15 or 
more (B1).

Hereditary cholestatic liver diseases

Cystic fibrosis-associated liver disease (CFLD)

CFLD is an autosomal recessive disease caused by a muta-
tion of a cystic fibrosis transmembrane conductance regu-
lator gene (CFTR) on the long arm of chromosome 7, and 
it affects 27% of patients with cystic fibrosis. It is charac-
terized by hepatomegaly, abnormal liver biochemistry and 
ultrasound results, and may be accompanied by congenital 
cholestasis, hepatic steatosis, and focal or multilobular cir-
rhosis.20,21 There is no clear diagnostic standard for CFLD. 
About one-third of these patients have hepatomegaly, and 
this can be caused by the CFLD itself or by liver conges-

tion or cor pulmonale. If the levels of ALP, ALT, AST, biliru-
bin, and GGT are more than 1.5×ULN, further examinations 
should assess liver injury (prothrombin time and albumin) 
and exclude other causes. Ultrasonography can find signs of 
CFLD, such as hepatomegaly, abnormal bile duct, or echo-
less lesions in the liver. An abdominal CT can show the size 
of a cyst and the amount of remaining normal liver tissue. 
Because many patients have focal or multilobular fibrosis 
and cirrhosis, a liver biopsy provides little benefit. No ther-
apy of proven benefit for the long-term prognosis of CFLD 
exists. There are only limited drugs used for management 
of CFLD. UDCA (20 to 30 mg/kg/day) can improve liver bio-
chemical indexes, stimulate bile secretion from a damaged 
bile duct, improve histology (after more than 2 years), and 
improve nutritional status. Patients generally live long lives, 
and prognosis depends on the severity of CFLD, and cancer-
ization is seldom. This disease rarely needs surgical treat-
ment, but puncture and aspiration with ultrasound guidance 
can be used when there are acute symptoms, while fluids 
regenerate. Liver transplantation20–22 should be considered 
when a patient’s daily life is severely restricted or the pa-
tient has progressed to the terminal stage.

Recommendations

9. We recommend a diagnosis of CFLD based on the pres-
ence of cystic fibrosis, hepatomegaly, abnormal biochem-
ical indexes, and the numbers and sizes of cystic lesions 
from imaging (C2). We recommend UDCA (20 to 30 mg/
kg/day) to improve liver biochemical and histological in-
dexes (C1). We recommend liver transplantation when a 
patient’s daily life is severely restricted or when a patient 
has progressed to the terminal stage (B1).

FIC

FIC is a family of autosomal recessive diseases caused by 
mutations of the ATP8B1, ABCB11, ABCB4, TJP2, NR1H4, 
MYO5b, or USO53 genes. These mutations directly or in-
directly lead to abnormal function of bile canaliculus trans-
porters in hepatocytes. The incidence is similar in males and 
females.8,13,14 The most common manifestation is intrahe-
patic cholestatic jaundice with severe pruritus, conditions 
that can seriously affect quality-of-life. A physical exami-
nation shows obvious skin scratches, and cholangiography 
indicates normal intrahepatic or extrahepatic bile ducts. The 
disease exists on a spectrum that ranges from benign BRIC 
to severe PFIC. Bile duct hyperplasia is not common, but liv-
er fibrosis can eventually develop and progress into cirrho-
sis or liver failure. Some patients may experience recurrent 
and self-limited severe pruritus and cholestasis, in which 
an attack lasting weeks or months is followed by no symp-
toms for months or years, leading to the name BRIC. At the 
onset of BRIC, the liver histology shows cholestasis in the 
hepatocytes or cholangiocytes, with no obvious fibrosis; the 
liver histology and function are normal during the interictal 
period. It was initially thought that although each individual 
BRIC attack was serious, progressive liver injury and cirrho-
sis would not occur. However, there was also evidence that 
some so-called BRIC cases were recurrent and progressed to 
end-stage liver disease, and that the word “benign” should 
not be used.4 There is also evidence that some patients only 
had cholestasis during infancy without recurrence, a condi-
tion called “transient infantile cholestasis”.23 FIC 1,2,4,5,6 
are characterized by low GGT, and usually begins during the 
neonatal period. The serum bilirubin and bile acid levels are 
significantly increased, but there is no significant increase 
of GGT, and the level is often less than 100 U/L.13,14 ATP8B1 
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deficiency includes PFIC1, but the pathogenetic mechanism 
is still unclear. Patients with PFIC1 (also known as Byler’s 
disease) present with cholestasis, and may also have diar-
rhea, pancreatitis, developmental disorders, hearing loss, 
hypothyroidism, and other extrahepatic manifestations. 
Electron microscopy can be used to identify coarse particles 
of bile in the bile canaliculus (Byler bile). The phenotype 
of ATP8B1 deficiency appears unrelated to the genotype.24 
ABCB11 defect includes PFIC2 (formerly Byler’s syndrome) 
and BRIC2. The ABCB11 gene encodes a bile salt export 
pump (BSEP), the only transporter of bile salt in the bile 
canaliculus. A defective gene causes bile acid accumulation 
in hepatocytes, leading to portal inflammation and giant cell 
hepatitis. Patients with PFIC2 have an increased risk of liver 
cancer and gallstones.25,26, and there is a close relationship 
between the genotype and phenotype. The tight junction 
protein 2 (TJP2) occurs in the junctions between epithelial 
cells and endothelial cells and interacts with several other 
proteins. Patients with TJP2 deficiency, also known as FIC4, 
have loss of TJP2 protein expression in severe cases (based 
on immunohistochemistry), often leading to death or the 
need for liver transplantation. Recent studies found a sig-
nificant relationship between genotype and phenotype, with 
a continuous spectrum of clinical severity.27 The synthesis, 
secretion, and metabolism of bile acids are finely regulated 
by nuclear receptor proteins. FXR (encoded by NR1H4, also 
called FIC5) is activated by bile acid, functions in feedback 
regulation, and is the most important protein in bile acid 
homeostasis. Patients with FIC5 can experience severe neo-
natal cholestasis, early onset of non-vitamin K-dependent 
coagulation disorders, rapid development to end-stage liver 
disease, and often need early liver transplantation for sur-
vival. MYO5b functions in intracellular transport and has an 
important role in the formation of microvilli on the surfac-
es of intestinal epithelial cells and hepatocytes in the bile 
canaliculus. There is a close relationship between genotype 
and phenotype in patients with defective MYO5b genes. 
In particular, complete loss of the gene causes microvilli 
inclusion body disease; a partial loss of this gene causes 
wrong location of BSEP through a special toxic negative ef-
fect, and is also called FIC 6.28 USP53 encodes ubiquitin 
specific peptidase 53, a protein that interacts with TJP2. 
USP53 deficiency leads to cholestasis, and may be accom-
panied by hearing impairment or hearing loss in severe 
cases. Electron microscopy shows an elongation of the tight 
junction structure between hepatocytes.29 FIC 3 is caused 
by a mutation of the ABCB4 gene, which encodes MDR3, a 
phosphatidylcholine translocation enzyme in the canaliculi 
bile that transfers phosphatidylcholine from hepatocytes to 
the canaliculi bile. In contrast to other FICs, patients with 
FIC 3 usually have significantly elevated GGT. Histopathol-
ogy shows diffuse bile duct hyperplasia with portal inflam-
mation and fibrosis or cirrhosis. FIC3 may be associated 
with intrahepatic cholelithiasis. A recent study reported that 
a novel type of PFIC could be induced by a homozygous 
R148W mutation of the SEMA7A gene.30 At present, there 
no curative drugs for FIC, but UDCA and bile acid blocking 
agents are generally recommended. A dietary supplement 
of medium-chain triglycerides and fat-soluble vitamins are 
also generally recommended. UDCA may improve biochemi-
cal indexes and prolong survival of some patients with mild 
FIC3. Rifampicin can be used to relieve itching. Liver trans-
plantation is recommended for patients with advanced FIC.

Recommendation

10. We recommend a diagnosis of FIC (a group of autosomal 
recessive hereditary diseases) when the main symptoms 
are pruritus and jaundice, manifesting in varying degrees 

(B1). We recommend genetic analysis for detection as 
the gold standard for diagnosis of FIC (B1). We recom-
mend a diagnosis of FIC 1, 2, 4, 5, or 6 when the GGT is 
normal or nearly normal, and there is severe pruritus and 
different extrahepatic manifestations; we recommend a 
diagnosis of FIC3 when the GGT is elevated. Although 
there are no curative treatments for FIC (C2), we recom-
mend UDCA to improve liver function in some patients 
with FIC3 (C2). We recommend a bile shunt to improve 
some liver biochemical indexes for suitable patients with 
FIC (C2). We recommend assessment of the suitability 
for liver transplantation in patients with advanced dis-
ease (B1).

Alagille syndrome

Alagille syndrome has an autosomal dominant inheritance 
and is caused by mutations of the JAG1 gene (94%) or 
NOTCH2 gene (2.5%), both of which function in the Notch 
signaling pathway. The incidence of this disease is higher 
in children and adolescents. The disease is characterized 
by elevated GGT and involvement of various extrahepatic 
organs, including the cardiovascular system, bones, kid-
neys, eyes, and face. The estimated incidence is 1/30,000 
to 1/70,000. There is no significant relationship between 
genotype and phenotype in this disease.31,32 The most im-
portant feature of Alagille disease is a decrease or total lack 
of the interlobular bile ducts as indicated by liver biopsy, but 
some patients lack this manifestation or have bile ductule 
or interlobular hyperplasia in the early stage. The diagnostic 
criteria are: (1) reduced or absent interlobular bile ducts 
based on histology, with at least three characteristic clini-
cal features (chronic cholestasis, heart murmur, butterfly 
vertebrae, eye abnormalities, kidney abnormalities, and 
characteristic facial features); (2) at least four of the above 
clinical features in the absence of hepatic histologic inter-
lobular bile duct decrease or lack of evidence; (3) at least 
two of the above clinical features with clear family history 
of the disease, or identification of the gene mutation. There 
are no satisfactory treatments for Alagille syndrome, but 
symptoms can be managed using UDCA, drugs blocking bile 
acid enterohepatic circulation, and a dietary supplement 
of fat-soluble vitamins. The US Federal Drug Administra-
tion recently approved oral miracidia chloride (Livmarli) for 
treatment of cholestatic pruritus in patients with Alagille 
syndrome who are aged 1 year and older.33 Ileal bile acid 
transporter (IBAT) inhibitors have also been approved for 
PFIC1 and 2 in Europe. The drug inhibits IBAT and blocks 
the intestinal hepatic circulation of bile acids.

Recommendation

11. We recommend considering Alagille syndrome when 
children or adolescents present with cholestasis. We rec-
ommend confirmation of mutations in JAG1 or NOTCH2, 
which lead to a decrease of interlobular bile ducts, 
cholestasis with pruritus, and multiple system damage 
(especially disorders of the cardiovascular system, eyes, 
and bones, and facial abnormalities) to confirm the diag-
nosis. We recommend symptomatic and supportive man-
agement as the main treatments (C2).

ICP

Genetic, hormonal, and environmental factors can contrib-
ute to the pathogenesis of ICP. Affected patients experience 
increased flow of bile acid from the mother to the fetus, 
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and increased bile acid in the amniotic fluid, umbilical cord 
blood, and meconium.34,35 The incidence of ICP is higher 
in twin pregnancies. Use of high-dose contraceptives and 
progesterone might induce ICP, suggesting that hormones 
function in the pathogenesis. An increased incidence among 
family members and differences among races suggest a role 
of genetic factors. Recent genetic studies identified muta-
tions of canaliculi bile transporter genes (ABCB4, ABCB11, 
ABCC2, and ATP8B1) and NR1H4 in some ICP patients. Dur-
ing pregnancy, when hormones and other substrates ex-
ceed the transport capacity of the bile canaliculi transporter, 
a mild dysfunction of bile transportation can apparently 
induce cholestasis. Therefore, if cholestasis with elevated 
GGT level persists after delivery, an ABCB4 mutation should 
be considered.

Diagnosis: These patients experience cholestasis during 
late pregnancy, with rapid and spontaneous recovery after 
delivery. The three main characteristics in pregnant women 
are: (1) severe pruritus, typically during the second or third 
trimester; (2) increased levels of ALT, fasting bile acid, and 
glycocholic acid; (3) spontaneous remission of symptoms 
and signs after delivery, typically within 4 to 6 weeks.34–36 
Pruritus can cause significant discomfort and distress in 
pregnant women, and ICP increases the risk of premature 
delivery and sudden fetal death. Patients usually have good 
prognoses, but if the jaundice is persistent then massive 
hemorrhage may occur during labor due to a deficiency of 
vitamin K-dependent coagulation factors II, VII, and X. The 
risks of fetal distress, premature delivery, and stillbirth are 
relatively high. ICP can be diagnosed according to clinical 
manifestations of elevated serum glycocholic acid (≥10.75 
µmol/L) and total bile acid (≥10 µmol/L). A diagnosis can 
be confirmed when these liver biochemical indexes return 
to normal after delivery. ICP patients who have the ABCB4 
mutation have an elevated GGT, but are otherwise normal. 
About 10 to 15% of these patients have only a moderate 
increase of serum conjugated bilirubin and mild jaundice. 
ICP diagnosis requires the exclusion of other diseases, and 
the final diagnosis is made by postpartum recovery. A liver 
biopsy is usually not necessary.

In addition to ICP, preeclampsia, Hemolysis, Elevated 
Liver enzymes, and Low Platelet count (HELLP) syndrome, 
and acute fatty liver of pregnancy.4 should be considered 
when abnormal biochemical parameters occur during preg-
nancy. Preeclampsia, the rapid elevation of blood pressure 
during pregnancy, can lead to organ damage. Organ dam-
age is multifaceted and kidney damage during preeclampsia 
manifests as increased urine protein. Preeclampsia can also 
cause abnormal liver biochemical parameters, thrombocy-
topenia, and hemolysis.

HELLP syndrome is characterized by hemolysis, el-
evated liver enzymes, and thrombocytopenia (<50×109 
platelets/L), and is a serious complication from hyperten-
sion disorders during pregnancy. HELLP mostly occurs dur-
ing the prenatal period, and these patients have bilirubin 
below 85 µmol/L, liver necrosis, hemangioma, and evidence 
of hepatic rupture based on imaging. Acute fatty liver of 
pregnancy is a kind of acute hepatic steatosis that can occur 
during late pregnancy, mostly in young primiparas. It usual-
ly occurs during the last three months of pregnancy or early 
postpartum. The onset is sudden and the prognosis is poor 
without aggressive and rapid treatment. The clinical mani-
festations are similar to those of acute severe hepatitis, and 
it is characterized by acute liver failure, often accompanied 
by renal failure. Liver steatosis can be identified by imaging.

Treatment: UDCA can be used as a first-line drug for 
treatment of ICP. This treatment can reduce pruritus and 
improve liver biochemical parameters in 67% to 80% of 
patients.34–36 The effect of SAMe is inferior to UDCA, but 
it may provide additional benefit. If pruritus does not de-
crease after several days of standard UDCA treatment, 

SAMe or rifampicin should be considered. There is also a 
need for increased fetal monitoring during treatment, and 
birth induction should be considered to reduce perinatal 
mortality. In particular, birth induction should be considered 
after 35 weeks of pregnancy if there is evidence of disease 
progression, no inhibition of uterine contraction, abnormal 
fetal movement, fetal heart rate variability or no response 
to a stress test, or contamination of the amniotic fluid with 
meconium.4

Recommendations

12. We recommend the following diagnostic criteria for IPC: 
(1) pruritus during pregnancy; (2) increased levels of se-
rum ALT, fasting bile acid, and glycocholic acid; and (3) 
exclusion of other causes of liver dysfunction or pruritus. 
Diagnosis is confirmed if the liver biochemical parame-
ters return to normal after delivery (B2).

13. We recommend UDCA and SAMe for symptomatic pa-
tients who have cholestasis during the second or third 
trimesters of pregnancy to relieve pruritus and improve 
liver biochemistry (B1). Other than supportive care, we 
are unable to recommend a treatment to protect the fe-
tus and reduce fetal complications (C2).

Extrahepatic manifestations and management

Pruritus

Pruritus is the sensation of skin irritation in the absence of 
primary skin damage that leads to excessive scratching. It 
differs from the senses of touch and pain in nature, persis-
tence, and location. The existence of pruritus itself has no 
prognostic value and does not reflect disease severity. The 
pathogenesis of pruritus is not clear, but it may be related 
to increased activity of an autocrine movement factor (au-
totaxin) and the formation of lysophosphatidic acid.37,38 In 
addition, bile acid salt, endogenous opioid peptide, 5-hydrox-
ytryptamine (5-HT), hyperactivity of sensory neurons, es-
trogen and progesterone, hepato-intestinal pruritus changes, 
and genetic factors may contribute to pruritis. The relation-
ship between pruritus and cholestasis suggests that the 
substances causing pruritus are normally excreted in bile. 
The resolution of pruritus during hepatocyte failure indicates 
that these substances are produced by hepatocytes, but se-
rum bile acid remains very high in this situation.4 Pruritus 
can be divided into three categories based on severity.38,39 
First, a visual analog scale classifies the severity of pruri-
tus as scratch, plaque, nodule, and/or scar according to the 
characteristics of skin scratches, and the degrade is 0–3 ac-
cording to the light, moderate, and severe degree, and the 
total score ranges from 0 to 10. Second, an Itch Severity 
Scale considers the frequency of itching, sleep, mood, sexual 
desire, sexual function, and uses a Likert scale to assess the 
intensity of pruritus and the total surface area of the body 
that is affected; the total score ranges from 0 to 21, with 21 
indicating the most severe itching. Third, a semiquantitative 
evaluation of pruritus can be performed by recording the fre-
quency of pruritus, with division into four stages: occasional, 
daily intermittent without clinical symptoms, daily intermit-
tent with clinical symptoms, and persistent.

Several drugs can be used alone or in combination to 
reduce pruritus, including cholestyramine, antihistamines, 
pregnane X receptor agonists, opioid receptor antagonists, 
and 5-HT receptor antagonists. Oral cholestyramine is a 
first-line treatment for cholestatic pruritus.5,40, with a rec-
ommended dose of 4 g/day and a maximum dose of 16 
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g/day. When administered with other drugs (especially 
UDCA), cholestyramine should be taken at intervals of 4 
to 6 h to prevent interactions. Rifampicin, a pregnane X 
receptor agonist, is a second-line treatment for pruritus. 
Rifampicin down-regulates ATX and reduces the formation 
of lysophosphatidic acid, especially in patients who are in-
tolerant or nonresponsive to cholestyramine.41 The recom-
mended oral dose is 150 mg/day initially, and this dose can 
be maintained if it is effective. If necessary, the dose can be 
increased to 600 mg/day every other week. When rifampic-
in is used to treat methadone addicts, it can cause opioid 
withdrawal reactions. Therefore, rifampicin might relieve 
cholestatic pruritus due to its opioid antagonistic effects. 
Red urine, toxic kidney damage, liver toxicity, and hemoly-
sis (rarely) may occur after use of rifampicin. Due to the 
potential of rifampicin to cause liver damage, it is necessary 
to closely monitor biochemical parameters during treat-
ment. Oral naltrexone, an opioid receptor antagonist, can 
be given at a dose of 25 to 50 mg/day as a third-line treat-
ment for pruritus. Some patients have nausea, vomiting, 
mild pain, and other side effects due to this treatment. The 
metabolites of naltrexone can accumulate in patients with 
decompensated liver disease, so caution should be used 
when treating these patients. Treatment should begin with 
a low dose, and the dose can then be gradually increased 
to avoid withdrawal effects, similar to the recommendations 
for anesthetics.40

If the above drugs are ineffective, sertraline (a selective 
5-HT reuptake inhibitor) can be used as a fourth-line treat-
ment. The initial dose of 50 mg/day can be increased to 100 
mg/day after a few weeks. In recent years, ultraviolet radia-
tion, albumin dialysis, and nasobiliary drainage have been 
used to manage cholestatic pruritus, and favorable curative 
effects were reported. Liver transplantation should be con-
sidered for patients with intractable pruritus who have poor 
responses to drugs or other approaches.

Recommendations

14. We recommend cholestyramine as a first-line drug for 
treatment of pruritis, with an initial dose of 4 g/day and a 
maximum dose of 16 g/day. We recommend doses taken 
at intervals of 4 to 6 h when using other drugs (especially 
UDCA) so as not to affect their absorption (B2).

15. We recommend oral rifampicin as a second-line drug for 
treatment of pruritus, with an initial dose of 150 mg/day, 
and continuation at this dose if effective. If necessary, 
the dose can be increased to 300 mg/day every other 
week. We recommend close monitoring of liver biochemi-
cal parameters should during treatment (C2).

16. We recommend oral naltrexone, an opioid receptor an-
tagonist, as a third-line drug for treatment of pruritus, 
beginning with a dose of 25 mg/day, and gradually in-
creasing the dose to 50 mg/day to prevent withdrawal 
effects, similar to anesthetics (C1).

17. We recommend sertraline, a selective 5-HT reuptake 
inhibitor, as a fourth-line drug for treatment of pruritus, 
with an initial dose of 50 mg/day, and increasing the dose 
to 100 mg/day after a few weeks if necessary (C2).

18. We recommend ultraviolet irradiation, albumin dialysis, 
or nasobiliary drainage if the other treatments for pruritus 
are ineffective (C2). We recommend consideration of liver 
transplantation in patients with severe pruritus who have 
poor responses to drugs and other approaches (C2).

Fatigue

Patients with cholestasis, especially those with PBC, often 

experience fatigue, and fatigue occurs in 70 to 80% of pa-
tients with chronic cholestasis.4 Fatigue is a complex symp-
tom that includes persistent feelings of exhaustion, loss of 
normal working ability, and decline of psychological and 
physiological functions. Because it is a non-specific symp-
tom, the Fatigue Impact Score or the Primary Biliary Cirrho-
sis 40 scale (PBC-40) may be used to assess symptoms and 
severity.42,43 The pathogenesis of fatigue is still not clear, 
and there is no effective treatment. Anemia, diabetes, hy-
pothyroidism, renal and adrenal insufficiency, and depres-
sion should be excluded before treatment. At present, the 
possible therapeutic methods and drugs are selective 5-HT3 
receptor antagonists such as ondansetron, opioid receptor 
antagonists, and the central nervous stimulant modafinil. 
The initial dose of modafinil is 100 mg/day, and it may be 
gradually increased to 200 mg/day according to tolerance 
and responsiveness, but further studies of its efficacy are 
needed. Although UDCA is an effective treatment for PBC, 
it apparently has no significant effect on the accompanying 
symptoms of fatigue. Even 1 year after liver transplanta-
tion, fatigue may remain a persistent symptom for these 
patients, although the degree of fatigue may be less. A 
healthy lifestyle, including adequate sleep, regular exercise, 
abstinence from alcohol, and avoidance of coffee at night 
are beneficial. Antidepressants may partly reduce the fa-
tigue of patients with depression.

Xanthoma

Xanthomas are common in patients with chronic cholesta-
sis. This condition is characterized by flat or slightly raised 
fat deposits on the skin surface that are yellow and soft and 
often occur around the eyes. They may also occur in the 
palmar fold, breast, neck, chest, and back. Their occurrence 
is related to an elevated level of blood lipids, with serum 
cholesterol usually more than 4.5 g/L. When jaundice sub-
sides or liver failure occurs, the level of cholesterol drops 
and these manifestations might disappear. Xanthomas re-
quire no special treatment.

Dyslipidemia

Cholestasis inhibits the metabolism of cholesterol due to the 
increase of bile acid, and this often leads to lipid metabolic 
disorder. Thus, patients with cholestasis often have elevated 
levels of cholesterol and triglycerides, although there is no 
evidence that this increases their risk of atherosclerosis. 
Statins and fibrates are safe treatments for patients who 
have cholestatic liver disease with lipid metabolic disor-
ders.44 Cholestyramine can also reduce the level of blood 
lipids.

Steatorrhea

Steatorrhea is characterized by large stools that are soft, 
excessively oily, gray, and with a peculiar smell. This may 
occur in patients with cholestasis because the intestinal 
tract lacks sufficient bile salt, leading to impaired digestion 
and absorption of fats and fat-soluble vitamins (A, D, E, and 
K). Thus, steatorrhea is positively correlated to the degree 
of jaundice.

Recommendations

19. We recommend exclusion of anemia, diabetes melli-
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tus, hypothyroidism, renal and adrenal insufficiency, and 
depression when a patient presents with cholestatic fa-
tigue. We recommend adequate sleep, regular exercise, 
and abstaining from alcohol and coffee for management 
of fatigue (C2). We recommend selective 5-HT3 recep-
tor antagonists, such as ondansetron, an opioid receptor 
antagonist, or the central nervous stimulant modafinil as 
drug treatments (C2). We recommend antidepressants to 
assist in reducing fatigue in patients with depression. We 
do not recommend liver transplantation for management 
of fatigue (C2).

20. We recommend no special treatment for xanthoma 
(B2). We recommend statins and fibrates for patients 
with dyslipidemia, and cholestyramine to help resolve 
dyslipidemia (B2).

Hepatic osteodystrophy

Bone complications may occur in patients with chronic liver 
disease due to osteoporosis and osteomalacia, and these 
can manifest as bone pain and fracture. Osteoporosis is 
characterized by bone matrix or mineral loss and osteoma-
lacia as osteoid mineralization defects. Dual energy X-ray 
absorptiometry (DEXA) is used to diagnose osteoporosis 
based on bone mineral density (BMD).4,5,45 According to 
the diagnostic criteria of the World Health Organization, 
BMD measured by DEXA is defined by T-score, which in-
dicates the number of standard deviations above or below 
the mean (normal: T-score ≥ −1.0; osteopenia: −2.5 < 
T-score < −1.0; osteoporosis: T-score ≤ −2.5). The treat-
ments for osteoporosis include following a healthy diet and 
lifestyle with exercise, use of calcium and vitamin D supple-
ments, and drug interventions. The Chinese Nutrition Asso-
ciation recommends 800 mg calcium per day for adults and 
a 1,000 mg calcium per day for postmenopausal women 
and the elderly. The recommended dose of vitamin D for 
adults is 200 IU/day, and the dose for the elderly is 400 to 
800 IU/day, especially when there is a lack of exposure to 
sunshine and/or impaired intake or absorption. The dose 
of vitamin D should be 800 to 1,200 IU/day for treatment 
of osteoporosis. Epidemiological data support the use of 
calcium supplements (1,000 to 1,200 mg/day) and vitamin 
D (400 to 800 IU/day) for reducing or reversing the rate 
of bone loss. Hormone replacement therapy is effective in 
postmenopausal women. To decrease the risk of hepato-
cellular carcinoma, males should avoid testosterone. Re-
search supports the use of diphosphonates (alendronate 
at 70 mg/week, ibandronate at 150 mg/month, or other 
similar drugs) to treat and prevent osteoporosis. Annual 
BMD measurements should be performed during follow-up 
to assess treatment efficacy.

Deficiency of fat-soluble vitamins

Cholestasis leads to disruption in the secretion of bile from 
the liver to the small intestine, and this decreases bile salt 
in the intestine and can cause a deficiency of fat-soluble 
vitamins and steatorrhea. Therefore, fat-soluble vitamins 
should be administered as dietary supplements.45 If the 
prothrombin time(PT) is prolonged, intramuscular vitamin 
K1 (10 mg/day) can be given until it returns to normal. Oral 
vitamin A at a dose of 25,000 to 50,000 IU/day can be used 
to treat night blindness. Vitamin E deficiency is rare, but 
children with cerebellar ataxia, posterior funicular dysfunc-
tion, peripheral neuropathy and retinal degeneration, might 
benefit from oral supplements. Measuring the blood levels 
of fat-soluble vitamins can help guide their administration, 
but these measurements are not common.

Recommendations

21. We recommend calcium and vitamin D supplements for 
prevention of osteoporosis. For calcium, adults should 
take 800 mg/day and postmenopausal women and the 
elderly should take 1,000 mg/day. For vitamin D, adults 
should take 200 IU/day, and the elderly should take 400 
to 800 IU/day (C1). We recommend diphosphonates 
(alendronate, 70 mg/week; ibandronate, 150 mg/month; 
and others) for treatment and prevention of osteoporosis 
(C2). We recommend annual BMD measurements during 
the treatment and follow-up of patients with osteoporosis 
(C2).

22. We recommend monitoring and supplementation of fat-
soluble vitamins. We recommend intramuscular vitamin 
K1 (10 mg/day) for patients with prolonged PT (B1) and 
oral vitamin A (25,000 to 50,000 IU/day) for night blind-
ness due to vitamin A deficiency (C1). Although vitamin E 
deficiency is rare, if present we recommend an oral dose 
of 10 to 100 mg/day (C2).

Problems to be Solved

Although there has been significant progress in the diagno-
sis and treatment of cholestatic liver diseases during recent 
years, many problems and challenges remain. In terms of 
basic research, there is a need for more studies that exam-
ine the mechanisms of these diseases (especially at the mo-
lecular level), the effect of heritable risk factors and altera-
tions of different bile acid transporters on the occurrence 
and development of disease, and the influence of bile acid 
composition on the liver and the whole body. PBC and PSC 
are the major cholestatic liver diseases, and their etiologies 
are not yet fully clear. UDCA is the main treatment for PBC, 
but some patients have poor responses to this drug. In ad-
dition, there is no effective drug for PSC. The epidemiology, 
diagnostic markers, and diagnostic criteria for cholestatic 
liver diseases require further studies for verification. There 
is also an urgent need to identify additional drugs and treat-
ments for the different cholestatic liver diseases.
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Abstract

Background and Aims: The anticipated fear of serious out-
comes in coronavirus infected liver transplant recipients led to 
disruption of transplant services globally. The aim of our study 
was to analyze COVID-19 severity in transplant recipients and 
to compare the difference of COVID-19 clinical outcomes in 
early (<1 year) vs. late (>1 year) post-transplant period. 
Methods: 41 post-living donor liver transplant recipients with 
COVID-19 infection were studied retrospectively from 1st 
April 2020 to 28th February 2021. Results: The median age 
was 49.00 years with a male preponderance (80.49%). Fif-
teen patients had infection within 1 year of transplant and 26 
were infected after 1 year of transplant. The overall median 
interval between transplantation and COVID-19 diagnosis was 
816.00 days. Fever and malaise were the common presenting 
symptoms. The most common associated comorbidities were 
diabetes mellitus (65.85%) and hypertension (46.34%). The 
severity of illness was mild in 28 (68.29%), moderate in 4 
(9.76%), severe in 6 (14.63%) and critical in 3 (7.32%). To 
identify associated risk factors, we divided our patients into 
less severe and more severe groups. Except for lymphopenia, 
there was no worsening of total bilirubin, transaminases, al-
kaline phosphatase, and gamma-glutamyl transferase in the 
more severe group. Eight (19.51%) patients required inten-
sive care unit admission and three (7.32%) died, while none 
suffered graft rejection. In recipients with early vs. late post-
transplant COVID-19 infection, there were similar outcomes 
in terms of severity of COVID-19 illness, intensive care unit 

care need, requirement of respiratory support, and death. 
Conclusion: Living donor liver transplantation can be per-
formed during the COVID-19 pandemic without the fear of 
poor recipient outcome in cases of unfortunate contraction of 
severe acute respiratory syndrome coronavirus-2.

Citation of this article: Jamir I, Kumar N, Sood G, George 
A, Lohia P, Pasupuleti SSR, et al. Impact of Living Donor 
Liver Transplantation on COVID-19 Clinical Outcomes from 
a Quaternary Care Centre in Delhi. J Clin Transl Hepatol 
2022;10(4):770–777. doi: 10.14218/JCTH.2021.00303.

Introduction

The current coronavirus disease-19 (COVID-19) pandemic 
caused by severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) has witnessed a disruption in transplant activi-
ties worldwide. The anticipated fear of potential serious out-
come in solid organ liver transplantation, particularly in the 
perioperative and early postoperative periods, when there is 
maximal immune suppression, led to this disruption. There 
is also a possibility of eligible liver donors being infected with 
SARS-CoV-2 and transmitting the same to their recipients. 
Furthermore, the added risk of nosocomial infections during 
hospital stays and follow-up visits put the transplantation pro-
gram on the back foot. Last year, transplant services were 
restarted in most centers across the world after an initial sus-
pension and subsequent revamp.1,2 The emerging reports of 
increased morbidity and mortality due to COVID-19 infection 
in patients with chronic liver disease and cirrhosis, as com-
pared to the general population, vs. denial of a timely life-
saving transplant procedure in already sick patients poses an 
ethical dilemma. At the same time, by subjecting these pa-
tients to a major liver transplantation procedure followed by 
iatrogenic immunosuppression, which can lead to the worsen-
ing of perioperative and short-term outcomes in case of unfor-
tunate contraction of SARS-CoV-2, needs to be investigated.

Our transplant center is located at Delhi, which is a ma-
jor hotspot for the COVID-19 pandemic. We restarted our 
transplant services after an initial period of precaution, with 
restructuring of COVID safe clinical protocols.1 While India 
is currently reeling under the tsunami of the pandemic’s 2nd 
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wave caused by new variants of the SARS-CoV, the data 
presented here is from the 1st wave, which was kinder to 
the Indian sub-continent compared to the west.3,4

The data on outcome of COVID-19 infection in living do-
nor liver transplantation (LDLT) recipients is sparse, with 
most reports being from the west and involving primarily 
deceased donor programs. The aim of this study was to 
investigate the severity of COVID-19 infection in our trans-
plant recipients and to compare the impact of liver trans-
plantation on COVID-19 clinical outcomes in the early (<1 
year) vs. late (>1 year) post-transplant period.

Methods

This was a retrospective observational study of 41 post-
LDLT recipients who contracted SARS-CoV-2 infection dur-
ing the 1st wave of the COVID-19 pandemic (1st April 2020 
to 28th February 2021). During this period, a total of 54 
LDLT and 3 simultaneous live liver-kidney transplants were 
conducted at our center, out of which 12 recipients contract-
ed SARS-CoV-2 infection. The remaining 29 were recipients 
who had been transplanted prior to 1st April 2020 and were 
infected during this time interval.

Inclusion criteria

All LDLT recipients (age at COVID-19 diagnosis >18 years) 
being followed up at the BLK-MAX hospital with positive na-
sopharyngeal swab real time-polymerase chain reaction be-
tween 1st April 2020 to 28th February 2021.

Exclusion criteria

Recipients with negative real time-polymerase chain reac-
tion test.

Definitions

The need for respiratory support was categorized as no oxy-
gen, low oxygen requirement (LOR), high oxygen require-
ment (HOR), and mechanical ventilation (MV). LOR used a 
nasal cannula hooked up to Venturi mask, with FiO2 of 0.5. 
HOR used a Venturi mask, with FiO2 of 0.6, a reservoir mask 
with oxygen at 15 L/min, and high-flow nasal ventilation as 
well as non-invasive ventilation.

Recipients with SARS-CoV-2 infection were further clas-
sified into categories of severity per World Health Organiza-
tion guidelines, as detailed here:5

Mild illness: Clinical symptoms (e.g., fever, cough, sore 
throat, malaise, headache, nausea, vomiting, diarrhea, loss of 
taste and smell) and no radiological evidence of pneumonia.

Moderate illness: Fever, respiratory symptoms, and im-
aging findings of pneumonia.

Severe illness: Any of the following: respiratory rate of 
>30 times per minute, SpO2 of <94% on room air, a ratio 
of arterial partial pressure of oxygen to fraction of inspired 
oxygen of <300 mmHg, or lung infiltrates of >50%.

Critical illness: Any one of the following: respiratory 
failure, requirement of mechanical assistance, shock, or 
“extrapulmonary” organ failure.

Clinical outcome measures

For the purpose of identifying risk factors and evaluating 

their clinical profile, patients were divided into two broad 
groups, namely less severe and more severe. The less se-
vere group was comprised of those with mild illness and the 
more severe group was comprised of moderate, severe, and 
critical illnesses.

To compare COVID-19 clinical outcomes in the early vs. 
late post-transplant periods, the cohort was divided into two 
groups. The early period represented when COVID-19 infec-
tion was contracted within 1 year of undergoing transplant. 
The late period was represented when recipients were in-
fected after 1 year past the transplant. The impact of time 
duration from transplant surgery to SARS-CoV-2 infection 
was evaluated with respect to degree of requirement of res-
piratory support, hospital admissions, intensive care unit 
(ICU) need, COVID-19 illness severity, and mortality.

The institutional review board of Dr. B.L. Kapur Memo-
rial Hospital approved this study protocol (IRB committee/
AARCE/July/2021/34), which waived the requirement for 
informed consent due to the retrospective nature of the 
study design.

Statistical analysis

Descriptive statistics are presented in the form of mean ± 
standard deviation for continuous variables and as frequen-
cies and percentages for categorical variables. For compar-
ing means of two groups, independent samples t-test was 
used for normally distributed data and Mann-Whitney U-test 
was used for non-normally distributed data. Fisher’s exact 
test was used to test the association between two categori-
cal variables. All statistical analyses were performed using 
SPSS version 20 (IBM Corp., Armonk, NY, USA).

Results

The baseline demographic and clinical characteristics are 
described as median (range) or frequency (percentage) (Ta-
ble 1). The majority of the patients were male. The median 
patient age was 49.00 years (interquartile range [IQR]: 
44.00, 60.00) and BMI was 29 kg/m2 (IQR: 26.00, 31.00). 
Ethanol was the primary etiology for liver cirrhosis. The me-
dian time from liver transplantation to COVID-19 infection 
was 816.00 days (IQR: 223.00, 2,081.00). All patients pre-
sented with fever, with a median temperature of 100.60 °F 
(IQR: 99.50, 101.00). The next most common presenting 
symptom was malaise (in 68.29%), and 65.85% had diabe-
tes mellitus while 46.34% had hypertension as comorbidi-
ties (Table 1).

The majority of our patients (n=27, 65.85%) did not re-
quire any oxygen support, while 7 (17.07%) required LOR, 
4 (9.76%) required HOR, and 3 (7.3.2%) required MW.

Observed immunosuppressant strategies and clinical 
management

Of the 41 recipients, 39 (95.12%) were on tacrolimus and 
24 (58.54%) were on oral mycophenolate sodium (Myfor-
tic, Novartis, Wehr, Germany). Tacrolimus was continued 
without dose alteration in non-hospitalized patients (i.e. 
those with mild and moderate illness). Those hospitalized 
underwent minimization of tacrolimus to 1/3rd dose (target 
level: 4–6 ng/dL). Tacrolimus was withheld in cases of se-
vere illness with underlying or suspected sepsis and in cases 
of critical illness. The antimetabolite Myfortic was withheld 
temporarily in all patients with active infection, for a mini-
mum of 2 weeks or until resolution of symptoms.

Eighteen (43.90%) recipients were on baseline mainte-
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Table 1.  Clinical and laboratory characteristics of COVID-19 in LDLT recipients

Factor Value, n=41

Male sex, n (%) 33 (80.49)

Female sex, n (%) 8 (19.51)

BMI in kg/m2, median (IQR) 29.00 (26.00, 31.00)

Age in years at diagnosis of COVID-19, median (IQR) 49.00 (44.00, 60.00)

Days from LT to COVID-19, median (IQR) 816.00 (223.00, 2,081.00)

Perioperative SAR-CoV-2 diagnosis within 30 days 3 (7.3)

Primary etiology, n (%)

  Ethanol 17 (41.46)

  Hepatitis B 9 (21.95)

  Nonalcoholic fatty liver disease 8 (19.51)

  Hepatitis C 4 (9.76)

  Others 3 (7.32)

Hepatocellular carcinoma, n (%) 7 (17.50)

Hospital-acquired SARS-CoV-2, n (%) 3 (7.32)

Severity of COVID-19, n (%)

  Mild 28 (68.29)

  Moderate 4 (9.76)

  Severe 5 (14.63)

  Critical 3 (7.32)

SpO2 lowest %, median (IQR) 96.00 (94.00, 98.00)

COVID symptoms

  Fever (maximum temperature in °F), median (IQR) 100.60 (99.50, 101.00)

  Malaise, n (%) 28 (68.29)

  Cough, n (%) 14 (34.15)

  Difficulty in breathing, n (%) 12 (29.27)

  Sore throat, n (%) 11 (26.83)

  GI symptoms, n (%) 6 (14.63)

  Loss of smell, n (%) 4 (9.76)

  Loss of taste, n (%) 2 (4.88)

Comorbidities, n (%)

  Diabetes mellitus 27 (65.85)

  Hypertension 19 (46.34)

  Chronic kidney disease 1 (2.44)

  Malignancy 1 (2.44)

Total admissions, n (%) 14 (34.15)

ICU, n (%) 8 (19.51)

Oxygenation, n (%)

Room air, n (%) 27 (65.85)

LOR, n (%) 7 (17.07)

HOR, n (%) 4 (9.76)

MV, n (%) 3 (7.32)

Laboratory assessment at time of diagnosis, median (IQR)

  Lowest ALC recorded as ×103 cells/µL 1.20 (0.80, 1.60)

(continued)



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  770–777 773

Jamir I. et al: LDLT and COVID-19 clinical outcomes

nance oral prednisolone pre-COVID-19. Our strategy was 
to double the oral steroid on a case-to-case basis, with a 
maximum ceiling dose of 20 mg/day. Of the 14 (34.15%) 
patients who needed admission, injectable steroids were 
administered in 11 (26.83%) patients.

None of the patients developed acute cellular rejection 
during the COVID-19 illness with our immunosuppressant 
strategies. One recipient underwent percutaneous liver bi-
opsy for suspected acute rejection, which was subsequently 
diagnosed as severe steatosis.

In total, 65.85% patients received antibiotic prophylaxis. 
Five (12.20%) patients received convalescent plasma ther-
apy (CPT), and remdesivir was given to five (12.20%) pa-
tients, out of which three received both CPT and remdesivir. 
Four patients in severe illness category and one patient with 
critical illness received CPT and /or remdesivir, with com-
plete recovery of four of the severely ill patients. In total, 29 
(70.73%) and 17 (41.46%) patients were on ecosprin and 
rivaroxaban, respectively, and 11 received both; injected 
enoxaparin was started in all admitted patients. None of our 
patients received ritonavir, hydroxychloroquine, ivermectin 
or tocilizumab.

The potential risk factors impacting the severity of COV-
ID-19 illness were analyzed. In total, 28 (68.29%) patients 
were classified into the less severe group and 13 (31.7%) 
patients were classified into the more severe group. The two 
groups were similar in age, BMI, sex, primary etiologies, and 
comorbidities (Table 2). Control for comorbidities like dia-
betes mellitus and hypertension was not carried out in this 
study, as they were not found to be associated with severity 
of COVID-19 infection in our bivariate analysis (Table 2). In 
both groups, total bilirubin levels (0.71 mg/dL vs. 0.80 mg/
dL, p=0.70), aspartate aminotransferase (AST) (47.00 IU/L 
vs. 40.00 IU/L, p=0.50), alanine aminotransferase (ALT) 
(48.50 IU/L vs. 40.00 IU/L, p=0.39), alkaline phosphatase 
(ALP) (130.50 U/L vs. 108.00 U/L p=0.64), gamma-gluta-
myl transferase (GGT) (76.50 U/L vs. 61.00 U/L, p=0.79), 
and creatinine (0.98 mg/dl vs. 0.90 mg/dl, p=0.99) at ad-
missions were comparable, and thus were not affected by 
severity. Only the absolute lymphocyte count (1.40×103/
µL vs. 0.65×103/µL, p<0.001) was significantly lower in the 
more severe group (Table 2). In the patients who required 
ICU admission, the absolute lymphocyte count was signifi-
cantly lower than in the group who did not require ICU care 

Factor Value, n=41

  Total bilirubin as upper limit of normal 1.3 mg/dL 0.80 (0.50, 1.20)

  Peak AST as upper limit of normal 40 U/L 44.00 (31.00, 55.00)

  Peak ALT as upper limit of normal 50 U/L 47.00 (29.00, 83.00)

  ALP as upper limit of normal 130 U/L 120.00 (94.93, 198.00)

  GGT as upper limit of normal 60 U/L 76.00 (45.00, 158.00)

  Peak creatinine in mg/dL 0.98 (0.83, 1.21)

Immunosuppression, n (%)

  Pre-COVID-19 infection tacrolimus 39 (95.12)

  During COVID-19 tacrolimus continued 31 (79.49)

  Mycophenolic acid 24 (58.54)

  Oral steroids 18 (43.90)

  Bolus steroids 11 (26.83)

  Everolimus 6 (14.63)

  Everolimus continued 4 (9.75)

Class of antibiotics, n (%)

  Azithromycin 10 (24.39)

  Meropenem 8 (19.51)

  Cefuroxime 6 (14.63)

  Piperacillin/tazobactam 2 (4.88)

  Levofloxacin 1 (2.44)

Other medications, n (%)

  Ecosprin at 75 mg 29 (70.73)

  Rivaroxaban 17 (41.46)

  Enoxaparin 14 (34.15)

  CPT 5 (12.20)

  Remdesivir 5 (12.20)

LDLT, living donor liver transplantation; COVID-19, coronavirus disease-19; BMI, body mass index; IQR, interquartile range; ICU, intensive care unit; LT, liver trans-
plantation; SAR-CoV-2, severe acute respiratory syndrome coronavirus-2; SpO2, oxygen saturation; LOR, low oxygen requirement; HOR, high oxygen requirement; 
MV, mechanical ventilation; ALT, alanine transaminase; AST, aspartate transaminase; GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; ALC, absolute 
lymphocyte count; CPT, convalescent plasma therapy.

Table 1.  (continued)
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(0.47±0.31×103/µL vs. 1.39±0.57×103/µL, p=0.001).
In total, 15 (36.58%) and 26 (63.42%) post-transplant 

recipients were infected during the early period (<1 year) 
and the late period (>1 year) respectively (Fig. 1). The need 
for oxygen was similar in both the groups; the early group in-
volved LOR in 19.23%, HOR in 7.69%, and MV in 7.69%, and 
the late group involved LOR in 13.33%, HOR in 13.33%, and 
MV in 6.67%. Hospital admission was 46.67% and 26.92%, 
respectively, in the early and late groups, and 4 recipients 
in each group required ICU admission. The overall mortality 
involved 3 (7.32%) patients, out of which 1 (6.67%) death 
occurred in the early period and 2 (7.69%) deaths occurred 
in the late post-transplant period (Table 3).

Transplant patients who were not admitted were instruct-
ed to self-isolate, monitor temperature daily, and scheduled 
for weekly electronic follow-up and WhatsApp video calls to 
avoid face-to-face consultations.

Discussion

In our study, we included transplant recipients who con-
tracted SARS-CoV-2 during the 1st wave of the pandemic 

(1st April 2020 till 28 Feb 2021). The SARS-CoV-2 delta 
variant (lineage B.1.617.2), which was first detected in In-
dia in October 2020 and named as the Delta variant on 31 
May 2021 by the WHO, was identified as the primary cause 
of the 2nd wave (beginning from mid-March 2021 and ongo-
ing).6 As genome sequences of our patients were not done 
to determine the causative variant, we retrospectively infer 
that most of our recipients could have been infected with 
the alpha variant, which was responsible for the 1st wave.

The impact and outcomes of SARS-CoV-2 infection in 
LDLT recipients is still evolving. Herein, we discuss a single-
center experience of 41 post LDLT recipients who contracted 
SARS-CoV-2 infection. Our study predominately consisted 
of nonelderly (<60 years old) male LDLT recipients.7–9 The 
comorbidities in our group were similar to other registries 
which were primarily comprised of deceased donor recipi-
ents. Two-thirds of our patients were successfully man-
aged with home quarantine. Only 19.51% of our patients 
required ICU admission and 7.32% required MV.

Hepatocellular injury was not more frequent in our more 
severe group, in consonance with most center reports.10 
None of our patients had new onset of acute kidney injury 
during their course of COVID-19 illness.

Table 2.  Risk factors and clinical profile in the less severe (mild) and the more severe (moderate, severe, and critical) group

Factors Less severe 
group, n=28

More severe 
group, n=13 p

Age in years at diagnosis of COVID-19, median (IQR) 49.50 (41.00, 59.00) 49.00 (45.00, 61.00) 0.60

Sex, n (%) 0.69

  Male 23 (82.14) 10 (76.92)

  Female 5 (17.86) 3 (23.08)

BMI, median (IQR) 28.00 (25.50, 31.50) 29.80 (27.00, 30.70) 0.80

Primary etiology, n (%) 0.89

  Ethanol 12 (42.86) 5 (38.46)

  Hepatitis B 7 (25.00) 2 (15.38)

  Non alcoholic fatty liver disease 5 (17.86) 3 (23.08)

  Hepatitis C 2 (7.14) 2 (15.38)

  Others 2 (7.14) 1 (7.69)

Comorbidities, n (%)

  Diabetes mellitus 16 (57.14) 11 (84.62) 0.16

  Hypertension 12 (42.86) 7 (53.85) 0.74

Laboratory assessment at time of diagnosis, median (IQR)

  ALC recorded as ×103 cells/µL 1.40 (1.00, 1.77) 0.65 (0.30, 0.90) <0.001

  Peak creatinine in mg/dL 0.98 (0.84, 1.06) 0.90 (0.76, 1.36) 0.99

  Total bilirubin upper limit of normal 1.3 mg/dL 0.71 (0.48, 1.27) 0.80 (0.50, 1.00) 0.70

  Peak AST upper limit of normal 40 U/L 47.00 (32.00, 53.50) 40.00 (22.00, 72.00) 0.50

  Peak ALT upper limit of normal 50 U/L 48.50 (39.50, 78.50) 40.00 (21.00, 84.90) 0.39

  ALP upper limit for normal 130 U/L 130.50 (96.47, 192.00) 108.00 (78.30, 248.00) 0.64

  GGT upper limit of normal 60 U/L 76.50 (45.00, 140.00) 61.00 (43.00, 158.00) 0.79

Medicines, n (%)

  Oral steroid 12 (42.86) 6 (46.15) 1.00

  Pre-COVID-19 tacrolimus 27 (96.43) 12 (92.31) 0.54

Mann-Whitney U-test and Fisher’s test were used to compare samples and proportions, as appropriate. Italicized values indicate p-values less than 0.05 (for visual 
purposes). COVID-19, coronavirus disease-19; BMI, body mass index; IQR, interquartile range; ALC, absolute lymphocyte count; ALT, alanine transaminase; AST, 
aspartate transaminase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase.
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The overall mortality was 7.32%, which was less than the 
reported mortality of 18% to 20% in two large cohort regis-
tries.7,9 In the study group reported by Bhoori et al.,11 which 
was predominantly comprised of long-term liver transplant 
recipients (>10 years), the authors noted a mortality of 
30%, which could be attributed to older age and presence 
of coexisting multiple comorbidities. The median age in our 
study was more than a decade younger than these large 

cohort registries, which could be the possible reason for the 
lower rate of ICU admission and lower mortality rate, despite 
half of our patients having associated comorbidities.

The other reasons for overall favorable outcome in our pa-
tients could be the immunosuppressant protocol. Calcineu-
rin inhibitors (CNIs) were not discontinued, except in critical 
COVID-19 cases and in recipients with suspected nonviral 
sepsis, as such was reported to be associated with better 

Table 3.  Association of time from liver transplantation and COVID-19 clinical outcome

Factors
Time of liver transplantation to COVID-19 infection

p
Less than 1 year, n=15 More than 1 year, n=26

Severity of COVID-19 illness, n (%) 0.43

  Mild 9 (60.00) 19 (73.08)

  Moderate 3 (20.00) 1 (3.85)

  Severe 2 (13.33) 4 (15.38)

  Critical 1 (6.67) 2 (7.69)

Outcome, n (%)

  Recovered 14 (93.33) 24 (92.31) 1.00

  Died 1 (6.67) 2 (7.69)

  Total admissions, n (%) 7 (46.67) 7 (26.92) 0.31

  ICU, n (%) 4 (26.67) 4 (15.38) 0.43

Oxygenation, n (%) 0.89

  Room air 10 (66.67) 17 (65.38)

  LOR 2 (13.33) 5 (19.23)

  HOR 2 (13.33) 2 (7.69)

  MV 1 (6.67) 2 (7.69)

Mann-Whitney U-test and Fisher’s exact test were used to compare samples and proportions, as appropriate. COVID-19, coronavirus disease-19; ICU, intensive care 
unit; LOR, low oxygen requirement; HOR, high oxygen requirement; MV, mechanical ventilation.

Fig. 1.  Time from liver transplantation to COVID-19 infection. COVID-19, coronavirus disease-19.
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outcomes; moreover, CNIs have been found to inhibit SARS-
CoV in a dose-dependent manner in in vitro studies.12,13

The antimetabolite Myfortic was temporarily withdrawn in 
all patients, as continuation of mycophenolate mofetil was 
associated with poor outcomes in various studies; further-
more, it could worsen COVID-associated lymphopenia.7,14 
Early temporary withdrawal of Myfortic could be the reason 
for the low incidence of diarrhea in our cohort (14.63%). 
Up to 43.9% of our recipients were on oral minimal main-
tenance steroids pre-COVID. In liver transplant recipients 
on oral steroids, their dosage was doubled to cover the po-
tential risk of rejection when antimetabolites were on hold; 
this strategy became more prevalent during the 2nd half of 
2020, as emerging reports suggested benefit of glucocorti-
coid to attenuate the effect of cytokine storm.15 The use of 
steroids in mild to moderate COVID-19 (not requiring any 
respiratory support) is not recommended; nevertheless, we 
continued such in recipients who were already on oral corti-
costeroids, with a dose equivalent to half the recommended 
dose of dexamethasone (6 mg) in COVID pneumonia.15 
Whether the use of steroids resulted in halting the disease 
progression and the need for oxygen supplements needs to 
be further evaluated in patients on persistent immunosup-
pressants.

The transplant activity decreased in most of the cent-
ers last year during the pandemic. Since the current wave 
continues to wax and wane, denying a timely life-saving 
procedure for these sick decompensated cirrhotics awaiting 
transplant, particularly in those with a potential live donor, 
may not be justified. International registries have consist-
ently reported increased COVID-19-related mortality in 
cirrhotics compared to non-cirrhotics and the trajectory of 
COVID-19 adverse events increased with higher Child-Pugh 
score.16,17 Paradoxically, various studies did not show an 
increased risk of mortality in immunosuppressed liver trans-
plant recipients compared to matched general population 
following SARS-CoV-2 infection.7,9 Most of these reports 
are from recipients transplanted before the pandemic and, 
hence, they cannot be extrapolated to recipient outcomes 
for those transplanted during the pandemic.

Most published reports predominately deal with de-
ceased donor recipients who contracted SARS-CoV-2 infec-
tion years after LT. In an early Spanish liver transplantation 
registry report 13.5% (15 of total 111) liver recipients had 
early posttransplant (<1 year) COVID-19 infection while 
we had 36.58% (15 of total 41) in the early post-trans-
plant group.7 Our study demonstrated that COVID-19 clini-
cal outcomes in early (<1 year) post-transplant were not 
inferior to late (>1 year) post-transplant recipients. The 
proportion of hospital admissions and ICU care was more 
in the early post-transplant group, although it was not sta-
tistically significant. There was no difference in terms of 
mortality, oxygen supplementation and MV. This is in con-
trast to the recent findings of the COVIDSOT working team, 
which identified the early post-transplant infection (<6 
months) as a novel risk factor for increased mortality and 
need for ICU admission in all solid organ transplant (SOT) 
recipients. However, separate organ specific subgroup 
analysis of outcomes was not mentioned in which the liver 
transplant subgroup constituted 50 (23.8 %) of the total 
210 SOT recipients.18

In the early post-transplant period, the 1st periopera-
tive week is the crucial phase during which liver transplant 
recipients recover from cirrhosis-associated immune dys-
function, effects of prolonged anesthesia, multiple blood 
and product transfusion, and surgical trauma.19,20 Since 
there is no clear consensus on the definition of periopera-
tive period in LT, any COVID-19 infection occurring up to 
postoperative day 30, was considered as critical time zone 
of COVID-19 infection. A cautious approach and COVID-
safe protocols need to be followed, since the failure to 

detect SARS-CoV-2 infection during this perioperative in-
cubation period or asymptomatic state can lead to rapid 
progression of COVID-19 illness.21 There is a paucity of 
data regarding the outcome of living donor recipients with 
COVID-19 infection during the perioperative period. There 
are conflicting sporadic reports of successful recovery of 
recipients who contracted early COVID-19 after LT. Mas-
soumi et al.22 described good outcome in five patients with 
early COVID-19 (range 11–68 days) after LT; in addition, 
three had mild cases, while two had moderate diseases. 
Contrary to this report, Waisberg et al.23 described their 
experience of seven patients with early COVID-19 (range 
of 9–39 days) after LT in which three recipients had se-
vere disease and two died. Notably, their outcome was 
adversely impacted by their patients’ older age, obesity, 
and associated comorbidities. However, important to note 
is that most infections reported were after the 1st week 
post-LT. Similarly, in our study three recipients contracted 
COVID-19 during the 3rd and 4th postoperative week (1 
severe,1 moderate and 1 mild case), none expired due 
to COVID-19 pneumonia; possibly, the impact of early 1st 
week perioperative stress was crossed. The highly cited 1st 
grim report from Wuhan of a fatal outcome of a liver trans-
plant recipient due to failure-to-be-detected during the 
perioperative work-up should not be ignored.24 Following 
the point from all major guidelines, the stringent preop-
erative testing for SARS-CoV-2 with at least two negative 
reports and the 2nd negative report less than 48 h before 
the surgery was followed by our center.1,25 We infer that 
crossing this perioperative bridge without SARS-CoV-2 in-
fection will be the most important milestone in prevention 
of poor outcome of COVID-19 infection.

The limitations of our study were small sample size and 
data from a single center. However, our study certainly 
makes an important contribution to the evolving data on 
COVID-19 in LDLT recipients reported in the literature. 
Also, our study may have suffered from underreporting for 
asymptomatic positives or milder symptoms not being re-
ported. The time is ripe for a large multicentric study from 
centers with primarily LDLT programs, which will help in ad-
dressing and possibly resolving the pertinent issues related 
to LDLT recipients with COVID-19 illness.

Conclusions

In our study of LDLT recipients with COVID-19 infection, 
most of our recipients had only mild illness and did not re-
quire hospital admission. Notably, based on our observa-
tions, we infer that COVID-19 clinical outcomes in the early 
vs. late post-transplant period are similar, with the early 
group not having a severe course, as expected. In case of 
unfortunate perioperative contraction of SARS-CoV-2 in-
fection, recipients can be successfully navigated towards 
recovery. Hence, postponing life-saving liver transplanta-
tion is not justified in these patients with debilitating ill-
ness. Further data will throw light on the COVID-19 clinical 
outcome in the 1st perioperative week. The continuation of 
steroids and tacrolimus with dose modification during the 
active phase of infection may attenuate COVID-19 severity.

Acknowledgments

We thank Dr. Angelynn Singh for proofreading the manuscript.

Funding

None to declare.



Journal of Clinical and Translational Hepatology 2022 vol. 10(4)  |  770–777 777

Jamir I. et al: LDLT and COVID-19 clinical outcomes

Conflict of interest

The authors have no conflict of interests related to this pub-
lication.

Author contributions

Conceptualization (AC, IJ, AK), data curation (IJ, PL, GS, 
AG, NK), formal analysis (IJ, SS, AC), writing of the original 
draft (IJ, AC, AS), critical revision of the manuscript for im-
portant intellectual content (AC, MW, AJ), and administra-
tive and study supervision (AC, MW).

Data sharing statement

The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

References

[1] Jha SK, Jamir I, Sisodia K, Kumar N, Sood G, Shanker N, et al. Restarting 
LDLT During COVID-19: Early Results After Restructuring. Transplant Proc 
2021;53(4):1118–1125. doi:10.1016/j.transproceed.2020.10.049.

[2] Lembach H, Hann A, McKay SC, Hartog H, Vasanth S, El-Dalil P, et al. Re-
suming liver transplantation amid the COVID-19 pandemic. Lancet Gastro-
enterol Hepatol 2020;5(8):725–726. doi:10.1016/S2468-1253(20)30187-
4.

[3] WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) 
Dashboard with Vaccination Data. Available from: https://covid19.who.int/
table.

[4] Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, et al. Convergent 
evolution of SARS-CoV-2 spike mutations, L452R, E484Q and P681R, in 
the second wave of COVID-19 in Maharashtra, India. bioRxiv Published on-
line May 3, 2021:2021.04.22.440932. doi:10.1101/2021.04.22.440932.

[5] Clinical Spectrum | COVID-19 Treatment Guidelines. Available from: https://
www.covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/.

[6] Kar SK, Ransing R, Arafat SMY, Menon V. Second wave of COVID-19 pan-
demic in India: Barriers to effective governmental response. EClinicalMedi-
cine 2021;36:100915. doi:10.1016/j.eclinm.2021.100915.

[7] Colmenero J, Rodríguez-Perálvarez M, Salcedo M, Arias-Milla A, Muñoz-
Serrano A, Graus J, et al. Epidemiological pattern, incidence, and outcomes 
of COVID-19 in liver transplant patients. J Hepatol 2021;74(1):148–155. 
doi:10.1016/j.jhep.2020.07.040.

[8] Becchetti C, Zambelli MF, Pasulo L, Donato MF, Invernizzi F, Detry O, et al. COV-
ID-LT group. COVID-19 in an international European liver transplant recipient 
cohort. Gut 2020;69(10):1832–1840. doi:10.1136/gutjnl-2020-321923.

[9] Webb GJ, Marjot T, Cook JA, Aloman C, Armstrong MJ, Brenner EJ, et al. Out-
comes following SARS-CoV-2 infection in liver transplant recipients: an in-
ternational registry study. Lancet Gastroenterol Hepatol 2020;5(11):1008–
1016. doi:10.1016/S2468-1253(20)30271-5.

[10] Lee BT, Perumalswami PV, Im GY, Florman S, Schiano TD, COBE Study Group. 
COVID-19 in Liver Transplant Recipients: An Initial Experience From the US 
Epicenter. Gastroenterology 2020;159(3):1176–1178.e2. doi:10.1053/j.
gastro.2020.05.050.

[11] Bhoori S, Rossi RE, Citterio D, Mazzaferro V. COVID-19 in long-term liver trans-
plant patients: preliminary experience from an Italian transplant centre in 
Lombardy. Lancet Gastroenterol Hepatol 2020;5(6):532–533. doi:10.1016/ 
S2468-1253(20)30116-3.

[12] Belli LS, Fondevila C, Cortesi PA, Conti S, Karam V, Adam R, et al. Protec-
tive Role of Tacrolimus, Deleterious Role of Age and Comorbidities in Liver 
Transplant Recipients With Covid-19: Results From the ELITA/ELTR Multi-
center European Study. Gastroenterology 2021;160(4):1151–1163.e3. 
doi:10.1053/j.gastro.2020.11.045.

[13] Tanaka Y, Sato Y, Sasaki T. Suppression of coronavirus replication by cyclo-
philin inhibitors. Viruses 2013;5(5):1250–1260. doi:10.3390/v5051250.

[14] Rodriguez-Peralvarez M, Salcedo M, Colmenero J, Pons JA. Modulat-
ing immunosuppression in liver transplant patients with COVID-19. Gut 
2021;70(7):1412–1414. doi:10.1136/gutjnl-2020-322620.

[15] RECOVERY Collaborative Group, Horby P, Lim WS, Emberson JR, Mafham M, 
Bell JL, et al. Dexamethasone in Hospitalized Patients with Covid-19. N Engl 
J Med 2021;384(8):693–704. doi:10.1056/NEJMoa2021436.

[16] Sarin SK, Choudhury A, Lau GK, Zheng MH, Ji D, Abd-Elsalam S, et al. 
Pre-existing liver disease is associated with poor outcome in patients with 
SARS CoV2 infection; The APCOLIS Study (APASL COVID-19 Liver Injury 
Spectrum Study). Hepatol Int 2020;14(5):690–700. doi:10.1007/s12072-
020-10072-8.

[17] Bajaj JS, Garcia-Tsao G, Biggins SW, Kamath PS, Wong F, McGeorge S, et al. 
Comparison of mortality risk in patients with cirrhosis and COVID-19 compared 
with patients with cirrhosis alone and COVID-19 alone: multicentre matched 
cohort. Gut 2021;70(3):531–536. doi:10.1136/gutjnl-2020-322118.

[18] Salto-Alejandre S, Jiménez-Jorge S, Sabé N, Ramos-Martínez A, Linares 
L, Valerio M, et al. Risk factors for unfavorable outcome and impact of 
early post-transplant infection in solid organ recipients with COVID-19: A 
prospective multicenter cohort study. PLoS One 2021;16(4):e0250796. 
doi:10.1371/journal.pone.0250796.

[19] Albillos A, Lario M, Álvarez-Mon M. Cirrhosis-associated immune dysfunc-
tion: distinctive features and clinical relevance. J Hepatol 2014;61(6):1385–
1396. doi:10.1016/j.jhep.2014.08.010.

[20] Almaadany FS, Samadov E, Namazov I, et al. Mortality and pulmonary 
complications in patients undergoing surgery with perioperative sars-cov-2 
infection: An international cohort study. Lancet 2020;396(10243):27–38. 
doi:10.1016/S0140-6736(20)31182-X.

[21] Lei S, Jiang F, Su W, Chen C, Chen J, Mei W, et al. Clinical characteristics 
and outcomes of patients undergoing surgeries during the incubation period 
of COVID-19 infection. EClinicalMedicine 2020;21:100331. doi:10.1016/j.
eclinm.2020.100331.

[22] Massoumi H, Rocca J, Frager S, Kinkhabwala M. Changes in Liver Trans-
plant Center Practice in Response to Coronavirus Disease 2019: Unmask-
ing Dramatic Center-Level Variability. Liver Transpl 2020;26(9):1198–1199. 
doi:10.1002/lt.25811.

[23] Waisberg DR, Abdala E, Nacif LS, Haddad LB, Ducatti L, Santos VR, et al. 
Liver transplant recipients infected with SARS-CoV-2 in the early postopera-
tive period: Lessons from a single center in the epicenter of the pandemic. 
Transpl Infect Dis 2021;23(1):e13418. doi:10.1111/tid.13418.

[24] Qin J, Wang H, Qin X, Zhang P, Zhu L, Cai J, Yuan Y, Li H. Perioperative Pres-
entation of COVID-19 Disease in a Liver Transplant Recipient. Hepatology 
2020;72(4):1491–1493. doi:10.1002/hep.31257.

[25] Saigal S, Gupta S, Sudhindran S, Goyal N, Rastogi A, Jacob M, et al. Liver 
transplantation and COVID-19 (Coronavirus) infection: guidelines of the 
liver transplant Society of India (LTSI). Hepatol Int 2020;14(4):429–431. 
doi:10.1007/s12072-020-10041-1.

https://doi.org/10.1016/j.transproceed.2020.10.049
https://doi.org/10.1016/S2468-1253(20)30187-4
https://doi.org/10.1016/S2468-1253(20)30187-4
https://covid19.who.int/table
https://covid19.who.int/table
https://doi.org/10.1101/2021.04.22.440932
https://www.covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/
https://www.covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/
https://doi.org/10.1016/j.eclinm.2021.100915
https://doi.org/10.1016/j.jhep.2020.07.040
https://doi.org/10.1136/gutjnl-2020-321923
https://doi.org/10.1016/S2468-1253(20)30271-5
https://doi.org/10.1053/j.gastro.2020.05.050
https://doi.org/10.1053/j.gastro.2020.05.050
https://doi.org/10.1016/S2468-1253(20)30116-3
https://doi.org/10.1016/S2468-1253(20)30116-3
https://doi.org/10.1053/j.gastro.2020.11.045
https://doi.org/10.3390/v5051250
https://doi.org/10.1136/gutjnl-2020-322620
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1007/s12072-020-10072-8
https://doi.org/10.1007/s12072-020-10072-8
https://doi.org/10.1136/gutjnl-2020-322118
https://doi.org/10.1371/journal.pone.0250796
https://doi.org/10.1016/j.jhep.2014.08.010
https://doi.org/10.1016/S0140-6736(20)31182-X
https://doi.org/10.1016/j.eclinm.2020.100331
https://doi.org/10.1016/j.eclinm.2020.100331
https://doi.org/10.1002/lt.25811
https://doi.org/10.1111/tid.13418
https://doi.org/10.1002/hep.31257
https://doi.org/10.1007/s12072-020-10041-1


Copyright: © 2022 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License  
(CC BY-NC 4.0), which permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided.  

“This article has been published in Journal of Clinical and Translational Hepatology at https://doi.org/10.14218/JCTH.2021.00266 and can also be viewed 
 on the Journal’s website at http://www.jcthnet.com ”.

Case Report

Journal of Clinical and Translational Hepatology 2022  vol. 10(4)  |  778–782 
DOI: 10.14218/JCTH.2021.00266

Giant Hepatic Regenerative Nodule in a Patient With  
Hepatitis B Virus-related Cirrhosis
Long Li1*  and Jie Feng2

1Division of Diagnostic Radiology, Department of Medical Imaging, Guangdong Provincial Corps Hospital of Chinese Peo-
ple’s Armed Police Forces, Guangzhou Medical University, Guangzhou, Guangdong, China; 2Department of Medical Imaging 
Center, Nanfang Hospital, Southern Medical University, Guangzhou, Guangdong, China

Received: 4 July 2021  |  Revised: 18 September 2021  |  Accepted: 22 October 2021  |  Published: 4 January 2022

Abstract

Hepatic regenerative nodules are reactive hepatocellular 
proliferations that develop in response to liver injury. Giant 
hepatic regenerative nodules of 10 cm or more are extreme-
ly rare and have only been reported in patients with biliary 
atresia or Alagille syndrome. A 50-year-old man presented 
with a pathologically confirmed giant 11.3×9.4×11.2 cm he-
patic regenerative nodule and hepatitis B virus-related cir-
rhosis. Imaging of intrahepatic nodule included mild hyper-
enhancement in the portal phase of contrast-enhanced CT 
and the hepatobiliary phase in the gadoxetic acid-enhanced 
MRI scan, as well as the portal vein crossing through sign in 
the setting of liver cirrhosis. This case highlights the imag-
ing characteristics of giant hepatic regenerative nodules in 
hepatitis cirrhosis.

Citation of this article: Li L, Feng J. Giant Hepatic Regen-
erative Nodule in a Patient With Hepatitis B Virus-related 
Cirrhosis. J Clin Transl Hepatol 2022;10(4):778–782. doi: 
10.14218/JCTH.2021.00266.

Introduction

Histopathological, regenerative nodules are hyperplastic 
proliferations of hepatocytes in response to necrosis, al-
tered circulations, or other stimuli.1 They usually occur in 
patients with hepatitis or alcoholic cirrhosis, vascular liver 
diseases such as Budd-Chiari syndrome,2 or cholangiopath-
ic disorders such as biliary atresia3 or Alagille syndrome.4,5 
Regenerative nodules are classified by size as micronodules 
(<3 mm) or macronodules (≥3 mm).1,6 Large regenerative 
nodules are usually 5 to 15 mm in diameter, but they can be 

5 cm or larger.1,6 Giant nodules as larger as 5 cm have been 
reported in patients with liver cirrhosis,7 Budd-Chiari syn-
drome,8 biliary atresia,3 or Alagille syndrome.4,5 Giant nod-
ules of 10 cm in diameter or more have only been reported 
in patients with biliary atresia3 or Alagille syndrome.4,5 We 
report a rare and unique case who presented with a giant 
hepatic regenerative nodule more than 10 cm in size and 
associated with hepatitis B virus (HBV)-related cirrhosis.

Case report

A 50 year-old man was found to have a hepatic mass sus-
pected to be liver cancer by ultrasonography. He denied 
any clinical symptoms. Physical examination revealed an 
enlarged non-tender liver with a firm and uneven surface. 
The lower edge of the liver extended to the right iliac crest. 
The spleen was not palpable. A routine blood workup found 
a white blood cell count of 5.3×109/L, a red blood cell count 
of 4.5×1012/L, a hemoglobin level of 141 g/L, and a platelet 
count of 80×109/L. Liver function tests showed increased 
levels of alanine aminotransferase (ALT) 107.8 IU/L (refer-
ence range, 0–40 IU/L), aspartate aminotransferase (AST) 
69.4 IU/L (reference range, 0–38 IU/L), alkaline phos-
phatase 171.3 IU/L (reference range, 30–150 IU/L), and 
gamma-glutamyl transferase 452.4 IU/L (reference range, 
0–47 IU/L), normal serum total bilirubin, albumin, plasma 
prothrombin time, international normalized ratio, and am-
monia. Hepatitis virus tests were positive for hepatitis B 
surface antigen (HBsAg), HB e antigen, HB e antibody, and 
HB core antibody, and negative for HB surface antibody, 
hepatitis C virus antibody, and hepatitis C antigen. Alpha-
fetoprotein and carcinoembryonic antigen assays were neg-
ative.

A CT scan showed pronounced nodular irregularity of the 
liver surface, enlargement of the interlobar fissure, hyper-
trophy of the left lobe, and dilatation of the portal vein, with 
a diameter of 21.0 mm (Fig. 1). Diffuse multiple nodules of 
<1 cm diameter in the liver parenchyma showed slight hy-
perdensity on precontrast CT images and became isodense 
in post-contrast phases (Fig. 1). Precontrast CT showed 
a well-circumscribed 11.3×9.4×11.2 cm oval hypodense 
mass in segment VI of the liver, including a focal hypodense 
area extending downward to the right iliac fossa (Fig. 2A, 
A′). Contrast-enhanced CT showed isoenhancement in the 
arterial phase (Fig. 2B, B′) with slight hyperenhancement, a 
portal vein branch crossing through the lesion in the portal 
phase (Fig. 2C, C′), and slight hypoenhancement in the de-
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layed phase (Fig. 2D, D′). The focal hypodense area within 
the lesion was not enhanced from the arterial phase to the 
delayed phase.

A follow-up contrast-enhanced MRI with gadoxetic acid at 
6 months found no significant differences in the size, shape, 
margin, internal characteristics, and three-phase contrast-
enhancement patterns compared with the original CT im-
ages, except for slight hyperenhancement in the delayed 
20 and 30 m hepatobiliary phases (Fig. 3). At 10.5 months 
after the first hospital admission, a CT-guided percutane-
ous biopsy resulted in pathological confirmation of a hepatic 
regenerative nodule (Fig. 4).

Discussion

When assessing a patient with a liver mass, noninvasive 
diagnosis of HBV-related cirrhosis and the imaging char-
acteristics of hepatic regenerative nodules are important. 
Non-invasive diagnosis of HBV-related cirrhosis depends on 
calculation of the AST-to-platelet ratio index (APRI) and the 
fibrosis-4 score (FIB-4) using indirect markers of fibrosis 
such as ALT, AST and platelet count.9 APRI = [(AST/ASTULN)/
platelet count] × 100 and the Fib-4 score = (age in years 
× AST)/(platelet count × √ALT). In clinical practice, liver 
biopsy has been replaced by noninvasive methods as APRI 
and FIB-4 scores and imaging.9 An APRI score >2 is recom-

mended as the preferred noninvasive threshold to deter-
mine the presence of cirrhosis in resource-limited settings 
by the World Health Organization HBV guidelines. A FIB-4 
>3.25 has a 97% specificity and a 65% positive predictive 
value for advanced fibrosis.9 Conventional ultrasound, CT, 
and MRI can detect morphologic changes in the liver related 
to advanced fibrosis, but the methods have a limited ability 
to identify early-stage fibrosis.10,11 Our patient was positive 
for HBV, with an APRI of 2.283 and a FIB-4 of 4.18. CT scan 
showed morphological changes in the liver and the dilation 
of portal veins. We diagnosed HBV-related cirrhosis based 
on the findings.

During imaging evaluation, predominant portal perfusion 
was visible in dynamic contrast-enhanced imaging, including 
CT, MRI, and ultrasound. The vascular supply of regenera-
tive nodules is similar to the surrounding hepatic parenchy-
ma,3-5,7,12 unlike hepatocellular carcinoma (HCC), which usu-
ally shows arterial wash-in and late washout, regenerative 
nodules are usually isointense during the arterial and portal 
venous phases and become more isointense or hypointense 
during the equilibrium and delayed phases.7,12 In the hepa-
tobiliary phase of gadoxetic acid-enhanced MRI, regenerative 
nodules commonly appear as isointense or mildly hyperin-
tense signals, and not hypointense, relative to the surround-
ing liver parenchyma because of the preserved hepatocellular 
function.13 In addition to the contrast-enhancement pattern, 
the image of the portal vein crossing through the mass is re-

Fig. 1.  CT images of liver cirrhosis. Axial CT images show dysmorphia of the liver, including pronounced nodular irregularity of the liver surface, enlargement of 
the interlobar fissure, and hypertrophy of the left lobe (A–D). A precontrast CT image shows diffuse multiple nodules of <1 cm diameter and slight hyperdensity in 
the liver parenchyma (A), and contrast-enhanced isodense CT images in liver during the arterial (B), portal (C), and delayed phases (D). CT, computed tomography.
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ported to be characteristic of giant hepatic regenerative nod-
ules in the portal phase images3–5 because the nodules have 
normal portal tracts at the center.1–5,7,12 Therefore, hepatic 
regenerative nodules of various sizes should be categorized 
as Liver Imaging and Reporting Data System category 2, as 
they did not have the major and ancillary imaging features of 
HCC and other malignancies.14,15

Current international guidelines recommend that all 
HBsAg-positive patients with cirrhosis should be routinely 
monitoring for disease activity and progression to HCC.9 Re-
cent clinical practice guidelines include gadoxetic acid-en-
hanced liver MRI as the first-line diagnostic and monitoring 
tool for hepatic nodules instead of biopsy. A single dynamic 
CT or MRI study rather than two dynamic imaging modali-
ties is recommended for the diagnosis of HCC lesions of < 2 
cm.13 Huge lesions should be considered as focal malignant 
transformations if major and/or ancillary imaging features 
of Liver Imaging and Reporting Data System category to 
assess HCC or other malignancies have developed.16 Percu-
taneous needle biopsies may be difficult to obtain in cases 
of focal malignant transformation. During the initial stage of 
tumor initiation, HCC may retain hepatocellular function and 
isointense or mildly hyperintense signals similar to regen-
erative nodules.17 For early HCC in cirrhotic livers, patients 
should be evaluated with multiparametric imaging, includ-
ing T1 hypointensity, T2 hyperintensity, diffusion-weighted 
imaging hyperintensity, arterial enhancement, late wash-
out, and hepatobiliary hypointensity at a size threshold 

of ≥1.5 cm on gadoxetic acid-enhanced MRI. The findings 
should be interpreted with care.18–20 Finally, if imaging fea-
tures and laboratory results still cannot support a definitive 
diagnosis, a multidisciplinary team may discuss the atypical 
features to help to develop an appropriate approach for the 
patient.19 In conclusion, giant hepatic regenerative nodules 
in the background of liver cirrhosis have characteristic im-
aging features that can help guide clinical management and 
avoid unnecessary medical interventions.
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Fig. 2.  CT images of a giant hepatic mass. (A and A′) Precontrast CT scan shows a well-circumscribed oval hypodense mass with an average attenuation of 50.5 
HU in segment VI of the liver, including a focal hypodense area (18.5 HU) and extending downward to the right iliac fossa. (B and B′) Contrast-enhanced CT scan in 
the arterial phase showing a nodule (53.5 HU) with a density similar to that of the surrounding liver cirrhosis (52.0 HU). (C and C′) The portal phase shows that the 
mass density (91.3 HU) was slightly greater than that of the surrounding liver cirrhosis (83.0 HU), with a portal vein branch crossing through the lesion. (D and D′) The 
delayed phase shows a mass density (77.3 HU) that is slightly lower than that of the surrounding liver cirrhosis (81.0 HU). The focal hypodense area within the lesion 
was not enhanced from the arterial phase to the delayed phase. A–D, axial images; A′–D′, coronal reformation images. CT, computed tomography; HU, Hounsfield units.
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