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HNF4α Regulates CSAD to Couple Hepatic Taurine Production  
to Bile Acid Synthesis in Mice
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Cysteine dioxygenase 1 (CDO1) converts cysteine to cysteine sulfinic acid, which can be further converted 
by cysteine sulfinic acid decarboxylase (CSAD) to hypotaurine for taurine production. This cysteine catabolic 
pathway plays a major role in regulating hepatic cysteine homeostasis. Furthermore, taurine is used for bile 
acid conjugation, which enhances bile acid solubility and physiological function in the gut. Recent studies 
show that this cysteine catabolic pathway is repressed by bile acid signaling, but the molecular mechanisms 
have not been fully elucidated. The mechanisms of bile acid and farnesoid X receptor (FXR) regulation of 
hepatic CSAD expression were studied in mice and hepatocytes. We showed that hepatocyte nuclear factor 
4a (HNF4a) bound the mouse CSAD proximal promoter and induced CSAD transcription. FXR-induced 
small heterodimer partner (SHP) repressed mouse CSAD gene transcription via interacting with HNF4a as a 
repressor. Consistent with this model, cholic acid feeding, obeticholic acid administration, and liver HNF4a 
knockdown reduced hepatic CSAD expression, while liver SHP knockout and apical sodium-dependent bile 
acid transporter (ASBT) inhibitor treatment induced hepatic CSAD expression in mice. Furthermore, TNF-a 
also inhibited CSAD expression, which may be partially mediated by reduced HNF4a in mouse hepatocytes. 
In contrast, bile acids and GW4064 did not inhibit CSAD expression in human hepatocytes. This study identi-
fied mouse CSAD as a novel transcriptional target of HNF4a. Bile acids and cytokines repress hepatic CSAD, 
which closely couples taurine production to bile acid synthesis in mice. The species-specific regulation of 
CSAD reflects the differential preference of bile acid conjugation to glycine and taurine in humans and mice, 
respectively.
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INTRODUCTION

Bile acids are synthesized from cholesterol in hepato-
cytes and circulate between the liver and the small intes-
tine via a process called enterohepatic circulation1. In 
addition to facilitating nutrient absorption in the gut, bile 
acids play important roles in regulating metabolic homeo-
stasis, immune response, and cell proliferation in physi-
ological and pathological conditions1. Bile acids exert 
strong feedback inhibition on hepatic bile acid synthesis 
via transcriptional repression of the CYP7A1 gene encod-
ing the rate-limiting enzyme cholesterol 7a-hydroxylase 
(CYP7A1)1. Bile acids activate the nuclear receptor 
farnesoid X receptor (FXR) to induce the atypical nuclear 
receptor small heterodimer partner (SHP) in hepatocytes, 
which acts as a repressor of hepatocyte nuclear factor 
4a (HNF4a) and liver receptor homolog-1 (LRH-1) on 
the CYP7A1 gene promoter2,3. Bile acids in the intestine 
activate FXR to induce an endocrine hormone fibroblast 

growth factor 15 to transcriptionally repress the CYP7A1 
gene in hepatocytes4. After synthesis, the majority of 
the bile acids are efficiently conjugated to glycine or 
taurine to form N-acyl amidates in hepatocytes5. Bile 
acid amidation is a two-step reaction mediated by bile 
acid–CoA synthase (BACS) and bile acid–CoA:amino 
acid N-acetyltransferase (BAAT). Humans and some 
nonhuman primates can use both glycine and taurine 
for bile acid conjugation, and the human bile acid pool 
contains about two times more glycine-conjugated bile 
acids than taurine-conjugated bile acids6,7. In contrast, 
mice and rats primarily use taurine for bile acid conju-
gation and have little glycine-conjugated bile acids6,7. 
Bile acid conjugation to amino acids increases bile acid 
solubility in the physiological environment and enhances 
their digestive function in the small intestine. Humans 
with defective bile acid-conjugating enzymes show  
vitamin deficiency, growth delay, and cholangiopathy8,9.
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In the liver, cysteine dioxygenase 1 (CDO1) catalyzes 
the irreversible conversion of cysteine to cysteine sulfinic 
acid, which is further converted by cysteine sulfinic acid 
decarboxylase (CSAD) to hypotaurine, which leads to 
the synthesis of taurine10. This pathway is highly active 
in the liver and serves two important functions: cysteine 
elimination and taurine synthesis10–12. Elevated cellular 
cysteine concentration increases CDO1 mRNA expres-
sion and decreases CDO1 protein degradation, which 
serves as a feedforward mechanism to prevent intracel-
lular cysteine accumulation10. We recently reported that 
this cysteine elimination pathway was under the negative 
regulation by bile acids and FXR, and increased cysteine 
flux through this pathway due to loss of bile acid repres-
sion of CDO1 decreased intracellular cysteine availabil-
ity, which impaired GSH synthesis and sensitized liver 
to acetaminophen toxicity13. It has also been reported 
previously that hepatic CSAD was strongly repressed by 
bile acids in mice14, which suggested that hepatic taurine 
production and bile acid synthesis may be coordinately 
regulated by bile acids. Currently, the molecular mecha-
nism of bile acid regulation of CSAD expression remains 
incompletely understood. To better characterize the bile 
acid-regulated hepatic amino acid metabolic pathways, 
here we further elucidated the differential regulation of 
hepatic CSAD transcription by bile acids and nuclear 
receptors in mouse livers and human hepatocytes.

MATERIALS AND METHODS

Reagents

Anti-CSAD (ab91016) antibody was purchased from 
Abcam (Cambridge, MA, USA). Anti-HNF4a antibody 
(PP-H1415) and recombinant human TNF-a protein  
were purchased from R&D Systems (Minneapolis, MN, 
USA). Anti-actin antibody and sodium cholate were  
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Mice

Male C57BL/6J mice (The Jackson Lab) 10–12 weeks 
old were used for the study. Sodium cholate (0.5%, 
w/w) was mixed with food. Obeticholic acid (OCA) and 
GSK2330672 (MedChem Express, South Brunswick, NJ, 
US) were prepared in 1% methylcellulose and adminis-
tered by oral gavage. OCA was given at 20 mg/kg/day 
for 2 weeks. GSK2330672 was given at 2 mg/kg twice a 
day for 1 week. SHP-floxed mice on a C57BL/6J back-
ground were a gift from Drs. Johan Auwerx and Kristina 
Schoonjans (the Ecole Polytechnique de Lausanne). 
Liver-specific SHP KO mice (L-SHP KO) were generated 
by breeding SHP-floxed mice with Albumin-Cre mice 
(Jackson Laboratory). Littermates that do not express 
the Cre recombinase were used as wild-type (WT) con-
trols. Bile duct ligation (BDL) in male C57BL/6J mice 

was performed as previously described15. All animal pro-
tocols were approved by the Institutional Animal Care  
and Use Committee.

Recombinant Adenovirus

Ad-Null was purchased from Vector Biolabs Inc. 
(Philadelphia, PA, USA). Ad-shHNF4a was a gift from 
Dr. Yanqiao Zhang (Northeast Ohio Medical University, 
Rootstown, OH, USA). Adenovirus was purified from 
HEK293A cells by CsCl centrifugation. Adenovirus 
titer was determined with an Adeno-X rapid titer kit 
from Clontech (Mountain View, CA, USA). Mice were 
injected 1 ́  109 pfu/mouse adenovirus via the tail vein. 
Hepatic gene expression was analyzed 7 days postinjec-
tion in overnight-fasted mice.

Cell Culture

Primary mouse and human hepatocytes were obtained 
from the Cell Isolation Core at KUMC. Male 10- to 
12-week-old WT C57BL/6J mice were used for hepato-
cyte isolation. Primary hepatocytes were plated in colla-
gen-coated plates, and culture medium was replaced 3 h 
later after the cells were attached. Treatments were initi-
ated after 16 h. During the treatments, cells were cultured 
in serum-free DMEM supplemented with 1% penicillin– 
streptomycin. For HNF4a knockdown experiments, Ad- 
scramble, and Ad-shHNF4a (MOI = 10) were added to  
culture medium 3 h after the hepatocytes were plated. 
TNF-a treatment was initiated after 16 h. Similarly, Ad- 
Null and Ad-cre were added 3 h after hepatocytes from 
the SHP-floxed mice were plated, and TNF-a treatment 
was initiated after 16 h. AML12 cells were provided by  
Dr. Yanqiao Zhang (Northeast Ohio Medical University).

Electrophoretic Mobility Shift Assay (EMSA)

An EMSA Kit with SYBR Green detection (Thermo 
Fisher Scientific, Grand Island, NY, USA) was used to 
perform this assay following the manufacturer’s instruc-
tion. Recombinant human HNF4a protein (TP316588) 
was purchased from OriGene (Rockville, MD, USA). 
DNA probes were chemically synthesized. Images were 
acquired with a LI-COR Odyssey Imaging System.

Western Blotting

Cells or livers were homogenized in 1´ RIPA buffer 
containing 1% SDS and protease inhibitors, incubated for 
1 h on ice. Supernatant after centrifugation was used for 
SDS-PAGE and immunoblotting. Densitometry was per-
formed using ImageJ software and normalized to loading 
controls.

Real-Time PCR

Total RNA was isolated with TRI Reagent (Sigma-
Aldrich). Reverse transcription was performed with 
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SuperScript III Reverse Transcriptase (Thermo Fisher 
Scientific). SYBR Master Mix was used in real-time 
PCR. Amplification of 18S was used for normalization. 
Relative mRNA expression was calculated using the 
comparative CT (Ct) method and expressed as 2−DDCt. 
Real-time PCR was performed with a Bio-Rad CFX384 
real-time PCR detection system.

Luciferase Reporter Assay

Mouse CSAD promoter fragments were generated 
by PCR and cloned into PGL3-basic vector (Promega, 
Madison, WI, USA). Mutations were introduced using 
a QuickChange Site-Directed Mutagenesis Kit (Agilent 
Technologies Inc., Santa Clara, CA, USA). Expression 
plasmids were described previously16,17. Luciferase repor-
ter constructs and expression plasmids were transfected 
into AML12 cells with Lipofectamine 3000 reagent fol-
lowing the manufacturer’s instruction (Thermo Fisher 
Scientific). Luciferase activity was measured with the 
Bright-Glo Luciferase Assay System (Promega), and 
b-galactosidase activity was measured with the b-Ga-
lactosidase Enzyme Assay System (Promega) at 48 h  
after transfection. Luciferase activity was normalized  
to b-galactosidase activity and expressed as relative 
luciferase activity. Results of triplicate assays were 
expressed as mean ± SD. A representative assay of three 
independent experiments was shown.

Chromatin Immunoprecipitation (ChIP) Assay

Freshly isolated nuclei from mouse livers were 
cross-linked in formaldehyde. ChIP assay was perfor-
med with a ChIP assay kit (Millipore, Bellerica, MA, 
USA) as described previously18. Anti-HNF4a antibody 
(PP-H1415; R&D Systems) was used in immunopre-
cipitation. The ChIP assay real-time PCR primer pairs 
amplify the −57/+60 Csad chromatin region (relative  
to the transcriptional start site as +1).

Statistical Analysis

Results were expressed as mean ± SE or mean ± SD 
as noted. Statistical analysis was performed by either 
two-way ANOVA followed by Tukey post hoc test or 
Student’s t-test. A value of p < 0.05 was considered statis-
tically significant.

RESULTS

Bile Acids Repress CSAD Gene Transcription in Mice

Feeding mice a chow diet containing 0.5% cholic acid 
for 7 days significantly decreased hepatic CSAD mRNA 
and protein (Fig. 1A and B). As positive controls, cholic 
acid-fed mice also showed reduced CYP7A1 mRNA 
(Fig. 1C) and increased SHP mRNA15. We next turned 
to BDL mice, which we have recently shown to have 
intrahepatic bile acid accumulation and induction of liver 

Figure 1. Bile acids repress hepatic cysteine sulfinic acid decarboxylase (CSAD) expression in mice. (A–C) Male C57BL/6J mice 
were fed a chow diet or a chow diet containing 0.5% cholic acid for 7 days. Mice were fasted overnight, and tissues were collected. 
Hepatic CSAD mRNA and protein were determined. The mRNA results were expressed as mean ± SE. n = 5. *Statistical significance 
versus chow-fed mice. (D, E) Male C57BL/6J mice were subjected to sham operation or bile duct ligation (BDL). Liver CSAD and 
CYP7A1 mRNA was measured. The mRNA results were expressed as mean ± SE. n = 4–7. *Statistical significance versus sham. 
Densitometry was performed using ImageJ software and normalized to loading controls.
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SHP and TNF-a expression15. BDL time-dependently 
reduced hepatic CSAD and CYP7A1 mRNA expression 
at the 6- and 24-h time points in mice (Fig. 1D and E). 
To further determine if the bile acid-repressive effect on 
CSAD is mediated by FXR, we treated mice with the 
FXR agonist OCA. Results showed that OCA signifi-
cantly reduced hepatic CSAD and CYP7A1 mRNA and 
induced hepatic SHP mRNA (Fig. 2A–C). Consistently, 
CSAD protein was significantly reduced by OCA treat-
ment in mouse livers (Fig. 2D). Finally, we treated mice 
with an intestine-restricted apical sodium-dependent 
bile acid transporter (ASBT) inhibitor GSK2330672 
(GSK672) to block intestine bile acid reuptake in  
mice. As expected, GSK672 decreased hepatic SHP and 
induced CYP7A1 mRNA (Fig. 2E and F), suggesting a 
reduced hepatic FXR activation by bile acids. Hepatic 
CSAD mRNA and protein were significantly increased 
in mice treated with GSK672 (Fig. 2G and H). Taken 
together, these results suggest that bile acids activate  
FXR to inhibit hepatic CSAD expression.

Mouse CSAD Is a Novel Target Gene of HNF4α
The molecular mechanism by which bile acids and 

FXR activation repressed CSAD expression in mouse  
livers was still not clear. HNF4a is known to induce a large 
number of liver-enriched genes19,20. Furthermore, FXR-
induced SHP is known to act as a repressor of HNF4a 
to inhibit many HNF4a target genes21–23. Analysis of a 
published mouse liver HNF4a ChIP-seq data set revealed 

HNF4a binding peaks in the CSAD promoter chroma-
tin region24, suggesting that CSAD may be regulated  
by HNF4a. Indeed, adenovirus-mediated knockdown of 
liver HNF4a in mice markedly decreased hepatic CSAD 
mRNA and protein expression (Fig. 3A and C). As a posi-
tive control, hepatic CYP7A1 mRNA was also reduced 
upon HNF4a knockdown in mice (Fig. 3B)25,26. To deter-
mine if HNF4a directly induces CSAD transcription, we 
constructed a series of mouse CSAD promoter luciferase 
reporter constructs and performed reporter assays in 
mouse liver AML12 cells. Results showed that cotrans-
fection of HNF4a strongly induced the luciferase reporter 
activity driven by various CSAD promoter fragments in 
mouse liver AML12 cells, and the HNF4a-responsive 
region was mapped to the CSAD proximal promoter 
region (Fig. 3D). As a positive control, HNF4a cotrans-
fection induced luciferase reporter activity driven by an 
artificial promoter containing four copies of the consensus 
HNF4a binding sites (Fig. 3D). The previously published 
ChIP-seq data set showed one HNF4a binding peak in 
the CSAD proximal promoter chromatin region24. ChIP 
assay was then used to confirm HNF4a occupancy of 
the proximal CSAD promoter chromatin region in mouse 
livers (Fig. 3E). Sequence analysis identified a putative 
HNF4a binding site containing the CAAAG-like core 
sequence in this region (Fig. 3F)20. Mutations introduced 
into this sequence abolished HNF4a induction of the 
CSAD promoter reporter activity (Fig. 3F). EMSA fur-
ther confirmed direct HNF4a binding to the WT CSAD 

Figure 2. Obeticholic acid (OCA) represses hepatic CSAD, while an apical sodium-dependent bile acid transporter (ASBT) inhibitor 
induces hepatic CSAD in mice. (A–D) Male C57BL/6J mice fed a chow diet were gavaged with OCA (20 mg/kg/day) or vehicle for  
2 weeks (n = 4). Mice were fasted overnight, and tissues were collected. Liver mRNA and protein were measured. (E–H) Male C57BL/6J 
mice were treated with GSK672 (2 mg/kg twice a day for 1 week) via oral gavage (n = 5). Mice were fasted overnight, and tissues were 
collected. Liver mRNA and protein were measured. All mRNA results were expressed as mean ± SE. *Statistical significance versus 
vehicle. Densitometry was performed using ImageJ software and normalized to loading controls.
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DNA probe containing the putative HNF4a binding 
site, which was abolished when the HNF4a binding site 
mutant DNA probe was used in EMSA (Fig. 3G).

SHP and Cytokines Target HNF4α to Repress  
Mouse CSAD Expression

Coexpression of SHP dose-dependently decreased 
basal and HNF4a-stimulated activity of the mouse CSAD 

reporter containing the functional HNF4a binding sites 
(Fig. 4A). Furthermore, mutations of the HNF4a bind-
ing site significantly decreased the basal CSAD promoter 
activity and further abolished the repressive effect of SHP 
on the mouse CSAD promoter reporter activity (Fig. 4B 
and C), suggesting that SHP repressed CSAD reporter 
activity mainly via inhibition of the HNF4a trans-activating 
activity. Consistent with these in vitro results, we also 

Figure 3. Hepatocyte nuclear factor 4a (HNF4a) binds mouse CSAD promoter to induce its gene transcription. (A–C) C57BL/6J 
male mice (n = 5) were injected with Ad-Null or Ad-shHNF4a at a dose of 1 ́  109 pfu/mouse. After 7 days, mice were fasted overnight, 
and tissues were collected. Liver mRNA and protein were measured. The mRNA results are expressed as mean ± SEM. *Statistical 
significance versus Ad-Null. Densitometry was performed using ImageJ software and normalized to loading controls. (D) Luciferase 
reporter constructs (0.2 µg), b-gal expression construct (0.05 µg), and 0.1 µg of pcDNA3.0 or HNF4a expression plasmid were 
cotransfected into AML12 cells. Luciferase and b-gal activities were measured 48 h later. Controls (pcDNA3.0) for different reporter 
constructs were normalized to “1” for comparison. *Statistical significance versus pcDNA3.0. The indicated promoter length is rela-
tive to the transcriptional start site of the Csad gene as “+1”. The “ATG” start codon of the Csad gene starts at +169 bp. (E) Chromatin 
immunoprecipitation (ChIP) assay detection of HNF4a occupancy to the proximal promoter region of the Csad chromatin in mouse 
livers. The ChIP assay real-time PCR primer pairs amplify the −57/+60 Csad chromatin region. (F) Wild-type (WT) and HNF4a 
mutant CSAD-(−913/+60)-luc constructs (0.2 µg), b-gal expression construct (0.05 µg), and 0.1 µg of pcDNA3.0 or HNF4a expres-
sion plasmid were cotransfected into AML12 cells. Luciferase and b-gal activities were measured 48 h later. The putative HNF4a 
binding site and mutant sequences are shown below the bar graph. *Statistical significance versus pcDNA3.0. #Statistical significance 
versus WT-Luc. (G) EMSA detection of HNF4a binding to the WT but not the mutant HNF4a binding site in the CSAD promoter 
DNA probe. Mut, CSAD probe with mutations introduced into the HNF4a binding site as shown in (C). All reporter assay results are 
shown as mean ± SD of triplicate assays.
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found that hepatic CSAD mRNA and protein expression 
were significantly increased in L-SHP KO mice, which 
suggested that hepatic SHP negatively regulated hepatic 
CSAD expression in mice in vivo (Fig. 3D and E).

In addition to bile acids and FXR-induced SHP, proin-
flammatory cytokines such as TNF-a have been shown to 
inhibit HNF4a, leading to strong repression of CYP7A1 
in vivo and in vitro26–28. To further substantiate the role 
of HNF4a in regulating hepatic CSAD expression, the 
effect of TNF-a on CSAD expression was further stud-
ied in primary mouse hepatocytes. Results showed that 
TNF-a treatment strongly repressed HNF4a mRNA and 
protein expression in primary mouse hepatocytes (Fig. 5A 
and D). Reduced HNF4a was associated with signifi-
cantly reduced CSAD and CYP7A1 in TNF-a-treated 
mouse hepatocytes (Fig. 4B–D). We found that SHP KO 
hepatocytes showed elevated CSAD expression com-
pared to WT hepatocytes (Fig. 5E and F), while TNF-a 
reduced CSAD mRNA to similar extent in WT and SHP 
KO hepatocytes (Fig. 5F). TNF-a also strongly reduced 
SHP mRNA in WT hepatocytes. These results suggest 
that TNF-a repression of CSAD is likely independent of 
SHP. Next, we knocked down HNF4a in mouse hepato-
cytes and treated the cells with TNF-a. Knockdown of 
HNF4a by ~85% reduced CSAD mRNA expression by 
~45% (Fig. 5G and H). TNF-a treatment reduced CSAD 
by ~50% in control hepatocytes and further reduced 
HNF4a by ~75% and CSAD by ~60% in HNF4a 

knockdown hepatocytes (Fig. 5H). Taken together, these 
results suggest that HNF4a is a key transcriptional stimu-
lator that maintains basal hepatic CSAD expression and 
mediates bile acids and cytokine repression of CSAD  
in mouse livers.

HNF4α Overexpression and FXR Activation Do Not 
Affect CSAD Expression in Human Hepatocytes

Currently, it is still not clear if bile acids also repress 
hepatic CSAD expression in humans. To test this, we next 
treated human hepatocytes with FXR agonist GW4064, 
CA, or chenodeoxycholic acid (CDCA). Interestingly, 
GW4064 and bile acids strongly induced SHP mRNA 
expression and repressed CYP7A1 mRNA expression 
but did not affect CSAD mRNA expression in human 
hepatocytes (Fig. 6A–C). In addition, CSAD protein 
abundance was not affected by GW4064 or bile acids  
(Fig. 6D). These results suggest that human CSAD may 
not be regulated by bile acids or FXR agonist.

DISCUSSION

Liver is a major organ that synthesizes taurine, which 
is used for bile acid conjugation10–12. Studies showed that 
hepatic CSAD expression was highly sensitive to bile acid 
repression, suggesting that hepatic taurine production 
is closely coupled to hepatic bile acid synthesis rate in 
mice14. However, the molecular mechanisms of bile acid 
inhibition of hepatic CSAD expression is still not clear. 

Figure 4. Small heterodimer partner (SHP) represses HNF4a transactivation of the mouse CSAD reporter activity. (A–C) WT or 
mutant CSAD-(−1,895/+60)-luc construct (0.2 µg), b-gal expression construct (0.05 µg), and 0.1 µg (+) or 0.2 µg (++) of HNF4a and/
or SHP expression plasmids were cotransfected into AML12 cells. The total amount of transfected plasmid DNA in each condition 
was adjusted by pcDNA3.0 plasmid. Luciferase and b-gal activities were measured 48 h later. *Statistical significance versus WT-Luc 
control + pcDNA3.0. #Statistical significance versus WT-Luc + HNF4a. All results are shown as mean ± SD of triplicate assays. (D, 
E) CSAD mRNA and protein expression in liver-specific SHP KO mice and controls. Results of mRNA expression were expressed 
as mean ± SE (n = 3–4). *Statistical significance versus WT. Densitometry was performed using ImageJ software and normalized to 
loading controls.
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Figure 5. Inflammatory cytokine TNF-a inhibits HNF4a and CSAD expression in mouse hepatocytes. (A–D) Primary mouse hepa-
tocytes were treated with TNF-a (50 ng/ml) for 24 h. The mRNA results are representative of two independent preparations of mouse 
hepatocytes. *Statistical significance versus control. Western blot is a representative of three independent experiments. Densitometry 
was performed using ImageJ software and normalized to loading controls. (E, F) WT and SHP KO hepatocytes were prepared as 
described in Materials and Methods. Cells were treated with TNF-a (50 ng/ml) for 24 h. SHP and CSAD mRNA were measured in 
triplicates and expressed as mean ± SD. (G, H) Mouse hepatocytes infected with Ad-Null or Ad-shHNF4a (MOI = 10) were treated 
with TNF-a (50 ng/ml) for 24 h as described in Materials and Methods. HNF4a and CSAD mRNA were measured in triplicates and 
expressed as mean ± SD. *Statistical significance versus WT or Ad-Null. #Statistical significance versus SHP KO or Ad-shHNF4a 
without TNF-a treatment.

Figure 6. Bile acids and farnesoid X receptor (FXR) activation do not repress CSAD in human hepatocytes. (A–C) Primary human 
hepatocytes were treated with bile acids (25 or 50 µM) or GW4064 (1 µM) for 16 h. CSAD, CYP7A1, and SHP mRNA expression was 
measured. Results are expressed as mean ± SE of seven hepatocyte preparations. *Statistical significance versus controls. (D) Primary 
human hepatocytes were treated with 50 µM CDCA or 1 µM GW4064 for 16 h. A representative blot is shown. The values below the 
CSAD bands represent the mean ± SE of four hepatocyte preparations. Densitometry was performed with ImageJ software, and CSAD 
band intensity was normalized to that of actin bands.
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HNF4a is known to play an important role in maintain-
ing the relatively high basal expression of many hepatic-
enriched genes, and hepatic HNF4a deficiency resulted 
in profound changes in metabolic homeostasis and cel-
lular proliferation in mice20,29,30. In this study, we pres-
ent new findings to show that HNF4a plays a key role in 
stimulating hepatic CSAD expression in mice, which can 
be evidenced by the results showing that hepatic HNF4a 
knockdown caused significant reduction in CSAD expres-
sion in mouse livers and hepatocytes, and cotransfection 
of HNF4a strongly induced mouse CSAD promoter 
luciferase reporter activity. Furthermore, we showed that 
HNF4a served as a downstream target to mediate bile 
acid repression of CSAD expression. Our results collec-
tively support a model whereby bile acid-activated FXR 
induces SHP, which acts as a repressor to inhibit HNF4a 
transactivation of CSAD transcription in mice. The role of 
SHP in this regulatory cascade was further supported by 
the significantly increased hepatic CSAD expression in 
L-SHP KO mice. Induction of CSAD upon ASBT inhibi-
tion also suggests that hepatic CSAD expression is under 
bile acid inhibition under physiological condition. It 
should be further noted that HNF4a is also a key inducer 
of hepatic CYP7A1 and CYP8B120,22,23,31. In obstructive 
cholestasis, several bile acid-initiated signaling pathways 
including the FXR/SHP axis and elevated proinflamma-
tory cytokine signaling have been shown to target HNF4a 
to repress CYP7A1 and CYP8B126,27,32. These signaling 
pathways likely contributed to the strong hepatic CSAD 
repression in BDL mice. However, we found that despite 
reduced basal CSAD expression, TNF-a still repressed 
CSAD in HNF4a knockdown hepatocytes. On the one 
hand, this could be partially due to TNF-a repression of 
the remaining HNF4a in HNF4a knockdown cells, and 
on the other hand, TNF-a may inhibit CSAD via redun-
dant HNF4a-independent mechanisms.

The parallel regulation of hepatic CYP7A1 and CSAD 
by nuclear receptors and bile acid signaling implies that 
a major purpose of hepatic taurine synthesis is to meet 
the need for bile acid conjugation. This may be because 
decreased bile acid conjugation can be associated with 
impaired physiological function of bile acids in the gut 
and potentially toxic effect elicited by unconjugated bile 
acids in the biliary tract. This can be evidenced by fat-sol-
uble vitamin deficiency, growth retardation, and, in some 
cases, cholangiopathy reported in pediatric patients lack-
ing functional BACS or BAAT8,9,33. In hepatocytes, newly 
synthesized bile acids are efficiently conjugated before 
they are secreted into the bile. Under normal physiology, 
hepatic de novo bile acid synthesis is maintained at rela-
tively low levels because the fecal loss of bile acids is 
minimal. Furthermore, the amount of unconjugated bile 
acids circulating back to the liver from the small and large 
intestines is also relatively small. The strong inhibition 

of CSAD expression by bile acids and FXR provides a 
mechanism that preserves cysteine for use by other cel-
lular pathways when bile acid synthesis is repressed and 
ensures sufficient taurine is available when de novo bile 
acid synthesis is induced. This is consistent with previous 
reports that the basal cysteine flux to taurine in hepato-
cytes occurs at a very low rate but can be induced34,35. 
Another mechanism by which FXR regulates bile acid 
conjugation is through upregulation of hepatic expres-
sion of human BACS and BAAT via direct binding to 
the promoter or intron regions of the two genes36. Under 
conditions with a significantly expanded bile acid pool, 
the unconjugated bile acids returning from the intestine 
to the liver may increase in hepatocytes despite inhib-
ited hepatic de novo bile acid synthesis. In this scenario, 
induction of bile acid conjugation enzymes provides a 
mechanism to stimulate bile acid conjugation in response 
to elevated hepatocellular bile acid load.

Our study conducted in human hepatocytes suggested 
that human CSAD may not be repressed by bile acids 
and FXR. Humans and other nonhuman primates can 
use both glycine and taurine for bile acid conjugation6,7. 
In humans, about two thirds of the bile acids are glycine 
conjugates, which is likely a result of the substrate speci-
ficity of the BAAT enzyme toward glycine over taurine 
and also the relative subcellular taurine concentration 
in the peroxisomes37–39. Therefore, humans rely less on 
hepatic taurine production to maintain the conjugated bile 
acid content in the pool. However, it should also be noted 
that the overall rate of cysteine catabolism is considered 
to be predominantly controlled at the upstream CDO1 
level10. Increased CDO1 was sufficient to drive cysteine 
flux to taurine without the need for CSAD induction35,40. 
In contrast, CSAD downstream of CDO1 may further 
increase taurine synthesis by controlling the partition of 
cysteine sulfinic acid between taurine synthesis and the 
production of pyruvate and sulfate. Recently, we reported 
that bile acids repressed CDO1 expression in both mouse 
livers and human hepatocytes, suggesting conserved bile 
acid repression of hepatic cysteine catabolism in humans 
and mice13. We also showed that loss of bile acid repres-
sion of this pathway in cholestyramine-fed mice increased 
hepatic taurine production and depleted hepatic cysteine 
and impaired GSH synthesis13, which may underlie the 
hepatotoxicity associated with the use of bile acid seques-
trants in hyperlipidemia patients41–44. In addition to being 
used for bile acid conjugation, taurine has many other 
biological functions in different organ systems and cell 
types45. Csad knockout mice had defective taurine synthe-
sis and showed neonatal mortality, which was rescued by 
dietary taurine supplement46. In contrast, growth defects, 
postnatal lethality, and many other pathological abnor-
malities in mice lacking CDO1 could not be fully rescued 
by dietary taurine supplement47,48, further suggesting that 
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altered expression of CDO1 or CSAD may result in dis-
tinct metabolic consequences in the liver.

In summary, this study revealed that the liver-enriched 
transcriptional factor HNF4a is a strong transcriptional 
activator of the mouse CSAD gene, which is consistent 
with previous findings that the liver is the major taurine-
producing organ and has markedly higher CSAD expres-
sion than nonhepatic tissues in mice10–12. Furthermore, 
bile acids, via the FXR/SHP axis, target HNF4a to repress 
hepatic CSAD, which thus couples taurine production 
to CYP7A1 expression and bile acid synthesis in mice. 
In addition, we report differential regulation of hepatic 
CSAD in humans and mice by bile acids and FXR. The 
loss of FXR repression of CSAD in humans may possibly 
reflect the different preference for taurine or glycine in 
the bile acid amidation reaction.
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