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Proinflammatory activity of hepatic macrophages plays a key role during progression of alcoholic liver disease
(ALD). Since mixed lineage kinase 3 (MLK3)-dependent phosphorylation of JNK is involved in the activa-
tion of macrophages, we tested the hypothesis that myeloid MLK3 contributes to chronic ethanol-induced
inflammatory responses in liver, leading to hepatocyte injury and cell death. Primary cultures of Kupfter cells,
as well in vivo chronic ethanol feeding, were used to interrogate the role of MLK3 in the progression of liver
injury. Phosphorylation of MLK3 was increased in primary cultures of Kupffer cells isolated from ethanol-
fed rats compared to cells from pair-fed rats. Kupffer cells from ethanol-fed rats were more sensitive to
LPS-stimulated cytokine production; this sensitization was normalized by pharmacological inhibition of MLK3.
Chronic ethanol feeding to mice increased MLK3 phosphorylation robustly in F4/80* Kupffer cells, as well as
in isolated nonparenchymal cells. MLK3~~ mice were protected from chronic ethanol-induced phosphoryla-
tion of MLK3 and JNK, as well as multiple indicators of liver injury, including increased ALT/AST, inflam-
matory cytokines, and induction of RIP3. However, ethanol-induced steatosis and hepatocyte apoptosis were
not affected by MLK3. Finally, chimeric mice lacking MLK3 only in myeloid cells were also protected from
chronic ethanol-induced phosphorylation of JNK, expression of inflammatory cytokines, and increased ALT/AST.
MLK3 expression in myeloid cells contributes to phosphorylation of JNK, increased cytokine production, and
hepatocyte injury in response to chronic ethanol. Our data suggest that myeloid MLK3 could be targeted for
developing potential therapeutic strategies to suppress liver injury in ALD patients.
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INTRODUCTION

Alcoholic liver disease (ALD) develops in approxi-
mately 20% of all heavy drinkers with a higher preva-
lence in females. The development of ALD is a complex
process involving both parenchymal and nonparenchy-
mal cells resident in the liver, as well as the recruitment
of other cell types to the liver in response to damage and
inflammation'2. Kupffer cells, the resident hepatic mac-
rophages, are particularly critical to the onset of ethanol-
induced liver injury'2. Increased exposure of Kupffer
cells to gut-derived lipopolysaccharide (LPS) during
chronic ethanol feeding activates toll-like receptor 4
(TLR4)-dependent production of inflammatory media-
tors. Increased exposure to LPS results from an ethanol-
induced loss of intestinal barrier function. In addition

to increased exposure to LPS, chronic ethanol exposure
sensitizes Kupffer cells to LPS, resulting in increased
production of inflammatory mediators, associated with
enhanced TLR4-mediated signaling and a predominantly
M1 polarization'?.

While activated macrophages release a variety of
proinflammatory mediators, tumor necrosis factor-o
(TNF-0) is of particular importance and is known to play
a central role in the progression of hepatocyte injury?. In
healthy hepatocytes, TNF-a serves a protective function
via activation of NF-xB; however, in the context of ALD,
the cellular environment shifts to enable TNF-o. to drive
hepatocellular cell death via necroptosis and/or apopto-
sis*. Ethanol feeding induces both apoptosis and receptor
interacting protein kinase (RIP3)-dependent necroptosis
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in hepatocytes. RIP3-deficient mice are protected from
chronic ethanol-induced hepatocyte injury and hepatic
inflammation, suggesting that necroptosis plays a piv-
otal role during ethanol-induced hepatocyte injury>*.
RIP3-mediated necroptosis is activated by a number of
upstream signaling molecules, including TNF-o’.

Despite the important role of the TLR4—Kupffer cell-
TNF-a axis in effecting hepatocyte injury and death in
response to chronic ethanol, we still do not have a com-
plete understanding of the mechanisms by which etha-
nol sensitizes Kupffer cells to activation. Work over the
last decade has found that overactivation of members
of the mitogen-activated protein kinase (MAPK) fam-
ily [e.g., p38, extracellular receptor kinase (ERK), and
c-jun N-terminal kinase (JNK)] is critical for ethanol-
induced sensitization of Kupffer cells to TLR4 ligation'?.
However, the upstream mechanisms involved in chronic
ethanol-induced sensitization of Kupffer cells are not
well understood.

MLKSs, the mixed lineage kinase kinases (MAP3K),
are a group of serine—threonine kinases that can acti-
vate MAP kinase pathways®. MLK3, a member of this
MAP3K family (MAP3K11), can directly phosphorylate
the MAPK family member JNK1/2 and also contribute
to the activation of ERKs and p38%°. MLK3-induced
JNK activation is involved in acetaminophen-driven
liver injury'®. Mice deficient in MLK3 are also protected
from metabolic dysfunction and hepatic injury follow-
ing exposure to high-fat diet'!'?; phosphorylation of INK
and c-jun is reduced in both liver and adipose tissue of
MLK3-deficent mice compared to wild-type mice fed
high-fat diets''. MLK3 and JNK are central regulators in
polarization of macrophages to a proinflammatory M1
phenotype®, and bone marrow-derived macrophages from
MLK3-deficient mice are resistant to palmitic acid-induced
macrophage M1 polarization'*.

Since activation of Kupffer cells is crucial for ethanol-
induced liver injury, here we tested the hypothesis that
MLKS3 serves as a pivotal link between ethanol-induced
release of pro-death ligands (e.g. TNF-o) by activated
macrophages and hepatocyte injury. Making use of both
primary cultures of Kupffer cells and in vivo models of
chronic ethanol exposure, we find that phosphorylation
of MLK3 is increased by chronic ethanol in primary
cultures of Kupffer cells, as well as in F4/80" mac-
rophages in mouse liver. Importantly, both global MLK3-
deficient mice and chimeric mice lacking MLK3 only
in myeloid cells were protected from multiple indica-
tors of liver injury induced by chronic ethanol exposure.
Collectively, these results suggest a novel link between
MLK3-dependent sensitization of TLR4 signaling in
Kupffer cells and hepatocyte injury following chronic
ethanol feeding.
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MATERIALS AND METHODS
Materials

MLK3™ mice (generated by Roger J. Davis, University
of Massachusetts Medical School, Worcester, MA) were
a gift from Dr. Anja Jaeschke (University of Cincinnati).
These mice were back-crossed for 10 generations to the
C57BL/6] background. Lieber—DeCarli ethanol and con-
trol diets were purchased from Dyets (Bethlehem, PA,
USA). Cytochrome P450 2E1 (CYP2E1)-deficient mice,
generated by Dr. Frank Gonzalez, (National Institutes
of Health, Bethesda, MD, USA), were a gift from
Dr. Arthur Cederbaum (New York, NY, USA). RIP37~ mice
were a gift from Vishva Dixit (Genentech, San Fransisco,
CA, USA). Knockout colonies were maintained at the
Cleveland Clinic, and female mice at 8—10 weeks of age
were used in all experiments. Female C57BL/6J mice and
129S1/SvimJ mice (wild-type controls for CYP2E17~
mice) (8—10 weeks old) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Antibodies were
purchased from the sources indicated in parentheses:
4-hydroxynonenal (Alpha Diagnostics, San Antonio, TX,
USA), pSer345 MLKL (ab196436) and CYP2E1 (Abcam,
Cambridge, MA, USA), RIP3 (ABGENT, San Diego,
CA, USA), active-JNK (Promega, Madison, WI, USA),
Ly6C (AbD Serotec, Raleigh, NC, USA), cytokeratin 18
fragment/M30 (Roche, Mannheim, Germany), Thr277/
Ser281 phospho-MLK3 (Biorbyt, Cambridge, UK), RIP1
(BD Biosciences, San Jose, CA, USA), and TNF-o
(Fitzgerald Inc., North Acton, MA, USA). Alexa Fluor
488- and Alexa Fluor 568-conjugated secondary antibodies
were purchased from Life Technologies/Molecular Probes/
Fisher. TUNEL assay kit ApopTag Plus In Situ Apoptosis
Fluorescein Detection Kit was purchased from Millipore
(S7111; Billerica, MA, USA). MLK3 inhibitor, URMC-
099, was purchased from Adipogen (San Diego, CA, USA).
4-Methypyrazole and LPS were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Chronic Ethanol Feeding to Mice

All procedures using animals were approved by the
Cleveland Clinic Institutional Animal Care and Use
Committee. Female mice were housed in shoebox cages
(two animals/cage) with microisolator lids. Standard
microisolator handling procedures were used throughout
the study. Age-matched, 8- to 10-week old female mice
were randomized into ethanol-fed and pair-fed groups
and then adapted to a control liquid diet for 2 days. Mice
in the ethanol-fed groups were allowed free access to an
ethanol diet containing 1% (v/v) ethanol for 2 days fol-
lowed by 2% ethanol for 2 days, 4% ethanol for 1 week,
5% ethanol for 1 week followed by 6% ethanol for the
final week (termed “25d, 32%”). In one experiment using
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RIP3~~ mice, mice were fed 1% ethanol for 2 days and
then 6% ethanol for 2 days (termed “4d, 32%”). Control
mice were pair-fed a control liquid diet, which isocalori-
cally substituted maltose dextrins for ethanol'.

Bone Marrow Transplants:
Generation of Myeloid MLK3~~ Mice

MLK3~~ chimeric mice were generated by transplan-
tation of bone marrow from MLK3~~ mice to C57BL/6
wild-type mice. To create the bone marrow chimeras,
5-week-old female C57BL/6 mice were lethally irra-
diated, 2 h apart, with 600 RAD x2. MLK3~~ mice (8
weeks old) were euthanized, and bone marrow cells were
isolated from the donor mice by flushing the femur and
tibia bones with sterile phosphate-buffered saline fol-
lowed by lysis of the red blood cells using AKC lysis buf-
fer. MLK3~~ bone marrow cells (at least 10x 10° cells)
were injected via the tail vein to irradiated C57BL/6
recipient mice. Control mice were generated by trans-
plantation of bone marrow isolated from the C57BL/6
mice to C57BL/6 recipient mice. All chimeras were kept
in sterile cages with irradiated food and autoclaved water.
To deplete the resident macrophages in the liver, 4 weeks
after bone marrow transplantation, MLK3 chimeras
were injected via the tail vein with clodronate (200 pg/
mouse) containing liposomes (SKU #8909; Encapsula
Nanosciences, Nashville, TN, USA). One week after the
clodronate injection, both the control and MLK3 chime-
ric mice were placed on the chronic ethanol feeding pro-
tocol, as described above.

Sample Collection

At the end of the feeding protocols, mice were anes-
thetized, blood samples were taken into nonheparinized
syringes from the posterior vena cava, and livers were
excised. Portions of each liver were then either fixed
in formalin or frozen in optimal cutting temperature
(OCT) compound (Sakura Finetek USA Inc., Torrance,
CA, USA) for histology, frozen in RNAlater (Qiagen,
Valencia, CA, USA), or flash frozen in liquid nitrogen
and stored at —80°C until further analysis. Blood was
transferred to EDTA-containing tubes for the isolation of
plasma. Plasma was then stored at —80°C.

Rat Model of Chronic Ethanol Feeding
and Isolation of Kupffer Cells

Chronic ethanol feeding to Wistar rats and isolation of
Kupffer cells were performed, as previously described's.
Isolated Kupffer cells were plated in 96-well plates
(0.4x10° cells/ml) or chamber slides. Media were changed
after 1 h to remove nonadherent cells. After 18 h in culture,
cells were pretreated with MLK3 inhibitor (URMC-099;
100 nM), JNK inhibitor (SP600125; 30 uM), or vehicle
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for 2 h and then challenged with LPS (100 ng/ml) for 1 h.
Kupffer cells were then collected for quantitative real-time
polymerase chain reaction (QRT-PCR), Western blot analy-
sis, or immunocytochemistry.

Immunohistochemistry

Apoptosis was detected using a TUNEL assay, as
described previously!”. Formalin-fixed paraffin-embedded
liver sections were deparaffinized and stained for TNF-q,
caspase-catalyzed cytokeratin-18 fragment (M30)°, phos-
pho-JNK?, phospho-MLK3, or RIP3°. Frozen liver sections
were used for Ly6C staining®. All images presented in the
results are representative of at least three images per liver
and four to six mice per experimental condition. Images
were analyzed and semiquantified using Image-Pro Plus
software (Media Cybernetics, Bethesda, MD, USA).

Biochemical Assays

Activity of alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) was measured in plasma
samples using commercially available enzymatic assay
kits (Sekisui Diagnostics, LLC, Lexington, MA, USA),
as described in the manufacturer’s instructions. Total
hepatic triglycerides were assayed using the Triglyceride
Reagent Kit from Pointe Scientific Inc. (Lincoln Park,
MI, USA)'.

Pieces of frozen liver (0.5-1.0 g) were homogenized
in lysis buffer (10 ml/g tissue), and protein concentrations
were measured by bicinchoninic acid assay using kit from
Bio-Rad (Hercules, CA, USA). Liver lysates were used for
Western blot analysis to detect CYP2E1 and RIP1. HSC70
was used as the loading control'”. Nonparenchymal cells
were isolated from ethanol-fed and pair-fed mice, as previ-
ously described', and lysates were prepared and used in
Western blot analysis to detect phospho-MLK3.

Isolation of RNA and gRT-PCR

Total RNA was isolated and reverse transcribed fol-
lowed by amplification using qRT-PCR. The relative
amount of target mRNA was determined using the com-
parative threshold (Ct) method by normalizing target
mRNA Ct values to those of 18S".

Statistical Analysis

Values shown in all figures represent means + stan-
dard error of the mean (SEM), n=4 for pair-fed and n=6
for ethanol-fed. Data were analyzed by general linear
models procedure (SAS, Carey, IN, USA). Data were
log transformed, as needed, to obtain a normal distribu-
tion. Follow-up comparisons were made by least square
means testing. If the data were not normally distributed,
Kruskal-Wallis nonparametric statistical analysis was done
using PRISM software.
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Figure 1. MLK3 contributed to sensitization of Kupffer cells from ethanol-fed rats to challenge with lipopolysaccharide (LPS).
Kupfter cells isolated from ethanol- or pair-fed rats were cultured for 18 h. (A) Kupffer cells from pair- and ethanol-fed rats were
challenged, or not, with 100 ng/ml LPS for 1 h. Kupffer cells were then fixed with 4% paraformaldehyde and stained for phospho-
mixed lineage kinase 3 (MLK3). Images were acquired using 40x objective and semiquantified using Image-Pro Plus software. (B-E)
Following pretreatment with (B, C, E) 100 nM URMC-099, a potent MLK3 inhibitor, or (D) 30 uM SP600125, a JNK inhibitor, for 2
h, cells were challenged with LPS (100 ng/ml) for 1 h. Expression of TNF-a (B, D) and IL-6 (C) mRNA was measured by quantitative
real-time polymerase chain reaction (QRT-PCR). (E) Phosphorylation of INK1 and JNK2 was assessed by Western blot and normalized
to HSC70. Data are expressed relative phosphorylation in LPS-treated cells to better compare the effect of URMC between isoforms.
Values represent means + SEM, n=4, except for (D) where n=9. Values with different lower case letters are significantly different from

each other, p<0.05.
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Figure 2. Chronic ethanol feeding increased phosphorylation of MLK3 in mouse liver. C57BL/6 and MLK3~~ mice were allowed
free access to diets with increasing concentrations of ethanol (final concentration 32% of kcal) or pair fed a control diet for 25 days.
Paraffin-embedded livers were deparaffinized followed by immunohistochemistry. (A) Immunoreactive phospho-MLK3 was visual-
ized, and nuclei were counterstained with hematoxylin. Images were acquired using 20x objective. Positive staining was quantified
using Image-Pro Plus software and analyzed. Values represent means + SEM, n=4 pair-fed and 6 EtOH-fed mice. Values with different
lower case letters are significantly different from each other, p<0.05. (B) Immunoreactive phospho-MLK3 (green) and F4/80 (red)
were visualized, and nuclei were labeled with DAPI. Images were acquired at 40x. (C) Nonparenchymal cells were isolated from
livers of wild-type mice. Lysates were prepared and used for Western blot analysis of phospho-MLK3. GAPDH was used as a loading
control. Values represent means+SEM, n=6-7 mice. *p<0.05 compared to pair fed.

RESULTS

Inhibition of MLK3 Attenuated Ethanol-Induced
Sensitization of Kupffer Cells to LPS

Kupffer cell activation is an early event during pro-
gression of ALD?; chronic ethanol exposure sensitizes
Kupffer cells to TLR4-dependent cytokine production.
Activated Kupffer cells release a variety of proinflam-
matory mediators that contribute to hepatocyte injury

following chronic ethanol feeding. Since MLK3 and its
downstream target JNK are implicated in macrophage
activation, here we tested the hypothesis that MLK3
is critical for ethanol-induced sensitization of Kupffer
cells to LPS challenge. Phospho-MLK3 was detected
in Kupffer cells isolated from ethanol-fed, but not pair-
fed, rats at baseline (Fig. 1A). Phosphorylation was
intermediate in Kupffer cells from pair-fed mice in
response to LPS, but not further increased in cells from
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Figure 3. Ethanol-induced increases in phosphorylation of MLK3 in Kupffer cells and mouse liver were dependent on CYP2EI.
(A) Kupffer cells isolated from ethanol- or pair-fed rats were cultured for 18 h. Following pretreatment with 5 nM 4-methyl pyrazole
(4-MP) to inhibit CYP2EI for 2 h, cells were challenged with LPS (100 ng/ml) for 1 h. Kupffer cells were then fixed with 4% para-
formaldehyde and stained for phospho-MLK3. Values with different alphabetical superscripts were significantly different from each
other, p<0.05. (B) 129S1/SvimJ (wild-type) and CYP2E1~~ mice were allowed free access to diets with increasing concentrations of
ethanol (final concentration 32% of kcal) or pair-fed controls for 25 days. Paraffin-embedded livers were deparaffinized followed by
immunohistochemistry for phospho-MLK3. Nuclei were counterstained with hematoxylin. All images were acquired using 20x objec-
tive. *p<0.05 compared to pair fed within a genotype. Values represent means = SEM, n=4 pair-fed and 6 EtOH-fed mice.

ethanol-fed rats (Fig. 1A). Challenge of Kupffer cells with
LPS increased expression of TNF-o and interleukin-6
(IL-6) mRNA in Kupffer cells from ethanol- and pair-fed
rats (Fig. 1B and C). While there was no effect of ethanol
feeding on cytokine expression in the absence of LPS,
Kupffer cells from ethanol-fed rats were more sensitive to
LPS compared to cells from pair-fed rats (Fig. 1B and C).

When Kupffer cells were pretreated with URMC-0999,
an inhibitor of MLK3 (Fig. 1B and C), or SP0600125, an
inhibitor of INK (Fig. 1D), LPS-stimulated cytokine expres-
sion was reduced in both groups; expression in Kupffer
cells from ethanol-fed rats was reduced to that of pair-fed
controls not treated with inhibitor (Fig. 1B-D). In Kupffer
cells from control rats, LPS activated both JNK1 and JNK2;
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Figure 4. Chronic ethanol-induced phosphorylation of JNK and expression of TNF-o. were dependent on MLK3. C57BL/6 and
MLK3~~ mice were allowed free access to diets with increasing concentrations of ethanol (final concentration 32% of kcal) or pair
fed a control diet for 25 days. Paraffin-embedded livers were deparaffinized followed by immunohistochemistry. (A) Immunoreactive
phospho-JNK was visualized, and nuclei were counterstained with hematoxylin. Images were acquired using 20x objective, and posi-
tive staining was quantified using Image-Pro Plus software and analyzed. Red arrow indicates hepatocytes, and blue arrows indicate
nonparenchymal cells. (B) Immunoreactive TNF-o. was visualized, and nuclei were counterstained with hematoxylin. Images were
acquired at 40x objective, and positive staining was quantified using Image-Pro Plus software and analyzed. Black arrows indicate
hepatocytes, and white arrows indicate nonparenchymal cells. Values represent means+SEM, n=4 pair-fed and 6 EtOH-fed mice.
Values with different lower case letters are significantly different from each other, p<0.05.

pretreatment with URMC decreased activation of both iso-
forms (Fig. 1E). Taken together, these experiments suggest
that ethanol enhances phosphorylation of MLK3; this acti-
vation alone is not sufficient to induce expression of cyto-
kines, but does contribute to the increased sensitivity of
Kupffer cells to LPS after chronic ethanol feeding.

Chronic Ethanol Feeding Increased Phosphorylation
of MLK3 in Mouse Liver

Since MLK3 phosphorylation was increased in pri-
mary Kupffer cells isolated from ethanol-fed rats, we
next investigated the impact of chronic ethanol feeding
on the phosphorylation of MLK3 in livers of wild-type
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and MLK3”~ mice. Chronic ethanol feeding increased
phospho-MLK3 immunostaining in wild-type mouse
liver; this signal was totally abrogated in livers of MLK3-
deficient mice (Fig. 2A). Interestingly, morphological
assessment of phospho-MLK3-positive staining indi-
cated that phospho-MLK3 was robustly increased in non-
parenchymal cells (Fig. 2A). Phospho-MLK3-positive
staining in liver of ethanol-fed wild-type mice colocal-
ized with F4/80, a marker of tissue-resident macrophages
(Fig. 2B). Further, phospho-MLK3 immunoreactivity
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was also increased in nonparenchymal cells isolated from
ethanol-fed compared to pair-fed wild-type mice in a
Western blot analysis (Fig. 2C).

CYP2EI Contributed to Ethanol-Induced
Phosphorylation of MLK3

Increased oxidative stress is one important mechanism
for the activation of MLK3; phosphorylation of MLK3 is
increased in other systems in response to Stress or excess
reactive oxygen species (ROS)?%. Since induction of
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Figure 5. MLK3 deficiency reduced ethanol-induced liver injury but not steatosis in mice. C57BL/6 and MLK3~~ mice were allowed
free access to diets with increasing concentrations of ethanol (final concentration 32% of kcal) or pair fed a control diet for 25 days.
(A) Enzyme activities of ALT and AST were measured in plasma. (B) Hepatic triglyceride content was measured in whole-liver
homogenate. (C) Liver histology was visualized in hematoxylin and eosin (H&E)-stained liver sections using a 10x objective. Values
represent means+SEM, n=4 pair-fed and 6 EtOH-fed mice. Values with different lower case letters are significantly different from

each other, p<0.05.
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Figure 6. MLK3 deficiency reduced ethanol-induced inflammatory responses and oxidative stress in mice. C57BL/6 and MLK3~"~
mice were allowed free access to diets with increasing concentrations of ethanol (final concentration 32% of kcal) or pair fed a control
diet for 25 days. (A) MCP-1 and (B) TNF-o. mRNA expression were detected in mouse livers using qRT-PCR measurement. (C) Ly6C*
cells were detected by immunostaining in frozen liver sections. Images for Ly6C* cells were acquired using a 40x objective. The
number of Ly6C* cells was quantified using Image-Pro Plus software and analyzed. (D) Paraffin-embedded livers were deparaffinized
followed by immunohistochemistry. Immunoreactive 4-hydroxynonenal (4-HNE) was visualized. Images were acquired using 20x
objective, and positive staining was quantified using Image-Pro Plus software and analyzed. Values represent means + SEM, n=4 pair-
fed and 6 EtOH-fed mice. Values with different lower case letters are significantly different from each other, p <0.05.
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CYP2EI is a critical element in the generation of oxida-
tive stress in response to ethanol exposure???, we next
investigated the role of CYP2EI in phosphorylation of
MLK3. While CYP2E1 expression is primarily induced
in hepatocytes after chronic ethanol, we and others have
reported that chronic ethanol feeding also increases
CYP2ELI expression in Kupffer cells**?*. When primary
Kupffer cells isolated from ethanol-fed rats were prein-
cubated with 4-methylpyrazole, an inhibitor of CYP2EI,
the phosphorylation of phospho-MLK3 was reduced
(Fig. 3A). Consistent with a role for CYP2EI in the acti-
vation of MLK3, when CYP2E1~~ mice were exposed to
chronic ethanol, phospho-MLK3 was undetectable in the
liver (Fig. 3B). CYP2EI-deficient mice are known to be
protected from chronic ethanol-induced liver injury®'?%.
Taken together, these data suggest that CYP2EI, an
important source of reactive oxygen during chronic eth-
anol feeding, contributes to the activation of MLK3 in
both primary cultures of Kupffer cells from ethanol-fed
rats and in mice in response to chronic ethanol feeding.

MLK3-Deficiency Reduced the Ethanol-Induced
Phosphorylation of INK and Expression of TNF-o.
in Mouse Liver

Since MLK3 and JNK activity contributed to the
chronic ethanol-induced sensitization of Kupffer cells to
LPS (Fig. 1), we next investigated the impact of MLK3
deficiency on hepatic phosphorylation of JNK and expres-
sion of TNF-a after chronic ethanol feeding to mice.
Chronic ethanol feeding increased the number of phospho-
JNK* cells in livers of wild-type mice (Fig. 4A). Similar
to the distribution of phospho-MLK3, phospho-JNK*
cells were predominantly localized to cells of a nonparen-
chymal cell morphology (Fig. 4A, inset a), with some
positive hepatocytes detected near portal veins (Fig. 4A,
inset b). Consistent with the ability of MLK3 to activate
JNK!!, MLK3 deficiency attenuated the chronic ethanol-
induced increase of phospho-JNK* cells (Fig. 4A, inset c).
Expression of TNF-o. protein was also increased in livers of
wild-type mice after chronic ethanol feeding, as evaluated
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by immunohistochemistry. Increased expression of TNF-o
was predominantly detected in nonparenchymal cells (Fig.
4B, inset a), with some staining in hepatocytes, particularly
near portal veins (Fig. 4B, inset b), as assessed by mor-
phological examination. This expression pattern is similar
to that previously reported by the Nieto group®. Chronic
ethanol-induced expression of TNF-o protein was reduced
in livers of MLK3-deficient mice (Fig. 4B, inset c).

MLK3 Deficiency Reduced the Development
of Ethanol-Induced Liver Injury in Mice

Since expression of TNF-o. by Kupffer cells is a known
driver of chronic ethanol-induced liver injury, we next
asked whether MLK3~~ mice would be protected from
chronic ethanol-induced liver injury. Chronic ethanol
feeding increased plasma concentrations of ALT and
AST in wild-type mice; this response was reduced in
MLK3-deficient mice (Fig. SA). Chronic ethanol feed-
ing also induced accumulation of lipids in the liver of
wild-type mice (Fig. 5B). In contrast to circulating liver
enzymes, MLK3-deficient mice were not protected from
ethanol-induced hepatic lipid accumulation, as assessed
by hepatic triglyceride content (Fig. 5B). Hematoxylin
and eosin (H&E) sections illustrate the distribution of
triglycerides in the liver of both wild-type and MLK3~
mice (Fig. 5C).

Hepatocyte injury leads to hepatic inflammation, char-
acterized by infiltration of immune cells in the liver and
induction of proinflammatory mediators during progres-
sion of ALD'2. Consistent with the increase in expression
of TNF-a protein (Fig. 4B), chronic ethanol feeding also
increased expression of mRNA for the proinflammatory
mediators TNF-o. and MCP-1 (Fig. 6A and B), as well as
the number of infiltrating Ly6C* immune cells in the livers
of wild-type mice (Fig. 6C). In MLK3™~ mice, these
inflammatory responses to chronic ethanol were ame-
liorated (Fig. 6A—C). Similarly, chronic ethanol feeding
to wild-type mice, but not MLK3~~ mice, increased the
accumulation of 4-hydroxynonenal (4-HNE), an indica-
tor of oxidative stress (Fig. 6D).

Table 1. Body Weights, Food Intake, and CYP2E1 Expression in Pair-Fed and Chronic Ethanol-Fed

(25d, 32%) Wild-Type and MLK3-Deficient Mice

Wild Type MLK3~
Pair Fed EtOH Fed Pair Fed EtOH Fed
Body weight (g)
Initial 18.5+0.3 18.0+0.09 18.9+0.76 18.5+0.31
Final 22.7+0.52 19.3+0.61 22.3+1.06 20.2+0.36
Average daily food intake (ml/cage) > 22.1+0.44 > 23.3+0.24
CYP2EI expression/HSC70 expression ~ 0.37+0.07*  1.17+0.08*  0.43+0.07*  1.17+0.13°

<>: Pair-fed animals. Values with different alphabetical superscripts are significantly different from

each other, p<0.05.
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Protection of MLK3-deficient mice from chronic etha-
nol-induced hepatocyte injury and inflammation was not
due to differences in ethanol intake since the amount of
ethanol consumed was comparable in both wild-type and
MLK3-deficient mice (Table 1). Induction of CYP2EI in
the liver was also not affected by genotype (Table 1).

Differential Contribution of MLK3 to Ethanol-Induced
Hepatic Apoptosis and RIP3 Expression in Mouse Liver

Chronic ethanol feeding induces both apoptosis and
necroptosis in hepatocytes's. Both pathways of cell death
can be activated by TNF-o; therefore, we tested the
hypothesis that MLK3 was upstream of both forms of
hepatocellular death. Chronic ethanol feeding increased
the number of TUNEL* (Fig. 7A and C) and M30* cells
(Fig. 7B and D), markers of apoptosis, as well as indica-
tors of necroptosis in livers of wild-type mice (Fig. 8).
RIP3 expression was increased in response to 32% etha-
nol in the diet for 4 days (Fig. 8A) or 25 days (Fig. 8B).
RIP3 immunoreactivity was absent in livers of RIP37~
mice, demonstrating the specificity of the RIP3 immu-
nohistochemistry (Fig. 8A). Chronic ethanol feeding
also increased phosphorylation of MLKL in wild-type
mice (Fig. 8C). Interestingly, MLK3 deficiency reduced
ethanol-induced RIP3 and phospho-MLKL expression
(Fig. 8B and C), consistent with a reduction in necrop-
tosis, but ethanol-induced apoptosis was unaffected by
genotype (Fig. 7A and B). RIP1 expression, measured by
Western blot, was not different between diets or geno-
types (Fig. 8D).

Myeloid-Specific MLK3~~ Mice Were Protected From
Ethanol-Induced Hepatocyte Injury and Increased
RIP3 Expression

Results from both primary Kupffer cells and in vivo
chronic ethanol feeding suggested a critical role for MLK3
in myeloid cells. While phospho-MLK3, phospho-JNK,
and TNF-o immunoreactivity was modestly increased in
hepatocytes/parenchymal cells (Figs. 2 and 3) in response
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Figure 7. MLK3-deficient mice were protected from chronic
ethanol-induced apoptosis. C57BL/6 and MLK3”~ mice were
allowed free access to diets with increasing concentrations of
ethanol (final concentration 32% of kcal) or pair fed a control
diet for 25 days. Paraffin-embedded livers were deparaffinized
followed by (A) TUNEL or (B) M30 staining. Images were
acquired using 40x for TUNEL and 20x objectives for M30.
(C) TUNEL" cells were counted and expressed as percent
positive of total number of cells (detected by DAPI staining,
not shown in the image). (D) M30* cells per 20x frame were
enumerated. Values represent means+SEM, n=4 pair-fed and
6 EtOH-fed mice. Values with different lower case letters are
significantly different from each other, p<0.05.
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to chronic ethanol, here we have focused primarily on the
role of MLK3 in nonparenchymal cells due both to the
more robust activation of phospho-MLK3/phospho-JNK/
TNF-o in nonparenchymal cells and to the well-known
role of hepatic macrophages during the progression of
chronic ethanol-induced liver injury. To further evaluate
the contribution of myeloid-specific MLK3 to chronic
ethanol-induced hepatic inflammation and liver injury,
MLK3 chimera mice were generated by transplantation of
bone marrow from MLK3~~ mice to wild-type recipients
(myeloid-specific MLK37"). If MLK3 activity in Kupffer
cells contributes to hepatocyte injury during ethanol expo-
sure, myeloid-specific MLK3™~ mice should be protected
from ethanol-induced liver injury. In C57BL/6 wild-type
mice receiving the wild-type bone marrow, chronic etha-
nol feeding increased phospho-JNK immunoreactivity
(Fig. 9A). In contrast, chronic ethanol-induced JNK phos-
phorylation in both nonparenchymal cells and hepatocytes
was largely ameliorated in myeloid-specific MLK3~ chi-
meric mice (Fig. 9A). C57BL/6 wild-type mice receiving
the wild-type bone marrow exhibited typical increases
in expression of mRNA for inflammatory cytokines
(Fig. 9B) and ALT and AST (Fig. 9C) following chronic
ethanol feeding. In contrast, ethanol-induced increases
in expression of mRNA for proinflammatory mediators,
including MCP-1, IL-6, and TNF-a (Fig. 9B) and ALT/
AST (Fig. 9C), were reduced in myeloid MLK3~~ mice.
These results further demonstrate that myeloid-specific
MLK3 contributes to ethanol-induced hepatocyte injury,
associated with a decrease in the activation of JNK and
expression of inflammatory cytokines.

DISCUSSION

TLR4-mediated expression of TNF-a. by Kupffer cells
is a critical element in the development of ALD'2
Chronic ethanol exposure enhances TLR4-mediated acti-
vation of NF-xB, as well as MAPK family members, lead-
ing to increased transcription of TNF-o and stabilization
of TNF-oo. mRNA. Recently, we identified RIP3-driven
necroptotic hepatocyte cell death as an important down-
stream target of increased TNF-o. expression in the context
of chronic ethanol exposure>®. Despite the key contribu-
tions of this TLR4-Kupffer cell-TNF-o axis to disease
progression, the mechanisms by which ethanol sensitizes
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Kupffer cells to TLR4 ligands are not well understood.
MLK3, a JNK-activating serine—threonine kinase, is a
critical mediator of macrophage activation, as well as
hepatocyte injury, in response to high-fat diet'"'>!* or acet-
aminophen toxicity'®. Here we report that chronic ethanol
feeding increased phosphorylation of MLK3 in a CYP2EI-
dependent mechanism, in both primary cultures of Kupffer
cells and in an in vivo mouse model of chronic ethanol
exposure. Pharmacologic inhibition of MLK3 in Kupffer
cells normalized TLR4-mediated cytokine expression
and genetic deletion of MLK3 in mice reduced chronic
ethanol-induced liver injury, decreasing phosphorylation
of JNK and expression of TNF-o. These changes were
associated with a reduction in ethanol-induced increases in
ALT/AST concentrations in the plasma, numbers of infil-
trating Ly6C* cells, and accumulation of 4-HNE adducts.
Importantly, protection was dependent on MLK3 expres-
sion in myeloid-derived cells, as chimeric mice lacking
MLK3 only in myeloid cells were protected from chronic
ethanol-induced phosphorylation of JNK, inflammatory
cytokine expression, and increases to ALT and AST. Taken
together, these data identify MLK3 as an upstream media-
tor contributing to chronic ethanol-induced inflammation
and injury in the liver (Fig. 10).

TLR4-mediated signaling in Kupffer cells is critical
to progression of ALD'2. Kupffer cells are activated by
endotoxin in the portal circulation; translocation of endo-
toxin is increased after chronic ethanol due to impaired
intestinal barrier function. Chronic ethanol feeding also
sensitizes Kupffer cells to LPS; this sensitization is due,
at least in part, to enhanced TLR4 signaling via both
MyD88-dependent and -independent pathways and is
associated with a predominant M1 polarization'?"2,
Activation of NF-xB, as well as multiple MAPK fam-
ily members, contributes to increased cytokine and
chemokine expression by Kupffer cells after chronic
ethanol feeding (Fig. 10). Here we identify MLK3 as
an upstream mediator of sensitization of Kupffer cells
to activation by LPS. Chronic ethanol feeding increased
the phosphorylation of MLK3, even under basal condi-
tions, in rat Kupffer cells. Interestingly, this activation
alone was not sufficient to induce expression of cyto-
kines. Because the expression of cytokines is under the
control of multiple mechanisms, both transcriptional and
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Figure 8. Chronic ethanol feeding increased expression of RIP3 or phosphorylation of MLKL in both wild-type and MLK3~~ mice.
(A) C57BL/6 and RIP37~ mice were allowed free access to diets with increasing concentrations of ethanol (final concentration 32%
of kcal) or pair fed a control diet for 4 days. (B-D) C57BL/6 and MLK3~~ mice were allowed free access to diets with increasing
concentrations of ethanol (final concentration 32% of kcal) or pair fed a control diet for 25 days. Paraffin-embedded livers were depar-
affinized followed by (A, B) RIP3 or (C) phospho-MLKL staining. Images were acquired using 20x objectives. The area positive for
RIP3 or phospho-MLKL was quantified using Image-Pro Plus software and analyzed. (D) RIP1 protein was assessed via Western blot
and quantified. Values represent means + SEM, n=4 pair-fed and 6 EtOH-fed mice. Values with different lower case letters are signifi-

cantly different from each other, p <0.05.



74 McCULLOUGH ET AL.

A phospho-JNK

Donor C57BL/6 Donor MLK3-/-
Recipient C57BL/6 Recipient C57BL/6

B 3 . ES C57BL/6 — C57BL/6
< BN MLK3-- —s C57BL/6
m —_
w o
@ 4 2- *
Ts +
xS
¥ -
E2
o 0
£s 1
0
MCP-1 IL-6 TNFa
Cc 200~ b 300 b [ Pairfed
= EtOH-fed
150
—~ 200
g =
S =
= 100+ © &
2 2
< a 100
50 a
0- 0-
Donor C57BL/6 MLK3-/- Donor  C57BL/6 MLK3-/-
Recipient C57BL/6 C57BL/6 Recipient C57BL/6 C57BL/6

Figure 9. Myeloid MLK3 contributed to chronic ethanol-induced liver injury. C57BL/6 received wild-type bone marrow or MLK3~~
bone marrow. Chimeric mice were allowed free access to diets with increasing concentrations of ethanol (final concentration 32% of
kcal) or pair fed a control diet for 25 days. (A) JNK phosphorylation was evaluated by immunohistochemistry in paraffin-embedded
livers. Red arrows indicate hepatocytes, and blue arrows indicates nonparenchymal cells. (B) MCP-1, interleukin-6 (IL-6), and tumor
necrosis factor-o. (TNF-0) mRNA expression was detected in mouse livers using qRT-PCR measurement. *p<0.05, +p<0.07 com-
pared to C57BL/6/C57BL/6 bone marrow-transplanted mice. (C) Enzyme activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were measured in plasma. Values with different lower case letters are significantly different from each other,
p<0.05. Values represent means = SEM, n=4 pair-fed and n=6 EtOH-fed mice.
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Figure 10. Schematic representation of the role of myeloid MLK3 in the progression of ethanol-induced liver injury. Ethanol feeding
increases the phosphorylation of MLK3 in Kupffer cells; this increase is dependent on the activity of CYP2E1. Upon ligation of TLR4,
MLK3 is an upstream activator of JNK and contributes, along with previously reported changes in p38, extracellular receptor kinase
1/2 (ERK1/2), and NF-xB signaling'?, to the sensitization of TLR4-mediated cytokine and chemokine expression. Increased cytokine/
chemokine expression contributes to ethanol-induced hepatocyte injury.

posttranscriptional, it is unlikely that a single signaling
pathway would be sufficient to increase cytokine expres-
sion. This is also apparent from our studies using inhibi-
tors, as either treatment with URMC to inhibit MLK3
(Fig. 1B and C) or with SP6 to inhibit JNK (Fig. 1D)
only reduced, rather than ameliorated, cytokine expres-
sion. Taken together, these data illustrate that MLK3/JNK
is a contributor to LPS-stimulated cytokine expression
and not the sole driver of expression. Importantly, MLK3
contributed to the increased sensitivity of Kupffer cells to
LPS after chronic ethanol feeding.

Phosphorylation of MLK3 was dependent on CYP2EI
activity in Kupffer cells; the contribution of CYP2EI

to activation of MLK3 was also confirmed in vivo in
CYP2E1~~ mice. The role of CYP2EI in the activation of
MLK3 suggests an involvement of ROS generation, since
CYP2EI1 expression is associated with increased oxidative
stress. This likely role of ROS in the activation of MLK3 is
consistent with previous data demonstrating that CYP2E1*
contributes to the increased activation of MAPK signal-
ing in LPS-stimulated Kupffer cells isolated from ethanol-
fed rats. While hepatocytes, where the majority of ethanol
metabolism occurs, are typically thought of as the primary
site of oxidative stress during ethanol exposure, these data
highlight the importance of ethanol-induced oxidative stress
in disrupting cellular function in Kupffer cells as well.
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In other cell types, MLK3 provides a link between cel-
lular ROS and MAPK activation, ultimately involved in
controlling pathways of cell death®. These responses are
dependent on the concentrations of ROS, with high ROS
concentrations leading to MLK3-dependent cell death?®.
Our data suggest that MLK3 in myeloid cells is part of
a complex network that links ethanol-induced oxidative
stress and increased TLR4-mediated TNF-o. expression
in Kupffer cells to hepatocellular injury during ethanol
exposure. It is interesting to note that phospho-MLK3
was more robustly expressed in F4/80* macrophages in
the liver in response to chronic ethanol feeding (Fig. 2).
Similarly, chronic ethanol feeding increased phospho-
JNK and TNF-o. predominantly in nonparenchymal cells,
although immunoreactive phospho-JNK and TNF-o were
also observed in hepatocytes near the portal vein (Fig. 4).
Phosphorylation of JNK and expression of TNF-o in
hepatocytes were abrogated in chimeric mice lacking
MLK3 only in myeloid cells (Fig. 9), thus placing myel-
oid MLK3 as a central driver for the activation of JNK
and expression of TNF-o. by both nonparenchymal cells
and hepatocytes in wild-type mice.

It should be noted that our results do not preclude
a contribution of MLK3 in hepatocytes to chronic
ethanol-induced liver injury; a direct function of MLK3
in hepatocytes is currently under investigation. Recent
studies from Ibrahim and colleagues'? found that MLK3
regulates the chemokine content of extracellular vesi-
cles released from hepatocytes in response to challenge
with toxic lipids. Future studies will be needed to deter-
mine whether MLK3 in hepatocytes also impacts the
chemokine content of extracellular vesicles in response
to challenge with ethanol. Indeed, it is possible that the
decreased numbers of Ly6C* cells infiltrating in the liver
of MLK3~~ mice in response to chronic ethanol (Fig. 5)
are at least partially dependent on changes in chemokine
content of extracellular vesicles.

Ethanol feeding induces hepatocyte death via both
apoptosis and necroptosis>®. Importantly, RIP3-dependent
necroptosis drives hepatocyte injury in response to
chronic ethanol feeding®®, while hepatocyte apoptosis
tends to promote fibrogenesis in the liver*®. We found that
MLK3 deficiency prevents the induction of RIP3 protein
expression and also decreased ALT/AST, an indication of
leaky hepatocyte plasma membranes, in the circulation.
Making use of global CYP2E1~~ mice, we previously
reported that CYP2E1 is required for the induction of
RIP3 in hepatocytes®; our current data suggest that MLK3
provides a link between CYP2EI and RIP3 expression. It
will be interesting to determine in future experiments if
myeloid CYP2EI is the essential cell type for promoting
RIP3 expression in hepatocytes, since phospho-MLK3 is
CYP2E1 dependent and myeloid MLK3 is required for
chronic ethanol-induced increases in RIP3 expression.
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Although MLK3 deficiency reduced chronic ethanol-
induced increases in ALT/AST (indicators of hepato-
cyte injury) and hepatic RIP3 expression (an indirect
indicator of necroptosis), chronic ethanol-induced hepa-
tocyte apoptosis was not affected by MLK3 deficiency.
In the model of chronic ethanol feeding used in the cur-
rent studies, hepatocyte injury is predominantly driven
by RIP3-dependent necroptosis with a concomitant
rise in low-grade apoptosis (below 10%)°. Chronic
ethanol-induced apoptosis is a direct result of ethanol
metabolism; ethanol impairs mitochondrial function,
leading to a release of cytochrome c¢ and subsequent
activation of the apoptotic cascade’'32. Since CYP2E1
was induced in both wild-type and MLK3~~ mice, eth-
anol metabolism via CYP2E1 was likely sufficient to
activate caspase-dependent hepatocyte apoptosis, even
in the absence of MLK3.

In summary, our studies demonstrate that myeloid-
specific induction of the MLK3-JNK signaling axis contrib-
utes to ethanol-induced hepatocyte injury, associated with
sensitization of Kupffer cells to activation by LPS and sub-
sequent release of proinflammatory mediators, including
TNF-a, in the hepatic milieu. Pharmacological interven-
tion targeting the myeloid-specific MLK3-pathway could
be beneficial for treatment of patients with ALD.
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