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Abstract

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling is one
of the major pathways for cytokine signal transduction. However, the role of the JAK/STAT
pathway in liver I/R is not clear. This study focuses on JAK2, which functions upstream of
STAT-1in JAK/STAT, and its role in the mechanism of liver IRI. Partial warm ischemia was
produced in the hepatic lobes of C57BL/6 mice for 90min, followed by 6h of reperfusion. Mice
were treated with JAK-2 inhibitor (Tyrphostin AG490; 40 mg/kg, i.p) or vehicle, 60min prior to
ischemic insult. JAK2 blockade resulted in significant reduction of hepatocyte apoptosis and liver
injury. Macrophage and neutrophil infiltration, as assessed by immunohistochemistry, was
markedly decreased in AG490-treated livers, compared with controls. The expression of pro-
inflammatory cytokines (TNF-a, IL-6, IL-1p) and chemokines (CXCL-10 and CXCL-2) was also
significantly reduced in AG490-treated group, compared with controls. AG490-treated livers
showed less TUNEL positive cells and reduced cleaved caspase-3 protein expression in parallel
with increased Bcl-XL expression. We employed AG490 (75 mM) in primary bone marrow-
derived macrophage (BMM) and hepatoma cell (CRL1830) cultures, both stimulated with LPS (10
ng/ml). In BMM cultures, AG490 depressed otherwise LPS-induced pro-inflammatory gene
expression programs (IL-6, 1L-12p40, IL-1p, CXCL-10 and iNOS). In hepatoma cells, AG490
reduced cleaved-caspase-3 expression. Moreover, JAK2 blockade inhibited STAT1 and STAT3
phosphorylation. This is the first report, which documents that JAK2 signaling is essential in the
pathophysiology of liver IRI, as its selective blockage ameliorated the disease process and
protected livers from inflammation and apoptosis.
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Introduction

Ischemia/reperfusion injury (IRI), a multifactorial process that occurs in a number of clinical
settings such as hepatic resection, trauma, or transplantation, significantly affects both early
and late liver graft function (1-4). Although its mechanism has not been fully elucidated,
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IR-triggered generation of reactive oxygen species (ROS) subsequent to re-oxygenation
inflicts tissue damage, which initiates a cascade of deleterious innate immunity-dominated
responses leading to circulatory disturbances, local inflammation, cell death, and ultimate
organ failure.

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway
was identified through the study of transcriptional activation in response to IFNs (5-7). The
cellular stress induced by IR, ROS, endotoxin, or hyperosmolarity can all activate the JAK/
STAT pathway (8-10), critically important for broad immune and hematopoietic cell
functions. Indeed, targeting JAK2, the most conserved isoform of JAK family, results in
embryonic lethality in mice around day 12 due to erythropoiesis failure (11-12). Recently
identified somatic mutations of JAK2 have stimulated interest for the development of orally
bioactive small-molecule JAK2 inhibitors and their testing in preclinical studies and clinical
trials, primarily in the myeloproliferative disorders (reviewed in 13). However, detailed
information on their effects from animal studies or from use in human subjects is presently
unavailable.

Back in 2003, we proposed that the hepatocellular damage in transplant recipients due to
reperfusion following prolonged periods of ischemia should be considered as an innate
immunity-dominated inflammation response (1). Despite its localized nature inevitably
leading to the organ failure, the systemic host innate immune component became soon
appreciated. Indeed, our group was among the first to document that TLR system was
selectively involved in the development of hepatic IRI (14). Of note, activation of sentinel
TLR4, but not TLR2, was required for the induction of intrahepatic inflammation and
hepatocellular damage in a murine model of liver IRI. Recently, we have demonstrated that
cytoprotection rendered by heme oxygenase-1 (HO-1) overexpression results from
depressed activation of STAT1, which in turn via type-1 IFN pathway decreases the
production CXCL-10, a chemokine indispensable for the hepatocellular damage (15).

This study focuses on JAK2, which functions upstream of STAT-1 in JAK/STAT pathway,
and its role in the mechanism of liver IRI. To the best of our knowledge, this is the first
report to document that JAK?2 signaling is indeed essential in the disease process, as its
selective blockage ameliorated IR-induced organ damage, and protected livers from
otherwise fulminant inflammation and apoptosis. These results should strengthen recent
efforts to develop selective JAK inhibitors, which are now coming into the clinical use, and
to design novel strategies to prevent/ameliorate liver IRI cascade in the clinics.

Materials and Methods

In vivo studies

Animals—Male wild-type (WT; C57BL/6) mice (8—12 weeks old) were used (Jackson
Laboratory, Bar Harbor, ME). Animals were housed in the University of California Los
Angeles animal facility under specific pathogen-free conditions, and received humane care
according to the criteria outlined in the “Guide for the Care and Use of Laboratory Animals”
prepared by the National Academy of Sciences and published by the National Institute of
Health (NIH publication 86-23 revised 1985).

Liver IRl model—We used an established mouse model of partial warm hepatic IRI, as
originally described by Zwacka et al. (16), with modifications (17). Briefly, mice were
anesthetized, injected with heparin (100 U/kg), and an atraumatic clip was used to interrupt
the arterial and portal venous blood supply to the left and middle liver lobes. After 90 min of
partial warm ischemia, the clamp was removed, initiating hepatic reperfusion. Mice were
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sacrificed at 6 h after reperfusion; liver and blood were collected. Sham WT controls
underwent the same procedure, but without vascular occlusion.

Treatment protocol—Mice were treated with JAK2 inhibitor tyrphostin AG490 [(2-
cyano-3- (3,4-dihydroxyphenyl)-N- (benzyl)-2-propenamide, Sigma-Aldrich, St Louis,
MO); 40 mg/kg i.p.] or vehicle (45% DMSO and 55% PBS) at 1 hour prior to the ischemic
insult. The AG490 dosage was chosen based on significant inhibition of JAK2
phosphorylation detected in our study (data notshown), and consistent with the published
data (18).

Hepatocellular function—Serum alanine aminotransferase (SALT) and aspartate
aminotransferase (SAST) levels, the enzymatic indicators of epatocellular damage, were
measured in peripheral blood samples after reperfusion with an autoanalyzer (ANTECH
Diagnostics, Los Angeles, CA).

Liver histology—Liver specimens were fixed in 10% buffered formalin solution and
embedded in paraffin. Liver paraffin sections (5-um thick) were stained with hematoxylin
and eosin. The severity of liver IRl was graded blindly using modified Suzuki’s criteria (19),
with sinusoidal congestion, hepatocyte necrosis, and ballooning degeneration graded from 0
to 4. The absence of necrosis, congestion, or centrilobular ballooning is given a score of 0;
severe congestion/ballooning degeneration, as well as >60% lobular necraosis, is given a
value of 4.

Immunohistochemistry—Liver specimens were embedded in optimal cutting
temperature (OCT) compound (Tissue-Tec, Sakura Finetek, Inc, CA), shap frozen, and
cryostat sections (5 um) were fixed in acetone. Endogenous peroxidase activity was
inhibited with 0.3% hydrogen peroxidase. Sections were then blocked with 10% normal goat
serum. Primary rat Abs against mouse macrophage CD11b (Mac-1, M/70; BD Biosciences),
neutrophil Ly-6G (1A8; BD Biosciences), and CD3 (17A2; BD Biosciences) were diluted
(1/50; 1/200; 1/50 in 3% normal goat serum, respectively), and 100 pL was added to each
section. The primary Ab was incubated for 1 h. The secondary Ab, a biotinylated goat anti-
rat immunoglobulin G (Vector; diluted 1:200), was incubated for 40 min. Sections were
incubated with immunoperoxidase (ABC Kit, Vector), washed, and developed with a 3,3'-
diaminobenzidine kit (\VVector). Slides were counterstained with hematoxylin. Negative
control was prepared by omission of primary Ab. Sections were evaluated blindly by
counting labeled cells in 30 high-power fields (HPF), and results expressed as average
number of positive cells/HPF.

TUNEL assay—L.ivers tissues were removed and fixed in 10% formalin, dehydrated, and
embedded in paraffin. FragEL™ DNA Fragmentation Detection kit (Calbiochem®) was used
according to the manufacturer’s protocol on 5-um paraffin sections. TUNEL-positive cells
were detected under light microscopy. Terminal Deoxynucleotidyl Transferase (Tdt) was
omitted as a negative control. Positive controls were generated by treatment with DNase 1
(Lpg/ul in 1X TBS/ImM MgSO4 for 20 min). Sections were evaluated blindly by counting
labeled cells in triplicates in 10 HPF; results are expressed as average number of positive
cells/HPF

In vitro studies

Cell cultures—Bone marrow macrophages (BMM), separated from the femurs and tibias
of C57BL/6 mice, were suspended in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FCS (Gemini Bio-Products, Sacramento, CA), 100 U/ml penicillin,
100 pg/ml streptomycin and 2 mM L-glutamine (Invitrogen), with the addition of 15%
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L.929-conditioned medium. Cells (5 x 106 cells/well) were cultured with 5% CO, and 95%
air at 37°. AG 490 (75uM) was added 2 h prior to the stimulation with LPS (10 ng/mL,
Sigma; St. Louis, MO). Cells were incubated for 4 h prior to harvesting for qRT-PCR. We
also analyzed mouse hepatoma cells (CRL-1830 ATCC, Manassas, VA) with AG 490 (75
uM) added 2 h prior to LPS stimulation (10 ng/mL). Cells were incubated from 2 min up to
1 h, and then harvested for Western Blot analyses.

Quantitative RT-PCR—RNA was extracted from liver tissue or cultured cells using
Trizol Reagent (Invitrogen, Carlsbad, CA). Total RNA (5ug) was reverse transcribed to
complementary DNA using Super- ScriptTM 111 First-Strand Synthesis System (Invitrogen).
Quantitative PCR was performed using the DNA Engine with Chromo 4Detector (MJ
Research, Waltham, MA). In a final reaction of 20 uL, the following were added: 1 X
SuperMix (Platinum SYBRGreen gPCR Kit, Invitrogen, Carlsbad, CA), complementary
DNA, and 0.1 uM of each primer. Amplification conditions were: 50°C (2 min), 95°C (5
min), followed by 45 cycles of 95°C (15 sec), 60°C (30 sec). Primers used to amplify a
specific mouse gene fragments are listed as follows: TNF o s: 5’
GCCTCTTCTCATTCCTGCTT GT 3'; TNF a as: 5 GATGATCTGAGTGTGAGGGTCTG
3 IL-6 5: 5" GCTACCAAACTGGATATAATCAGGA 3'; IL-6 as: &'
CCAGGTAGCTATGGTACTCCAGAA 3'; IL-1B s: 5’
GAGCTGAAAGCTCTCCACCTCA 3'; IL-1p as: 5 TCGTTGCTTGGTTCTCCTTGTAC
3'; CXCL-10s: 5 GCTGCCGTCATTTTCTGC 3'; CXCL-10 as: 5’
TCTCACTGGCCCGTCATC 3'; CXCL-2s: 5" ACTTCAAGAACATCCAGAG 3,
CXCL-2 as: 5 CTTTCCAGGTCAGTTAGC 3; IL-12p40s: 5
ACAGCACCAGCTTCTTCATCAG 3'; IL-12p40 as: 5
TCTTCAAAGGCTTCATCTGCAA 3'; INOS s: 5 CCTTGGAGTTCACCCAGTTG 3
INOS as: 5 CACATCAAAGCGGCCATAG 3'; HPRTSs: 5'-
TCAACGGGGGACATAAAAGT- 3'; HPRTas:5-TGCATTGTTTTACCAGTGTCAA- 3.
Target gene expressions were calculated by their ratios to the housekeeping gene HPRT.

Western blots—Whole cell proteins were extracted from liver samples or cultured cells
using lysis buffer (50mM Hepes, 10mM MgCl, 1mM EDTA, 1ImM EGTA, 0.08mM
sodium molybdate, 2mM sodium pyrophosphate 0.01% Triton X-100, protease and
phosphatase inhibitors). Cytoplasmic and nuclear proteins were extracted from liver samples
or cultured cells using lysis buffer (50mM Hepes, 10mM MgCl, ImMEDTA, 1ImM EGTA,
0.08mM sodium molybdate, 2mM sodium pyrophosphate 0.01% Triton X-100, and protease
inhibitor). The proteins were then separated by SDS - PAGE and electrophoretically
transferred onto polyvinylidene fluoride membranes. The membranes were probed with Abs
against phosphorylated and total JAK2, STAT3 (Tyr705) and STAT1 (Ser727), cleaved and
total caspase-3, bcl-XL (Cell Signaling Technology, Danvers, MA) and B-actin (Abcam Inc.,
Cambridge, MA) at 4°C, and then incubated with a HPRT-conjugated secondary Ab (Cell
Signaling Technology, Danvers, MA). Detection was performed using a SuperSignal West
Pico Chemiluminescent Substrate system from Thermo Fisher Scientific (Rockford, IL).
Relative quantities of protein were determined using a densitometer (Image J software, NIH,
Bethesda, MD).

Statistical analysis—All data are expressed as means + SD. Differences between
experimental groups were analyzed using one-way analysis of variance or Student’s t test for
unpaired data. All differences were considered statistically significant at the P value of
<0.05.
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Results

JAK2 signaling is required for IR-triggered hepatocellular damage

To study the functional significance of JAK2 in the pathophysiology of liver IRI, separate
cohorts of mice were treated with AG490, a selective JAK2 inhibitor, or vehicle. One hour
later, animals were subjected to 90 min of partial hepatic warm ischemia, followed by 6 h of
reperfusion. Recipients given AG490 showed decreased IR-induced hepatocellular damage,
as measured by sALT/AST levels (IU/L), compared with vehicle-treated controls (Fig. 1A,
SALT: 24952 + 9666 vs. 6705 +£7220; p<0.0003; sAST: 10627 + 2657 vs. 4388 + 3769;
p<0.001. These data correlated with Suzuki’s criteria of liver damage (Fig. 1B). Indeed,
those after AG 490 treatment showed well-preserved lobular architecture with minimal signs
of hepatocyte necrosis (score=3.25+2.54), whereas control livers revealed severe sinusoidal/
vascular congestion with marked vacuolization, focally associated with necrosis (score =
6.75 £ 0.70; p<0.05) (Fig. 1C).

JAK2 signaling is needed for liver macrophage/neutrophil infiltration

We performed immunohistochemical staining for macrophage, neutrophils and T cells in
livers at 6 h of reperfusion following 90 min of warm ischemia (Fig. 2A). Disruption of
JAK?2 signaling diminished numbers of infiltrating macrophages (12.8 £ 10.7 vs. 47.2 =
13.1, p< 0.05) and neutrophils (2.7 + 1.9 vs. 17.8 + 5.0, p<0.05), as compared with controls
(Fig. 2B). The staining for liver infiltrating CD3 positive cells was relatively weak, and
AG490 treatment had little effect upon local T cell sequestration (1.3 £ 0.4 vs.1.7 £ 1.1), as
compared with controls (Fig. 2B).

JAK2 signaling promotes IR-triggered liver cytokine/chemokine programs

We used gRT-PCR to analyze liver expression of cytokines (TNF-a, IL-6, IL-1pB), and
chemokines (CXCL-2, CXCL-10), and calculated the ratio between post-IR and constitutive
mMRNA levels in each animal (Figure 3). Compared with controls, AG490 treatment
attenuated liver expression of macrophage-associated pro-inflammatory mediators,
including TNF-a (0.03 £ 0.02 vs. 0.09 £ 0.03, p < 0.01), IL-6 (0.14 £ 0.10 vs. 1.68 £ 0.82, p
<0.01), IL-1B (0.29 £ 0.21 vs. 0.97 £ 0.38, p < 0.01), and CXCL-10 (0.03 £ 0.04 vs. 0.19 +
0.13, p < 0.05) at 6 h of reperfusion. Moreover, the expression of MIP-2 (CXCL-2), a
chemokine associated with neutrophil activation, was diminished in AG490-treated livers
(0.11 £ 0.11 vs. 0.37 £ 0.12, p<0.05).

JAK2 signaling modulates hepatocyte apoptosis

The TUNEL assay has revealed a significant decrease in a number of apoptotic positive cells
at 6 hours of reperfusion in AG490-treated livers, as compared with vehicle-treated controls
(8.1 +£18.1vs. 77.6 = 14.6, p<0.05; Fig. 4A/B). Such a striking reduction in hepatocyte
apoptosis correlated with lower cleaved caspase-3 protein expression in AG490-treated
livers, as compared to controls (0.16 = 0.02 vs. 0.40 + 0.14; Fig. 4C). AG490-mediated
JAK?2 inhibition simultaneously increased the expression of anti-apoptotic Bcl-xl, as
compared with controls (0.52 + 0.14 vs. 1.08 + 0.06, p<0.05; Fig. 4C).

JAK2 blockade decreases cytokine/chemokine expression in LPS-stimulated BMM

We further analyzed the immunomodulatory function of JAK2 signaling in well-controlled
cell culture experiments, designed to mimic in vivo liver IRl model. First, to determine LPS-
induced pro-inflammatory cytokine/chemokine production profile, we incubated BMM with
LPS (10 ng/mL), followed by gRT-PCR assessment at 4 h. As shown in Fig. 5, addition of
LPS did trigger, as expected, the expression of “signature” pro-inflammatory genes. In
marked contrast, cells that were treated with AG 490 (75 uM) 2 h prior to LPS stimulation
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were characterized by diminished cytokine/chemokine levels: IL-6 (0.36 £ 0.24 vs. 0.79 £
0.26, p<0.05); IL1-B (0.31 £ 0.21 vs. 1.06 £ 0.25, p<0.01); CXCL-10 (0.30 £ 0.09 vs. 0.84 +
0.23, p<0.05); iNOS (0.06 * 0.05 vs. 1.33 + 0.6, p<0.05); IL-12p40 (0.06 £ 0.02 vs. 1.15 +
0.42, p<0.05).

JAK2 blockade depresses apoptosis in LPS-stimulated hepatoma cells

The hepatoma cells were pretreated with AG 490 (75uM) 2 h prior to LPS stimulation,
followed by Western blot-assisted measurement of caspase-3. The relative expression levels
were determined by densitometry, and expressed as ratios of cleaved caspase-3/Total
caspase-3. LPS-stimulated cells were characterized by increased expression of cleaved
caspase-3, as compared to unstimulated controls (Fig. 6). The AG490 supplement
significantly reduced the expression of cleaved caspase -3 in hepatoma cell culture (0.49 +
0.09 vs. 1.75 + 0.11, p<0.01).

JAK2 blockade reduces STAT1/STAT3 and JAK2 phosphorylation in LPS-stimulated
hepatoma cells

To further explore potential mechanisms, and since JAK2 is one of the major upstream
activators of STAT1/STAT3, we investigated the effect of AG 490 upon their
phosphorylation. First, hepatoma cells were cultured with LPS (10 ng/mL), followed by
Western Blot assay at 1 h. As shown in Fig. 7, LPS readily induced phosphorylation of
STAT1 serine, along with STAT3 tyrosine. However, when cells were pretreated with AG
490 (75uM) 2 hours prior to LPS, we observed decreased expression of pSTAT1 (Ser727):
0.12 + 0.006 vs. 0.44 + 0.02; p<0.05) and pSTAT3 (Tyr 705) (0.15 + 0.02 vs. 0.47 + 0.01; p
< 0.05) as compared to LPS controls.

As shown in Figure 7B, AG490-mediated inhibition of JAK2 phosphorylation occurred as
early as 2 min after LPS stimulation (0.29 + 0.14 vs. 0.72 £ 0.02; p < 0.05). This inhibitory
effect, however, was short lived. Although it was still well pronounced at 5 min, no
significant differences could be readily detected between LPS vs. LPS + AG490 groups by
10 min of culture (data not shown).

Discussion

The results of this study document the essential role of JAK2 signaling in the mechanism of
IR-triggered innate immunity-dominated liver damage. We used Tyrphostin AG490, a
selective pharmacological inhibitor of JAK2 phosphorylation (20,21), in a well-established
mouse liver model of 90 min warm ischemia followed by 6 h of reperfusion. Unlike in
vehicle-treated controls, liver function and histology, assessed by SALT/AST levels and
Suzuki scores, respectively, significantly improved after AG490 treatment, consistent with
the functional significance of JAK2 thyrosine kinase activation in the IRI cascade. These
beneficial effects were accompanied by local reduction of macrophage and neutrophil
sequestration; downregulation of pro-inflammatory cytokine/chemokine gene programs;
reduced apoptosis with simultaneous sparing of anti-apoptotic cytoprotective pathway. The
parallel in vitro culture data support our in vivo findings, and suggest that liver IRl proceeds
via JAK2-mediated STAT-1 activation pathways. Although suppressors of cytokine
signaling-1 (SOCS1) and SOCS3 have been shown to act via negative feedback on JAK/
STAT in liver IRI (22), our study is the first to provide direct evidence that JAK2 inhibition
ameliorates the disease process and exerts local cytoprotection. Hence, our results identify
JAK?2 as a novel target for putative therapeutic intervention against liver IRI.

Our interest in dissecting the complex mechanistic gears of liver IRI stems from the original
observation that activation of TLR4 and its IRF-3-dependent (but MyD88-independent)
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downstream signaling are required to initiate the disease process (14). Then, it proceeds via
type-1 (but not type-2) IFN pathway (23), to elaborate CXCL-10, which is indispensable for
the inflammation response and the ultimate hepatocellular injury (24). Indeed, we have
shown that cytoprotection rendered by HO-1 results from depressed activation of STAT1,
and decreased CXCL-10 production (15). We have also detected selective reduction of IR-
induced liver extracellular signal-regulated kinase (ERK) but intact Jun N-terminal kinase
(JNK) in the absence of CXCL10, providing evidence for altered immune response in IR-
resistant livers (24). In sum, our previous findings provide the rationale for, and support the
notion that JAK2, an upstream element of the JAK/STAT complex, represents a focal point
in the signaling events during IR-mediated liver damage.

Relatively little is known as to how the JAK/STAT pathway influences IR-induced solid
organ injury. In a rat kidney IRl model, AG490-mediated JAK?2 disruption improved renal
function, attenuated histological lesions and reduced apoptosis of tubular epithelial cells
while simultaneously inhibiting downstream STAT1/STAT3 signaling (25). This is in
agreement with the protection rendered by SOCS-1 and SOCS-2, endogenous inhibitors of
JAK/STAT, against the ischemic acute renal failure (26). In another study in rats, AG490
treatment prevented myocardial IRI by reducing cardiomyocyte apoptosis, and the
myocardial infarct size, suggesting that JAK/STAT signaling associates with the cardiac
dysfunction during ischemia (27). Finally, addition of AG490 exerted protection upon rat
cardiomyocytes from oxidative stress-induced apoptosis in vitro (28), consistent with the
involvement of JAK2 activation in hydrogen peroxide-induced apoptosis of vascular smooth
muscle cells (29).

Our results suggest that JAK2 signaling mediates local inflammatory cell infiltration.
Indeed, in the first phase of IR-mediated inflammatory response, activation of macrophages/
Kupffer cells results in the release of TNF-a, IL-1p, IL-6, and CXCL-10, the “signature”
markers of liver IRI (30-33). Our study also shows AG490 pretreatment significantly
blunted not only the number of macrophages sequestered in the liver itself, but also their
pro-inflammatory gene expression program, as compared with vehicle-treated controls. To
further confirm the effect of JAK2 signaling on cytokine elaboration profiles, we employed
in vitro BMM cultures. Indeed, pretreatment with AG490 efficiently diminished otherwise
LPS-triggered increased induction of numerous mediators, including CXCL-10, and iNOS
by BMM. This finding is consistent with the reported role of STAT1 signaling acting
through JAK2 pathway to enhance TNF-o—~induced CXCL-10 production in human
monocytes (34). Moreover, in agreement with our data, the Geller group, using a specific
JAK?2 inhibitor (tyrphostin B42), has confirmed the importance of that very pathway in
regulating iNOS gene transcription (35). In the second phase of IRI, neutrophils become
activated, to generate ROS, and dominate the local damage cascade (36,37). Indeed, we
observed a marked increase in Ly-6G neutrophil infiltration in vehicle-treated livers
subjected to IR, as compared to sham controls. Moreover, unlike those in vehicle-treated
group, livers in AG490-pretreated mice revealed decreased neutrophil sequestration, along
with diminished CXCL2 (MIP-2) levels, the chemokine that attracts polymorphonuclear
granulocytes to the infection site (38). These results suggest that JAK2 signaling contributes
to neutrophil recruitment and function in our model. This is consistent with delayed human
neutrophil apoptosis, which occurs via up-regulation of its inhibitor (ClAP2), in JAK2 (and
STAT3) activation-dependent and AG490-dependent fashions (39).

Although the exact mechanisms of cell death in hepatic I/R injury are multifactorial and
unclear, the accumulating evidence suggests that apoptosis plays the fundamental role
(40,41). Our present in vivo TUNEL-staining findings, suggesting that the JAK/STAT
pathway is involved in the pro-apoptotic process, are supported by earlier results from a rat
kidney IRl model, where AG490 significantly decreased the number of apoptotic tubular
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epithelial cells (25). To confirm our hypothesis that JAK2 blockage did indeed protect
hepatocytes from apoptotic cell death, we stimulated mouse hepatoma cells with LPS in
vitro. Although LPS-stimulated cells were characterized by increased expression of cleaved
caspase-3, compared with non-stimulated controls, AG490 supplement significantly reduced
cleaved caspase-3 expression in culture. Both pro- and anti-apoptotic functions have been
attributed to JAK2 tyrosine kinase activity in a variety of signaling systems (27,29,42).
Although cell type and/or stimulus-specific factors may play a role, the exact factors
determining the different outcomes remain unknown. Recently, in agreement with our
findings, it has been reported that JAK2 inhibitor AG490 prevented H,O,-induced death of
bovine aorta endothelial cells, human umbilical vein endothelial cells, as well as renal
proximal tubular epithelial cells. The mechanism of cytoprotection included sparing or
augmenting the anti-apoptotic intrinsic Bcl2 expression, and preventing caspase-3 activity
(43). Indeed, these all are consistent with our present results, which are the first to highlight
the role of JAK2 in liver IRI and in vitro hepatocyte culture systems that mimic the in vivo
liver damage scenario. It is plausible JAK2 activation may change pro-apoptotic/anti-
apoptotic ratio, which in turn dictates the susceptibility to the apoptotic programs executed
by factors such as caspases.

Both, STAT1 and STATS3, downstream of JAK2, may produce opposing effects on
biological responses, including cell proliferation, survival, differentiation and apoptosis (44).
Whereas STAT-1 plays a key role in promoting apoptosis in cardiac myocytes exposed to
IRI (45), STAT-3 often exerts anti-apoptotic and cytoprotective functions (46). Moreover,
whilst STAT-3 promotes cell proliferation, STAT-1 appears to have an anti-proliferative
effect. The role of STAT1 and STAT3 in cell apoptosis and proliferation remains
controversial, with some studies associating STAT-3 activation with apoptosis (47,48). In
the liver, the induction of CD40-mediated cholangiocyte apoptosis required JAK2-mediated
phosphorylation of STAT3 as well as sustained JNK1/2 and ERK1/2 activation. The latter
supports STAT3 proapoptotic function in primary human liver epithelial cells (49). STAT1
is mainly activated by IFNs, and consistent with our ongoing studies in KO mice, STAT1
plays a key role in facilitating inflammation and injury in the liver (50,51). In our study,
LPS-stimulated hepatoma-cell increased phosphorylation of STAT1 and STAT3, which was
AG490-sensitive. Indeed, by inhibiting JAK2 and consequently STAT1, addition of AG490
to pancreatic p-cell cultures has been shown to ameliorate cytokine-mediated cell death,
thereby delaying the development of autoimmune diabetes (52). Interestingly, AG-490-
facilitated inhibition of STAT-3 may increase ERK activation and survival of mouse
proximal tubular epithelial cells during oxidative stress (53), consistent with the finding that
STAT1 and STATS3 activation parallels the severity of IR liver injury (22). We favor an idea
that STAT1 rather than STAT3 is exerting the dominant function in inducing liver IRI, in
agreement with proposed by us novel mechanism by which HO-1 exerts adaptive
cytoprotective/anti-inflammatory functions by blunting activation of STAT1 via type-1 IFN
pathway in the context of innate TLR4 activation (15).

In summary, our present results document the role of JAK/STAT signaling pathway in cell
death and tissue inflammation leading to liver damage due to IR. This study is also the first
to directly demonstrate that specific targeting of JAK2 ameliorated tissue damage due to
warm liver IR insult. Thus, this work supports the rationale for identifying inhibitors that
specifically target JAK2 pathway as a potential therapeutic approach in combating liver IRI.

Acknowledgments

Grant support: NIH RO1 DK062357 and The Dumont Research Foundation. M.C.S.F. was supported by CAPES
(Coordencao de Aperfeicoamento de Pessoal de Nivel Superior) and a Fellowship Grant from ISN (International
Society of Nephrology).

Liver Transpl. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN

Abbreviations

Page 9

1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

IRI ischemia/reperfusion injury

ROS reactive species oxygen

JAK/STAT Janus kinase/signal transducers and activators of transcription

IFNs interferons

JAK?2 Janus kinase-2

TLR toll-like receptor

CXCL-10 chemokine (C-X-C motif) ligand 10

WT wild-type

DMSO dimethyl sulfoxide

PBS phosphate buffered saline

ALT alanine aminotransferase

AST aspartate aminotransferase

OCT optimal cutting temperature

HPF high-power field

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling

BMM bone marrow-derived macrophages

LPS lipopolysaccharide

CXCL-2 chemokine (C-X-C motif) ligand 2

iNOS inducible nitric oxide synthase

HPRT hypoxanthine phosphoribosyltransferase
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Figure 1. Liver IRI
(A) The hepatocellular function at 6 h of reperfusion after 90 min of warm ischemia. Serum

alanine aminotransferase (SALT) and serum aspartate aminotransferase (SAST) levels were
significantly reduced in AG490-treated livers, as compared with vehicle-treated controls
(*p<0.01; n=6-8/group). Means and SD are shown. (B) Representative liver histology
(Hematoxylin-eosin staining; magnification x200) of ischemic liver lobes after reperfusion
(6h). (C) Suzuki’s score, *p<0.01, n=6-8/group.
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Figure 2. Liver cell infiltration

(A) Representative immunoperoxidase staining of macrophages (Mac-1), neutrophils
(Ly-6G) and T cells (CD3) in ischemic liver lobes harvested at 6 h of reperfusion after 90
min of warm ischemia. Arrows denote labeled cells. (B) Quantitation of cellular infiltration
by immunohistochemistry (*p < 0.01; n=4/group) (x400 magnification). Means and SD are
shown.
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Figure 3. Liver cytokine/chemokine programs

Livers from groups of AG490-treated vs. vehicle-treated (DMSO) controls were analyzed by
real-time RT-PCR for cytokine/chemokine gene expression at 6 h of reperfusion following
90 min of warm ischemia. Data were normalized to HPRT gene expression (*p < 0.05, **p
< 0.01; n =6/group). Means and SD are shown.
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(A) Representative TUNEL-assisted detection of hepatic apoptosis in ischemic liver lobes
harvested at 6 h after 90 min of reperfusion (H&E stains; x400 magnification). (B)
Quantitation of hepatic apoptosis by TUNEL staining. Vehicle-treated (DMSO) controls had
a higher frequency of TUNEL-positive cells than the AG490-treated group. (*p < 0.05; n =
5/group). Means and SD are shown. (C) Western blot analysis of cleaved caspase-3 and Bcl-
x| protein expression. Total caspase-3 and B-actin were used as internal controls (*p<0.05;

n=3/group). Means and SD are shown.
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Figure 5. Cytokine/chemokine programs in LPS-stimulated BMM

Quantitative RT-PCR analysis at 4 h after LPS stimulation. AG490 was added 2 h prior to
LPS. Data were normalized to HPRT gene expression (*p < 0.05, **p < 0.01; n =2/group).
Means and SD are shown.
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Figure 6. Cleaved caspase-3 expression in LPS-stimulated hepatoma cells

Representative Western-blot analysis of cleaved caspase-3 protein expression in hepatoma
cells (CRL1830) after LPS stimulation. Cleaved caspase-3 expression was increased within
4 h after stimulation with LPS. AG490 treatment, 2 h prior to LPS stimulation, decreased
cleaved caspase-3 expression in hepatoma cells (CRL1830) (*p < 0.01, n= 2-3/group).
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Figure 7. Activation of STAT1, STAT3 and JAK2 in LPS-stimulated hepatoma cells

(A). Representative Western-blot analysis of phospho- and total STAT1 and phospho- and
total STAT3. Within 1 h after treatment with LPS, STAT1 and STAT3 were robustly
phosphorylated. Treatment with AG490, 2 h prior to LPS stimulation, significantly
decreased both phospho-STAT1 and phospho-STAT3 expression in hepatoma cells
(CRL1830) (*p < 0.05, n= 2/group). (B). Representative Western-blot analysis of JAK2
phosphorylation. Within 2 min after treatment with LPS, JAK2 became phosphorylated.
Treatment with AG490, 2 h prior to LPS stimulation, significantly decreased phospho-JAK2
expression in hepatoma cells (CRL1830) (*p < 0.05, n= 2/group).
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