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Abstract
Background&Aim—Signal transducer and activator of transcription 3 (STAT3), a key mediator
of anti-inflammatory cytokine signaling, is essential for heme oxygenase-1 (HO-1)-induced
cytoprotection. The phosphoinositide 3-kinase (PI3K)/phosphatase and tensin homolog delete on
chromosome 10 (PTEN) pathways regulate diverse innate immune responses. This study was
designed to investigate the role of STAT3 in the regulation of PI3K/PTEN cascade after HO-1
induction in a mouse model of innate immune-dominated liver ischemia/reperfusion injury (IRI).

Methods&Results—Mice subjected to Ad-HO-1 transfer were resistant to liver IRI, and this
cytoprotective effect correlated with increased intrahepatic PI3K/Akt and diminished PTEN
expression. In contrast, mice undergoing adjunctive Ad-HO-1 treatment and STAT3 knockdown
(siRNA) remained susceptible to IR-mediated local inflammatory response and hepatocellular
damage. Consistent with decreased cell apoptosis and inhibited TLR4 expression after PI3K/Akt
activation, treatment with specific PI3k inhibitor increased local inflammation and recreated liver
IRI despite Ad-HO-1 gene transfer. Parallel in vitro studies with bone marrow derived-
macrophages have confirmed that HO-1 - STAT3 axis-induced PI3K/Akt negatively regulated
PTEN expression in TLR4-dependent fashion.

Conclusion—These findings underscore the role of HO-1 induced STAT3 in modulating PI3K/
PTEN in liver IRI cascade. Activating PI3K/Akt provides negative feedback mechanism for
TLR4-driven inflammation. Identifying molecular pathways of STAT3 modulation in the innate
immune system provides the rationale for novel therapeutic approaches for the management of
liver inflammation and IRI in transplant patients.

Introduction
Liver ischemia and reperfusion injury (IRI), an innate immunity-dominated local
inflammation, occurs in clinical settings involving interruption of the blood supply, such as
surgical interventions, trauma or transplantation. In the latter, liver IRI represents one of the
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most critical problems, as it often leads to primary graft non-function, predisposes to chronic
rejection, and contributes to shortage of organs available for transplantation [1].

IR insult to the liver is a multifaceted process that combines elements of “warm” and “cold”
injury. The warm organ damage, occurring in-situ in low flow states, is dominated by
Kupffer cell-derived cytotoxic molecule-mediated hepatocellular injury. Cold IRI
experienced during ex-vivo preservation, is dominated by local inflammation mediated by
neutrophils, damage to liver sinusoidal endothelial cells (SEC), and disruption of the
microcirculation. These seemingly distinct processes share overlapping effects upon liver
non-parenchyma (Kupffer cell/lymphocyte) and parenchyma (hepatocyte) cell functions,
both of which lead to the organ failure [2-4]. Activated Kupffer cells release superoxide
radicals, TNF-α and IL-1, which promote NF-κB activation, and recruitment of activated
CD4+ T cells into the liver [5-7].

Heme oxygenase-1 (HO-1) exerts potent pro-survival functions against oxidative stress and
organ damage [8]. Our group has pioneered the concept of HO-1-mediated cytoprotection
against organ IRI in transplant recipients [1,9,10]. Moreover, HO-1 induction ameliorates
macrophage infiltration in vivo [9], whereas mice receiving ex-vivo genetically modified
macrophages overexpressing HO-1 are resistant to IRI [11]. In contrast, HO-1 deficiency
increases the susceptibility to oxidative stress, enhances endothelial damage [12], and
promotes allograft rejection [13].

We have shown that TLR4 signaling provides the triggering mechanism in the innate
immune activation during liver IRI via downstream IFN regulatory factor (IRF) 3 [14]. The
inhibition of HO-1 restored hepatic IRI [15], whereas Ad-HO-1 transfer rescued TLR4-
deficient mice from hyperoxia-induced lung apoptosis by upregulating Bcl-2 and
phosphorylated-Akt [16]. The protective role of HO-1 might depend on STAT3 activation
[17], consistent with the ability of STAT3 to regulate immune homeostasis and influence
cell differentiation [18]. STAT3 disruption leads to overactivated host innate immune
responses [19]. Moreover, evidence suggests phosphatase and tensin homolog delete on
chromosome 10 (PTEN), counter-regulated phosphoinositide 3-kinase (PI3K) activity in cell
survival and growth [20-22]. Macrophage PTEN deficiency enhanced PI3K activity and
decreased TLR-mediated cytokine expression [23]. Furthermore, PTEN inhibition increased
ischemic myocardium survival [24] and reduced ischemic brain injury [25]. These functions
associate with PI3K/Akt signaling [26], crucial for migration of neutrophils/monocytes to
the inflammation site [27]. Pharmacologic inhibition of PI3K diminished NF-κB and
inflammatory gene expression [28-30]. Although these protective effects relate to PI3K/
PTEN signaling, little is known about the role of STAT3 in the regulation of this very
process.

This study was designed to analyze the role of STAT3 in TLR4-driven innate immune
response in the context of HO-1 cytoprotection. Ad-HO-1-induced STAT3 prevented liver
IRI and inhibited TLR4-mediated inflammation. In parallel, STAT3 phosphorylation
triggered PI3K/Akt signaling and prevented PTEN activation induced by IR. In contrast,
STAT3 silencing increased TLR4/NF-κB expression and pro-inflammatory gene programs,
inevitably leading to IR-hepatocellular damage. Hence, by orchestrating PI3K/PTEN
signaling, the HO-1-STAT3 axis is essential in the mechanism of TLR4-driven
inflammation in liver IRI immune cascade.
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Materials and Methods
Animals

Male C57BL/6 wild-type (WT) mice at 6-8 weeks of age were used (The Jackson
Laboratory, Bar Harbor, ME). Animals, housed in UCLA animal facility under specific
pathogen-free conditions, received humane care according to the criteria outlined in the
“Guide for the Care and Use of Laboratory Animals” (NIH publication 86-23 revised 1985).

Preparation of siRNA
The siRNA against STAT3 was designed using the siRNA selection program [31]. The
sense and antisense strands of murine STAT3 siRNA were 5′-
CCUCCAGGACGACUUUGAU-3′ (sense) and 5′-AUCAAAGUCGUCCUGGAGG-3′
(antisense). The non-silencing (NS) siRNA were 5′-UUCUCCGAACGUGUCACGU-3′
(sense) and 5′-ACGUGACACGUUCGGAGAA-3′ (antisense). All siRNAs were
synthesized in 2′-deprotected, duplexed, desalted and purified siRNA form (Qiagen Inc.,
Chatsworth, CA).

Mouse liver IRI model
We used well-established mouse model of warm hepatic ischemia followed by reperfusion
[7,11,14,15,31]. Mice were injected with heparin (100U/kg) and an atraumatic clip was used
to interrupt the arterial/portal venous blood supply to the cephalad liver lobes. After 90min
the clip was removed; mice were sacrificed at 6h of reperfusion. Ad-HO-1 or Ad-β-gal
(2.5×109 pfu i.v.) was injected 24h prior to ischemia. STAT3 siRNA or nonspecific siRNAs
(2mg/kg i.v.) was administered 4h prior to ischemia. PI3K inhibitor (LY294002, 0.5mg/kg
i.p.) was given 30min prior to ischemia.

Hepatocellular damage assay
Serum glutamic-pyruvic transaminase (sGPT) levels, an indicator of hepatocellular injury,
were measured with an autoanalyzer (ANTECH Diagnostics, Los Angeles, CA).

Histology, immunohistochemistry and double-immunofluorescence staining
Livers sections (5-μm) were stained with hematoxylin and eosin (H&E). The severity of IRI
was graded using Suzuki's criteria on a scale from 0-4 [32]. Liver macrophages were
detected using primary mAb against mouse CD11b (Mac-1, M1/70; BD Biosciences, San
Jose, CA) followed by incubating with secondary Ab, biotinylated goat anti-rat IgG (Vector,
Burlingame, CA). HO-1 and STAT3 double-positive cells were identified by
immunoflurorescence. Goat anti-mouse CD68 (macrophage) and rabbit anti-mouse HO-1 or
phos-STAT3 (Cell Signaling Technology, Danvers, MA) mAbs were used. After incubation
with secondary goat anti-rabbit FITC-conjugated IgG (Sigma-Aldrich, Inc., St. Louis, MO)
and rabbit anti-goat Texas Red-conjugated IgG (Vector), the samples were pre-mounted
with VECTASHIELD medium with DAPI (Vector). Positive cells were counted blindly in
10 HPF/section ( ×200).

Myeloperoxidase activity assay
The presence of myeloperoxidase (MPO) was used as an index of hepatic neutrophil
accumulation [11]. The change in absorbance was measured spectrophotometrically at
655nm. One unit of MPO activity was defined as the quantity of enzyme degrading 1μmol
peroxide/min at 25°C per gram of tissue.
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Caspase-3 activity assay
Proteins (30 μg/sample) from BMMs were incubated with 200μM of enzyme-specific
colorimetric caspase-3 substrate at 37°C for 2h [11]. Caspase-3 activity was assessed by
measuring the absorbance at a wavelength of 405nm. To determine cellular activity, the
inhibitor-treated protein extracts and the purified caspase-3 (standard) were used.

Malachite green phosphate assay
Liver protein lysates were immunoprecipitated with anti-PTEN Ab and incubated with
protein A/G agarose beads. The PTEN malachite green assay was performed with beads-
bound PTEN (Echelon Biosciences Inc., Salt Lake City, UT). The released phosphate was
determined relative to a phosphatase standard curve.

TUNEL assay
The Klenow-FragEL DNA Fragmentation Detection Kit (EMD Chemicals, Gibbstown, NJ)
was used to detect the DNA fragmentation characteristic of apoptosis in formalin-fixed
paraffin-embedded liver sections [11].

Quantitative RT-PCR analysis
Quantitative real-time PCR was performed using the DNA Engine with Chromo 4 Detector
(MJ Research, Waltham, MA). In a final reaction volume of 25μl, the following were added:
1 ×SuperMix (Platinum SYBR Green qPCR Kit; Invitrogen), cDNA and 10μM of each
primer. Amplification conditions were: 50°C (2min), 95°C (5min), followed by 50 cycles of
95°C (15sec) and 60°C (30sec). Primers used to amplify specific gene fragments have been
published [11,14,33]

Cell isolation and cultures
Murine bone marrow macrophages (BMM) were generated, as described [11]. Cells (1 ×106/
well) were cultured for 7 days, and then transfected with Ad-HO-1 or Ad-β-gal (at
multiplicity of infection [MOI]=10). After 24-48h, cells were added with 100ng/ml of LPS
for additional 6h. In some experiments, cells were pretreated for 1h with either 10μM of
PI3K inhibitor LY294002 (Calbiochem) or 6.5μl/ml of DMSO.

ELISA assay
Murine BMM culture supernatants were harvested for cytokine analysis. Mouse ELISA kits
were used to measure TNF-α/IL-6 levels (eBiosciences).

Western blot analysis
Proteins (30μg/sample) from cell cultures or livers were subjected to 12% SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (Bio-Rad,
Hercules, CA). Polyclonal rabbit anti-mouse HO-1 (StressGen Biotech, Victoria, BC,
Canada), TLR4 (Imgenex, San Diego, CA), phos-Stat3, Stat3, phos-Akt, Akt, PTEN, p-
IκBα, IκBα, cleaved caspase-3, Bcl-2, Bcl-xl, and β-actin Abs (Cell Signaling Technology)
were used. The relative quantities of proteins were determined by densitometer, and
expressed in absorbance units (AU).

Statistical analysis
Data are expressed as mean±SD. Statistical comparisons were analyzed by Student's t-test.
All differences were considered statistically significant at the p-value of <0.05.
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Results
HO-1 - STAT3 signaling ameliorates liver IRI

We analyzed the hepatocellular damage in mouse livers subjected to 90min of warm
ischemia followed by 6h reperfusion. The hepatocellular function, measured by sGPT levels
(IU/L), improved in WT mice subjected to Ad-HO-1 but not Ad-β-gal (292±108 and
6003±2316, respectively, p<0.05) gene transfer (Fig. 1A). However, disruption of STAT3
signaling by using siRNA in Ad-HO-1-treated recipients, increased sGPT levels, compared
to NS siRNA-treated controls (14059±5560 and 524±206, respectively, p<0.05). Liver
serum enzyme data correlated with Suzuki's histological grading of IRI (Fig. 1B,C). Unlike
Ad-β-gal-treated mice, which showed moderate-severe sinusoidal congestion, cytoplasmic
vacuolization, and hepatocellular necrosis (Panel c; score=3.33±0.52), those given Ad-HO-1
had minimal pathological changes (Panel b; score=0.83±0.4, p<0.0001). Livers in animals
conditioned with siSTAT3 and Ad-HO-1 revealed significant edema, sinusoidal congestion/
cytoplasmic vacuolization, and 30-50% necrosis (Panel d; score=3.5±0.55). In contrast,
livers in mice treated with NS siRNA showed mild-moderate edema and no necrosis (Panel
e; score=1.2±0.41, p<0.0001). Furthermore, MPO assay (U/gm, Fig. 1D), reflecting
neutrophil activity, was decreased in livers subjected to Ad-HO-1 (1.42±0.42) or NS siRNA
(1.54±0.18), compared with Ad-β-gal (4.49±0.38, p<0.05) or siSTAT3 (5.69±0.31, p<0.05).

HO-1 - STAT3 signaling promotes PI3K/Akt and reduces IR induced-apoptosis
We found that by 6h of reperfusion after 90min of ischemia, the liver expression of phos-
Akt, Bcl-2, and Bcl-xL was strongly up-regulated after Ad-HO-1, but not Ad-β-gal transfer
(Fig. 2A,B). The expression of cleaved caspase-3 was inhibited in Ad-HO-1 but not Ad-β-
gal group. However, knockdown of STAT3 in Ad-HO-1-transfected livers downregulated
phos-Akt, Bcl-2, and Bcl-xL, yet upregulated cleaved caspase-3, compared with NS siRNA-
controls. These findings were confirmed by increased caspase-3 activity in siSTAT3- but not
NS siRNA-treated mice (Fig. 2C: 4.12±0.34 and 1.17+0.18, p<0.001). Ad-HO-1 but not Ad-
β-gal decreased caspase-3 activity (0.95±0.22 and 3.96±0.35, respectively; p<0.001).

We analyzed liver apoptosis by TUNEL staining (Fig. 2D,E). Ad-HO-1 decreased the
frequency of apoptotic TUNEL+ cells in ischemic livers (Panel b: 6.8±3.6), compared with
Ad-β-gal (Panel c: 29.5±8.8, p<0.0005). In contrast, livers treated with siSTAT3 showed
increased frequency of TUNEL+ cells (Panel d: 35.3±7.2), compared with NS siRNA
controls (Panel e: 12.5±5, p<0.001).

HO-1 - STAT3 signaling reduces TLR4/NF-κB-mediated IR-inflammation
We next investigated the role of STAT3 in the regulation of PTEN, TLR4 and NF-κB in
vivo. Ad-HO-1 treatment enhanced HO-1 expression and STAT3 phosphorylation (Fig. 3A
and 3B) in ischemic livers, compared with Ad-β-gal. However, STAT3 knockdown applied
after Ad-HO-1 treatment diminished HO-1 and phos-STAT3, whereas NS siRNA plus Ad-
HO-1 did maintain high HO-1 and STAT3 phosphorylation levels. Indeed, Ad-HO-1
decreased PTEN, TLR4 and phos-IκBα expression, as compared with Ad-β-gal.
Conversely, PTEN, TLR4 and phos-IκBα increased sharply after disruption of STAT3 in
Ad-HO-1- but not NS siRNA-treated group.

We used immunofluorescence staining to identify HO-1 or phos-STAT3 double-positive
cells. As shown in Figure 3C, resident hepatic CD68 macrophages stained positive for HO-1
and phos-STAT3. Although Ad-HO-1 gene transfer increased the number of double-positive
HO-1 and phos-STAT3 cells, STAT3 knockdown decreased the frequency of HO-1+ and
STAT3+ cells (Fig. 3D), suggesting macrophages are the major targets for Ad-HO-1 and

Ke et al. Page 5

J Hepatol. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



siSTAT3 treatment. We observed marginal HO-1 and STAT3 expression in SEC after Ad-
HO-1 transfer.

We used immunohistochemistry to study whether STAT3 may affect macrophage function.
CD11b+ cells were decreased in the ischemic liver lobes after Ad-HO-1 but not Ad-β-gal
treatment (Fig. 4A; Panel b: 12.5±6.2 and Panel c: 35.2±8.7, p<0.001). Disruption of
STAT3 in Ad-HO-1-livers increased CD11b+ infiltration (Panel d: 41.2±7.7) compared to
NS siRNA-treated group (Panel e: 20.2±7.9, p<0.001). Consistent with immunostaining
data, our qRT-PCR results (Fig. 4C) showed mRNA levels coding for TNF-α, IL-6, MCP-1
and IP-10 to be consistently reduced in Ad-HO-1 but not Ad-β-gal-treated livers. However,
the expression of proinflammatory cytokines increased sharply after STAT3 silencing
despite concomitant Ad-HO-1. These results were supported by PTEN mRNA expression
and PTEN phosphate release assay, when STAT3 knockdown increased PTEN mRNA
expression and activity (Fig. 4D, E), indicating enhanced macrophage function after
blocking STAT3 activation in the ischemic livers.

PI3K/Akt inhibition recreates liver IRI
To address the functional role of PI3K/Akt signaling in liver cytoprotection, we used
adjunctive treatment with PI3K inhibitor (LY294002) and Ad-HO-1. Increased sGPT levels
were consistently found in mice treated with PI3K inhibitor with or without Ad-HO-1 (Fig.
5A, 12,286±3585 and 15930±3500, respectively), compared with Ad-HO-1 alone (362±100,
p<0.05). Unlike Ad-HO-1 treated recipients, which showed minimal liver damage (Fig.
5B,C, Panel c; Suzuki score=0.83±0.41, p<0.0001), those given PI3K inhibitor revealed
significant edema, sinusoidal congestion, cytoplasmic vacuolization, and hepatocellular
necrosis (30-50%; Panel b; score=3.67±0.52). Livers in animals conditioned with PI3K
inhibitor after Ad-HO-1 showed moderate-severe hepatocellular changes (Panel d;
score=3.33±0.51). As shown in Fig. 5D, MPO levels (U/gm) were elevated in PI3K
inhibitor-treated mice (5.89±0.49), compared with DMSO controls (3.45±0.38, p<0.05). In
contrast, Ad-HO-1 treated livers showed decreased MPO activity (1.49±0.24), compared
with PI3K inhibitor plus Ad-HO-1 (5.2±0.46, p<0.05).

STAT3-induced PI3K/Akt negatively regulates PTEN/TLR4 expression in vitro
Our in vivo data suggest that STAT3 triggers PI3K/Akt signaling to promote HO-1-
mediated cytoprotection. We then used a well-defined cell culture system to test a
hypothesis that STAT3-induced PI3K/Akt may indeed regulate TLR4 in vitro. Thus, LPS-
stimulated BMM were first pretreated with PI3K inhibitor (LY294002), and then transfected
with Ad-HO-1. Indeed, Ad-HO-1 alone not only increased STAT3 and Akt phosphorylation
(Fig. 6A,B), but also inhibited PTEN along with TLR4/IκB expression. However, inhibition
of PI3K abolished Akt expression in BMMs, in association with increased PTEN mRNA
(Fig. 6C) and protein expression, enhanced TLR4/IκB activation, regardless of the
concomitant Ad-HO-1. Consistent with the latter, TNF-α and IL-6 production markedly
increased in LPS-stimulated BMMs after treatment with PI3K inhibitor despite adjunctive
Ad-HO-1 (Fig. 6D). These results document that STAT3-induced PI3K/Akt modulates
TLR4-driven inflammatory response mediated by PTEN, confirming the key role of PI3K/
PTEN signaling in the regulation of innate immune response.

Discussion
This study documents the essential role of HO-1-STAT3 axis in orchestrating PI3K/PTEN
signaling in the mechanism of TLR4-driven innate immune inflammation in liver IRI
cascade. First, Ad-HO-1 cytoprotection was accompanied by STAT3-dependent increased
hepatic PI3K/Akt and diminished PTEN expression. Second, consistent with decreased cell
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apoptosis and depressed TLR4 signaling after PI3K/Akt activation, pre-treatment with PI3k
inhibitor has augmented local inflammation and recreated liver IRI despite Ad-HO-1
transfer. Third, HO-1-STAT3 pathway-induced PI3K/Akt negatively regulated PTEN
expression. Our results also show that TLR4-mediated in vivo activation of IκB/NF-κB
signaling via PI3K/Akt pathway. Thus, inhibition of PI3K/Akt promoted IκB
phosphorylation and enhanced TLR4-driven inflammation in the liver. PTEN is known to
antagonize PI3K/Akt by decreasing translocation of Akt to the cellular membrane [34]. In
the current study, increased PTEN expression diminished phos-Akt, increased
proinflammatory cytokine program and cell apoptosis. Our findings are in agreement with
PI3K/Akt pathway serving as an endogenous negative-feedback or compensatory in vivo
mechanism that can negatively regulate TLR4 to limit the hepatic inflammatory events [35].
By using double-immunofluorescence staining, we have identified macrophages as the
major targets for Ad-HO-1 and siSTAT3 treatment. These results are consistent with our
previous findings that macrophage HO-1 overexpression is important for cytoprotection in
liver IRI [36].

We have first shown that STAT3 activation after Ad-HO-1 treatment improved the
hepatocellular function in a mouse model of segmental liver warm IRI. Indeed, STAT3
knockdown in Ad-HO-1-treated mice increased sGPT levels, implicating STAT3 as an
essential mediator in HO-1 cytoprotection, consistent with STAT3 mediated HO-1
transcription by increasing STAT3 DNA binding activity to HO-1 promoter [37]. A number
of factors may contribute to protective effects of STAT3 activation. First, macrophages are
critical in the initial uptake of pathogens, such as PAMPs and DAMPs, to further trigger
inflammatory responses by activating TLR4 and NF-κB. Indeed, STAT3 knockdown
enhanced inflammation by augmenting TLR4/NF-κB expression in Ad-HO-1-treated livers.
Second, neutrophils contribute to local inflammation, and during liver IRI they enter hepatic
parenchyma and become activated by TNF-α/IL-1, which in turn may lead to NF-κB
activation and downstream gene transcription. In addition, neutrophil adherence to ICAM-1
and binding of leukocyte adhesion molecules to cellular and matrix ligands can trigger
endothelial cell signaling and SEC apoptosis [3]. We have shown that prevention of
neutrophil activation is essential for halting innate inflammation in hepatic IRI [38]. Our
present results show that STAT3 activation in Ad-HO-1-treated mice decreased neutrophil
activation, whereas STAT3 disruption reversed the process. This data was strengthened by
histopathology evaluation, as STAT3 knockdown in Ad-HO-1 treated mice resulted in
severe liver damage, compared with minimal pathological changes in mice conditioned with
Ad-HO-1 with or without control siRNA. Hence, STAT3 disruption leads to neutrophil
overactivation, which further enhance hepatic innate immune cascade. These findings need
to be confirmed in STAT3-deficient mice when such become commercially available.

PTEN may function as a negative feedback repressor of PI3K/Akt activation [39].
Regulation of PI3K/Akt activity by cell-specific PTEN deficiency markedly reduced TNF-α
release from primary macrophages [40]. However, the role of STAT3 in modulation of
PI3K/PTEN signaling is poorly understood. Our data demonstrate that Ad-HO-1-induced
STAT3 decreased PTEN mRNA levels and its protein expression, suggesting Ad-HO-1
prevents PTEN mRNA transcription induced by IR in a STAT3-dependent manner. Indeed,
IR-induced PTEN expression was significantly decreased after activation of STAT3 by Ad-
HO-1, whereas disruption of STAT3 resulted in the suppression of phos-Akt but activation
of PTEN. These findings were in agreement with our in vitro experiments in which
inhibition of PI3K/Akt by LY294002 resulted in PTEN upregulation, enhanced TLR4/NF-
κB activity, and increased production of proinflammatory cytokines. Consistent with the
ability of PI3K/Akt to modulate PTEN transcription/protein expression during inflammatory
response, in vivo disruption of PI3K/Akt abolished local cytoprotection and recreated
TLR4-driven IRI, despite Ad-HO-1 transfer. This implicates the critical role of STAT3-
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induced PI3K/Akt in the regulation of PTEN/TLR4 pathway against hepatic IRI. Indeed,
TLR4 signaling is not only critical for triggering local inflammation [14] but can also dictate
the severity of IR-induced liver damage [41]. Since Akt acts as an anti-apoptotic signaling
molecule, it can inhibit caspase-mediated cell death through phosphorylation of Bcl-2/Bcl-
xL-associated death promoter (BAD), releasing Bcl-2 family members, and direct
phosphorylation of caspase protease [42]. Our results support the regulatory role of PI3K/
Akt by downregulating caspase-3 activity, and upregulating anti-apoptotic Bcl-2/Bcl-xL,
which in turn decrease apoptotic liver cell death. Consistently, STAT3 knockdown
inactivated Akt and enhanced PTEN, evidenced by increased frequency of apoptotic cells in
Ad-HO-1 treated livers.

Figure 7 depicts putative molecular mechanisms by which HO-1-STAT3 axis may regulate
innate immunity in hepatic IRI. HO-1-induced STAT3 activates PI3K/Akt signaling and
depresses PTEN activity. This process is STAT3-dependent. PI3K/Akt further promotes
antiapoptotic Bcl-2/Bcl-xL expression, which in turn reduces hepatocellular apoptosis. In
addition, PI3K/Akt inhibits downstream NF-κB activation, resulting in the suppression of
hepatic inflammatory gene programs. PI3k/Akt may also provide negative regulatory
feedback for TLR4 pathway to inhibit IκB phosphorylation and NF-κB translocation.

In conclusion, HO-1-STAT3 axis regulates innate immune responses in liver IRI. The PI3K/
PTEN signaling is crucial in, and PI3K/Akt provides the negative feedback mechanism for
hepatic TLR4-driven inflammation. By identifying molecular pathways in STAT3
modulation in the innate immune system, our studies provide the rationale for novel
therapeutic approaches to manage hepatic inflammation and IRI in liver transplant
recipients.
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Abbreviations

Ad-HO-1 recombinant adenovirus encoding hemeoxygenase-1

Ad-β-gal recombinant adenovirus β-galactosidase reporter gene
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BMMs bone marrow derived-macrophages

IRI ischemia/reperfusion injury

MPO myeloperoxidase

PI3K phosphoinositide 3-kinase

PTEN phosphatase and tensin homolog delete on chromosome 10

sGPT serum glutamic pyruvic transaminase

siRNA small interfering RNA

SEC sinusoidal endothelial cells

TLR4 Toll-like receptor 4

TUNEL terminal deoxyribonucleotidyl transferase (TdT)-mediated dUTP-digoxigenin
Nick End Labeling
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Figure 1.
HO-1-STAT3 signaling reduces severity of liver IRI. Mice were subjected to 90min of
partial liver warm ischemia, followed by 6h reperfusion.
(A). Hepatocellular function evaluated by sGPT (IU/L). Mean±SD (n=4-6 samples/group).
*p<0.05.
(B/C). The severity of liver IRI by Suzuki's histological grading: (a) Sham; (b) Ad-HO-1
(0.83±0.4); (c) Ad-β-gal (3.33±0.52); (d) siSTAT3+Ad-HO-1 (3.5±0.55); (e) nonspecific
siRNA+Ad-HO-1 (1.2±0.41); (f) siSTAT3+Ad-β-gal (3.6±0.51). Representative of 4-6
mice/group; original magnification ×200.
(D). Neutrophil accumulation analyzed by MPO activity (U/gm). Mean±SD (n=4-6 samples/
group). *p< 0.05.
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Figure 2.
HO-1-STAT3 axis activates hepatic PI3K/Akt signaling and reduces IR-apoptosis.
(A/B) Western-assisted analysis of phos-Akt, Bcl-2, Bcl-xl and cleaved caspase-3.
Representative of three experiments.
(C). Caspase-3 activity. Mean±SD; n=4-6 samples/group. *p<0.001.
(D/E). Liver apoptosis by TUNEL staining. (a) Sham; (b) Ad-HO-1; (c) Ad-β-gal; (d)
siSTAT3+Ad-HO-1; (e) nonspecific siRNA+Ad-HO-1; (f) siSTAT3+Ad-β-gal. Apoptotic
cells are marked (arrow). Results scored semi-quantitatively by averaging the number of
apoptotic cells (mean±SD) per field at 200×magnification (representative of 4-6 mice/
group).
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Figure 3.
HO-1-STAT3 signaling reduces IR-induced TLR4 and NF-κB expression.
(A/B) Western-assisted detection of HO-1, phos-STAT3, PTEN, TLR4, and phos-IκBα.
Representative of three experiments.
(C/D). Immunofluorescence staining of HO-1 and phos-STAT3 in ischemic livers. (a) Sham;
(b) HO-1 expression in Ad-HO-1 treated livers; (c) Phos-STAT3 expression in Ad-HO-1
treated livers; (d) Phos-STAT3 expression in siSTAT3 treated livers. Note; positive staining
in macrophages (head arrow), detected with CD68 mAb. Green: HO-1 and p-STAT3; Red:
macrophage marker; Blue: DAPI nuclear stain. Results scored semi-quantitatively by
averaging number of positively-stained cells (mean±SD)/field at 200×magnification.
Representative of 4-6 mice/group.

Ke et al. Page 14

J Hepatol. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
HO-1-STAT3 signaling regulates macrophage functions.
(A/B). Immunohistochemical staining of CD11b+ cells. (a) Sham; (b) Ad-HO-1; (c) Ad-β-
gal; (d) siSTAT3+Ad-HO-1; (e) nonspecific siRNA+Ad-HO-1; (f) siSTAT3+Ad-β-gal.
Results were scored semi-quantitatively by averaging the number of positively-stained cells
(mean±SD)/field at 200×magnification. Representative of 4-6 mice/group.
(C). Quantitative RT-PCR-assisted cytokine/chemokine gene expression. Mean±SD (n=3-4
samples/group). *p<0.005.
(D). Quantitative RT-PCR-assisted detection of PTEN gene expression. Mean±SD (n=3-4
samples/group). *p<0.001.
(E). PTEN activity. Mean±SD; n=4-6 samples/group. *p<0.001.
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Figure 5.
PI3K blockade recreates liver IRI in mice undergoing Ad-HO-1 gene transfer.
(A) The sGPT levels (IU/L). Mean±SD (n=4-6 samples/group). *p<0.05.
(B/C) Severity of liver IRI by Suzuki's histological scores. (a) DMSO control (3.16±0.41);
(b) PI3K inhibitor LY294002 (3.67±0.52); (c) Ad-HO-1 (0.83±0.41); (d) LY294002+Ad-
HO-1 (3.33±0.51). Representative of 4-6 mice/group; original magnification×200.
(D) Liver neutrophil accumulation (MPO activity; U/gm). Mean±SD; n=4-6 samples/group.
*p< 0.05.
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Figure 6.
STAT3-induced PI3K/Akt signaling negatively regulates PTEN/TLR4 pathways in LPS-
stimulated BMM in vitro.
(A/B) Western-assisted expression of phos-STAT3, Akt, PTEN, TLR4 and IκBα in LPS-
stimulated BMMs after treatment with PI3K inhibitor (LY294002) and Ad-HO-1.
Representative of three experiments.
(C) Quantitative RT-PCR-assisted detection of PTEN gene expression. Mean±SD (n=3-4
samples/group). *p<0.001.
(D) ELISA-based TNF- α/IL-6 levels in cell culture supernatants. Mean±SD (n=3-4
samples/group). *p<0.0005.
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Figure 7.
HO-1-STAT3 axis in the regulation of innate inflammation signaling pathways in liver IRI.
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