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Abstract
Background: Interruption of hepatic blood inflow to reduce intraoperative blood loss during liver surgery
such as elective liver surgical procedures and organ transplantation causes hepatic ischemia and
subsequent reperfusion that leads to liver damage and dysfunction. Double-stranded RNA dependent
protein kinase (PKR) is an important regulator of immune responses in the settings of infection and
tissue injury. However, little is known about the function of PKR in liver ischemia/reperfusion (I/R) injury.

Methods: Wild-type (WT) and PKR knockout (PKR-/-) mice were subjected to partial (70%) hepatic I/R
injury. In another set of experiments, mice were pretreated intraperitoneally with C16, a specific PKR
inhibitor, or fludarabine, a specific inhibitor of STAT1 (signal transducer and activator of transcription 1),
then subjected to I/R in-vivo. In-vitro investigations were conducted by subjecting primary mouse
hepatocytes with hypoxia. The role of PKR in I/R-induced liver injury and the potential underlying
molecular mechanisms were clarified through biological and phenotypic analyses.

Results: Liver PKR protein levels were increased during the ischemic and reperfusion stages in both the
mouse liver I/R model and the livers of humans who were subjected to liver resection. PKR inactivation by
genetic deletion or pharmacological inhibition exhibited less liver damage than their respective control.
PKR deficiency was also associated with lower levels of inflammatory cytokines and less apoptotic cell
death. Mechanistically, STAT1 signaling was inhibited in livers of PKR-/- mice but was activated in WT
mice. Most importantly, WT mice treated with STAT1 specific inhibitor fludarabine were protected from
hepatic I/R injury. PKR also regulated the release of HMGB1 in hepatic I/R injury.

Conclusions: Our novel findings document PKR is a modulator in I/R-induced liver damage. Inhibition of
PKR by using the specific inhibitor, C16, may represent a promising therapeutic target for the
management of I/R injury-related diseases.

Introduction
Hepatic ischemia/reperfusion (I/R) injury is an unavoidable consequence of many clinical settings,
particularly during liver transplantation, liver resection, trauma and hemorrhagic shock, and can result in
liver dysfunction and failure (Zhang et al. 2021, Zhang et al. 2018). During the ischemic period, the
interruption of oxygen leads to hepatocyte damage. Subsequently, the restoration of blood flow triggers
innate immune responses and exaggerated local inflammation (Sun et al. 2015). In addition, reactive
oxygen species (ROS)-mediated hepatocellular necrosis and inflammatory response-induced apoptosis
can also contribute to liver I/R injury (Liu et al. 2019, Yazdani et al. 2021). Despite the progress in
understanding the mechanisms behind I/R-induced liver injury, no effective preventative treatments have
advanced into clinical use (Jaeschke et al. 2012). Thus, effective pharmacological treatments for
individuals subjected to I/R-induced liver injury are urgently needed. In order to achieve this, a deeper
understanding of the molecular and cellular events underlying this pathogenic process may be required.



Page 3/22

Double-stranded RNA dependent protein kinase (PKR) is a ubiquitously expressed protein kinase that was
initially recognized as an interferon-inducible antiviral protein (Meurs et al. 1990). When PKR is activated
by double-stranded (ds) RNA, it undergoes homodimerization and then promotes the phosphorylation of
eIF2a, thus leading to inhibition of protein synthesis (Holcik et al. 2005). In addition to its established key
role in antiviral activities, previous studies have demonstrated that PKR is also involved in a series of
pathophysiological events including inflammation (Hsu et al. 2004), cancers (Yoon et al. 2009, Kim et al.
2002), neurodegeneration (Hugon et al. 2017) and metabolic diseases (Nakamura et al. 2010). We have
previously shown that PKR is also required for the activation of the NLRP3 inflammasome (Lu et al.
2012), however, whether PKR is implicated in hepatic I/R injury has not been previously described.

In the current study, we aimed to determine the role of PKR in the pathogenesis of hepatic I/R injury. Using
both PKR−/− mice and WT mice treated with a specific PKR inhibitor, we find significant roles for PKR in
I/R-induced liver injury and inflammation. Our results suggest that PKR and its downstream signaling
intermediates could be interesting targets to prevent I/R injury in the liver.

Materials And Methods
Reagents

Western blot antibodies: GAPDH (# ab181602), PKR (#ab184257) and HMGB1 (# ab79823) antibodies
were purchased from Abcam. STAT1 (# 14994T) and β-actin antibodies were obtained from Cell
Signaling Technologies. ELISA kits specific for IL-6 and IL-1β were purchased from Invitrogen. C16
(#527450) was obtained from Sigma-Aldrich. Fludarabine (#S1491) was purchased from Selleck
Chemicals. The terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling kit (KGA7072)
was purchased from KeyGEN BioTECK (Jiangsu, China).

Animals and treatment

Animal protocols were approved by the Ethics Committee of Central South University. Male wild-type
(C57BL/6J) mice were purchased from Hunan SJA Laboratory Animals Co. Ltd and PKR-defective mice
were bred at our facility. In experiments to inhibit the activation of PKR, the PKR inhibitor C16 or an equal
volume vehicle was injected intraperitoneally at 500ug/kg QD for three days prior to the ischemic insult.
To further block the STAT1, fludarabine, a specific inhibitor of STAT1, was administered i.p at 40 mg/kg
QD for 7 days before the treatment of I/R injury (Pan et al. 2013). All animals that were used in the
present study were maintained in a specific pathogen-free atmosphere with a 12-h light/dark cycle. Only
8-12-wk-old mice were used at a mass of 25-28g.

Mouse liver ischemia/reperfusion (I/R) injury model

A nonlethal established model of segmental (70%) hepatic I/R was used as described previously (Tsung
et al. 2005). Briefly, after the mice were anesthetized, arterial/portal venous blood supply to the left and
median liver lobes was interrupted by using an atraumatic microvascular clamp under aseptic conditions
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for 60 minutes, thereby initiating hepatic reperfusion. The ambient temperature of the mice was
maintained at 33°C using a warming incubator chamber during the ischemia phase. Sham-operated mice
were subjected to the same surgical procedure without hepatic ischemia. Animals were euthanized at 6 h
after reperfusion, and serum and liver samples were collected.

Serum sample assays

Serum alanine aminotransferase (ALT) and serum aspartate aminotransferase (AST) levels were
measured using a Chemistry System autoanalyzer. Serum levels of IL-6 and IL-1β were analyzed with
ELISA kits according to the manufacturer’s instructions (Invitrogen). HMGB1 was also quantified by using
ELISA (IBL International).

H&E staining and scoring method

Liver sections were stained with hematoxylin and eosin (H&E) as described (Li et al. 2019). Image J
software was used to analyze necrotic areas. All slides were blindly quantified in more than 3 high-power
fields (×10 magnification) to evaluate the necrotic area in each section. Samples were scored by three or
four independent members of each group according to Suzuki’s score, based on a scale of 0-4, for
assessing liver damage I/R (Suzuki et al. 1993).

TUNEL assay

Cell death in tissue paraffin sections was analyzed by the TUNEL staining method following the
manufacturer’s protocol. Images were obtained by confocal microscopy. The numbers of dead cells in the
liver sections were blindly assessed by counting the labeled cells in high-power fields (HPFs)/sections
under confocal microscopy (40×).

Primary hepatocyte isolation and treatment.

Mice were perfused by an in situ collagenase (type VI, Sigma) technique as previously described (Yi et al.
2020). Hepatocytes were separated from nonparenchymal cells (NPCs) by low-speed centrifugation.
Hepatocyte purity exceeded 98% as evaluated by light microscopy. Trypan blue exclusion was performed
to determine the cell viability of the hepatocytes (> 95%). Hepatocytes were plated on gelatin-coated
culture plates in Williams’ E medium with 10% calf serum, 1 μM insulin, 15 mM HEPES, 2 mM L-
glutamine, 100 U/mL streptomycin, and 100 U/mL penicillin. Cells were allowed to attach to plates for at
least 4 h before treatment. For experiments involving hypoxia, the culture medium was replaced with
fresh medium, and hepatocytes were placed into a modular incubator chamber, which was equilibrated
with the anoxic gas mixture (5% CO2, 94% N2, and 1% O2). 

Human samples

The human liver tissues used in this study were obtained from patients who were subjected to elective
hepatectomy due to hepatocellular carcinoma. Liver samples were acquired from tumor-free liver tissue
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from the individuals at two time points: before ischemia (baseline) and after ischemia but before
reperfusion (ischemia period). Informed consent forms were signed by all patients. These procedures
were approved by The Second Xiangya Hospital of Central South University Review Board.

Immunofluorescence

The WT and PKR-/- primary hepatocytes were seeded on glass slides placed into 6-well plates at a density
of 2 × 105 cells/mL and subjected to normoxia or hypoxia for indicated time points. Then cells were
washed with PBS three times and fixed with 4% paraformaldehyde for 15 min. Fixed hepatocytes were
permeabilized with 0.1% Triton X-100 for 15 min, blocked with 2% BSA for 2 hours, and incubated with
anti-HMGB1 antibodies (1:250) (Abcam, 79823) overnight. After washing with PBS, fixed cells were
treated with conjugated anti-rabbit secondary antibody (1:500) and F-actin (1:100) for 60 min. Nuclei
were counterstained with DAPI for 5-10 min. Cells in each group were imaged using an inverted
fluorescence microscope (Carl Zeiss Microscopy GmbH, Germany).

Lactate dehydrogenase (LDH) assay. 

Culture media were collected and centrifuged to sediment cells. Lytic cell death following normoxia or
hypoxia treatment was analyzed by measurement of LDH released into the cell medium. At the end of
treatment, the cell supernatant was subjected to the LDH Cytotoxicity Assay (Beyotime Biotechnology,
China).

Western blot

Western blotting analysis was performed using whole lysates from liver tissue or proteins from cell-free
supernatants that were extracted by methanol-chloroform precipitation. Briefly, samples were subjected to
electrophoretic separation on 8–12% SDS-PAGE gels and transferred onto PVDF membranes. PBST (with
5% skim milk powder) was used to block nonspecific binding sites for 1 h at room temperature. After that,
the membranes were incubated with primary antibodies at 4 °C overnight. Membranes were washed three
times with PBST for 10 minutes, incubated with secondary antibody for 1 hour, and then washed another
three times for 10 minutes in PBST before being detected for chemiluminescence (Bio-Rad, USA). Protein
expression levels were quantified with ImageJ software and normalized to GAPDH or β-actin as a loading
control.

Statistical analysis: All quantitative data were analyzed using GraphPad Prism and presented as mean ±
SEM. Differences between the two experimental groups were evaluated by Student’s t test. P < 0.05 was
considered statistically significant.

Results
PKR expression is significantly induced during hepatic I/R injury
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To clarify whether PKR is involved in hepatic I/R injury, we first evaluated PKR expression in WT mice
subjected to partial (70%) hepatic ischemia followed by reperfusion. Western blotting revealed detectable
PKR expression at baseline and this was increased almost 4-fold at 6h after liver I/R (Fig.1A, B). To
further address the human relevance of these findings, we compared PKR expression in liver tissues from
patients with hepatic I/R during elective liver resection. Liver samples from the same individual were
obtained at baseline (before ischemia) and after ischemia resulting from inflow occlusion during the
procedure. In line with the increased PKR protein levels in the mouse model, PKR expression in human
subjects who underwent hepatectomy was also higher during the ischemic phase than at baseline
(Fig.1C, D). The induced PKR expression in this process demonstrates the possibility of the involvement
of PKR during hepatic I/R injury.

PKR exacerbates hepatic I/R injury

We assessed the role of PKR in I/R-induced liver damage using global PKR knockout mice. PKR
deficiency was first confirmed in the livers of PKR-/- mice (Fig.2A). Subsequently, WT and PKR-/- mice were
treated with warm hepatic I/R with 1 hour of ischemia followed by 6h of reperfusion. Liver damage was
evaluated by morphological and biochemical indices. Serum ALT and AST levels were notably lower in
PKR-/- mice compared with those of WT mice subjected to I/R injury (Fig.2B, C). Additionally, histological
analysis showed significantly less liver necrosis in tissue sections from PKR-/- mice after 6h of
reperfusion (Fig.2D, E), and this was associated with lower Suzuki’s (on a scale from 0–4) liver injury
scores (Fig.2F). To further explore the role of PKR in liver I/R injury, C16, a specific inhibitor of PKR was
administrated intraperitoneally before the ischemic insult. Pharmacological inhibition of PKR also
significantly reduced circulating levels of ALT and AST (Fig.2G, H) and led to smaller areas of necrosis
than those seen in the vehicle-treated I/R group (Fig.2I-K). Taken together, these findings indicate PKR
inactivation by genetic deletion or pharmacological inhibition confers protection against hepatic I/R
injury. 

PKR participates in I/R-induced inflammatory responses

Liver I/R injury involves both direct cellular damage induced by oxidative stress and injury due to the
activation of inflammatory responses. Our previous study showed that PKR deficiency severely impairs
inflammasome activation, thereby inhibiting the release of IL-1β and IL-18 in E.coli-induced sepsis (Lu et
al. 2012). To determine whether PKR deletion could ameliorate hepatic I/R injury by regulating
inflammatory responses, we examined circulating levels of representative inflammatory cytokines. We
found that the PKR deletion resulted in lower systemic inflammation after hepatic I/R,
as demonstrated by lower serum levels of IL-6 in PKR-/- mice compared to control WT mice (Fig 3A).
However, levels of IL-1β after I/R were not influenced by the ablation of PKR (Fig.3B). Mitogen-activated
protein kinase (MAPK) regulates both the inflammatory response and cell survival during I/R injury (Nace
et al. 2013). Protein levels of the phosphorylated forms of three MAPK proteins, including extracellular
signal-regulated kinase (ERK), P38 and c-Jun-N-terminal kinase (JNK), were analyzed in the livers of mice
subjected to I/R insult (Fig.3C). Levels of p-ERK and p-JNK were higher after I/R compared to Sham
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controls at 6h (Fig.3C-F). However, protein levels of p-ERK and p-JNK were lower after I/R in PKR-/- mice
compared with WT I/R groups (Fig.3C-F). These results show that PKR deficiency inhibits systemic
inflammation in response to liver I/R injury, and PKR modulates I/R-induced activation of ERK and JNK
signaling.

PKR is associated with apoptotic cell death after hepatic I/R injury

I/R injury is associated with both cellular necrosis and apoptosis (Brenner et al. 2013). To determine
whether I/R-induced cell death was associated with PKR activity, TUNEL staining was performed on liver
sections from the ischemic lobe from WT and PKR-/- mice. I/R resulted in a marked increase in TUNEL-
positive cells in WT mice and this was significantly reduced in liver sections of PKR-/- mice after 6h of
reperfusion (Fig.4A, B). During I/R-induced cell damage, pro-apoptotic/pro-necrotic factors and negative
regulators of cell death were measured by western blotting (Fig.4C). Protein expression levels of cleaved-
caspase 3 were reduced in the PKR-/- I/R group but were higher in liver samples from WT mice (Fig.4C, F).
Unexpectedly, Western blotting showed that the levels of Bax and Bcl-2 were comparable between WT
and PKR-/-mice (Fig.4C-E). These data reveal that PKR expression is associated with more apoptotic cell
death after liver I/R, however, this does not appear to involve regulation of Bax or Bcl2.

PKR regulates hepatic I/R insult in a STAT1-dependent manner

The STAT (signal transducer and activator of transcription) family of proteins exerts a crucial role in
many cellular processes, including cell growth and proliferation as well as apoptotic cell death. Previous
studies also revealed that PKR could negatively or positively regulate STAT1 in different contexts (Hsu et
al. 2004, Wang et al. 2006). Thus, we next examined the potential role of STAT1 signaling on PKR-
induced aggravation of hepatic I/R injury. STAT1 signaling was activated in I/R-induced liver injury
(Fig.5A). Additionally, we found that phosphorylated protein levels of STAT1 in the PKR-/- I/R group were
significantly lower compared with livers from the WT I/R group (Fig.5A). However, total STAT1 protein
levels were unchanged between these groups (Fig.5A). To further elucidate whether the STAT1 signaling
contributes to PKR-mediated liver injury in vivo, STAT1 was blocked by its specific inhibitor, fludarabine.
Western blotting showed administration of fludarabine before liver I/R suppressed the expression of
STAT1 (Fig. 5B). Histological assessment of the ischemic lobe and evaluation of serum ALT and AST
revealed that fludarabine treatment markedly ameliorated liver damage in WT mice compared with
vehicle-treated I/R group (Fig.5C-G). These in vivo findings indicate that PKR-mediated exacerbation
following liver I/R injury involves the STAT1 pathway.

HMGB1 release is dependent on PKR in I/R induced liver injury

HMGB1 is a nuclear protein that has been shown to contribute to liver I/R injury when released from
ischemic and dying hepatocytes (Tsung et al. 2005), which revealed that released HMGB1 after hepatic
I/R functioned as a DAMP (damage-associated molecular pattern). We had also demonstrated that PKR
deletion or pharmacological inhibition of JAK/STAT1 signaling prevents LPS-induced HMGB1 release (Lu
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et al. 2012, Lu et al. 2014). Therefore, we sought to examine the role of PKR or STAT1 in the release of
HMGB1 during hepatic I/R injury. We found that PKR-/- I/R mice had significantly lower serum HMGB1
levels compared to control WT I/R group (Fig.6A). Consistent with the results of gene knockout mice,
serum HMGB1 levels were notably lower in WT mice treated with the PKR inhibitor C16 compared to the
vehicle-treated I/R group (Fig.6B). During the process of I/R injury, pharmacological inhibition of STAT1
also suppressed increases in circulating HMGB1 levels in comparison with the vehicle-treated
group (Fig.6C). Hypoxia is considered as an initiating event in the I/R insult. To explore whether PKR
participates in regulating the release of HMGB1 in hypoxic hepatocytes, the cellular localization of
HMGB1 using immunofluorescence staining was performed in cultured hepatocytes that underwent
normoxia or hypoxia (1% oxygen) for 20h. HMGB1 translocation to the cytoplasm was observed in WT
hepatocytes, which was not observed in PKR-/- hepatocytes (Fig.6D). HMGB1 protein levels in the media
of WT hepatocytes were also higher than that measured in the supernatants from PKR-/- cells (Fig.6E)
subjected to hypoxia. However, there was no difference in cell death between WT and PKR-/- cells that
were exposed to hypoxia for 20 h (Fig.6F). These data demonstrate that PKR is essential for the HMGB1
nucleocytoplasmic transfer and release after I/R in vivo and hypoxic stress in vitro.

Discussion
PKR has been identified as a danger-sensing molecule that contributes to multiple pathophysiological
processes. In addition to IFN and dsRNA, PKR can be upregulated by PAMPs (pathogen-associated
molecular pattern molecules) and DAMPs, such as TNF-α (Yeung et al. 1996), IL-1 (Horng et al. 2001),
LPS (Lu et al. 2012), and heat shock proteins (Donzé et al. 2001). In the present study, we discovered that
PKR protein levels were upregulated in mice after hepatic I/R and in human liver tissues due to ischemia,
which suggests that PKR also serves as a stress sensor during tissue I/R. 

C16 is a small molecule that can suppress the activation of PKR and prevents the translational block that
follows PKR exposure (Jammi et al. 2003, Shimazawa et al. 2006). C16 has been extensively used to
determine the role of PKR both in vivo (Xiao et al. 2016) and in vitro (Watanabe et al. 2020). The dose of
C16 in this study was based on previous experience in which mice received C16 i.p. at 500ug/kg
(Couturier et al. 2012, Li et al. 2017). Thus, C16 might be a promising pharmacological treatment that
could be translated into clinical application for hepatic I/R injury.

Liver I/R insult combines ischemia-triggered cell death and inflammation-induced reperfusion injury
(Brenner et al. 2013). Initial parenchymal cell damage releases DAMP that promotes the production of
cytokines and chemokines. This inflammatory response, in turn, aggravates hepatocellular injury (van
Golen et al. 2013). Previous studies showed that increased levels of circulating TNF-a and IL-6 were
associated with infections after human liver transplantation (Hamilton et al. 1993). We also revealed that
PKR deletion inhibited E.coli-induced inflammatory responses in sepsis (Lu et al. 2012). Consistent with
these findings, we demonstrate here that PKR knockout reduced the circulating levels of inflammatory
cytokines (IL-6) following hepatic I/R injury. These in vivo experiments implicate PKR in the inflammatory
responses that follow hepatic I/R injury. Two types of cell death, apoptosis and necrosis, occur after
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hepatic I/R, especially during the reperfusion stage. It has been reported that PKR is involved in
macrophage apoptosis in response to bacteria (Hsu et al. 2004). Another study also suggested that PKR
was a key factor in inducing apoptosis in response to oxidative stress (Li et al. 2010). Here, we found that
PKR contributed to apoptotic cell death after hepatic I/R injury. Our results suggest that this may result
from inflammatory signaling activated by PKR.

Several lines of evidence have verified an important role of MAPK in the pathogenesis of hepatic I/R
injury (Sun et al. 2015, Nace et al. 2013), by regulating apoptosis and inflammation. However, the role of
PKR on these pathways is still controversial. One study showed that TNF-induced JNK activation was
abrogated, whereas activation of ERK and P38 was potentiated in PKR-deficient MEF cells (Takada et al.
2007). While other research revealed that PKR was essential for the activation of P38 in LPS-treated MEF
(Goh et al. 2000) or TNF-treated chondrocytes (Ma et al. 2019). Our data determined that PKR was
associated with enhanced I/R-induced activation of ERK and JNK but not p38 activation. Hence, the
functions of PKR in the MAPK signaling pathway might be dependent on cell types and the extracellular
stimuli as well as intracellular molecular events involved.

STAT family are intracellular messengers that relay different signals sensed at the plasma membrane to
specific genes in the nucleus, thus activating gene transcription (Sadowski et al. 1993). There are seven
members of the STAT family, which include STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6
(Darnell 1997) and all contribute to innate and adaptive immunity (O'Shea et al. 2012). Interestingly, PKR
has also been shown to participate in the regulation of various signal transduction pathways. However,
several independent studies have presented opposing effects of PKR on STAT1 activity. PKR was shown
to negatively regulate STAT1 in MEF cells stimulated with IFN-γ (Wang et al. 2006, Wong et al. 1997).
While in other studies, STAT1 activation was observed to be dependent on PKR (Hsu et al. 2004, Ruuska
et al. 2012). This controversy has not been completely resolved. In our study, we found that
phosphorylated STAT1 protein levels were significantly lower with PKR deletion following I/R group
demonstrating that PKR was required for the upregulation of STAT1 signaling in liver I/R insult.
Furthermore, abolishing STAT1 with fludarabine also attenuated I/R-induced liver damage in comparison
with the vehicle-treated I/R group. These findings are the first to link PKR and STAT1 in the acute setting
of sterile injury induced by I/R. Additionally, fludarabine also has the potential to be used therapeutically
to protect the liver from I/R injury.

HMGB1 is a conserved protein that exists in the nucleus of almost all eukaryotic cells (Javaherian et al.
1978). We have detailed the role of extracellular HMGB1 as a driver of liver I/R-induced inflammation and
injury when released by hypoxic hepatocytes  (Tsung et al. 2005). However, intracellular HMGB1
upregulates protective autophagy in ischemic hepatocytes (Cardinal et al. 2009). Our present findings
documented that PKR ablation or pharmacological inhibition of STAT1 reduced serum HMGB1 levels
during hepatic I/R injury compared with their control groups. Taking together, these and previous
observations establish that suppression of HMGB1 release may be crucial in protecting the liver against
I/R injury. Although it remains unknown from our studies whether PKR induced HMGB1 release through
active or passive mechanisms following I/R injury, our in vitro experiments established that PKR is
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involved in the active release of HMGB1 from hepatocytes exposed to hypoxia. We also provided
evidence that pharmacological inhibition of JAK/STAT1 selectively prevented LPS-induced HMGB1
nuclear translocation and subsequent release (Lu et al. 2014). These findings support our previous
findings that interventions that block HMGB1 activity could be effective in preventing I/R-induced liver
damage (Tsung et al. 2005).

In summary, this study demonstrates that PKR is rapidly upregulated in the liver during ischemia and
contributes to the STAT1 signaling upregulation and HMGB1 release. The association of all of the PKR-
related effects with increased liver damage points to PKR as a regulator of the intrinsic process that leads
to secondary liver injury after I/R. Since inhibitors of PKR and STAT1 are available, these findings provide
the rationale to consider these targets to reduce I/R-induced tissue injury.  
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Figure 1

PKR is dramatically induced after liver I/R injury. (A, B) PKR protein expression levels in the livers of WT
mice subjected to sham surgery or 1h ischemia followed by 6h reperfusion (n = 6 per group). (C, D)
Representative Western blot showing PKR protein expression in liver tissues of patients subjected to I/R
during hepatic surgery. B, baseline (before ischemia); I, ischemia (after ischemia but before reperfusion);
GAPDH served as a loading control. **P ˂ 0.01.
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Figure 2

PKR deletion ameliorates hepatic I/R injury. (A) PKR protein levels in livers from WT and PKR-/- mice. (B,
C) ALT(B) and AST(C) levels in the serum of WT and PKR-/- mice at 6h after reperfusion or sham controls.
n = 9 for sham group, n = 20-22 for I/R group. (D) Representative H&E staining (10×) of liver lobes of WT
and PKR-/- mice after sham operation or 6h post-reperfusion. (E) Dotted lines in liver H&E stained images
indicated measured areas of necrosis, quantified in bar graph; n = 3-4 for each group. (F) Liver damages
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were assessed by Suzuki’s histological score (I/R:1 h/6 h), quantified in bar graph; n = 3-4 for each group;
(G, H) Serum ALT (G) and AST (H) levels were measured in WT mice treated with vehicle or PKR inhibitor
C16 and harvested 6h after I/R; n = 4 for sham group, n = 7-8 for I/R group. (I) Representative H&E
staining of liver sections from vehicle-treated or C16-treated mice in the sham and I/R groups at 6h post-
reperfusion ; (J) Dotted lines in liver H&E staining indicated necrotic areas, quantified in bar graph; n = 3-4
for each group; (K) Liver damages were analyzed by Suzuki’s histological score (I/R:1 h/6 h), quantified in
bar graph; n = 3-4 for each group. *P ˂ 0.05, **P ˂ 0.01.
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Figure 3

PKR increases hepatic I/R-induced inflammatory responses. (A, B) Serum levels of IL-6 (A) and IL-1β (B)
in mice with PKR deficiency and the corresponding controls were assessed at 6h post-reperfusion; n = 4 in
each sham group, n = 8 in each I/R group. (C) Western blotting analysis of the total and phosphorylated
protein levels of ERK, JNK and p38 in mouse liver after I/R insult. (D-F) The protein expression levels of
phosphorylated ERK, JNK and p38 were quantified in bar graph. *P ˂ 0.05.
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Figure 4

PKR promotes cell death in hepatic I/R injury. (A) TUNEL staining images (40×) of liver sections obtained
from WT and PKR-/- mice at 6h post-reperfusion. The numbers of TUNEL-positive cells were quantified in
each high-power field (n = 3). (B) Bcl-2, Bax and cleaved caspase-3 in the liver samples from the indicated
groups at 6 h after I/R injury were analyzed by Western Blot. GAPDH served as a loading control. (D-F)
The protein levels of Bcl-2, Bax and cleaved caspase-3 were quantified in bar graph. *p <0.05
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Figure 5

STAT1 inactivation blocks I/R-induced liver dysfunction of WT mice during hepatic I/R insult. (A) Total
and phosphorylated STAT1 protein levels were evaluated in I/R-treated liver homogenates from WT and
PKR-/- mice. (B) Western blot showing the levels of total STAT1 in WT mice subjected to the vehicle or
fludarabine injection before I/R insult. (C, D) Serum ALT (C) and AST (D) levels were analyzed in WT mice
treated with vehicle or fludarabine and harvested 6h after I/R injury; n = 4 for the sham group, n = 8-9 for
I/R group. (E-G) Representative H&E staining liver sections (E), measured areas of necrosis (F) and
Suzuki’s histological scores (G) in mice injected with vehicle and Fludarabine and subjected to I/R injury
for 6h. *P ˂ 0.05, **P ˂ 0.01.
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Figure 6

The release of HMGB1 is regulated by PKR. (A) HMGB1 in the serum of WT mice and PKR-/- mice after
sham surgery or I/R injury analyzed by Elisa. (B) Serum HMGB1 levels in WT mice treated with vehicle or
C16 and harvested 6h post-reperfusion evaluated by Elisa. (C) Serum HMGB1 levels in vehicle- or
fludarabine-treated I/R group or sham operations were examined by Elisa. (D) HMGB1 visualized by
immunofluorescent stain in WT and PKR-/- mouse hepatocytes subjected to normoxia or hypoxia. Red,
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HMGB1; Blue, nuclei; Green, F-actin. (E) Cultured hepatocytes were exposed to hypoxia (1% O2) for 20h.
Cell media was collected for Western blot analysis of HMGB1. (F) Cell death was assessed by LDH
release from hepatocytes after normoxia or hypoxia.


