
Oncotarget86339www.impactjournals.com/oncotarget

Asiatic acid protects against hepatic ischemia/reperfusion injury 
by inactivation of Kupffer cells via PPARγ/NLRP3 inflammasome 
signaling pathway

Ying Xu1,*, Jun Yao2,*, Chen Zou3, Heng Zhang3, Shouliang Zhang3, Jun Liu3, Gui 
Ma3, Pengcheng Jiang3 and Wenbo Zhang3

1Department of Laboratory Center, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China
2Department of Gastroenterology, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China
3Department of General Surgery, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China
*These authors have contributed equally to this work

Correspondence to: Pengcheng Jiang, email: pc_jsu@yahoo.com
Wenbo Zhang, email: wb.zhan@hotmail.com

Keywords: asiatic acid, NLRP3 inflammasome, PPARγ, hepatic I/R injury, Kupffer cell
Received: November 30, 2016    Accepted: August 21, 2017    Published: September 21, 2017
Copyright: Xu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License 3.0 
(CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

ABSTRACT

Hepatic ischemia/reperfusion (I/R) contributes to major complications in clinical 
practice affecting perioperative morbidity and mortality. Recent evidence suggests the 
key role of nucleotide-binding oligomerization domain-like receptor (NLR) family pyrin 
domain-containing 3 (NLRP3) inflammaosme activation on the pathogenesis of I/R 
injury. Asiatic acid (AA) is a pentacyclic triterpene derivative presented with versatile 
activities, including antioxidant, anti-inflammation and hepatoprotective effects. This 
study was designed to determine whether AA had potential hepatoprotective benefits 
against hepatic I/R injury, as well as to unveil the underlying mechanisms involved in 
the putative effects. Mice subjected to warm hepatic I/R, and Kupffer cells (KCs) or 
RAW264.7 cells challenged with lipopolysaccharide (LPS)/H2O2, were pretreated with 
AA. Administration of AA significantly attenuated hepatic histopathological damage, 
global inflammatory level, apoptotic signaling level, as well as NLRP3 inflammasome 
activation. These effects were correlated with increased expression of peroxisome 
proliferator-activated receptor gamma (PPARγ). Conversely, pharmacological 
inhibition of PPARγ by GW9662 abolished the protective effects of AA on hepatic I/R 
injury and in turn aggravated NLRP3 inflammasome activation. Activation of NLRP3 
inflammasome was most significant in nonparenchymal cells (NPCs). Depletion of KCs 
by gadolinium chloride (GdCl3) further attenuated the detrimental effects of GW9662 
on hepatic I/R as well as NLRP3 activation. In vitro, AA concentration-dependently 
inhibited LPS/H2O2-induced NLRP3 inflammaosome activation in KCs and RAW264.7 
cells. Either GW9662 or genetic knockdown of PPARγ abolished the AA-mediated 
inactivation of NLRP3 inflammasome. Mechanistically, AA attenuated I/R or LPS/
H2O2-induced ROS production and phosphorylation level of JNK, p38 MAPK and IκBα 
but not ERK, a mechanism dependent on PPARγ. Finally, AA blocked the deleterious 
effects of LPS/H2O2-induced macrophage activation on hepatocyte viability in vitro, 
and improved survival in a lethal hepatic I/R injury model in vivo. Collectively, these 
data suggest that AA is effective in mitigating hepatic I/R injury through attenuation 
of KCs activation via PPARγ/NLRP3 inflammasome signaling pathway.
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INTRODUCTION

Liver ischemia/reperfusion (I/R) injury is a 
significant clinical problem that is frequently encountered 
during liver transplantation, liver resection, massive 
trauma, hemorrhagic shock, sepsis and cardiopulmonary 
failure. Typically, the pathology of I/R is characterized 
by a biphasic phase of inflammatory response [1, 2]. The 
initial phase occurs within 1-6 h after reperfusion, and is 
manifested by the release of various damage associated 
molecular patterns (DAMPs), activation of liver resident 
Kupffer cells (KCs) and their subsequent production 
and release of reactive oxygen species (ROS) as well 
as various mediators, such as cytokines, chemokines 
and adhesion molecules. This causes mild injury to the 
hepatic parenchyma, but the released soluble mediators 
result in the recruitment and activation of neutrophils and 
inflammatory monocytes, and also create a feedback loop 
that further activates hepatocellular stress kinase pathways, 
exacerbating injury [1, 2]. The current treatments for 
hepatic I/R at the bedside remain largely supportive and 
limited due to the complex mechanisms. To disrupt the 
inflammatory cascades at early stage of hepatic I/R seems 
to be a promising option. This is supported by evidence 
that inhibition of KCs or cytokine neutralization protected 
against hepatic I/R injury in animal studies [3-6].

Emerging evidence indicates that inflammasomes 
are important sensors and effectors in the pathology of 
ischemic liver [2, 7]. The prototypical inflammasome 
consists of a nucleotide-binding oligomerization domain-
like receptor (NLR) molecule, apoptosis-associated speck-
like protein containing a caspase recruitment domain 
(ASC) and pro-caspase-1. Assembled inflammasome is 
capable to activate caspase-1 and serves as a key platform 
for maturation of IL-1β and other cytokines [8]. Of those 
inflammasome-forming NLRs, NLR family pyrin domain-
containing protein 3 (NLRP3) is best characterized by 
far. NLRP3 extensively involves in the recognition of 
numerous exogenous and host ligands, including ATP, 
DNA and uric acid crystals. The functional importance of 
NLRP3 in hepatic I/R has been supported by several lines 
of evidence. Firstly, interleukin (IL)-1 family cytokines 
(IL-1β and IL-18) acting downstream of inflammasome, 
are among the most important signal amplifiers due to 
their ability to induce secretion of other cytokines [9, 10]. 
Pharmacological blockade of either IL-1β or IL-18 has 
proved to be hepatoprotective against I/R injury [6, 11, 
12]. In addition, IL-1β knockout mice exhibit significant 
reduction of I/R injury [13] and consistently, transfer of 
the IL-1 receptor antagonist gene into rat liver abrogates 
I/R injury [14]. Deficiency of key inflammasome 
components, such as NLRP3, ASC and pro-caspase-1 [6, 
15, 16], or inhibition of active caspase-1 by YVAD [17], 
also protects mice against hepatic I/R injury. Thus NLRP3 
inflammasome may serve as a novel therapeutical target 
for the treatment of hepatic I/R.

Asiatic acid (AA) is a pentacyclic triterpene 
derivative from the Chinese herb Centella asiatica. 
Centella asiatica and AA show a low risk of adverse 
side-effects and a long history of successful use both 
in traditional Chinese medicine and Indian Ayurvedic 
medicine. Previous studies have demonstrated that AA 
exhibits a variety of activities including antioxidant, anti-
inflammation, neuroprotective and anticancer effect both 
in vitro and in vivo [18-22]. In particular, AA has been 
shown to protect against liver injuries in several animal 
models [23-28]. Emerging evidence demonstrates that AA 
inhibits NLRP3 inflammasome assembling and caspase-1 
inhibition in macrophage [29]. In addition, AA has been 
reported to increase peroxisome proliferator-activated 
receptor (PPAR)-γ expression in vitro [30], a key regulator 
in energy metabolism and inflammation. Here, we set out 
to determine the role of AA on hepatic I/R injury, as well 
as to investigate the underlying mechanisms behind these 
putative effects.

RESULTS

Pretreatment of AA attenuates hepatic I/R injury 
and global inflammatory levels

Previous studies have shown that AA exerts 
hepatoprotective effects in several animal models, which 
include CCl4-induced liver fibrosis, D-galactosamine/
lipopolysaccharide (GalN/LPS)-induced hepatotoxicity, 
high-fat diet-induced hepatic steatosis, and Con A-induced 
hepatitis [23-26]. However, the effect of AA on hepatic 
I/R remains undefined. Thus, mice were challenged with a 
partial warm hepatic I/R insult. AA with a dose of 30 mg/
kg body weight was chosen for the present study, according 
to previous observations as well as our preliminary 
experiments (Supplementary Figure 1). As shown in 
Figure 1A, I/R led to significant liver injury as assessed 
by histology in lobular edema, congestion, ballooning and 
hepatocellular necrosis 6 h after reperfusion. Certainly, 
Suzuki’s score as well as sALT and sAST levels (Figure 
1B) were significantly increased. The baseline effect of AA 
was comparable to the corresponding controls. However, 
pretreatment of AA conferred significant histological 
improvement as well as reduction of sALT and sAST. 
Exaggerated inflammatory response, featured by increased 
expression of inflammatory mediators and infiltration of 
circulating leukocytes, is a hallmark of hepatic I/R injury. 
Indeed, I/R lead to markedly increased infiltration of 
Ly6G+ neutrophils (Figure 1C) and CD11b+ monocytes/
macrophages (Figure 1D) compared to the corresponding 
controls. These effects could be greatly abolished by 
AA pretreatment. Consistent with these findings, AA 
pretreatment also abated I/R-induced increase in the 
mRNA levels of global inflammatory mediators, including 
IL-6, TNF-α and CXCL1 (Figure 1E). The reductions of 
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these inflammatory cytokines and chemokines appeared 
to facilitate the improvement of the hepatic inflammation.

AA decreases NLRP3 inflammasome activation 
in ischemic liver

The NLRP3 inflammasome is considered to 
be a prominent and early mediator of inflammatory 
responses corresponding to tissue damage [2, 7]. I/R 
induced a wide range of DAMPs, many of which act 
to be competent to activate NLRP3. The upregulated 
expression of NLRP3 and pro-IL-1β is a prerequisite 
for activation of NLRP3 inflammasome pathway [8]. As 
shown in Figure 2A, I/R induced a significant increase 
in the mRNA levels of NLRP3 and pro-IL-1β compared 
to the corresponding controls. Increased NLRP3 protein 
levels were also observed in ischemic livers as shown by 
immunohistochemistry analysis (Figure 2C). This was 
also supported by Western blot analysis in which I/R 
lead to increased protein levels of NLRP3 and pro-IL-1β 
in ischemic livers compared to the controls (Figure 2E). 
NLRP3-ASC complex binding pro-caspase-1 predisposes 
pro-caspase-1 to be autocleaved into its active form p10 
and p20. Although the expressions of inflammasome 
components pro-caspase-1 and ASC showed no significant 
changes after I/R, significant increase in cleaved capase-1 
p10 and mature IL-1β was observed in ischemic livers 

(Figure 2E) compared to the corresponding controls. 
Elevated IL-1β was also observed in serum post I/R 
(Figure 2D). Consistently, the association of NLPR3-ASC-
pro-caspase-1 was increased in I/R mice in comparison 
with the controls (Figure 2F). All the above effects could 
be abolished by AA pretreatment. Serum TNF-α is readily 
assessed as a general marker of inflammation and organ 
damage during hepatic I/R. We showed that I/R-induced 
increase in serum TNF-α level could also be attenuated by 
AA (Figure 2D). As apoptosis resulting from aggravated 
inflammatory response significantly contributes to cell 
death during I/R injury besides necrosis, we also examined 
Bcl-2 and active caspase-3 expression in ischemic livers. 
As shown in Figure 2E, I/R induced significant activation 
of apoptotic signaling pathway, as manifested by decreased 
Bcl-2 and elevated caspase-3 expression compared to the 
controls. Again, AA could also attenuate this effect.

Inhibition of PPARγ abolishes the protective 
effects of AA against I/R-induced inflammatory 
injury and NLRP3 inflammasome activation

PPARγ has recently been regarded as an important 
regulator in inflammatory and immune responses besides 
its key role in energy metabolism [31, 32]. PPARγ can 
prevent monosodium urate (MSU)-induced NLRP3 
inflammasome activation in HK-2 cells [33]. CGI-58-

Figure 1: AA attenuates hepatic I/R injury and global inflammatory levels.  Male C57BL/6 mice were pretreated with either 
AA (30 mg/kg) or vehicle 1 h before hepatic I/R surgery. After 6 h reperfusion, liver tissues and serum samples were harvested. (A) 
Representative histological staining (H&E) of ischemic liver tissue. Results representative of 4-6 mice/group. Liver damage, evaluated 
by Suzuki’s histological score. Scale bar: 30μm. (B) Hepatocellular function in serum samples was evaluated by sALT and sAST levels 
(IU/L). Results expressed as mean±SD (n=4-6 samples/group). (C) & (D) Liver neutrophils and monocytes/macrophages were detected 
by immunofluorescent staining. Quantification of Ly6G+ cells and CD11b+ cells per HPF. Representative of 4-6 mice/group. Scale bar: 
30μm. (E) RT-qPCR for detection of IL-6, TNF-α, and CXCL1 in ischemic livers (n=4-6 samples/group). * Significant difference (P < 0.05) 
compared with corresponding control. # Significant difference (P < 0.05) compared with I/R.
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deficient macrophages exhibit mitochondrial dysfunction 
due to defective PPARγ signaling [34]. Consequently 
overproduced ROS potentiates secretion of IL-1β by 
activating NLRP3 inflammasome. Intriguingly, AA has 
recently been shown to enhance PPARγ expression in a 
dose-dependent manner in keloid fibroblasts [30]. Therefore, 
we assessed whether PPARγ involved in the protective 
effects of AA against I/R-induced inflammatory injury. As 
shown in Figure 2E, our results showed that AA led to a 
significant increase in PPARγ protein level compared to 
the controls, and this effect was even more significant in 
AA-treated I/R group. I/R alone also induced a moderate 
increase in PPARγ protein level compared to the controls, 
likely in a compensatory mechanism or a feedback loop. 
We then asked whether inhibition of PPARγ could offset 
the AA-mediated beneficial effects. To this end, GW9662, 
a PPARγ antagonist, was administered intraperitoneally 30 

min prior to the treatment of AA. Although inhibition of 
PPARγ by GW9662 alone showed no significant impact 
on the parameters we measured, GW9662 abated the 
protective effects of AA on histopathological scorings and 
sALT levels (Figure 3A&3B). Consistently, GW9662 also 
attenuated the inhibitory effects of AA against infiltration of 
Ly6G+ neutrophils and CD11b+ monocytes/macrophages 
(Figure 3A&3C), as well as mRNA levels of IL-6, TNF-α 
and CXCL1 (Figure 3D), compared to the mice without 
GW9662 treatment. Furthermore, GW9662 reversed AA-
mediated suppression of NLRP3 signaling, as evidenced 
by increase in mRNA levels of NLRP3 and IL-1β (Figure 
3D), protein levels of NLRP3 and pro-IL-1β (Figure 3A, 
3E&3F), formation of NLRP3-ASC-pro-caspase-1 complex 
(Figure 3H) as well as production of cleaved capase-1 
p10 and mature IL-1β (Figure 3E). Due to an increased 
inflammatory levels associated with PPARγ inhibition, 

Figure 2: AA decreases NLRP3 inflammasome activation in the ischemic liver.  (A) Representative RT-qPCR for detection 
of NLRP3 and IL-1β in ischemic livers. (B) The hepatocytes and NPCs were isolated from ischemic livers after 6 h reperfusion. Relative 
NLRP3 and IL-1β mRNA expressions in each cell fraction were quantified. (C) Immunohistochemical staining of NLRP3 in ischemic 
livers. Results scored quantitatively by averaging area of positively stained cells (mean±SD)/field at ×200 magnification. Scale bar: 30μm. 
(D) ELISA analysis of IL-1β and TNF-α levels in animal serums. (E) Protein expressions of NLRP3, ASC, pro-caspase-1, cleaved caspase-1 
p10, pro-IL-1β, IL-1β, PPARγ, Bcl-2, pro-caspase-3 and caspase-3 were detected using Western blot analysis. Relative density ratios of 
interested proteins were normalized to β-actin and then compared. (F) Liver lysates were immunoprecipitated using anti-ASC or control 
IgG antibody, and precipitated proteins were immunoblotted using anti-NLRP3 or anti-pro-caspase-1 antibodies. The signal intensities 
were quantified as the ratio to total amount of immunoprecipitated ASC. The results are presented as the mean±SD of 4-6 animals per group. 
Blots shown are representative of 3 experiments with similar results. * Significant difference (P < 0.05) compared with corresponding 
control. # Significant difference (P < 0.05) compared with I/R.
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it was not surprising that GW9662 abolished the anti-
apoptotic effects of AA (Figure 3E). Finally, I/R+GW9662 
group was shown to be the worst in histological damage, 
inflammatory cell infiltration, as well as activation of 
NLRP3 inflammasome and apoptotic signaling pathway 
(Figure 3A-3G).

Inactivation of KCs contributes to AA-induced 
protection against hepatic I/R injury

Recent findings have shown that KCs contribute to 
the major sources of NLRP3 inflammasome activation 
and IL-1β release in ischemic liver [3, 15, 35], despite the 
fact that all liver resident cells express certain levels of 
inflammasome molecules. We then asked which individual 
type of cells primarily contributed to AA-mediated 

inhibition of NLRP3. Hepatocytes and nonparenchymal 
cells (NPCs) fractions were firstly isolated from ischemic 
livers, and the mRNA levels of NLRP3 and IL-1β were then 
analyzed, respectively. As shown in Figure 2B, although I/R 
significantly increased mRNA expressions of NLRP3 and 
IL-1β compared to the controls in both hepatocytes and 
NPCs, the NPCs fraction had by far the highest NLRP3 and 
IL-1β expression. Treatment of AA further depressed this 
increase in NLRP3 and IL-1β mRNA level, a mechanism 
mainly operant in liver NPCs. Based on these findings 
and others, it is reasonable to assume that inactivation of 
KCs with an attenuated NLRP3 signaling accounted for 
the protective effects of AA against hepatic I/R injury. To 
confirm this, gadolinium chloride (GdCl3), a macrophage-
suppressing agent widely used [3-5], was intravenously 
injected at 24 h prior to AA treatment or AA+GW9662 

Figure 3: Inhibition of PPARγ abolishes the protective effects of AA against I/R-induced inflammatory injury and 
NLRP3 inflammasome activation.  Mice were pretreated with GW9662 (2 mg/kg, i.p.) or vehicle 30 min prior to treatment with 
AA, followed by an I/R insult. Liver tissues and serum samples were harvested 6 h after reperfusion. (A) Representative histological 
staining, Ly6G+ cells and CD11b+ cells infiltration and immunohistochemical staining of NLRP3 in ischemic livers. Scale bar: 30μm. (B) 
Suzuki’s histological score and sALT. (C) Quantitative analysis of infiltrated Ly6G+ cells and CD11b+ cells. (D) mRNA levels of IL-6, 
TNF-α and CXCL1, as well as mRNA levels of NLRP3 and IL-1β were determined using RT-qPCR. (E) Protein expressions of NLRP3, 
ASC, pro-caspase-1, cleaved caspase-1 p10, pro-IL-1β, IL-1β, PPARγ, Bcl-2, pro-caspase-3 and caspase-3 were detected using Western 
blot analysis. (F) Quantitative analysis of NLRP3 positively-stained cells. (G) ELISA analysis of IL-1β levels in animal serums. (H) Co-
immunoprecipitation and Western blot for assessing the NLRP3 inflammasome assembly. The results are presented as the mean±SD of 4-6 
animals per group. Blots shown are representative of 3 experiments with similar results. * P < 0.05 compared between the indicated groups. 
** P < 0.01 compared between the indicated groups.



Oncotarget86344www.impactjournals.com/oncotarget

treatment, followed by an I/R insult. GdCl3 alone showed 
no significant impact on the measured parameters (Figure 
4A-4G). Consistent with previous findings [3-5], we also 
found that GdCl3 acted to protect against hepatic I/R injury. 
However, no additional benefits of GdCl3 combined with 
AA treatment were observed when compared to AA-treated 
I/R group or GdCl3-treated I/R group, as indicated by 
similar histopathological scorings and sALT levels (Figure 
4A&4B). GdCl3 is cytotoxic to macrophages, however, 
CD11b+ monocytes/macrophages has been shown to be 
spared from this effect [36]. Our data demonstrated that 
AA+GdCl3 did not further decrease infiltration of Ly6G+ 
neutrophils as well as CD11+ monocytes/macrophages 
compared to AA-treated I/R group (Figure 4A&4C). 
Consistently, AA+GdCl3 pretreatment showed no additional 
reduction in the mRNA levels of IL-6, TNF-α and CXCL1 
compared to AA-treated I/R group (Figure 4D). Likewise, 
AA+GdCl3 did not decrease the mRNA levels and protein 
levels of NLRP3 and pro-IL-1β, as well as protein levels 
of cleaved caspase-1 p10 and mature IL-1β compared 
to AA-treated I/R group (Figure 4D-4G). Therefore, 
AA+GdCl3 had no additional benefits against apoptotic 
signaling compared to AA-treated I/R group (Figure 4E). 
In contrast, although GW9662 offset the protective effects 
of AA on hepatic I/R injury, these effects could be markedly 
reversed by GdCl3 pretreatment. As shown in Figure 4A-
4E, I/R+AA+GdCl3+GW9662 group presented with an 
improvement in histopathological scoring and inflammatory 
injury compared to AA+GW9662-pretreated I/R group. 
Taken together, these findings suggested that inactivation 
of KCs by an attenuated NLRP3 signaling pathway 
contributed to the protective effects of AA against hepatic 
I/R injury.

AA dampens NLRP3 inflammasome activation 
via PPARγ in vitro

Enhanced ROS generation represents one of 
the fundamental changes upon reintroduction of O2 
to ischemia tissues. ROS production primarily from 
malfunctioning mitochondria may serve as “kindling” or 
triggering factor to activate NLRP3 inflammasome [37, 
38]. To evaluate superoxide production, we analyzed 
dihydroethidium (DHE) staining of ischemic tissues 
under fluorescence microscopy. As shown in Figure 5A, 
I/R induced significant superoxide production, while 
AA counteracted this increase in a PPARγ-dependent 
manner. We further established an in vitro model by 
challenging primary KCs or RAW264.7 cells with LPS/
H2O2. NLRP3 inflammasome activation requires two-
step signaling, including priming (i.e. the activation 
of NF-κB pathway) and assembly [8]. Low dose of 
LPS priming could mimic the exposure to translocated 
pathogen-associated molecular patterns (PAMPs) that 
frequently derive from gut after hepatic I/R, and H2O2 

challenge could further mimic the redox-induced injury. 
Both Western blot and ELISA analysis showed that AA 
treatment exhibited a concentration-dependent inhibition 
of IL-1β production in KCs induced by LPS/H2O2 (Figure 
5B). Consistently, H2O2-induced activation of caspase-1 
could be abolished by AA (Figure 5B). High concentration 
of AA also decreased protein levels of NLRP3 and pro-
IL-1β. The downregulated NLRP3 signaling pathway 
induced by AA was correlated with increased expression 
of PPARγ. Secretion of TNF-α, which is independent of 
NLRP3 inflammasome, was not affected by AA treatment 
(Figure 5B). These effects observed in KCs could be 
basically reproduced in RAW264.7 cells (Figure 5C). In 
addition, as shown in Figure 5D&5E, either inhibition 
of PPARγ by GW9662 in KCs, or knockdown of PPARγ 
by a specific siRNA in RAW264.7 cells, abolished the 
inhibitory effect of AA on LPS/H2O2-induced NLRP3 
activation. These findings suggested that AA depressed 
LPS/H2O2-induced NLRP3 inflammasome activation in 
a PPARγ-dependent manner. AIM2 inflammasome has 
also been reported to involve in hepatic I/R injury [3]. To 
rule out the possibility of its contribution to LPS/H2O2-
induced IL-1β secretion, RAW264.7 cells were transfected 
with either scramble siRNA, or specific siRNA targeting 
NLRP3, ASC or AIM2, followed by LPS/H2O2 challenge. 
As shown in Figure 5F, knockdown of NLRP3 or ASC, 
but not AIM2, suppressed H2O2-induced secretion of 
IL-1β. In addition, AA pretreatment had no additional 
effect on IL-1β secretion after knockdown of NLRP3 or 
ASC, but not AIM2, further suggesting that AA inhibited 
LPS/H2O2-induced IL-1β secretion by targeting NLRP3 
inflammasome.

PPARγ/ROS/MAPK and PPARγ/ROS/NF-κB 
involve in AA-mediated suppression of NLRP3 
inflammasome

We also determined the effect of AA on ROS 
generation in vitro by using DCFH-DA. Consistent with 
the in vivo findings, AA was shown to inhibit the LPS/
H2O2-induced production of ROS in RAW264.7 cells, 
an effect could either be abolished by GW9662 or 
transfection of PPARγ siRNA (Figure 6C). ROS are also 
proposed as central mediators in the processes of MAPKs 
and NF-κB activation, which can in turn regulate NLRP3 
signaling pathway either at activation step or priming 
step [8, 39, 40]. Our results demonstrated that AA could 
reduce LPS/H2O2-elicited or I/R-elicited phosphorylation 
of JNK, p38 MAPK and IκBα, but not ERK, either in vitro 
or in vivo, respectively (Figure 6A&6B). The reductions 
in the phosphorylation levels of MAPKs and IκBα could 
further be reversed by GW9662. Therefore, these findings 
suggested that PPARγ/ROS/MAPK and PPARγ/ROS/
NF-κB signaling pathway might involve in AA-mediated 
suppression of NLRP3 signaling pathway.
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AA blocks the detrimental effect of macrophage 
activation on hepatocyte viability and improves 
survival in a lethal hepatic I/R injury model

Inflammatory mediators secreted from activated 
KCs can either directly or indirectly affect hepatocytes 
vitality [41]. To determine the effect of macrophage 
activation on the vitality of hepatocytes, primary cultured 
hepatocytes were challenged with the supernatants of 
RAW264.7 cells that were conditioned with different 

treatments, as indicated. The caspase-3 activity of 
hepatocytes was subsequently determined. As shown in 
Figure 7A, supernatants of RAW264.7 cells conditioned 
with LPS/H2O2 significantly increased caspase-3 activity 
of hepatocytes compared to those of controls, while 
supernatants from AA-treated RAW264.7 cells blunted 
the increase in caspase-3 activity of hepatocytes. This 
beneficial effect was markedly abolished either by the 
pretreatment of the LPS/H2O2-conditioned RAW264.7 
cells with GW9662, or by the transfection with PPARγ 

Figure 4: Inactivation of KCs contributes to AA-induced protection against liver I/R injury.  Mice were pretreated with 
GdCl3 24 h prior to AA treatment or AA+GW9662 treatment, followed by an I/R insult. Liver tissues and serum samples were harvested 
after 6 h reperfusion. (A) Representative histological staining, Ly6G+ cells and CD11b+ cells infiltration and immunohistochemical staining 
of NLRP3 in ischemic livers. Scale bar: 30μm. (B) Suzuki’s histological score and sALT. (C) Quantitative analysis of infiltrated Ly6G+ 
cells and CD11b+ cells. (D) mRNA levels of IL-6, TNF-α and CXCL1, as well as mRNA levels of NLRP3 and IL-1β were determined using 
RT-qPCR. (E) Protein expressions of NLRP3, ASC, pro-caspase-1, cleaved caspase-1 p10, pro-IL-1β, IL-1β, PPARγ, Bcl-2, pro-caspase-3 
and caspase-3 were detected using Western blot analysis. (F) Quantitative analysis of NLRP3 positively-stained cells. (G) ELISA analysis 
of IL-1β levels in animal serums. The results are presented as the mean±SD of 4-6 animals per group. Blots shown are representative of 3 
experiments with similar results. * P < 0.05 compared between the indicated groups. ** P < 0.01 compared between the indicated groups.
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siRNA. These data indicate that AA-induced suppression 
of NLRP3 inflammasome in RAW264.7 cells disrupts 
the detrimental cell-cell interaction and thereby protects 
hepatocytes against apoptosis. Finally, we investigated 
whether AA administration was accompanied by an 
improved survival in a lethal hepatic I/R model. As shown 
in Figure 7B, AA treatment significantly improved the 
survival from 0.0% to 33.3%. Treatment with GW9662 
abolished the protective effects of AA. Pretreatment with 
GdCl3 further reversed the detrimental effect of GW9662 
resulting from inhibition of PPARγ.

DISCUSSION

Previous studies have demonstrated that AA 
attenuates focal cerebral I/R injury and myocardial 
I/R injury [21, 42]. AA has also been reported to be 
hepatoprotective in liver injury caused by CCl4, GalN/
LPS, high-fat diet and Con A in vivo [23-26]. To our 
knowledge, however, there are no reports about its effects 

on hepatic I/R injury. Thus, the present study provided 
evidence that AA attenuated I/R-induced hepatic injury 
through attenuation of KCs activation via PPARγ/NLRP3 
inflammasome signaling pathway.

Hepatic I/R injury contributes to significant 
morbidity and mortality in the clinical context, such as 
delayed liver graft function after a liver transplantation, 
liver failure in patients with shock and ischemic 
cholangiopathy as a long-term consequence [2]. NLRs 
are recently identified intracellular pattern recognition 
receptors (PRRs) that are essential to innate immune 
responses and tissue homeostasis. The importance of 
NLRP3 inflammasome in the pathogenesis of hepatic 
I/R has been supported by accumulating studies using 
various procedures, such as gene knockout, gene delivery, 
immunological neutralization and pharmacological 
inhibition procedures [6, 11-17]. Consistently, our 
data supported the key role of NLRP3 activation on 
the promotion of hepatic inflammatory injury post I/R. 
Administration of AA significantly suppressed NLRP3 

Figure 5: AA suppresses NLRP3 inflammasome activation via PPARγ in vitro.  (A) Representative sections of DHE-stained 
ischemic livers and quantitative analysis. Scale bar: 30μm. AA (5, 15, 45 μM, 1 h)-pretreated primary KCs (B) or RAW264.7 cells (C) were 
primed with LPS (100 ng/ml) for 4 h, followed by H2O2 (200 μM) for 2 h. Precipitated culture supernatants (sup) or cell lysates were used 
for detection of cleaved caspase-1 p10, IL-1β, NLRP3, ASC, pro-caspase-1, pro-IL-1β and PPARγ by Western blot analysis. IL-1β and 
TNF-α in culture supernatants were determined by ELISA. (D) KCs were pretreated with GW9662 (10 μM) for 30 min before AA (45 μM) 
or vehicle treatment, followed by LPS/H2O2 challenge. NLRP3 signaling molecules and PPARγ were assessed by Western blot analysis. (E) 
RAW264.7 cells were transfected with PPARγ siRNA for 48 h prior to AA or vehicle treatment, followed by LPS/H2O2 challenge. NLRP3 
signaling molecules and PPARγ were assessed by Western blot analysis. (F) RAW264.7 cells were transfected with NLRP3 siRNA, ASC 
siRNA, AIM2 siRNA or scramble siRNA for 48 h prior to AA or vehicle treatment, followed by LPS/H2O2 challenge. IL-1β in culture 
supernatants were determined by ELISA. The results are representative of 3 experiments with similar results. *, ** Significant difference (P 
< 0.05, P < 0.01) compared between the indicated groups. NS No significant difference (P > 0.05) between the indicated groups.
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Figure 6: PPARγ/ROS/MAPK and PPARγ/ROS/NF-κB signaling pathways involve in AA-mediated suppression of 
NLRP3 inflammasome.  (A) KCs were pretreated with GW9662 for 30 min prior to AA or vehicle treatment, followed by LPS/H2O2 
challenge. Cell lysates were used for detection of p-JNK, JNK, p-p38 MAPK, p38 MAPK, p-ERK, ERK, p-IκBα and IκBα by Western 
blot analysis. Quantities of phosphorylated forms are normalized to their total forms, respectively. (B) Liver lysates from the indicated 
groups were used for detection of p-JNK, JNK, p-p38 MAPK, p38 MAPK, p-ERK, ERK, p-IκBα and IκBα by Western blot analysis. (C) 
RAW264.7 cells transfected with PPARγ siRNA for 48 h prior to AA or vehicle treatment, or pretreated with GW9662 for 30 min before 
AA or vehicle treatment, were followed by LPS/H2O2 challenge. Intracellular ROS generation was measured using DCFH-DA. Scale 
bar: 30μm. The results are representative of 3 experiments with similar results. * Significant difference (P < 0.05) compared between the 
indicated groups. NS No significant difference (P > 0.05) between the indicated groups.

Figure 7: AA blocks the detrimental effect of macrophage activation on hepatocyte viability and improves survival in a 
lethal hepatic I/R injury model.  (A) RAW264.7 cells transfected with PPARγ siRNA for 48 h prior to AA, or pretreated with GW9662 
for 30 min before AA, were followed by LPS/H2O2 challenge. Primary hepatocytes were then challenged with these various conditioned 
supernatants for 6 h prior to harvest for detection of casapse-3 activity. The results are representative of 3 experiments with similar results. 
* Significant difference (P < 0.05) compared between the indicated groups. NS No significant difference (P > 0.05) between the indicated 
groups. (B) A lethal hepatic I/R injury model was performed by surgical remove of non-ischemic shunt liver lobes at the end of 90 min 
ischemia, and the effect of AA on the survival benefit was followed for 7 days after surgery (n=9 of each group). (C) Schematic diagram 
for the protective effects of AA against hepatic I/R injury. AA leads to activation of PPARγ, which counteracts the KCs-mediated activation 
of NLRP3 inflammasome via down-regulation of ROS/MAPK and ROS/NF-κB signaling pathway during hepatic I/R, eventually reducing 
the levels of tissue injury.
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activation and global inflammatory levels in the ischemic 
liver. The reductions of these inflammatory mediators 
appeared to facilitate the attenuation of the hepatic 
histopathological damage and apoptotic signaling. These 
findings were also confirmed by in vitro experiments in 
which AA pretreatment suppressed NLRP3 activation in 
LPS/H2O2-challenged KCs or RAW264.7 cells.

Activated KCs are the major sources of pro-
inflammatory cytokines represented by TNF-α and IL-1β [1, 
43]. The release of these initial cytokines further upregualtes 
their downstream targets including IL-6, IL-8, CD11/CD18, 
ICAM-1, MIP-2 and CXCL-1 [43]. These mediators in 
turn act to amplify Kupffer cell activation and promote 
neutrophil recruitment into the liver sinusoids. Although 
most cell types in the liver contribute to NLRP3 activation, 
KCs has shown by far the highest activity of NLRP3 
inflammasome upon stimulation [3, 15, 35]. Consistent with 
this, our data showed that the NPCs fraction had a much 
higher expression of NLRP3 and IL-1β in the ischemic 
liver compared to hepatocytes fraction. Administration 
of AA further attenuated the increase in NLRP3 and IL-
1β expression, a mechanism mainly operant in NPCs. 
Supporting this, KCs depletion by GdCl3 combined with 
AA had no additional benefits against hepatic I/R compared 
to AA-treated I/R group. These findings suggest that 
inactivation of KCs by an attenuated NLRP3 signaling 
pathway mainly contributes to the protective effects of AA 
against hepatic I/R injury. Interestingly, our data showed 
that AA only acted to reduce the production of TNF-α in 
vivo but not in vitro. There are several possibilities that may 
account for these seemly contradictory findings. Firstly, 
compared to the in vitro models, it is more difficult to 
exclude the indirect influences from the complex network 
of cytokines and cell-cell interactions in vivo, and focus on 
the definitive effect of AA on TNF-α production. Secondly, 
the in vitro model we used currently was different from any 
previous studies related to AA. We employed a two-step 
activation model, with the mediums being changed before 
H2O2 challenge. In addition, previous study has shown 
that AA only inhibited TNF-α production in a certain 
concentration range (60-120μM) in response to LPS [19]. 
It is possible that AA may show more specificity on the 
inhibition of NLRP3 inflammasome rather than on that of 
TNF-α, when a lower concentration range of AA combined 
with an inflammasome activation model was set. Similarly 
to us, previous studies have demonstrated that another 
plant extract resveratrol presented with more specificity on 
NLRP3 over TNF-α in a certain concentration range despite 
an attenuated NF-κB signaling [44, 45].

PPARγ belongs to PPARs family and is ubiquitously 
expressed in a wide ranges of tissues. Previous studies 
have shown a key role of PPARγ in energy metabolisms. 
Besides this, emerging effects of PPARγ have also been 
reported including anti-inflammatory potentials especially 
[31, 32]. Activation of PPARγ has been shown to inhibit 
the release of various cytokines including IL-1β [46]. 

In hepatic I/R injury, PPARγ upregulation is proposed 
to be a key mechanism of the benefits of different 
pharmacological or surgical strategies. Activation of 
PPARγ by pioglitazone inhibits hepatocytes apoptosis 
and significantly improved the survival of mice in a 
lethal model of hepatic I/R injury [46]. PPARγ deficient 
mice displays more severe inflammatory injuries than 
wild-type mice under warm ischemia conditions [47]. 
Consistently, our data showed that the protective effect 
of AA against hepatic I/R injury was correlated with 
increased expression of PPARγ. This protective effect 
appears dependent on PPARγ, since pharmacological 
inhibition of PPARγ by GW9662 abolished the beneficial 
effects of AA against NLRP3 inflammasome activation 
and hepatic I/R injury. Consistently, either GW9662 or 
PPARγ knockdown abolished the inhibitory effect of AA 
on LPS/H2O2-induced NLRP3 inflammasome activation 
in vitro. In agreement with our findings, previous study 
has also shown an inhibitory effect of PPARγ against 
NLRP3 activation by using a model of MSU-challenged 
HK-2 cells [33]. Moreover, CGI-58-deficient macrophages 
have shown to exhibit robust activation of NLRP3 
inflammasome due to defective PPARγ signaling [34].

NLRP3 inflammasome activation requires two-
step signaling, including priming and assembly [8]. 
Mitochondrial dysfunction acts upstream of NLRP3 
activation by providing ROS and oxidized mitochondrial 
DNA to trigger NLRP3 oligommerization [37, 38]. Almost 
all known NLRP3 activators induce the production of short-
lived ROS, and ROS scavengers in turn ameliorate the 
activation of NLRP3 in response to different agonists [38]. 
Consistently, we showed that overproduction of ROS either 
by I/R or LPS/H2O2 challenge was correlated with the extent 
of NLRP3 activation. This effect could be greatly abolished 
by treatment of AA via a PPARγ-dependent manner. 
Supporting this, PPARγ agonist pioglitzone has been 
previously shown to increase the oxygen consumption and 
mitochondrial DNA contents, and to induce the expression 
of various factors involved in mitochondrial biogenesis 
such as mitochondrial transcription factors A (TFAM) [48, 
49]. PPARγ also acts to increase mitochondrial membrane 
potential, induce cytochrome c oxidase (CytOx)-I and 
CytOxIV expression levels, upregulate mitochondrial 
uncoupling protein 2, restore mitochondrial complex I 
activity and prevent cell death [48, 50].

Activation of MAPKs and NF-κB signaling further 
act to upregulate NLRP3 signaling either at priming step 
or activation step [8, 39, 40]. Among mammalian MAPKs, 
ERKs are activated by mitogenic and proliferative stimuli, 
whereas p38 and JNK are activated by a variety of cellular 
stresses. p38 and JNK are phosphorylated and activated 
several minutes after reperfusion [51]. Treatment with p38 
or JNK activators shows increased transaminase levels 
and necrosis in hepatic I/R model, while MAPK inhibition 
reduced I/R injury [52, 53]. NF-κB is a transcription 
factor that regulates expression of inflammatory cytokines 
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and cellular stress. Phosphorylation of IκBα dissociates 
from NF-κB and predispose NF-κB to undergo nuclear 
translocation. Because lower generation of ROS resulted 
from a higher PPARγ expression by AA, it is not surprising 
that JNK, p38 MAPK and NF-κB signaling pathway were 
also suppressed, either in response to I/R or to LPS/H2O2 
challenge. Therefore, AA attenuated NLRP3 signaling both 
at expression level and assembly level.

Although our data described a model whereby AA-
mediated PPARγ upregulation repressed NLRP3 signaling 
and protected against hepatic I/R injury, several limitations 
should be taken into account on the data interpretation. 
Firstly, based on the versatile activities of AA, our model 
may only partially explain its protective effect against hepatic 
I/R. Previous studies have shown that AA acted to regulate 
various downstream pathways such as Nrf2, AMPK, mTOR, 
Akt/GSK-3β/HIF-1α and miR-1290/HIF3A/HIF-1α, among 
many others [42, 54-56]. Given that most of these pathways 
are critically involved in I/R, it is probable that AA may 
mediate hepatoprotection through these pathways besides 
PPARγ/NLRP3 axis. Secondly, the regulation mechanisms 
between PPARγ, ROS, MAPK/NF-κB, and NLRP3 haven’t 
been fully elucidated. As a well-known transcription factor, 
PPARγ can modulate gene expression by binding directly 
to specific PPAR-response elements (PPRE) in target genes 
as heterodimers with the retinoid X receptors (RXRs) [57]. 
Our sequence analysis also demonstrates that the promoter 
region of NLRP3 contains several potential PPRE motifs 
either in DR1 (AGGTCA N AGGTCA) or DR2 (AGGTCA 
NN AGGTCA) format, with mismatched nucleotides being 
less than 3. PPARγ also acts to repress proinflammatory gene 
expression in a ligand-dependent manner by antagonizing the 
activities of other transcription factors such as members of 
NF-κB and activator protein-1 (AP-1) families [58, 59]. In 
addition, PPARγ has been shown to have E3 ubiquitin ligase 
activity and induce degradation of p65 [60]. Thus, further 
experiments are still required to elucidate that whether these 
mechanisms are involved in AA-mediated inhibition of 
NLRP3 signaling in hepatic I/R.

In conclusion, we identified a key mechanism 
underlying the hepatoprotective properties of AA (Figure 
7C). This mechanism involves the activation of PPARγ, 
which counteracts the KCs-mediated activation of 
NLRP3 inflammasome via down-regulation of ROS/
MAPK and ROS/NF-κB signaling pathway during hepatic 
I/R, eventually reducing the levels of tissue injury. Our 
data provide important experimental data for further 
pharmacological research, and a rationale for future clinical 
trials and applications.

MATERIALS AND METHODS

Animals

Male C56BL/6 (8-10 weeks, 20-25 g weight) were 
purchased from Shanghai Laboratory Animal Center 

(SLAC, Shanghai, China). All animals were maintained 
under specific pathogen free condition at constant room 
temperature (21 ± 2°C) and allowed to water and food 
ad libitum in 12 h dark/light cycle. The mice were kept 
at least 1 week in animal house before performing any 
experiment. The experimental protocol was approved 
by the Institutional Animal Care and Use Committee of 
Jiangsu University in China. All animal experiments were 
conducted in conformance with the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication, 8th edition, 2011).

Chemicals and reagents

Culture medium DMEM, penicillin, streptomycin, 
fetal bovine serum (FBS) and Trypsin-EDTA were 
purchased from Gibico, USA. Percoll, LPS, 30% (w/w) 
H2O2, GW9662 and AA were purchased from Sigma-
Aldrich, USA. Lipofectamine 2000 and TRIzol Reagent 
were obtained from Life Technologies, USA. Alexa Fluor 
488-conjugated anti-Ly6G, Alexa Fluor 488-conjugated 
anti-F4/80 and Alexa Fluor 594-conjugated anti-CD11b 
were purchased from Bioss, China. Monoclonal anti-mouse 
NLRP3, caspase-3 and β-actin were from Cell Signaling 
Technology, USA. Polyclonal anti-mouse ASC, caspase-1, 
IL-1β and PPARγ were from Santa Cruz Biotechnology. 
Polyclonal anti-mouse c-Jun N-terminal kinase (JNK), 
p-JNK, extracellular signal-regulated kinase (ERK), 
p-ERK, p38 mitogen-activated protein kinase (MAPK), 
p-p38 MAPK, nuclear factor kappa B (NF-κB) inhibitor 
alpha (IκBα) and p-IκBα were purchased from Sangon 
Biotech, China. Polyclonal anti-mouse B-cell lymphoma 
2 (Bcl-2) was from Proteintech, China. 4′,6-diamidino-2-
phenylindole (DAPI) was obtained from Life Technologies. 
Enzyme-linked immunosorbent assay (ELISA) kits for 
IL-1β and tumor necrosis factor (TNF)-α were purchased 
from BD Biosciences, USA. Protein A/G-agarose beads 
were purchased from Santa Cruz Biotechnology. 2’-7’-Di
chlorodihydrofluorescein diacetate (DCFH-DA) and 
Caspase-3 Colorimetric Assay Kit were purchased from 
Beyotime Institute of Biotechnology, China. Bicinchoninic 
acid (BCA) Protein Assay kit was obtained from Pierce 
Biotechnology, USA. ECL system was purchased from 
Vazyme Biotech, China. Clean-Blot™ IP Detection Reagent 
(HRP) kit was purchased from Thermo Scientific, USA. 
3-amino-9-ethylcarbazole (AEC) kit was purchased from 
BOSTER, China. Alanine Aminotransferase (ALT) Assay 
Kit and Aspartate Aminotransferase (AST) Assay Kit were 
purchased from Jiancheng Bioengineering Institute, China. 
One Step PrimeScript TM RT-PCR kit and SYBRR Premix-
Ex TaqTM Kit were purchased from Takara, Japan.

Mouse liver I/R injury model

The mice underwent hepatic I/R surgery or sham 
operations. Partial hepatic ischemia was induced as 
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previously described [61]. In brief, mice were anesthetized 
by injection intraperitoneally (i.p.) with sodium 
pentobarbital (60mg/kg), and injected with heparin (100 
U/kg). A midline laparotomy was performed and an 
atraumatic clip was placed across the portal vein, hepatic 
artery, and bile duct to interrupt blood supply to the left 
lateral and median lobes (~70%) of the liver. After 60 min 
of partial hepatic ischemia, the clip was removed to initiate 
reperfusion. Sham mice underwent the same protocol 
without vascular occlusion. Mice were maintained on a 
heating pad (37°C) to avoid temperature fall during the 
whole procedure. At the 6 h after reperfusion, mice were 
sacrificed, and samples of blood and ischemic lobes were 
collected for analyses. In some mice, to assess animal 
survival, the non-ischemic shunt liver lobes were surgically 
removed at the end of 90 min ischemia, so that survival was 
dependent on the function of the liver tissue subjected to 
ischemic liver, as described previously [46]. Mice were then 
followed for 7 days after surgery.

Drug treatment

AA (30 mg/kg body weight, dissolved in 0.1% 
DMSO saline solution) was given by oral gavage 1 h 
before hepatic I/R surgery. The dosage chosen was based 
on previous studies as well as our preliminary experiments 
to ensure both the efficacy and safety. Equivalent volume 
of 0.1% DMSO saline solution served as a vehicle. To 
assess the possible involvement of PPARγ in the protective 
effect of AA, GW9662 (2 mg/kg body weight, dissolved in 
0.1% DMSO saline solution), a specific PPARγ antagonist, 
was pre-administered via i.p. 0.5 h before AA treatment 
and then hepatic I/R was performed. For depletion of 
KCs, gadolinium chloride (GdCl3) (20 mg/kg body 
weight, dissolved in phosphate buffered saline (PBS) 
was administered to mice via the tail vein 24 h prior to 
surgery. Equivalent volume of PBS served as a vehicle. 
As confirmed by immunofluorescent staining with Alexa 
Fluor 488-conjugated anti-F4/80 antibody, depletion of 
KCs by GdCl3 was greater than 75%.

Isolation of primary hepatocytes, NPCs and KCs

For quantification of NLRP3 and IL-1β expression 
in different cell types after I/R, primary hepatocytes and 
NPCs were isolated from ischemic livers of C57BL/6 
mice, as indicated. Briefly, the mice livers were perfused 
with Ca2+ and Mg2+-free Hank’s buffered salt solution 
(HBSS) containing EGTA (2.5 mM) via portal vein and 
then they were perfused again with 0.05% collagenase IV 
HBSS solution. Digested livers were dissected and then 
gently teased with forceps until they were in solution. The 
cell suspensions were filtered through a 100-um nylon 
cell strainer. NPCs were separated from the hepatocytes 
by one cycle of differential centrifugation (400 rpm for 5 
min). The supernatant was centrifuged further (400 rpm 

for 5 min and two cycles of 1500 rpm for 5 min) to obtain 
NPCs. The NPCs did not contain hepatocytes, as assessed 
by light microscopy. Total RNA was extracted from the 
hepatocytes fraction and the NPCs fraction, respectively.

Alternatively, for primary cell culture, the hepatocytes 
and NPCs suspensions were obtained as described above 
except that livers from normal C57BL/6 mice were used. 
The hepatocytes suspensions were then centrifuged using 
25% Percoll for 5 min at 800 rpm with the brake option 
off. The pellets were washed with DMEM supplemented 
with 10% FBS, and then cells were seeded into a collagen 
pre-coated 100 mm tissue culture plates. After 24 h, non-
adherent cells were removed by aspiration, and fresh media 
were added. Hepatocytes purity exceeded 98%, as assessed 
by light microscopy, and viability typically was 95%, 
as determined by trypan blue exclusion assay. For KCs 
culture, the NPCs supernatants were layered onto a 50/25% 
two-step Percoll gradient for 15 min at 3200 rpm with 
brake option off. KCs in the middle layer were collected 
and washed with DMEM supplemented with 10% FBS. 
Three hours following seeding, non-adherent cells were 
removed by replacing the culture medium. The purity of 
KCs was greater than 90%, as quantified with Alexa Fluor 
488-conjugated anti-F4/80 immunostaining.

Cell culture

The murine macrophage cell line, RAW264.7 cell 
was obtained from Shanghai Institute of Cell Biology 
(Shanghai, China) and cultured in DMEM containing 
10% FBS and a 100 U/ml penicillin/streptomycin mixture. 
Cells with passage numbers less than 20 were used. 
RAW264.7 cells, as well as primary hepatocytes and KCs 
were cultured at 37 °C with 100% humidity in 5% CO2 
using standard cell culture techniques.

Inflammasome activation

RAW264.7 cells or primary KCs were incubated 
with AA (5, 15, 45 μM) or vehicle for 1 h before being 
primed with LPS (100 ng/ml) for 4 h in serum-free 
DMEM medium. The cells were washed twice with 
medium and were then challenged with H2O2 (200 μM) for 
2 h. To assess the possible involvement of PPARγ in AA-
mediated inhibition of NLRP3 inflammasome, cells were 
either pretreated with GW9662 (10 μM) 1h before LPS 
priming, or transfected with PPARγ siRNA 48 h before 
LPS priming, followed by H2O2 challenge, as indicated. 
To determine the role of NLRP3 inflammasome on LPS/
H2O2-induced IL-1β release, cells were transfected with 
NLRP3 siRNA, ASC siRNA, AIM2 siRNA or scramble 
siRNA 48 h before LPS priming, followed by H2O2 
challenge, as indicated. After the treatments, cell pellets 
and cell supernatants were collected for Western blotting 
or ELISA.
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RNA isolation and reverse transcription 
quantitative polymerase chain reaction (RT-
qPCR)

Expression of NLRP3, IL-1β, TNF-α, IL-6 and 
chemokine (C-X-C motif) ligand (CXCL)-1 in ischemic 
livers and/or isolated cells was analyzed by RT-qPCR. 
Briefly, total RNA was extracted with TRIzol Reagent 
and cDNA synthesis was performed with a One Step 
PrimeScript TM RT-PCR kit using 2.5 μg total RNA. 
Quantitative PCR analysis was carried out using the 
SYBR Premix-Ex Tag Kit on an ABI Prism 7300 
Sequence Detection System (Applied Biosystems, CA). 
The primer sequences are listed as follows: TNF-α 
forward: 5’-TGGAACTGGCAGAAGAGGCACT-3’, 
reverse: 5’-GTTCAGTAGACAGAAGAGCGTGGTG-3’,  
IL-1β forward: 5’-CACTACAGGCTCCGAGATGAAC 
AAC-3’, reverse: 5’-TTGTCGTTGCTTGGTTCTCCTT 
GT-3’, NLRP3 forward: 5’-TGCGATCAACAGGCGAG 
ACCT-3’, reverse: 5’-CCATCCACTCTTCTTCAAGG 
CTGTC-3’, CXCL1 forward: 5’-CTGCACCCAAAC 
CGAAGTC-3’, reverse: 5’- AGCTTCAGGGTCAAG 
GCAAG-3’, IL-6 forward: 5’-TACCACTTCACAAGTCG 
GAGGCTTA-3’, reverse: 5’-CTGCAAGTGCATCATCG 
TTGTTCAT-3’, β-actin forward: 5’-GTGATGGTGGGA 
ATGGGTCAGAAG -3’, reverse: 5’-CATTGTAGAAGG 
TGTGGTGCCAGAT-3’. Each gene expression was 
normalized to β-actin before the fold change was calculated.

RNA-mediated interference

For RNA-mediated interference, cells were 
transfected with 40 nM validated mouse PPARγ siRNA, 
NLRP3 siRNA, ASC siRNA, AIM2 siRNA or scramble 
siRNA (GenePharma, Shanghai) using Lipofectamine 2000 
transfection reagent. The sequences of siRNA were listed 
as follows: 5’-GACAUGAAUUCCUUAAUGAUU-3’ 
for PPARγ, 5’-CAUCAAUGCUGCUUCGACAUU-3’ 
for NLRP3, 5’-GAGCAGCUGCAAACGACUAUU-3’ 
for ASC, 5’-ACAUAGACACUGAGGGUAU-3’ for 
AIM2, and 5’-AAUUCUCCGAACGUGUCACGU-3’ as 
scramble siRNA. Effective knockdown by each targeted 
siRNA was confirmed by Western blot, with an efficiency 
approximately 70%. Forty-eight hours after transfection, 
the cells were ready for the following experiments.

Measurement of cytokine levels

The levels of IL-1β and TNF-α in the serums and in the 
culture mediums were measured using commercially available 
ELISA kits according to the manufacturer’s instructions.

Measurement of serum parameters

Serum ALT (sALT) and serum AST (sAST) were 
measured using corresponding diagnostic kits according 
to the manufacturers’ instructions.

Western blotting

Protein samples from liver homogenates or cell 
lysates were quantified using the BCA Protein Assay kit. 
Equal amounts of protein samples were loaded on 8-15% 
polyacrylamide gels, separated by SDS-PAGE, and then 
transferred to nitrocellulose membranes. Bands were probed 
immunologically using anti-mouse NLRP3 (1:1000), ASC 
(1:500), caspase-1 (1:500), IL-1β (1:500), PPARγ (1:1000), 
Bcl-2 (1:1000), caspase-3 (1:1000), p-JNK (1:1000), JNK 
(1:1000), p-p38 (1:1000), p38 (1:1000), p-EKR (1:1000), 
ERK (1:1000), p-IκBα (1:1000), IκBα (1:1000) or β-actin 
(1:5000). Signals were detected using an ECL system 
according to the manufacturer’s instructions. Intensities of 
the immunoreactive bands were determined using Image 
LabTM software (version 4.1, Bio-Rad, CA).

Immunoprecipitation

To assess the association of proteins in the 
inflammasome, 600 μg of liver lysates were pre-cleared 
with protein A/G-agarose beads and then incubated 
overnight with anti-ASC antibody (1:500) or normal IgG 
(1:500) at 4°C overnight with rotary agitation. The immune 
complexes were then precipitated via incubation with 
protein A/G-agarose beads for 6 h followed by extensive 
washing with cold PBS. Immunoprecipitated proteins were 
eluted with 2 × SDS loading buffer and separated using 
SDS gels. Bands were probed immunologically using anti-
mouse NLRP3 and caspase-1, and were detected using 
Clean-Blot™ IP Detection Reagent (HRP) kit according 
to the manufacturer’s instructions.

Histology, immunohistochemistry and 
immunofluorescence

For histology, the ischemic livers were perfused 
with saline and then were fixed with 10% (w/v) formalin 
in PBS and embedded in paraffin. The paraffin-embedded 
samples were cut into 4-mm-thick sections and stained 
with H&E. The severity of I/R injury was graded 
using Suzuki’s criteria on a scale from 0-4 [62]. For 
immunohistochemistry, tissue sections were deparaffinised 
with xylene and stepwise rehydrated with serial dilutions 
of ethanol. Antigen retrieval was performed by incubating 
the sections in antigen retrieval buffer for 15 minutes at 
97 °C. After antigen retrieval, the sections were incubated 
with 3% H2O2 for 15 min at room temperature, then with 
3% normal goat serum at 37 °C for 20 min and finally 
with anti-NLRP3 antibody (1:200) overnight at 4 °C. 
The sections were subsequently washed twice in PBS 
and incubated with a biotinylated secondary antibody for 
30 min at 37 °C. The sections were then washed again, 
incubated with streptavin-peroxidase complex for 30 min 
at 37 °C, and washed once more in PBS. Colorization 
was monitored using an AEC kit. Finally, the sections 
were counterstained with hematoxylin, dehydrated and 
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mounted with resinene and examined microscopically 
(×200). For each animal, more than five tissue sections, 
including representative sections, were analyzed. For 
immunofluorescence, frozen 4 um-thick sections of 
ischemic livers were incubated with 0.3% Triton X-100 
and 3% normal goat serum for 30 min, the sections were 
incubated with Alexa Fluor 488-conjugated anti-mouse 
Ly6G, or with Alexa Fluor 594-conjugated anti-mouse 
CD11b overnight at 4 °C. DAPI was used for nuclear 
counterstaining. The samples were observed under a 
fluorescence microscope (Leica, Mannheim, Germany). 
Positive cells were counted blindly in 10 high power field 
(HPF)/section (×200).

Detection of ROS in situ

DHE was used to measure the superoxide production 
in ischemic tissues as described earlier [63, 64]. Briefly, 
transverse sections of frozen tissues were incubated with 
DHE (10μM) in a dark, humidified container at 37°C for 
30min. The dye was excited at 480 nm, and the emission 
was detected at 580 nm by fluorescence microscope. 
Images were quantified by fluorescence intensity using 
ImageJ (National Institutes of Health, MD, USA).

Detection of ROS in vitro

Intracellular ROS generation was measured by using 
DCFH-DA according to the manufacturer’s instructions. 
Briefly, at the end of treatments, RAW264.7 cells were 
incubated with DCFH-DA (10μM) for 30 min at 37 °C in 
the dark. The dye was excited at 488 nm, and the emission 
was detected at 525 nm by fluorescence microscope.

Determination of caspase-3 activity

As described in inflammasome activation section, 
RAW264.7 cells were pre-transfected with PPARγ 
siRNA or pretreated with GW9662 prior to AA or vehicle 
treatment, followed by LPS/H2O2 challenge. After that, 
the conditioned mediums were collected for challenging 
primary hepatocytes, respectively. After incubation for 6 h, 
the hepatocytes were harvested for detection of caspase-3 
activity according to the manufacturer’s protocol.

Statistical analysis

All statistical analysis were conducted with SPSS® 
version 17.0 (SPSS, Chicago, USA). Differences between 
two dependent groups were evaluated with the paired 
Student’s t-test. Comparisons among multiple groups were 
performed with one-way ANOVA followed by Bonferroni 
post-hoc tests. Animal survival analysis was performed 
with the Kaplan-Meier analysis and the log-rank test. All 
P-values were two-tailed, and P < 0.05 was accepted as 
being statistically significant. GraphPad Prism 6.0 (La 
Jolla, CA, USA) was used to generate the graphs.
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