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Acute pancreatitis (AP) is a highly fatal acute inflammation and is often accompanied by
multiple organ dysfunction syndrome (MODS). The liver, one of the most vulnerable
extrapancreatic organs in AP, is the major organ involved in the evolution of the
disease and correlates strongly with the occurrence of MODS. However, the etiology
of pancreatitis-associated liver injury (PALI) has not been clarified and currently lacks an
effective treatment. 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is a cell
permeable nucleoside with pleiotropic effects on anti-inflammatory and antioxidant
stress that binds with adenosine monophosphate protein kinase (AMPK) and induces
AMPK activation. However, the role of AICAR in PALI remains elusive. Here, we show that
activation of AMPK by AICAR, a direct AMPK agonist, significantly ameliorates sodium
taurocholate-induced PALI in rats, whereas treatment of PALI rats with the AMPK
antagonist Compound C profoundly exacerbates the degree of liver injury, suggesting
that hepatic AMPK activation exerts an essential protective role in PALI. Mechanistically,
AICAR induces AMPK activation, which in turn activates nuclear factor erythroid 2-related
factor 2(Nrf2) -regulated hepatic antioxidant capacity and inhibits NLRP3 inflammasome-
mediated pyrolysis, protecting rats from sodium taurocholate-induced PALI. In addition,
Nrf2 deficiency strikingly weakens the beneficial effects of AICAR on alleviation of liver
injury, oxidative stress and NLRP3 inflammasome activation in L-arginine-induced PALI
mice. Thus, AICAR protects against PALI in rodents by triggering AMPK, which is
mediated at least in part by Nrf2-modulated antioxidant effects and NLRP3
inflammasome activation.
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INTRODUCTION

Acute pancreatitis (AP) is a highly fatal acute inflammation with
rapid progression. (Argaiz and de Moraes, 2021). There is an
increasing prevalence of AP, with an estimated 33.74 cases per
100,000 people worldwide each year (Garg and Singh, 2019). The
high mortality of AP is largely attributed to multiple organ
dysfunction syndrome (MODS), such as liver or lung injury
(Shi et al., 2020). The liver, a major organ involved in the
evolution of AP, is strikingly vulnerable to inflammatory
cytokines and correlates strongly with the occurrence of MODS
(Li S. et al., 2019; Mei et al., 2019). Pancreatitis-associated liver
injury (PALI) is a serious and even fatal complication in the
development of AP (Wang et al., 2018). Mechanistically, a
series of endogenous vasoactive substances released during AP
lead to hepatic microcirculation disturbance, which is the essential
cause of liver injury (Wenhong et al., 2012). Liver injury in turn
triggers a systemic inflammatory response by affecting toxin
metabolism and releasing massive inflammatory mediators
(Rios et al., 2010; Ou et al., 2017). The PALI phenomenon has
been observed in both clinical and experimental settings (Wang
et al., 2006; Wenhong et al., 2012; Lv et al., 2015; Bakır et al., 2016;
Ou et al., 2017). Notably, Curbey et al. reported that 80% of AP
patients had liver damage and the liver injury aggravates the degree
of pancreatitis if it is not intervened in time, which significantly
prolongs the course of pancreatitis (Ou et al., 2017; Li X. et al.,
2019). To date, the etiology of PALI has not been clarified, and no
effective treatment has been developed. Thus, finding a promising
therapeutic way to prevent or treat this devastating and fatal
disease is urgently needed.

Adenosine monophosphate protein kinase (AMPK) is the main
energy receptor regulating cell metabolism (Yang et al., 2021; Zhao
et al., 2021). The activation of AMPK depends on the
phosphorylation of Thr172 of the α subunit (Garcia and Shaw,
2017). In general, AMPK is activated under energy stress by
sensing an increase in the ratios of AMP/ATP and ADP/ATP,
thereby stimulating the catabolic process and maintaining energy
homeostasis (Lin and Hardie, 2018). In addition to its role in
energy dynamic balance, activated AMPK is also associated with
reducing redox stress, inhibiting inflammation or limiting cell
proliferation (Zimmermann et al., 2015; Liu et al., 2020; Chin
et al., 2021). Recent studies indicate that AMPK activation plays an
inhibitory role in mediating ethanol-induced oxidative stress in
human pancreatic acinar cells, whereas AMPK inhibition can
aggravate liver inflammation in mice with hepatic ischemia-
reperfusion (Zhou et al., 2018; Srinivasan et al., 2020). Although
the anti-inflammatory and antioxidant stress functions of AMPK
activation have been well characterized, little is known about the
pathophysiological roles in PALI, and the potential mechanism
whereby AMPK activation protects against PALI remains poorly
defined.

Under physiological conditions, serine 374, 408 and 433 of
nuclear factor erythroid related factor 2 (Nrf2) are
hyperphosphorylated with the activation of AMPK (Matzinger
et al., 2020). Early studies have reported that AMPK activation
enhances cellular antioxidant potential by activating the
transcriptional activity of Nrf2 (Garcia and Shaw, 2017; Xu

et al., 2020). Nrf2 is a member of the Cap’n’Collar (CNC)
family of basic leucine zipper (bZIP) transcription factors,
which activates the endogenous antioxidant defense system
through translocation into the nucleus, thus combating
inflammation and oxidative stress (Tonelli et al., 2018; Lyu
et al., 2020; Gong et al., 2021; Tan et al., 2021). Inflammation
causes oxidative stress; in turn, oxidative stress also boosts the
production of inflammatory cytokines through activation of
proinflammatory pathways, including the known Nod-like
Receptor Protein 3 (NLRP3) inflammasome pathway (Zeng
et al., 2017). It consists of NLRP3 scaffold, adaptor protein
apoptosis-associated speck-like protein (ASC) and
proinflammatory caspase-1 (Zou et al., 2021). When NLRP3 is
activated, the p20 subunit and p10 subunit are heterodimerized to
form bioactive caspase-1, which processes the release of IL-1β and
induces a unique inflammatory type of cell death called pyroptosis
(Chen et al., 2017; Unamuno et al., 2021). Growing evidence has
established that NLRP3 inflammasome activation leads to
hepatocyte pyroptosis and severe liver inflammation (Han et al.,
2018; Wree et al., 2018). Recently, the inverse correlation between
the activated Nrf2 and NLRP3 inflammasome pathway that
inhibits inflammation through augmenting antioxidant capacity
in mice have been proved in acute lung injury (Liu et al., 2017).
Nonetheless, whether the activation of AMPK plays an
antioxidative and anti-inflammatory role through Nrf2-
mediated antioxidant effects and inhibition of the NLRP3
inflammasome pathway in PALI remain to be determined.

5-Aminoimidazole-4-formamide ribonucleotide (AICAR) is a
kind of cellular permeable nucleoside that activates AMPK to play
anti-inflammatory and antioxidant stress effects (Swinnen et al.,
2005; Bone et al., 2017; Kaphalia et al., 2019). AICAR is converted
into ZMP (an AMP mimic) in cells to bind to the γ subunit of
AMPK, causing conformational changes in the enzyme and
promoting the phosphorylation of Thr172 of the AMPKα
subunit by liver kinase B1 (LKB1) or other upstream AMPK
kinases (AMPKK) (Sun et al., 2007; Hill et al., 2016; Lane et al.,
2020; Višnjić et al., 2021). Emerging evidence indicates that the
activation of AMPK by AICAR attenuates high glucose-induced
oxidative stress in rat cardiomyocytes (Shen et al., 2019).
Moreover, the direct AMPK agonist AICAR negatively
regulates the IL-6-stimulated inflammatory response in human
liver cells by suppressing the phosphorylation of STAT3
(Nerstedt et al., 2010). However, it is not clear whether
pharmacological activation of AMPK by the direct AMPK
small molecule agonist AICAR is a therapeutic strategy for PALI.

In the present study, we investigated whether activation of
AMPK by AICAR limits the inflammatory response and
oxidative stress in the progression of PALI in two rodent
models of severe acute pancreatitis (SAP) via Nrf2-mediated
antioxidant effects and NLRP3 inflammasome activation. Our
results provide the first direct evidence of the beneficial effects of
pharmacological activation of AMPK by AICAR against the
progression of PALI, including reduced redox stress and
decreased NLRP3 inflammasome activation. Moreover, Nrf2
deficiency dramatically weakened these beneficial effects of
AICAR in L-arginine-induced PALI mice. Thus, AICAR
protects against PALI at least in part through Nrf2-mediated
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antioxidant effects and inhibition of NLRP3 inflammasome
activation.

MATERIALS AND METHODS

Animal Experiments
Male SD rats (220–250 g, age 7–8 weeks) were obtained from the
Experimental Animal Center of Wenzhou Medical University.
Nrf2-knockout (Nrf2−/−) mice on C57BL/6 background were
procured from Jackson Laboratory (Bar Harbor, Maine,
United States). These homozygous Nrf2−/− mice were
backcrossed with C57BL/6 wild type mice. Heterozygous
offspring were then further bred to gain wild type and Nrf2−/−

littermates. Genotypes of Nrf2−/− mice were identified by PCR.
All rats and mice were fed randomly at 24 ± 2°C and 40–60%
humidity with a 12 h dark cycle before the experiment. All animal
procedures were reviewed and approved by the Animal Ethics
Committee of Wenzhou Medical University.

Wild-type rats were randomly divided into four groups: the
control group (n � 10), severe acute pancreatitis (SAP) group (n �
10), AMPK agonist (AICAR) group (n � 8) and AMPK inhibitor
(Compound C, CC) group (n � 8). Sham operation was
performed in the control group. Pancreatitis was induced in
the SAP, AICAR and CC groups by retrograde injection of 3%
sodium taurocholate (STC, 0.1 ml/100 g of body weight, YZ-
110815, Solarbio, Beijing, China) via the pancreatic duct using
a syringe pump as previously described (Fang et al., 2020). The
AICAR group received intraperitoneal injection of AICAR
(400 mg/kg) 1 h before the operation. In the CC group, CC
(13.8 mg/kg) was also injected intraperitoneally 1 h before the
operation. AMPK agonist (AICAR) and AMPK inhibitor (CC)
were purchased from MedChemExpress (HY-13417, HY-
13418A, MedChemExpress, New Jersey, United States). The
specific dosages of AICAR and CC used in this study based in
the description in previous studies with minor modifications
(Saito et al., 2012; Guo et al., 2014; Martin et al., 2019). 24 h
after injection of sodium taurocholate, the rats were anesthetized
with isoflurane (in 4% for induction and 3% for maintenance;
R510, RWD Life Science, Shenzhen, China) on the anesthetic
machine. Rats were sacrificed, and pancreatic tissues, liver tissues
and blood samples were collected for further study.

Male C57BL/6 mice or Nrf2−/− mice were randomly divided
into three groups: the control group (n � 6), SAP group (n � 6)
and AMPK agonist (AICAR) group (n � 6). The control group
mice were intraperitoneally injected with 0.9% normal saline. In
the SAP and AICAR groups, the pancreatitis model was
established by intraperitoneal injection of 8% L-arginine (pH
� 7.0, 4.0 g/kg, A5006, Sigma, Missouri, United States) twice at an
interval of 1 h as previously described (Liu et al., 2016). In the
AICAR group, mice were intraperitoneally injected with AICAR
(400 mg/kg) twice: 1 h before and 24 h after model establishment.
48 h after the injection of L-arginine, the mice were anesthetized
with isoflurane (in 3.5% for induction and 2.5% for maintenance)
on the anesthesia machine. Finally, the mice were sacrificed, and
pancreatic tissues, liver tissues and blood samples were collected
for subsequent experiments.

Histopathological Analysis
Pancreatic and liver tissues were collected, fixed immediately in
4% paraformaldehyde for 24 h, dehydrated in a graded ethanol
series, and then embedded in paraffin. The tissue blocks were cut
into 4.5 μm-thick sections, dewaxed, and hydrated. Then,
pancreatic and liver sections were stained with hematoxylin
and eosin (H&E) staining (G1120, Solarbio, Beijing, China)
according to the manufacturer’s instructions. After observation
under an Olympus BX-51 microscope (Olympus Corporation,
Tokyo, Japan), histological scores were obtained to evaluate the
degree of pancreatic and liver injury with Image-Pro Plus 6.0
software (Media Cybernetics, Bethesda, United States) as
described elsewhere (Rongione et al., 1997; Elshal et al., 2019).

Immunohistochemistry Analysis
Immunohistochemistry was used to qualitatively analyze the
expression of phenotypic markers. The liver sections (4.5 μm)
were boiled in antigen retrieval buffer containing citrate-
hydrochloric acid (C8532, Sigma, Missouri, United States) for
15 min. Then, hydrogen peroxide (3%) was used for 10 min to
block the activity of endogenous peroxidase and subsequently
blocked with 5% bovine serum albumin (A1933, Sigma, Missouri,
United States) for 30 min at 37°C. Primary antibodies for IL-6 (1:
200; MB9296, Bioworld Technology, Minnesota, United States),
IL-1β (1:200; BS6067, Bioworld Technology, Minnesota,
United States), TNF-α (1:200; BS6000, Bioworld Technology,
Minnesota, United States), MCP-1 (1:200; DF7577, Affinity,
Ohio, United States), HO-1 (1:200; ab13243, Abcam,
Massachusetts, United States) and NQO-1 (1:200; ab28947,
Abcam, Massachusetts, United States) were added and
incubated at 4°C overnight. After washing, the sections were
incubated with secondary antibodies (1:200; A0277, Beyotime
Institute of Biotechology; Goat anti-rabbit IgG-HRP) for 1 h at
37 °C. Finally, the slides were stained using diaminobenzidine
(DAB, P0202, Beyotime, Shanghai, China) for color visualization.
Images of representative tissue spots were captured with an
Olympus BX-51 microscope (Olympus Corporation, Tokyo,
Japan) and analyzed with Image-Pro Plus 6.0 software (Media
Cybernetics, Bethesda, United States).

Biochemical Indexes Assay
Fresh pancreatic and liver tissues and blood samples were collected for
biochemical analysis. The levels of serum amylase and lipase were
measured by assay kit (C016-1-1, A054-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) to evaluate the degree of
pancreatitis. The serum levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST)weremeasuredwith commercial kit
(C009-2-1, C010-2-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) to evaluate the degree of liver injury and function.
The contents of malondialdehyde (MDA) and superoxide dismutase
(SOD) in pancreas and liver homogenate were determined with
commercial kit (A003-1-2, A001-3-2, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The contents of
myeloperoxidase (MPO) were measured with commercial kit
(A044-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). All measurements were conducted according to the
manufacturer’s instructions of the assay kit.
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Western Blot Analysis
The liver tissues were homogenized in RIPA lysis buffer (P0013C,
Beyotime, Shanghai, China), and then the extract was transferred
to a centrifuge tube and centrifuged at 12,000 rpm for 20 min. After
testing the total protein concentration with a BCA protein analysis
kit (P0012S, Beyotime, Shanghai, China), 40 μg of protein sample
was separated on a 10% sodium dodecyl sulfate-polyacrylamide gel
and transferred to a PVDFmembrane. Themembranewas blocked
with 5% skimmilk for 1 h and then incubated with specific primary
antibodies against p-AMPK (Thr172; 1:1,000; 8208S, Cell Singling
Technology, Boston, United States), AMPK (1:1,000; 5832S, Cell
Singling Technology, Boston, United States), CD68 (1:1,000;
ab125212, Abcam, Massachusetts, United States), NLRP3 (1:
1,000; ab263899, Abcam, Massachusetts, United States),
Caspase-1 (1:1,000; 22915-1-AP, Proteintech, Wuhan, China),
cleaved IL-1β (1:1,000; AF4006, Proteintech, Wuhan, China),
Nrf2 (1:1,000; 20733S, Cell Singling Technology, Boston,
United States), HO-1 (1:1,000; ab13243, Abcam, Massachusetts,
United States), NQO-1 (1:1,000; ab28947, Abcam, Massachusetts,
United States), Lamin B (1:1,000; 12987-1-AP, Proteintech,
Wuhan, China) and GAPDH (1:5,000; A00227-1, Boster,
Wuhan, China) at 4°C overnight. All membranes were washed
with TBST 3 times and incubated with horseradish peroxidase-
conjugated secondary antibody (1: 5,000; A25012, Abbkine
Scientific Co., Ltd, Wuhan, China) for 1 h. Finally, the bands
were visualized using enhanced chemiluminescence (WP20005,
Thermo Fisher Scientific, California, United States), and
densitometry analysis was performed using VisionWorks
imaging software (Eastman Kodak Company, New York,
United States).

Nuclear Protein Extraction
Nuclear components were extracted from fresh liver tissues using
a nuclear protein extraction kit (P0027, Beyotime, Shanghai,
China) according to the manufacturer’s instructions.

RNA Extraction and qRT-PCR
Total RNA was extracted from liver tissues with TRIzol Reagent
(15596026, Thermo Fisher Scientific, California, United States)
according to the manufacturer’s specifications. Reverse
transcription was completed by a Prime-Script RT Master Mix
transcription kit (RR036A, TaKaRa, Tokyo, Japan). mRNA-
specific primers (Sangon Biotech, China) were used to detect
the RNA expression of IL-6, IL-1β and TNF-α. A 7500 Fast
system (Applied Biosystems, United States) was used for qRT-
PCR analysis. The results were analyzed using the 2−ΔΔCt method,
and GAPDH was amplified as an internal standard. The primer
sequences are listed in Supplementary Table S1.

Statistical Analysis
All experiments were independently repeated three times. Values are
presented as the mean ± SD (standard deviation). Statistical analysis
was performed using GraphPad Prism 7.0 software (GraphPad
Software, Inc., La Jolla, CA United States). Statistical significance
was assessed by Student’s t-test and one-way analysis of variance.
Multiple comparisons between groups were analyzed using Tukey’s
post hoc test. p < 0.05 was considered statistically significant.

RESULTS

Direct AMPK Agonist AICAR Attenuates
Pancreatitis-Associated Liver Injury and
Restores Liver Function in Sodium
Taurocholate-Induced SAP Rats
We investigated whether the direct AMPK activator AICAR
(400 mg/kg) alleviates pancreatitis-associated liver injury by
AMPK activation in a rat model of sodium taurocholate-induced
SAP. We first validated the AMPK activator activity of AICAR in
liver tissues of sodium taurocholate-induced SAP rats. Interestingly,
the ratio of p-AMPK/AMPK in liver tissues significantly decreased
after sodium taurocholate treatment. However, administration of
AICAR by intraperitoneal injection into sodium taurocholate-
treated rats resulted in a dramatic elevation of this ratio,
suggesting that the reduced AMPK phosphorylation levels in the
liver tissues of SAP rats were effectively activated by AICAR
(Figure 1A). Hematoxylin and eosin staining demonstrated that
the pancreas in SAP rats presented with notable interstitial edema,
inflammatory cell infiltration and hemorrhagic necrosis, with the
pancreatitis score analysis indicating a >5-fold increase over the
control (Figures 1B,D). Likewise, the liver tissues of SAP rats were
accompanied by obvious hepatocyte edema, necrosis, liver sinusoid
congestion and dramatically damaged hepatic lobular structure,
with the liver score analysis indicating a >4-fold increase compared
with the control groups (Figures 1C,D). However, these negative
changes were markedly reduced in the AICAR treatment groups
(Figures 1B–D). Consistent with our histologic findings, the plasma
levels of amylase and lipase, two common clinical indicators for
assessing pancreatic injury (Steinberg et al., 2017), were elevated in
SAP rats compared with control rats, whereas AICAR treatment
prevented these increases (Figure 1E). Meanwhile, the increased
levels of MDA and decreased concentrations of SOD in the
pancreas of SAP rats indicated oxidative stress injury and
downregulated antioxidant ability of the pancreas; however,
administration of AICAR in rats significantly decreased the
levels of MDA and increased the concentrations of SOD in
pancreatic tissues of SAP rats, suggesting that AICAR
supplementation restores the antioxidant ability of the pancreas
in sodium taurocholate-induced SAP rats (Figure 1F).
Correspondingly, evaluation of liver function in the SAP rats
indicated that both the serum values of ALT and AST were
significantly increased. In the presence of the AMPK activator
AICAR, liver function was improved (Figure 1G). Taken
together, the above results suggest that sodium taurocholate
infusion established a successful rat model of PALI and that
supplementation with AICAR not only reduces the severity of
pancreatitis but also attenuates PALI and restores liver function
in sodium taurocholate-induced SAP rats.

AICAR Prevents SAP-Induced Hepatic
Inflammation in a Sodium
Taurocholate-Induced SAP Rat Model
We explored the hypothesis that the molecular basis of AICAR
in improving PALI is attributed to its anti-inflammatory
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capability. Our results indicated that the SAP rats exhibited
higher hepatic expression of monocyte chemotactic protein 1
(MCP-1, a protein that specifically affects chemotaxis and
activates macrophages) and CD68 (a rat macrophage
marker) as well as increased concentrations of MPO (a

functional and activation marker of neutrophils) in liver
tissues compared with the control groups, whereas AICAR
treatment profoundly downregulated the expression levels of
these inflammatory mediators (Figures 2A,B,D,E). In addition,
immunohistochemical staining and qRT-PCR indicated that

FIGURE 1 | The therapeutic effects of AICAR on pancreatitis-associated liver injury (PALI) in sodium taurocholate-induced SAP rats. 7–8 week-old wild-type male
SD rats were randomly divided into three groups: the control group (control, n � 10) was treated with sham operation and injected with 0.9% normal saline; the severe
acute pancreatitis (SAP) group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n � 8) received intraperitoneal
injection of AICAR (400 mg/kg) 1 h before the operation. (A) The protein expression levels of phosphorylated AMPK (p-AMPK) and AMPK were detected by
Western blot, and the relative ratios of p-AMPK/AMPK were quantified by VisionWorks imaging software. The normalized values are indicated in the histogram. GAPDH
expression was used as loading control. (B,C)Representative pathological images of the pancreas and liver (200x and 400x) under a light microscope (H&E staining, Bar
� 50 μm). (D)Histological scores were obtained to evaluate the degree of pancreas and liver injury from H&E staining. (E) Serum amylase and lipase levels in rats. (F) The
MDA and SOD contents in pancreatic tissues of rats in each group. (G) Detection of serum ALT and AST activity. Data are presented as the mean ± SD of three
independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
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the protein and messenger RNA (mRNA) expression levels of IL-
6, IL-1β and TNF-α were significantly elevated in the liver tissues
of SAP rats compared with the control group; however,
replenishment of AICAR inhibited the increased expression of

these inflammatory cytokines (Figures 2A–C). These
observations confirm that AICAR treatment protects against
PALI in sodium taurocholate-induced SAP rats, likely by
inhibiting the inflammatory response in the liver.

FIGURE 2 | AICAR protects against SAP-induced hepatic inflammation in a sodium taurocholate-induced PALI rat model. 7–8 week-old wild-type male SD rats
were randomly divided into three groups: the control group (control, n � 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute
pancreatitis (SAP) group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n � 8) received intraperitoneal injection
of AICAR (400 mg/kg) 1 h before the operation. (A,B) The protein expression of IL-6, IL-1β, TNF-α and MCP-1 in liver sections was detected by
immunohistochemistry (original magnification ×200, Bar � 50 μm). Image-Pro Plus 6.0 software was used for statistical analysis. (C) The mRNA levels of IL-6, IL-1β, and
TNF-α in liver tissues were measured by RT-qPCR. (D)MPO contents in liver tissues. (E) The protein expression of CD68 was assessed by Western blot and quantified
by densitometry using VisionWorks imaging software. GAPDH expression was used as a loading control. Each value represents the mean ± SD. #p < 0.05, ##p < 0.01,
###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
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AICAR Treatment Markedly Increases the
Antioxidant Abilities of the Liver in Sodium
Taurocholate-Induced SAP Rats
To further determine the roles of AICAR in PALI, we next
investigated whether replenishment of AICAR can rescue the
damaged antioxidant system in sodium taurocholate-induced
SAP rats. Not surprisingly, immunohistochemical staining and
Western blot results indicated that the hepatic expression levels of
antioxidant proteins heme oxygenase-1 (HO-1) and NADPH
quinone oxidoreductase 1 (NQO-1) were slightly upregulated in
sodium taurocholate-induced SAP rats, which may represent a
stress protection for the liver to defend against pancreatitis-
induced liver injury. Notably, AICAR supplementation further
augmented the hepatic expression levels of HO-1 and NQO-1
after sodium taurocholate treatment in rats (Figures 3A–E).
Furthermore, the detection results of hepatic tissues in sodium
taurocholate-induced SAP rats showed that the levels of MDA
were significantly elevated, whereas the concentrations of SOD
were strikingly decreased, suggesting that the antioxidant
capacity of the liver in sodium taurocholate-induced SAP rats

was disrupted. However, treatment with AICAR significantly
restored the antioxidant abilities of the liver, as evidenced by
an obvious elevation in hepatic concentrations of SOD and a
marked decline in the hepatic levels of MDA (Figure 3F). These
data suggest that AICAR supplementation prevents sodium
taurocholate-induced PALI in rats by increasing antioxidant
activities in the liver.

AICAR Treatment Activates the AMPK/Nrf2
Signaling Pathway and Inhibits NLRP3
Inflammasome Activation in the Liver
Tissues of Sodium Taurocholate-Induced
SAP Rats
Next, we focused on dissecting the deeper molecular mechanism
by which AICAR inhibits oxidative stress and inflammation in
the liver tissues of sodium taurocholate-induced SAP rats by
activating AMPK phosphorylation. We performed Western blot
to test the nuclear translocation of Nrf2 and the protein
expression of NLRP3 as well as its downstream proteins
caspase-1 and cleaved IL-1β in hepatic tissues of sodium

FIGURE 3 | AICAR prevents hepatic oxidative stress in a sodium taurocholate-induced PALI rat model. 7–8 week-old wild-type male SD rats were randomly
divided into three groups: the control group (control, n � 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP)
group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n � 8) received intraperitoneal injection of AICAR
(400 mg/kg) 1 h before the operation. (A,B) Liver sections were collected and stained with antibodies against HO-1 and NQO-1, and the average integrated optical
density (IOD)/area of HO-1 and NQO-1 was quantified using Image-Pro Plus 6.0 software (original magnification ×200, Bar � 50 μm). (C–E) The protein expression levels
of HO-1 andNQO-1 in liver tissueswere assessed byWestern blot and quantified by densitometry using VisionWorks imaging software. The level of GAPDHwas used as
a loading control. (F)MDA and SOD contents were measured in liver tissues. Data are presented as the mean ± SD obtained from three independent experiments. #p <
0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
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taurocholate-induced SAP rats after treatment with AICAR. The
nuclear translocation of Nrf2 was increased following sodium
taurocholate treatment, whereas AICAR supplementation further
promoted the nuclear accumulation of Nrf2 (Figures 4A,C).
Moreover, sodium taurocholate treatment significantly
increased the hepatic expression of NLRP3, caspase-1 and
cleaved-IL-1β, while AICAR supplementation reversed this
phenomenon (Figures 4B,C). These findings suggest that
AICAR markedly alters the nuclear accumulation of Nrf2 and
inhibits NLRP3 inflammasome activation in sodium
taurocholate-induced PALI rats by activating AMPK
phosphorylation. Thus, we speculate that Nrf2 and NLRP3
inflammasome pathway may mediate essential parts in the
protective roles of AICAR against oxidative stress and
inflammation in sodium taurocholate-induced PALI rats.

Inhibition of AMPK Activation by Compound
C Markedly Aggravates PALI in Sodium
Taurocholate-Induced SAP Rats
To further elucidate the role of AMPK in PALI, we treated rats
with the AMPK inhibitor Compound C (CC, 13.8 mg/kg) by
intraperitoneal injection to block the phosphorylation of AMPK
in liver tissues, followed by sodium taurocholate infusion.
Unsurprisingly, Western blot results showed that sodium
taurocholate infusion significantly reduced the ratio of
p-AMPK/AMPK in liver tissues. As expected, this ratio was
further reduced by CC treatment, suggesting that CC

treatment successfully inhibited AMPK phosphorylation levels
in the liver tissues of SAP rats (Figure 5A). Interestingly,
treatment with CC significantly exacerbated sodium
taurocholate-induced pancreatic injury in rats, as evidenced by
further increased acinar necrosis and inflammatory cell
infiltration (Figure 5B). Evaluation of the pancreatitis score in
pancreatic sections also revealed that CC treatment was
accompanied by more severe pancreatic injury than SAP
(Figure 5D). We also observed that administration of CC in
rats augmented SAP-induced edema, necrosis and structural
disorder in hepatic lobules with further increased liver injury
scores compared with SAP rats (Figures 5C,D). In addition, the
amplitude of SAP-induced elevation of serum levels of both ALT
and AST, two markers of liver injury, in CC-treated rats was
higher than that in the SAP groups (Figure 5E). The above results
indicate that inhibition of AMPK phosphorylation by CC
enhances sodium taurocholate-induced PALI in rats.

AMPK Inhibition by Compound C Enhances
Hepatic Oxidative Stress and NLRP3
Inflammasome Activation in Sodium
Taurocholate-Induced PALI Rats
We next explored whether inhibition of AMPK activation by CC
could promote hepatic oxidative stress and inflammation levels in
sodium taurocholate-induced SAP rats. We found that the
increase in the nuclear translocation of Nrf2 in the hepatic
tissues of SAP rats was markedly reduced after CC treatment

FIGURE 4 | The effects of AICAR on the activation of the AMPK/Nrf2 signaling pathway and inhibition of NLRP3 inflammasome activation in the liver tissues of
sodium taurocholate-induced SAP rats. 7–8 week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n � 10) was treated
with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g);
and the AMPK agonist (AICAR) group (n � 8) received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. (A) The levels of nuclear accumulation
of Nrf2 in liver tissues of each group were detected by Western blot analysis. For the internal control, Lamin B was used. (B) The protein expression levels of NLRP3,
caspase-1, and cleaved IL-1β in liver tissues were measured byWestern blot using anti-NLRP3, anti-caspase-1 and anti-cleaved IL-1β antibodies. GAPDH was used as
an internal control. (C) Relative band densities were quantified using VisionWorks imaging software, and the results are expressed in the histogram. Data are presented
as themean ± SD obtained from three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 vs. SAP group.
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(Figures 6A,B). We further measured MDA and SOD levels,
which are indicators of oxidative damage, in the liver tissues of
each group. The levels of hepatic MDA in rats treated with CC
were significantly augmented compared to those in the SAP
groups (Figure 6C). Alternatively, treatment with CC had a
reduced effect on the magnitude of sodium taurocholate-
induced decline in hepatic SOD levels (Figure 6D). Moreover,
these changes in CC-treated SAP rats were accompanied by
significantly increased hepatic expression of NLRP3, caspase-1
and cleaved IL-1β compared with SAP rats (Figures 6E,F), which
results in a certain type of inflammatory response-related cell
death called pyroptosis (Guo et al., 2021). Thus, we next
compared the levels of IL-6, IL-1β and TNF-α in the liver
tissues of SAP rats by q-PCR analysis with or without CC
treatment. Consistent with our previous findings, the
expression of these inflammatory cytokines was upregulated in

the SAP groups, whereas CC treatment led to a further increase in
the mRNA abundance of the aforementioned inflammatory genes
(Figure 6G). Ultimately, our data suggest that inhibition of
AMPK phosphorylation by CC aggravates PALI in sodium
taurocholate-induced SAP rats, likely by repressing Nrf2-
mediated antioxidant stress and anti-inflammatory roles.

Nrf2 Knockout Weakens the Protective
Effects of AICAR on PALI in
L-Arginine-Induced SAP Mice
Since the aforementioned data indicate that the anti-
inflammatory and antioxidant stress effects of AICAR may
be related to the induction of Nrf2 nuclear translocation, we
further investigated whether Nrf2 deficiency would affect the
protective effects of AICAR against PALI in L-arginine-

FIGURE 5 | Inhibition of AMPK phosphorylation by Compound C markedly aggravates PALI in sodium taurocholate-induced SAP rats. Seven-to eight-week-old
wild-type male SD rats were randomly divided into three groups: the control group (control, n � 10) was treated with a sham operation and injected with 0.9% normal
saline; the severe acute pancreatitis (SAP) group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK inhibitor (CC) group (n � 8) received
intraperitoneal injection of CC (Compound C, 13.8 mg/kg) 1 h before the operation. (A) The protein expression levels of AMPK and phosphorylated AMPK
(p-AMPK) in liver tissues were detected by Western blot using anti-AMPK and anti-p-AMPK antibodies. GAPDH was used as the internal reference control. Data are
presented as mean ± SD of three independent experiments. (B,C) Histological images of H&E staining in pancreas and liver tissues (200x and 400x) under a light
microscope (Bar � 50 μm). (D) Histological scores were obtained to evaluate the degree of pancreas and liver injury from H&E staining. (E) Serum ALT and AST
concentrations were detected. Data are presented as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control
group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
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FIGURE 6 | Inhibition of AMPK phosphorylation by Compound C enhances hepatic oxidative stress and inflammation levels in sodium taurocholate-induced SAP
rats. Seven-to eight-week-old wild type male SD rats were randomly divided into three groups: the control group (control, n � 10) was treated with a sham operation and
injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n � 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK inhibitor
(CC) group (n � 8) received intraperitoneal injection of CC (Compound C, 13.8 mg/kg) 1 h before the operation. (A) The nuclear translocation levels of Nrf2 in liver
tissues were determined by Western blot. For the internal control, Lamin B was used. (C,D) The contents of MDA and SOD in liver tissues were determined. (E) The
protein expression of NLRP3, caspase-1, and cleaved IL-1βwas detected byWestern blot. GAPDHwas used as the internal reference control. (B,F) The relative ratios of
Nrf2, NLRP3, caspase-1, and cleaved IL-1β were quantified using VisionWorks imaging software. (G) The mRNA levels of IL-6, IL-1β, and TNF-α in liver tissues were
measured by RT-qPCR. Data are presented as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
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induced SAP mice. L-arginine-induced elevations in serum
levels of pancreas injury enzymes (amylase and lipase) and
the pathological changes as well as pancreatitis scores
analyzed in H&E-stained pancreas sections in Nrf2
knockout (KO) mice were higher than those in WT SAP
mice (Figures 7A–D). Meanwhile, the beneficial effects of
AICAR against L-arginine-induced pancreatic injury
reflected by the above indicators were significantly
attenuated in Nrf2 KO mice compared with WT
littermates (Figures 7A,C). Likewise, the pathological
changes in liver sections of the Nrf2 KO SAP mice were
more severe than those in the WT SAP groups by H&E
staining (Figure 7B). Additionally, treatment of WT SAP
mice with AICAR markedly reduced these negative
pathological changes (Figure 7B); however, these

protective effects mediated by AICAR were weakened in
Nrf2 KO mice (Figure 7B). The liver injury scores,
consistent with the pathological appearance in each group,
further confirmed our findings (Figure 7C). Moreover, the
serum levels of ALT and AST in both WT and Nrf2 KO mice
were augmented after L-arginine administration. Notably,
the levels of these two markers indicated that liver injury
in Nrf2 KO mice was higher than that in WT mice
(Figure 7E). Alternatively, AICAR treatment markedly
attenuated the L-arginine-induced elevation in the serum
levels of ALT and AST in WT SAP mice, while these
phenomena were significantly inhibited in Nrf2 KO mice
(Figure 7E). Therefore, these results indicate that Nrf2
plays an important role in the protective effects of AICAR
against L-arginine-induced PALI in mice.

FIGURE 7 | Nrf2 knockout attenuates the protective effects of AICAR on PALI and the inhibitory effects of hepatic oxidative stress in L-arginine-induced SAPmice.
Male wild-type mice or Nrf2−/− mice were divided into three groups: the control group (control, n � 6) was intraperitoneally injected with 0.9% normal saline; the SAP
group (n � 6) was intraperitoneally injected with 8% L-arginine hydrochloride (pH � 7.0, 4 g/kg) twice at an interval of 1 h; and the AMPK agonist (AICAR, n � 6) group was
intraperitoneally injected with AICAR (400 mg/kg) twice: 1 h before and 24 h after L-arginine hydrochloride administration. (A,B) Representative pathological
images of the pancreas and liver (200x) under a light microscope (H&E staining, Bar � 50 μm). (C) Histological scores were obtained to evaluate the degree of pancreas
and liver injury from H&E staining. (D) The concentrations of serum amylase and lipase were detected. (E) The levels of serum ALT and AST were measured to evaluate
liver function. (F)Concentrations of MDA and SOD in liver tissues from different groups. Data are presented as themean ± SD of three independent experiments. Data are
presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 8 |Nrf2 deficiency impairs the inhibitory effects of AICAR against hepatic NLRP3 inflammasome activation in L-arginine-induced SAPmice. Male wild type
mice or Nrf2−/− mice were divided into three groups: the control group (control, n � 6) was intraperitoneally injected with 0.9% normal saline; the SAP group (n � 6) was
intraperitoneally injected with 8% L-arginine hydrochloride (pH � 7.0, 4 g/kg) twice at an interval of 1 h; and the AMPK agonist (AICAR, n � 6) group wasintraperitoneally
injected with AICAR (400 mg/kg) twice: 1 h before and 24 h after L-arginine hydrochloride administration. (A–C) The protein expression levels of phosphorylated
AMPK, total AMPK, NLRP3, caspase-1, and cleaved IL-1βweremeasured byWestern blot, and the relative ratios of p-AMPK/AMPK and band densities of Nrf2, NLRP3,
caspase-1, and cleaved IL-1β were quantified using VisionWorks imaging software. GAPDH was used as an internal reference. (D–F) The protein expression of IL-6, IL-
1β and TNF-α in liver sections was detected by immunohistochemistry (original magnification ×200, Bar � 50 μm). Image-Pro Plus 6.0 software was used for statistical
analysis. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Nrf2 Deficiency Impairs the Inhibitory
Effects of AICAR Against PALI-Related
Hepatic Oxidative Stress and NLRP3
Inflammasome Activation in
L-Arginine-Induced SAP Mice
To further clarify whether the beneficial effect of AICAR on
antioxidant stress was Nrf2 dependent, we measured MDA
and SOD levels in the liver tissues of L-arginine-treated Nrf2
KO mice and WT littermates with or without AICAR
supplementation. After L-arginine treatment, the
production of MDA in liver tissues was conspicuously
increased, and the levels of SOD were significantly
decreased in Nrf2 KO mice compared to WT mice.
Additionally, administration of AICAR was associated with
markedly reduced MDA levels, and the concentrations of
SOD were significantly augmented compared to those in the
WT SAP group. However, these beneficial antioxidant effects
of AICAR were largely blocked in Nrf2 KO mice compared to
WT littermates (Figure 7F). These observations indicate that
the antioxidant ability of AICAR in the liver tissues of
L-arginine-induced PALI mice was partially dependent
on Nrf2.

We next determined whether induction of Nrf2 is required
for the inhibition of the NLRP3 inflammasome-associated
inflammatory response in the liver tissues of L-arginine-
induced PALI mice. Thus, we performed Western blot to
compare the hepatic expression levels of NLRP3, caspase-1
and cleaved-IL-1β between L-arginine-treated Nrf2 KO
mice and WT littermates with or without AICAR
administration. The results showed that the hepatic
expression of NLRP3, caspase-1 and cleaved-IL-1β in Nrf2
KO mice was higher than that in WT littermates after
L-arginine treatment (Figures 8A–C). Furthermore,
replenishment of AICAR profoundly decreased the
expression of these indicators in the liver tissues of WT
littermates compared with the WT SAP group; however,
these observed trends were significantly reversed in Nrf2
KO mice (Figures 8B,C). Thus, our findings suggest that
Nrf2 deficiency impairs the inhibitory effect of AICAR
against NLRP3 inflammasome activation in L-arginine-
induced PALI mice. To further elucidate the role of Nrf2
in the anti-inflammatory effects of AICAR, we detected the
expression levels of several inflammatory factors, including
IL-6, IL-1β and TNF-α, in each group of Nrf2 KO mice and
WT littermates. Immunohistochemistry analysis showed that
L-arginine induced the expression of these inflammatory
factors in the liver tissues of both Nrf2 KO mice and WT
littermates, resulting in a further increase in their expression
(Figures 8D–F). Moreover, replenishment of AICAR
decreased L-arginine-induced hepatic inflammatory factor
accumulation in WT littermates, while these anti-
inflammatory effects of AICAR were markedly reversed in
Nrf2 KO mice compared with WT controls (Figures 8D–F).
Taken together, our results suggest that Nrf2 deficiency
largely eliminates the negative regulation of AICAR on the

NLRP3 inflammasome activation associated inflammatory
response in the liver tissues of L-arginine-induced PALI mice.

DISCUSSION

The central goal of this study was to investigate the
pharmacological activation of AMPK by AICAR as a
therapeutic strategy for the treatment of PALI. Our findings
demonstrated that AICAR activates AMPK, which leads to
Nrf2-mediated antioxidant stress and inhibition of NLRP3-
related inflammation, and thus improving PALI. This study
indicated that AMPK exerted an essential role in the
pathological processes of PALI and presented the first
evidence that pharmacological activation of AMPK by AICAR
ameliorates PALI, suggesting that AICAR may be a promising
therapeutic agent for the treatment of PALI.

In the current study, we demonstrated that both 1 day after
sodium taurocholate infusion in rats and 2 days after
intraperitoneal injection of L-arginine in mice successfully
induced rodent models of PALI, as evidenced by marked
elevation in the plasma levels of amylase, lipase, ALT and AST
as well as severe pathological injury of the pancreas and liver in
the two experimental SAP models (Figures 1B–G, Figures
7A–F). This study provided novel evidence that SAP caused a
drastic reduction in hepatic expression levels of phosphorylated
AMPK in sodium taurocholate- and L-arginine-induced rodent
SAP models, suggesting that AMPK may be involved in the
pathogenesis of PALI (Figure 1A, Figures 8A,C). Herein, we
obtained two lines of evidence to demonstrate our hypothesis. On
the one hand, administration of the direct AMPK activator
AICAR led to a dramatic elevation in hepatic expression levels
of phosphorylated AMPK and prevented PALI in sodium
taurocholate- and L-arginine-induced rodent SAP models
(Figures 1A–G, Figures 7A–E, Figures 8A,C). On the other
hand, inhibiting the activity of AMPK in liver tissues by using the
AMPK inhibitor Compound C profoundly exacerbated PALI in
sodium taurocholate-induced SAP rats (Figures 5A–E).
Although previous studies have shown that compound C may
play roles independent of AMPK inhibition, such as anti-glioma
and inhibition of Bone morphogenetic protein (BMP) pathway, it
is still the only available cell permeability AMPK antagonist (Yu
et al., 2008; Liu et al., 2014). Similar to our findings, AMPK
activation by AICAR has been shown to protect the kidney from
overt damage in a rat model of kidney ischemia-reperfusion
injury (Lempiäinen et al., 2012). In addition, a Compound
C-induced reduction in myocardial AMPK activity impaired
cardiac function and aggravated oxidative stress in
cardiomyocytes in DOX-induced acute cardiotoxicity mice
(Liu et al., 2018).

In the pathogenesis of PALI, the uncontrollable hepatic
inflammatory response and elevated oxidative stress triggered
by SAP will continue to damage hepatocytes, which are central
mediators for accelerating the development of PALI (Yang et al.,
2003; Moniaux et al., 2011). According to previous
reports, AMPK activation is involved in the inhibition of the
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IL-6-stimulated inflammatory response in human liver cells and
mediates the antioxidant stress ability of fibroblast growth factor
(FGF) one in a mouse model of nonalcoholic fatty liver disease
(Nerstedt et al., 2013; Liu et al., 2020). Therefore, we explored the
hypothesis that the molecular basis of AICAR in improving PALI
is attributed to its anti-inflammatory capability and reduction of
hepatic oxidative stress by AMPK activation. Our findings
demonstrated that AMPK was required for the regulation of
hepatic inflammation and oxidative stress in sodium
taurocholate-induced PALI rats and that AICAR ameliorated
PALI by AMPK activation in this rat model, which was associated
with its anti-inflammatory and antioxidative actions.

Next, we focused on dissecting the molecular mechanism to
explain how AMPK activation by AICAR reduced hepatic
inflammation and oxidative stress in PALI. In response to
inflammatory reaction, Nrf2 is released from Keap1 and
translocates to the nucleus, thus activating the endogenous
antioxidant defense system by enhancing the transcription of a
variety of antioxidant enzymes, such as HO-1 and NQO-1,
presenting a superior effect in oxygen reduction balance. In
particular, oxidative stress and inflammation are closely
connected, and increased levels of proinflammatory cytokines
induce oxidative stress. In turn, oxidative stress overactivation
further exacerbates the inflammatory response (Dandekar et al.,
2015; Antonucci et al., 2017). Furthermore, studies have also
shown that the activation of Nrf2 can inhibit inflammation-
mediated injury via its antioxidant cascade (Joo Choi et al.,
2014; Saha et al., 2020). Notably, several recent studies have
demonstrated that Nrf2 negatively regulates the activity of the
NLRP3 inflammasome, which is a central regulator of
inflammation required for PALI (Hou et al., 2018; Chen et al.,
2019). Upon stimulation, NLRP3 collects ASC protein and
converts procaspase-1 into active caspase-1, which cleaves pro-
IL-β or pro-IL-18 into mature forms, ensuing and promoting
hepatic inflammatory injury (Mridha et al., 2017). However, the
crosstalk between Nrf2 and the NLRP3 inflammasome pathway
in PALI remains to be determined. In addition, previous reports
found that AMPK also inhibits NLRP3 inflammasome activation
in a mouse model of diabetic cardiomyopathy and acute
pancreatitis (Chen et al., 2020; Yang et al., 2020). In fact,
AMPK phosphorylates Nrf2 at serine 374, 408, and 433,
moves Nrf2 from the cytoplasm to the nucleus, and binds to
the antioxidant response element (ARE) gene to exert its
antioxidant effect (Matzinger et al., 2020). In the current
study, rats treated with AMPK agonists (AICAR) and
inhibitors (CC) demonstrated that AMPK plays an important
role in activating Nrf2 signaling and inhibiting NLRP3
inflammasome pathways in PALI and that hepatic Nrf2 may
act as a key mediator of AICAR protection against PALI-
associated oxidative stress and NLRP3 inflammasome
activation. Therefore, we speculate that the direct activation of
AMPK by AICAR exerts its antioxidant and anti-inflammatory
roles to prevent PALI through Nrf2-mediated antioxidant effects
and inhibition of the NLRP3 inflammasome pathway.

To verify our hypothesis, we used Nrf2 KOmice andWTmice
to conduct a comparative study in an L-arginine-induced PALI
model with or without AICAR treatment. We found that

knockout of Nrf2 limited the ability of AICAR to reduce the
severity of PALI in mice (Figures 7A–E). Most importantly, Nrf2
gene deletion markedly weakened the protective effects of AICAR
to prevent SAP-induced oxidative stress and NLRP3
inflammasome activation in the liver tissues of L-arginine-
induced PALI mice (Figure 7F, Figures 8B,C). However,
AICAR still had a slight protective effect on PALI in Nrf2 KO
mice. AMPK can regulate a variety of physiological and
pathological effects through multiple pathways to affect cell
metabolism and survival (Carling, 2017; Ramirez Reyes et al.,
2021). This result may be attributed to the activation of AMPK by
AICAR leading to other pathway modulations independent of
Nrf2 signaling in PALI and resulting in other biological effects,
such as AMPK-related mitochondrial homeostasis, ferroptosis
and necroptosis, which are worthy of further exploration in our
future research (Herzig et al., 2018; Song et al., 2018; Lee et al.,
2020). Nonetheless, our findings indicate that activation of Nrf2
by AICAR mediates important roles in ameliorating hepatic
oxidative stress and inhibiting NLRP3 inflammasome pathway
activation in PALI mice regardless of whether Nrf2 is the master
pathway.

Despite our novel findings, the current study has some limitations.
First, our observations are only based on two rodent PALI models.
AICAR has been used clinically formyocardial protection in coronary
artery bypass grafting and myocardial ischemic injury (Rao et al.,
2016). We should further determine the role of AICAR in PALI in
humanoid large animals and in clinical studies. Second, our results
demonstrated that AICAR protects against PALI partially through
Nrf2-mediated antioxidant effects and inhibition of NLRP3
inflammasome activation, whether AICAR plays these positive
roles mainly depends on reducing the activation of inflammatory
cells, such asmacrophages and neutrophils, exerting a protective effect
on hepatocytes or inducing other hepatoprotective factors requires
further investigation. Third, although AICAR is a widely used AMPK
agonist, it also plays important AMPK-independent effects including
regulating gluconeogenesis and oxidative phosphorylation
(OXPHOS). Therefore, in addition to its inhibitory effects on
inflammation and oxidative stress by activating ampk, AICAR
may play protective roles of PALI through these AMPK-
independent pathways which need to be further explored (Višnjić
et al., 2021). Fourth, this study predominantly focuses on the AMPK/
Nrf2 signaling pathway. However, there are also many other
important regulatory pathways involved in the course of PALI
such as Toll like receptor 4 (TLR4) signaling pathway,
transforming growth factor β1 (TGF-β1) and p38 mitogen-
activated protein kinase (MAPK) signaling pathway (TGF-β1-p38
MAPK), which need to be investigated in our future study (Wang
et al., 2018). Fifth, given the powerful therapeutic effect of AICAR in
PALI, the potential effect of AICAR in other organ dysfunctions
including respiratory, renal, and cardiovascular of SAP needs to be
further explored.

In summary, our data indicate that AICAR, a direct AMPK
activator, exhibits significant therapeutic effects against PALI in
sodium taurocholate- and L-arginine-induced rodent models by
promoting AMPK phosphorylation by effectively inhibiting
hepatic oxidative stress and inflammation. Thus, as a cell
permeable nucleoside, AICAR has high therapeutic value for
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the treatment of PALI. Importantly, this study provides new
insight into the mechanisms underlying the improvement of
hepatic oxidative stress and inflammation in PALI by AICAR.
AMPK activation promotes the nuclear accumulation of Nrf2,
which partially mediates antioxidant effects and inhibits NLRP3
inflammasome activation and thus is important for AICAR
protection against PALI (Figure 9). We conclude that because
AICAR is already used in the clinic, the development of novel
therapies using AICAR to promote AMPK phosphorylation is
promising for future medical interventions of PALI.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

WH and HW designed the experiments. LK, HZ, and CL
conducted the experiments and co-wrote the manuscript. KS,
HH, YZ, YW, and DW analyzed the data. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by grants from Wenzhou Science and
Technology Bureau (No. Y20180506), the Research incubation
Project of the first affiliated Hospital of Wenzhou Medical
University (No. FHY2019032 and No. FHY2019058) and
National Natural Science Foundation of China (No. 82070834;
81800567).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.724514/
full#supplementary-material

REFERENCES

Antonucci, L., Porcu, C., Iannucci, G., Balsano, C., and Barbaro, B. (2017). Non-
Alcoholic Fatty Liver Disease and Nutritional Implications: Special Focus on
Copper. Nutrients 9, 1137. doi:10.3390/nu9101137

Argaiz, E. R., and de Moraes, A. G. (2021). Acute Pancreatitis. Lancet 397, 279.
doi:10.1016/s0140-6736(21)00092-1

Bakır, M., Geyikoglu, F., Colak, S., Turkez, H., Bakır, T. O., and
Hosseinigouzdagani, M. (2016). The Carvacrol Ameliorates Acute

Pancreatitis-Induced Liver Injury via Antioxidant Response. Cytotechnology
68, 1131–1146. doi:10.1007/s10616-015-9871-z

Bone, N. B., Liu, Z., Pittet, J. F., and Zmijewski, J. W. (2017). Frontline Science: D1
Dopaminergic Receptor Signaling Activates the AMPK-Bioenergetic Pathway
in Macrophages and Alveolar Epithelial Cells and Reduces Endotoxin-Induced
ALI. J. Leukoc. Biol. 101, 357–365. doi:10.1189/jlb.3HI0216-068RR

Carling, D. (2017). AMPK Signalling in Health and Disease. Curr. Opin. Cel Biol 45,
31–37. doi:10.1016/j.ceb.2017.01.005

Chen, H., Ning, X., and Jiang, Z. (2017). Caspases Control Antiviral Innate
Immunity. Cell Mol Immunol 14, 736–747. doi:10.1038/cmi.2017.44

FIGURE 9 |Mechanistic illustration of the basis of AICAR protection against pancreatitis-associated liver injury (PALI). AICAR inhibits hepatic oxidative stress and
inflammation by promoting AMPK phosphorylation partially via Nrf2-mediated antioxidant effects and inhibition of NLRP3 inflammasome activation, resulting in
protection against PALI in sodium taurocholate- and L-arginine-induced SAP models.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72451415

Kong et al. AICAR Ameliorates PALI

https://www.frontiersin.org/articles/10.3389/fphar.2021.724514/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.724514/full#supplementary-material
https://doi.org/10.3390/nu9101137
https://doi.org/10.1016/s0140-6736(21)00092-1
https://doi.org/10.1007/s10616-015-9871-z
https://doi.org/10.1189/jlb.3HI0216-068RR
https://doi.org/10.1016/j.ceb.2017.01.005
https://doi.org/10.1038/cmi.2017.44
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Chen, H., Tran, D., Yang, H. C., Nylander, S., Birnbaum, Y., and Ye, Y. (2020).
Dapagliflozin and Ticagrelor Have Additive Effects on the Attenuation of the
Activation of the NLRP3 Inflammasome and the Progression of Diabetic
Cardiomyopathy: an AMPK-mTOR Interplay. Cardiovasc. Drugs Ther. 34,
443–461. doi:10.1007/s10557-020-06978-y

Chen, Z., Zhong, H., Wei, J., Lin, S., Zong, Z., Gong, F., et al. (2019). Inhibition of
Nrf2/HO-1 Signaling Leads to Increased Activation of the NLRP3
Inflammasome in Osteoarthritis. Arthritis Res. Ther. 21, 300. doi:10.1186/
s13075-019-2085-6

Chin, W. Y., He, C. Y., Chow, T. W., Yu, Q. Y., Lai, L. C., and Miaw, S. C. (2021).
Adenylate Kinase 4 Promotes Inflammatory Gene Expression via Hif1α and
AMPK in Macrophages. Front. Immunol. 12, 630318. doi:10.3389/
fimmu.2021.630318

Dandekar, A., Mendez, R., and Zhang, K. (2015). Cross Talk between ER Stress,
Oxidative Stress, and Inflammation in Health and Disease. Methods Mol. Biol.
1292, 205–214. doi:10.1007/978-1-4939-2522-3_15

Elshal, M., Abu-Elsaad, N., El-Karef, A., and Ibrahim, T. (2019). Retinoic Acid
Modulates IL-4, IL-10 and MCP-1 Pathways in Immune Mediated Hepatitis
and Interrupts CD4+ T Cells Infiltration. Int. Immunopharmacol 75, 105808.
doi:10.1016/j.intimp.2019.105808

Fang, D., Lin, Q., Wang, C., Zheng, C., Li, Y., Huang, T., et al. (2020). Effects of
Sildenafil on Inflammatory Injury of the Lung in Sodium Taurocholate-
Induced Severe Acute Pancreatitis Rats. Int. Immunopharmacol 80, 106151.
doi:10.1016/j.intimp.2019.106151

Garcia, D., and Shaw, R. J. (2017). AMPK: Mechanisms of Cellular Energy Sensing
and Restoration of Metabolic Balance. Mol. Cel 66, 789–800. doi:10.1016/
j.molcel.2017.05.032

Garg, P. K., and Singh, V. P. (2019). Organ Failure Due to Systemic Injury in
Acute Pancreatitis. Gastroenterology 156, 2008–2023. doi:10.1053/
j.gastro.2018.12.041

Gong, C., Yang, H., Wang, S., Liu, J., Li, Z., Hu, Y., et al. (2021). hTERT Promotes
CRC Proliferation and Migration by Recruiting YBX1 to Increase NRF2
Expression. Front Cel Dev Biol 9, 658101. doi:10.3389/fcell.2021.658101

Guo, X., Hu, S., Liu, J. J., Huang, L., Zhong, P., Fan, Z. X., et al. (2021). Piperine
Protects against Pyroptosis in Myocardial Ischaemia/reperfusion Injury by
Regulating the miR-383/RP105/AKT Signalling Pathway. J. Cel Mol Med 25,
244–258. doi:10.1111/jcmm.15953

Guo, Y., Zhang, Y., Hong, K., Luo, F., Gu, Q., Lu, N., et al. (2014). AMPK Inhibition
Blocks ROS-Nfκb Signaling and Attenuates Endotoxemia-Induced Liver Injury.
PLoS One 9, e86881. doi:10.1371/journal.pone.0086881

Han, C. Y., Rho, H. S., Kim, A., Kim, T. H., Jang, K., Jun, D. W., et al. (2018). FXR
Inhibits Endoplasmic Reticulum Stress-Induced NLRP3 Inflammasome in
Hepatocytes and Ameliorates Liver Injury. Cell Rep 24, 2985–2999.
doi:10.1016/j.celrep.2018.07.068

Hennig, P., Garstkiewicz, M., Grossi, S., Di Filippo, M., French, L. E., and Beer, H.
D. (2018). The Crosstalk between Nrf2 and Inflammasomes. Int. J. Mol. Sci. 19,
562. doi:10.3390/ijms19020562

Herzig, S., and Shaw, R. J. (2018). AMPK: Guardian of Metabolism and
Mitochondrial Homeostasis. Nat. Rev. Mol. Cel Biol 19, 121–135.
doi:10.1038/nrm.2017.95

Hill, J. L., Kobori, N., Zhao, J., Rozas, N. S., Hylin, M. J., Moore, A. N., et al. (2016).
Traumatic Brain Injury Decreases AMP-Activated Protein Kinase Activity and
Pharmacological Enhancement of its Activity Improves Cognitive Outcome.
J. Neurochem. 139, 106–119. doi:10.1111/jnc.13726

Hou, Y., Wang, Y., He, Q., Li, L., Xie, H., Zhao, Y., et al. (2018). Nrf2 Inhibits
NLRP3 Inflammasome Activation through Regulating Trx1/TXNIP Complex
in Cerebral Ischemia Reperfusion Injury. Behav. Brain Res. 336, 32–39.
doi:10.1016/j.bbr.2017.06.027

Joo Choi, R., Cheng, M. S., and Shik Kim, Y. (2014). Desoxyrhapontigenin Up-
Regulates Nrf2-Mediated Heme Oxygenase-1 Expression in Macrophages
and Inflammatory Lung Injury. Redox Biol. 2, 504–512. doi:10.1016/
j.redox.2014.02.001

Kaphalia, L., Srinivasan, M. P., Kakumanu, R. D., Kaphalia, B. S., and Calhoun, W.
J. (2019). Ethanol Exposure Impairs AMPK Signaling and Phagocytosis in
Human Alveolar Macrophages: Role of Ethanol Metabolism. Alcohol. Clin. Exp.
Res. 43, 1682–1694. doi:10.1111/acer.14131

Lane, S. L., Houck, J. A., Doyle, A. S., Bales, E. S., Lorca, R. A., Julian, C. G., et al.
(2020). AMP-activated Protein Kinase Activator AICAR Attenuates Hypoxia-

Induced Murine Fetal Growth Restriction in Part by Improving Uterine Artery
Blood Flow. J. Physiol. 598, 4093–4105. doi:10.1113/jp279341

Lee, H., Zandkarimi, F., Zhang, Y., Meena, J. K., Kim, J., Zhuang, L., et al. (2020).
Energy-stress-mediated AMPK Activation Inhibits Ferroptosis. Nat. Cel Biol
22, 225–234. doi:10.1038/s41556-020-0461-8

Lempiäinen, J., Finckenberg, P., Levijoki, J., and Mervaala, E. (2012). AMPK
Activator AICAR Ameliorates Ischaemia Reperfusion Injury in the Rat Kidney.
Br. J. Pharmacol. 166, 1905–1915. doi:10.1111/j.1476-5381.2012.01895.x

Li, S., Zhou, J., Xu, S., Li, J., Liu, J., Lu, Y., et al. (2019). Induction of Nrf2 Pathway
by Dendrobium Nobile Lindl. Alkaloids Protects against Carbon Tetrachloride
Induced Acute Liver Injury. Biomed. Pharmacother. 117, 109073. doi:10.1016/
j.biopha.2019.109073

Li, X., Cao, Y., Liu, Z., Chen, H., and Mao, H. (2019). The Relationship between
Liver Injury and Serum Levels of C-Reactive Protein and Procalcitonin in
Patients with Acute Pancreatitis. J. Coll. Physicians Surg. Pak 29, 287–289.
doi:10.29271/jcpsp.2019.03.287

Lin, S. C., and Hardie, D. G. (2018). AMPK: Sensing Glucose as Well as Cellular
Energy Status. Cell Metab 27, 299–313. doi:10.1016/j.cmet.2017.10.009

Liu, B., Huang, J., and Zhang, B. (2016). Nobiletin Protects against Murine
L-Arginine-Induced Acute Pancreatitis in Association with Downregulating
p38MAPK and AKT. Biomed. Pharmacother. 81, 104–110. doi:10.1016/
j.biopha.2016.03.051

Liu, C. Y., Zhou, Y., Chen, T., Lei, J. C., and Jiang, X. J. (2020). AMPK/SIRT1
Pathway Is Involved in Arctigenin-Mediated Protective Effects against
Myocardial Ischemia-Reperfusion Injury. Front. Pharmacol. 11, 616813.
doi:10.3389/fphar.2020.616813

Liu, D., Ma, Z., Di, S., Yang, Y., Yang, J., Xu, L., et al. (2018). AMPK/PGC1α
Activation by Melatonin Attenuates Acute Doxorubicin Cardiotoxicity via
Alleviating Mitochondrial Oxidative Damage and Apoptosis. Free Radic.
Biol. Med. 129, 59–72. doi:10.1016/j.freeradbiomed.2018.08.032

Liu, Q., Lv, H., Wen, Z., Ci, X., and Peng, L. (2017). Isoliquiritigenin Activates
Nuclear Factor Erythroid-2 Related Factor 2 to Suppress the NOD-like
Receptor Protein 3 Inflammasome and Inhibits the NF-Κb Pathway in
Macrophages and in Acute Lung Injury. Front. Immunol. 8, 1518.
doi:10.3389/fimmu.2017.01518

Liu, X., Chhipa, R. R., Nakano, I., and Dasgupta, B. (2014). The AMPK Inhibitor
Compound C Is a Potent AMPK-independent Antiglioma Agent. Mol. Cancer
Ther. 13, 596–605. doi:10.1158/1535-7163.Mct-13-0579

Lv, P., Fan, L. J., Li, H. Y., Meng, Q. S., and Liu, J. (2015). Protective Effect of
Thalidomide on Liver Injury in Rats with Acute Pancreatitis via Inhibition of
Oxidative Stress. Ann. Clin. Lab. Sci. 45, 508–514.

Lyu, H., Wang, H., Li, L., Zhu, J., Chen, F., Chen, Y., et al. (2020). Hepatocyte-
specific Deficiency of Nrf2 Exacerbates Carbon Tetrachloride-Induced Liver
Fibrosis via Aggravated Hepatocyte Injury and Subsequent Inflammatory and
Fibrogenic Responses. Free Radic. Biol. Med. 150, 136–147. doi:10.1016/
j.freeradbiomed.2020.02.015

Martin, L. M., Möller, M., Weiss, U., Russe, O. Q., Scholich, K., Pierre, S., et al.
(2019). 5-Amino-1-β-D-Ribofuranosyl-Imidazole-4-Carboxamide (AICAR)
Reduces Peripheral Inflammation by Macrophage Phenotype Shift. Int.
J. Mol. Sci. 20, 3255. doi:10.3390/ijms20133255

Matzinger, M., Fischhuber, K., Pölöske, D., Mechtler, K., and Heiss, E. H. (2020).
AMPK Leads to Phosphorylation of the Transcription Factor Nrf2, Tuning
Transactivation of Selected Target Genes. Redox Biol. 29, 101393. doi:10.1016/
j.redox.2019.101393

Mei, F., Yu, J., Li, M., Xiang, M., Hong, Y., Zhou, Y., et al. (2019). Magnesium
Isoglycyrrhizinate Alleviates Liver Injury in Obese Rats with Acute Necrotizing
Pancreatitis. Pathol. Res. Pract. 215, 106–114. doi:10.1016/j.prp.2018.10.030

Moniaux, N., Song, H., Darnaud, M., Garbin, K., Gigou, M., Mitchell, C., et al.
(2011). Human Hepatocarcinoma-Intestine-Pancreas/pancreatitis-Associated
Protein Cures Fas-Induced Acute Liver Failure in Mice by Attenuating Free-
Radical Damage in Injured Livers. Hepatology 53, 618–627. doi:10.1002/
hep.24087

Mridha, A. R., Wree, A., Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van
Rooyen, D. M., et al. (2017). NLRP3 Inflammasome Blockade Reduces Liver
Inflammation and Fibrosis in Experimental NASH in Mice. J. Hepatol. 66,
1037–1046. doi:10.1016/j.jhep.2017.01.022

Nerstedt, A., Cansby, E., Amrutkar, M., Smith, U., and Mahlapuu, M. (2013).
Pharmacological Activation of AMPK Suppresses Inflammatory Response

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72451416

Kong et al. AICAR Ameliorates PALI

https://doi.org/10.1007/s10557-020-06978-y
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.1186/s13075-019-2085-6
https://doi.org/10.3389/fimmu.2021.630318
https://doi.org/10.3389/fimmu.2021.630318
https://doi.org/10.1007/978-1-4939-2522-3_15
https://doi.org/10.1016/j.intimp.2019.105808
https://doi.org/10.1016/j.intimp.2019.106151
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1053/j.gastro.2018.12.041
https://doi.org/10.1053/j.gastro.2018.12.041
https://doi.org/10.3389/fcell.2021.658101
https://doi.org/10.1111/jcmm.15953
https://doi.org/10.1371/journal.pone.0086881
https://doi.org/10.1016/j.celrep.2018.07.068
https://doi.org/10.3390/ijms19020562
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1111/jnc.13726
https://doi.org/10.1016/j.bbr.2017.06.027
https://doi.org/10.1016/j.redox.2014.02.001
https://doi.org/10.1016/j.redox.2014.02.001
https://doi.org/10.1111/acer.14131
https://doi.org/10.1113/jp279341
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.1111/j.1476-5381.2012.01895.x
https://doi.org/10.1016/j.biopha.2019.109073
https://doi.org/10.1016/j.biopha.2019.109073
https://doi.org/10.29271/jcpsp.2019.03.287
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1016/j.biopha.2016.03.051
https://doi.org/10.1016/j.biopha.2016.03.051
https://doi.org/10.3389/fphar.2020.616813
https://doi.org/10.1016/j.freeradbiomed.2018.08.032
https://doi.org/10.3389/fimmu.2017.01518
https://doi.org/10.1158/1535-7163.Mct-13-0579
https://doi.org/10.1016/j.freeradbiomed.2020.02.015
https://doi.org/10.1016/j.freeradbiomed.2020.02.015
https://doi.org/10.3390/ijms20133255
https://doi.org/10.1016/j.redox.2019.101393
https://doi.org/10.1016/j.redox.2019.101393
https://doi.org/10.1016/j.prp.2018.10.030
https://doi.org/10.1002/hep.24087
https://doi.org/10.1002/hep.24087
https://doi.org/10.1016/j.jhep.2017.01.022
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Evoked by IL-6 Signalling in Mouse Liver and in Human Hepatocytes.Mol. Cel
Endocrinol 375, 68–78. doi:10.1016/j.mce.2013.05.013

Nerstedt, A., Johansson, A., Andersson, C. X., Cansby, E., Smith, U., and
Mahlapuu, M. (2010). AMP-activated Protein Kinase Inhibits IL-6-
stimulated Inflammatory Response in Human Liver Cells by Suppressing
Phosphorylation of Signal Transducer and Activator of Transcription 3
(STAT3). Diabetologia 53, 2406–2416. doi:10.1007/s00125-010-1856-z

Ou, Z. B., Miao, C. M., Ye, M. X., Xing, D. P., He, K., Li, P. Z., et al. (2017).
Investigation for Role of Tissue Factor and Blood Coagulation System in Severe
Acute Pancreatitis and Associated Liver Injury. Biomed. Pharmacother. 85,
380–388. doi:10.1016/j.biopha.2016.11.039

Ramirez Reyes, J. M. J., Cuesta, R., and Pause, A. (2021). Folliculin: A Regulator of
Transcription through AMPK and mTOR Signaling Pathways. Front. Cel Dev
Biol 9, 667311. doi:10.3389/fcell.2021.667311

Rao, E., Zhang, Y., Li, Q., Hao, J., Egilmez, N. K., Suttles, J., et al. (2016). AMPK-
dependent and Independent Effects of AICAR and Compound C on T-Cell
Responses. Oncotarget 7, 33783–33795. doi:10.18632/oncotarget.9277

Rios, E. C., Moretti, A. I., de Souza, H. P., Velasco, I. T., and Soriano, F. G. (2010).
Hypertonic saline Reduces Metalloproteinase Expression in Liver during Pancreatitis.
Clin. Exp. Pharmacol. Physiol. 37, 35–39. doi:10.1111/j.1440-1681.2009.05220.x

Rongione, A. J., Kusske, A. M., Kwan, K., Ashley, S. W., Reber, H. A., and McFadden, D.
W. (1997). Interleukin 10 Reduces the Severity of Acute Pancreatitis in Rats.
Gastroenterology 112, 960–967. doi:10.1053/gast.1997.v112.pm9041259

Saha, S., Buttari, B., Panieri, E., Profumo, E., and Saso, L. (2020). An Overview of
Nrf2 Signaling Pathway and its Role in Inflammation. Molecules 25, 5474.
doi:10.3390/molecules25225474

Saito, S., Furuno, A., Sakurai, J., Park, H. R., Shin-ya, K., and Tomida, A. (2012).
Compound C Prevents the Unfolded Protein Response during Glucose
Deprivation through a Mechanism Independent of AMPK and BMP
Signaling. PLoS One 7, e45845. doi:10.1371/journal.pone.0045845

Shen, Z., Chen, Q., Jin, T., Wang, M., Ying, H., Lu, J., et al. (2019). Theaflavin 3,3’-
digallate Reverses the Downregulation of Connexin 43 and Autophagy Induced
by High Glucose via AMPK Activation in Cardiomyocytes. J. Cel Physiol 234,
17999–18016. doi:10.1002/jcp.28432

Shi, N., Liu, T., de la Iglesia-Garcia, D., Deng, L., Jin, T., Lan, L., et al. (2020).
Duration of Organ Failure Impacts Mortality in Acute Pancreatitis. Gut 69,
604–605. doi:10.1136/gutjnl-2019-318241

Song, X., Zhu, S., Chen, P., Hou,W., Wen, Q., Liu, J., et al. (2018). AMPK-mediated
BECN1 Phosphorylation Promotes Ferroptosis by Directly Blocking System
Xc- Activity. Curr. Biol. 28, 2388. doi:10.1016/j.cub.2018.05.094

Srinivasan,M. P., Bhopale, K. K., Caracheo, A. A., Amer, S.M., Khan, S., Kaphalia, L., et al.
(2020). Activation of AMP-Activated Protein Kinase Attenuates Ethanol-Induced ER/
oxidative Stress and Lipid Phenotype in Human Pancreatic Acinar Cells. Biochem.
Pharmacol. 180, 114174. doi:10.1016/j.bcp.2020.114174

Steinberg, W. M., Buse, J. B., Ghorbani, M. L. M., Ørsted, D. D., and Nauck, M. A.
(2017). Amylase, Lipase, and Acute Pancreatitis in People with Type 2 Diabetes
Treated with Liraglutide: Results from the LEADER Randomized Trial.
Diabetes Care 40, 966–972. doi:10.2337/dc16-2747

Sun, Y., Connors, K. E., and Yang, D. Q. (2007). AICAR Induces Phosphorylation
of AMPK in an ATM-dependent, LKB1-independent Manner. Mol. Cel
Biochem 306, 239–245. doi:10.1007/s11010-007-9575-6

Swinnen, J. V., Beckers, A., Brusselmans, K., Organe, S., Segers, J., Timmermans, L.,
et al. (2005). Mimicry of a Cellular Low Energy Status Blocks Tumor Cell
Anabolism and Suppresses the Malignant Phenotype. Cancer Res. 65,
2441–2448. doi:10.1158/0008-5472.Can-04-3025

Tan, X., Jiao, P. L., Sun, J. C., Wang, W., Ye, P., Wang, Y. K., et al. (2021).
β-Arrestin1 Reduces Oxidative Stress via Nrf2 Activation in the Rostral
Ventrolateral Medulla in Hypertension. Front. Neurosci. 15, 657825.
doi:10.3389/fnins.2021.657825

Tonelli, C., Chio, I. I. C., and Tuveson, D. A. (2018). Transcriptional Regulation by
Nrf2. Antioxid. Redox Signal. 29, 1727–1745. doi:10.1089/ars.2017.7342

Unamuno, X., Gómez-Ambrosi, J., Ramírez, B., Rodríguez, A., Becerril, S., Valentí,
V., et al. (2021). NLRP3 Inflammasome Blockade Reduces Adipose Tissue
Inflammation and Extracellular Matrix Remodeling. Cel Mol Immunol 18,
1045–1057. doi:10.1038/s41423-019-0296-z

Višnjić, D., Lalić, H., Dembitz, V., Tomić, B., and Smoljo, T. (2021). AICAr, a
Widely Used AMPK Activator with Important AMPK-independent Effects: A
Systematic Review. Cells 10, 1095. doi:10.3390/cells10051095

Wang, Q., Zhang, X., Lei, S., Wang, Y., Zhuang, Y., Chen, Y., et al. (2018). RNA
Sequence Analysis Reveals Pathways and Candidate Genes Associated with
Liver Injury in a Rat Pancreatitis Model. Pancreatology 18, 753–763.
doi:10.1016/j.pan.2018.08.006

Wang, X., Zhao, X., Shi, C., Börjesson, A., Chen, Z., Axelsson, J., et al. (2006).
Potential Mechanisms and Significance of Acute Pancreatitis-Associated Liver
Injury. Scand. J. Gastroenterol. 41, 604–613. doi:10.1080/00365520500347105

Wenhong, D., Jia, Y., Weixing, W., Xiaoyan, C., Chen, C., Sheng, X., et al. (2012).
ZerumboneAttenuates the Severity of AcuteNecrotizing Pancreatitis and Pancreatitis-
Induced Hepatic Injury. Mediators Inflamm. 2012, 156507. doi:10.1155/2012/156507

Wree, A., McGeough, M. D., Inzaugarat, M. E., Eguchi, A., Schuster, S., Johnson, C.
D., et al. (2018). NLRP3 Inflammasome Driven Liver Injury and Fibrosis: Roles
of IL-17 and TNF in Mice. Hepatology 67, 736–749. doi:10.1002/hep.29523

Xu, W., Zhao, T., and Xiao, H. (2020). The Implication of Oxidative Stress and
AMPK-Nrf2 Antioxidative Signaling in Pneumonia Pathogenesis. Front.
Endocrinol. (Lausanne) 11, 400. doi:10.3389/fendo.2020.00400

Yang, J., Fier, A., Carter, Y., Liu, G., Epling-Burnette, P. K., Bai, F., et al. (2003). Liver Injury
during Acute Pancreatitis: the Role of Pancreatitis-Associated Ascitic Fluid (PAAF),
P38-MAPK, and Caspase-3 in InducingHepatocyte Apoptosis. J. Gastrointest. Surg. 7,
200–208. doi:10.1016/s1091-255x(02)00134-8

Yang, J., Zhou, Y., and Shi, J. (2020). Cordycepin Protects against Acute
Pancreatitis by Modulating NF-Κb and NLRP3 Inflammasome Activation
via AMPK. Life Sci. 251, 117645. doi:10.1016/j.lfs.2020.117645

Yang, M., Luo, S., Jiang, N., Wang, X., Han, Y., Zhao, H., et al. (2021). DsbA-L
Ameliorates Renal Injury through the AMPK/NLRP3 Inflammasome Signaling
Pathway in Diabetic Nephropathy. Front. Physiol. 12, 659751. doi:10.3389/
fphys.2021.659751

Yu, P. B., Hong, C. C., Sachidanandan, C., Babitt, J. L., Deng, D. Y., Hoyng, S. A.,
et al. (2008). Dorsomorphin Inhibits BMP Signals Required for Embryogenesis
and IronMetabolism.Nat. Chem. Biol. 4, 33–41. doi:10.1038/nchembio.2007.54

Zeng, J., Chen, Y., Ding, R., Feng, L., Fu, Z., Yang, S., et al. (2017). Isoliquiritigenin
Alleviates Early Brain Injury after Experimental Intracerebral Hemorrhage via
Suppressing ROS- And/or NF-Κb-Mediated NLRP3 Inflammasome Activation
by Promoting Nrf2 Antioxidant Pathway. J. Neuroinflammation 14, 119.
doi:10.1186/s12974-017-0895-5

Zhao, Y., Ye, S., Lin, J., Liang, F., Chen, J., Hu, J., et al. (2021). NmFGF1-Regulated
Glucolipid Metabolism and Angiogenesis Improves Functional Recovery in a
Mouse Model of Diabetic Stroke and Acts via the AMPK Signaling Pathway.
Front. Pharmacol. 12, 680351. doi:10.3389/fphar.2021.680351

Zhou, H., Wang, H., Ni, M., Yue, S., Xia, Y., Busuttil, R. W., et al. (2018). Glycogen
Synthase Kinase 3β Promotes Liver Innate Immune Activation by Restraining
AMP-Activated Protein Kinase Activation. J. Hepatol. 69, 99–109. doi:10.1016/
j.jhep.2018.01.036

Zimmermann, K., Baldinger, J., Mayerhofer, B., Atanasov, A. G., Dirsch, V. M., and
Heiss, E. H. (2015). Activated AMPK Boosts the Nrf2/HO-1 Signaling axis--A
Role for the Unfolded Protein Response. Free Radic. Biol. Med. 88, 417–426.
doi:10.1016/j.freeradbiomed.2015.03.030

Zou, J., Wang, S. P., Wang, Y. T., and Wan, J. B. (2021). Regulation of the NLRP3
Inflammasome with Natural Products against Chemical-Induced Liver Injury.
Pharmacol. Res. 164, 105388. doi:10.1016/j.phrs.2020.105388

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kong, Zhang, Lu, Shi, Huang, Zheng, Wang, Wang, Wang and
Huang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 72451417

Kong et al. AICAR Ameliorates PALI

https://doi.org/10.1016/j.mce.2013.05.013
https://doi.org/10.1007/s00125-010-1856-z
https://doi.org/10.1016/j.biopha.2016.11.039
https://doi.org/10.3389/fcell.2021.667311
https://doi.org/10.18632/oncotarget.9277
https://doi.org/10.1111/j.1440-1681.2009.05220.x
https://doi.org/10.1053/gast.1997.v112.pm9041259
https://doi.org/10.3390/molecules25225474
https://doi.org/10.1371/journal.pone.0045845
https://doi.org/10.1002/jcp.28432
https://doi.org/10.1136/gutjnl-2019-318241
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.bcp.2020.114174
https://doi.org/10.2337/dc16-2747
https://doi.org/10.1007/s11010-007-9575-6
https://doi.org/10.1158/0008-5472.Can-04-3025
https://doi.org/10.3389/fnins.2021.657825
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1038/s41423-019-0296-z
https://doi.org/10.3390/cells10051095
https://doi.org/10.1016/j.pan.2018.08.006
https://doi.org/10.1080/00365520500347105
https://doi.org/10.1155/2012/156507
https://doi.org/10.1002/hep.29523
https://doi.org/10.3389/fendo.2020.00400
https://doi.org/10.1016/s1091-255x(02)00134-8
https://doi.org/10.1016/j.lfs.2020.117645
https://doi.org/10.3389/fphys.2021.659751
https://doi.org/10.3389/fphys.2021.659751
https://doi.org/10.1038/nchembio.2007.54
https://doi.org/10.1186/s12974-017-0895-5
https://doi.org/10.3389/fphar.2021.680351
https://doi.org/10.1016/j.jhep.2018.01.036
https://doi.org/10.1016/j.jhep.2018.01.036
https://doi.org/10.1016/j.freeradbiomed.2015.03.030
https://doi.org/10.1016/j.phrs.2020.105388
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	AICAR, an AMP-Activated Protein Kinase Activator, Ameliorates Acute Pancreatitis-Associated Liver Injury Partially Through  ...
	Introduction
	Materials and Methods
	Animal Experiments
	Histopathological Analysis
	Immunohistochemistry Analysis
	Biochemical Indexes Assay
	Western Blot Analysis
	Nuclear Protein Extraction
	RNA Extraction and qRT-PCR
	Statistical Analysis

	Results
	Direct AMPK Agonist AICAR Attenuates Pancreatitis-Associated Liver Injury and Restores Liver Function in Sodium Taurocholat ...
	AICAR Prevents SAP-Induced Hepatic Inflammation in a Sodium Taurocholate-Induced SAP Rat Model
	AICAR Treatment Markedly Increases the Antioxidant Abilities of the Liver in Sodium Taurocholate-Induced SAP Rats
	AICAR Treatment Activates the AMPK/Nrf2 Signaling Pathway and Inhibits NLRP3 Inflammasome Activation in the Liver Tissues o ...
	Inhibition of AMPK Activation by Compound C Markedly Aggravates PALI in Sodium Taurocholate-Induced SAP Rats
	AMPK Inhibition by Compound C Enhances Hepatic Oxidative Stress and NLRP3 Inflammasome Activation in Sodium Taurocholate-In ...
	Nrf2 Knockout Weakens the Protective Effects of AICAR on PALI in L-Arginine-Induced SAP Mice
	Nrf2 Deficiency Impairs the Inhibitory Effects of AICAR Against PALI-Related Hepatic Oxidative Stress and NLRP3 Inflammasom ...

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


