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AMPK-mTOR-ULK1-mediated autophagy protects carbon 
tetrachloride-induced acute hepatic failure by inhibiting p21 in rats
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Abstract: Autophagy is a lysosomal-dependent degradation pathway in eukaryotic cells. Recent studies have reported that autophagy 
can facilitate the activation of hepatic stellate cells (HSCs) and fibrogenesis of the liver during long-term carbon tetrachloride (CCl4) 
exposure. However, little is known about the role of autophagy in CCl4-induced acute hepatic failure (AHF). This study aimed to iden-
tify whether modulation of autophagy can affect CCl4-induced AHF and evaluate the upstream signaling pathways mediated by CCl4-
induced autophagy in rats. The accumulation of specific punctate distribution of endogenous LC3-II, increased expression of LC3-II, 
Atg5, and Atg7 genes/proteins, and decreased expression of p62 gene were observed after acute liver injury was induced by CCl4 in 
rats, indicating that CCl4 resulted in a high level of autophagy. Moreover, loss of autophagic function by using chloroquine (CQ, an 
autophagic inhibitor) aggravated liver function, leading to increased expression of p21 (a cyclin-dependent kinase inhibitor) in CCl4-
treated rats. Furthermore, the AMPK-mTORC1-ULK1 axis was found to serve a function in CCl4-induced autophagy. These results 
reveal that AMPK-mTORC1-ULK1 signaling-induced autophagy has a protective role in CCl4-induced hepatotoxicity by inhibiting 
the p21 pathway. This study suggests a useful strategy aimed at ameliorating CCl4-induced acute hepatotoxicity by autophagy. (DOI: 
10.1293/tox.2020-0022; J Toxicol Pathol 2021; 34: 73–82)
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Introduction

Acute hepatic failure (AHF) is a liver function abnor-
mality that results from chemicals, drugs, viruses, and tox-
ins, potentially eventually leading to hepatic encephalopa-
thy and cirrhosis. Among them, AHF induced by chemicals, 
such as carbon tetrachloride (CCl4), is ideal for in vivo 
toxicity research. CCl4 has been reported to induce hepato-
toxicity by activating the phase I cytochrome P450 system, 
which leads to the formation of free radicals and a series 

of oxygen active substances, further undergoing peroxida-
tion with membrane lipids and destroying the integrity of 
the cell membrane structure of hepatocytes1, 2. Moreover, 
the metabolites of CCl4 can also irreversibly and covalently 
bind to various intracellular macromolecules, leading to the 
reduction of glutathione and loss of mitochondrial function 
in the liver3, 4. Prior studies have discovered that early stress 
in liver injury may be the result of increased energy require-
ments per unit of liver mass, and the remnant liver tissue re-
tains liver-specific functions, such as gluconeogenesis, urea 
synthesis, and continuous production of proteins, nucleic 
acids as well as other cellular components5. However, the 
mechanisms underlying the recovery of liver function, in-
cluding the role of metabolism and recombination of cellular 
components after AHF induced by CCl4, have not been fully 
elucidated.

Autophagy, a conserved evolutionary lysosomal pro-
cess for the degradation and recycling of misfolded pro-
teins, organelles, lipid droplets and pathogens, is widely 
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considered a cytoprotective mechanism to maintain cellular 
homeostasis and prevent organism damage under adverse 
stress conditions6, 7. For example, a recent report has con-
firmed that autophagy protects against cadmium-induced 
cytotoxicity in primary rat proximal tubular cells8. Accu-
mulating evidence has also shown that autophagy plays an 
important role in maintaining liver homeostasis. It has been 
demonstrated that basal autophagy degrades 30% of liver 
proteins in wild-type mice after 24 h of starvation, which be-
comes insignificant in conditional knockout mice of Atg79. 
Suppression of basal autophagy could lead to hepatomegaly, 
which is followed by inflammation, hepatitis and tumori-
genesis10. Moreover, aberrant expression of autophagy-relat-
ed proteins was also found in certain hepatic pathological 
processes, such as ischemia-reperfusion, fatty liver, viral 
hepatitis and hepatic tumor11, 12, indicating that autophagy 
plays an important role in normal and diseased livers. Our 
previous study demonstrated that Reg-mediated signaling 
pathways may account for the activation of inflammation 
and cell proliferation, along with the attenuation of apopto-
sis and cell death during the occurrence of AHF13. The aim 
of the present study was to establish the role of autophagy in 
CCl4-induced AHF in rats.

Materials and Methods

Experimental animals
Healthy adult male SD rats, which weighed 190–230 g 

supplied by the Experimental Animal Center of Zhengzhou 
University (Zhengzhou, China), were housed in a standard 
controlled room (22 ± 1°C) with relative humidity of 60 ± 
10% with a 12 h light-dark cycle where light periods were 
from 6:00–18:00. Rats were raised according to clean grade 
standards and did not have disease or other adverse symp-
toms. The Chinese Animal Protection Law was strictly ad-
hered to during the experiment.

Preparation of AHF model
A total of 40 male rats were housed in a standard tem-

perature room (22 ± 1°C) with a 12:12 h light-dark cycle. 
CCl4 was diluted with sesame oil (2:3, v/v) under sterile 
conditions. The rats in the AHF group were fed with di-
luted CCl4 at a dose of 4 mL/kg body weight13. Rats in the 
chloroquine (CQ) treatment group received intraperitoneal 
injection of CQ (30 mg/kg, Sigma-Aldrich, St. Louis, MO, 
USA) once daily for 7 days before CCl4 exposure5. After 
treatment, the right liver lobes and posterior vena cava were 
taken for subsequent experiments at each of the following 
time points: 0, 3, 6, 12 and 24 h.

Western blotting
Liver tissues were cut into pieces and lysed with RIPA 

buffer (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) supplemented with protease inhibitors (Bei-
jing Applygen Co., Ltd., Beijing, China) on ice for 30 min 
and centrifuged at 12,000 × g for 20 min at 4°C. The protein 
concentration was determined by the BCA method accord-

ing to the manufacturer’s instructions (Beyotime Institute 
of Biotechnology, Haimen, China). Total proteins (20 μg) 
were separated via 12–15% SDS polyacrylamide gel elec-
trophoresis (PAGE) and transferred to nitrocellulose mem-
branes (Beyotime Institute of Biotechnology). After block-
ing at room temperature for 2 h with 5% non-fat milk in 
TBS with 0.1% Tween 20, the membranes were incubated 
overnight at 4°C with antibodies against BECN1 (cat. no. 
3495), Atg5 (cat. no. 12994), Atg7 (cat. no. 8558), and Akt 
(cat. no. 4691), p-Akt (Thr308) (cat. no. 13038), Raptor (cat. 
no. 2280), P-Raptor (Ser792) (cat. no. 2083), AMPKα (cat. 
no. 5832), P-AMPKα (Thr172) (cat. no. 2535), ULK1(cat. 
no. 8054), P-ULK1 (Ser555) (cat. no. 5869), β-actin (cat. 
no. 4970) and HRP-conjugated secondary antibodies (cat. 
no. 7074) at room temperature for 1.5 h; all antibodies were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). Signals were visualized with Amersham ECL sub-
strates, and the relative levels of protein in each group were 
normalized to β-actin.

Quantitative RT-PCR (qRT-PCR) analysis
Total RNA was extracted from frozen liver tissue us-

ing Trizol (Invitrogen Corporation, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. RNA purity 
was verified by spectrophotometry at 260 nm and 280 nm 
absorbance values (A260/280) using a NanoDrop. Qualified 
RNA (2 μg) was used to synthesize the first strand of cDNA 
with the Reverse Transcription kit (Promega, Madison, Wl, 
USA). The cDNA was employed for PCR amplification with 
SYBR Green master mix. β-actin was used as an internal 
reference. Three independent experiments were performed 
for each group. The sequences of the primers are listed in 
Table 1.

Hematoxylin-eosin (H&E) staining
Histopathological changes in liver tissues with AHF 

were examined by H&E staining according to our labora-
tory methods previously described13. Briefly, approximately 
5×5×3-mm cuboids from the right lobe of the liver were 
routinely fixed, washed, dehydrated, cleared and embedded 
in paraffin. Afterwards, liver sections (4 μm) were stained 
with H&E (Beyotime Institute of Biotechnology) according 
to the manufacturer’s instructions. The liver sections were 
Table 1. The Primer Sequences Used in the qRT-PCR
Gene Primer sequences
ATG5 Fwd:5’-CCACTGGAAGAATGACAGATGAC-3’

Rev:5’-ATGCAAGAAGATCGAACAGTAGG-3’
ATG7 Fwd:5’-CCCAAAGACATCAAGGGCTATT-3’

Rev:5’-GGCAGAAAACCAGTAGTAGAAG-3’
LC3B Fwd:5’-GATTATAGAGCGATACAAGG-3’

Rev:5’-CTCGTACATTCAGAGATGG-3’
P62 Fwd:5’-TCTTTCCCAACCCCTT-3’

Rev:5’-GCTCTCCCCCACATTC-3’
AMPKα Fwd:5’-AACAAGCCCACCCGATTCT-3’

Rev:5’-CAGGGTTCTTCCTTCGCACA-3’
β-actin Few:5’-ACATCCGTAAAGACTTATGCCAACA-3’

Rev:5’-GTGCTAGGAGCCAGGGCAGTAATCT-3’
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dehydrated with gradient ethanol, cleared in xylene and 
sealed with neutral gum, and then histological assessment 
was performed under a microscope.

Oil red O staining
The histological visualization of fat cells and neutral fat 

was observed by Oil red O staining (Sigma-Aldrich) during 
CCl4 treatment with or without CQ. In brief, approximately 
5×5×3-mm cuboids from the right lobe of the liver were 
fixed with 4% paraformaldehyde, cryoprotected with 30% 
sucrose, and then embedded with OCT compound (Saku-
ra Finetek, Torrance, CA, USA). Then, 5-μm frozen slices 
were stained with Oil Red O for 15 min at room tempera-
ture. Afterwards, the dye was discarded and counterstained 
with hematoxylin. After pouring out the dye solution and 
using water to wash it until blue, glycerin-gelatin was used 
as a seal and observed under a microscope.

Immunofluorescence
Immunofluorescence analysis was carried out on the 

OCT compound embedded in the liver cryosection. Sec-
tions were fixed with 4% paraformaldehyde (Sinopharm 
Chemical Reagent Co., Ltd, Shanghai, China) at 4°C for 30 
min and then permeabilized with 1% Triton X-100 for 20 
min. After three washes with PBS, the slices were blocked 
with 5% BSA blocking solution and incubated with LC3B 
(cat. no. 3868) and p21 (cat. no. 2947) antibodies overnight 
at 4°C; these antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). The cells were then 
washed in blocking solution and stained with FITC-conju-
gated anti-rabbit IgG (Boster Biological Technology, Wu-
han, China) for 1 h. Cell nuclei were stained with honchest 
33258 dye solution (Beyotime Institute of Biotechnology). 
Next, samples were examined under a fluorescence micro-
scope (Nikon D-FL-E, Tokyo, Japan). Quantitation of ~300 
cells containing fluorescein isothiocyanate FITC‐LC3 and 
FITC-p21 were analyzed by Image J (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA).

Detection of serum enzyme activity
Serum was separated from the posterior vena cava. 

Serum aminotransferase levels were analyzed at Xinxiang 
Medical University.

Statistical analysis
All data are expressed as mean ± standard deviation. 

The differences between groups were analyzed by one-way 
analysis of variance (ANOVA) with the Statistical Package 
for the Social Sciences (SPSS), v. 19.0 statistical software 
(IBM, Chicago, IL, USA). P<0.05 indicated significant dif-
ferences while P<0.01 indicated extremely significant dif-
ferences.

Results

Autophagy is activated after CCl4 treatment in rats
To examine whether autophagic activity is altered af-

ter CCl4 treatment in vivo, qRT-PCR analysis was used to 
detect the expression of autophagy-related genes. The re-
sults showed that expression of LC3B, Atg5 and Atg7 was 
significantly upregulated after CCl4 exposure, peaking at 6 
h, followed by a gradual decrease. However, p62, an autoph-
agy adaptor molecule that brings ubiquitinated substrates 
to autophagosomes, exhibited the opposite expression trend 
(Fig. 1A–D). Autophagy-related proteins were also detected 
by Western blot, just as shown in Fig. 1E–H. An increase 
in BECN1, Atg5 and Atg7 was evident in a time-dependent 
manner after treatment with CCl4 compared with the con-
trol group. The distribution of endogenous LC3-II (LC3B) 
was analyzed by indirect immunofluorescence staining. As 
revealed in Fig. 1I, specific punctate distribution of endog-
enous LC3-II was increased in AHF samples. CQ, a phar-
macologic inhibitor of autophagy, can decrease autophago-
some-lysosome fusion, possibly resulting in a remarkable 
accumulation of autophagic vacuoles14. We also found more 
dots in the CQ- and CCl4-treated groups than in CCl4 alone 
(P<0.05, Fig. 1J). These results indicate that CQ treatment 
increases the accumulation of autophagosomes after CCl4-
induced AHF.

Inhibition of autophagy aggravates CCl4-induced 
hepatotoxicity

To determine whether the loss of autophagic function 
affected CCl4-induced hepatotoxicity, hepatic histological 
changes were examined using the H&E and Oil Red O stain-
ing assay. For the normal livers of rats, the liver lobules were 
clearly structured, cords were neatly arranged, and hepato-
cytes were uniformly distributed in the nucleus and cyto-
plasm. At–3–6 h of AHF, slight hydropic degeneration was 
observed. After treatment with CCl4 for 12 and 24 h, bleed-
ing and necrosis began to be observed (Fig. 2A), accompa-
nied by the appearance of massive lipid droplets (Fig. 2B) 
in liver tissues. Furthermore, co-treatment with CCl4 and 
CQ further deteriorated hepatic injury (Fig. 2A and B). At 
the same time point, when rats were treated with CCl4 and 
CQ, the levels of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) in serum were significantly 
increased compared to those in the CCl4 treatment group 
(P<0.01, Fig. 2C). Collectively, these results indicate that 
CCl4-mediated autophagy has a hepatoprotective effect.

Autophagy inhibition enhances the level of p21
To identify whether CCl4-induced autophagy exerts an 

effect on the expression of p21 (a cyclin-dependent kinase 
inhibitor that is associated with senescence), indirect im-
munofluorescence analysis was conducted. As portrayed in 
Fig. 3, a greater number of endogenous p21 was observed 
in liver samples of AHF, and the increase was time-de-
pendent, while faint fluorescence appeared in the control 
group (P<0.01). Moreover, as expected, co-treatment with 
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Fig. 1. Autophagy is activated after carbon tetrachloride (CCl4) treatment in rats. Expression of autophagy-related genes, ATG5, ATG7, LC3B 
and P62, was detected by qRT-PCR after CCl4 treatment for different durations, and relative mRNA levels were analyzed while β-actin 
was used as loading control (A–D). The expression of autophagy marker proteins, BECN1, Atg5 and Atg7, were detected by Western 
blotting (E) and quantitatively analyzed (F–H). β-actin was used as a loading control. LC3 puncta were observed by immunofluorescence 
after CCl4 treatment in the presence or absence of chloroquine (CQ). The oblique lines represent LC3 puncta (I). Histogram showing the 
number of punctate FITC-LC3 staining totaling ~300 cells (J). All data are represented as the mean ± SD (n=4) and analyzed by one-
way ANOVA with SPSS 19.0. *P<0.05, **P<0.01 compared with the control group. #P<0.05, ##P<0.01 compared to the respective CCl4 
group. Scale bar: 100 μm.

Fig. 2. Inhibition of autophagy aggravates carbon tetrachloride (CCl4)-induced hepatotoxicity. After CCl4 treatment in the presence or absence 
of chloroquine (CQ), hepatic histology (A), adipose conversion and triglyceride (B), and liver function (C) were analyzed by hematoxy-
lin-eosin (H&E), Oil red O and serum enzyme activity assays, respectively. Data are represented as the mean ± SD (n=4) and analyzed 
by one-way ANOVA with SPSS 19.0. #P<0.05, ##P<0.01 compared with the respective CCl4 group. Scale bar: 100 μm.
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CCl4 and CQ further accelerated p21 protein accumulation 
compared with CCl4 treatment (P<0.05), suggesting that au-
tophagy may blunt CCl4-induced hepatotoxicity by inhibit-
ing p21.

AMPK-mTORC1-ULK1 signaling contributes to au-
tophagy activation in CCl4-induced AHF

To investigate the signaling pathways involved in the 
induction of autophagy in CCl4-treated rat livers, the ex-
pression profiles of AMPK/mTOR signaling were evalu-
ated by qRT-PCR and Western blotting. Investigators have 
confirmed that AMPK is a highly conserved energy regula-
tor that is activated when there are even modest decreases 

Fig. 3. Autophagy inhibition enhances the level of p21. Cyclin-dependent kinase inhibitor p21 was observed by immunofluorescence after 
carbon tetrachloride (CCl4) treatment in the presence or absence of chloroquine (CQ) (A). The number of ~300 cells with punctate FITC-
p21 is displayed as a histogram (B). All data are represented as the mean ± SD (n=4) and analyzed by one-way ANOVA with SPSS 19.0. 
**P<0.01 compared with the control group. #P<0.05, ##P<0.01, compared to the respective CCl4 group. The oblique lines represent the 
p21 puncta. Scale bar: 100 μm.
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in ATP production15, so we first detected the expression of 
AMPK at the mRNA and protein levels. Unsurprisingly, 
CCl4 resulted in a significant upregulation of AMPK, and 
AMPK phosphorylation at threonine 172 (T172) in the 
α-subunit is a key mechanism in the mediation of AMPK 
activation (Fig. 4A and B). Interestingly, P-ULK1 (Ser555) 
also showed a trend of first rising and then falling. Mean-
while, P-Raptor (Ser792) expression was decreased after 
treatment with CCl4 for 6, 12 and 24 h. However, there was 
no difference in P-Akt (Thr308) levels between the normal 
and AHF groups until CCl4 treatment for 24 h (Fig. 4B). 
We also found that, compared with the CCl4 treatment 

group, CQ co-treatment inhibited the phosphorylation of 
Akt and ULK1, but induced the phosphorylation of AMPK 
and Raptor (P<0.01). These results suggest that the AMPK-
mTORC1-ULK1 signaling pathway could participate in au-
tophagy induction after CCl4 treatment.

Discussion

Although recent studies highlight the involvement of 
autophagy in various animal models of liver injury, its mech-
anism still necessitates further exploration. In this study, the 
role of autophagy was investigated in CCl4-induced AHF. 

Fig. 4. AMPK/mTOR signaling pathway in carbon tetrachloride (CCl4)-induced acute hepatic failure (AHF). The expression of AMPKα mRNA 
was analyzed by qRT-PCR (A). AMPK/mTOR signaling proteins were detected (B) and quantitatively analyzed (C–F) after CCl4 treat-
ment and CCl4+ chloroquine (CQ) treatment for different durations. β-Actin was used as a loading control. All data are represented as 
the mean ± SD (n=4) and analyzed by one-way ANOVA with SPSS 19.0. *P<0.05, **P<0.01 compared with the control group. ##P<0.01, 
compared to the CCl4 group.
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Our findings showed that CCl4 promotes autophagic activity 
in a time-dependent manner, which may relieve liver dam-
age by inhibiting p21, and the AMPK-mTOR-ULK1 axis is 
involved in autophagy activation in CCl4-induced AHF.

The liver is an organ of great complexity with multiple 
functions. Recent work has shown that dysregulation of liv-
er autophagy functions has an impact on pathologies of the 
liver, such as alcoholic and non-alcoholic fatty liver diseases 
as well as viral hepatitis11, 12. However, very little is known 
about the role of autophagy in chemical-induced hepatotox-
icity, especially CCl4. An earlier report demonstrated that 
autophagy in activated stellate cells is required for CCl4—or 
thioacetamide-induced hepatic fibrogenesis—in mice, inhi-
bition of autophagy by 3-methyladenine (3-MA) or small 
interfering RNAs against Atg5 or Atg7 effectively reduced 
HSC activation and fibrogenesis16. He et al.17 also observed 
that CQ, another autophagy inhibitor, improves CCl4-in-
duced liver fibrosis by downregulating the expression of 
profibrotic genes, such as α-smooth muscle actin (α-SMA) 
and transforming growth factor (TGF-β1). This indicates 
that autophagy participates in HSC activation and promotes 
the formation of liver fibrosis. However, there is accumu-
lating evidence for protecting autophagy in response to 
CCl4. Pharmacological stimulation of autophagy by carba-
mazepine diminished hepatocellular death in patients with 
fibrinogen storage disease18. Interestingly, a recent study in-
vestigated activation of autophagy in CCl4-injured rat liver 
following transplantation with chorionic plate-derived mes-
enchymal stem cells (CP-MSCs). It was shown that necrosis 
and apoptosis were decreased; hypoxia-inducible factor-1α 
(HIF-1α), autophagy and liver regeneration were significant-
ly increased by CP-MSC transplantation. Moreover, the up-
regulation of HIF-1α promotes the regeneration of damaged 
hepatic cells through autophagy19. Given the possibility of 
different sensitivity thresholds and liver compensation for 
CCl4, the exact nature of the relationship between autoph-
agy and CCl4-induced liver injury is not well-elucidated. 
Our current findings suggest that autophagy appears to have 
a protective mechanism in AHF caused by CCl4. This ob-
servation is supported by how autophagy is activated after 
CCl4 treatment and CQ-mediated autophagy inhibition by 
increasing the levels of endogenous LC3-II (Fig. 1). In addi-
tion, intraperitoneal injection of CQ further exacerbated the 
hepatotoxicity induced by CCl4 (Fig. 2). These data are con-
sistent with reports that autophagy promotes cell survival by 
removing damaged mitochondria and decreasing oxidative 
stress in cases of drug-induced hepatotoxicity, such as acet-
aminophen or efavirenz exposure20.

p21 is a cyclin-dependent kinase inhibitor (CDK) 1 or 
CDK-interacting protein 1, which not only mediates growth 
arrest at specific stages in the cell cycle primarily by bind-
ing to and inhibiting CDK and PCNA21, but is also a major 
regulator of cellular senescence, a complex program involv-
ing multiple signaling pathways22. Previous reports have 
shown that hepatic mRNA and protein expression levels of 
p21 are higher in liver-specific Atg5 knockout mice than in 
control mice after partial hepatectomy, and upregulation of 

p21 was associated with hepatocyte senescence-associated 
β-galactosidase expression, which led to irreversible growth 
arrest and secretion of senescence-associated molecules5. 
Similarly, in CCl4-induced AHF, we found that p21 was sig-
nificantly upregulated in a time-dependent manner, and CQ 
treatment further promoted the expression of p21 protein 
(Fig. 3). However, dihydroartemisinin-induced autophagy 
was not linked to senescence or cell death in HepG2.2.15 
cells23. In a recent report, Manu and colleagues24 also de-
termined that p21 is an upstream regulator of autophagy 
through the transcriptional regulation of downstream ef-
fectors (BNIP3 and ULK1) in response to isoprenylcysteine 
carboxyl methyltransferase (an enzyme catalyzing the final 
step of protein prenylation) inhibition. In this study, we only 
investigated the level of p21 when autophagy was inhib-
ited, but whether p21 depletion affects autophagy remains 
obscure. Therefore, further detailed research is required to 
clarify the relationship between autophagy and p21 in AHF 
induced by CCl4.

Various signaling pathways are involved in regulating 
autophagy, but the mechanisms underlying CCl4-induced 
autophagy continue to be unclear. Here, we focused our 
attention on the AMPK-mTORC1-ULK1 pathways. Our 
results indicated that AMPK-mTORC1-ULK1 signaling 
is activated in CCl4-induced hepatic injury (Fig. 4). Many 
studies have shown that AMPK activity is affected by AMP/
ATP15. When energy is scarce, AMP binds to AMPKγ to 
initiate phosphorylation of AMPKα by LKB1, thereby acti-
vating AMPK. On the one hand, this takes place by open-
ing up the catabolic pathways to produce ATP and turn off 
anabolism to reduce the consumption of ATP. On the other 
hand, AMPK activation inhibits the activity of mTORC1 
by TSC1/2. As the central link in the development of au-
tophagy, when mTORC1 activity is inhibited, it is separated 
from the Atg1/ULK complex to initiate autophagy25. It has 
been reported that thyroxin initiates autophagy via ROS-
AMPK-mTOR-ULK1 and participates in the regeneration 
and differentiation of myocytes26. Recently, investigators 
have pointed out that the AMPK/autophagy pathway is also 
closely related to hepatic disease. For example, activation of 
autophagy through the AMPK/mTOR pathway causes ac-
tivation of rat hepatic stellate cells under hypoxic stress27 
and ischemia-reperfusion injury28. Zeng et al.29 established 
that elimination of Kupffer cells can significantly improve 
hepatic inflammatory response and insulin tolerance in 
high-fat diet-fed mice, and its mechanism may be related to 
activation of AMPK/autophagy and NF-κB signaling. For 
CCl4-induced AHF in rats, a drastic increase in AMPKα 
expression was observed. Of note, the elevation of AMPKα 
expression preceded the decrease in Raptor and activation 
of ULK1, suggesting that an activated AMPKα facilitates 
inactivation of mTORC1, promotes the dissociation of the 
ULK1 compound along with the occurrence of autophagy.

Taken together, these results support the hypothesis 
that AMPK-mTOR-ULK1-mediated autophagy plays a role 
in the adaptive response protecting against CCl4-induced 
liver damage by inhibiting p21 (Fig. 5). Our findings pro-
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vide evidence for understanding the mechanism of CCl4 ac-
tion in AHF.
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