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by antioxidation and enhancement 
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Hepatic injury induced by many factors play a central role in the pathogenesis of liver diseases. 
Punicalagin (PUN) is a major antioxidant polyphenolic compound extracted from pomegranates. The 
aim of this study was to investigate the potential role of PUN on liver injury induced by nonalcoholic 
steatohepatitis (NASH). Therefore, the effects and mechanistic action of PUN on NASH mouse model 
induced by choline-deficient, L-amino acid- defined, high-fat (CDAAH) diet were investigated in vivo. 
Wild-type or nuclear erythroid 2-related factor 2 (Nrf2) KO mice were fed with CDAAH diet to induce 
NASH and then treated with PUN (100, 300 or 500 mg kg− 1 day− 1) by gavage for 12 weeks. Blood and 
liver samples were collected to assess liver function, oxidative stress, inflammation, and autophagy 
pathological status. The results showed that 300 mg/kg PUN was the optimal concentration for 
relieving hepatic injury in NASH, characterized by decreased activities of serum alanine transaminase, 
aspartate aminotransferase, and liver lactate dehydrogenase activity and histopathological structural 
damage, and showed a hepatoprotective effect against NASH. PUN significantly reduced the level of 
liver inflammation and Txnip-NLRP3 signaling pathway in NASH mice. PUN reduced oxidative stress 
by reducing liver malondialdehyde levels and the accumulation of reactive oxygen species (ROS) and 
increasing liver superoxide dismutase and glutathione peroxidase activity. PUN may also attenuate 
oxidative stress and induce autophagy through the p62/Nrf2 and AMPK/mTOR/ULK1 pathway. More 
importantly, we found that these protective effects of PUN were attributed to enhanced antioxidant, 
anti-inflammatory and autophagy activity, which was mediated by the activation of the Nrf2 pathway 
using Nrf2 KO mice. In summary, the present results indicate that PUN successfully relieved NASH-
induced liver damage by upregulating Nrf2 signaling and autophagy.
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Nonalcoholic fatty liver disease (NAFLD), which is currently on the rise with obesity prevalence, is the most 
common chronic liver disease and may develop into nonalcoholic steatohepatitis (NASH)1. NASH is characterized 
by oxidative damage, inflammatory cellular infiltration into the liver, and varying degrees of fibrosis, and may 
lead to occurrence of liver cirrhosis or hepatocellular carcinoma2,3. Therefore, there is an urgency to identify the 
molecular and cellular mechanisms underlying the development of NASH and related hepatitis.

Nuclear factor E2-related factor 2 (Nrf2) is a cytoprotective regulator known to protect against oxidative 
stress4,5. Activation of Nrf2 leads to the transcription of a variety of antioxidants and detoxification enzymes, and 
plays an important role in reducing the damage induced by oxidative stress in cells when challenged by stress6,7. 
Induction of Nrf2 protects against inflammation and oxidative damage in the pathogenesis of liver injury in vitro 
and in vivo8,9.

Autophagy is a homeostatic cellular degradation process that can remove damaged organelles or reverse 
cytoplasmic components through the lysosomal compartment in eukaryotic cells. It is shown that autophagy 
is widely regarded as a key regulator of cell survival and homeostasis, and a lack of autophagy can promote 
inflammation, oxidative stress, apoptosis and cause diseases in various tissues10,11. In particular, recent 
observations indicate that the AMPK/mTOR/ULK1 axis induces autophagy-dependent apoptosis in human 
bladder cancer cells12. Therefore, autophagy can reduce apoptotic factors and reduce liver damage by regulating 
activation of the AMPK/mTOR/ULK1-pathway. Therefore, autophagy can be activated by drug therapy to 
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prevent liver damage caused by NASH13. The strategy of activating Nrf2 and resolving autophagy dysfunction 
seems to be beneficial to the treatment of NASH.

Punicalagin (PUN) is the main biologically active ingredient in pomegranate peel. It has a variety of 
biological effects and has been proven to have antioxidant, anti-inflammatory, and antiobesity properties14. The 
antioxidant activity of PUN has been studied in the liver of patients with type 2 diabetes mellitus15, and in 
cardiovascular diseases16. The existing literature shows that it may be closely related to liver disease17,18. However, 
the mechanisms of the antioxidant and anti-inflammatory effects of PUN in NASH have rarely been studied. 
Therefore, the purpose of this study was to clarify the effect of PUN on NASH and identify the underlying 
mechanisms, to optimize treatment strategies.

Results
PUN alleviated liver injury in diet-induced NASH
Compared with the control group, treatment with vehicle and PUN (500 mg/kg) had no significant effect on 
serum activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) or hydroxyproline 
concentrations in liver samples (Fig. 1A-C). Furthermore, compared with the NASH group, the decline in serum 
activities of ALT and AST was most significant in mice treated with 300 mg/kg PUN (Fig. 1D, E). Administration 
of PUN at various concentrations prevented pathological changes and inflammation in hepatocytes (Fig. 1F, G). 
Masson’s trichrome staining, which is used to detect liver fibrosis, revealed the same results as hematoxylin and 
eosin staining (Fig. 1F, G). However, treatment with 300 mg/kg PUN showed mild degeneration, and hepatocyte 
nuclei and hepatic cords maintained their normal morphology (Fig. 1F, G). Thus, these results indicated that 
PUN protected against the hepatic injury in diet-induced NASH.

Fig. 1.  PUN alleviated liver injury in diet-induced NASH. (A) Serum ALT and AST levels and liver 
hydroxyproline concentrations. Data are presented as the mean ± SD (n = 10, from three independent 
experiments). (B, C) The H&E staining of liver tissues in the Control, vehicle and PUN (100, 300, 500 mg/kg) 
groups (original magnification, 200×). (D-E) Detection of ALT and AST concentrations in serum of PUN-
treated mice after NASH. (F, G) H&E and Masson staining of liver tissues (original magnification, 200×). 
Similar results were obtained from three independent experiments. All data are presented as the mean ± SEM 
(n = 6 in each group). *P < 0.05 and **P < 0.01 vs. Control group; ##P < 0.01 vs. NASH group.
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PUN attenuated the hepatic inflammatory response in diet-induced NASH
The number of infiltrating neutrophils was higher in the liver tissue of the NASH group compared to the control 
group. As shown in Fig. 2A-C, NASH stimulated serum levels of IL-1β, IL-6 and TNF-α compared to the control 
group, whereas PUN relieved the production of inflammatory cytokines. Previous reports revealed that NASH-
activated inflammation reaction is regulated by Txnip-NLRP3 inflammasome activation, which is interrelated 
to the occurrence and development of liver injury19. Interestingly, the results of Western blotting showed that 
the protein levels of Txinp, NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC), Cleaved-
Caspase1 and Mature-IL-1β in the NASH group were significantly higher compared with the control group. 
However, PUN significantly lessened the protein abundance of Txinp, NLRP3, ASC, Cleaved-Caspase1 and 
IL-1β (Fig. 2D-I), implying that inflammation inhibited by PUN may also be partly responsible for suppressing 
activation of the Txnip-NLRP3 inflammasome.

PUN enhanced antioxidant activity in diet-induced NASH
The results showed that liver superoxide dismutase (SOD) and glutathione peroxidase (GSH) activities were 
lower in the NASH group, and liver malondialdehyde (MDA) levels was increased compared with the control 
group. Mice that received PUN (100, 300, and 500  mg/kg i.g.) had higher activities of SOD and GSH, but 
simultaneously lower levels of liver MDA (Fig. 3A-C) compared with the NASH group. Mice treated with PUN 
had lower 2′,7′-dichlorofluorescin-diacetate (DCFH-DA) fluorescence in liver tissue compared with the NASH 
group (Fig. 3D-E).

Fig. 2.  PUN attenuated hepatic inflammatory response in mice with NASH. (A-C) Effects of PUN on NASH-
induced serum TNF-α, IL-6, and IL-1β generation. Similar results were obtained from three independent 
experiments. (D-G) Effects of PUN on NLRP3, ASC, cleaved-caspase-1, and mature-IL-1β protein expression 
was measured by western blotting and quantification of protein expression was performed by densitometric 
analysis. Similar results were obtained from three independent experiments. All data are presented as the 
mean ± SEM (n = 6 in each group). *p < 0.05 and **P < 0.01 vs. Control group; ##P < 0.01 vs. NASH group.
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PUN upregulated p62/Nrf-2 signaling in diet-induced NASH
The results showed that the expression of Nrf2 and p-p62 in cell nuclei were higher after treatment with PUN 
compared with control group (Fig.  4A-C). PUN treatment facilitated the expression of HO-1 and nuclear 
abundance of Nrf2 when compared with the NASH group (Fig.  4D-G). In addition, compared with NASH 
group, PUN treatment dramatically promoted phosphorylation of p62 at Ser349 in NASH mice (Fig. 4D-G). We 
speculate that PUN mediates the p62/Nrf2 signaling pathway to play a protective role in NASH-induced liver 
injury.

PUN up-regulated autophagy via the AMPK/mTOR/ULK1 signaling pathway
Considering that NASH can enhance autophagy and regulate oxidative stress, and plays an important role 
in improving NASH-induced hepatotoxicity, we measured the protein expression level of autophagy genes 
(including Beclin-1, LC3, Atg5 and Atg7). Compared with the NASH group, the protein expression of other 
autophagy genes decreased, and the protein expression was significantly restored by PUN treatment (Fig. 5A-E).

To study further how PUN regulated autophagy of NASH-induced liver injury, we examined the expression 
of p-AMPK, mTOR and p-ULK1 proteins. Compared with the control group, the expression of mTOR in the 
NASH group was significantly higher (P < 0.05), while the expression of p-AMPK and p-ULK1 in the NASH 
group was significantly lower (P < 0.05). PUN attenuated expression of p-AMPK, p-ULK1 and enhanced 
expression of mTOR, which was conducive to activation of autophagy (Fig. 5F-I). These results indicate that 
PUN may upregulate hepatocyte autophagy by inhibiting mTOR and upregulating expression phosphorylation 
of AMPK and ULK1.

PUN improved liver injury caused by NASH dependent upon Nrf2
The results showed that PUN-mediated reversion of serum ALT and AST in WT mice with NASH was 
significantly impeded in Nrf2−/− mice (Fig. 6A, B). Administration of PUN (300 mg/kg) significantly suppressed 
the generation of ROS, TNF-α, IL-6 and IL-1β in WT NASH mice, and these effects were blocked in Nrf2−/− NASH 
mice (Fig. 6C-F). PUN relieved the histological changes in the liver of NASH mice, whereas the hepatoprotective 
role of PUN were interdicted in Nrf2−/− mice of NASH, as determined by histological examination (Fig. 6G, H). 
More importantly, PUN (300 mg/kg) significantly suppressed the generation of Txinp, NLRP3, ASC, Cleaved-
Caspase1 and Mature-IL-1β in WT NASH mice, and these effects were blocked in Nrf2−/− NASH mice (Fig. 7).

In addition, PUN up-regulated the concentrations of p62, Nrf2, HO-1, p-AMPK, p-ULK1, Beclin-1, LC3, 
Atg5 and Atg7 proteins, but down-regulated the abundance of p-mTOR in WT NASH mice. However, these 
effects were significantly weakened in Nrf2−/− mice (Fig. 8).

Discussion
Overnutrition can lead to insulin resistance, diabetes, obesity and NAFLD20. Non-alcoholic fatty liver disease 
covers a series of liver diseases, including steatosis, NASH and cirrhosis histologically2. Hepatocyte inflammation, 
oxidative damage and fibrosis in NASH may eventually evolve into cancer3. Pomegranate and PUN are related 

Fig. 3.  PUN enhanced the antioxidant activities in the liver injury model induced by NASH. (A-C) The 
hepatic concentration of GSH, MDA and hepatic SOD activity after CDAAH-induced NASH with or without 
intragastric infusion of PUN. (D-E) Cellular ROS estimated using the probe DCFH-DA by fluorescence 
microscopy. All data are presented as means ± SEM (n = 6 in each group). *P < 0.05 and **P < 0.01 vs. the NASH 
group.
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to various biological activities including antiobesity, antioxidative and anti-inflammatory effects21–23. However, 
the pathogenetic effects of PUN on diet-induced NASH are still unclear. In the present study, the effect and 
mechanism of PUN on oxidative stress and inflammation caused by diet-induced NASH were studied in vivo. 
The results indicated that PUN reduced hepatic steatosis, lymphocyte infiltration and hepatocyte hypertrophy 
in NASH mice, which may be a protective factor against hepatic steatosis. These results are closely related to the 
loss of Nrf2.

Liver inflammation has emerged as one of the important pathogenesis of NASH24. In particular, the interaction 
between hepatocytes and fat cells is a key pathogenic factor25,26. In the case of chronic obesity, more inflammatory 
cytokines including TNF-α, IL-1β and IL-6 are produced in liver tissue to initiate the inflammatory response. 
In the present study, treatment with PUN reduced neutrophil infiltration in the liver, and the concentration of 
TNF-α, IL-1β and IL-6 and other inflammatory markers in NASH. Similar to our findings, PUN can inhibit 
the secretion of proinflammatory cytokines induced by CCl4 and downregulate the expression of TNF-α and 
IL-6 in hepatocytes of obese mice26. Furthermore, the activation of inflammation and ROS generated also 
serves as a danger signal that activates NLRP327. Once NLRP3 is activated, the recruitment of ASC begins, 
followed by activation of caspase-1, and the maturation of inflammatory cytokines IL-1β, which is associated 
with the pathogenesis of liver injury28 Our results indicated that PUN dramatically inhibited NASH-induced 
NLRP3, ASC, cleave-caspase-1, and mature-IL-1β protein expression. This shows that activation of the NLRP3 
inflammasome was caused by a NASH-induced inflammatory response through Txnip-NLRP3 interaction.

As shown in previous studies, a HFD increases ROS and MDA in the liver, resulting in significant oxidative 
stress29,30. We showed that PUN reduced ROS production and increased SOD and GSH, which further inhibited 
the oxidative stress response caused by NASH. PUN has strong antioxidant activity, accounting for more than 
50% of the total antioxidant capacity of pomegranate31. PUN enhances the intracellular antioxidant response by 
up-regulating the expression of the antioxidant enzyme GSH. This increased antioxidant response is thought to 
be related to the Nrf2/HO-1 signaling, a defense mechanism against oxidative stress and cytotoxicity32. In the 
basal state, the transcription factor Nrf2 usually exists in the cytoplasm as a complex with HO-1, but when the 
cell is sensitive to ROS or electrophiles, Nrf2 is released from the complex into the nucleus, thereby promoting 
expression of antioxidants or antioxidant GSH metabolic enzymes33. Therefore, PUN-mediated activation of 
Nrf2 signaling is believed to contribute to upregulation of endogenous antioxidants and reduce NASH-induced 
liver oxidative stress damage.

It is well known that activation of Nrf2 induces expression of p62/SQSTM1, and p62/SQSTM1 is the 
most studied member of the autophagy process. It is a multifunctional protein that can serve as a scaffold for 
signal transduction protein complexes and protein transport, Aggregation and degradation of the adaptor34. 
p62/SQSTM1 also plays an important role in regulating the Nrf2 pathway. Nrf2 activation is associated with 
phosphorylation of p62 via competitive disruption of Nrf2 binding35. In this study, we also examined the effect 
of PUN on p62 phosphorylation. We showed that PUN effectively induced Nrf2 translocation in mice with liver 

Fig. 4.  PUN upregulated the p62/Nrf-2 signaling in mice with NASH-induced liver injury. (A-C) 
Immunofluorescence stained analysis of Nrf2 and p-p62 in liver tissues (original magnification, 200×). 
(D-G) Liver tissue was analyzed by western blot for assessment of nuclear abundance of Nrf2, HO-1 and 
phosphorylation of p62 at ser349. β-actin was used as an internal control. Similar results were obtained from 
three independent experiments. All data are presented as means ± SEM (n = 6 in each group). *P < 0.05 and 
**P < 0.01 vs. Control group; #P < 0.05 and ##P < 0.01 vs. NASH group.
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injury in NASH, p62 phosphorylation at Ser349, and HO-1 abundance. These results indicate that Nrf2 may play 
an important role in preventing liver damage induced by NASH.

There is increasing evidence that induction of autophagy can reduce the occurrence of various liver diseases 
by regulating activation of inflammation and oxidative stress, which indicates that autophagy plays a key role 
in improving liver toxicity caused by NASH. Sustained autophagy can reduce NASH-induced liver damage 
by regulating oxidative properties36. In our study, PUN induced autophagy by upregulating the abundance of 
Atg5, Atg7, Beclin-1 and LC3 proteins; however, all of these were reduced by NASH-induced liver damage. The 
transcription factor mTOR plays a crucial role in the control of autophagy, and its function is partially regulated 
by the AMPK/mTOR/ULK1 signaling pathway. In our study, PUN enhanced the phosphorylation of AMPK and 
ULK1, and inhibited induction of mTOR in NASH-induced liver injury. These responses indicate that PUN-
induced autophagy activation may depend on the AMPK/mTOR/ULK1 signaling pathway.

Knockdown of Nrf2 prevented PUN-mediated inhibition of the expression of inflammatory cytokines and 
oxidative stress indicators, indicating that PUN-mediated inhibition of NASH-induced inflammation and 
oxidative stress depends on the Nrf2 signaling pathway. It is worth noting that, in our study, compared with WT 
mice, NASH caused a decrease in the abundance of autophagy proteins in Nrf2−/− mice, while PUN treatment 
increased the abundance of autophagy proteins. These results indicate that Nrf2 deficiency leads to upregulation 
of autophagy, which may clarify the hepatoprotective effect observed with PUN in Nrf2−/− mice.

In this study, PUN demonstrated a non-linear, U-shaped dose-response relationship. The 300 mg/kg dose 
exhibited the most significant therapeutic effect, outperforming both the 100 mg/kg and 500 mg/kg doses, although 
the latter also showed some benefit. This phenomenon may be linked to a biological optimization mechanism. We 
hypothesize that at the lower 100 mg/kg dose, PUN may be insufficient to trigger a full therapeutic effect, while 
at the higher 500 mg/kg dose, despite its antioxidant properties and autophagy enhancement, the excessive dose 
may induce physiological suppression or side effects, limiting further therapeutic improvement. This non-dose-
dependent response may reflect the body’s drive toward biological optimization, where an optimal therapeutic 
dose exists, and exceeding this dose may reduce effectiveness. The U-shaped dose-response relationship also 
represents a limitation of our study. Although the 300  mg/kg dose produced the best therapeutic outcome, 
the absence of a clear, linear dose-response relationship complicates the establishment of precise therapeutic 
guidelines. The potential adverse effects observed at the higher 500 mg/kg dose highlight the need for further 

Fig. 5.  PUN regulates up-regulated autophagy via the AMPK/mTOR/ULK1 signaling pathway. (A-E) Effects 
of PUN on protein abundance of Beclin-1, LC3, Atg5 and Atg7 measured by western blotting. (F-I) Effects of 
PUN on protein abundance of p-AMPK, p-mTOR and p-ULK1 measured by western blotting. Similar results 
were obtained from three independent experiments. All data are presented as means ± SEM (n = 6 in each 
group). *P < 0.05 and **P < 0.01 vs. Control group; #P < 0.05 and ##P < 0.01 vs. NASH group.
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research into the underlying mechanisms, as well as the safety and efficacy of different doses. Additionally, the 
study did not explore a broader range of doses or temporal factors, limiting a comprehensive understanding of 
the pharmacokinetics and long-term effects of PUN. Future studies are essential to clarify the optimal dosing 
regimen, explore the involved biological mechanisms, and optimize dosage for clinical applications.

In summary, we showed that PUN plays a role in protecting against liver injury through possible mechanisms 
involved in Nrf2 activation and induction of autophagy. We found that compared with WT mice, NASH reduced 
activation of the autophagy proteins Atg7, Atg5, Beclin-1 and LC3 in Nrf2−/− mice, and PUN restored autophagy 
protein expression levels. Overall, this study provides new insights into the mechanism by which PUN protects 
the liver from inflammation, oxidative stress and autophagy during NASH-induced liver injury (Fig. 9).

Materials and methods
Reagents
Punicalagin was purchased from Sigma-Aldrich (cat. no. P0023; St. Louis, MO, USA). Dimethyl sulfoxide 
obtained from Sigma-Aldrich. Antibodies against Nrf2, SQSTM1/p62 (phospho S349), p-ULK1, p-mTOR 
and p-AMPK were obtained from Abcam (Cambridge, UK); HO-1, Beclin1, LC3, Atg5, Atg7, NLRP3, ASC, 
Cleaved Caspase1, IL-1β, ULK1, mTOR and AMPK and β-actin were obtained from Proteintech; Test kits 
of malondialdehyde (MDA), reactive oxygen species (ROS), GSH, and superoxide dismutase (SOD), alanine 
transaminase (ALT), aspartate aminotransferase (AST) were obtained from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China).

Animals
Wild-type (WT) and Nrf2 KO (Nrf2−/−) C57BL/6 male mice (18–22 g, 6–8 weeks old) were purchased from 
Cyagen Biosciences (Guangzhou, China; Certificate No. KOAIP190930WZ1). All animals were maintained 

Fig. 6.  PUN improved liver injury caused by NASH dependent upon Nrf2 deficiency in mice. WT and 
Nrf2−/− mice were injected intraperitoneally with PUN (300 mg/kg) for 24 h followed by challenge with NASH. 
(A-B) Blood serum collected assessment of ALT and AST activities. (C-F) Liver tissues serum TNF-α, IL-6, 
and IL-1β and ROS generation. Similar results were obtained from three independent experiments. (G,  H) 
Representative histological sections of liver were stained with H&E and Masson (magnification×400). Similar 
results were obtained from three independent experiments. All data are presented as means ± SEM (n = 6 in 
each group). *P < 0.05 and **P < 0.01 vs. Control group; #P < 0.05 and ##P < 0.01 vs. NASH group.
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under standard SPF conditions with 50 ~ 60% humidity and a 12:12 light: dark cycle and with free access to 
sterile water and food. The Animal Ethics Committee of Heilongjiang Bayi Agricultural University (Daqing, 
China) approved the study protocol. All animal experimental procedures were conducted in accordance with 
China’s Public Health Service Policy and were approved by the Guidelines for the Care and Use of Experimental 
Animals in Heilongjiang Bayi Agricultural University (Approval No: DWKJXY2023019). The procedures fully 
complied with the approved guidelines and the ARRIVE guidelines (https://arriveguidelines.org).

Diets and experimental design
The mouse model of diet-induced NASH was established by feeding a choline-deficient, L-amino acid-defined, 
high-fat (CDAAH) diet (60  kcal% fat) obtained from Research Diets (cas no. A06071302; NJ, USA) for 12 
weeks37. The control group was fed with a pellet chow diet consisting of 10 kcal% fat (D12450J; Research Diets, 
New Brunswick, NJ, USA). Mice were fed the HFD diet induced NASH and treated with PUN by gavage for 12 
weeks. To assess the protective effect of PUN against NASH, WT mice were randomly divided into five groups 
(n = 10): Control (vehicle-treated) group, NASH group, and PUN (dissolved in saline; 100, 300 or 500 mg/kg bw/
day, i.g.)-treated + NASH group.

To explore the participation of Nrf2 in the hepatoprotective effects of PUN against diet-induced NASH, WT 
or Nrf2−/− mice were divided into three groups (n = 6 mice): Control (vehicle-treated) group, NASH group, PUN 
(300 mg/kg bw/day, i.g.)-treated + NASH group.

All mice were euthanized 24 h after the final treatment, anesthetized intraperitoneally with pentobarbital 
(70 mg/kg bw), and then subjected to cervical dislocation. Serum and liver tissue were collected at the time of 
sacrifice for biochemical assays, ELISA or Western blot analysis, and histopathological examination.

Histopathological/Masson staining
Formalin-fixed, paraffin-embedded sections of liver tissue were cut into 5 μm thick and stained with hematoxylin-
eosin or Masson’s trichrome to evaluate hepatic pathological changes using light microscopy.

Fig. 7.  PUN improved Txnip-NLRP3 signaling pathway caused by NASH dependent upon Nrf2 deficiency 
in mice. WT and Nrf2−/− mice were injected intraperitoneally with PUN (300 mg/kg) for 24 h followed by 
challenge with NASH. (A-F) Effects of PUN on protein abundance of Txinp, NLRP3, ASC, Cleaved-Caspase1 
and Mature-IL-1β measured by western blot. β-actin was used as an internal control. Similar results were 
obtained from three independent experiments. All data are presented as means ± SEM (n = 6 in each group). 
*P < 0.05 and **P < 0.01 vs. Control group; #P < 0.05 and ##P < 0.01 vs. NASH group.
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Fig. 9.  Punicalagin Relieves Hepatic Injury by Antioxidation and Enhancement of Autophagy in diet-induced 
Nonalcoholic Steatohepatitis.

 

Fig. 8.  PUN improved Autophagy caused by NASH dependent upon Nrf2 deficiency in mice. WT and Nrf2−/− 
mice were injected intraperitoneally with PUN (300 mg/kg) for 24 h followed by challenge with NASH. (A-E) 
Effects of PUN on protein abundance of Beclin-1, Atg5, Atg7, LC3, p-AMPK, p-ULK1 and p-mTOR measured 
by western blot. β-actin was used as an internal control. Similar results were obtained from three independent 
experiments. All data are presented as means ± SEM (n = 6 in each group). *P < 0.05 and **P < 0.01 vs. Control 
group; #P < 0.05 and ##P < 0.01 vs. NASH group.
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Immunofluorescence
Frozen liver samples were fixed in paraformaldehyde (4%) for 30 min and washed with PBS. Slides were blocked 
with 3% BSA for 2 h, and then incubated with primary Nrf2 and p-p62 antibody at 4 °C overnight. These sections 
were subsequently washed and treated with Alexa Fluor Plus 488 goat anti-rabbit IgG secondary antibody for 
1  h. Additionally, the nuclei were stained with DAPI. Fluorescent changes were examined under a confocal 
microscope.

Measurement of liver function index and oxidative stress
The concentration of ALT and AST in serum and liver were detected using commercially obtained kits according 
to the manufacturer’s instructions. Liver tissue was homogenized in extraction buffer to analyze the ROS, MDA, 
GSH and SOD levels in accordance with the manufacturer’s instructions. The data were normalized in terms of 
total protein concentration in each sample.

Enzyme-linked immunosorbent assay (ELISA)
Inflammation biomarkers including TNF-α, IL-6, and IL-1β in blood serum was performed using ELISA kits 
following the manufacturer’s instructions (BioLegend, San Diego, CA, USA) and the absorbance were read at 
450 nm.

Reactive oxygen species (ROS) production assay
Reactive oxygen species generation was assayed using DCFH-DA fluorescent probes (cas no. D6470; Solarbio, 
China). Hepatocyte suspensions derived from liver samples were incubated with 10 µM DCFH-DA for 1 h at 
37℃. The medium was subsequently discarded and cells were washed with PBS solution. The ROS generation 
was evaluated by a fluorescence spectrometry, and images were obtained with a fluorescence microscope 
(Olympus, Japan).

Western blot analysis
Western blot analysis was performed as previously reported37. Briefly, total proteins from each sample were 
separated by a 12% SDS-PAGE and transferred onto 0.45 μm PVDF membrane. The membranes were blocked 
with 5% (w/v) nonfat milk for 2 h. The blocked membranes were incubated with primary antibodies (NLRP3, 
ASC, Cleaved Caspase1, IL-1β, Nrf2, HO-1, p-AMPK, AMPK, Atg5, Atg7, p-p62, p-mTOR, mTOR, p-ULK1, 
ULK1, Beclin1, LC3 and β-actin) and secondary antibody (anti-rabbit IgG and anti-mouse IgG). Lastly, the 
membranes were visualized using ECL western blotting detection reagent in western blotting analysis system 
with Image Lab (Bio-Rad, PA, USA).

Statistical analysis
All data were analyzed using the SPSS software version 25.0 (IBM, Chicago, IL, USA) and expressed as the 
mean ± SEM. One-way ANOVA was performed for multiple comparisons with Bonferroni correction. A P-
value < 0.05 was considered statistically significant and a P-value < 0.01 was considered highly significant.

Data availability
All data generated or analysed during this study are included in this article.
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