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Background: Diabetic liver injury (DLI) is a common complication of diabetes mellitus (DM), which seriously endangers the health 
of diabetic patients. Puerarin, the main active component of Pueraria lobata, has shown positive effects in lowering blood glucose and 
lipids, resisting oxidative stress, and protecting the liver. However, the mechanism of protective effect of Puerarin on DLI remains 
unclear.
Methods: Various databases were used to screen for targets of Puerarin, ferroptosis and DLI. Protein-protein interaction (PPI) 
network and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were used to predict key targets and pathways. 
Molecular docking was used to predict the interactions between Puerarin and core targets. KK/Upj-Ay/J (KKAy) mice and high 
glucose (HG)-induced AML12 cells were used to study the protective effect of Puerarin on DLI. The molecular mechanisms by which 
Puerarin acts were further verified by in vivo and in vitro experiments.
Results: KEGG analysis indicated that the JAK/STAT pathway might be related to the anti-DLI effect of Puerarin. Molecular docking 
revealed that Puerarin has good affinity for JAK2 and STAT3. In vivo, Puerarin (80 mg/kg) reduced body weight, blood glucose, blood 
lipids and liver function in KKAy mice fed a high-sugar, high-fat diet. Puerarin also ameliorated hepatic pathological changes and 
inflammatory responses, and attenuated oxidative stress and iron overload in KKAy mice. Western blotting results showed that 
Puerarin could regulate the expression of proteins related to JAK2/STAT3 pathway and ferroptosis pathway. In vitro, Puerarin (25, 50, 
100 μM) increased cell viability and decreased steatosis and liver function indexes in AML12 cells induced by HG (30 mm) to varying 
degrees. More importantly, AG490 blocker experiments showed that the regulation of ferroptosis process by Puerarin was dependent 
on the JAK2/STAT3 pathway.
Conclusion: In conclusion, this study revealed Puerarin may regulate the ferroptosis process by inhibiting the JAK2/STAT3 pathway 
for the treatment of DLI.
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Introduction
Diabetes, a common chronic metabolic disease, has become a serious global health problem affecting people of all ages. 
Diabetes is a disease characterised by elevated blood glucose levels caused by inadequate insulin secretion or insulin 
resistance. Type 2 diabetes is predominant, accounting for more than 90% of patients.1 Over time, diabetes may damage 
the liver, kidneys, blood vessels, eyes, and nerves.2 Among these, the liver is an important metabolic centre of the body 
and one of the main target organs involved in diabetic complications. Diabetic liver injury (DLI) is a series of liver 
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diseases including altered liver function, non-alcoholic fatty liver disease (NAFLD), cirrhosis, and liver failure caused by 
diabetes-related metabolic disorders.3 Oral chemical hypoglycemic drugs have various degrees of damaging effects on 
the liver. Therefore, it is becoming increasingly important to urgently develop safer and more effective drugs for the 
treatment of DLI and to further enhance research on the pathogenesis of DLI.

Puerarin, an isoflavonoid compound, is one of the main active ingredients extracted from the tuberous roots of 
Pueraria lobata. Puerarin has biological activities such as anti-tumor, anti-inflammatory, antioxidant, immune enhance-
ment and cardiovascular protection.4–7 In recent years, Puerarin has a variety of medical uses and has been widely used in 
the treatment of cancer, fatty liver, cardiovascular and cerebrovascular diseases, diabetes and diabetic complications.8,9 It 
was shown that Puerarin significantly improved hepatic steatosis, reduced inflammatory response and improved leptin 
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signaling through the JAK2/STAT3 pathway in NAFLD rats.10 Steatohepatitis plays a key role in the process leading to 
liver fibrosis and cirrhosis.11 Puerarin was found to alleviate steatohepatitis. Specifically, Puerarin extract was able to 
activate the AMPK/PPARα pathway and decrease the expression of SREBP-1 and FAS proteins, thereby inhibiting 
hepatic lipid deposition and increasing the antioxidant capacity of the liver.12 In addition, Puerarin inhibited hepatic 
gluconeogenesis in diabetic rats and HepG2 cells through activation of the PI3K/Akt/FOXO1 pathway.13 The above 
studies confirmed that Puerarin has great potential in the treatment of DLI, but the underlying molecular mechanisms still 
need to be further explored.

Ferroptosis is a mode of cell death driven by iron-dependent phospholipid peroxidation. The mechanism of 
ferroptosis is mainly related to iron metabolism disorders, lipid peroxide accumulation, and imbalance of amino acid 
antioxidant system.14 Studies have shown that ferroptosis is one of the pathogenic mechanisms in numerous liver 
diseases, such as liver injury, non-alcoholic steatohepatitis, liver fibrosis, cirrhosis and hepatocellular carcinoma.15–17 The 
study reported that ferroptosis was involved in the process of acetaminophen (APAP)-induced acute liver injury. 
Specifically, hepatic iron deposition enhanced APAP-induced toxicity, oxidative stress and mitochondrial dysfunction 
in primary mouse hepatocytes (PMHs).18 Ferroptosis has also been found to play a key regulatory role in the develop-
ment of NAFLD. Herbal medicines can alleviate high-fat diet-induced NAFLD by inhibiting ferroptosis in vivo and 
in vitro.19 Research has also proven that targeting ferroptosis is a promising strategy for the treatment of DLI. More 
importantly, Puerarin was found to be able to ameliorate fatty liver disease associated with metabolic disorders by 
inhibiting ferroptosis and inflammation through the SIRT1/Nrf2 signaling pathway.20 In addition, numerous scholars 
have demonstrated that Puerarin is able to regulate iron homeostasis and inhibit iron overload, thereby inhibiting cellular 
iron death.21 However, the therapeutic effect of Puerarin on high glucose and high fat diet-induced DLI in KKAy mice 
and the mechanism of ferroptosis have not been elucidated.

The JAK/STAT pathway is activated in DM, of which the JAK2/STAT3 subtype is the most widely and intensively 
studied. The JAK2/STAT3 pathway, widely present in all types of tissues and cells of the body, is involved in biological 
processes such as cell growth, differentiation, apoptosis, and immunomodulation.22 The JAK2/STAT3 pathway can 
mediate inflammation, oxidative stress, cell proliferation and fibrosis.23 Studies have shown that the JAK2/STAT3 
pathway is involved in the lipid metabolism of cholesterol, triglycerides, and fatty acids in the body. Modulation of 
the JAK2/STAT3 pathway improved hepatic lipid metabolism and inflammation in high-fat diet-induced obese mice.24 It 
was also reported that the JAK2/STAT3 pathway could mediate tissue repair and adipogenesis in the body to regulate 
hyperlipidaemia.25 Besides, inhibition of the JAK2/STAT3 and JAK2/p38/NF-κB pathways was able to exert hepato-
protective effects on D-galactose-induced liver injury in mice.26 In conclusion, the JAK2/STAT3 pathway is a promising 
target for the treatment of liver diseases. More importantly, in the inflammatory microenvironment, the JAK2/STAT3 
pathway is closely related to ferroptosis, and both of them interact with each other.27 Activation of the JAK2/STAT3 
pathway can regulate the expression of genes related to iron metabolism, which further affects the accumulation of iron 
ions and the occurrence of ferroptosis. In turn, the accumulation of iron ions can activate the JAK2/STAT3 pathway, 
further enhancing the inflammatory response.28 Therefore, given that DLI is a classic inflammatory disease, this study 
hypothesized that Puerarin might ameliorate DLI by inhibiting ferroptosis through regulating the JAK2/STAT3 pathway.

In this study, KKAy mouse model and HG-induced AML12 cell model were used to investigate the protective effect 
of Puerarin on DLI and its mechanism of action. In addition, our research aimed to determine the role of ferroptosis in 
DLI, elucidate the relationship between hepatic ferroptosis and the JAK2/STAT3 pathway via using AG490 (JAK2 
inhibitor).

Materials and Methods
Drugs and Reagents
Puerarin (purity > 98%, B20446) and AG490 (purity > 99%, HY-12000) were purchased from Yuanye Biotechnology 
Co., Ltd (Shanghai, China) and MCE (NJ, USA), respectively. Glucose (1181302) was obtained from Sigma 
(Missouri, USA).
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GSP (A037-1-1), HbA1c (H464-1-1), ALT (C009-2-1), AST (C010-2-1), TC (A111-1-1), TG (A110-1-1), LDL-C 
(A113-1-1), and HDL-C (A112-1-1) kits were provided by Jiancheng Biotechnology Co., Ltd (Nanjing, China). Oil red 
O staining kit was purchased from Solarbio Biotechnology Co., Ltd (Beijing, China). SOD (E-BC-K020-M), MDA 
(E-BC-K025-M), GSH (E-BC-K030-M), GSH-Px (E-BC-K096-M), total iron (E-BC-K772-M), and ferrous iron (E-BC- 
K773-M) colorimetric assay kits as well as IL-6 (E-MSEL-M0001) and TNF-α (E-MSEL-M0002) ELISA kits were 
provided by Elabscience Biotechnology Co., Ltd (Wuhan, China). BCA protein assay (KGP902) and CCK-8 (CK001) 
kits was purchased from Kaiji Biology (Jiangsu, China) and LABLEAD (Beijing, China), respectively. Reagents used for 
cell culture were purchased from VivaCell (Shanghai, China). Besides, the antibodies and their dilution ratios used in this 
study are as follows: anti-JAK2 (3230T, 1:1000), anti-STAT3 (4904S, 1:2000), anti-phospho-JAK2 (4406T, 1:1000), and 
anti-phospho-STAT3 (9145T, 1:2000) were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti- NF- 
κB p65 (YT3108, 1:2000), anti-GPX4 (YN3047, 1:2000), anti-SLC7A11 (YT8130, 1:2000), anti-TFR1 (YT5374, 
1:2000), anti-FTH1 (YT1692, 1:1000), and anti-ACSL4 (YT8070, 1:2000) were purchased from Immunoway 
(California, USA). Anti-phospho-NF-κB p65 (82,335-1-RR, 1:2000), anti-PTGS2 (12,375-1-AP, 1:1000), anti-β-actin 
(20536-1-AP, 1:5000), and HRP-conjugated affinipure goat anti-rabbit IgG (SA00001-2, 1:5000) were obtained from 
Proteintech (Chicago, USA).

Network Pharmacology Analysis
Collection of Puerarin and DLI Targets
Puerarin targets were searched through TCMSP (https://old.tcmsp-e.com/tcmsp.php), SwissTargetPrediction 
(http://swisstargetprediction.ch/), and PharmMapper databases (https://lilab-ecust.cn/pharmmapper/index.html). 
Puerarin targets were identified after merging the three databases and removing duplicate data. UniProt database 
(https://www.uniprot.org/) was used to uniformly transform Puerarin targets. Besides, disease targets were 
searched in GeneCards (https://www.genecards.org/) and OMIM databases (https://www.omim.org/) using “dia-
betic liver injury” as the key word. Similarly, the targets were standardised in the UniProt database (https://www. 
uniprot.org/).

Acquisition of Ferroptosis and Intersection Targets
Genes associated with ferroptosis, such as “Marker”, “Suppressor”, and “Driver”, were retrieved from the FerrDB 
database (http://www.zhounan.org/ferrdb). Ferroptosis data from each module were downloaded. After merging, dupli-
cate data were removed. The Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) software was applied to obtain the 
intersection targets of Puerarin, DLI, and ferroptosis. The common targets of all three may be the key targets for Puerarin 
to treat disease by regulating ferroptosis.

PPI Network Construction, GO and KEGG Enrichment Analysis
The intersection targets were entered into the String database (https://string-db.org/cgi/input.pl) and exported as a tsv file 
with the organism type set to “homo sapiens” and confidence level > 0.9. This file was imported into Cytoscape 3.8.0 for 
PPI network mapping. Besides, the intersection targets were imported into the DAVID database (https://david.ncifcrf. 
gov/) for GO and KEGG enrichment analysis. Visualisation was performed through the microbiotics online platform 
(http://www.bioinformatics.com.cn).

Molecular Docking
The 3D structures of key target proteins, including JAK2 and STAT3, were downloaded in “PDB” format via the 
RSCB PDB database (http://www.rcsb.org). The 2D structure of Puerarin was downloaded from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) and imported into Chem3D software for conversion to MOL2 format. 
Target proteins and small molecules were removed water molecules, added full hydrogen, and automatically assigned 
charges using AutoDockTools 1.5.6 software, followed by molecular docking by AutoDock Vina. PyMoL 2.3.4 
software was used to visualize the docking results.
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Animals and Experimental Design
Male C57BL/6J and KKAy mice used in this study, 12-week-old, specific pathogen-free (SPF) grade, were purchased 
from Beijing HuaFuKang Biotechnology Co., Ltd., [Licence No. SCXK (Beijing) 2019–0008]. The study protocol was 
approved by the Institutional Animal Care and Use Committee of Beijing University of Chinese Medicine (Ethics 
Reference Number: BUCM-2022122601-4086). All animal experiments were performed by complying with the guide-
lines for the Protection and Use of Experimental Animals of the Ministry of Science and Technology of China. Mice with 
the random blood glucose ≥ 13.9 mmol/L identified as diabetic were selected and included in the experiment. Mice were 
given sufficient food and water during the experiments. The room temperature of the animal house was 20~24°C, relative 
humidity 60~70%, and a typical 12-hour light-dark cycle.

After 2 weeks of adaptive feeding, KKAy mice were randomly divided into two groups according to blood glucose 
and body weight: model group (KKAy) and Puerarin group (KKAy + 80 mg/kg, i.g.) with 8 mice in each group. The 
other 8 C57BL/6J mice were the control group. All mice, except the control group, were fed high sugar and high fat feed. 
The control and model groups were given equal volumes of 0.9% saline. The Puerarin group was administered 80 mg/kg 
Puerarin by gavage. The dose of Puerarin administered was obtained from the appropriate literature.29 Mice were 
administered the treatment for 12 consecutive weeks.

Sample Collection and Biochemical Analysis
During the experiment, the fasting blood glucose and body weight of mice were measured every 2 weeks. After 
12 weeks, blood was taken to detect serum FBG, HbA1c, GSP, TC, TG, LDL-C, HDL-C, ALT, and AST levels 
according to the instructions of the kits. Livers were taken and tested for relevant indicators. The liver index was 
calculated using the formula:

Assessment of Liver Iron, SOD, MDA, GSH, and GSH-Px Levels
Liver iron, SOD, MDA, GSH, and GSH-Px levels were detected using colorimetric assay according to the instructions of 
the corresponding kits.

Elisa
Liver IL-6 and TNF-α levels were measured by enzyme-linked immunosorbent assay according to the manufacturer’s 
instructions.

Histological Analysis
Fresh liver tissue was removed and fixed with paraformaldehyde. After 24 h, the tissue was dehydrated and embedded in 
paraffin. Liver tissue was cut into 4 µm sections for hematoxylin-eosin (HE) staining. Liver structure was observed using 
the microscope.

Cell Culture and Treatment
AML12 cells, purchased from Prolife Biotechnology Co., Ltd (No. CL-0602; Wuhan, China), were cultured in 
Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/F12) containing 10% fetal bovine serum with 1% 
penicillin-streptomycin. Cells were cultured in an incubator with 37°C and 5% CO2. The medium was changed every 2 
days. When the cell density reached 80~90%, 0.25% trypsin-EDTA was used to digest cells and passaged in a 1:3 ratio. 
AML12 cells were epithelial cell-like and grow in a polygonal adherent shape.

Cell Viability Assay
According to the previous study, a model of DLI was established with 30 mm HG intervention.30 The Cell Counting Kit- 
8 (CCK-8) was used to detect Puerarin toxicity and screen for optimal Puerarin concentration. AML12 cells were plated 
in 96-well plates at a density of 5×104 cells/mL. After 24 h of pre-culture, Puerarin at concentrations of 25, 50, 100, 200, 
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400 and 800 μM was administered to control cells and modeled cells, respectively. After 24 h of dosing treatment, 10 μL 
CCK-8 solution was added to each well and incubated at 37°C without light for 1 h. Subsequently, the absorbance at 450 
nm was determined by a microplate reader (Multiskan FC). Puerarin was solubilized with DMSO and required ultrasonic. 
Glucose was dissolved with DMEM/F12. Puerarin administration concentration and time were determined with reference 
to relevant literature.20

Oil Red O Staining
Fresh liver tissue was embedded in OCT, cut into 10 µm sections, and stained with Oil red O reagent. For Oil red 
O staining of AML12 cells, AML12 cells were grown in 6-well plates and fixed with 4% paraformaldehyde for 15 min, 
followed by staining. The distribution of liver lipid droplets was observed using microscope.

Quantitative Lipid Analysis and Liver Function Determination
Liver tissue and cell homogenates were prepared by adding saline. Homogenate protein concentration was determined 
using a BCA kit. The levels of TC, TG, LDL-C, HDL-C, ALT, and AST in the homogenates were detected according to 
the kit instructions.

JAK2 Blocking Experiment
The blocker experiments were divided into six groups: control, model (high-glucose, HG), AG490 (HG + 50 μM 
AG490), and Puerarin (HG + 25, 50, and 100 μM Puerarin) groups. AML12 cells were cultured at a density of 1×105 

cells/mL in 6-well plates. After pre-culture for 24 h, the remaining groups, except the control group, were modelled with 
30 mm HG for 24 h. Next, cells in the Puerarin and AG490 groups were treated with 25, 50, 100 μM of Puerarin and 
50 μM of AG490 for 24 h, respectively. Subsequently, the expression of the relevant proteins was determined using 
Western blotting. Puerarin and AG490 were solubilised with DMSO and diluted to the corresponding concentrations with 
DMEM/F12. The AG490 blocker dose has been reported in several studies.31,32

Western Blotting
Liver tissue and AML cells were lysed with RIPA buffer containing protease- and phosphatase inhibitors and super-
natants were collected. Protein concentration was determined using a BCA kit. Then, 40 μg protein was separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 80 V for 2 h and transferred to PVDF 
membranes at 300 mA for 1 h. After blocking with 5% skim milk for 2 h, the membranes were incubated with primary 
antibodies overnight at 4 °C. On the following day, the membranes were incubated with secondary antibodies for 
1 h. The membranes were scanned and analysed using a gel imaging system. The relative expression of target protein was 
calculated as the ratio of target protein to β-actin bands.

Statistical Analysis
The experimental data are presented as the mean ± standard deviation (SD). Statistical analyses and graphing were 
performed using SPSS 20 and GraphPad Prism 8. Differences between groups were compared using one-way ANOVA 
followed by LSD post hoc tests. P < 0.05 was considered a statistically significant difference.

Results
Investigation of the Mechanism of Puerarin Against DLI by Network Pharmacology 
and Molecular Docking Techniques
Puerarin, Ferroptosis, and DLI Targets Collection and Acquisition of Intersecting Targets
The 2D structure of Puerarin is shown in Figure 1A. A total of 269 drug targets were obtained using TCMSP, 
SwissTargetPrediction, and PharmMapper databases. 335 ferroptosis-related genes were obtained through the FerrDB 
database. Disease targets were collected through GeneCards and OMIM databases, and a total of 1217 targets were 
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Figure 1 Investigation of the mechanism of Puerarin against DLI by network pharmacology. (A) Structure of Puerarin. (B) Intersection targets of Puerarin, ferroptosis, and 
DLI. (C) The PPI network of the intersection targets. (D and E) GO and KEGG enrichment analysis results.
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obtained after aggregation and de-duplication. 18 common targets were obtained by taking the intersection of Puerarin, 
DLI and ferroptosis targets, as shown in Figure 1B.

PPI Network Analysis
As shown in Figure 1C, the PPI network has 18 nodes and 97 edges. Nodes indicate target proteins, and its size and color 
indicate the intensity of action (ie, degree), with the color increasing from blue to orange, and the intensity of action 
increasing sequentially. Connections between nodes represent interactions between target proteins. The top five targets in 
terms of degree value were ALB, HIF1A, STAT3, TP53, and JUN, which predicted that these targets might be the key 
targets of Puerarin for the treatment of DLI via the ferroptosis pathway.

GO and KEGG Enrichment Analysis results
GO enrichment analyses yielded 149, 21, and 41 entries in biological processes (BP), cellular components (CC), and 
molecular functions (MF), respectively. The top 10 entries for each aspect were taken to make a visual bar chart based on 
P < 0.05. GO enrichment results showed that BP was mainly involved in the negative regulation of apoptotic process, 
angiogenesis, positive regulation of gene expression, and cellular response to hypoxia. CC showed that they were mainly 
present in the transcription factor complex, cytoplasm, nucleus, and macromolecular complex. In terms of MF, it plays 
a role in the enzyme binding, protein phosphatase binding, ubiquitin-protein ligase binding, and heme binding, as shown 
in Figure 1D.

KEGG pathway analysis enriched a total of 105 pathways. Non-signaling pathways were excluded and bubble plot 
was drawn based on entries with P < 0.05. KEGG enrichment analysis showed that common genes were mainly involved 
in JAK-STAT signaling pathway, AGE-RAGE signaling pathway, HIF-1 signaling pathway, TNF signaling pathway, and 
MAPK signaling pathway, as shown in Figure 1E. The higher the “Rich factor”, the higher the enrichment. The results 
suggest that Puerarin may treat DLI through the above pathways.

Molecular Docking Results
It is generally accepted that the lower the ligand-receptor binding energy, the easier it is to dock successfully. The binding 
energies between target protein receptors (JAK2, STAT3) and a small molecule ligand (Puerarin) were −12.78 and −8.71 
kcal/mol, respectively. The binding energies were all less than −5 kcal/mol, indicating high binding viability and stable 
docking. Puerarin can form hydrogen bonds with active sites, ASN-678, SER-698, GLN-626, LYS-581, and VAL-629, of 
the JAK2 gene encoding protein (PDB:8B8N). Furthermore, it can form hydrogen bonds with active sites, ASN-73, 
TYR-122, and GLN-123, of the STAT3 gene encoding protein (PDB: 5AX3). The molecular docking schematic is shown 
in Figure 2A and B.

Effects of Puerarin on Physical and Biochemical Markers in Mice with DLI
Initially, the therapeutic effect of Puerarin on DLI mice was explored (Figure 3A). The present study determined the 
changes in FBG and body weight of mice during 12 weeks of administration. The results show that FBG of the model 
group was significantly higher than the control group at 2, 4, 6, 8, 10, and 12 weeks of administration, suggesting 
successful modelling of type 2 diabetes mellitus (T2DM). On the contrary, Puerarin group significantly reduced FBG of 
the model group after 8 weeks of administration (Figure 3B). From the results of body weight monitoring, body weight 
was significantly higher in the model and Puerarin groups than in the control group, and Puerarin markedly decreased 
body weight of the model group from week 8 onwards (Figure 3C). The results also suggest that liver weight/body 
weight, GSP and HbA1c were significantly higher in the model group than in the control group, and these indices 
remarkably decreased after Puerarin treatment (Figure 3D-F). Upon further examination serum of lipid metabolites, we 
found that serum TC, TG and LDL-C levels were significantly higher and HDL-C was significantly lower in the model 
group of mice compared to the control group (Figure 3G-J). All the above indices were reversed when Puerarin 
intervened. In addition, while the model mice were observed to have a remarkably elevated ALT and AST levels, 
these two indices were significantly downregulated after Puerarin treatment (Figure 3K and L).
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Effects of Puerarin on the Liver Pathology and Inflammatory Reaction in Mice with DLI
HE staining revealed disordered arrangement of the hepatic lobules, infiltration of inflammatory cells, appearance of 
vacuolar changes and steatosis in the model mice as compared to control group. The above pathological changes were 
significantly improved in the Puerarin group (Figure 4A). Furthermore, Oil red O staining observed significant lipid 
accumulation in liver in the model mice. However, less hepatic lipid droplets were observed after Puerarin treatment 
(Figure 4B). These data further demonstrated the protective effect of Puerarin.

Western blotting results showed that Puerarin markedly reduced p-NF-κB p65 protein expression in the model group 
(Figure 4C and D). Furthermore, ELISA results revealed that the levels of IL-1β and TNF-α in the Puerarin group were 
significantly lower than those in the model group (Figure 4E and F). These data suggest that the mechanism of action of 
Puerarin in ameliorating DLI may be related to the reduction of pro-inflammatory cytokine secretion via p-NF-κB p65 
protein expression inhibition.

Effects of Puerarin on the Oxidative Stress, and Iron Overload in Mice with DLI
The purpose of this part was to explore the effect of Puerarin on liver oxidative stress levels and iron homeostasis in DLI 
mice. Lipid peroxidation and iron overload are vital in ferroptosis. The results showed that the levels of SOD, GSH, and 
GSH-Px of KKAy mice in the model group were significantly reduced compared to the control group, while there was 
a greatly rise in MDA levels, suggesting an increase in hepatic oxidative stress (Figure 4G-J). In contrast, the above 
indicators were reversed after Puerarin treatment. Besides, Fe2+ and total iron content increased significantly in the model 
group when compared to C57BL/6J mice, while Puerarin intervention notably inhibited iron overload and decreased iron 
content in the model group (Figure 4K and L). Collectively, Puerarin inhibited oxidative stress and iron overload in 
model mice.

Figure 2 Results of molecular docking of Puerarin and key targets. (A) Molecular docking of Puerarin and JAK2. (B) Molecular docking of Puerarin and STAT3.
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Figure 3 Effect of Puerarin on FBG, body weight, Liver index, blood lipids and liver function in mice with DLI. (A) Experimental procedure to evaluate the effects of Puerarin on 
DLI mice. (B and C) FBG and body weight every 2 weeks after the establishment of the T2DM model. (D-F) Liver index, serum GSP and HbA1c. (G and J) serum TC, TG, LDL- 
C, and HDL-C. (K and L) serum ALT and AST. Data represent means ± SD (n = 8); Statistical analysis tested by one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001 vs 
control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs model.
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Figure 4 Effect of Puerarin on liver pathology, inflammatory reaction, oxidative stress, and iron overload in mice with DLI. (A and B) HE staining and Oil red O staining. 
Scale bar = 100 µm. (C and D) p-NF-κB p65 protein expression and Western blot bands. Data represent means ± SD (n = 5). (E and F) IL-6 and TNF-α levels in the liver. 
(G-J) SOD, MDA, GSH, and GSH-Px levels in the liver. (K and L) Fe2+ and total iron content in the liver. Data represent means ± SD (n = 8); Statistical analysis tested by 
one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001 vs control; ##P < 0.01, ###P < 0.001 vs model.
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Effects of Puerarin on the Viability of AML12 Cells
To screen the time of HG stimulation, Western blotting was used to detect GPX4 protein expression level at different 
times of HG stimulation. The results showed that AML12 cells showed significant ferroptosis at 24 h of HG stimulation, 
and there was no significant difference between the expression level of GPX4 protein at 24 h and that at 36 h (Figure 5A 
and B). Therefore, 24 h was chosen as the time of HG stimulation. Besides, The CCK-8 assay was used to screen the 
appropriate administration concentration of Puerarin in vitro. AML12 cells were exposed to different concentrations of 
Puerarin for 24 h. 800 μM Puerarin had no effect on the viability of normal AML12 cells, suggesting that Puerarin is 
virtually non-pharmacotoxic (Figure 5C). AML12 cell viability was significantly inhibited under HG environment, and 
then AML12 cell viability was found to have a marked increase at 25, 50, and 100 μM, compared to the HG group 
(Figure 5D). Finally, 25, 50 and 100 μM were selected as the experimental drug concentrations.

Effects of Puerarin on Steatosis and Liver Function Indexes in HG-Induced AML12 
Cells
Elevated levels of TC, TG, LDL-C, and reduced levels of HDL-C were observed in HG-stimulated AML12 cells, but 
the above indices were reversed by Puerarin treatment (Figure 5E-H). ALT and AST levels were elevated in the HG 
group compared to the control group, which indicated that the liver function of HG-stimulated AML12 cells was 
impaired. Then, liver function significantly improved when AML12 cells were treated with 25, 50 and 100 μM 
Puerarin (Figure 5I and J). Furthermore, Oil red O staining showed that significant lipid accumulation was observed in 
HG-induced AML12 cells, whereas lipid accumulation was reduced to varying degrees after 25, 50 and 100 μM 
Puerarin treatment (Figure 5K). These results confirmed the protective effect of Puerarin against HG-induced liver 
injury in AML12 cells.

Effects of Puerarin on JAK2/STAT3 Pathway and Ferroptosis in the Livers
In the present study, the specific mechanism by which Puerarin regulates ferroptosis to exert a protective effect was 
further explored. In this experiment, the expression of JAK2/STAT3 pathway-related proteins was detected by Western 
blotting. The results of mice experiments found that p-JAK2 and p-STAT3 protein expressions were markedly elevated in 
the livers of KKAy mice models, compared with the control group. The above indexes were significantly reduced after 
treatment with Puerarin (Figure 6A-C). To demonstrate that Puerarin modulates ferroptosis to ameliorate DLI, Western 
blotting was performed to detect the expression levels of ferroptosis-related indicators GPX4, ACSL4, PTGS2, 
SLC7A11, FTH1 and TFR1 proteins. The results showed that up-regulation of ACSL4, PTGS2, and TFR1 protein 
expression was observed in the livers of diabetic mice, in contrast to a decrease in the protein expression of GPX4, 
SLC7A11, and FTH1; the above indexes were reversed after Puerarin treatment (Figure 6D-J).

Effects of Puerarin on JAK2/STAT3 Pathway and Ferroptosis in the HG-Induced 
AML12 Cells
For AML12 cells, p-JAK2 and p-STAT3 protein expressions in HG-induced AML12 cells were remarkably higher than 
that in the control group, whereas 25, 50, and 100 μM Puerarin notably reduced p-JAK2 and p-STAT3 protein 
expressions in the HG group (Figure 7A-C). These results suggested that Puerarin inhibited the JAK2/STAT3 pathway 
in HG-induced AML12 cells. For AML12 cells, the results were consistent with in vivo experiments. Compared with the 
control group, HG-induced AML12 cells showed significant upregulation of ACSL4, PTGS2, and TFR1 protein 
expression, and noticeable decrease of GPX4, SLC7A11, and FTH1 expression; whereas the protein expression of the 
above indexes was restored to varying degrees after Puerarin intervention (Figure 7D-J). These data confirmed that 
Puerarin inhibited ferroptosis in HG-induced AML12 cells.

Effects of AG490 on Ferroptosis in HG-Induced AML12 Cells
To investigate the specific mechanism by which Puerarin inhibits ferroptosis to improve DLI, we used AG490 in vitro to 
explore the necessity of the JAK2/STAT3 pathway. Experimental data revealed that the HG+AG490 group obviously 
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Figure 5 Effect of Puerarin on the viability, steatosis, and liver function indexes in HG-induced AML12 cells. (A and B) GPX4 protein expression and Western blot bands. 
Data represent means ± SD (n = 5). (C and D) CCK-8 assay of Puerarin on normal AML12 cells viability and HG-induced AML12 cells viability. Data represent means ± SD 
(n = 5). (E-H) TC, TG, LDL-C, and HDL-C levels in AML12 cells. (I and J) ALT and AST levels in AML12 cells. Data represent means ± SD (n = 5). (K) Oil red O staining of 
AML12 cells. Scale bar = 50 µm. Statistical analysis tested by one-way ANOVA test. **P < 0.01, ***P < 0.001 vs control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs HG.
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Figure 6 Effects of Puerarin on JAK2/STAT3 pathway and ferroptosis in mice with DLI. (A-C) p-JAK2 and p-STAT3 protein expression and the Western blot bands. (D-J) 
GPX4, ACSL4, PTGS2, SLC7A11, FTH1, and TFR1 protein expression and the Western blot bands. Data represent means ± SD (n = 5). Statistical analysis tested by one-way 
ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001 vs control; ##P < 0.01, ###P < 0.001 vs model.
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decreased the expression of p-JAK2 and p-STAT3 proteins in the HG group. The results also found that both HG+AG490 
and HG+Puerarin (25, 50, and 100 μM) effectively improved ferroptosis-related indexes in the HG group to varying 
degrees, suggesting that AG490 and Puerarin exerted similar effects (Figure 7A-J). Finally, we conclude that the JAK2- 
STAT3 signaling pathway is involved in the improvement of ferroptosis in DLI by Puerarin.

Figure 7 Effects of Puerarin and AG490 on JAK2/STAT3 pathway and ferroptosis in HG-induced AML12 cells. (A-C) p-JAK2 and p-STAT3 protein expression and the 
Western blot bands. (D-J) GPX4, ACSL4, PTGS2, SLC7A11, FTH1, and TFR1 protein expression and the Western blot bands. Data represent means ± SD (n = 5). Statistical 
analysis tested by one-way ANOVA test. **P < 0.01, ***P < 0.001 vs control; #P < 0.05, ##P < 0.01, ###P < 0.001 vs model.
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Discussion
Persistent hyperglycaemia and metabolic disorders in DM patients can cause systemic tissue and organ damage, which 
can lead to serious complications.33 Among them, liver disease is the main cause of death in DM patients. Due to the 
complexity of the pathogenesis, there is no ideal specific drug or therapeutic strategy for the treatment of DLI. In this 
study, we aimed to investigate the effects and mechanisms of Pueraria in the treatment of DLI (Figure 8). In vivo, 
Puerarin inhibited the ferroptosis process in liver injury in KKAy mice through the JAK2/STAT3 pathway. In vitro, 
Puerarin ameliorated HG-induced liver injury in AML12 cells. Meanwhile, blocker experiments using AG490 confirmed 
that the inhibition of ferroptosis process by Puerarin was relied on the JAK2/STAT3 pathway. We believe that these 
findings collectively suggest that Puerarin is a promising and effective agent in the treatment of DLI.

The male KKAy mice selected for this study are type 2 diabetic mice with a mutation in the hair color gene (ie Ay). 
Ay gene causes metabolic disorders in mice, resulting in metabolic abnormalities syndromes such as hyperglycemia, 
obesity, and disorders of lipid metabolism.34 The diabetes induced by this model is extremely similar to that of human 
type II diabetes, which makes it an ideal animal model of type II diabetes. The results of this experiment showed that the 
FBG, body weight, and lipid levels of KKAy mice on a high-sugar and high-fat diet were significantly higher than those 
of the control group, which proved that it was a stable animal model of type 2 diabetes. In addition, KKAy mice showed 
elevated ALT and AST levels as well as liver pathology with vacuoles, steatosis and lipid accumulation. All these results 
indicated that the DLI model was successfully constructed. However, all above indicators improved after administration 
of Puerarin, indicating that Puerarin effectively inhibited dyslipidaemia and protected liver structure and function in 
KKAy mice.

AML12 cells, mouse normal hepatocytes, were constructed from hepatocytes of transgenic mice carrying the human 
TGF-α gene. Easily grown AML12 cells were selected in this study due to difficulties in primary cell culture. Meanwhile, 
AML12 cells were cultured with HG in vitro to mimic the high-glucose microenvironment in diabetic hepatocytes.35 This 
cell model has the advantages of high efficiency, short cycle time, good reproducibility and high operability, and has been 
widely used in the study of liver diseases caused by DM. Under HG intervention for 24 h, AML12 cell viability was 
obviously reduced and showed impaired liver function and steatosis, indicating that the vitro model was successfully 

Figure 8 A schematic diagram illustrating the effects and mechanisms of Puerarin on DLI.
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constructed. The above indexes were improved to varying degrees after the intervention with different concentrations of 
Puerarin, indicating that Puerarin has a protective effect on HG-induced liver injury in AML12 cells.

The present study investigated the effects of Puerarin on liver oxidative stress levels and iron homeostasis in diabetic 
mice. Lipid peroxidation and iron overload are critical for ferroptosis.36 SOD, MDA, GSH, and GSH-Px are important 
intracellular indicators of redox status, which can comprehensively evaluate changes in oxidative stress levels.37 During 
DLI, the liver is subjected to oxidative stress, with increased production of ROS, leading to a decrease in GSH content 
and the formation of lipid peroxides such as MDA. SOD, GSH and GSH-Px, the main intracellular antioxidants, 
scavenge free radicals and prevent lipid peroxidation reactions. In addition, the intracellular Fe2+ content increases and 
combines with H2O2 to generate hydroxyl radicals. Hydroxyl radicals oxidise polyunsaturated fatty acids on membranes, 
leading to lipid peroxidation.38 When the intracellular antioxidant system is imbalanced, lipid peroxidation may be 
accelerated, causing cell membrane damage and ultimately inducing ferroptosis in cells. Our experimental results show 
that Puerarin can reduce iron content to a certain extent, as well as increase SOD, GSH, GSH-Px content and inhibit 
MDA production, thus alleviating the pathogenesis of DLI. Therefore, Fe, SOD, MDA, GSH, and GSH-Px can be used 
as important reflective indicators of the degree of oxidative stress damage and ferroptosis in DLI, which provides a new 
idea for the treatment of DLI with Puerarin by regulating redox balance and ferroptosis.

Ferroptosis is a unique mode of cell death associated with oxidative stress and disturbances in iron metabolism, which 
plays a key role in DLI.39 Glutathione Peroxidase 4 (GPX4) is a negative regulator of lipid peroxidation and has an 
important role in preventing the development of ferroptosis.40 GPX4, an antioxidant enzyme, reduces lipid peroxides to 
lipids alcohols with the assistance of glutathione (GSH). GSH depletion inactivates GPX4 and lipid peroxidation occurs, 
thereby inducing ferroptosis in cells.41 Conversely, overexpression of GPX4 inhibits lipid accumulation, thereby 
protecting cells from oxidative damage. Besides, GSH, activated by the specific amino acid transport protein 
SLC7A11, is an vital cofactor in maintaining normal GPX4 function. Down-regulation of SLC7A11 resulted in reduced 
GSH synthesis and GPX4 inactivation, which ultimately caused cellular lipid peroxide accumulation and contributed to 
the development of ferroptosis.42 Activation of the SLC7A11/GPX4 pathway was found to attenuate Cd-induced 
hepatotoxicity and ferroptosis in HepG2 cells.43 Therefore, GPX4 and SLC7A11 are considered as key regulatory 
proteins to prevent cellular ferroptosis.44

Long-chain acyl-CoA synthetase 4 (ACSL4), a key enzyme in lipid metabolism, regulates the biosynthesis of various 
unsaturated fatty acids in cell membranes and plays a crucial role in processes such as apoptosis, lipid metabolism, and 
energy metabolism.45 However, excessive upregulation of ACSL4 can increase lipid peroxidation, leading to enhanced 
cell membrane permeability and promoting ferroptosis in cells. It was found that knockdown of ACSL4 inhibited 
ferroptosis and inflammatory responses in I/R-AKI mice in vivo and erastin-induced ferroptosis in HepG2 and HL60 
cells in vitro.46 Therefore, ACSL4 is considered a positive regulator of ferroptosis.47 In addition, PTGS2, also known as 
COX-2, is a key enzyme catalysing prostaglandin biosynthesis. During ferroptosis, upregulation of PTGS2 may lead to 
the accumulation of lipid peroxides, which in turn promotes ferroptosis.48 Thus, changes in PTGS2 may affect the 
process of ferroptosis.

In this study, we also examined the expression of key mediators of iron metabolism, TFR1 and FTH1. TFR1 is 
a transmembrane glycoprotein that interacts with iron-binding transferrin and plays an important role in cellular iron 
uptake.49 Fe3+ binds to transferrin (TF) on the cell membrane to form a complex, which is transported by TFR1 into the 
cell to be reduced to Fe2+. After being transported by divalent metal ion transporter (DMT1), it leads to lipid peroxidation 
via the Fenton reaction, which ultimately causes ferroptosis.50 TFR is required for ferroptosis, and TFR deficiency 
protects cells from ferroptosis.51 Besides, ferritin heavy chain 1 (FTH1), an essential component of the human ferritin 
shell, regulates intracellular Fe2+ concentration by storing free Fe2+ and inhibits ferroptosis by reducing ROS 
production.52 Thus, TFR1 and FTH1 play key roles in regulating cellular iron metabolism and maintaining iron 
homeostatic balance.

In this study, network pharmacology and molecular docking technology were used to find the common pathways of 
Puerarin, DLI and ferroptosis. Network pharmacology explores the complex relationship between the components and 
effects of traditional Chinese medicine (TCM) from the perspective of multi-targets and multi-pathways, which can 
elucidate the complex mechanism of action of TCM, and provide new technical support for drug research and 
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development, and drug therapy.53 Meanwhile, molecular docking, as a computational method, can be used to simulate the 
interactions between drug molecules and targets and predict the binding modes and affinities of both.54 Based on this, the 
intersecting targets of Puerarin, ferroptosis and DLI were obtained in this study, including ALB, HIF1A, STAT3, TP53, 
and JUN, suggesting that these targets may be the key targets of Puerarin in the treatment of DLI through the ferroptosis 
pathway. Through KEGG enrichment analysis, 105 pathways were screened, and those closely related to inflammation 
included JAK/STAT signaling pathway, AGE-RAGE signaling pathway, TNF signaling pathway, and MAPK signaling 
pathway. In addition, molecular docking preliminarily predicted that Puerarin has good affinity with JAK2 and STAT3. 
Therefore, our team continued to use in vivo and in vitro experiments to verify whether Puerarin acts on ferroptosis 
process via the JAK2/STAT3 pathway to treat DLI.

Increasing evidence suggests that inflammation is closely associated with diabetes-induced liver diseases.55 NF-κB 
signaling, one of the important pathways in the inflammatory process, has been found to be associated with the 
pathogenesis of DLI. The NF-κB pathway has been reported to regulate the production of various pro-inflammatory 
cytokines. NF-κB can induce the expression of pro-inflammatory cytokines such as TNF-α and IL-1β.56 In addition to 
this, the JAK2/STAT3 pathway, one of the important intracellular signaling pathways, plays a key role in the inflamma-
tory response.57 It has been demonstrated that over-activation of the JAK2/STAT3 pathway exists in most human liver 
diseases and animal models of liver injury. Activation of the JAK2/STAT3 pathway can cause an increase in the 
expression of inflammatory factors, leading to cellular inflammation and fibrosis, and ultimately accelerating the 
progression of DLI.58 Inhibition of the JAK2/STAT3 pathway was found to ameliorate the inflammatory response in 
the liver of mice with high-fat diet-induced NAFLD.59 Inactivation of the IL-6/JAK2/STAT3 pathway also exerted an 
anti-inflammatory effect on ConA-induced acute hepatitis in mice.60 In addition, exposure to AFB1 activated the JAK2/ 
STAT3/NLRP3 pathway thereby, leading to cellular pyroptosis and fibrosis in the liver.61 In conclusion, the JAK2/STAT3 
pathway has been shown to be one of the important pathogenic mechanisms in many inflammatory diseases. This is 
consistent with our experimental results that the JAK2/STAT3 pathway and NF-κB were activated in KKAy mice on 
a high-sugar and high-fat diet, yet administration of Puerarin exerted anti-inflammatory effects on DLI mice.

Inflammation is one of the pathogenic mechanisms of DLI. Recent evidence suggests that in the inflammatory 
microenvironment, ferroptosis and inflammatory pathways interact with each other and are jointly involved in the 
regulation of inflammatory processes.62 Ferroptosis can influence inflammatory progression by modulating the activity 
of inflammatory signaling pathways. Meanwhile, in the inflammatory microenvironment, the secretion of relevant 
substances between microbes and host cells or between host cells can influence the ferroptosis process.63 More 
importantly, inhibition of JAK/STAT3 pathway was found to reverse cell apoptosis and ferroptosis in cisplatin-induced 
acute kidney injury (CAKI) mice.64 It was also found that JAK or STAT1 inhibition ameliorated ferroptosis in non-obese 
diabetic (NOD) mice modeled with Sjogren’s syndrome (SS).65 Thus, JAK/STAT pathway is closely related to 
ferroptosis.

In vitro, we used AG490 to elucidate the relationship between hepatic ferroptosis and the JAK2/STAT3 pathway. 
AG490, a specific inhibitor of JAK2, has been widely used in the study of the signaling and regulatory roles of JAK2. 
AG490 inhibits the autophosphorylation of the epidermal growth factor (EGF) receptor and inhibits DNA synthesis and 
cell proliferation.66 Activation of the JAK2/STAT3 pathway was reported to exacerbate painful neuropathy in diabetic 
rats, and this pain was alleviated by 50 μM AG490.31 Our experimental results also showed that AG490 inhibited the 
HG-induced JAK2/STAT3 pathway and ferroptosis in AML12 cells, supporting the conclusion that the protective effect 
of Puerarin-regulated ferroptosis process against DLI is dependent on the JAK2/STAT3 pathway.

Conclusion
In summary, our findings demonstrated that Puerarin has a protective effect against liver injury in KKAy mice and HG- 
induced AML12 cells, and its mechanism of action is related to the amelioration of ferroptosis by Puerarin via inhibition 
of the JAK2/STAT3 pathway. These results suggest that Puerarin is likely to be a promising drug for the treatment 
of DLI.
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