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Purpose: Mitochondrial dysfunction mediated by c-Jun N-terminal kinase (JNK) plays an important role in lipotoxic liver injury in 
nonalcoholic steatohepatitis (NASH). This study aims to investigate the pharmacological mechanism of Jiangzhi Granule (JZG), 
a Chinese herbal formula against NASH, with a focus on its regulation of JNK signaling-mediated mitochondrial function.
Methods: Hepatocytes were induced by palmitic acid (PA) for 24 h to establish an in vitro lipotoxic model, which was simultaneously 
treated with either JZG or vehicle control. Male C57BL/6J mice were fed a high-fat diet (HFD) for 22 weeks and then treated with 
JZG via gavage for additional 8 weeks. Lipotoxic injury in hepatocytes or mice liver tissues, as well as JNK signaling-related 
molecules, were further investigated.
Results: JZG improved PA-induced lipid deposition, cell viability, apoptosis, and mitochondrial dysfunction in hepatocytes. In NASH 
mice, JZG reduced hepatosteatosis, and inflammatory infiltration, and improved mitochondrial morphology and quantity in liver 
tissues. Additionally, elevated phosphorylation ratio of non-receptor tyrosine kinase c-Src (Src) and reduced phosphorylation ratio of 
JNK and SH2-containing protein tyrosine phosphatase (SHP-1) were found in both hepatocytes and mice liver tissues treated with JZG 
versus those with the vehicle.
Conclusion: Taken together, JZG could improve mitochondrial dysfunction and reduce lipotoxic liver injury in NASH in vivo and 
in vitro models. The inhibition of the JNK signaling pathway may contribute to the underlying mechanism of JZG in preventing and 
reversing NASH development.
Keywords: nonalcoholic steatohepatitis, Jiangzhi Granule, c-Jun N-terminal kinase, mitochondrial dysfunction, lipotoxic injury

Introduction
Nonalcoholic fatty liver disease (NAFLD) is a metabolic disorder characterized by excessive lipid accumulation in the 
liver. The global prevalence of NAFLD has been continuously increasing, currently affecting an estimated 20–30% of 
adults, and over 75% of those with obesity.1 Histologically, it is divided into nonalcoholic fatty liver (NAFL) and 
nonalcoholic steatohepatitis (NASH). The latter represents a more advanced stage, characterized by inflammation, 
hepatocyte ballooning, and the potential for fibrosis development, in addition to lipid deposition in liver tissues. 
NASH has recently emerged as a major cause of end-stage liver dysfunction.2 Evidence indicates that approximately 
10–25% of NASH patients may progress to cirrhosis,3 and it is predicted that NASH-related cirrhosis would become the 
leading cause of liver transplant in the next decade.4

The “multiple hit” hypothesis is recognized as the predominant explanation for the pathogenesis of NAFLD. It 
assumes that the excessive accumulation of free fatty acids (FAs) triggers a series of deleterious events, including 
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mitochondrial dysfunction, oxidative stress, lipid peroxidation, and endoplasmic reticulum stress, ultimately resulting in 
hepatocellular injury.5–7 As mitochondria are key organelles involved in energy metabolism, their role in the develop-
ment of NASH has garnered increasing attention.8,9 Mitochondrial dysfunction has been observed in patients with 
NASH10 and has been further confirmed by cell and animal models.11,12 The severity of this dysfunction correlates 
positively with the progression of NAFLD.13 Mitochondrial dysfunction not only induces oxidative stress and lipid 
accumulation but also causes hepatocyte damage, thereby facilitating the transition from NAFL to NASH. Moreover, it is 
noteworthy that excessive FAs in NASH can activate c-Jun N-terminal kinase (JNK) signaling. This pathway can interact 
with the mitochondrial membrane, initiating a cascade of protein alterations that ultimately lead to mitochondrial 
damage.14

To date, Resmetirom, an thyroid hormone receptor-β agonist, is the only one specific drug approved for NAFLD 
treatment. But research is still needed to confirm its clinical efficacy and safety.15 And the primary treatment 
approach remains lifestyle modification, which is too strict to persist for many patients.16 In recent decades, 
accumulating evidence has highlighted the potential of traditional Chinese medicine (TCM) in the prevention and 
treatment of NASH.17 In TCM theory, “spleen deficiency, phlegm, and stasis” is considered the underlying 
pathogenesis of NAFLD.18 Based on this theory, our research group developed the TCM formula Jiangzhi 
Granule (JZG) (alternatively named Salvia–Nelumbinis naturalis), composed of five herbal medicines. In vitro 
studies have shown that JZG can reduce fatty acid-induced lipid droplet accumulation and hepatocyte damage.19,20 

Several studies have also demonstrated that JZG can improve histopathological changes in liver tissues and serum 
lipid levels in rodent models of NASH.19,21,22 However, its mechanism has been incompletely elucidated by far. Our 
previous research found that JZG could inhibit JNK activation in the liver tissues of NASH mice induced by 
a methionine-and choline-deficient (MCD) diet.23 Therefore, in this study, using the in vitro and in vivo NASH 
models, we aim to explore whether JZG can mitigate lipotoxic liver injury in NASH by improving mitochondrial 
dysfunction through the regulation of JNK signaling. This could further support the use of JZG as a clinical 
alternative for NASH treatment.

Graphical Abstract
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Materials and Methods
Drugs Preparation
The formula JZG consists of five herbal medicines, with the following daily doses for adult use: Gynostemma 
pentaphyllum (Thunb). Makino 15 g, Polygonum cuspidatum Sieb. et Zucc 15 g, Salvia miltiorrhiza Bunge 9 g, 
Nelumbo nucifera Gaertn 6 g, and Artemisia capillaris Thunb 9 g. The raw herbs, supplied by the Pharmacy 
Department of Longhua Hospital, Shanghai University of TCM, were mixed and extracted with water. After filtration, 
the extract was further processed with ethanol, and the final extract powder was obtained through lyophilization. The 
chemical constituents of the formula had been analyzed using UPLC-TOF-MS.24

Cell Culture and Treatment
Hepatocyte cell lines AML12 and HepG2 were obtained from the Institute of Cell Biology, Chinese Academy of Science 
(Shanghai, China). Cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (Gibco, 
Lonsera, Grand Island, United States) at 37 °C in a 5% CO2 atmosphere. The cells incubated in DMEM with palmitic 
acid (PA), 1% BSA and, and 5% FBS (Sigma, Steinheim, Germany) or in DMEM only with 1% BSA and 5% FBS for 
24 h were used as the model group or control group separately. For the JZG treatment group, cells were co-incubated 
with PA and JZG dissolved in DMEM at different doses.

Cell Viability Test
AML12 and HepG2 cells were cultured in 96-well plates with 5×103 cells per well. To select the dose to trigger lipotoxic 
injury in vitro, cells were incubated with PA at different dose (0.1, 0.25, 0.5, 1, 1.5, 2 mm) for 24 h. Subsequently, the 
CCK-8 reagent (Dojindo, Kumamoto, Japan) was added at a 1:10 ratio with DMEM, and incubated at 37 °C for 
4 h. Optical density (OD) at 450 nm was measured using a microplate reader (BioTeck, Winooski, United States). Cell 
viability was calculated using the formula: Cell viabilityð%Þ ¼ OD450 ½treated�� OD450 ½blank�

OD450 ½control�� OD450 ½blank� � 100%. Additionally, cell viabi-
lity test was also performed for the hepatocytes after 24 h-incubation with JZG (0.125, 0.25, 0.5, 1, 2, 4, 8, 16 μg/mL) to 
primarily determine the safe dose of the drug. Further, PA (0.5 mm) and varying concentrations of JZG were added to the 
cells, followed by a 24-hour incubation and the viability was measured by CCK8 assay.

Nile Red Staining of Cells
After fixation with 4% paraformaldehyde for 30 min, the cells were stained with Nile red solution (SIGMA, Steinheim, 
Germany) for 20 min, followed by DAPI staining (MP, Biomedicals, United States) for 10 min. Images were captured 
and fluorescence values were analyzed using ImageXpress microsystem High Content Imaging System (Molecular 
Devices, LLC. San Jose, CA, United US). The ratio of Nile red dots per cell was determined as: Nile red dots/cells = 
Cell integrated intensity/Total number of cells.

TMRM Fluorescence Staining and ATP Determination
Cells were incubated with tetramethyl rhodamine, methyl ester (TMRM) staining solution (Sigma) for 20 min. 
Fluorescence images were acquired using the ImageXpress Microsystem High-content imaging system. To detect ATP 
generation in cells, cells were lyzed and mixed with an ATP detection working solution (Beyotime, Hangzhou, China). 
The relative luminescence units (RLU) were measured by the microplate reader, and ATP content was calculated based 
on a standard curve.

Design of Mice Experiment
Six-week-old male C57BL/6J mice were obtained from Shanghai Slack Laboratory Animal Co. Ltd. The mice were 
housed at a temperature of 22±2 °C and a humidity range of 50–70%. The experimental protocols were approved by the 
Animal Experiment Ethics Committee of Shanghai University of Traditional Chinese Medicine, with the Ethics 
Permission Number LHERAW-23031. All the procedures were carried out in accordance to the guide for the care and 
use of laboratory animals (National Research Council (US) Committee for the Update of the Guide for the Care and Use 
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of Laboratory Animals. 8th ed). The mice were randomly assigned to four groups based on their body weights (8 mice 
per group): Control group, fed a standard diet; HFD group, fed a high-fat diet (HFD, the calorie percentages from fat, 
carbohydrate, and protein are 20%, 20%, and 60%, respectively, Research diet, Cat:D12492, New Brunswick, USA) for 
30 weeks; JZG-L group and JZG-H group, fed a HFD and gavaged with JZG daily at 7.7 mg/kg and 14.14 mg/kg, 
respectively for the last 8 weeks of the study. The dosage was determined based on clinical dose conversion relative to 
mouse weight. At the end of the study, the mice were euthanized, and blood and liver tissue samples were collected for 
further experimental analysis.

Liver Histopathology and Immunohistochemistry
Liver samples were fixed in 4% neutral formalin for 24 hours, then dehydrated and embedded in paraffin. Subsequently, 
The samples were sectioned into 4 μm slices, deparaffinized, rehydrated, and stained with hematoxylin and eosin (HE) 
staining solution (Yixin, Shanghai, China). The slides were mounted and visualized under a light microscope (Nikon 
ECLIPSE 50i, Tokyo, Japan).

For the immunohistochemical analysis, the deparaffinized liver sections were first treated with 0.01M citrate buffer at 
a pH of 6.0 using a high-pressure heating device for 10 minutes to retrieve antigens. The sections were then blocked to 
prevent non-specific binding, and then incubated overnight at 4 °C with an antibody against 4-hydroxynonenal (4-HNE) 
(Alpha Diagnostic, Texas, United States). An Envision+ secondary antibody from Dako (Glostrup, Denmark) was 
applied for 1 hour at room temperature. Then the chromogen substrate (DAB) was used to develop a brown coloration 
at the sites of positive staining, followed by counterstaining with hematoxylin.

Transmission Electron Microscopy of Liver Tissues
To examine the mitochondrial structure, liver samples were immersed in 2% glutaraldehyde for a duration of 2 h, then 
further sectioned into ultra-thin slices with a thickness of 70 nm. Detailed subcellular images were captured using 
a transmission electron microscope (HITACHI H-7650).

Quantitative RT-PCR
Total RNA was extracted from liver tissues and cells using Trizol reagent (Invitrogen, USA). The RNA was then reverse 
transcribed into complementary DNA (cDNA) using a reverse transcription kit (Applied Biosystems, Carlsbad, CA, 
United States). The quantitative polymerase chain reaction (RT-PCR) was performed using a SYBR Green PCR Mix kit 
(Accurate Biology, Changsha, China) on StepOnePlus Real-Time PCR System (Applied Biosystems). The PCR primers 
were synthesized by Shanghai Shinegene Bio-tech Co., Ltd. The sequences were listed in Table 1. Relative mRNA levels 
were calculated using the 2−ΔΔCt calculation method, with the housekeeping gene β-actin serving as the internal reference 
gene for normalization.

Table 1 The PCR Primer Sequences Utilized in the Study

Gene Sequence (5’-3’)

m β-actin Forward: GAGACCTTCAACACCCCAGC 

Reverse: ATGTCACGCACGATTTCCC

m PGC-1α Forward: TGGCACGCAGCCCTATTC 
Reverse: GAGGATCTACTGCCTGGGGAC

m NRF1 Forward: TCCCAGAGATGCTCAAGTATTCC 

Reverse: TTAACTATGGTCCGTAATGCCTG
m TFAM Forward: GCATCCCCTCGTCTATCAGTC 

Reverse: TGTGGAAAATCGAAGGTATGAAC
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Western Blot
The BCA method was employed to quantify protein concentrations from cell or liver tissue lysates prepared using RIPA 
buffer. The proteins were resolved via acrylamide gel electrophoresis and subsequently transferred onto a PVDF 
membrane (Millipore, Billerica, USA). Following blocking, the membrane was incubated with a range of primary 
antibodies, including those against phospho-JNK (P-JNK), total JNK (JNK), total non-receptor tyrosine kinase c-Src 
(Src), phospho-Src (P-Src), total SH2-containing protein tyrosine phosphatase (SHP-1), phospho-SHP-1 (P-SHP-1), 
PGC-1, Sab, Cleaved PARP, and β-actin (Cleaved PARP from ABclonal, Wuhan, China; Sab from Proteintech, 
Wuhan, China; all other antibodies from Cell Signaling, Massachusetts, United States). These primary antibodies were 
applied and incubated with the membrane at 4 °C overnight. The next day, the membrane was further incubated with 
appropriate secondary antibodies, followed by exposure to ECL solution (Millipore). The protein bands were visualized 
using a chemiluminescence imaging system (Tanon, Shanghai, China).

Statistical Analysis
The data were presented as the mean ± standard deviation (SD). To compare the means of two distinct groups, a Student’s 
t-test was employed. For comparisons among three or more groups, a one-way analysis of variance (ANOVA) was 
utilized. Data analysis and graphical representations were carried out using SPSS 28.0 software from SPSS Inc. 
(Chicago, Illinois) and GraphPad Prism 9.0 from GraphPad Software Inc. (San Diego CA, United States). And p < 
0.05 was considered statistically different.

Results
JZG Mitigated Lipotoxic Injury of Hepatocytes
As illustrated in Figure 1A, the cell viability of HepG2 and AML12 cells was reduced by PA in a dose-dependent 
manner. The cell survival rate was approximately 50% when induced by 0.5 mm PA, which was selected for subsequent 
experiments. After incubation with various concentrations of JZG, ranging from 0.125 to 16 μg/mL cells for 24h, 
a significant reduction in cell viability was only observed when the JZG concentration reached 8 μg/mL and more. 
Furthermore, Figure 1B demonstrated that the viability of HepG2 and AML12 cells was reduced upon exposure to 
0.5 mm PA, which was alleviated by JZG at a concentration of 0.5 μg/mL. This does of JZG was thereby subsequently 
chosen for further in vitro studies.

Nile red staining was used to show the neutral lipid droplets in the hepatocytes. The acquired images and the 
calculated fluorescence intensity/cell results demonstrated that JZG treatment markedly attenuated lipid accumulation 
caused by PA incubation (Figure 1C). Moreover, as illustrated in Figure 1D, Western blot analysis revealed that JZG 
significantly decreased the levels of cleaved PARP, a protein marker of apoptotic process.

JZG Improved PA-Induced Mitochondrial Dysfunction in Hepatocytes
Mitochondrial function was assessed using TMRM staining to evaluate changes in mitochondrial membrane potential. As 
shown in Figure 2A, PA caused a significant reduction in TMRM fluorescence intensity in both HepG2 and AML12 cells, 
indicating occurrence of mitochondrial dysfunction. This impairment was notably reversed by incubation with JZG. 
Furthermore, JZG also restored PA-induced reductions in ATP generation in hepatocytes (Figure 2B). PGC-1α plays 
a crucial role in mitochondrial biogenesis and oxidative phosphorylation, leading to increased mitochondrial number and 
activity. As depicted in Figure 2C, JZG intervention significantly prevented the down-regulation of PGC-1α protein 
expression induced by PA.

JZG Inhibited PA-Induced Activation of the JNK Signaling Pathway in Hepatocytes
This study assessed the protein levels of key components in the JNK signaling pathway, including JNK, phospho-JNK 
(P-JNK), Sab, SH2-containing protein tyrosine phosphatase (SHP-1), phospho-SHP-1 (P-SHP-1), non-receptor tyrosine 
kinase c-Src (Src), phospho-Src (P-Src), as well as the ratios of P-JNK/JNK, P-SHP-1/SHP-1 and P-Src/Src in HepG2 
and AML12 cells. In contrast to the control group, the ratios of P-JNK/JNK and P-SHP-1/SHP-1 were significantly 
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Figure 1 JZG ameliorated lipotoxic damage in hepatocytes induced by PA. (A) Effect of JZG on hepatocyte viability in normal culture medium. (B) Impact of JZG on 
hepatocyte viability under PA-induced conditions. (C) DAPI and Nile Red double staining of hepatocytes subjected to lipotoxic injury (200× magnification). (D) Effect of JZG 
on the level of Cleaved PARP in PA-induced hepatocytes. +p < 0.05, +++p < 0.001 vs JZG (0); *p < 0.05, ***p < 0.001 vs Control; #p < 0.05 vs Model.
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elevated, while the ratio of P-Src/Src was markedly reduced in the model cells induced by PA. In comparison to the 
model group, JZG treatment led to a decrease in the ratios of P-JNK/JNK and P-SHP-1/SHP-1, with a notable increase in 
the ratio of P-Src/Src (Figure 3).

JZG Alleviated Lipotoxic Liver Injury in NASH Mice
Dietary-based rodent NAFLD models are considered the most suitable models. HFD-fed male C57BL/6J mice are most 
frequently utilized, which closely resemble human NAFLD with insulin resistance and metabolic syndrome. Longer period 
intake of HFD could induce the histological changes of NASH in mouse liver, including steatosis, hepatocyte ballooning, 
lobular inflammation, and perisinusoidal fibrosis.25 Figure 4A–C showed that, after being fed HFD for 30 weeks, the model 
mice exhibited a significant increase in body weight, liver weight, and levels of serum total cholesterol (TC), HDL cholesterol 
(HDL-c), LDL cholesterol (LDL-c), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehy-
drogenase (LDH). Compared to the HFD group, mice treated with both low and high doses of JZG showed significant 

Figure 2 JZG alleviated mitochondrial impairment in hepatocytes induced by PA. (A) TMRM staining of hepatocytes (200× magnification). (B) Quantification of cellular ATP 
synthesis in hepatocytes. (C) Protein expression levels of PGC-1α in hepatocytes. *p < 0.05, ***p < 0.001 vs Control; #p < 0.05 vs Model.
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reductions in these parameters. Histopathological analysis using HE staining revealed extensive lipid accumulation, hepato-
cyte ballooning degeneration, and inflammatory cell infiltration in the liver tissues of HFD mice, confirming the establishment 
of the NASH model (Figure 4D). Treatment with JZG notably improved these liver histopathological features (Figure 4D). 
Additionally, cleaved PARP, which was significantly upregulated in the liver tissues of model mice compared to controls, was 
effectively reduced by JZG intervention (Figure 4E).

JZG Mitigated JNK Signaling Activation and Improved Mitochondrial Function in the 
Liver Tissues of NASH Mice
The transmission electron microscopy images of liver tissues demonstrated that HFD resulted in a significant reduction in 
mitochondrial quantity, with mitochondria exhibiting enlarged and damaged morphology in hepatocytes (Figure 5A). 
With JZG intervention, there was an observed increase in mitochondrial number and a partial restoration of their typical 
structure. Compared with model group, there were less and smaller lipid droplets in the JZG group. In liver tissues of 
model mice, the expression levels of genes associated with mitochondrial biogenesis and function, including PGC-1α, 
NRF1, and TFAM, were found to be diminished, which were upregulated by JZG treatment, as depicted in Figure 5B. 
This indicates the protective effects for mitochondrial function of the TCM formulation.

Mitochondrial dysfunction is known to generate excessive reactive oxygen species (ROS), which can trigger lipid 
peroxidation and subsequent cellular damage. Elevated levels of 4-hydroxynonenal (4-HNE), a marker of lipid perox-
idation, were detected in the liver tissues of model mice compared to control mice. JZG treatment significantly reduced 
the intensity of 4-HNE staining (Figure 5C). Additionally, the expression levels of JNK pathway-related molecules in 

Figure 3 JZG suppressed the activation of the JNK signaling in hepatocytes induced by lipotoxicity. The expression/activation levels of JNK, SHP-1, Src, and Sab proteins in 
hepatocytes were detected using Western blot analysis. *p < 0.05, ***p < 0.001 vs Control; #p < 0.05 vs Model.
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mice liver tissues were shown in Figure 5D. There was no difference in Sab expression among different group. High dose 
of JZG notably decreased the ratios of P-JNK/JNK and P-SHP-1/SHP-1, while increasing the P-Src/Src ratio in the liver 
tissues of NASH mice. This suggests that JZG effectively inhibits the activation of the JNK signaling pathway.

Discussion
Compared with NAFL, NASH increases the risk of developing poor outcomes, including liver cirrhosis, liver failure, 
hepatocellular cancer, cardiovascular disease, and malignancy.26,27 Thus early prevention and reversal of NASH devel-
opment are crucial. Currently, some drugs in Phase 2 and 3 clinical trials target mainly metabolic pathways (the PPAR 
agonist pioglitazone,28 the FXR agonist Obecchic acid29), cellular stress and apoptosis,30 and the immune pathway31 and 

Figure 4 The effect of JZG on NASH mice. (A) Changes in body and liver weights of the mice. (B) Serum lipid levels. (C) Serum levels of ALT, AST and LDH. (D) HE 
staining of liver tissues, with the central vein (CV) indicated (200× magnification). (E) Expression of cleaved PARP protein in mice liver tissues. *p < 0.05, ***p < 0.001 vs 
Control; #p < 0.05, ###p < 0.001 vs HFD group.
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Figure 5 The impact of JZG on mitochondrial function and the JNK signaling pathway in the liver tissues of NASH mice. (A) Electron microscopy images of liver tissues 
(yellow arrow: mitochondria; blue arrow: lipid droplets) (20000× magnification). (B) mRNA levels of PGC-1α, NRF1, and TFAM in liver tissues of mice. (C) IHC staining of 
4-HNE in liver tissues (200×). (D) Expression/activation levels of JNK pathway-related molecules. *p < 0.05, ***p < 0.001 vs Control; #p < 0.05, ###p < 0.001 vs HFD group.
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so on. The efficacy and safety of these new emerging drugs need to be further investigated. By far, there is only one 
specific drug approved for NAFLD treatment,32 highlighting the need for the development and application of new drugs.

Recent pharmacological studies have exhibited the benefits and effects of TCM in treating NAFLD/NASH.33,34 The 
TCM herbal formula JZG has been used clinically for NAFLD treatment. A multicenter clinical trial showed that JZG 
effectively reduced the body mass index (BMI), ALT, and serum lipid levels in NAFL patients without adverse 
reactions.35 Previous in vivo researches indicated that JZG improved the HFD-induced hepatosteatosis and metabolic 
abnormalities in NAFLD mice,20,22 and ameliorated the histological assessment of NAFLD activity score of MCD diet- 
induced NASH mice.23 In this study, 8-week treatment with JZG significantly decreased body and liver weight, serum 
lipid and liver enzyme levels, and apoptosis-related molecule in liver tissues of the HFD-induced NASH mice. Especially 
the degree of hepatosteatosis, inflammatory infiltration, and ballooning degeneration in the liver tissues of model mice 
were ameliorated by JZG. Additionally, in vivo experiments showed that Lipid droplet accumulation in PA-treated 
hepatocytes could be significantly attenuated by JZG.19 This study found JZG not only reduced lipid deposition, but also 
improved cell apoptosis and increased cell viability.These results confirmed JZG’s beneficial effects on the lipotoxic liver 
injury in NASH. Previous clinical study has shown that routine dose of JZG can improve hepatosteatosis and blood lipid 
levels in NAFL patients.35 In this study, JZG was applied at both a low dose equivalent to the clinical routine dose, and 
a high dose, which is twice the low dose. The results showed that JZG-H have better effects on mouse liver 
histopathology, body weight, liver weight and blood lipids than JZG-L. This suggests that the use of higher dose of 
JZG may be considered to achieve better therapeutic effect in future clinical NASH studies.

Studies have evidenced the decline in hepatic mitochondrial functionality, such as decreased ATP repletion and ETC 
complex activity. Hepatic mitochondrial oxidative capacity was proven in human biopsy-proven NASH. The ultrastructural 
cell image displays mitochondrial defects like loss of mitochondrial cristae, paracrystalline inclusions in swollen 
mitochondria.10 There are defects in mitochondrial biogenesis, with its biomarkers such as PGC-1α, NRF1, TFAM and 
SIRT1 significantly diminish in NASH mouse models.11 Abnormal mitochondrial function, leading to impaired fatty acid 
oxidation and oxidative phosphorylation, drives oxidative stress, which is an important feature of human NASH. The 
excessive accumulation of ROS can damage mt-DNA directly and participate in lipid peroxidation reactions to cause cell 
injury.10 In our study, abnormal changes in the number and morphology of mitochondria, and the expression of mitochondrial 
synthesis or activity-related molecules including PGC-1α, NRF1, and TFAM in NASH mice were reverted by JZG treatment. 
Lipid peroxide HNE was also observed decreased in JZG group compared with model group. Additionally, in vitro results 
showed lowerTMRM intensity and ATP generation in PA-induced hepatocytes, which were upregulated by JZG. These results 
support the ameliorating effect of JZG for mitochondrial dysfunction and lipotoxic damage in hepatocytes.

By applying UPLC-TOF-MS technology combined with network pharmacology analysis, 50 potential target mole-
cules of JZG for NASH treatment were predicted, including mitogen-activated protein kinase (MAPK).24 The MAPK 
signaling pathways activated by various external stressors such as nutrients, extracellular matrix, and drugs, play a crucial 
role in liver injury-related diseases, including drug-induced hepatotoxicity, viral hepatitis, NAFLD/NASH, liver fibrosis, 
and cancer.14,36,37 MAPK includes three major signaling pathways: extracellular signal-regulated kinase (ERK), the p38 
kinase, and the JNK, with JNK acting as a primary effector in regulating liver injury. JNK activation is generally transient 
and can be inhibited by subsequently activated NF-κB signaling, while persistent JNK activation status is positively 
correlated with liver damage.36,38 It has been reported that free fatty acids were able to induce sustained JNK activation, 
with PA causing more pronounced hepatocellular toxicity.39 Additionally, cell damage and apoptosis could be amelio-
rated by JNK inhibitors by blocking the sustained JNK-Bim-mediated Bax activation. In this study, the higher ratio of 
Phospho-JNK/JNK expression was also observed in both the PA-induced hepatocytes and liver tissues of NASH mice, 
and JZG treatment attenuated aberrant JNK activation. This is consistent with our previous in vivo study, JZG 
intervention prevented the upregulation of phosphorylated JNK in liver tissues of NASH mice induced by MCD diet.23

Research by Win S40 demonstrated that PA could trigger mitochondrial impairment and cell demise in primary mouse 
hepatocytes via the JNK/Sab-intramitochondrial pathway. Under stress conditions, JNK activation leads to its translocation 
and specific binding to the mitochondrial protein Sab, causing a conformational change in Sab and detachment of SHP-1. 
SHP-1, once phosphorylated by Src, deactivates Src through phosphorylation. This sequence disrupts mitochondrial electron 
transport, increases ROS generation, and ultimately causes mitochondrial dysfunction.41–43 Our investigation observed 
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increased SHP-1 activation and decreased Src activation in hepatocytes subjected to PA or in the liver tissues of NASH mice, 
with these changes significantly reversed by JZG intervention. Therefore, JZG might exert the function on NASH through 
regulating the JNK/Sab/Src pathway.

Noteworthy, due to containing many various components, TCM has the characteristic of multi-target. Previous studies 
have found that JZG improved NAFLD or NASH through multiple approaches including regulation of lipid metabolism via 
SIRT1/AMPK signaling, promotion of PI3K-AKT-mTOR-mediated autophagy,20,22 inhibition of oxidative stress,23 endo-
plasmic reticulum stress21 or TNF/NFκB inflammatory signaling pathway.24 This study expands the regulation of JNK- 
mediated mitochondrial dysfunction as one of its mechanisms. JNK plays a central role in cell stress. Although there are 
studies found JNK inhibitor was able to protect the mouse liver from HFD-induced hepatosteatosis, inflammation and 
fibrosis,44 the role of JNK in the progression of metabolic complications need to be better understood before developing 
drugs for the treatment. A study has found that JNK1 ablation exacerbated oxidative damage in the skin in a mouse model of 
obesity.45 In addition, NASH is a liver disease with complex pathological mechanisms and heterogeneity. Therefore, 
compared to JNK inhibitors, JZG with multiple regulatory targets may have better efficacy and safety in clinical applications.

Conclusion
In summary, this study demonstrates that JZG treatment could significantly improve mitochondrial dysfunction and 
reduce lipotoxic liver injury in NASH in vivo and in vitro models. The inhibitory regulation of the JNK/Sab/Src signaling 
pathway may contribute to one of the underlying mechanisms of JZG in preventing and reversing NASH development. 
These findings is beneficial to support the clinical use of JZG as a treatment option for NASH. The limitation of the 
simple HFD-fed model used in this study is unable to reach more advanced stages, such as fibrosis and cirrhosis. Future 
studies for JZG effect and mechanism would be carried out by using high-fat/high-fructose diets to induce NASH model 
with more serious liver injury. Furthermore, simultaneous application of JNK agonists in the treatment possibly help 
increase evidence to clarify JZG’s effects on mitochondrial function are JNK-dependent. Additionally, further clinical 
studies are needed to validate JZG’s efficacy and safety.
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