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Abstract
BACKGROUND 
Fanlian Huazhuo Formula (FLHZF) has the functions of invigorating spleen and 
resolving phlegm, clearing heat and purging turbidity. It has been identified to 
have therapeutic effects on type 2 diabetes mellitus (T2DM) in clinical application. 
Non-alcoholic fatty liver disease (NAFLD) is frequently diagnosed in patients 
with T2DM. However, the therapeutic potential of FLHZF on NAFLD and the 
underlying mechanisms need further investigation.

AIM 
To elucidate the effects of FLHZF on NAFLD and explore the underlying hepato-
protective mechanisms in vivo and in vitro.

METHODS 
HepG2 cells were treated with free fatty acid for 24 hours to induce lipid accumu-
lation cell model. Subsequently, experiments were conducted with the different 
concentrations of freeze-dried powder of FLHZF for 24 hours. C57BL/6 mice were 
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fed a high-fat diet for 8-week to establish a mouse model of NAFLD, and then treated with the different concen-
trations of FLHZF for 10 weeks.

RESULTS 
FLHZF had therapeutic potential against lipid accumulation and abnormal changes in biochemical indicators in 
vivo and in vitro. Further experiments verified that FLHZF alleviated abnormal lipid metabolism might by reducing 
oxidative stress, regulating the AMPKα/SREBP-1C signaling pathway, activating autophagy, and inhibiting 
hepatocyte apoptosis.

CONCLUSION 
FLHZF alleviates abnormal lipid metabolism in NAFLD models by regulating reactive oxygen species, autophagy, 
apoptosis, and lipid synthesis signaling pathways, indicating its potential for clinical application in NAFLD.

Key Words: Fanlian Huazhuo Formula; Nonalcoholic fatty liver disease; Autophagy; Apoptosis; AMPKα/SREBP-1C signal 
pathway; Oxidative stress

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Fanlian Huazhuo Formula (FLHZF) has traditionally been used for treating type 2 diabetes mellitus. It has shown 
significant potential in treating non-alcoholic fatty liver disease (NAFLD) based on experimental research conducted in vivo 
and in vitro. Studies suggest that FLHZF may improve NAFLD by reducing oxidative stress, activating cellular autophagy, 
and regulating lipid metabolism signaling pathways. These findings provide new insights into the mechanism of action of 
FLHZF, and offer a theoretical basis for its application in the clinical treatment of NAFLD, potentially expanding its scope 
of use.
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a prevalent disease, affecting approximately 25.2% of the global population
[1]. It is primarily characterized by disruptions in lipid metabolism due to the abnormal accumulation of fat in the liver
[2]. These disturbances are caused by factors such as non-alcoholic substances and specific liver injuries[3]. The asso-
ciation between obesity and type 2 diabetes mellitus (T2DM) is well-established[4]. In the progression of T2DM, there is 
an increase in lipid bodies and carbohydrate synthesis fluxes in the liver, leading to lipid metabolism disorders[4]. 
Therefore, it is crucial to regulate lipid metabolism disorders for the treatment of NAFLD and related diseases[5]. Clinical 
drugs commonly used to treat NAFLD include insulin sensitizers, fibrates and statins[6]. However, these drugs often 
cause gastrointestinal reactions, osteoporosis, edema and other adverse effects[7]. Currently, there are no specific drugs 
approved by the United States Food and Drug Administration for treatment of NAFLD[8]. Hence, the development of 
new drugs to regulate lipid metabolism disorders and treat NAFLD is of importance.

At present, the widely recognized pathogenesis of NAFLD is known as the ''second strike'' theory[9]. The initial stage, 
also referred to as steatosis, is caused by the abnormal accumulation of lipids in liver cells and disruption of lipid 
metabolism due to insulin resistance[10,11]. The ''second strike'' involves the inflammatory response, oxidative stress, and 
apoptosis triggered by the accumulation of fat, which worsens NAFLD[12]. Normally, the liver maintains a dynamic 
balance between the absorption, synthesis, breakdown, and elimination of lipid, which is closely linked to lipid levels in 
the liver[13]. However, when the body consumes or produces excessive high-calorie food, surpassing the liver's capacity 
to break down or remove lipid, abnormal lipid accumulation occurs in liver cells, leading to disruption in fat metabolism
[14]. Ingestion of high-fat diet (HFD) results in the build-up of lipotoxic substances, such as excess free fatty acids (FFAs), 
triglycerides (TGs), palmitic acid[15]. The accumulation of lipotoxic substances leads to the generation of reactive oxygen 
species (ROS), causing oxidative damage and promoting the production of lipid peroxide[16]. These substances also 
inhibit the production of antioxidant enzymes and induce apoptosis[17]. Additionally, lipotoxic substances also activate 
the AMPKα signaling pathway, which affects lipid metabolism[16,18]. Reduced AMPKα activity is strongly associated 
with the development of metabolic diseases such as obesity, diabetes and NAFLD[19,20]. In the treatment of NAFLD and 
the regulation of lipid metabolic disorder, increasing the activity of AMPKα can down-regulate the expression of 
adipogenic genes, thereby inhibiting the synthesis of fatty acids and cholesterol[21]. This inhibition of fat synthesis 
promotes fat oxidation and decomposition, and helps regulate lipid metabolism disorders[22,23]. AMPKα can also 
activate autophagy, a process that helps maintain body homeostasis by removing misfolded proteins and damaged 
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organelles, thus controlling cell quality[24]. In addition, insulin resistance, excess TG and FFAs, endoplasmic reticulum 
(ER) stress and oxidative stress all lead to decreased autophagy in the pathogenesis of NAFLD[25]. Currently, autophagy 
is considered as another pathway that can regulate lipid metabolism in hepatocytes by preventing hepatotoxicity and 
steatosis[26]. Therefore, regulating the signaling pathways associated with autophagy and lipid synthesis has potential 
for the treatment of NAFLD.

Nowadays, the application of traditional Chinese medicines is more extensive, and its curative effect is gradually 
gaining recognition worldwide. Some Chinese medicines have been shown to have the effects of anti-inflammatory, 
antioxidant, anti-apoptotic, regulatory ER stress and autophagy[27,28].

Fanlian Huazhuo Formula (FLHZF), also called Fufang Fanshiliu Formula, is a combination of traditional Chinese 
medicines including Psidium guajava L. (Fanshiliuye), Ficus simplicissima Lour. (Wuzhimaotao), Morus alba L. (Sangye), 
Codonopsis pilosula Nannf. (Dangshen), Coptis chinensis Franch. (Huanglian), Atractylodes (Cangzhu), Crataegus pinnatifda 
Bunge. (Shanzha), Euonymus alatus (Thunb.) Siebold (Guijianyu), Monascus purpureus Went. (Hongqu) and Rhizoma 
Zingiberis (Ganjiang in Chinese, derived from the dry rhizome of Zingiber officinale Rosc.). Previous studies have shown 
that Psidium guajava L. can lower the level of TG[28,29]. The extracts of Ficus simplicissima Lour. effectively reduce the 
levels of liver injury indexes in NAFLD mice[30]. Morus alba L. and its active ingredients have been shown to regulate 
lipid levels disorders and promote lipolysis[31]. The extract of Codonopsis pilosula Nannf. and Euonymus alatus (Thunb.) 
Siebold have the function of regulating the disorder of lipid metabolism disorder[32,33]. The Chinese herbal compound 
and the main active ingredients of Coptis chinensis Franch. can reduce blood glucose and lipid levels[34,35]. The Coptis 
chinensis Franch-Monascus purpureus Went. herb pair exhibits improvement in lipid metabolism[36]. Rhizoma Zingiberis 
causes a marked decrease in body weight and inflammation as well as amelioration of insulin resistance[37]. Crataegus 
pinnatifda Bunge. significantly reduces body weight and fat weight and regulates lipid indexes [including TG and total 
cholesterol (TC)] in obesity or dyslipidemia[38].

Clinical and experimental studies have shown that FLHZF regulates the structure of intestinal flora, inhibits the 
expression of pro-inflammatory factors, and alleviates symptoms of T2DM in rats[39]. In addition, FLHZF has been found 
to regulate PI3K/AKT, JAK/STAT and ER stress signaling pathways, thereby mitigating abnormal changes in blood 
glucose and lipid levels in mice with T2DM[40]. Previous studies have focused on the mechanisms of FLHZF in 
regulating lipid metabolism disorders specifically in T2DM, and there is a lack of studies investigating targeted 
improvement of lipid-metabolism-related diseases by FLHZF. Therefore, this study aimed to establish cellular and animal 
models of NAFLD to explore the potential mechanisms of FLHZF in regulating lipid metabolism disorders, with the goal 
of expanding the application range of FLHZF.

MATERIALS AND METHODS
Chemicals and reagents
Pancreatic enzyme (GX25200) was purchased from Guangzhou Jingxin Biotechnology Co. Ltd. (Guangzhou, China). TG 
assay kit (A110-1-1), TC assay kit (A111-1-1), low-density lipoprotein cholesterol (LDL-C) assay kit (A113-1-1), high-
density lipoprotein cholesterol (HDL-C) assay kit (A112-1-1), aspartate aminotransferase (AST) assay kit (C010-2-1), 
alanine aminotransferase (ALT) assay kit (C009-2-1) and superoxide dismutase (SOD) (A001-3-2) assay kit (WST-1 
method) were purchased from Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China). Lipid peroxidation 
malondialdehyde (MDA) assay kit (S0131S) and cellular glutathione peroxidase (GSH-Px) assay kit with DTNB (S0057S) 
were purchased from Beyotime Biotechnology (Shanghai, China). ROS assay kit (S0033M), RIPA lysis buffer (P0013B) 
protease and phosphatase inhibitor cocktail (general use, 50 ×) (P1046) were purchased from Beyotime Biotechnology 
(Shanghai, China). Cell counting kit-8 (CCK8) (MA0218-3), DMEM (MA0212-Jun-021) and superior fetal bovine serum 
(FBS) (PWL001) were purchased from Meilun Biology-Dalian Meilun Biotechnology Co. Ltd. (Dalian, China). Fatty-acid-
free bovine serum albumin V (BSA-V) (A8850-5G) was purchased from Solarbio (Beijing, China). Sodium palmitate (PA) 
(P9767), oleic acid (OA) (O1383-1G) and Oil Red O solution (1320-06-5) were purchased from Sigma-Aldrich (Cincinnati, 
OH, United States). TUNEL (Fluorescence) detection kit (GDP1042) was purchased from Wuhan Servicebio Technology 
Co. Ltd. (Wuhan, China). ACC1 antibody (AF6421), SREBP-1C antibody (AF6283), Bcl-2 antibody (AF6139), and β-actin 
antibody (AF7018) were purchased from Affinity Biosciences (Jangsu, China). AMPKα antibody (2532), p-AMPKα 
antibody (50081), LC3A/B antibody (12741), FASN antibody (3180), Bcl-2-associated X protein (BAX) antibody (2772), and 
cleaved caspase-3 antibody (9661) were purchased from Cell Signaling Technology (Danvers, MA, United States). 
Fenofibrate fenofibrate (FNBT) (Product No: 442973S) was purchased from Abbott Trading Co. Ltd. (Chicago, United 
States). Multiskan™ FC Microplate Reader (51119180ET) and TRIzolTM reagent (15596026) were purchased from Thermo 
Fisher Scientific (Waltham, MA, United States). Chemiluminescence imaging system (Product No: 10044275) was 
purchased from Bio-Rad Laboratories (Hercules, CA, United States). Affinity™ ECL kit (femtogram) (KF8003) was 
purchased from Affinity Biosciences. HFD (D12492) (consisting of 26.17% casein, 0.39% L-cystine, 16.35% 
maltodextrin.9.00% sucrose, 6.54% cellulose, 3.27% soybean oil, 32.06% lard, 4.58% mineral ain-93, 1.31% vitamin ain-93, 
0.33% choline chloride, 1.0% cholesterol, 0.15% bile salt) was provided by Guangdong Experimental Animal Center 
(Guangdong, Chain).

Drugs preparation
Composition, specifications and sources of FLHZF: Psidium guajava L. (Fanshiliuye, C22103062, 30 g), Ficus simplicissima 
Lour (Wuzhimaotao, C22108042, 20 g), Morus alba L. (Sangye, C22110151, 15 g), Codonopsis pilosula Nannf. (Dangshen, 
C12108207, 30 g), Coptis chinensis Franch. (Huanglian, C22105098, 10 g), Atractylodes lancea (Thunb.) DC. (Cangzhu, 
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C22105060, 15 g), and Crataegus pinnatifda Bunge. (Shanzha, C22106013, 15 g) were purchased from Sinopharm Feng 
Liaoxing (Foshan) Herbal Pieces Co., Ltd (Guangdong, China), Euonymus alatus (Thunb.) Siebold. (Guijianyu, 200601, 15 
g) and Monascus purpureus Went. (Hongqu, 210901, 15 g) were purchased from Zhixin Chinese pharmaceutical Co., Ltd 
(Guangdong, China), Rhizoma Zingiberis (Ganjiang, 210801, 10 g) was purchased from Bencaotang Chinese Pharma-
ceutical Co., Ltd. (Guangxi, China). The methods of preparation and administration of FLHZF were all as described 
previously[41,42]. In the preliminary studies, the chemical compositions of FLHZF were identified by quadrupole-time of 
flight-mass spectrometry, and the quality of FLHZF was controlled by the recorded chromatographic peaks of HPLC[39,
40]. FFA solution was prepared by conjugating OA (40 mmol/L) and PA (20 mmol/L) with 400 g/L fatty-acid-free BSA-V 
in a full medium. The final FFA concentration was 0.15 mmol/L.

Animal study
A total of 40 SPF-grade C57BL/6J mice (male, 6-8 weeks, 18-20 g) were purchased from the Experimental Animal Center of 
Guangdong Province (No. 44007200107205). All the mice were raised under SPF condition with 12 hours dark/light cycle 
and had free access to sterile water and diet. The temperature of the environment was 22-24 °C and the humidity was 
50%-52%. The animal experiment protocol was reviewed and approved by the Experimental Animal Ethics Committee of 
Zhongshan Hospital of Traditional Chinese Medicine, and conformed to the principles of animal protection. The study 
adhered to the principles of animal protection, animal welfare, and ethics, as well as the relevant provisions of the state 
on the ethical welfare of experimental animals (Approval number: AWC-2022042). At the end of the experiment, all mice 
were anesthetized with isoflurane (inhalation anesthesia, 1.5% concentration, 2-3 minutes) and the animal tissues were 
collected.

After 1 week of adaptive feeding, the mice were randomly divided into two groups: Normal control (NC) group, 
consisting of 8 weeks that were fed with a normal diet, and the HFD group, consisting of 32 mice that were fed with HFD 
for 8 weeks. The mice in the HFD group, which showed changes in clinically relevant serum indicators (TG, TC, LDL-C, 
HDL-C, AST and ALT) associated with NAFLD were considered to be NAFLD model mice. The NAFLD model mice 
were randomly divided into four groups randomly: Model (MOD) group, the FNBT group, low dose of FLHZF (FLHZF-
L) group and high dose of FLHZF (FLHZF-H) group. The low dose of FLHZF administered per gram of mouse per day is 
calculated as = (175 g/d)/70 kg × 9.1 = 22.75 g/(kg/d) and the high dose was calculated as = (175/d)/70 kg × 9.1 × 2 = 
45.5 g/(kg/d); 175 g is the daily dosage for an adult, 70 kg is the average weight of an adult, and 9.1 is the coefficient. In 
addition to the above feeding methods, mice in the fenofibrate, FLHZF-L and FLHZF-H groups were administered the 
corresponding drug once daily for 10 weeks. The body weight of all mice was monitored throughout the experiment. 
Following the final treatment, all mice were anesthetized with isoflurane and their blood, livers, and fat were collected. 
The fat index in mice was calculated by determining the ratio of the fat tissue weight to the body weight. The specific 
formula for the fat index was: Fat index = weight of fat tissue (mg)/body weight of mice (g). The liver index was 
ascertained by dividing the liver weight by the body weight of the mice. The formula for calculating the liver index was: 
Liver index = weight of liver tissue (mg)/body weight of mice (g).

Cell culture
HepG2 cells were purchased from Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences. Cells 
were cultured in DMEM containing 100 mL/L FBS and 10 mL/L penicillin-streptomycin (PS) and maintained in an 
incubator with 50 mL/L CO2 at 37 °C.

Cell viability assay
HepG2 cells were inoculated into a 96-well plate with an initial density of 105 cells per well. After adhering to the walls, 
the cells were cultured in an incubator for 4 hours. HepG2 cells were incubated with a solution containing 0.15 mmol 
FFA, which consisted of fatty acid-free BSA-conjugated OA and PA in a 2:1 ratio or vehicle for 24 hours[41,43]. Following 
FFA stimulation, freeze-dried powder of FLHZF (25, 50, 100 or 200 μg/mL), which was diluted with full medium (DMEM 
containing 100 mL/L FBS and 10 mL/L PS), was added to the corresponding wells and cultured for an additional 24 
hours. Finally, the cell supernatant was removed, a 100 mL/L CCK8 solution (diluted with complete medium) was added 
to the 96-well plate and incubated for 2 hours. The absorbance of the plate was measured at 450 nm using the VICTOR 
Nivo (HH35000500, Perkin Elmer, MA, United States).

Serum biochemical analysis
Concentration of TG, TC, LDL-C, HDL-C, AST, ALT, SOD, GSH-Px and MDA were evaluated by commercial detection 
kits.

Hematoxylin and eosin staining
Liver tissue sections were dissected and fixed in the tissue fixative solution. The tissues were dehydrated and embedded 
in paraffin. The tissues were stained with hematoxylin solution for 3-5 minutes, followed by staining with eosin for 15 
seconds. Images was captured through a microscope at 200 × magnification. Quantitative analysis of hematoxylin and 
eosin (HE) staining was based on the NAFLD Activity Score (NAS)[44].

Immunohistochemistry
Liver tissue sections were dewaxed using water and then incubated with hydrogen peroxide (H2O2). After washing the 
sections once or twice with phosphate-buffered saline (PBS), they were cooled during microwave repair. Goat serum was 
applied to block the sections for 20 minutes. The negative control was replaced with PBS, and the sections were treated 
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overnight at 4 °C. The secondary antibody was added and incubated at room temperature for 20 minutes. This was 
followed by diaminobenzidine color development, re-staining with hematoxylin, and sealing with neutral gum. Images 
were captured under an optical microscope, and quantitative analysis was performed using ImageJ.

Oil Red O staining
Frozen liver tissues were cut into 15-µm slices. After fixation and oil red staining of slices, the background differentiation, 
hematoxylin staining and sealing were also used. The images were captured using a fluorescence microscope (ECLIPSE 
Ti2-A; Nikon, Tokyo, Japan) at 400 × magnification. Intracellular lipid droplets of HePG2 cells were observed by Oil Red 
O staining. According to the instruction, the prepared Oil Red O solution was used to stain for 20 minutes in a dark 
environment. After washing with 600 mL/L isopropyl alcohol, the red-stained lipid droplets were observed by 
fluorescence Microscopy at 400´ magnification Quantitative analysis of the images was performed using ImageJ.

ROS detection
Dichloro-fluorescein Diacetate (DCFH-DA) was diluted in serum-free medium at a ratio of 1:1000 to achieve a final 
concentration of 10 μmol/L. The cells were incubated with diluted DCFH-DA at 37 °C for 20 minutes. After incubation, 
the cells were washed three times with serum-free cell culture solution to ensure complete removal of DCFH-DA that did 
not enter the cells. The ROS level was measured by flow cytometry (A00-1-1102; Beckman Coulter, Brea, CA, United 
States).

Western blotting
Total proteins of livers and HepG2 cells were extracted using prechilled RIPA buffer containing protease and 
phosphatase inhibitors. An equal amount of protein sample was separated by SDS-PAGE and transferred to 
polyvinylidene fluoride membranes. The membranes were blocked with 50 mL/L non-fat milk in PBS containing 1 mL/L 
Tween-20 (PBST) at room temperature for 2 hours. For protein detection, the membranes were incubated with corres-
ponding primary antibodies overnight at 4 °C, washed with PBST three times, and incubated with secondary horseradish 
peroxidase-conjugated antibody at room temperature for 2 hours. The membranes were washed three times and protein 
bands were visualized using Affinity™ ECL kit (femtogram) under a chemiluminescence imaging system. A densito-
metric analysis of protein expression was performed using Image J (National Institutes of Health, Bethesda, MD, United 
States).

Real-time quantitative polymerase chain reaction
To test mRNA expression in mouse liver tissue and HepG2 cells, total RNA was extracted by TRIzol reagent. The cDNA 
synthesis was performed using Prime Script TM RT Master Mix (RR036A) purchased from Takara Biomedical 
Technology (Beijing) Co. Ltd. (Takara, Japan). Real-time quantitative polymerase chain reaction (RT-qPCR) was 
performed using TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (RR420A; Takara Biomedical Technology). The mRNA 
levels were determined by calculating the ratio of the signal intensity for each gene relative to that of β-actin. The primer 
information is shown in Table 1.

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
To detect apoptosis of liver in mouse, TUNEL (fluorescence) detection kit was used according to manufacturer's 
instructions. Fluorescence signals were detected with the Fluorescence Microscope. Finally, quantitative analysis of the 
images was performed using ImageJ.

Statistical analysis
SPSS version 25.0 was used for data analysis. All statistical charts were created by GraphPad Prism version 9.0 
(GraphPad, La Jolla, CA, United States). All results were presented as mean ± SE. One-way analysis of variance was used 
for normal data and Mann-Whitney U test was used for non-normal data. P < 0.05 was considered statistically significant.

RESULTS
FLHZF reduced lipid droplets deposition in HepG2 cells induced by FFA
To evaluate the therapeutic effect of FLHZF on NAFLD, we conducted in vitro experiments on HepG2 cells stimulated 
with FFA. The solvent group showed no significant effect on the cell viability of HepG2 cells, and the decrease of cell 
viability of HepG2 cells caused by FFA could be effectively improved by FLHZF (Figure 1A). Different concentrations of 
FLHZF had no effect on TG accumulation in HepG2 cells (Figure 1B). After treatment with FLHZF, there was a noticeable 
decrease in the percentage of areas positive for Oil Red O staining and TG content in HepG2 cells stimulated by FFA 
(Figure 1C-E). HepG2 cells stimulated by FFA exhibited a significant increase in red-stained lipids by Oil Red O staining 
and intracellular TG content. However, the red-stained lipids and TG in HepG2 cells induced by FFA were decreased 
significantly by treatment with FLHZF. These results indicated that FLHZF has the potential to reduce TG accumulation 
in HepG2 cells stimulated by FFA (Figure 1).
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Table 1 The primer information

Gene name Primer sequence (5' -3')
Homo-AMPKα Forward 5'-TTTGCGTGTACGAAGGAAGAATCC-3'

Reverse 5'-CTGTGGAGTAGCAGTCCCTGATTT-3'

Homo-β-actin Forward 5'-GAGCACAGAGCCTCGCCTTT-3'

Reverse 5'-ACATGCCGGAGCCGTTGTC-3'

Homo-SREBP-1C Forward 5'-CTTAGAGCGAGCACTGAACTGTGTG-3'

Reverse 5'-CTGGAACTGATGGAGAAGCTGTAGG-3'

Homo-ACC1 Forward 5'-GGCCAGTGCTATGCTGAGATT-3'

Reverse 5'-GTACACAGCCAGGGTCAAGAG-3'

Homo-FASN Forward 5'-TGAGTGGGAAGGTGTACCAGT-3'

Reverse 5'-CTGGAAATGAGGGCCGTAGTC-3'

Mus-AMPKα Forward 5'-GTCCTGCTTGATGCACACATGAAT-3'

Reverse 5'-ATGACTTCTGGTGCGGCATAATTG-3'

Mus-LC3A Forward 5'-CTGCCTGTCCTGGATAAGACCAAG-3'

Reverse 5'-ATAGATGTCAGCGATGGGTGTGG-3'

Mus-LC3B Forward 5'-CCAAGATCCCAGTGATTATAGAGCGA-3'

Reverse 5'-ACGTGGTCAGGCACCAGGAAC-3'

Mus-SREBP-1C Forward 5'-GCTTGTACCCACTGGTAGAGCATA-3'

Reverse 5'-CTGGGCTAGATTCCACCTTTCTGT-3'

Mus-ACC1 Forward 5'-GAAAATCCACAATGCCAACCCTGA-3'

Reverse 5'-TCTTCCTCTGTCAGTTGCTTCTCC-3'

Mus-Bcl2 Forward 5'-GATTGTGGCCTTCTTTGAGTTCGG-3'

Reverse 5'-GGTTCAGGTACTCAGTCATCCACA-3'

Mus-Bax Forward 5'-CGAATTGGAGATGAACTGGACAGC-3'

Reverse 5'-AGTTGAAGTTGCCATCAGCAAACA-3'

Mus-cleaved caspase-3 Forward 5'-TACCATGTTCCTTGAAATCTGCACC-3'

Reverse 5'-AAGGCTTTGTTCATCTCGTACTTGG-3'

Mus-FASN Forward 5'-CATCAGGCCACTATACTACCCAAGA-3'

Reverse 5'-GAATAACTTGGAGTTCGGGTCTTCC-3'

Mus-β-actin Forward 5'-CAACGGCTCCGGCATGTG-3'

Reverse 5'-AGTCCTTCTGACCCATTCCCA-3'

The ''Mus'' presented in this table refers to the species ''Mouse''; The ''Homo'' presented in this table refers to the species Human.

FLHZF alleviated lipid accumulation and liver injury in mice induced by HFD
To verify the regulatory effect of FLHZF on lipid accumulation and liver injury, an animal model of NAFLD was 
established by inducing C57BL/6J mice with HFD (Figure 2A). The MOD group exhibited symptoms of metabolic 
syndrome, including significantly increased body weight, liver index and fat index, compared with the NC group) 
(Figure 2B-E). However, FLHZF significantly improved the abnormal changes of body weight, weight gain, organ (liver) 
and fat (abdominal, genital) index of mice with NAFLD caused by HFD. However, in the improvement of brown fat 
index, only the mice in the FLHZF-L group had a significant effect. The appearance of the liver in the MOD group 
showed a tight and smooth capsule, blunt edges (Figure 2F). After treatment with FLHZF, the liver showed a reddish-
brown color, soft and brittle texture, loose capsule, and returned to the appearance in the NC group.

Blood lipid levels in each group are shown in Figure 3A-D. Compared with the NC group, the serum lipid levels in the 
MOD group showed significant abnormalities: TG, TC and LDL-C were increased, and HDL-C was decreased. These 
changes were consistent with lipid metabolism disorder associated with NAFLD. FLHZF alleviated abnormal changes in 
blood lipid levels in mice with NAFLD by decreasing TG and LDL-C and increasing HDL-C. Levels of AST and ALT 
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Figure 1 Fanlian Huazhuo Formula group reduced lipid droplets deposition in HepG2 cells induced by free fatty acid. A: Cell viability with 
Fanlian Huazhuo Formula group (FLHZF) treatment in free fatty acids (FFAs)-induced HepG2 cells tested by cell counting kit-8 (n = 3); B: Cell triglyceride (TG) content 
without or with FLHZF treatment in HepG2 cells (n = 3); C: Cell TG content with FLHZF treatment in FFA-induced HepG2 cells (n = 3); D: Percentage of area positive 
for Oil Red O staining in HepG2 cells (n = 3); E: Representative images of FFA-induced HepG2 cells of Oil Red O staining, magnification 400 ×. Data are presented as 
mean ± SE. aP < 0.05 vs NC group, cP < 0.05 vs MOD group. NC: Negative control group; SOL: Solvent group MOD: Model group; FLHZF: Fanlian Huazhuo Formula 
group; TG: Triglyceride.

were significantly increased in the MOD group (Figure 3E and F). FLHZF significantly reduced the levels of AST and 
ALT. H&E staining showed severe liver injury in the MOD group (Figure 3G). Treatment with FLHZF relieved liver 
injury induced by HFD. Oil Red O staining revealed lipid accumulation in the liver. Compared with the NC group 
(Figure 3H), Oil Red O staining in the MOD group showed severe steatosis and was characterized by lipid droplet 
formation. FLHZF treatment reduced accumulation of lipid drops in liver tissue. After FLHZF treatment, quantitative 
analysis of NAS (Figure 3I) and Oil Red O staining (Figure 3J) in the livers of mice showed a significant decrease. These 
results suggested that FLHZF improved lipid metabolism disorder and liver injury in mice with NAFLD caused by HFD.
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Figure 2 Effects of Fanlian Huazhuo Formula group on symptoms associated with nonalcoholic fatty liver disease mice. A: Flow chart of 
animal experiment protocol; B: Body weight of mice once a week for 10 weeks (n = 8); C: Weight change (pre-treatment weight minus post-treatment weight) of mice 
(n = 8); D: Liver index of nonalcoholic fatty liver disease (NAFLD) mice (n = 8); E: Fat index of NAFLD mice (n = 8); F: Representative images of livers after 10 weeks 
intervention in mice. Data are presented as mean ± SE. bP < 0.01 vs NC group, cP < 0.05 vs MOD group, dP < 0.01 vs MOD group. NC: Negative control group; MOD: 
Model group; FNBT: Fenofibrate group; FLHZF-L: Low dose of Fanlian Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.



Niu MY et al. FLHZF’s effect on NAFLD

WJG https://www.wjgnet.com 3592 August 14, 2024 Volume 30 Issue 30



Niu MY et al. FLHZF’s effect on NAFLD

WJG https://www.wjgnet.com 3593 August 14, 2024 Volume 30 Issue 30

Figure 3 Effects of Fanlian Huazhuo Formula group on abnormal lipid levels and liver injuries in high-fat diet-induced mice. A: Serum levels 
of triglyceride in each group (n = 8); B: Serum levels of total cholesterol in each group (n = 8); C: Serum levels of low-density lipoprotein cholesterol in each group (n = 
8); D: Serum levels of high-density lipoprotein cholesterol in each group (n = 8); E and F: Liver injury markers of aspartate aminotransferase and alanine 
aminotransferase in each group (n = 8); G: Representative images of livers with hematoxylin and eosin (HE) staining in each group, magnification 200 ×; H: 
Representative images of livers with Oil Red O staining in each group, magnification 400 ×; I: Nonalcoholic fatty liver disease Activity Score of HE staining (n = 3); J: 
Percentage of area positive for Oil Red O staining in liver tissue (n = 3). Data are presented as mean ± SE. aP < 0.05 vs NC group, cP < 0.05 vs MOD group, dP < 0.01 
vs MOD group. TG: Triglyceride; TC: Total cholesterol; LDL-C: Low-density lipoprotein cholesterol; HDL-C: High-density lipoprotein cholesterol; AST: Aspartate 
aminotransferase; ALT: Alanine aminotransferase; NC: Negative control group; NAFLD: Nonalcoholic fatty liver disease; MOD: Model group; FNBT: Fenofibrate group; 
FLHZF-L: Low dose of Fanlian Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.

FLHZF reduced oxidative damage in vivo and in vitro
In vitro studies showed that compared with the normal HepG2 cells group, the intracellular ROS level in the model group 
was significantly upregulated (Figure 4A and B). Intracellular ROS level was downregulated by treatment with FLHZF. 
In vivo experiments showed that FLHZF reduced the level of MDA and increased SOD and GSH-Px in the NAFLD mice 
(Figure 4C-E). These results indicated that the increase in ROS level caused by accumulation of lipid toxic substances 
could be reversed by FLHZF in vivo and in vitro.

FLHZF regulated lipid synthesis signaling pathway in vivo and in vitro
We examined changes in related proteins in TG synthesis and breakdown pathways in HepG2 cells and liver of mice. 
Protein and mRNA expression levels of AMPKα, ACC1, SREBP-1C and FASN in HepG2 cells and mouse liver showed 
that FLHZF significantly upregulated protein and mRNA expression levels of AMPKα, and significantly downregulated 
protein and mRNA expression levels of ACC1, SREBP-1C and FASN (Figures 5 and 6). FLHZF effectively increased 
protein expression of p-AMPKα and significantly reduced protein expression of p-ACC1 in the livers of NAFLD mice 
(Figure 6A). Immunohistochemistry (IHC) and quantitative analysis showed that protein expression of ACC1, p-ACC1 
and FASN in liver in mice was significantly decreased after treatment with FLHZF (Figure 7). These results indicated that 
FLHZF may participate in the inhibition of TG synthesis by regulating the lipid synthesis signaling pathway in HepG2 
cells stimulated by FFA and mice with NAFLD caused by HFD.

FLHZF regulated autophagy in mice induced by HFD
As described above, lipid peroxides can inhibit activation of AMPKα. Western blotting and RT-qPCR showed that FLHZF 
significantly increased levels of p-AMPKα, LC3A/B, LC3A and LC3B in mice with NAFLD (Figure 8A and B). IHC and 
quantitative analysis showed that compared with the NC group, protein expression of LC3A/B and p-AMPKα was 
significantly decreased in mouse liver in the model MOD group (Figure 8C and D). However, the protein expression 
levels of LC3A/B and p-AMPKα in the liver of mice was increased after treatment with FLHZF compared with in the 
model group. These results indicated that FLHZF improved the metabolic disorder of mice with NAFLD by regulating 
activation of autophagy.
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Figure 4 Fanlian Huazhuo Formula group reduced oxidative damage in vivo and in vitro. A: Cell reactive oxygen species (ROS) content with 
Fanlian Huazhuo Formula group treatment in HepG2 cells induced by free fatty acid (n = 3); B: Quantitative result of cell ROS content (n = 3); C: Serum levels of 
malondialdehyde (n = 8); D: Serum levels of superoxide dismutase (n = 8); E: Serum levels of glutathione peroxidase (n = 8). Data are presented as mean ± SE. aP < 
0.05 vs NC group, bP < 0.01 vs NC group, cP < 0.05 vs MOD group, dP < 0.01 vs MOD group. ROS: Reactive oxygen species; MDA: Malondialdehyde; SOD: 
Superoxide dismutase: GSH-Px: Glutathione peroxidase; NC: Negative control group; MOD: Model group; FNBT: Fenofibrate group; FLHZF-L: Low dose of Fanlian 
Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.

FLHZF reduced apoptosis in mice induced by HFD
We investigated the effect of FLHZF on apoptosis-related molecular changes in mice with NAFLD. Protein and mRNA 
expression levels of Bax in liver were significantly downregulated by FLHZF, whereas the protein and mRNA levels of 
Bcl-2 were significantly increased by FLHZF (Figure 9A and B). IHC and quantitative analysis showed that FLHZF 
significantly reduced cleaved caspase-3 protein expression in mice with NAFLD caused by HFD (Figure 9C). TUNEL 
staining and quantitative analysis showed that FLHZF significantly decreased apoptotic cells stained green in mice with 
NAFLD caused by HFD (Figure 9D). The above results revealed that FLHZF reduced apoptosis by regulating expression 
of Bax, Bcl-2 and cleaved caspase-3 in mouse liver, thus FLHZF could play an important role in the treatment of NAFLD.
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Figure 5 Fanlian Huazhuo Formula group regulated lipid synthesis signaling pathway in vitro. A: Protein expression levels of AMPKα, SREBP-1C, 
ACC1, FASN and β-actin in HepG2 cells induced by free fatty acid (n = 3); B: Relative mRNA expression levels of AMPKα, SREBP-1C, ACC1 and FASN in HepG2 
cells tested by real-time quantitative polymerase chain reaction (n = 3). Data are presented as mean ± SE. aP < 0.05 vs NC group, cP < 0.05 vs MOD group. NC: 
Negative control group; MOD: Model group; FLHZF: Fanlian Huazhuo Formula group.

DISCUSSION
HFD is currently the most common key factor causing NAFLD[45]. Long-term excessive intake of HFD can disrupt 
various lipid metabolic processes, such as excessive fatty acid synthesis, oxidative stress and mitochondrial β-oxidation 
leading to accumulation of lipotoxic substances[46]. Dysfunction of TG metabolism usually induces more severe 
cardiovascular disease[47,48]. Therefore, regulating TG metabolism is crucial for improving NAFLD and preventing other 
cardiovascular diseases. Normally, the body can regulate autophagy and the AMPKα/SREBP-1C signaling pathway to 
participate in the metabolism of TG[49]. However, in NAFLD, excessive intake of HFD causes the accumulation of 
lipotoxic substances, damaging mitochondrial function and resulting in a large number of ROS[50]. The increase in ROS 
inhibits autophagy and the AMPKα/SREBP-1C signaling pathway, which intensifies TG accumulation, liver cell 
apoptosis and injury, and aggravates the symptoms of NAFLD[51,52]. In the present, HFD-induced C57BL/6J mice and 
FFA-induced HePG2 cells were used as models of NAFLD in vivo and in vitro, respectively. Results revealed that FLHZF 
reduced the accumulation of lipotoxic substances and alleviated liver damage in NAFLD through activation of autophagy 
and lipid synthesis signaling pathways.

In vitro, FFA prepared by PA and OA was used to induce NAFLD cell models in HepG2 cells[53,54]. The abnormal 
increase of FFA concentration promoted the accumulation of lipid substances such as TG and TC, thereby contributing to 
the formation of NAFLD[54]. Shen et al[43] demonstrated that pterostilbene reduced lipid accumulation in HepG2 cells 
induced by OA and PA, and alleviated lipid accumulation in NAFLD by activating AMPKα activity and promoting 
expression of SREBP-1C. Li et al[41] showed that sodium tanshinone IIA sulfonate significantly inhibited lipid accumu-
lation in HepG2 cells treated with OA and PA. In the present study, cell viability and intracellular TG content were 
measured to demonstrate that FLHZF has the potential to improve the decrease in cell viability and increase in TG 
accumulation caused by FFA. Oil Red O staining further demonstrated that FLHZF regulated lipid metabolic disorder in 
HepG2 cells stimulated by FFA. However, it remained unclear whether FLHZF could improve lipid accumulation in 
NAFLD mice.

Therefore, we used HFD to induce NAFLD in mice, which has been widely used as an animal model for studying 
NAFLD due to its similarities to the human disease[55]. Tovar et al[56] substantiated that linoleoylethanolamide, without 
reducing food intake, activates peroxisome proliferator-activated receptor α and reduces body weight, TG, TC, liver 
injury markers, and inflammatory responses in animals with obesity induced by HFD. In addition, Wang et al[57] 
demonstrated the significant effects of Ramulus mori (Sangzhi) alkaloids (SZAs) on NAFLD mice. The results of research 
showed that SZAs reduced body weight, liver weight, blood glucose, blood lipids, and liver injury indicators in NAFLD 
mice, and improved metabolic disorders by downregulating key genes associated with liver lipid synthesis, such as FASN 
and ACC[57]. Our results demonstrated that HFD induced weight gain, increased liver index, elevated fat index, severe 
liver pathological injury, and significant lipid accumulation. In addition, HFD also led to changes in serum biochemical 
indexes, including increased levels of TG, TC and LDL-C, and decreased levels of HDL-C. After treatment with FLHZF, 
the weight of NAFLD mice decreased and the liver index returned to normal. FLHZF also significantly reversed liver 
pathological injury and lipid accumulation. FLHZF improved lipid indexes in serum, with decreased levels of TG and 
LDL-C, and increased level of HDL-C. FLHZF effectively restored the alignment of liver cells, reversed the elevation of 
liver injury indexes, and restored liver function as observed through HE staining and detection of liver injury indexes. 
These resulted confirmed that FLHZF administration significantly reduced lipid accumulation in animal and cellular 
models of NAFLD, but the specific mechanisms of this treatment was unclear.

With the growing acceptance of the "second strike" theory, numerous studies have demonstrated a close relationship 
between the pathogenesis of NAFLD and oxidative stress[58,59]. In NAFLD, lipid toxic substances, such as TG, can lead 
to production of ROS, activating oxidative stress and causing damage[60]. This oxidative damage can further mediate 
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Figure 6 Fanlian Huazhuo Formula group regulated lipid synthesis signaling pathway in vivo. A: Protein expression levels of AMPKα, SREBP-1C, 
ACC1 and FASN in mice liver (n = 3); B: Relative mRNA expression levels of AMPKα, SREBP-1C, ACC1 and FASN in mice liver (n = 3). Data are presented as mean 
± SE. aP < 0.05 vs NC group, bP < 0.01 vs NC group, cP < 0.05 vs MOD group. NC: Negative control group; MOD: Model group; FNBT: Fenofibrate group; FLHZF-L: 
Low dose of Fanlian Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.

mitochondrial dysfunction, resulting in hepatic lipid droplet overload and acceleration of hepatic steatosis[61,62]. SOD 
acts as the first line of defense against oxidative stress by converting superoxide anion radicals into H2O2 and oxygen. 
GSH-Px removes excess H2O2 by consuming GSH. MDA, the main product of lipid peroxidation damage, plays a crucial 
role in NAFLD progression. Therefore, increasing the abundance of SOD and GSH-Px and decreasing the level of MDA 
are important strategies for alleviating liver oxidative stress. Peng et al[55] demonstrated that Amides in Z. Bungeanum 
significantly improved oxidative stress in the liver of NAFLD mice by significantly increasing the abundance of SOD and 
GSH-Px, while decreasing the level of MDA. Hence, flow cytometry was used to detect the levels of ROS in HepG2 cells 
stimulated by FFA. The results showed that FLHZF reduced ROS accumulation in HepG2 cells stimulated by FFA, 
restoring it to normal levels. In vivo, FLHZF alleviated the abnormal changes in GSH-Px, MDA and SOD content in mouse 
liver caused by HFD. These findings revealed that FLHZF significantly reduced ROS accumulation and oxidative stress 
induced by the accumulation of lipid toxic substances in NAFLD, thereby reducing the accumulation of liver lipid 
droplets.

A previous study has demonstrated that the production of lipid peroxides induced by ROS can lead to a decrease in 
AMPKα activity[63]. AMPKα, in turn, regulates the key lipogenic proteins such as SREBP-1C, FASN, and ACC1, which 
play a crucial role in TG production[64,65]. Park et al[66] found that honey berry extraction increased expression of 
AMPKα and ACC but inhibited the levels of SREBP-1C and FASN, thereby reducing TG synthesis and lipid accumulation 
in NAFLD. Geethangili et al[67] validated that methyl bromide carboxylate increased expression of AMPKα phospho-
rylation and decreased mRNA expression levels of ACC1, FASN and SREBP-1C, resulting in reduced accumulation of 
lipid droplets and TG in liver cells induced by OA. These findings align with the in vitro and in vivo experimental results 
of our study. Notably, our study showed that FLHZF significantly increased expression of AMPKα and p-AMPKα, while 
inhibiting levels of SREBP-1C, ACC1, p-ACC1 and FASN. Consequently, FLHZF effectively reduced TG accumulation in 
NAFLD mice.

During the occurrence and development of NAFLD, the excessive production of ROS continuously attacks 
mitochondria, leading to mitochondrial decompensation, which in turn promotes lipid overload and inhibits autophagy
[68]. Consequently, inhibition of autophagy results in significant accumulation of intracellular lipids, creating a self-
perpetuating vicious cycle between lipid deposition and autophagy inhibition[68]. Therefore, activation of autophagy 
improves lipid deposition in NAFLD[69]. Jang et al[69] demonstrated that inhibiting Thrap3 activated AMPKα-mediated 
autophagy, thereby reducing the symptoms of NAFLD. Consistent with these results, FLHZF significantly increased 
protein expression of p-AMPKα and LC3A/B, as well as mRNA expression of LC3A/B. This activation of autophagy 
helped alleviate lipid accumulation in NAFLD.
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Figure 7 Fanlian Huazhuo Formula group regulated lipid synthesis signaling pathway in vivo. Representative images and quantification from 
immunohistochemistry for protein in mice liver, magnification 200 × (n = 3). A: ACC1; B: p-ACC1; C: FASN. Data are presented as mean ± SE. aP < 0.05 vs NC group, 
cP < 0.05 vs MOD group. NC: Negative control group; MOD: Model group; FNBT: Fenofibrate group; FLHZF-L: Low dose of Fanlian Huazhuo Formula group; FLHZF-
H: High dose of Fanlian Huazhuo Formula group.

Studies have shown that apoptosis, a crucial aspect of NAFLD progression, is associated with oxidative stress and 
mitochondrial dysfunction[70,71]. Accumulation of ROS leads to changes in Bcl-2 family proteins (such as Bcl-2 and Bax), 
subsequently activating caspase-3 to promote apoptosis[72]. Bcl-2 and Bax play a significant role as regulatory factors in 
apoptosis, while cleaved caspase-3/9 induce apoptosis through mitochondrial-mediated pathways[73]. Han et al[70] 
demonstrated that Garcinia cambogia regulated expression of Bcl-2 and Bax, inhibiting apoptosis and reducing ROS 
production. In this study, we investigated the effects of FLHZF on the expression of Bcl-2, Bax and cleaved caspase-3. Our 
findings revealed that FLHZF significantly decreased protein and mRNA expression of Bax in NAFLD mice, increased 
protein and mRNA expressions of Bcl-2, and suppressed production of cleaved caspase-3. All these results suggest that 
FLHZF has the potential to inhibit ROS-mediated apoptosis.

The present study had some limitations. First, we did not assess the impact of FLHZF on gender, safety, and side 
effects. There may be gender differences in the effects of FLHZF, as well as potential safety and side effect issues. These 
aspects are worth in-depth study in future research, which will contribute to a more comprehensive understanding of the 
clinical application of FLHZF. Second, future research will add blinding procedures to ensure that the results are 
objective and not influenced by subjective factors. Lastly, exploration of the mechanism of action of FLHZF is not 
sufficient. Although our study has revealed some of the potential therapeutic effects of the formula, its underlying 
mechanism of action still needs to be elucidated. Future research will delve deeper into understanding the potential 
mechanisms of action of FLHZF.

CONCLUSION
Comparison of the therapeutic effects between the FLHZF-H and fenofibrate groups in the pharmacodynamic 
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Figure 8 Fanlian Huazhuo Formula group regulated autophagy in mice induced by high-fat diet. A: Protein expression levels of LC3A/B and p-
AMPKα in mice liver which were normalized by β-actin (n = 3); B: Relative mRNA expression levels of LC3A and LC3B in mice liver (n = 3); C: Representative images 
from immunohistochemistry for protein p-AMPKα in mice liver, magnification 200 × (n = 3); D: Representative images from immunohistochemistry for protein LC3A/B 
in mice liver, magnification 200 × (n = 3). Data are presented as mean ± SE. aP < 0.05 vs NC group, cP < 0.05 vs MOD group. NC: Negative control group; MOD: 
Model group; FNBT: Fenofibrate group; FLHZF-L: Low dose of Fanlian Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.
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Figure 9 Fanlian Huazhuo Formula group reduced apoptosis in mice induced by high-fat diet. A: Protein expression levels of Bax and Bcl-2 in 
mice liver (n = 3); B: Hepatic mRNA expression levels of Bax and Bcl-2 in mice liver (n = 3); C: Representative images and the quantification of immunohistochemistry 
for cleaved caspase-3 in mice liver, magnification 400 × (n = 3); D: Representative images and quantification of TUNEL staining of liver in mice, 200 × (n = 3). Data 
are presented as mean ± SE. aP < 0.05 vs NC group, cP < 0.05 vs MOD group. NC: Negative control group; MOD: Model group; FNBT: Fenofibrate group; FLHZF-L: 
Low dose of Fanlian Huazhuo Formula group; FLHZF-H: High dose of Fanlian Huazhuo Formula group.

Figure 10 Diagrammatic representation of Fanlian Huazhuo Formula group protection against nonalcoholic fatty liver disease. FLHZF: 
Fanlian Huazhuo Formula; NAFLD: Nonalcoholic fatty liver disease; HFD: High-fat diet; MDA: Malondialdehyde; SOD: Superoxide dismutase: GSH-Px: Glutathione 
peroxidase. This figure was created by BioRender.com (Supplementary material).

experiments showed that, in terms of reducing weight gain, abdominal fat index and genital fat index, as well as serum 
ALT levels, the FLHZF-H group demonstrated better efficacy. In terms of reducing liver index, serum AST levels, NAS 
score, and the proportion of Oil Red O staining positive areas, there was no difference in the therapeutic effects between 
the FLHZF-H and fenofibrate groups. Therefore, FLHZF has superior therapeutic effects in multiple aspects, providing 
strong evidence for further research into its potential for treating NAFLD.

https://f6publishing.blob.core.windows.net/516c80a4-c651-44c7-83ca-a0570baac03e/95779-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/516c80a4-c651-44c7-83ca-a0570baac03e/95779-supplementary-material.pdf
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Our study suggests that FLHZF alleviates the build-up of lipid toxic substances in NAFLD through multiple 
mechanisms. These mechanisms (Figure 10) include reducing oxidative damage, activating autophagy and lipid synthesis 
signaling pathways associated with AMPKα, and inhibiting hepatocyte apoptosis. Our study broadens the application of 
FLHZF and offers an additional treatment option for NAFLD. In the future, metabolomics, will be used to study the 
specific effects of FLHZF in NAFLD. We aim to analyze the mechanisms by which FLHZF affects metabolic pathways 
and explore the relationship between these metabolic changes and metabolic diseases such as NAFLD, thereby offering 
new perspectives and strategies for their prevention and treatment.
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