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ARTICLE INFO ABSTRACT
Keywords: Wang’s metabolic formula (WMF) is a traditional Chinese medicine formula developed under the
MAFLD guidance of Professor Kungen Wang. WMF has been clinically utilized for several years. However,

Wang’s metabolic formula (WMF)
TCM

Metabolomics

PPAR signaling pathway

Retinol metabolism

the therapeutic mechanism of WMF in treating metabolic-associated fatty liver disease (MAFLD)
remains unclear. In this study, we performed phytochemical analysis on WMF using LC-MS. To
study the role of WMF in MAFLD, we orally administered WMF (20.6 g/kg) to male MAFLD mice
induced by a high-cholesterol high-fat diet (HCHFD). Then pathological, biochemical, and
metabolomic analyses were performed. The main components of WMF are chlorogenic acid,
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geniposide, albiflorin, paeoniflorin, and calycosin-7-O-glucoside. MAFLD mice treated with WMF
exhibited significant improvements in obesity, abnormal lipid metabolism, inflammation, and
liver pathology. WMF decreased aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and triglyceride (TG) levels in the serum of MAFLD mice while increasing high-density
lipoprotein cholesterol (HDL-c) levels. WMF lowered liver TG levels and inflammatory factors
(IL-1B, IL-6, TNF-a, and NF-kB). Metabolomic analysis of the liver annotated 78 differentially
regulated metabolites enriched in four pathways: glycerophospholipid metabolism, retinol
metabolism, PPAR signaling pathway, and choline metabolism. Western blot experiments showed
that WMF increased the expression of PPAR-a, PPAR-B, and RXR in the liver while decreasing the
expression of RAR. The study demonstrates that WMF has a solid preventive and therapeutic
effect on MAFLD. The anti-inflammatory and regulation of abnormal liver metabolism activities
of WMF involve retinol metabolism and the PPAR signaling pathway.

1. Introduction

An international panel of experts recently released a consensus statement [1,2], redefining and renaming non-alcoholic fatty liver
disease (NAFLD), a term that had been in use for approximately 40 years, as metabolic-associated fatty liver disease (MAFLD). The
incidence of MAFLD is continually increasing, especially as obesity, excessive nutrient intake, and nutrient imbalance become more
common [3]. The current global prevalence of MAFLD has been estimated at approximately 25 % [4], and the overall prevalence of
liver steatosis in adults in China was more than 40 %, making it the country with the highest rates of MAFLD-related diseases, inci-
dence, and annual mortality in Asia [5,6]. If left uncontrolled, it was projected that by 2030, China will have more than 310 million
MAFLD patients, making it the country with the highest number of MAFLD patients and liver-related deaths globally [7]. Therefore,
in-depth research on the pathogenesis, prevention, and treatment of MAFLD is of significant practical importance.

The etiology and pathogenesis of MAFLD are not yet fully understood. The peroxisome proliferators-activated receptor (PPAR)
signaling pathway and retinol metabolism are closely linked to the development of MAFLD. PPARs play crucial roles in various
physiological activities, such as energy metabolism, oxidative stress, insulin sensitivity, and inflammation, which are closely associ-
ated with the progression of MAFLD [8-11]. Retinol, controlled by retinoid X receptor (RXR) and retinoic acid receptor (RAR), plays a
critical role in immunity, embryonic development, and glucolipid metabolism [12-16]. Impairment of retinol metabolism has been
observed in the liver of MAFLD [17,18]. Additionally, the expression of RXR, a partner of PPARs and RAR, is reduced in obese in-
dividuals, affecting the normal physiological activity of PPARs and RAR [19,20].

Traditional Chinese Medicine (TCM) has been increasingly acknowledged for its promising effects in the management of MAFLD.
The potential utility of TCM in this context has been attributed to its advantageous stability, broad scope of therapeutic targets and
impacts, and reduced toxicity compared to standard pharmaceutical treatments. Within the framework of TCM, the principle of
nourishing the spleen and bolstering the stomach is of critical importance in combating fatty liver disease. Prof. Kungen Wang is a
renowned national TCM practitioner and the academic leader in the national field of “Traditional Chinese Medicine for Spleen and
Stomach Diseases.” Wang’s metabolic formula (WMF), including Huangqi (Astragalus membranaceus(Fisch.) Bge.), Danshen (Salvia
miltiorrhizaBge.), Shanzha (Crataegus pinnatifidaBge.), Chishao (Paeonia lactifloraPall.), Xiangfu (Cyperus rotundus L.), is derived from
Prof. Kun-Gen Wang’s clinically effective prescription for the treatment of fatty liver disease (FLD). However, the mechanisms of WMF
remain to be thoroughly characterized.

In the domain of TCM pharmacology, metabolomics enables a comprehensive view of the composite effects and principles of
compatibility in mixed Chinese herbal remedies [21]. Moreover, metabolomics permits data analysis from multiple scales and per-
spectives, facilitating the understanding of relationships between the effects of Chinese medicines and the biological factors underlying
disease states. This understanding illuminates pharmacodynamic mechanisms, offering fresh insights for deepening studies into dis-
ease mechanisms and drug effectiveness.

Thus, the primary purposes of this study were to identify the main components of WMF and to evaluate its therapeutic effects and
mechanism. To study the effects of this preparation in vivo, we employed a high-cholesterol, high-fat diet (HCHFD) induced mouse
model of MAFLD, and we utilized biochemical, immunological, and histological measurements, in addition to a UPLC-TripleTOF-MS
metabolomic profiling approach and Western blot assay. This work lays the foundation for the development of WMF as a new anti-
MAFLD product.

2. Materials and methods
2.1. Chemicals and reagents

Polyene phosphatidylcholine capsules (PPC, B/N: BBJD209B) were purchased from Sanofi-Aventis Pharmaceutical Co., Ltd.
(Beijing, China). Chlorogenic acid (327-97-9) was purchased from Chengdu Pufei De Biotech Co., Ltd. (Sichuan, China). Geniposide
(24512-63-8), paeoniflorin (23180-57-6), albiflorin (39011-90-0), calycosin-7-O-glucoside (20633-67-4), and hematoxylin and eosin
(H&E) staining solution (R32933) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Oil Red O (ORO,
1320-06-5) was purchased from BBI CO., Ltd. (Shanghai, China). Test kits for total cholesterol (TC, R202), triglyceride (TG, R201),
high-density lipoprotein cholesterol (HDL-c, R203T), glucose (GLU, R108), aspartate aminotransferase (AST, R002), and alanine
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aminotransferase (ALT, R001) were purchased from Medicalsystem Biotechnology Co., Ltd. (Zhejiang, China). TC (A111-1-1) and TG
(A110-1-1) assay kits were purchased from Nanjing Jiancheng Bioengineering Institute Co., Ltd. (Jiangsu, China). Bicinchoninic acid
(BCA) protein concentration determination kit (P0012), Radio immunoprecipitation assay (RIPA) lysis buffer (P0013B), enhanced
chemiluminescent assay kit (PO018FS), and 3,3-diaminobenzidine (DAB, P0202) were obtained from Beyotime Biotechnology Re-
agent Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA), H,05, horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(SV0002), and HRP-conjugated goat anti-mouse IgG (SV0001) were purchased from Boster Biological Technology Co., Ltd. (Zhejiang,
China). Enzyme linked immunosorbent assay (ELISA) kits to measure concentrations of interleukin (IL)-1 (MM-0040M1) and tumor
necrosis factor (TNF)-a (MM-0132M1) were purchased from Jiangsu Meimian Industrial Co., Ltd. (Jiangsu, China). Antibodies
recognizing peroxisome proliferator-activated receptor (PPAR)-a (66826-1-Ig), IL-6 (66146-1-Ig), and nuclear factor (NF)-kB (66535-
1-Ig) and HRP-conjugated affinipure goat anti-rabbit IgG (H + L) (SA00001-2) and HRP-conjugated affinipure goat anti-mouse IgG (H
+ L) (SA00001-1) antibodies were purchased from Proteintech Group Inc. (Illinois, USA). PPAR-f (sc-74517), RAR (sc-514585), and
RXR (sc-46659) antibodies were purchased from Santa Cruz Biotechnology Co., Ltd. (Shanghai, China). No-stain protein labeling
reagent (A44717) was purchased from Thermo Fisher Scientific Inc. (Massachusetts, USA).

All herbs in the WMF prescription, including Huangqi, Danshen, Shanzha, Chishao, and Xiangfu, were purchased from Zhejiang
Tiandao Pharmaceutical Co., Ltd. (Zhejiang, China). The voucher specimen (WMF202110) was stored in the Research and Develop-
ment Laboratory of Traditional Chinese Medicine Health Products, Zhejiang University of Technology.

2.2. Animals

Forty SPF male ICR mice (6-8 weeks old, 25 + 2 g) were purchased from the Zhejiang Academy of Medical Science (SCXK(Zhe)
2019-0002) and raised in the Animal Center of Zhejiang University of Technology. All animal experimental procedures were con-
ducted in accordance with the Guide for the Care and Use of Laboratory Animals in the Zhejiang University of Technology and
conformed to the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1996).

2.3. Identification of the main constituents of WMF

2.3.1. Preparation of WMF

WMF was prepared by the Institute of TCM and Health Products of Zhejiang University of Technology. The herbs were soaked in
pure water and then heated to reflux for 1 h. The sample was filtered, and the residue was boiled in pure water and filtered again. The
two filtrates were combined and concentrated by a rotary vacuum evaporator at a temperature of 50 °C to a concentration of 2.06 g/mL
to obtain the crude herb, which was refrigerated for later use.

2.3.2. LC-MS analysis

WMF was analyzed using Agilent 1260 series HPLC with photodiode-array detection (DAD; Agilent, USA) equipped with an Eclipse
XDB-C18 column (4.6 mm x 250 mm, 5 pm; Agilent, USA), and Agilent 6546 Q-TOF system.

The LC conditions were set as follows: the column temperature was set at 30 °C. The detection wavelength was set at 244 nm. The
mobile phase consisted of acetonitrile (A) and 0.1 % phosphoric acid aqueous solution (B). The gradient elution procedure was as
follows: 0-5 min, 5 % A; 5-10 min, 5-10 % A; 10-45 min, 10-22 % A; 45-50 min, 22-28 % A; 50-60 min, 28-30 % A; 60-70 min, 30
%-100 % A; and 70-80 min, 100 to 5 % A. The flow rate was 1 mL/min, and the injection volume was 10 pL.

The MS conditions were set as follows: the mass spectrometer was operated in negative ion scanning mode; the gas temperature was
300 °C; the drying gas flow rate was 8 L/min; the nebulizer was 30 psi; the sheath gas temperature was 300 °C; the sheath gas flow rate
was 11 L/min; the capillary, nozzle, fragmentor, skimmer, and OCT 1 RF Vpp voltages were 4000 V, 1000 V, 175V, 65 V, and 750 V,
respectively; and the MS scanning range was 50-1500 m/z.

2.3.3. Identification of the main constituents

A database of WMF constituents was constructed by searching the published papers [22-25] and HERB (http://herb.ac.cn/), ETCM
(http://www.tcmip.cn/ETCM/), and PubChem (https://pubchem.ncbi.nlm.nih.gov/) databases. The candidate substances were then
narrowed down by molecular formulas generated from spectrum peak with Qualitative Navigator (Agilent, USA). The annotated
constituents were identified and quantified with reference standards.

2.4. Animals modeling of MAFLD and treatment

Our group previously established that the ideal concentration of WMF for treating dyslipidemia rats is 14.28 g/kg (Supplementary
Table 1, Supplementary Fig. 1A-F). This was converted to a dosage of 136.0 g/d for a 60-kg adult. Additionally, for this study, the
dosage for mice was determined to be 20.6 g/kg.

Considering the experimental animals’ lifespan and the optimal dosage determined, we used a single dosage in this study. After one
week of acclimation, a total of 40 ICR mice were randomly divided into 4 groups (n = 10): a normal control group (NC), a model
control group (MC), a PPC group (PPC, 205.4 mg/kg, i.g., qd.), and a WMF extract group (WMF, 20.6 g/kg (crude herb), i.g., qd.). All
groups except the NC group were fed an HCHFD for 17 weeks, and drugs were administered while modeling. HCHFD chow, which
contained 10 % lard, 10 % egg yolk powder, 5 % sugar, 2 % cholesterol, and 0.5 % cholate, was obtained from Trophic Animal Feed
High-Tech Co., Ltd. (Jiangsu, China).
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During the experimental period, the mice were weighed once per week. At the end of the experiment, the mice were fasted
overnight, and blood was obtained from the ophthalmic venous plexus. The blood was centrifuged at 3000 rpm for 10 min twice to
obtain serum for biochemical analysis. After blood sampling, the mice were sacrificed under anesthesia, and the liver and epididymis
adipose (EA) tissue were rapidly removed and weighed. EA and part of the liver were fixed in a 10 % formalin solution. Another part of
the liver was immersed in a 30 % sucrose solution for pathological analyses. The remaining parts of the liver were stored at —80 °C for
determination of hepatic lipids, metabolomics, and Western blot analyses.

Tissue/Organ index (%) = Tissue/Organ weight (g) <+ Body weight (g)

2.5. Serum biochemical assays

The levels of TC, TG, HDL-c, GLU, AST, and ALT in serum were determined with a Hitachi 7020 Automatic Analyzer. Low-density
lipoprotein cholesterol (LDL-c) levels were calculated using the Friedewald formula [26].

2.6. Measurement of lipids in liver

Liver tissues (~100 mg), were placed into ice-cold ethanol and then homogenized to prepare a 10 % (w/v) homogenate. This
sample was centrifuged at 2500 rpm for 10 min, and the levels of TC and TG in the supernatant were determined using assay Kkits,
according to the manufacturer’s instructions.

2.7. ELISA analysis

Liver tissues (~80 mg), were homogenized in ice-cold phosphate buffer saline (PBS, 0.01 M, pH = 7.4) to prepare a 10 % (w/v)
homogenate, which was centrifuged at 5000 g for 5 min. ELISA kits were used to determine the levels of IL-1p and TNF-«a in the su-
pernatant, according to the manufacturer’s instructions.

2.8. Histological staining of liver section

0Oil Red O staining to identify lipid accumulation and H&E staining were performed as described in our previous reports [27,28].
Briefly, liver tissue was fixed with 30 % sucrose solution before embedding into optimal cutting temperature compound (Sakura,
Japan). The tissue was then cut into 10 pm frozen sections. The cryosections were stained with 0.5 % Oil Red O solution, and the nuclei
were counterstained with hematoxylin. The stained sections were photographed with an Olympus BX43 light microscope (Olympus,
Japan) and analyzed with Image-Pro Plus. The hepatic pathology was scored as described in Table 1 [29].

2.9. Immunohistochemical (IHC) analysis of inflammatory cytokines in liver

The expression and localization of NF-xB p65 and IL-6 in the liver were determined by immunohistochemical staining according to
a previous report [30]. The tissue sections were incubated with anti-NF—«B p65 or anti-IL-6 antibodies (diluted 1:200 in PBS (0.01 M))
at 4 °C overnight. Then, the sections were incubated in HRP-conjugated affinipure goat anti-mouse/rabbit IgG (H + L) antibodies and
developed color with DAB. The sections were observed under a light microscope, and the levels of protein expression in positively
stained regions of the section were analyzed using semi-quantitative integrated optical density analysis with Image J.

2.10. Liver metabolomics analysis

2.10.1. Metabolite extraction

Each liver sample (approximately 500 mg wet weight) was added to a 2 mL centrifuge tube, and a 6 mm diameter grinding bead
was added. A 400 pL aliquot of extraction solution (methanol:water, 4:1 (v:v)) containing 0.02 mg/mL of internal standard (L-2-
chlorophenylalanine) was added, and the sample was ground with a Wonbio-96c frozen tissue grinder (Shanghai Wanbo Biotech-
nology Co., Ltd., China) for 6 min (—10 °C, 50 Hz). The sample was further processed three times with low-temperature ultrasonic
extractions (0 °C, 40 kHz, 15 min). The samples were incubated at —20 °C for 20 min and then centrifuged for 10 min at 4 °C and
13,000 rpm. The supernatant was transferred to an injection vial for LC-MS/MS analysis.

Table 1
Scoring standard of NAFLD/MAFLD activity.

NAS (0-8 points)

1.Steatosis (0-3 points) 2. Lobular inflammation (0-3 points) 3. Ballooning (0-2 points)
0 <5% 0 No foci 0 None
1 5-33 % 1 <2 foci per 200 x field 1 Few balloon cells
2 33-66 % 2 2-4 foci per 200 x field 2 Many cells/prominent ballooning
3 >66 % 3 >4 foci per 200 x field
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2.10.2. LC-MS analysis

LC-MS analyses were performed using an UPLC-TripleTOF 5600 system (AB Sciex, USA) equipped with a UPLC BEH C18 column
(100 x 2.1 mm, 1.7 um; Waters, USA) and an electrospray ionization source operating in positive mode (ESI™) and negative mode
(ESI"). The column temperature was set at 40 °C, the sample injection volume was 20 pL, and the flow rate was 0.40 mL/min. The
mobile phase consisted of 0.1 % (v/v) formic acid (A) and acetonitrile-isopropanol (1:1, containing 0.1 % (v/v) formic acid). The
gradient elution procedure was as follows: 0-3 min, 100 to 80 % A; 3-9 min, 80 to 40 % A; 9-11 min, 40 to 0 % A; 11-13.5 min, 0 % A;
13.5-13.6 min, 0-100 % A; and 13.6-16 min, 100 % A.

The MS conditions were set as follows: the mass spectrometer was operated in positive and negative ion scanning modes; the
electrospray capillary voltage was 1.0 kV; the injection voltage was 40 V; the collision voltage was 6 eV; the ion source temperature
was 120 °C; the desolvation temperature was 500 °C; the carrier gas flow rate was 900 L/h; the MS scanning range was 50-1000 m/z;
and the resolution was 30,000.

2.10.3. Data analysis

LC/MS raw data was pretreated with Progenesis QI (Waters, USA). Metabolites were annotated by searching the databases HMDB
(http://www.hmdb.ca/), Metlin (https://metlin.scripps.edu/), and Majorbio Database. The partial least squares-discriminant analysis
(PLS-DA) and orthogonal PLS-DA (OPLS-DA) were performed using MetaboAnalyst (https://www.metaboanalyst.ca/) and Majorbio
Cloud (http://cloud.majorbio.com) [31].

2.11. Western blot assay

Liver tissue samples (~80 mg) were lysed at 4 °C in RIPA lysis buffer. The tissue homogenates were centrifuged at 12,000 rpm for
10 min at 4 °C. Concentrations of total proteins in the supernatants were determined with the BCA assay. Proteins were separated with
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10 % SDS-PAGE and transferred onto polyvinylidene fluoride membranes. The membranes were washed in pure water and then
incubated with No-Stain protein labeling reagent for 10 min. The total protein was visualized with an Invitrogen iBright FL1500
imaging system (Thermo Fisher, USA).

The membranes were then blocked with 5 % non-fat milk for 2 h at room temperature and incubated with primary antibodies (anti-
PPAR-a 1:1000, anti-PPAR-$ 1:500, anti-RXR 1:500, or anti-RAR 1:500) overnight at 4 °C. After being washed in TBST, the membranes
were incubated with HRP-conjugated goat anti-rabbit or mouse secondary antibodies (1:10000) for 1 h at room temperature and
washed again. The protein bands were detected using an enhanced chemiluminescent assay kit. Protein expression levels were
quantified by densitometry and normalized to total protein with ImageJ.
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2.12. Statistical analysis

All data were expressed as mean + standard deviation (SD). SPSS 19.0 and GraphPad Prism 9.5.0 were used to analyze and
visualize the data. Statistical analysis was performed using one-way analysis of variance (ANOVA). Independent-sample t-test was used
to compare difference between two groups. P < 0.05 was considered to be statistically significant.

3. Results
3.1. LC-MS analysis of WMF components

LC-MS analysis of the WMF extract was performed to narrow down the candidate substances (Fig. 1A). HPLC-DAD analysis
compared the retention times of major peaks arising from the sample with those of authentic reference compounds (Fig. 1B-C). As
shown in Fig. 1, these analyses led to the identification of five major compounds: chlorogenic acid, geniposide, albiflorin, paeoniflorin,
and calycosin-7-O-glucoside. The levels of chlorogenic acid, geniposide, albiflorin, paeoniflorin, and calycosin-7-O-glucoside in the
extract were 4.06 mg/g, 6.16 mg/g, 3.97 mg/g, 5.25 mg/g, and 0.14 mg/g, respectively.

3.2. WMF mitigates the pathological signs of MAFLD mice

A mouse model of MAFLD was developed by feeding mice with an HCHFD for 17 weeks. The average weights of the body, liver, EA,
and spleen of model mice were significantly higher than those of the normal control group (P < 0.01; Fig. 2C-D). PPC is known to be an
effective treatment for MAFLD, and treatment of mice fed the same HCHFD with PPC led to significantly decreased body weight after
17 weeks (P < 0.01; Fig. 2A-B). Similarly, treatment with WMF extract led to significantly decreased body weight after 17 weeks on the
HCHFD (P < 0.01; Fig. 2A-B). Treatment with WMF also was associated with significantly reduced liver mass (P < 0.01), liver index (P
< 0.05), EA mass (P < 0.01), EA index (P < 0.01), spleen mass (P < 0.05), and significantly increased kidney index (P < 0.05) as
compared to untreated model mice (Fig. 2E-L). These results indicated that treatment of mice with WMF is associated with reductions
of the abnormal weight gain and the abnormal visceral fat accumulation associated with HCHFD-induced MAFLD.

3.3. WMF attenuates MAFLD-associated changes to serum lipid, glucose, and transaminase levels

Mice in the model group exhibited significantly higher serum TC, TG, LDL-c, and GLU levels as compared to normal control mice (P
< 0.01, 0.05; Fig. 3A-B, D-E), and the serum ALT and AST activities were also significantly higher in model mice (P < 0.01; Fig. 3F-G).
Conversely, the serum HDL-c level in model mice was significantly lower than that in normal control mice (P < 0.01; Fig. 3C). WMF
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Fig. 3. Effect of WMF on serum biochemistry. (A-G) The levels of TC, TG, HDL-C, LDL-C, GLU, AST, and ALT in the serum, respectively. All the
values were presented as the mean =+ SD. #P < 0.05, **P < 0.01 vs. NC group; *P < 0.05, **P < 0.01 vs. MC group. (n = 10).
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treatment significantly suppressed the HCHFD-induced increases in serum TG, AST, ALT, and GLU levels (P < 0.01, 0.05) as well as the
decrease in serum HDL-c (P < 0.05). The results showed that treatment with WMF is associated with beneficial effects on the levels of
TG, HDL-c, and GLU in mouse models, improved abnormalities of glucose and lipid metabolism and reduced serum AST and ALT levels.
These suggest that WMF might have the potential to improve liver function.

3.4. WMF alleviates MAFLD-associated changes to hepatic lipid levels

The HCHFD induced hepatic steatosis and inflammatory cell infiltration as evidenced by imaging of H&E— and Oil Red O-stained
sections of liver tissues (Fig. 4A). Treatment with WMF or PPC improved hepatic steatosis and diminished the infiltration of in-
flammatory cells, and they were both associated with significantly reduced the NAFLD/MAFLD activity score (NAS; P < 0.01;
Fig. 4A-C).

On a molecular level, the concentrations of TC and TG within the liver were significantly increased in model mice relative to normal
control mice (P < 0.01). The liver TC content was significantly decreased by treatment with PPC (P < 0.05), treatment of model mice
with WMF was not associated with a significant change in liver TC content (Fig. 4D). Conversely, the liver TG content of model mice
was significantly attenuated by treatment with WMF (P < 0.01), but not by PPC (Fig. 4E). Collectively, these results suggest that WMF
treatment attenuates HCHFD-induced liver steatosis in mice.

3.5. WMF ameliorates MAFLD-associated liver inflammation

IHC was used to investigate the impacts of MAFLD and the treatments on inflammation by quantifying the expression of the in-
flammatory markers IL-6, IL-1f, NF-kB, and TNF-a in liver tissues. Compared with normal control mice, the livers of model mice
exhibited significantly higher levels of expression of IL-6, NF-kB, IL-1f (P < 0.01; Fig. 5A-D), and TNF-a (P < 0.05; Fig. 5E). Treatment
of model mice with WMF was associated with significant reductions in the levels of IL-6, NF-kB, IL-1, and TNF-a (P < 0.01). Treatment
with PPC was associated with significant reductions of IL-6, NF-kB, and IL-1p (P < 0.01). These results suggested that WMF exerts an
anti-inflammatory effect in the livers of MAFLD mice by reducing hepatic inflammatory cytokines.
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Fig. 4. Effect of WMF on liver steatosis. (A) Representative photomicrograph of histopathological changes in the liver (H&E 400 x ; Oil Red O 400
x ). (B) NAFLD/MAFLD activity score. (C) Percentage of Oil Red O staining area. (D) The TC levels in the livers. (E) The TG levels in the livers. Bar
= 50 pm; black arrow = lipid droplet; green arrow = inflammatory cell infiltration; blue arrow = ballooning degeneration. All the values were
presented as the mean + SD. *#P < 0.01 vs. NC group; *P < 0.05, **P < 0.01 vs. MC group. (n = 10). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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3.6. WMF restores altered liver metabolite profiles

3.6.1. Assessing metabolic differentiation

The effects of WMF on the liver in the MAFLD model were further explored by analyzing metabolites in the livers of mice using LC-
MS. PLS-DA was first performed on metabolites annotated in ESI" and ESI™ (Fig. 6A-B). QC samples were clustered in the central area,
confirming the stability of the experimental system. The cross-validation and permutation tests indicated that the models had good
predictive ability and reliability (Supplementary Fig. 2A-D).

When metabolites from extracts of livers from normal control mice, model mice, and model mice treated with WMF were plotted as
differently colored dots (Fig. 6A-B), metabolites from the three groups were clearly divided into three different areas, indicating that
the metabolites in the three groups were different. Notably, the group of dots representing metabolites from model mice treated with
WMF were located between those of the normal control and model mice, suggesting that treatment with WMF might alter the me-
tabolites present in model mice towards normal levels.

We performed OPLS-DA on data obtained in ESI" and ESI™ modes to differentiate the metabolite features further and to screen for
potential marker metabolites. The model overview and permutation tests indicated that the models were valid (Supplementary Fig. 2E-
L). In the score plots of the OPLS-DA models, metabolites from model mice were separated from those of normal control mice and those
of model mice treated with WMF (Fig. 6C-F). These differences suggested that metabolic perturbation had occurred in model mice and
that WMF could partially alleviate this metabolic perturbation.

3.6.2. Therapeutic mechanism screening and pathway enrichment

OPLS-DA S-plots were constructed to investigate differential metabolite profiles that can be used to distinguish model mice treated
with WMF from normal control mice and from untreated model mice; such distinguishing metabolites may be regarded as potential
therapeutic mechanisms associated with successful WMF treatment (Fig. 7A-B). As defined by VIP >1, P < 0.05, and |FC| > 1, there
were 417 differential metabolites annotated between the model and normal control groups and 257 differential metabolites between
the WMF-treated model group and the untreated model group. Of 96 common metabolites in these two groups of differential me-
tabolites, the levels of 78 metabolites were altered toward the normal levels by WMF. These 78 metabolites thus were regarded as
potential therapeutic mechanisms of WMF against MAFLD (Fig. 7C). Among these 78 metabolites, WMF up-regulated 56 metabolites
and down-regulated 22 metabolites (Fig. 7D-Supplementary Table 2).

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment and KEGG topology analyses were performed on the 78 annotated
metabolites using the criteria P < 0.05 and rich factor >0.1 or impact value > 0.1. These analyses demonstrated that the metabolites
are involved in four major metabolic pathways: glycerophospholipid metabolism, retinol metabolism, the PPAR signaling pathway,
and choline metabolism(Fig. 8A-B). Specifically, WMF significantly reduced the abundance of glycerol 3-phosphate and LysoPC(P-18:1
(9Z)/0:0) in the livers of MAFLD model mice (P < 0.05, 0.01; Fig. 8C, F); both of these lipids are involved in glycerophospholipid
metabolism and choline metabolism. WMF treatment significantly improved retinol metabolism, as the abundance of retinol in the
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liver significantly increased (P < 0.05; Fig. 8D). Treatment with WMF was also associated with a reduction of the abundance of 9-hy-
droxy-10,12-octadecadienoic acid (P < 0.05; Fig. 8E), which is associated with the PPAR signaling pathway.

According to this metabolomics study, MAFLD is associated with a disturbance of several key metabolites and metabolic pathways.
Importantly, treatment with WMF can partially offset this disturbance, suggesting another potential mechanism leading to WMF’s
effectiveness in treating MAFLD.

3.7. Effects of WMF on the expression of proteins associated with PPAR signaling

Because our metabolomics analysis suggested that the effect of WMF on MAFLD may occur at least partly through regulation of
PPAR signaling, we used Western blotting to investigate the impacts of HCHFD and WMF treatment on the levels of several PPAR-
associated proteins in the mouse liver. Key Western blotting results are displayed in Fig. 9A, and the full blots are presented in
Supplementary Fig. 3-6. This analysis demonstrated that HCHFD induced significant decreases in the expression of RXR, PPAR-«, and
PPAR-B (P < 0.01; Fig. 9B-D) and a significant increase in the expression of RAR (P < 0.01; Fig. 9E). However, as compared to the levels
in the untreated model mice, WMF treatment was associated with significant increases in the levels of RXR, PPAR-a, and PPAR-f (P <
0.05; Fig. 9B-D) and a significant decrease in the level of RAR (P < 0.01; Fig. 9E) in the liver. Thus, treatment with WMF partially
restored the changes in the expression of these proteins observed in MAFLD model mice.

4. Discussion

MAFLD, a type of chronic liver disease, is characterized by hepatic steatosis in combination with obesity, type 2 diabetes, or at least
two metabolic risk abnormalities [1]. In healthy populations, the annual incidence rate of MAFLD is approximately 4 %. Currently, the
global prevalence of MAFLD is around 25 %, and in the overweight/obese population, it can reach up to 39 % [32,33]. Importantly,
besides liver cancer, MAFLD also increases the risk of extrahepatic malignant tumors, showing a significant correlation with colon
cancer, adenocarcinoma, thyroid cancer, lung cancer, prostate cancer, and urologic cancers [34].

Among the constituent herbs of WMF, Huangqi, Chishao, Xiangfu, and Shanzha have a long history of application, and are listed in
the “Catalog of Substances That Are Both Food and Chinese Herbal Medicine According to Tradition” issued by the State Council of
China, [35,36] which indicates the safety of these herbs. Adverse reaction reports for Danshen have focused on its injectable
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Fig. 9. The effect of WMF on the PPAR signaling pathway and retinol metabolism. (A) Western blot analysis of key proteins of the PPAR signaling
pathway and retinol metabolism in various groups. (B-E) Protein blotting analysis of the expression of RXR, PPAR-«, PPAR-p, and RAR, respectively.
All the values were presented as the mean + SD. ##P < 0.01 vs. NC group; *P < 0.05, **P < 0.01 vs. MC group. (n = 5).

formulations. The most common adverse reactions were rash and dermatitis [37,38]. In the present study, WMF was found to improve
liver weight and spleen weight in MAFLD, with no significant effect on the kidney.

Consistent with our previously published findings [39], our present investigation demonstrated that mice subjected to HCHFD
induction for 17 weeks developed dyslipidemia, increased serum transaminase activity, hepatic lipid accumulation, and inflammation.
Further examination of the impact of WMF in MAFLD mice revealed additional important findings. The model mice showed decreased
body weight, improved metabolic disorders, and reduced inflammation in the liver after treatment with WMF. These results
demonstrate the efficacy of WMF in mitigating MAFLD. There is still much work we can accomplish to elucidate the efficacy of WMF
further. We are curious about the efficacy of WMF on type 2 diabetes, hypertension, hyperuricemia, atherosclerosis, liver fibrosis, and
hepatocellular carcinoma. The efficacy of WMF will be further investigated in the future using a variety of animals and models to
explore the range of indications.

A metabolomic study of the liver was conducted to study WMF’s mechanism of action further. The results showed that WMF altered
78 metabolites toward normal levels. KEGG analysis demonstrated four pathways that may influence MAFLD: glycerophospholipid
metabolism, retinol metabolism, the PPAR signaling pathway, and choline metabolism. In subsequent experiments, we focused on the
PPAR signaling pathway and retinol metabolism as the validation targets. WMF increased the expression of PPAR-a, PPAR-B, and RXR
in the liver, while decreasing the expression of RAR.

PPAR plays a key role in lipid and glucose metabolism by regulating energy homeostasis, inflammation and fibrosis [40]. Reduced
PPAR-a expression in the liver is associated with the development of MAFLD [9]. Activation of PPAR-a accelerates fatty acid
B-oxidation, reduces nonestesterified fatty acid, and decreases sterol-regulatory element binding protein-1c (SREBP-1c) expression
[41-43]. It has been shown that PPAR- is involved in the B-oxidation of fatty acid and regulates very low-density lipoprotein receptor
(VLDLR) levels, influencing the development of MAFLD [44,45]. PPAR-p could upregulate genes involved in retinol esterification and
downregulate inflammatory factor levels [46].

Many of vitamin A’s physiological functions are mediated by retinoic acid, which activates transcriptional networks regulated by
RAR and RXR. RAR is involved in regulating the expression of apolipoprotein-CIII and affects TG levels, and overexpression of hepatic
RAR is thought to be associated with the development of hepatocellular carcinoma [47,48]. RXR could form obligate heterodimers
with numerous other receptors, such as PPAR and RAR. RXR-selective ligands may hold potential for treating atherosclerosis and
inflammatory diseases through pathways involving PPAR [49].

TCM, with its unique holistic efficacy, safety, cost-effectiveness, and history of long-term use, has emerged as an important
alternative therapy for metabolic diseases, including MAFLD. HPLC revealed that the main components in WMF were chlorogenic acid,
geniposide, albiflorin, paeoniflorin, and calycosin-7-O-glucoside. Interestingly, we found that chlorogenic acid, geniposide, albiflorin,
paeoniflorin, and calycosin-7-O-glucoside may be associated with the regulation of PPAR-o, PPAR-f, RAR, and RXR. Current studies
found that chlorogenic acid could up-regulate the expression of the PPAR-x gene in a fatty liver model [50-52]. Geniposide attenuates
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chemical liver injury and increases hepatic PPAR-a expression in rats with hepatitis or alcoholic liver disease [53,54]. Albiflorin can
inhibit the NF-«xB signaling pathway and attenuate inflammatory response [55,56]. Paeoniflorin can up-regulate the expression of
PPAR-a in the liver and attenuate hepatic steatosis in hypercholesterolemic rats [57]. These findings are consistent with the results of
our study. However, our findings need to be further investigated using monomeric compounds.

5. Conclusions

Our results indicate that the pharmacodynamic material basis of WMF includes chlorogenic acid, geniposide, albiflorin, paeoni-
florin, and calycosin-7-O-glucoside. WMF can ameliorate hepatic lipid accumulation and inflammation in MAFLD mice by regulating
the PPAR signaling pathway and retinol metabolism in the liver. These results suggest that WMF may be a potential therapeutic or
interventional approach in the clinical treatment of MAFLD. Still, there is a great deal of room for in-depth investigations of the safety,
indications, and mechanisms of WMF.
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