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Abstract

BACKGROUND

The modified Xiaoyao San (MXS) formula is an adjuvant drug recommended by
the National Health Commission of China for the treatment of liver cancer, which
has the effect of preventing postoperative recurrence and metastasis of hepato-
cellular carcinoma and prolonging patient survival. However, the molecular
mechanisms underlying that remain unclear.

AIM
To investigate the role and mechanisms of MXS in ameliorating hepatic injury,
steatosis and inflammation.

METHODS

A choline-deficient/high-fat diet-induced rat nonalcoholic steatohepatitis (NASH)
model was used to examine the effects of MXS on lipid accumulation in primary
hepatocytes. Liver tissues were collected for western blotting and immunohisto-
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chemistry (IHC) assays. Lipid accumulation and hepatic fibrosis were detected using oil red staining and Sirius red
staining. The serum samples were collected for biochemical assays and NMR-based metabonomics analysis. The
inflammation/lipid metabolism-related signaling and regulators in liver tissues were also detected to reveal the
molecular mechanisms of MXS against NASH.

RESULTS

MXS showed a significant decrease in lipid accumulation and inflammatory response in hepatocytes under
metabolic stress. The western blotting and IHC results indicated that MXS activated AMPK pathway but inhibited
the expression of key regulators related to lipid accumulation, inflammation and hepatic fibrosis in the
pathogenesis of NASH. The metabonomics analysis systemically indicated that the arachidonic acid metabolism
and steroid hormone synthesis are the two main target metabolic pathways for MXS to ameliorate liver inflam-
mation and hepatic steatosis. Mechanistically, we found that MXS protected against NASH by attenuating the sex
hormone-related metabolism, especially the metabolism of male hormones.

CONCLUSION
MXS ameliorates inflammation and hepatic steatosis of NASH by inhibiting the metabolism of male hormones.
Targeting male hormone related metabolic pathways may be the potential therapeutic approach for NASH.

Key Words: Hepatic steatosis; Inflammation; Sex hormone metabolism; Male hormone; Phosphatase and tensin homolog
deleted on chromosome ten

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

Core Tip: In this study, the modified Xiaoyao San (MXS) formula was found can alleviated inflammation and hepatic
steatosis in nonalcoholic steatohepatitis (NASH) by suppressing male hormone metabolism and modulating inflam-
mation/lipid metabolism-related signaling and factors. It suggested that the regulation of sex hormone metabolism and
associated signaling could be new avenues for mechanistic research on NASH and for early diagnosis and treatment. This
study offers substantial evidence for the therapeutic potential of MXS in NASH and makes a valuable contribution to the
development of new drugs for this condition.

Citation: Mei XL, Wu SY, Wu SL, Luo XL, Huang SX, Liu R, Qiang Z. Hepatoprotective effects of Xiaoyao San formula on hepatic
steatosis and inflammation via regulating the sex hormones metabolism. World J Hepatol 2024; 16(7): 1051-1066

URL: https://www.wjgnet.com/1948-5182/full/v16/i7/1051.htm

DOI: https://dx.doi.org/10.4254/wjh.v16.i7.1051

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has emerged as a significant global health concern, acknowledged as a chronic
liver manifestation of metabolic syndrome. It covers a range extending from nonalcoholic fatty liver (NAFL) to non-
alcoholic steatohepatitis (NASH) marked by advancing fibrosis[1]. NASH, marked by hepatic steatosis, inflammation,
and liver damage, stands as an advanced manifestation of NAFLD and acts as a clinical predisposition for hepatocellular
carcinoma (HCC) and cirrhosis[2]. Currently, NAFLD impacts 25% to 30% of adults worldwide, with an especially
elevated prevalence rate of 29% in China[3,4]. NASH represents an advanced stage of NAFLD, with approximately one-
third of patients progressing to liver failure, cirrhosis, and HCC, resulting in increased mortality. Notably, NASH has
emerged as a primary reason for liver transplants due to the advanced stage at which most patients are diagnosed[5].
Despite the severity of this disease, there are no medications approved by the FDA for treating it, and efforts to mitigate
its progression in NASH patients remain largely unsatisfactory[6].

The slow progress in drug development for NASH is primarily attributed to the complex pathogenesis of NASH and
the lack of related research. Many aspects of NASH development remain unclear and subject to controversy, both at the
molecular and pathological levels[7]. Compelling evidence indicates a robust pathophysiological connection between
metabolic irregularities and NASH. Metabolic disorders such as hepatic steatosis and low-grade inflammation are
significant contributing factors during the transition from NAFLD to NASH[8]. Clinical data indicate that NASH is a
multisystem disease, and patients often have other metabolism-related conditions[9]. Therefore, a multidisciplinary and
comprehensive approach to managing NASH, along with its associated complications, with a focus on metabolic
dysfunction, appears to be a more rational and promising direction. Regulating metabolic processes is the most effective
treatment for diseases like NASH, which stem from metabolic disorders[10]. As a holistic multi-objective intervention,
traditional Chinese medicine (TCM) demonstrates greater effectiveness in addressing NASH and other complex
metabolic conditions. Exploring potential effective and safe therapies derived from natural compounds is also a
prominent approach in NASH therapeutics[11-13]. Modified Xiaoyao San (MXS), available as an over-the-counter
medicine, boasts excellent hepatoprotective properties and has demonstrated clinical effectiveness in the regulation of
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liver metabolism and inflammation. The National Administration of TCM has recommended it as an adjunctive treatment
to prevent postoperative recurrence of HCC[14]. Nevertheless, the precise regulatory mechanisms by which MXS combats
the progression of NAFLD/NASH remain unclear. Further exploration into the molecular mechanisms through which
MXS modulates hepatic metabolism and inflammation will contribute to the creation of innovative NASH treatments and
enhance the clinical utility of MXS in the postoperative rehabilitation of HCC patients.

In the study, we demonstrated that MXS alleviated inflammation and hepatic steatosis in NASH by modulating sex
hormone-related metabolism, specifically the metabolism of male hormones. Analysis of inflammation and lipid
metabolism-related signaling and factors in liver tissues also revealed that MXS treatment had activated AMPK signaling
while suppressing the expression of COX2, PPARYy, and 0-SMA. These findings supported the notion that regulating sex
hormone metabolism could have provided a novel avenue for mechanistic research into NASH.

MATERIALS AND METHODS

Animals

We obtained 30 male SD rats, each weighing 150 + 20 g, from HFK Bioscience Co., Ltd. (Beijing, China) under license
number: SCXK (2019-0008; Beijing, China). These rats underwent evaluation by the China Medical Laboratory Animal
Research Institute before inclusion in the study. They were accommodated in a controlled environment with a consistent
humidity level of 55% * 5%, a temperature of 22 °C + 1 °C, and 12-hour light and dark cycle. The rats had unrestricted
access to water and food.

Drug and experimental design

MXS was purchased from Chonggqing Traditional Chinese Medicine Hospital, national medicine permission number:
720013060. The rats were divided into three groups (n = 10/ group) in a random and equitable manner: Control, NASH,
and MXS groups. While the remaining groups were supplied with a choline-deficient/high-fat (CDHF) diet (D09100310),
which contained 2% calories from cholesterol, 20% from fructose, and 40% from fat, the control group was provided with
a standard diet. The precise dietary composition is outlined in Supplementary Table 1. Throughout the experiment, the
body weight of the rats was assessed on a weekly basis, and they were provided with sustenance for a period of 12 weeks
in order to establish the NASH model. After that, the rats in the MXS group received MXS intragastrically at a daily dose
of 0.9 g/kg (MXS/body weight) for a duration of 6 weeks (except Saturdays and Sundays) before being transitioned back
to the standard diet. The control group was given an equivalent volume of distilled water, while the NASH group
received the normal diet.

Sample collection

After the experimental period, all rats underwent anesthesia and were sacrificed. Anesthesia was achieved by intraperi-
toneal injection of 0.9% pentobarbital sodium solution (45 mg/kg) at 0.5 mL/100 g. The rats lost consciousness in the
shortest possible time, minimizing the animal's panic and pain. For the biochemical assessments, we collected serum
samples. 8 rats were randomly selected from each group and liver tissues from the identical area were collected,
preserved in 4% paraformaldehyde, encased in paraffin, and subsequently sliced into sections. 7 paraffin sections were
prepared from liver tissue of each rat, including 2 for hematoxylin and eosin (HE staining), 3 for immunohistochemistry
(IHC) detection, and 2 for Sirius staining (total = 168 sections). The unused serum and liver samples remained at -80 °C
until they were necessary for additional investigations. Serum biochemical markers were analyzed using an automated
biochemical analyzer provided by Beckman Coulter Inc, located in California, United States. The animal experiments
were carried out in full accordance with the ethical standards for animal research and received approval from the Animal
Ethics Committee of the Chongqing Academy of Chinese Materia Medica.

Histopathology, immunohistochemical analysis, and western blotting

For the evaluation of liver histopathological changes, we stained tissue sections with HE staining and examined them
using a light microscope. To conduct immunohistochemical analysis, we examined the levels of PTEN, «SMA, and FASN
in the hepatic tissues. For this experiment, we utilized the Biotin-Streptavidin HRP Detection System provided by ZSGB-
Bio, located in China and followed the instructions provided in the manual. The hepatic tissue sections were exposed to
primary antibodies in a suitable 1:200 ratio and then refrigerated at 4 °C overnight (ON). On the following day, we
subjected the sections to secondary antibodies, and subsequently, a streptavidin-biotin-peroxidase complex was
administered to the slices at 37 °C for a duration of 15 minutes. To visualize the signal, we employed diaminobenzidine.
Hematoxylin was employed for nuclear staining, and target proteins were observed under a light microscope. The
following antibodies were used: A-SMA (Cell Signaling Tech 19245) at 1:400 dilution and FASN (Signalway Antibody
38133) at 1:100 dilution.

For the western blotting analysis, we initiated by lysing the liver tissues in RIPA buffer. We determined the protein
concentration utilizing the Enhanced BCA protein assay kit (P0010S, Beyotime, Shanghai, China). Subsequently, we
blocked the blotting membranes for an hour in a solution comprising 5% non-fat milk in phosphate-buffered saline (PBS)
supplemented with 0.05% Tween-20. Next, the membranes underwent ON probing with primary antibodies, followed by
the application of secondary antibodies from ZEN-Bioscience, Chengdu, China. The primary antibodies utilized included
PPARYy (Signalway Antibody 49371) at 1:1000 dilution, COX2 (Signalway Antibody 33345) at 1:2000 dilution, AMPKa
(Cell Signaling Tech 2603) at 1:2000 dilution, p-AMPKa (Cell Signaling Tech 2535) at 1:2000 dilution, and GAPDH

Bienideng>  VVIH | https://www.wjgnet.com 1053 July 27,2024 | Volume16 | Issue7 |


https://f6publishing.blob.core.windows.net/f0b5c2ac-866e-4543-b0d1-61e3982e6896/95662-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f0b5c2ac-866e-4543-b0d1-61e3982e6896/95662-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f0b5c2ac-866e-4543-b0d1-61e3982e6896/95662-supplementary-material.pdf

Mei XL et al. MXS regulates sex hormone secretion

(Signalway Antibody 37859) at 1:10000 dilution.

Oil red O staining and sirius red staining

To evaluate hepatic lipid accumulation, we began by embedding liver tissues in optimal cutting temperature compound-
freeze medium and subsequently cutting them into thin sections with a thickness of 12 pm (8 rats were randomly selected
from each group and liver tissues from the identical area were collected). These sections were subsequently subjected to
staining using the Oil Red O (ORO) working solution (Absin Bioscience, Inc., Shanghai, China) for a duration of 15 to 20
minutes, followed by rinsing in distilled water. Then, the sections were stained with hematoxylin for a duration of 40
seconds. Following a meticulous 5-minute rinsing in flowing tap water, the slides underwent an additional purification
step using distilled water and were ultimately sealed with glycerin jelly.

The NAS score serves as a semi-quantitative scoring system, not a diagnostic tool. A score below than 3 indicates the
exclusion of NASH, while a score above 4 signifies a diagnosis of NASH. A score falling between these values suggests a
potential presence of NASH. NAFL is defined as having no lobular inflammation, ballooning, or fibrosis but with liver
steatosis less than 33%. Individuals with steatosis below this threshold are simply classified as having hepatocellular
steatosis.

For Sirius red staining, the tissue sections underwent deparaffinization before being immersed in Sirius red dye for 1
hour. Following this, the tissue sections were washed with distilled water or PBS to eliminate any excess dye and prevent
nonspecific staining. The sections were then dehydrated by sequentially immersing them for 1 minute in increasing
concentrations of ethanol (such as 70%, 95%, and 100%), followed by three rounds of 1 to 2-minute immersions in xylene.
Neutral balata was applied for fixation (mounting). Images were then examined and captured with the assistance of a
Zeiss light microscope from Germany.

Metabolomic profiling

Untargeted metabolomics sequencing was carried out by Novogene Co., Ltd. (Beijing, China). In brief, individual tissue
samples (100 mg) were first ground using liquid nitrogen. The resulting homogenate was then thoroughly resuspended
by vortexing in precooled 80% methanol. After incubation on ice for 5 minutes, the samples were centrifuged at 15000 xg
for 20 minutes at 4 °C. Dilution of a portion of the supernatant to reach a 53% methanol concentration was carried out
using liquid chromatograph-mass spectrometer (LC-MS) grade water. The prepared samples were moved to new
Eppendorf tubes and underwent additional centrifugation at 15000 g for 20 minutes at 4 °C. Subsequently, the obtained
supernatant was then analyzed using the LC-MS/MS system.

Statistical analysis

Results were expressed as mean + SD. To assess significant differences between two groups, we utilized either student’s ¢-
test or the Mann-Whitney U test. We performed multiple group comparisons using either a one-way analysis of variance
(ANOVA) or Kruskal-Wallis test. Using GraphPad Prism V. 5.1.0 (GraphPad Software, Inc., United States), we performed
all statistical analyses. A significance level of P value below than 0.05 was considered statistically significant.

RESULTS
MXS mitigates hepatic steatosis and inflammation induced by the CDHF diet

To assess the pharmacological impact of MXS on inflammation and liver steatosis, we employed a NASH rat model
induced by a CDHF diet, leading to lipid buildup and hepatocyte inflammation. Rats were subjected to a CDHF diet for
12 weeks, followed by an extra 6 weeks of intragastric administration of MXS alongside a standard diet (Figure 1A).
When the animal protocol concluded, MXS group resulted in a substantial reduction in the elevated hepatic weight and
percentage of hepatic weight to body weight observed in CDHF-fed rats (NASH group) (Figure 1B and C). In the control
group, the hepatocytes were of uniform size and the cytoplasm was homogeneous, and there was no swelling and fatty
degeneration. In NASH group, hepatocyte cords were disorganized and the hepatocytes were obviously swollen and
lipid droplet vacuoles of different sizes and more balloon-like changes were seen. By comparison, ballooning and liver
steatosis, as evidenced by HE staining, were significantly attenuated by MXS in CDHEF-fed rat livers (Figure 1D). This
effect was further confirmed through ORO staining, including quantification of ORO-positive areas (Figure 1E and F) and
the NAFLD activity score (Figure 1G).

MXS altered the overall metabolite profile induced by CDHF diet

To acquire a comprehensive understanding of the molecular mechanism responsible for the reduction of liver fat
deposition by MXS, we collected rat serum after MXS treatment and conducted non-targeted metabolomics analysis. As
shown in the results of principal component analysis, the metabolite data of serum in the control, NASH, and MXS
groups were well separated (Figure 2A and Supplementary Figure 1). The analysis of differential metabolites using Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment unveiled that lipid metabolism was the most significantly
impacted pathway by MXS treatment, which was also confirmed by Human Metabolome Database classification of differ-
ential metabolites (Figure 2B and C). Partial least squares discrimination analysis was then conducted on differential
metabolites after MXS treatment, and the results indicated a clear differentiation between NASH and MXS groups
(Figure 2D). These results indicated that MXS exerted a substantial regulatory influence on lipid disorders induced by the
CDHEF diet-induced NASH model.
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Figure 1 Modified Xiaoyao San demonstrated its capacity to alleviate inflammation and hepatic steatosis in rats subjected to a choline-
deficient/high-fat diet. A: The diagram illustrating the experimental procedure outlined the systematic investigation of the protective role of modified Xiaoyao San
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(MXS) in rats following a 12-week choline-deficient/high-fat (CDHF) diet regimen. Starting at week 13, rats that had been fed the CDHF diet received daily intragastric
administration of either saline or MXS decoction for a duration of 6 weeks; B and C: The liver weight and liver/body weight ratio of the rat groups were presented; D
and E: The images from hepatic sections were stained with hematoxylin and eosin and Oil Red O (ORO). Black arrows indicate the liver portal areas. The lipid
droplets (indicated by blue arrows) in the tissue are orange-red and the nuclei are blue; F and G: Quantitative data pertaining to ORO-positive areas and the
nonalcoholic fatty liver disease activity score for each group were displayed. Data were presented as mean + standard error of mean (n = 10/group), and were
analyzed by ANOVA. 2P < 0.05 Control vs nonalcoholic steatohepatitis (NASH) group. °P < 0.05 NASH vs MXS group. MXS: Modified Xiaoyao San; NASH:

Nonalcoholic steatohepatitis.
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squares discrimination analysis; HMDB: Human Metabolome Database; MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.
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The biosynthesis of steroid hormones was one of the main target pathways regulated by MXS
We screened and classified the 3090 identified differential serum metabolites, establishing criteria with fold change (FC)
below than 0.667, FC greater than 1.5, or variable importance in the projection greater than 1.0, and P value below than
0.05. Following the criteria above, a total of 920 significantly changed metabolites were screened, classified, and annotated
according to different comparisons between groups (NASH vs control; MXS vs NASH). Compared to the NASH model
(N'ASH vs control), the MXS treatment (MXS vs NASH) induced more upregulated metabolites, but the numbers of differ-
ential metabolites between the different comparisons were very similar (Figure 3A and B; Supplementary Figures 2 and
3). This indicates that the majority of metabolites that underwent changes in the NASH model were regulated by MXS
treatment. Further analysis was carried out on the metabolites based on their FC and P value from various comparisons
(NASH vs Control; MXS vs NASH). As shown in the volcano plot, the top 3 metabolites with the highest fold reduction
after MXS treatment were 18-HEPE, methandrostenolone, and Prostaglandin E2. It is worth noting that 18-HEPE and
methandrostenolone were also the top 2 metabolites with the highest upregulation FC in the NASH model (Figure 3C
and D). Metabolic pathway analysis was then used to analyze the metabolites from different comparisons between
groups. Among the significantly altered pathways, we observed that four main pathological processes were shared
between both comparisons (NASH vs Control; MXS vs NASH): Riboflavin metabolism, starch and sucrose metabolism,
steroid biosynthesis, and tryptophan metabolism.

Within these four pathways, steroid hormone synthesis displayed the most substantial differential change (-log10 P
value) in both comparisons (Figure 3E and F). These findings suggest that steroid hormone synthesis played a pivotal role
in the amelioration of hepatic steatosis and liver inflammation by MXS.

MXS downregulates the levels of metabolites involved in steroid hormone synthesis pathways

To understand how MXS regulates steroid hormone pathways, we screened and analyzed the top 30 metabolites that
exhibited a decrease in the NASH model group but showed recovery or increase following MXS treatment. However, the
trends of these 30 metabolites were not sufficiently clear and homogeneous (Figure 4 and Supplementary Figure 4).

For the same reasons, the top 30 metabolites that had unusually increased in the NASH model group but recovered or
downregulated after MXS treatment were also screened and analyzed. As the heatmap shows, the changing trends of the
30 metabolites were significant and homogeneous (Figure 5 and Supplementary Figure 5). In addition, the KEGG
enrichment and pathway analysis showed that more than 10 pathways were related to the 30 metabolites, such as
oxidation of branched-chain fatty acids, tryptophan metabolism, pyrimidine metabolism, gluconeogenesis (Figure 6A and
B; Supplementary Figure 6A). Consistently, both the KEGG enrichment and pathway analysis showed that the pathways
enriched by these 30 metabolites were more concentrated, with only 6 pathways being enriched. Notably, steroid
hormone biosynthesis was the most significantly altered process in both methods of analysis (Figure 6C and Supple-
mentary Figure 6B).

The cluster analysis and correlation analysis were also conducted for significantly changed metabolites between
groups. After MXS treatment (MXS vs NASH), a clear clustering pattern emerged, and the correlation analysis results
revealed that almost all of the top 20 significantly changed metabolites exhibited positive correlations with each other
(Supplementary Figures 7 and 8). Arachidonic acid metabolism was the second most significantly affected pathway that
was downregulated by MXS treatment (Figure 6C and D). Consequently, we statistically categorized the 52 metabolites
that had unusually increased in the NASH model group but showed recovery or downregulation after MXS treatment.
Among these 52 metabolites, 14 were associated with inflammation pathways. Prostaglandin A2, E2, and methandros-
tenolone were the three most significantly downregulated metabolites associated with inflammation and steroid
metabolism processes after MXS treatment (Figure 6E and Supplementary Figure 9). These findings suggested that MXS
exerted a regulatory effect on both steroid hormone biosynthesis and arachidonic acid metabolism by inhibiting the
metabolic processes in these pathways.

MXS inhibited the metabolic pathways related to male hormones and the key regulators associated with lipid

metabolism

To investigate the mechanism by which MXS regulated steroid metabolism and alleviated hepatic steatosis, all
metabolites related to steroid metabolism among the total differential metabolites were identified for further analysis. The
results revealed an interesting phenomenon: MXS primarily suppressed steroid metabolic pathways by inhibiting sex
hormone-related metabolism within them (Figure 7A). Subsequently, metabolites related to male hormones and estrogens
were identified and analyzed separately (Figure 7B and C). The findings indicated that metabolites associated with male
hormones were the primary targets through which MXS inhibited steroid metabolic pathways and mitigated hepatic
steatosis (Figure 7B and D).

To further validate this mechanism, molecules related to inflammation, liver fibrosis, and fatty acid synthesis in liver
tissues, including PPARy, COX2, AMPKa, FASN, and a-SMA, were detected.

The findings indicated that MXS treatment had a significant regulatory impact on the expression and stimulation of
signaling pathways and components related to inflammation and lipid metabolism. IHC results also demonstrated that
MXS alleviated CDHF diet-induced hepatic fibrosis and down-regulated a-SMA expression (Figure 8A-C). Additionally,
the examination of PTEN expression levels in hepatic tissues, a critical protein central to the link between hormone and
lipid metabolism, was conducted. As shown in the results, PTEN expressions were restored after MXS treatment
(Figure 8D). These findings suggested that MXS primarily alleviated hepatic steatosis and inflammation by inhibiting
male hormone metabolism.
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Figure 3 Steroid hormone synthesis was the primary target pathway affected by modified Xiaoyao San treatment. A: Statistical analysis of
differential metabolites. Total Sig denoted the total count of metabolites that exhibited significant changes. Down/up Sig represented the overall number of
metabolites that underwent significant downregulation or upregulation; B: A Venn diagram illustrated the comparative analysis of metabolites among the three groups;

C and D: Volcano plots displayed significantly changed metabolites, indicated

by red and blue-colored dots. The criteria for significance were fold change (FC) below

than 0.667, FC greater than 1.5, or variable importance in the projection greater than 1.0, and P value below than 0.05; E and F: Pathway enrichment analysis of
differential metabolites in different comparisons. The pathway impact value (X-axis) was denoted by the size of the circles, and the -log10 P value weight (ranging

from white to red, Y-axis) was indicated by the color intensity. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.
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Figure 4 Heatmap of the top 30 metabolites that decreased in the nonalcoholic steatohepatitis model group but recovered or increased
after modified Xiaoyao San treatment. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.

DISCUSSION

In recent years, NASH has emerged as a leading cause of liver transplantation and mortality, distinguished by inflam-
mation, liver steatosis, and fibrosis[15,16]. However, current treatments for NASH provide only limited relief from
symptoms[17-19], and there is significant importance in identifying more effective therapeutics for NASH using novel
strategies. This study demonstrated that MXS effectively alleviated inflammation and lipid buildup in hepatocytes, and it
significantly impeded the advancement of NASH by inhibiting both male hormone metabolism and the arachidonic acid
metabolism pathways. As a clinical drug recommended by the National Health Commission (NHS), MXS is effective in
treating metabolic diseases like hyperglycemia and hyperlipidemia. It has also found extensive application in preventing
and treating postoperative recurrence and metastasis of primary liver cancer[14]. Refer to the Diagnosis and Treatment
Guidelines for Primary Liver Cancer, NHS [2022] No. 12 for more information. Our findings suggest that MXS had the
potential to regulate male hormone metabolism, offering a novel discovery that could contribute to the development of
MXS as a novel treatment option for enhancing outcomes in NASH patients.
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Figure 5 Heatmap depicted the 30 most prominent metabolites that unusually increased in the nonalcoholic steatohepatitis model group
but recovered or downregulated after modified Xiaoyao San treatment. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.

As a central aspect of NASH pathogenesis, the inflammatory reaction encompasses two critical elements: Release of
multiple pro-inflammatory cytokines and hepatocyte injury[16,20-22]. A heightened presence of arachidonic acid is
believed to be responsible for connecting lipo-toxicity to inflammation and liver disease[23,24]. Our data clarified that
arachidonic acid metabolism, along with steroid hormone synthesis, is one of the two main pathways significantly
inhibited by MXS treatment. We identified 52 metabolites that displayed unusual increases in the NASH model group but
were restored or downregulated after MXS treatment. Among these metabolites, at least 14 were related to the
arachidonic acid metabolic pathway, constituting nearly 30% of the total. Moreover, our analysis of signaling pathways
and factors related to lipid metabolism and inflammation in liver tissues showed that MXS treatment triggered the AMPK
signaling pathway activation while suppressing the expressions of COX2 and PPARYy. These findings corroborated the
substantial influence of MXS on the inflammatory response and hepatic lipid metabolism. Rather than solely focusing on
the NASH disease model, we conducted a systematic and comprehensive investigation into how MXS ameliorated
metabolic disorders induced by NASH. AMPK, a crucial molecule responsible for regulating biological energy meta-
bolism, is expressed in different organs related to metabolism and plays a vital role in maintaining glucose homeostasis
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Figure 6 Modified Xiaoyao San inhibited steroid synthesis and inflammation-related metabolic pathways. A and B: Metabolite set enrichment
and pathway analysis of the 30 identified metabolites that decreased in the nonalcoholic steatohepatitis (NASH) model group but recovered or increased after
modified Xiaoyao San (MXS) treatment; C and D: Metabolite set enrichment and pathway analysis of the 30 identified metabolites that unusually increased in the
NASH model group but recovered or were downregulated after MXS treatment; E: Histogram of the top 3 metabolites related to steroid hormones and the
inflammation process. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.

[25-27]. The activation of AMPK by pharmacological agents presents a significant challenge due to the intricate molecular
mechanisms involved[28,29]. These results align with our study and further confirm the potential of MXS as an
innovative therapeutic choice for NASH.

Steroid hormones, as a crucial class of endocrine regulators, have the capacity to influence a range of physiological
processes, including cellular proliferation, differentiation, and metabolism. By binding to intracellular receptors, they can
govern gene expression and protein synthesis, thereby exerting their biological functions through diverse mechanisms
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Figure 7 Metabolites related to male hormones were the primary targets influenced by modified Xiaoyao San. A: Heatmap of metabolites
related to steroid hormone metabolism; B and C: Heatmaps of metabolites related to male hormones and estrogen metabolism; D: Histogram of the top 4 metabolites
related to male hormones metabolism. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.

[30-32]. Our results provided evidence that steroid hormone synthesis represented the primary target pathway of MXS
and was the pathway most significantly inhibited by MXS treatment. Upon conducting a specialized analysis of steroid
hormone metabolism, we observed a captivating phenomenon. MXS treatment predominantly suppressed the steroid
hormone metabolic pathway, particularly by inhibiting sex hormone-related metabolism, including the metabolism of
male hormones. This inhibitory effect resulted in a significant increase in androgen levels following MXS treatment
(Figure 7A). As recently reviewed, alterations in sex hormone levels have been associated with sex-specific differences in
lipid metabolism. Research conducted on individuals with biopsy-confirmed NAFLD and progressed liver fibrosis has
indicated that older age and being male are associated with increased mortality and a higher occurrence of HCC[33,34].
Although we currently possess limited knowledge about the molecular mechanisms, sex differences indeed play a role in
the development of NASH([35]. However, it is undeniable that MXS had the capacity to impact the NASH process by
regulating sex hormone metabolism, positioning MXS as a promising candidate for the development of a new anti-NASH
medication. We also administered MXS to healthy rats (for 4 weeks), and HE results showed no toxicity or other adverse
effects of MXS on the major organs of the rats (Supplementary Figure 10). Furthermore, our findings indicated that MXS
treatment led to the restoration of PTEN expression compared to the NASH model group. In the past few years, studies
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Figure 8 Modified Xiaoyao San treatment regulated the signaling pathways and factors related to inflammation and lipid metabolism. A: In
hepatic tissues, PPARy and COX2 expressions were decreased by modified Xiaoyao San (MXS) treatment and MXS also activated the AMPK signaling; B: MXS
treatment attenuated hepatic fibrosis and a-SMA expression. Collagen fibers appear red (black arrows) under normal light microscopy and other tissue components
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were dyed yellow; C: The MXS treatment inhibited the levels of FASN in liver tissues; D: The PTEN expression in liver tissues was restored after MXS treatment
(immunohistochemistry detection reagents yielding a brown reaction product, indicated by black arrows). The brown portion is the portion of the antigen that
expresses coloration. MXS: Modified Xiaoyao San; NASH: Nonalcoholic steatohepatitis.

have shed light on the critical role of PTEN in glucose and lipid metabolism, along with its involvement in regulating
mitochondrial functions. As a key protein in the interface between hormone and lipid metabolism, PTEN protein
expression and activity changes underlie sex differences in NASH[36-40]. We are currently uncertain whether the
increased PTEN protein expression observed after MXS treatment is a consequence or a causal factor in the suppression
of male hormone metabolism. Nonetheless, our study has demonstrated that MXS treatment can enhance PTEN protein
expression and mitigate hepatic steatosis by modulating the male hormone metabolic pathway.

CONCLUSION

Collectively, our findings support the notion that MXS alleviated inflammation and hepatic steatosis in NASH by
suppressing male hormone metabolism and modulating inflammation/lipid metabolism-related signaling and factors.
This suggested that the regulation of sex hormone metabolism and associated signaling could be new avenues for
mechanistic research on NASH and for early diagnosis and treatment. This study offers substantial evidence for the
therapeutic potential of MXS in NASH and makes a valuable contribution to the development of new drugs for this
condition.
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