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ABSTRACT: Background: Qinglian Hongqu decoction (QLHQD), a
traditional Chinese herbal remedy, shows potential in alleviating metabolic
issues related to nonalcoholic fatty liver disease (NAFLD). However, its
precise mode of action remains uncertain. Objective: This study aims to
evaluate the efficacy and mechanisms of QLHQD in treating NAFLD.
Methods: This study utilized a NAFLD mouse model to assess the effects
of QLHQD on lipid metabolism, including blood lipids and hepatic
steatosis, as well as glucose metabolism, including blood glucose levels,
OGTT results, and serum insulin. Network pharmacology, bioinformatics,
and molecular docking were used to explore how QLHQD may improve
NAFLD treatment. Key proteins involved in these mechanisms were
validated via WB and immunohistochemistry. Additionally, the expression
of downstream pathway targets was examined to further validate the insulin
resistance mechanism by which QLHQD improves NAFLD. Results: Animal studies demonstrated that QLHQD alleviated lipid
abnormalities, hepatic steatosis, blood glucose levels, the insulin resistance index, and the OGTT results in NAFLD mice (P < 0.05
or 0.01). Network pharmacology and bioinformatics analyses indicated that the effects of QLHQD on NAFLD might involve bile
acid secretion pathways. Subsequent validation through Western blotting, immunohistochemistry, and qPCR demonstrated that
QLHQD may influence fat metabolism and insulin sensitivity in NAFLD mice via the FXR/TGR5/GLP-1 signaling pathway.
Conclusion: QLHQD significantly alleviates glucose and lipid metabolism disorders in a high-fat diet-induced NAFLD mouse
model. Its mechanism of action may involve the activation of the FXR/TGR5/GLP-1 signaling pathway in the gut, which reduces
lipid accumulation and insulin resistance.

1. INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a clinical
condition primarily characterized by diffuse hepatic steatosis.1

There is a significant risk of progression to more severe
conditions, including nonalcoholic steatohepatitis (NASH),
liver fibrosis, and hepatocellular carcinoma. NAFLD is
commonly seen in obese individuals and is closely linked to
various systemic diseases, including metabolic syndrome,
chronic kidney disease, and polycystic ovary syndrome.2−4

Additionally, lean NAFLD is more prevalent in Asian
populations, potentially due to reduced skeletal muscle mass
leading to increased circulating free fatty acids, which disrupt
hepatic lipid metabolism.5 Clinically, this is often associated
with the development of sarcopenia.6,7 The current global
prevalence of NAFLD is estimated to be 30%, with a rising
mortality rate, thereby imposing a substantial healthcare
burden in numerous countries.8 The pathogenesis of
NAFLD is primarily attributed to a “multiple hit” process, as

indicated by previous studies.9,10 The key contributing factors
include overweight/obesity, type 2 diabetes, and various
metabolic disorders. Insulin resistance plays a critical role in
the accumulation of hepatic lipids in NAFLD.11,12 Lifestyle
modifications, including dietary restraint, adjustments in
dietary structure, and increased physical activity, are
considered the primary interventions for NAFLD, given the
current absence of specific pharmacological treatments.13

Traditional Chinese Medicine (TCM) formulations, which
originated from ancient practices, incorporate one or more
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natural herbal remedies to address illnesses and boast a rich
legacy of proven clinical effectiveness. Studies have demon-
strated that TCM blends can impact diseases by targeting

various pathways and mechanics.14 Based on traditional TCM
methods,the core components of the Qinlian Hongqu
Decoction (QLHQD) include Scutellaria baicalensis Georgi.

Figure 1. Impact of QLHQD on obesity and glycolipid metabolism in NAFLD mouse models. (A) Description of the animal experimental
protocol. (B) Presentation of a line graph depicting mouse weight changes. (C) Analysis of body weight variations in the mice. (D) Evaluation of
the influence of QLHQD on blood lipids in the NAFLD mouse model. (E) Assessment of the effects of QLHQD on blood glucose levels, insulin
levels, and the insulin resistance index in the NAFLD mouse model. (F) Illustration of the oral glucose tolerance test (OGTT) curve along with the
calculation of the AUC. (G,H) Impact of QLHQD on the serum AST and ALT levels in the NAFLD mouse model. Results are presented as the
means ± SDs (n = 6). *p < 0.05, **p < 0.01, ns: not significant compared to the model control.
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Figure 2. continued
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(Huang Qin), Coptis chinensis Franch. (Huang Lian), Monascus
purpureusWent. (Hong Qu), along with combinations of other
herbs such as Paeonia lactiflora Pall. (Baishao), Nelumbo
nucifera Gaertn. (Lian Zi), and Cimicifuga heracleifolia Kom.
(Sheng Ma), roasted Glycyrrhiza uralensis Fisch. (Zhi Gancao),
Citrus reticulata Blanco. (Juhong), Citrus aurantium L. (Zhi
Qiao).15 Preliminary studies have suggested that QLHQD may
alleviate hepatic steatosis in hyperlipidemic rats.16 Clinical
reports have shown that QLHQD can improve NAFLD.17

However, the mechanisms by which QLHQD ameliorates
hepatic lipid deposition and insulin resistance in NAFLD
require further investigation.
The field of network pharmacology in TCM establishes

connections between drug and disease targets by utilizing
database modules to investigate potential biological mecha-
nisms.18 Bioinformatics, which screens differential genes
between patients and healthy individuals by sequencing
databases, explores gene transcription and regulation and
serves as a vital tool for identifying core gene targets in key
diseases.19 By integrating network pharmacology and bio-

informatics, the potential mechanisms of drug interventions in
diseases can be better predicted.
In this study, we aimed to use network pharmacology and

bioinformatics to predict the potential targets of QLHQD in
treating NAFLD. We also investigated the effects of QLHQD
on blood lipid levels, liver lipid metabolism, and intestinal
signaling pathways in high-fat diet-induced NAFLD model
mice. Furthermore, we sought to understand the molecular
mechanisms through which QLHQD alleviates NAFLD.

2. RESULTS
2.1. Effects of QLHQD on Obesity and Glycolipid

Metabolism in NAFLD Models. Obesity, often accompanied
by dyslipidemia and insulin resistance, represents a prevalent
risk factor for NAFLD, resulting in disruptions in glucose and
lipid metabolism. Initially, the therapeutic potential of
QLHQD was investigated in NAFLD mouse models.
Following 12 weeks of dietary induction, the model mice
were administered QLHQD (0.51, 1.02, or 2.04 g/kg/day) or

Figure 2. Impact of QLHQD on liver lipid accumulation in NAFLD mouse models. (A) Abdominal images of each experimental group. (B)
Evaluation of the influence of the QLHQDs on the liver weight of the mice, n = 6. (C) Assessment of the effect of QLHQD on liver weight in mice,
n = 6. (D,E) Examination of the impact of QLHQD on histopathological alterations in the livers of NAFLD mice, n = 3. (F) Analysis of the effects
of QLHQD on liver TG, TC, and FFA levels in NAFLD mice, n = 6. (G) Effects of QLHQD on the expression levels of CYP7A1, SPEBP1C, and
HGMCR in NAFLD mice (×200) were examined, n = 3. (H) Relative mRNA levels of CYP7A1, SPEBP1C, and HGMCR were analyzed, n = 6.
Results are presented as the means ± SDs, *p < 0.05, **p < 0.01, ns: not statistically significant compared with the model control.
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Table 1. Core Ingredients of QLHQD
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Figure 3. Network pharmacology analysis. (A) Venn diagram was used to illustrate the overlap between the QLHQD and NAFLD targets. (B)
Drug-component-target-disease network was constructed, where triangles represent QLHQD, yellow nodes represent drugs for QLHQD, purple
nodes represent targets, and diamond-shaped nodes represent hyperlipidemia. (C) Top 10 BPs, MFs, and CCs in the GO analysis. (D) Top 20
lipid metabolism-related pathways were determined via KEGG analysis and labeled at the pathway level. (E) Top 20 pathways related to lipid
metabolism from KEGG analysis.
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Figure 4. Bioinformatics analysis. (A) PCA of GSE147562. (B) Volcano map of DEGs in the data set. (C) Heatmap of DEGs in the data set. (D−
I) GSEA results for DEGs.
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metformin (0.1 g/kg/day) via gavage for an additional 8 weeks
(Figure 1A). The results demonstrated that both QLHQD and
metformin significantly decreased the body weight of NAFLD
model mice (Figure 1B,C). The serum levels of triglycerides
(TG), total cholesterol (TC), low-density lipoprotein choles-
terol (LDL-C), free fatty acids (FFA), glucose, and insulin, in
addition to the insulin resistance index, were assessed, and an
oral glucose tolerance test (OGTT) was conducted. Compared
with those in the model group, the TG, TC, LDL-C, FFA,
glucose, and serum insulin levels and the insulin resistance
index were notably lower in the QLHQD treatment groups
(Figure 1D,E). The OGTT results indicated an increase in
glucose tolerance in NAFLD mice following QLHQD
treatment (Figure 1F). Furthermore, the serum levels of AST
and ALT were measured, revealing a significant decrease in the
QLHQD treatment groups (Figure 1G,H), suggesting that
QLHQD could mitigate liver injury and inflammatory
responses. In conclusion, on the basis of the analysis of
blood biomarkers, QLHQD demonstrated a significant
improvement in obesity and disruptions in glucose and lipid
metabolism in the NAFLD mouse model.
2.2. Effects of QLHQD on Liver Lipid Deposition in

NAFLD Mouse Models. Liver lipid accumulation represents a
primary pathological manifestation of fatty liver disease.
Hence, this study aimed to assess the impact of QLHQD on
liver lipid deposition in a NAFLD mouse model induced by a
high-fat diet. Following laparotomy, the liver weight was
determined, and the liver index was computed. Compared with
those in the model group, the liver weights and liver indices in
the groups receiving QLHQD treatment were notably lower
(Figure 2A−C). Histological examination of liver tissues
through H&E staining revealed a significant increase in
hepatocyte ballooning, lipid droplets, and hepatic inflammatory
responses in the model group compared with those in the
control group (Figure 2D). Similarly, Oil Red O staining
revealed substantial lipid droplet accumulation in the liver
tissue of the model group, whereas QLHQD and Met
treatment notably ameliorated these conditions (Figure
2E,F). Furthermore, hepatic TG, TC, and FFA levels were
measured via ELISA. Compared with the model group, the
QLHQD treatment groups presented significantly lower levels
of hepatic TG, TC, and FFA (Figure 2G), suggesting that
QLHQD effectively mitigated liver lipid accumulation in
NAFLD mice.
To further explore the impact of QLHQD on hepatic lipid

metabolism in NAFLD mice, an analysis was conducted on the
levels of the rate-limiting enzyme in the bile acid synthesis
pathway (CYP7A1), the protein associated with fatty acid
uptake and synthesis (SREBP1C), and the key enzyme in
cholesterol synthesis (HMGCR) via immunohistochemistry
(IHC). Additionally, the mRNA expression levels of these key
proteins were confirmed through qRT−PCR. Compared with
the model group, the group treated with QLHQD presented a
notable increase in hepatic CYP7A1 expression, whereas the
expression levels of SREBP1C and HMGCR decreased (Figure
2G). The mRNA expression patterns were in line with the
protein expression patterns, with elevated CYP7A1 mRNA
levels and reduced SREBP1C and HMGCR mRNA levels in
the QLHQD treatment group (Figure 2H). These results
suggest that QLHQD has the potential to regulate key proteins
involved in lipid metabolism, thereby ameliorating NAFLD.
2.3. Network Pharmacology Analysis. Previous studies

have identified 34 components of QLHQD through liquid

chromatography−mass spectroscopy (LC−MS) and have
determined their molecular structures by consulting the
TCMSP and PubChem databases16 (Table 1). The potential
targets for these 34 active components were predicted via the
SwissTarget Prediction and PharmMapper databases, resulting
in 556 QLHQD-associated drug targets after eliminating
redundancies. Potential targets for NAFLD were anticipated
from the GeneCard, DisGeNET, Online Mendelian Inher-
itance in Man (OMIM), and Therapeutic Target Database
(TTD), resulting in 2162 disease-related targets after removing
duplicates. The intersection of the QLHQD drug targets and
NAFLD disease targets, as depicted in a Venn diagram,
revealed 209 common targets (Figure 3A). The construction of
the QLHQD-NAFLD target network was accomplished via
Cytoscape 3.7 (Figure 3B). Subsequently, an analysis of the
209 targets was conducted via the String database, and the top
50 genes, ranked by degree, were visualized via Cytoscape 3.7,
emphasizing genes such as PI3K, AKT, and JAK, which are
associated with inflammation. Notably, cytochrome P450
genes, such as CYP3A4, which are involved in bile acid
synthesis, were also identified among the top 50 genes (Figure
3C). GO analysis revealed that the identified targets were
enriched in 2833 biological process (BP), 263 molecular
function (MF), and 127 cellular component (CC) terms. The
targets for NAFLD treatment with QLHQD were enriched
primarily in the following categories: BPs, including the
lipopolysaccharide response, lipid metabolic process, and
inflammation regulation; MFs, including fatty acid binding
and insulin receptor substrate binding; and CCs, including the
cytoplasmic vesicle lumen and focal adhesion (Figure 3D).
Furthermore, the KEGG enrichment analysis identified 180
pathways, with common lipid metabolism-related pathways
such as the PI3K-Akt signaling pathway, the MAPK signaling
pathway, the PPAR signaling pathway, the TNF signaling
pathway, the mTOR signaling pathway, insulin resistance, bile
secretion, type II diabetes, and nonalcoholic fatty liver disease
(Table S1). The top 20 lipid metabolism-related pathways
were visualized on the basis of the KEGG level 1 classification
(Figure 3E).
2.4. Bioinformatics Analysis. The GSE147562 data set

was initially subjected to PCA via the bioinformatics platform
(http://www.bioinformatics.com.cn/), which facilitated the
visualization of distinct variations among samples (Figure
4A). Subsequently, differential analysis through limma
identified 132 differentially expressed genes (DEGs), compris-
ing 55 upregulated and 77 downregulated genes (Table S2).
These findings are illustrated through volcano plots and
heatmaps (Figure 4B,C). Furthermore, GSEA enrichment
analysis of the DEGs revealed 106 significant pathways.
Notably, pathways associated with lipid metabolism, such as
bile acid secretion, retinol metabolism, steroid hormone
biosynthesis, nonalcoholic fatty liver disease, the PPAR
signaling pathway, and glycerolipid metabolism, were among
those significantly downregulated in patients (Figure 4D−I).
2.5. Molecular Docking Validation. On the basis of the

aforementioned research findings, the enrichment of differ-
entially expressed genes in insulin-resistant obese individuals is
linked to bile acid secretion, a pathway that is also highlighted
in the KEGG enrichment analysis of QLHQD-NAFLD drug
targets. Subsequent Venn diagram analysis of the KEGG
enrichment pathways for TCM drug targets and GSEA results
for differentially expressed genes revealed 55 common
pathways. Notably, prominent pathways related to lipid
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Figure 5. Validation of molecular docking. (A) Common signaling pathways identified via KEGG and GSEA. (B) Molecular docking heatmaps.
(C) Binding pattern of the FXR protein with luteolin. (D) Binding mode of the FXR protein to wogonin. (E) Binding mode of the FXR protein to
berberine. (F) Binding mode of the FXR protein with hesperetin. (G) Binding mode of the FXR protein with baicalin. (H) Binding mode of the
FXR protein with nobiletin. (I) Binding mode of the TGR5 protein with Luteolin. (J) Binding mode of the TGR5 protein with baicalin.
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Figure 6. Impacts of QLHQD on intestinal tissue FXR, TGR5 and GLP1 in the NAFLD mouse model. (A) Identification of FXR protein
expression through immunofluorescence detection (scale bar: 200 μm). (B) Identification of TGR5 protein expression through
immunofluorescence detection (scale bar: 200 μm). (C) Identification of GLP1 protein expression through immunofluorescence detection
(scale bar: 200 μm). (D) Relative mRNA levels of FXR, TGR5, and GLP-1, n = 6. (E) Protein expression of FXR, TGR5, and GLP-1 was detected
via protein blotting. (F) Quantitative analysis of the FXR, TGR5, and GLP-1 band intensities. n = 3. Results are presented as the means ± standard
deviations. Statistical significance is denoted as *p < 0.05, **p < 0.01, and ns indicates no significance compared with the model control.
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Figure 7. Effects of the QLHQDs on insulin resistance in the liver tissues of NAFLD model mice. (A) PI3K protein expression was detected via
immunofluorescence (scale bar: 200 μm). (B) Identification of AKT protein expression through immunofluorescence detection (scale bar: 200
μm). (C−H) Relative mRNA levels of PI3K, AKT, INSR, GSK3B, GCk, and GYS2, n = 6; (I,J) PAS staining of livers and semiquantitative analysis,
n = 3. Results are presented as the means ± standard deviations. Statistical significance is denoted as *p < 0.05, **p < 0.01, and ns indicates no
significance compared with the model control.
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metabolism, such as NAFLD, the PPAR signaling pathway, and
bile secretion, were identified (Figure 5A). The results, in
conjunction with the OGTT, serum insulin levels, and insulin
resistance index data, strongly indicate that QLHQD may have
a beneficial effect on NAFLD-related insulin resistance and
glucose metabolism through the modulation of the intestinal
bile acid metabolism pathway. Previous studies have shown
that QLHQD modulates the intestinal FXR/FGF19 signaling
pathway to mitigate hyperlipidemia.20 The accumulation of
cholesterol and disruptions in fatty acid metabolism are widely
recognized to contribute to the exacerbation of NAFLD
progression. Moreover, the literature highlights the importance
of the FXR/TGR5/GLP-1 pathway as a classic bile acid
metabolism pathway that directly stimulates insulin secre-
tion.21 Consequently, we identified 11 active components of
QLHQD (Wogonin, Quercetin, Nobiletin, Luteolin, Kaemp-
ferol, Hispidulin, Hesperetin, Formononetin, Berberine,
Baicalin, and Baicalein) based on the basis of their OB and
DL values. Subsequently, we conducted molecular docking
studies with three core targets: FXR, TGR5, and GLP-1. The
findings revealed that all 11 active components presented
negative binding energies with these pathway proteins (Figure
5B). Notably, the binding energies of the 11 active
components with FXR were notably lower than those of the
other two targets, with 8 components demonstrating binding
energies below −8.5 (Figure 5C−J). This observation indicates
that the primary active components of QLHQD possess robust
binding affinities for FXR/TGR5/GLP-1 and have the
potential to activate upstream FXR, thereby eliciting the
physiological effects of the entire pathway.
2.6. Effects of QLHQD on Intestinal Tissue FXR, TGR5,

and GLP-1 in NAFLD Mouse Models. Initially, immuno-
fluorescence techniques were employed to determine the
subcellular localization of the three principal targets, namely,
FXR, TGR5, and GLP-1, within the intestinal tissue. The
results indicated that the control cohort exhibited subdued
fluorescence signals for the FXR, TGR5, and GLP-1 proteins in
the small intestine, whereas the group treated with QLHQD
presented a notable increase in fluorescence intensity at these
specific loci (Figure 6A−C). Furthermore, qPCR analysis
revealed a significant reduction in the mRNA expression levels
of FXR, TGR5, and GLP-1 in the small intestines of NAFLD
model mice, a trend that was effectively reversed by QLHQD
treatment (Figure 6D). Subsequent WB investigations revealed
substantial increases in the protein levels of FXR, TGR5, and
GLP-1 in the groups treated with QLHQD and MET
compared with those in the control group (Figure 6E,F).
These results collectively suggest that QLHQD can activate
the FXR/TGR5/GLP-1 signaling pathway.
2.7. Effects of QLHQD on Insulin Resistance in Liver

Tissues of the NAFLD Mouse Models. The pivotal roles of
PI3K and AKT in insulin functional biological processes are
well established. Upon interaction with IRS, PI3K initiates the
production of phosphoinositides, which activate AKT and
subsequently phosphorylate the glycogen synthase protein
GSK3B. The present investigation conducted immunofluor-
escence localization analysis of the PI3K and AKT proteins,
demonstrating a notable increase in their fluorescence intensity
in the livers of the model group. Conversely, the admin-
istration of QLHQD resulted in a reduction in their expression
levels (Figure 7A,B). This observation was further supported
by mRNA analysis, which revealed a similar trend for PI3K and
AKT (Figure 7C,D). We also validated genes downstream of

AKT and found that the mRNA expression levels of insulin
receptor (INSR), glycogen synthase kinase 3 beta (GSK3B),
glucose kinase (GCK), and glycogen synthase 2 (GYS2) were
significantly reduced in the model group. QLHQD notably
increased these expression levels (Figure 7E−H). Additionally,
liver glycogen staining confirmed that, in combination with
MET treatment, QLHQD enhanced hepatic glycogen syn-
thesis and improved metabolic disturbances (Figure 7I,J).
These findings indicate that QLHQD has the potential to
improve insulin resistance in NAFLD model mice.

3. DISCUSSION
This research investigates the impact of QLHQD on NAFLD
by analyzing various parameters, including body weight, liver
weight, serum lipid levels, blood glucose, insulin-related
markers, and liver pathology, in a NAFLD mouse model.
These findings indicate that QLHQD effectively enhances
glucose and lipid metabolism, reduces liver lipid accumulation,
and improves insulin sensitivity. To elucidate the underlying
molecular mechanisms through which QLHQD ameliorates
insulin resistance in NAFLD mice, network pharmacology and
bioinformatics methods were utilized. By integrating these
methodologies with the literature, it was discovered that
QLHQD modulates the classical FXR/TGR5/GLP-1 bile acid
metabolic signaling pathway, thereby mitigating insulin
resistance and addressing abnormal lipid metabolism in the
liver of NAFLD mice.
Prior research utilizing LC−MS technology identified 34

bioactive compounds, among which chrysin presented the
highest degree value for targets associated with nonalcoholic
fatty liver disease (NAFLD). This was followed by naringenin,
hispidulin, oleanolic acid, wogonin, and ursolic acid. Recent
investigations have shown that chrysin increases glutathione
(GSH) levels and decreases malondialdehyde levels, thereby
demonstrating antioxidant properties. Additionally, it influen-
ces the AMPK/mTOR/SREBP-1c signaling pathway, leading
to improvements in glucose and lipid homeostasis, adipose
factors, and hepatic pathology in obese rats.22 Naringenin has
been found to prevent NAFLD by modulating the NLRP3/
NF-κB signaling pathway in hepatocytes.23 Hispidulin, on the
other hand, inhibits fat accumulation by downregulating the
expression of PPARγ and adiponectin.24 Oleanolic acid
possesses antidiabetic and anti-inflammatory properties that
alleviate chronic low-grade inflammation in liver adipose tissue
by decreasing voltage-dependent anion channel expression and
reactive oxygen species, inhibiting MAPK signaling, and
suppressing inflammasome activation.25 Wogonin notably
decreases the serum levels of total cholesterol, triglycerides,
nonesterified fatty acids, and free fatty acids, thereby enhancing
myocardial lipid metabolism in high-fat diet-induced obese
mice.26 Ursolic acid effects by influencing the gut microbiota
and enhancing amino acid metabolism.27 Furthermore,
research has indicated that Coptis and Monascus can enhance
hepatic lipid deposition in NAFLD rats through the regulation
of the PPARα signaling pathway.28 These results underscore
the advantageous impacts of the components of the QLHQD
formula on hepatic lipid deposition. Expanding on these
findings, our investigation revealed that QLHQD significantly
diminishes serum and hepatic levels of total cholesterol,
triglycerides, and free fatty acids in NAFLD mice, thereby
mitigating hepatic lipid deposition and displaying a noteworthy
therapeutic potential for NAFLD treatment.
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By utilizing network pharmacology, this study investigated
the biological processes and potential mechanisms associated
with the genes shared between the targets of QLHQD and
those related to NAFLD. GO enrichment analysis revealed that
the treatment of NAFLD with QLHQD involves biological
functions such as insulin receptor substrate binding, fatty acid
binding, and regulation of the inflammatory response. The
pathogenesis of NAFLD involves various factors, including
insulin resistance, oxidative stress caused by excessive free
radicals, and inflammation induced by reactive oxygen species
in liver tissue.29,30 The KEGG enrichment analysis also
revealed significant enrichment of the insulin resistance
pathway. Insulin resistance refers to impaired biological
responses of target tissues, primarily liver, muscle, and adipose
tissue, to insulin stimulation.31 Many researchers now consider
NAFLD a hepatic manifestation of metabolic syndrome, with
insulin resistance being a major contributing factor.32 Studies
have demonstrated a negative association between whole-body
and hepatic insulin sensitivity and hepatic triglyceride syn-
thesis. During insulin resistance, hepatic glucose uptake
decreases, whereas the influx of free fatty acids into the liver
increases, leading to increased hepatic fat synthesis.33

Subsequent experiments revealed that QLHQD enhances
OGTT results, reduces serum insulin levels and the insulin
index in NAFLD mice, and decreases the expression levels of
key enzymes involved in fatty acid synthesis (SREBP1C) and
cholesterol synthesis (HMGCR). The mRNA expression levels
of SREBP1C and HMGCR further supported these findings.
Therefore, QLHQD can ameliorate hepatic lipid accumulation
in NAFLD by modulating insulin resistance.
KEGG enrichment analysis revealed that the bile secretion

pathway was significantly enriched. Bile acids, which are the
final products of cholesterol metabolism, play essential roles in
lipid metabolism and energy balance.34 Enterohepatic bile acid
homeostasis is a crucial physiological mechanism that regulates
obesity, type 2 diabetes, and NAFLD.35 Bioinformatics utilizes
omics data from extensive public databases to analyze intricate
patterns and mechanisms in biological systems. In this study,
gut transcriptomic data from insulin-resistant obese individuals
and control cohorts were examined to detect DEGs, followed
by GSEA. The findings revealed notable downregulation of
genes associated with bile secretion, PPAR signaling, NAFLD,
retinol metabolism, steroid hormone biosynthesis, and
glycerolipid metabolism pathways in insulin-resistant obese
subjects. By comparing the KEGG enrichment pathways of the
TCM targets with the GSEA outcomes of the DEGs, the PPAR
signaling and bile secretion pathways were identified. The
experimental results revealed significant downregulation of the
rate-limiting enzyme in bile acid synthesis (CYP7A1) in the
NAFLD mouse model, along with increased serum and hepatic
FFA levels. Recent studies suggest that disturbances in liver-gut
bile acid homeostasis lead to the dysregulation of hepatic
glucose and lipid metabolism, resulting in intrahepatic bile acid
accumulation and inflammatory responses in NAFLD
patients.36 In conclusion, through the integration of network
pharmacology, bioinformatics, mouse experiments, and liter-
ature, we propose that QLHQD may ameliorate insulin
resistance and lipid accumulation in a NAFLD mouse model
by modulating the bile acid secretion pathway.
The gastrointestinal tract serves as the primary location for

the digestion and absorption of nutrients and plays a crucial
role in maintaining the balance of glucose and lipid
metabolism. The bile acid nuclear receptor FXR and the

membrane receptor TGR5 are pivotal in regulating these
processes.21,37 The functions of these proteins in the intestines
are closely associated with conditions such as obesity, NAFLD,
and diabetes.38 Studies have demonstrated that the specific
removal of intestinal FXR leads to a reduction in TGR5 mRNA
expression, resulting in the accumulation of lipids in the liver
and the development of fatty liver disease. Conversely,
activating FXR increases TGR5 mRNA expression, which
helps reduce hepatic lipid accumulation.39,40 GLP-1, a
hormone produced by L cells in the gut, plays a role in
regulating blood glucose levels by stimulating insulin release
from pancreatic β-cells and inhibiting glucagon secretion from
α-cells.41 Intestinal bile acid receptor signaling influences the
regulation of GLP-1, with TGR5 activation promoting GLP-1
secretion from L cells, thereby enhancing insulin release and
reducing insulin resistance.42 Previous research suggests that
the FXR/TGR5/GLP-1 signaling pathway in the intestines
could be a potential mechanism through which QLHQD
improves lipid accumulation and insulin resistance in NAFLD.
Molecular docking simulations have shown that the active
components of QLHQD have a strong affinity for the FXR,
TGR5, and GLP-1 proteins. Immunofluorescence experiments
confirmed that QLHQD significantly increased the expression
of FXR, TGR5, and GLP-1 in intestinal epithelial cells. WB
results revealed a decrease in the protein expression of FXR,
TGR5, and GLP-1 in the small intestine of NAFLD model
mice, which was significantly improved by QLHQD. The
mRNA expression of this pathway also supports these findings,
suggesting that QLHQD may alleviate NAFLD by activating
the FXR/TGR5/GLP-1 signaling pathway.
The molecular mechanisms responsible for insulin resistance

primarily involve the activation of the insulin receptor (IR), its
substrates, and kinase cascades. IRS protein phosphorylation
occurs at tyrosine residues, leading to the activation of PI3K
through specific domains that bind to IR. This activation
generates phosphoinositides that further activate the down-
stream protein kinase AKT.42 PI3K and AKT play crucial roles
in hepatic insulin resistance.43,44 Research has shown that
inhibiting the PI3K/AKT signaling pathway can alleviate
hepatic insulin resistance.45 Immunofluorescence analysis
revealed increased expression of PI3K and AKT in the livers
of mice with NAFLD, which was significantly reversed by
QLHQD treatment. The underlying mechanism of this trend
has been elucidated. Insulin signaling activates AKT, which in
turn increases the activity of its downstream effector mTOR
and promotes the activation of the key fat synthesis
transcription factor SREBP1c.46,47 Our experiments confirmed
this, with the model group showing high expression levels of
SREBP1c, both via immunohistochemistry and mRNA
analyses. Additionally, AKT phosphorylates various substrates,
including glycogen synthase kinase-3 beta (GSK3B).48 Our
study revealed that QLHQD not only significantly reduced the
mRNA expression of AKT and PI3K but also upregulated the
expression of insulin receptor (INSR), glucose kinase (GCK),
and glycogen synthase kinase-3 beta (GSK3B). GSK3B, a
serine−threonine kinase, negatively regulates the expression of
glycogen synthase 2 (GYS2).49 Interestingly, QLHQD
increased the expression of GYS2, a finding supported by
liver PAS staining. This phenomenon can be explained by the
fact that high blood glucose levels can regulate glycogen
metabolism either dependent on or independent of insulin.50

Glucose activates GCK, promoting the synthesis of G6P.
Increased G6P directly activates GYS2, thereby stimulating
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hepatic glycogen synthesis.51,52 The elevated mRNA expres-
sion of GCK following QLHQD treatment supports this view.
Consequently, the improvements in blood glucose, insulin
resistance index, and OGTT results suggest that QLHQD may
upregulate the FXR/TGR5/GLP-1 pathway, enhancing
hepatic glycogen synthesis and counteracting insulin resistance.
Importantly, GLP-1, an incretin hormone produced by the

intestine, promotes the secretion of insulin from pancreatic β-
cells and inhibits the release of glucagon from α-cells, leading
to increased regulation of peripheral blood glucose levels and
insulin resistance.53 In our investigation, the levels of
peripheral serum insulin were greater in the model group
than in the group treated with QLHQD. This difference could
be attributed to two potential mechanisms. First, GLP-1,
known as a glucose-dependent insulinotropic polypeptide,
exhibits more significant effects on elevated blood glucose
levels.54 These findings suggest that hyperglycemia in the
model group may stimulate GLP-1 more effectively, thereby
improving the function of β-cells and increasing peripheral
insulin levels. SecondSecond, insulin resistance involves a
diminished response of target organs to insulin, often
associated with impairments in insulin signaling. Studies
suggest that while proximal insulin signaling remains
unaffected in insulin resistance, defects in distal signaling
pathways may contribute to this condition.12,43 By enhancing
insulin uptake in the liver and skeletal muscle, QLHQD may
reduce hyperinsulinemia by improving distal signaling path-
ways in the liver.

4. CONCLUSIONS
In brief, QLHQD significantly improved glucose and lipid
metabolic disorders in NAFLD model mice induced by a high-
fat diet. The potential mechanism involves the activation of the
intestinal FXR/TGR5/GLP-1 signaling pathway, leading to a
reduction in lipid accumulation and insulin resistance.
Network pharmacology, bioinformatics, and molecular docking
analyses have shed light on the intricacies of the active
components present in natural plant medicines. This research
underscores the efficacy of QLHQD in enhancing NAFLD
through the intestine−liver axis, thereby partially validating the
complex interplay between liver and intestinal functions.
However, due to the inherent differences between high-fat
diet mouse models and human disease, caution is needed when
extrapolating these results to clinical practice.55 Subsequent
investigations will leverage multiomics methodologies and cell
experiments incorporating pathway modulation to delve
deeper into these mechanisms.

5. METHODS AND MATERIALS
5.1. Preparation of QLHQD. The herbs used in the

present study, including 10 g of Scutellaria baicalensis Georgi
(Batch No.: 22120202, Manufacturer: Sichuan Hemuyuan
Pharmaceutical Co., Ltd.), 10 g of Coptis chinensis Franch
(Batch No.: 221001, Manufacturer: Sichuan Limin Traditional
Chinese Medicine Decoction Pieces Co., Ltd.), 10 g of Citrus
reticulata Blanco (Batch No.: 20220922, Manufacturer:
Sichuan Zhongyong Pharmaceutical Co., Ltd.), 10 g of
Monascus purpureus Went (Batch No.: 20220301, Manufac-
turer: Sichuan Miande Pharmaceutical Co., Ltd.), 10 g of
roasted Glycyrrhiza uralensis Fisch (Batch No.: 211129,
Manufacturer: Sichuan Heshunkang Pharmaceutical Co.,
Ltd.), 10 g of Paeonia lactiflora Pall (Batch No.: 20221024,

Manufacturer: Sichuan Zhongyong Pharmaceutical Co., Ltd.),
10 g of Citrus aurantium L.(Batch No.: 22080101,
Manufacturer: Sichuan Zhongyong Pharmaceutical Co.,
Ltd.), 10 g of Nelumbo nucifera Gaertn. (Batch No.:
20220815, Manufacturer: Sichuan Zhongyong Pharmaceutical
Co., Ltd.), and 3 g of Cimicifuga heracleifolia Kom. (Batch No.:
211028, Manufacturer: Sichuan Heshunkang Pharmaceutical
Co., Ltd.), were sourced from Chengdu University of
Traditional Chinese Medicine Affiliated Hospital. These
herbs were selected on the basis of the standards outlined in
the pharmacopeia of the People’s Republic of China. These
herbs were initially weighed and then blended for decoction.
The first decoction involved soaking the mixed herbs for 20
min, followed by decoction in water at a ratio of 1:5 (g/mL).
After boiling, the mixture was simmered for an additional 60
min and filtered through a double layer of gauze. For the
second decoction, the herbs were decocted once more with
water at a ratio of 1:2.5 (g/mL) following the same procedure.
The filtrates from both decoctions were combined to reach a
total volume of 600 mL and concentrated using a rotary
evaporator at 60 °C for 1 h. The concentrated solution was
then freeze-dried, and the resulting powder was sealed and
stored at 4 °C for future use. The final freeze-dried powder had
a drug concentration of 6.15 g/g.
5.2. Animals and Main Reagents. A total of seventy-two

6-week-old C57BL/6J male mice (weighing 19−20 g) were
procured from SPF (Beijing) Biotechnology Co., Ltd., with the
animal qualification certificate number SCXK (Beijing) 2019−
0010. The animal experiment was conducted under ethics
number 2022-12 and was approved by Chengdu University of
Traditional Chinese Medicine. The environmental conditions
included a temperature of 22 ± 1 °C, a relative humidity of
55−60%, ambient noise levels below 60 dB, a 12-h light/dark
cycle, and ad libitum access to food and water. A high-fat diet
(D12451, with 45 kcal% fat from total energy) and a regular
diet were procured from Xiao Shu You Tai (Beijing)
Biotechnology Co., Ltd. Metformin (MET) was acquired
from Jiangsu Chia Tai Tianqing Pharmaceutical Co., Ltd.
Reagents for lipid metabolism indicators included total
cholesterol (T-CHO, catalog number 210512101) from
Meikang Biotechnology Co., Ltd., triglycerides (TG, catalog
number C061-a), low-density lipoproteins (LDL-C, catalog
number 2021006), alanine aminotransferase (ALT, catalog
number C001-a), aspartate aminotransferase (AST, catalog
number C002-a), and free fatty acids (NEFAs, catalog number
C123-b) from Changchun Huili Biotechnology Co., Ltd.; and
insulin (INS, catalog number E-EL-M1382c) from Elabscience
Biotechnology Co., Ltd. The reagents used for immunohis-
tochemistry and fluorescence assays included AKT (Shenyang
Wanlei Biotechnology Co., Ltd., batch number WL0003b),
PI3K (Absin Bioscience Inc., batch number abs119725), FXR1
(ZENBIO, catalog number R26778), TGR5 (Bioss, catalog
number bs-8874R), GLP1 (Bioss, catalog number bs-3796R),
HMGCR (Affinity, catalog number DF6518), SREBP1
(Proteintech, catalog number 66875−1-Ig), and CYP7A1
(Affinity, catalog number DF2612).
5.3. Main Instrumentation. An automatic biochemical

analyzer (BIOBASE, model: BK-200), a tissue homogenizer
(Jingxin, model: Tissue-Tearor), a benchtop centrifuge
(Xiangyi, model: TGL-16C), a microplate reader (BioTek,
model: Epoch), a pathology microtome (Thermo Fisher
Scientific (China) Co., Ltd., model: HM315), a gel imaging
system (Bio-Rad, model: Chemidoc XRS+), a fluorescence
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quantitative PCR instrument (Bio-Rad, model: CFX Connect),
an electrophoresis apparatus (Beijing Liuyi, model: DYY-6C),
an electrophoresis tank (Beijing Liuyi, model: WD-9405A), a
blot transfer tank (Beijing Liuyi, model: DYCZ-40D), and a
decolorization shaker (Changzhou Runhua, model: TY-80A/
S) were used.
5.4. Network Pharmacology Prediction. In our prior

investigation, 34 components were identified in QLHQD
through the utilization of LC−MS.16 The potential targets of
these 35 active components were predicted via the
SwissTargetPrediction (https://www.swisstargetprediction.
ch/) and PharmMapper databases (https://lilab-ecust.cn/
pharmmapper/index.html).56 Key targets associated with
NAFLD were identified through a comprehensive search
across four prominent online databases: GeneCard (https://
www.genecards.org/), DisGeNET (https://www.disgenet.org/
), OMIM (https://www.omim.org/), and TTD (http://db.
idrblab.net/ttd/). The identification of overlapping targets
between QLHQD and NAFLD was accomplished utilizing
Venn diagram analysis, followed by an ingredient−target
network analysis. A drug−component−target−disease network
was subsequently established via Cytoscape v3.7.1 to
determine the multicomponent, multitarget attributes of the
QLHQD in the treatment of NAFLD. Common targets were
extracted through the STRING database (https://cn.string-db.
org), and a protein−protein interaction (PPI) network
comprising the top 50 significant genes, on the basis of degree
values, was constructed and visualized via Cytoscape v3.7.1.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses of the intersecting
targets were conducted and presented via the bioinformatics
platform (http://www.bioinformatics.com.cn/) to elucidate
the potential functions of these genes. A significance level of p
< 0.05 was established as the threshold for the selection of
relevant GO terms and KEGG pathways.57

5.5. Bioinformatics Analysis. To explore the association
between insulin resistance and the expression of genes related
to the intestine, we analyzed the GSE147562 data set obtained
from the Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo). This data set consists of 14
human gut transcriptome samples, including nonobese
individuals with low insulin resistance (n = 3) and individuals
with high insulin resistance (n = 7), selected for comparative
analysis. The analysis was performed via the Limma package in
R, with differentially expressed genes (DEGs) identified on the
basis of a significance threshold of p value <0.05 and |logFC| >
1. Visualization of DEGs was carried out through volcano plots
and heatmaps generated via the Bioinformatics platform
(http://www.bioinformatics.com.cn/). Furthermore, gene set
enrichment analysis (GSEA) was utilized to elucidate the
potential functions of the DEGs, with a focus on genes that
share common biological functions, chromosomal locations, or
regulatory mechanisms.58

5.6. Molecular Docking. Following the aforementioned
analysis, molecular docking was performed to investigate the
interactions between the key drug components and target
proteins. The chemical structures of the drug components
were sourced from the PubChem Compound database
(https://pubchem.ncbi.nlm.nih.gov/). Additionally, the 3D
crystal structures of the target proteins were retrieved from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
Subsequently, the PyMOL software was utilized to process and
extract the target chains of the compound proteins, which were

then stored. The molecular docking procedure between the
target proteins and drug molecules was executed via the cb-
dock2 platform (https://cadd.labshare.cn/cb-dock2/php/
blinddock.php#job_list_load).59
5.7. Animal Experimental Validation. 5.7.1. Model

Replication. After a one-week acclimatization period, the
control group of C57BL/6J mice was provided a standard diet,
whereas the remaining groups were fed a high-fat diet
(D12451) to establish a model of hepatic lipid accumulation.
Following a 12-week period, liver samples from four randomly
chosen mice in the experimental group were obtained for
histopathological analysis. The efficacy of the model was
validated by the presence of fatty degeneration.
5.7.2. Drug Delivery in Groups. The mice that were

successfully generated were randomly allocated to the model
control group or different treatment groups through the use of
a random number table, with 6 mice in each group. The
QLHQD groups were subjected to high (QLHQD-H, 2.04 g/
kg/d), medium (QLHQD-M, 1.02 g/kg/d), or low (QLHQD-
L, 0.51 g/kg/d) doses. The conversion of human dosage to
mouse dosage was based on the standard body surface area
normalization method, which is commonly used for
interspecies dose translation.60 The clinical dosage of
QLHQD for humans is 83 g/day, with a raw medicine
concentration of 6.15 g/g, resulting in a daily dose of 13.50 g
(83 g/6.15 g/g) of lyophilized powder. To convert this human
dose to an equivalent mouse dose, we employed the following
formula for body surface area normalization:

Mouse dose (g/kg)
Human dose (g/day)

60 kg
9.1= ×

Converting this human dose to the equivalent mouse dose,
we calculated a high dose of 2.04 g/kg (13.50 g/60 kg * 9.1).
The medium dose was set at half of the high dose (1.02 g/kg),
and the low dose was half of the medium dose (0.51 g/kg).
The metformin group received a dose of 0.10 g/kg. The
metformin group received a dose of 0.10 g/kg. Both the blank
control group and the model control group were administered
an equal volume of saline via gavage. The dosage for all the
groups was 10 mL/kg, which was administered once daily for 8
consecutive weeks.
5.7.3. Sample Collection and Processing. Following the

final administration in this experiment, the mice underwent a
24-h fasting period while being provided unrestricted access to
water. All the mice were subsequently anesthetized through an
intraperitoneal injection of 0.3% pentobarbital, and blood
samples were obtained from the eyeball and collected in 2 mL
centrifuge tubes. The blood samples were then centrifuged at
3500 r/min for 10 min at a low temperature to separate the
serum, which was subsequently transferred to EP tubes and
preserved at −20 °C. A segment of fresh liver tissue was
preserved in 4% paraformaldehyde, while another portion of
the liver tissue was promptly inserted into precooled, labeled
cryovials, rapidly frozen in liquid nitrogen, and stored at −80
°C.
5.7.4. Measurement of Body Weight, Liver Weight, and

Liver Index. The body weights of the mice were assessed on a
weekly basis. Subsequent to intraperitoneal anesthesia, the
body weight was promptly documented. After retro-orbital
blood sampling, the mice were humanely euthanized through
cervical dislocation. The livers were subsequently extracted,
washed with physiological saline, dried with filter paper, and
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weighed. The liver index was computed utilizing the following
equation: liver index = liver weight (g)/body weight (g) ×
100%.
5.7.5. Oral Glucose Tolerance Tests. After an 8-week

treatment period, an oral glucose tolerance test (OGTT) was
conducted. Prior to the administration of glucose (2 g/kg) via
gavage, all the animals were fasted for 6 h. Blood glucose
concentrations were assessed at 0, 15, 30, 60, 90, and 120 min
following the administration of glucose. The data obtained
were graphically represented as a line graph, and the area under
the curve (AUC) was computed for quantitative evaluation.
5.7.6. Biochemical Analysis and ELISA Detection. Serum

levels of serum triglycerides (TG), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), glucose, alanine
aminotransferase (ALT), and aspartate aminotransferase
(AST) were primarily assessed via an automated biochemical
analyzer. Insulin, serum free fatty acid (FFA), and liver TC,
TG, and FFA levels were determined following the protocols
provided by the ELISA kits. A 200 mg liver tissue sample was
homogenized in ice-cold phosphate-buffered saline (PBS) at a
1:9 (W:V) ratio in a centrifuge tube. The homogenate was
then centrifuged at 12,000 r/min for 10 min at a low
temperature, and the resulting supernatant was collected.
Subsequently, the levels of TC, TG, and FFA in the liver tissue
were quantified according to the ELISA kit instructions.
5.7.7. H&E, Oil Red, and PAS Staining. Liver tissues fixed in

4% paraformaldehyde were rinsed with distilled water and
placed in 75% ethanol overnight. After dehydration, clearing,
paraffin embedding, sectioning, and mounting, hematoxylin
and eosin (HE) staining was performed. For Oil Red O
staining, liver tissues were preinfiltrated with OCT compound,
frozen, and sectioned. For PAS staining, the tissues were
dehydrated through graded alcohol, immersed in 0.5% periodic
acid solution, rinsed, and then stained with Schiff reagent and
hematoxylin. Pathological changes in the paraffin-embedded
liver sections of each mouse group were examined under a light
microscope.

5.7.8. Direct Immunofluorescence Staining. Liver and
small intestine paraffin sections were subjected to a series of
steps for deparaffinization and rehydration. The sections were
first immersed in xylene I, followed by xylene II, absolute
ethanol I, absolute ethanol II, 85% ethanol, and 75% ethanol.
The samples were subsequently rinsed with distilled water. The
sections were then subjected to heat treatment in a citrate
buffer solution (pH 6.0) via a microwave. After cooling
naturally, the sections were washed three times in PBS (pH
7.4) on a decolorizing shaker for 5 min each. During the
primary antibody incubation, the blocking solution was
removed, and the sections were exposed to the primary
antibody diluted in PBS at 4 °C overnight in a humidified
chamber to prevent evaporation. Next, the sections were
washed three times in PBS (pH 7.4) on a decolorizing shaker
for 5 min each. After drying gently, the corresponding
secondary antibody was applied, and the sections were
incubated in the dark at room temperature for 50 min. DAPI
staining was carried out by washing the sections three times in
PBS (pH 7.4) on a decolorizing shaker for 5 min each.
Subsequently, DAPI staining solution was applied, and the
sections were incubated in the dark at room temperature for 10
min. The sections were then washed three more times in PBS
(pH 7.4) on a decolorizing shaker for 5 min each, dried gently,
and mounted with antifade medium. Finally, the slides were
examined using a laser confocal microscope.
5.7.9. Real-Time Quantitative Polymerase Chain Reaction

(RT-qPCR). Liver and small intestine tissues were obtained for
RNA extraction using the Total RNA Miniprep Kit.
Subsequently, cDNA synthesis was carried out following the
manufacturer’s protocol for the reverse transcription kit.
Quantitative real-time PCR (RT-qPCR) was performed
under the following conditions: initial denaturation at 95 °C
for 5 min, followed by 40 cycles of denaturation at 95 °C for
10 s, annealing at 60 °C for 30 s, and a final melting curve
analysis from 65 to 95 °C with increments of 0.5 °C every 5 s.
Ct values for the target and reference genes in both the control

Table 2. Primers for qRT-PCR Analyses of the Relevant Sequences

target gene FORWARD/REVERSE (F/R) primer sequence product length (bp)

SREBP1C F CAAGGCCATCGACTACATCCG 172
R CACCACTTCGGGTTTCATGC

CYP7A1 F GCTGTGGTAGTGAGCTGTTG 78
R GTTGTCCAAAGGAGGTTCACC

INSR F ATGGGCTTCGGGAGAGGAT 214
R CTTCGGGTCTGGTCTTGAACA

GCK F TGAGCCGGATGCAGAAGGA 75
R GCAACATCTTTACACTGGCCT

GYS2 F CGCTCCTTGTCGGTGACATC 160
R CATCGGCTGTCGTTTTGGC

PI3K F ACACCACGGTTTGGACTATGG 140
R GGCTACAGTAGTGGGCTTGG

AKT F ATGAACGACGTAGCCATTGTG 116
R TTGTAGCCAATAAAGGTGCCAT

GSK3β F ATGGCAGCAAGGTAACCACAG 193
R TCTCGGTTCTTAAATCGCTTGTC

FXR F GGCAGAATCTGGATTTGGAATCG 101
R GCCCAGGTTGGAATAGTAAGACG

TGR5 F TGCTTCTTCCTAAGCCTACTACT 87
R CTGATGGTTCCGGCTCCATAG

GLP1 F TGAATGAAGACAAACGCCACT 92
R CCACTGCACAAAATCTTGGGC
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and experimental groups were recorded postreaction. Relative
gene expression levels were calculated via the 2-ΔΔCt method.
The primer sequences can be found at Table 2.
5.7.10. Immunohistochemistry. Paraffin-embedded liver

tissues were sectioned and subjected to antigen retrieval
using a citrate buffer (pH 6.0). The sections were incubated
with a 3% hydrogen peroxide solution to inhibit endogenous
peroxidase activity, followed by blocking with 3% BSA. Primary
antibodies diluted in PBS were applied to the sections, which
were subsequently incubated overnight at 4 °C. The sections
were then treated with HRP-conjugated secondary antibodies
specific to the primary antibody species. Color development
was achieved via DAB, and hematoxylin was used for nuclear
counterstaining. The sections were examined under a light
microscope, and images were captured via a pathology slide
scanner.
5.7.11. Western Blot. A 100 mg sample of small intestine

tissue was homogenized in RIPA lysis buffer at a ratio of 1 mg
of tissue to 10 μL of buffer and placed in a centrifuge tube.
After homogenization, lysis, and centrifugation, the super-
natant was collected for protein concentration determination
via the BCA method. The proteins were then separated via
SDS−PAGE and transferred onto a PVDF membrane at a
constant voltage of 100 V. The membrane was subsequently
rinsed with TBST solution containing 5% nonfat milk and
blocked for 1 h. Primary antibodies were added, and the
membrane was incubated overnight at 4 °C. Following rinsing,
the membrane was exposed to secondary antibodies at room
temperature for 1 h. After another round of washing, a
chemiluminescent substrate was applied. The results were
observed via a gel imaging system, with adjustments made to
the exposure time, area, and background as necessary to obtain
the final exposure images.
5.7.12. Statistical Analysis. All the data in this study were

subjected to analysis, statistical evaluation, and graphical
representation via GraphPad Prism 9.5 software. The
quantitative data are presented as the means ± standard
deviations (x S+ ). For comparisons between two groups, the
LSD test was used for normally distributed data; otherwise, the
nonparametric Mann−Whitney U test was employed. For
comparisons involving multiple groups, one-way ANOVA was
conducted under the assumption of homogeneous variances;
otherwise, Dunnett’s T3 test was used. Statistical significance
was considered at P < 0.05. Each experiment was repeated a
minimum of three times.
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