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Abstract 

Context There are currently no approved specific clinical drugs for non-alcoholic fatty liver disease (NAFLD). Salvia 
miltiorrhiza Bunge-Reynoutria japonica Houtt. drug pair (SRDP) has been widely used in the treatment of chronic liver 
diseases. However, the mechanism of SRDP treating NAFLD remains unclear.

Objective Based on network analysis and in vitro experimental verification, we investigated the effect of SRDP 
on lipid deposition and explored its possible mechanism for the treatment of NAFLD.

Methods The TCMSP platform was used to screen the active metabolites of SRDP and corresponding targets. The 
GeneCards and OMIM databases were used to screen the NAFLD targets. The drug-disease intersecting targets were 
extracted to obtain the potential targets. Then the protein–protein interaction (PPI) and drug-active metabolites-
target-disease network map was constructed. The DAVID database was performed to GO and KEGG pathway enrich-
ment analysis for the intersecting targets. The core active metabolite and signaling pathway were verified by in vitro 
experiments.

Results Network analysis predicted 59 active metabolites and 89 targets of SRDP for the treatment of NAFLD. 112 
signaling pathways were enriched for KEGG pathways, including PI3K-AKT signaling pathway,etc. It was confirmed 
that luteolin, the core active metabolite of SRDP, effectively reduced fat accumulation and intracellular triglyceride 
content in HepG2 fatty liver cell model. Luteolin could inhibit mTOR pathway by inhibiting PI3K-AKT signaling path-
way phosphorylation, thereby activating autophagy to alleviate NAFLD.
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Discussion and conclusion The results of this study validate and predict the possible role of various active metabo-
lites of SRDP in the treatment of NAFLD through multiple targets and signaling pathways. The core active metabolite 
of SRDP, luteolin can alleviate NAFLD by acting on the PI3K-AKT-mTOR signaling pathway to induce autophagy.

Keywords Salvia miltiorrhiza Bunge-Reynoutria japonica Houtt, Drug pair, Network analysis, Luteolin, PI3K-AKT-mTOR 
signaling pathway, Non-alcoholic fatty liver disease

Introduction
NAFLD is a clinicopathological syndrome mainly charac-
terized by diffuse hepatocellular macrovesicular steatosis 
due to factors other than alcohol and other factors. Based 
on the extent of pathological changes and the presence or 
absence of inflammatory response and fibrosis, NAFLD 
can be classified as simple fatty liver (SFL) and nonalco-
holic steatohepatitis (NASH), which can progress to liver 
fibrosis (LF), cirrhosis, and even hepatocellular carci-
noma (HCC). According to the survey, the current global 
incidence of NAFLD is about 6.3–45%, and this preva-
lence is increasing annually  [1]. In Western countries, 
NAFLD has gradually become the main cause of chronic 
liver diseases. In China, the prevalence of NAFLD has 
surpassed chronic viral hepatitis as the leading cause of 
chronic liver disease [2].

There are currently no drugs or procedures approved 
to treat NAFLD. Lifestyle changes remain the corner-
stone approach to its management [3]. The multi-factor 
and heterogeneity of NAFLD indicates that it cannot be 
managed as a single disease or effectively treated with 
a single therapeutic agent. Chinese medicine, with its 
numerous bioactive metabolites, multiple therapeutic 
principles, and low adverse drug reactions, is playing an 
increasingly important role in the treatment of NAFLD 
[4].

Salvia miltiorrhiza Bunge [Lamiaceae; Salviae miltior-
rhizae radix et rhizoma] (Named Danshen in Traditional 
Chinese Medicine) has been extensively used to treat 
metabolic syndromes such as hypertension, dyslipidemia, 
and hyperglycemia by acting on hyperlipidemia and vis-
ceral lipids to reverse the metabolic syndrome [5]. Grow-
ing evidence suggests that Salvia miltiorrhiza Bunge may 
have a positive effect on NAFLD [6] and is associated 
with a reduced risk of metabolic disorders in preclinical 
and clinical trials [6–8]. In a randomized controlled trial 
involving 800 NAFLD patients across eight trials, Salvia 
miltiorrhiza Bunge was found to alleviate hepatic lipid 
degeneration by reducing plasma levels of transaminases 
[7]. Reynoutria japonica Houtt. [Polygonaceae,Polygoni 
Cuspidati Rhizoma et Radix] (Named Huzhang in Tra-
ditional Chinese Medicine), another Chinese botanical 
drug, exhibits various pharmacological activities such 
as anti-inflammatory, antioxidant, metabolic modula-
tion, microcirculation improvement, hepatoprotection, 

and immunity enhancement [9]. In recent years, a large 
number of studies [10–12] have demonstrated that the 
active metabolites of Reynoutria japonica Houtt. can 
exert therapeutic effects on NAFLD by improving insu-
lin resistance, reducing oxidative stress, regulating lipid 
metabolism, improving endoplasmic reticulum stress, 
and reducing inflammatory infiltration. When summa-
rizing the experience of using traditional Chinese medi-
cines for the prevention and treatment of liver diseases, 
Salvia miltiorrhiza Bunge and Reynoutria japonica Houtt. 
are frequently used in combination as classical pair for 
the treatment of liver diseases due to their good thera-
peutic effects [13, 14]. However, due to their complex 
composition, and diverse mechanisms, further research 
and promotion of clinical application about them are not 
facilitated.

This computer-based network analysis method, 
which combines systems biology, multidirectional phar-
macology, and technologies such as histology, and 
high-throughput sequencing, can reveal the complex 
relationship network among drugs, diseases, active 
metabolites, and targets. This approach can reveal the 
mechanism of Chinese medicine for the treatment of dis-
eases in a more comprehensive manner. Therefore, this 
study utilized network analysis and experimental valida-
tion to investigate the mechanism of SRDP in treatment 
of NAFLD. The core active metabolite, luteolin, and the 
key signal pathway PI3K-AKT-mTOR were selected for 
experimental verification. Luteolin was found to inhibit 
mTOR phosphorylation by regulating PI3K-AKT path-
way, thereby inducing autophagy to alleviate NAFLD. 
SC79, an activator of AKT phosphorylation, was used 
to further confirmed the role of luteolin in this pathway. 
This study comprehensively revealed the active metabo-
lites, specific targets, and mechanisms of SRDP in treat-
ing NAFLD, providing a theoretical basis for studying the 
clinical application of SRDP in NAFLD.

Materials and methods
Screening of active metabolites and targets acquisition 
of SRDP
The active metabolites of Salvia miltiorrhiza Bunge and 
Reynoutria japonica Houtt. were obtained from the Tradi-
tional Chinese Medicine System Pharmacology Database 
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and Analysis Platform (TCMSP) (https:// www. tcmsp-e. 
com/#/ home) [15]. The screening conditions were set as 
oral bioavailability (OB) ≥ 30% and drug similarity (DL) ≥ 
0.18. The targets of relevant active metabolites were also 
obtained in the TCMSP database. Predicted target pro-
tein names were converted to the corresponding human-
derived gene names by Uniprot database (http:// www. 
unipr ot. org/) [16].

Screening of NAFLD related targets
The genes related to NAFLD were searched by entering the 
keyword "non-alcoholic fatty liver disease" in the GeneCards 
database (http:// www. genec ards. org/) [17] and OMIM data-
base (http:// www. ncbi. nlm. nih. gov/ omim) [18]. Duplicate 
genes obtained in GeneCard and OMIM were removed and 
the remaining genes were matched with the drug targets to 
obtain the potential targets of SRDP for the treatment of 
NAFLD.

Construction of drug‑active metabolite‑target‑disease 
network
Active metabolites and potential targets were visual-
ized and analyzed using Cytoscape 3.7.1 software [19] to 
draw the drug-active metabolite-target-disease network. 
CytoNCA was used to cluster Betweenness Centrality 
and Closeness Centrality.

Construction and analysis of protein–protein interaction 
(PPI) network
The intersecting target proteins were entered into the 
String database (https:// string- db. org/ cgi/ input. pl) [20] 
to obtain PPI networks. The results were imported into 
Cytoscape 3.7.1 software, and then the topological prop-
erties of the network were analyzed using the "Network 
Analysis" function. The key target proteins were obtained 
by setting two times the median Degree value as the 
threshold (Cluster Maker plug-in).

Gene Ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis
The intersecting target proteins were entered into the String 
database the DAVID database (https:// david. ncifc rf. gov/) 
[21]. The restricted species was “Homo sapiens”. The GO 
and KEGG enrichment analysis of potential targets of SRDP 
for NAFLD treatment was performed by “Functional Anno-
tation”. p < 0.05 was considered statistically significant. The 
results were visualized by bioinformatics online tool (http:// 
www. bioin forma tics. com. cn/) and Cytoscape 3.7.1 software.

Molecular docking validation
Based on the above analysis and literature review, key 
active ingredients were selected for molecular docking 

with key targets. AutoDockvina software was used to 
pretreat the target protein, and introduce the small-
molecule ligands. Subsequently, the target protein and 
the small-molecule ligands were converted into pdbqt 
files and subjected to molecular docking to obtain the 
minimum binding energy required for docking. PyMOL 
software was used to visualize the results.

In vitro experimental validation
Cells and reagents
The human hepatocellular carcinoma cell line 
(HepG2) was donated by the Department of Pathol-
ogy, School of Basic Medical Sciences, Southern 
Medical University and purchased from the Shang-
hai Institute of Cell Biology, Chinese Academy of 
Sciences. Luteolin was from Macklin (Shanghai, 
China). Palmitic acid sodium (PA) was from Inno-
Chem Science & Technology Co., Ltd. (Beijing, 
China). SC79 was from Beyotime (Shanghai, China). 
Bovine serum albumin (BSA) was from Procell Life 
Science&Technology Co.,Ltd. (Wuhan, China). 0.25% 
trypsin solution and Dulbecco’s modified medium 
were from NCM Biotech (Suzhou, China). All other 
chemicals and reagents were purchased commercially 
and are of analytical grade.

Mouse anti-PI3-kinase p85α (phospho Tyr607) Anti-
body and mouse anti-PI3-kinase p85α antibody were 
from Taizhou Baijia Biotechnology Co., Ltd. (China). 
Rabbit anti-AKT antibody, rabbit anti-p-AKT antibody, 
rabbit anti-mTOR Antibody, Rabbit anti-Phospho-
mTOR (S2448) antibody, rabbit anti-SQSTM1/p62 anti-
body, rabbit anti- LC3B antibody, mouse anti-GAPDH 
antibody, goat anti-mouse IgG Alexa Fluor 594, goat 
anti-mouse IgG Alexa Fluor 488 and goat anti-Rabbit 
Mouse IgG-HRP were from Abmart Shanghai Co.,Ltd. 
(Shanghai, China).

Solution preparation
Preparation of PA molding solution: 11.13  mg of PA 
was weighed in 1 mL of deionized water and dissolved 
in water bath at 75℃. 0.3  g of BSA was weighed and 
dissolved in PBS in a 55℃ water bath to prepare a 30% 
solution of BSA. PA solution was immediately mixed 
with 30% BSA solution to produce 20 mmol/L PA stock 
solution, filtered through a 0.22 μm microporous mem-
brane for sterilization, and stored at − 20℃ in the dark.

Preparation of Luteolin solution: 10 mg was dissolved 
in 698.7 μL DMSO to produce 50  mmol/L mother 
solution, which was sterilized by filtration through a 
0.22  μm microporous membrane and stored at 4℃ in 
the dark.

https://www.tcmsp-e.com/#/home
https://www.tcmsp-e.com/#/home
http://www.uniprot.org/
http://www.uniprot.org/
http://www.genecards.org/
http://www.ncbi.nlm.nih.gov/omim
https://string-db.org/cgi/input.pl
https://david.ncifcrf.gov/
http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/
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Cell culture, construction of NAFLD model in vitro 
and experimental grouping
HepG2 cells were cultured in DMEM medium contain-
ing 10% fetal bovine serum (containing 1% penicillin 
and streptomycin) in an incubator at 37℃, 5% CO2, 95% 
humidity. The cells at logarithmic growth stage were 
taken for the experiments. HepG2 cells were placed in 
a hepatocyte steatosis model containing 0.4  mM PA 
induced for 24 h. HepG2 cells were grouped according to 
whether they were treated with PA, luteolin, and SC79.

Cell activity assay
100 μL cell suspension (approximately 5000 cells/well) 
was inoculated into each well of the 96-well plate. The 
plates were pre-cultured in a humidified incubator for 
12  h to allow the cells to adhere. According to the pre-
vious research foundation of our research group, then 
the medium was changed to DMEM supplemented with 
0  mM (control), 0.2  mM, 0.4  mM, 0.6  mM, 0.8  mM, 
1.0  mM PA working solution and incubated for 12, 24, 
48 h. Five replicate wells were set for each group. Under 
light-proof conditions, 10 μL CCK-8 reagent and 90 μL 
DMEM were added to each well and then incubated for 
2 h. The absorbance values were analyzed at 450 nm using 
an enzyme marker (Thermo Fisher Scientific). Absorb-
ance values were analyzed with a microplate reader 
(Thermo Fisher Scientific) at a wavelength of 450  nm. 
The absorbance values of HepG2 cells treated with 0 mM, 
5 mM, 10 mM, 20 mM, 40 mM, 80 mM, 160 mM luteolin 
working solution were determined in the same way based 
on the above obtained PA intervention concentrations. 
Based on the PA and luteolin intervention concentrations 
obtained above, the absorbance values after treatment 
of HepG2 cells with 0  μM (control), 2.5  μM, 5.0  μM, 
7.5  μM, 10.0  μM, 20.0  μM SC79 working solution were 
determined.

Modified Oil Red O staining
The modified oil red O staining kit was purchased 
from Beyotime Biotechnology (Shanghai, China). After 
washed once with PBS according to the instructions, 
the cells were covered with the washing solution for 
20  s, and a proper amount of modified oil red O stain-
ing solution was added for staining for 10–20 min. At the 
end of the staining, a proper amount of staining washing 
solution was added, allowed to stand for 30  s, and then 
washed with PBS for 20 s. The cells were uniformly cov-
ered with an appropriate amount of PBS and observed 
and photographed under a bright-field scanning micro-
scope (LEICA, Germany) at a magnification of 100 or 400 
times.

Measurement of triglyceride content
To quantify intracellular lipid accumulation, the triglyc-
eride (TG) content of HepG2 cells was measured using 
the Tissue Cell Triglyceride Enzyme Assay Kit (Apply-
Gen Technology, Beijing, China) according to the reagent 
instructions.

Western blotting to detect changes in the expression 
of PI3K‑AKT‑mTOR signaling pathway and autophagy‑related 
protein levels in each group of cells
Cell culture interventions were performed in 6-well 
plates. The cells were lysed according to the ratio of 
RIPA: protease inhibitor: phosphate inhibitor = 100:1:1. 
The protein concentration of lysates was quantified using 
the BCA protein assay kit. The protein supernatants were 
mixed with 5 × loading buffer and then placed in a metal 
bath at 95–100 C for 10 min. Samples were added, sub-
jected to run-time electrophoresis (90  V 30  min, 120  V 
1  h), membrane transfer (200  mA 1.5  h or 3  h). PVDF 
membrane was blocked by shaking at room temperature 
for 1 h. The primary antibody was added into a refrigera-
tor at 4 C for incubation overnight. The membrane was 
washed three times with TBST, and incubated with shak-
ing table and secondary antibody for 1 h at room temper-
ature. The membrane was washed three times again with 
TBST. Chemiluminescent solution (solution A: solution 
B = 1: 1) was added into PVDF membrane for imaging 
using Multifunctional molecular imaging system (Alli-
ance Q9). Optical density analysis of the protein bands 
was performed by ImageJ software, using the GAPDH 
protein as an internal control.

Statistical analysis
The results are represented as mean ± SEM. GraphPad 
Prism 8.0 was used for statistical significance analysis and 
visualization. T-test was used for comparison between 
the two groups, and one-way analysis of variance was 
used for comparison between multiple groups. Statistical 
significance was defined as p < 0.05.

Results
Screening of active metabolites of SRDP
The TCMSP platform retrieved a total of 65 poten-
tial active metabolites of Salvia miltiorrhiza Bunge, 10 
potential active metabolites of Reynoutria japonica 
Houtt. (Supplementary Table), and one common active 
metabolite, namely luteolin. 58 active metabolite-related 
targets of Salvia miltiorrhiza Bunge and 92 active metab-
olite-related targets of Reynoutria japonica Houtt. were 
obtained.
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Drug‑active metabolite‑target‑disease network diagram
5520 disease-related genes were obtained from GeneCard 
databases, and 529 disease-related genes were obtained 
from OMIM databases. After eliminating repeated tar-
gets, 5935 disease-related targets were obtained. 89 tar-
gets were obtained by crossing the disease-related targets 
and active metabolite-related targets (Fig. 1A). 59 active 
metabolites acting on the intersecting targets were iden-
tified. The active metabolite-target-disease network dia-
gram was drawn by Cytoscape3.7.1 software (Fig.  1B). 
The network consisted of 151 nodes and 632 edges. The 
size of each node graph was proportional to its Degree 
value.

The top 30 active metabolites of Cytoscape network 
topology parameters, including Degree, Betweenness 
Centrality and Closeness Centrality, were selected to draw 
a Venn diagram, resulting in 26 intersections (Fig.  1C). 

The top three active metabolites were quercetin (Degree: 
72.0, Betweenness: 4385.217, Closeness: 0.5928854), lute-
olin (Degree: 60.0, Betweenness: 2096.1836, Closeness: 
0.45592704), and tanshinone IIA (Degree: 17.0, Between-
ness: 381.80765, Closeness: 0.41551247), in which luteolin 
is the core active metabolite shared by Salvia miltiorrhiza 
Bunge and Reynoutria japonica Houtt.

PPI network analysis results
After removing 2 discrete nodes, the PPI network con-
tained 87 nodes and 991 edges (Fig. 2). The nodes repre-
sent target proteins, each edge represents the interaction 
between target proteins, and the thickness of the edge 
represents the strength of the interaction force. The 15 
main targets were selected to build the PPI sub-network 
(Fig.  2), which showed that AKT1, TP53, MYC, ESR1, 
and CASP3 were most closely connected.

Fig. 1 Potential action targets of SRDP and drug-active metabolite-target-disease network diagram. A Venn diagram of the SRDP and NAFLD 
target. B Interaction network diagram between Chinese drugs, active metabolites, potential targets and diseases. The prisms represent drugs, 
hexagons represent active metabolites, V-shape represents NAFLD, rectangles represent potential action targets, lines represent the interactions 
between the nodes, purple prisms represent Salvia miltiorrhiza Bunge, dark green prisms represent Reynoutria japonica Houtt, green hexagons 
represent active metabolites corresponding to Reynoutria japonica Houtt, red hexagons represent active metabolites corresponding to Salvia 
miltiorrhiza Bunge, light green hexagons represent luteolin, the active metabolite shared by SRDP. C Degrees, Betweenness Centrality and Closeness 
Centrality of Top 30 active substances Venn diagram
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Results of GO enrichment analysis and KEGG pathway 
analysis
The results of GO enrichment analysis showed that a 
total of 85 entries were enriched for molecular func-
tions, 335 entries were enriched for biological processes, 
and 50 entries were enriched for cellular components. 
The top 10 entries were plotted as bar graphs according 
to the number of enriched genes (Fig. 3A). A total of 112 
signaling pathways were enriched using DAVID database, 
including PI3K-AKT, AGE-RAGE, MAPK, HIF-1, and 
p53 signaling pathway. The top 20 entries were plotted 
as bar graphs according to the number of enriched genes 
(Fig. 3B).

Molecular docking
Combining the degree value of protein interactions of key 
targets in PPI network analysis, the network degree anal-
ysis of "drug-active ingredient-target-disease network", 
and literature review, the core active ingredients, querce-
tin, luteolin, tanshinone iia, beta-sitosterol, cryptotanshi-
none, and cryptotanshinone, were selected to dock with 
the key target proteins AKT1, TP53, MYC, ESR1, and 
CASP3. The molecular docking results showed that the 
binding energy of these active ingredients docked with 
key target proteins was less than -5  kcal/mol (Table  1, 
Fig. 4F). The binding energy was negative, which showed 
that the binding effect of them was good. The dock-
ing results of luteolin, the core ingredient with the high 
Degree value and shared by DHHP, with AKT1, TP53, 
MYC, ESR1 and CASP3 were visualized using PyMOL 
software (Fig. 4A-E).

Effect of different concentrations of PA and luteolin 
on HepG2 cell activity and triglyceride content
The cell inhibition rate curves were plotted (Fig. 5A), and 
the IC50 values of cell inhibition rate of PA intervention 
for 12, 24, and 48 h were calculated by regression equa-
tion as 0.7251, 0.6894, and 0.5176  mM, respectively. 
Intracellular TG content of HepG2 cells was higher than 
that of the control group after different concentrations of 
PA treatment (P < 0.05). The intracellular TG content in 
0.4  mM, 0.6  mM, 0.8  mM, and 1.0  mM PA group were 
higher than that of the control group (P < 0. 001). The 
intracellular TG content increased with the increase in 
PA concentration, but there was no significant differ-
ence in TG content between the 0.4 mM PA, 0.6 mM PA, 
0.8 mM PA, and 1.0 mM PA groups (Fig. 5B). Combined 
with the above results of inhibition rate and triglyceride 
content analysis after PA intervention, the intervention 
concentration and time of PA were formulated as 0.4 mM 
and 24 h.

After 48  h of luteolin intervention, the cell inhibition 
rates of different concentration groups were higher than 
50%. The IC50 values of cell inhibition rates at 12 and 
24 h of luteolin intervention were 57.88 and 36.48 mM, 
respectively, calculated by regression equation (Fig. 5C). 
Under 0.4 mM PA condition, the TG content of 20 mM, 
40  mM, and 80  mM luteolin group decreased signifi-
cantly compared with PA group (P < 0.001), and the TG 
content was not statistically different compared with 
blank control group (Fig. 5D). Combined with the above 
analysis, the intervention concentration and time of lute-
olin were formulated as 20 mM and 24 h.

Fig. 2 PPI network analysis results. The left graph shows the potential target protein interaction network, and the right graph shows the key target 
protein sub-network
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Fig. 3 Results of GO enrichment analysis and KEGG pathway analysis. A Horizontal histogram of GO enrichment results. The top graph indicates 
the results of BP enrichment analysis; the middle graph indicates the results of CC enrichment analysis; the bottom graph indicates the results of MF 
enrichment analysis. Horizontal coordinates indicate the number of enriched genes. B Horizontal histogram of KEGG pathway enrichment results. 
The Horizontal coordinates indicate the number of enriched genes

Table 1 Molecular docking binding energy of key target proteins and their related active ingredients (kcal/mol)

Gene quercetin luteolin tanshinone iia beta‑sitosterol cryptotanshinone

AKT1 -7.8 -6.3 -9.6 -9.7 -9.6

TP53 -10 -7.5 -11.7 -9.8 -11.8

MYC -7.6 -6 -10 -9.3 -9.9

ESR1 -9.1 -7.4 -11.5 -11.7 -11.5

CASP3 -8.2 -7 -10 -9.9 -10
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Luteolin inhibits PA‑induced activation of PI3K‑AKT 
signaling pathway in HepG2 cells
The orange-red lipid droplets were significantly increased 
in the PA group compared with the NC group. When 
20 mM luteolin was added to the fatty liver model cells, 
the orange-red lipid droplets in the cells were signifi-
cantly reduced (Fig. 6A). Compared with the NC group, 
the expression of p-PI3K (P < 0.05) and p-AKT (P < 0.01) 

was upregulated, and the p-PI3K/PI3K and p-AKT/AKT 
ratios were increased (P < 0.05) in the PA group (Fig. 6B, 
C, F, E, H). p-PI3K (P < 0.05) and p-AKT (P < 0.01) were 
downregulated in the PA + luteolin group compared with 
the PA group, and p-PI3K/PI3K and p-AKT/AKT ratios 
were decreased (P < 0.05) (Fig. 6B, C, F, E, H). There was 
no significant difference in PI3K and AKT protein expres-
sion levels among the three groups (P > 0.05) (Fig. 6D, G).

Fig. 4 Molecular docking results of key targets and active ingredients. A Molecular docking pattern of luteolin and AKT1. B Molecular docking 
pattern of luteolin and ESR1. C Molecular docking pattern of luteolin and TP53. D Molecular docking pattern of luteolin and CASP3. E Molecular 
docking pattern of luteolin and MYC. F Heat map of docking binding energy of key target proteins and corresponding active ingredients
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Effect of luteolin on PA‑induced expression of mTOR 
signaling pathway and autophagy‑related proteins 
in HepG2 cells
Compared with the NC group, the expression of p-mTOR 
(P < 0.01) and p62 (P < 0.05) was upregulated, LC3B expres-
sion was downregulated (P < 0.05) and the p-mTOR/mTOR 
ratio was increased (P < 0.001) in the PA group (Fig.  7A, 
B, D, E, F). p-mTOR (P < 0.01) and p62 (P < 0.05) expres-
sion in the PA + luteolin group were higher than those in 
the PA group, LC3B expression was upregulated (P < 0.05) 
and p-mTOR/mTOR ratio was decreased (P < 0.001) com-
pared with the PA group (Fig. 7A, B, D, E, F). There was no 
significant difference in mTOR protein expression levels 
among the three groups (Fig. 7A, C).

SC79 reverses the effect of luteolin on PI3K‑AKT signaling 
pathway in PA‑induced HepG2 cells
Under the condition of 0.4 mM PA and 20 mM luteolin, 
the cell inhibition rate curve was plotted (Fig.  8A). The 
IC50 value of SC79 intervention on the inhibition rate 
of HepG2 cells was calculated by regression equation as 
6.473  μM. The intervention concentration of SC79 was 
formulated as 5 μM.

The p-AKT (P < 0.01) and p-PI3K (P < 0.001) protein 
expression, p-PI3K/PI3K (P < 0.001) and p-AKT/AKT 
(P < 0.001) ratios were upregulated in the PA group com-
pared with the NC group. After adding luteolin, the p-AKT 
and p-PI3K proteins, p-PI3K/PI3K and p-AKT/AKT ratios 
were downregulated compared to the PA group (P < 0.001). 
After the addition of SC79, p-AKT (P < 0.05) and p-PI3K 
(P < 0.01) protein expression, p-PI3K/PI3K (P < 0.05) and 
p-AKT/AKT (P < 0.05) ratios were upregulated compared to 
the PA + luteolin group and downregulated compared to the 
PA + SC79 group. The p-AKT and p-PI3K protein expres-
sion, p-PI3K/PI3K and p-AKT/AKT ratios were upregu-
lated in the PA + SC79 group compared with the rest of the 
groups. The AKT and PI3K protein expression levels were 
not significantly different in each group (Fig. 8B-H).

SC79 reverses the effects of luteolin on mTOR signaling 
pathway and autophagy‑related protein expression 
in PA‑induced HepG2 cells
The p-mTOR (P < 0.05) and p62 (P < 0.01) protein expres-
sion and p-mTOR/ mTOR (P < 0.05) ratio were upregu-
lated in the PA group compared with the NC group, and 
the LC3B protein expression level was downregulated 

Fig. 5 Effects of PA and luteolin on activity and triglyceride content in HepG2 cells. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, vs the control group; 
#P < 0.05, ###P < 0.001, vs the PA group. A Inhibition rate curves of HepG2 cells induced by different time concentrations of PA. B Intracellular 
triglyceride content of HepG2 cells induced by different concentrations of PA. C Effect of different time concentrations of luteolin on the inhibition 
rate curves of HepG2 cells induced by PA. D Effect of different concentrations of luteolin on the intracellular triglyceride content of HepG2 cells 
induced by PA
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(P < 0.05). After the addition of luteolin, p-mTOR 
(P < 0.01), p62 (P < 0.05) protein expression and p-mTOR/
mTOR (P < 0.05) ratio was downregulated and LC3B pro-
tein expression level was upregulated compared to the 
PA group (P < 0.05). After adding SC79 again, p-mTOR 
(P < 0.01), p62 (P < 0.05) protein expression and p-mTOR/
mTOR (P < 0.05) ratio were upregulated compared to the 
PA + luteolin group. After adding SC79 again, LC3B pro-
tein expression level was downregulated (P < 0.01) com-
pared to PA + luteolin group and upregulated (P < 0.001) 
compared to PA + SC79 group. p-mTOR, p62 protein 
expression and p-mTOR/mTOR ratio were upregulated 
and LC3B protein expression was down-regulated in 
PA + SC79 group compared with the rest of the groups 
(Fig. 9A-F).

Oil red O staining showed that the orange-red lipid 
droplets in the cells of PA group were significantly 
increased compared with NC group. The orange-red 
lipid droplets in the cells of PA + luteolin group were 
decreased compared with PA group and the orange-red 
lipid droplets in the cells of PA + luteolin + SC79 group 
were increased again (Fig. 9G).

Discussion
In this study, considering the complexity of the active 
metabolites in SRDP and the diversity of potential human 
regulatory targets, we collected the targets of SRDP and 
NAFLD from multiple databases through network analy-
sis to identify common interaction targets. Then, a drug-
active metabolite-target-disease network diagram was 

Fig. 6 Luteolin inhibits the activation of PI3K-AKT signaling pathway in PA-induced HepG2 fatty liver cells. n = 3, *P < 0.05, **P < 0.01, vs the control 
group; #P < 0.05, ##P < 0.01, vs the PA group. A Oil red O staining to observe the effect of luteolin intervention on PA-induced lipid deposition 
in HepG2 cells. B Western blot assay to detect the effect of luteolin on p-PI3K, PI3K, p-AKT, AKT expression in PA-induced HepG2 cells. C-D 
Gray-scale value analysis of the effect of luteolin on p-PI3K and PI3K expression in PA-induced HepG2 cell. E Effect of luteolin on p-PI3K/PI3K ratio 
in PA-induced HepG2 cells. F-G Gray-scale value analysis of the effect of luteolin on p-AKT and AKT expression in PA-induced HepG2 cells. H Effect 
of luteolin on p-AKT/AKT ratio in PA-induced HepG2 cells
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constructed. Based on the potential target genes, GO 
and KEGG enrichment analysis were conducted to pre-
dict the potential therapeutic mechanism of SRDP for 
NAFLD.

We observed that SRDP may exert its therapeutic 
effects on NAFLD through major active metabolites 
such as quercetin, luteolin, tanshinone IIA, β-sitosterol, 
and cryptotanshinone. All of the above active metabo-
lites have been associated with NAFLD treatment. The 
results of NAFLD and quercetin treatment models 
established in  vivo and in  vitro suggest that querce-
tin could improve AKT phosphorylation, oxidative 
stress, inflammation and lipid metabolism in liver [22, 
23]. Quercetin was found to activate farnesin X recep-
tor 1/Takeda G protein-coupled receptor 5 signaling 
in addition to significantly attenuating interleukin 1β, 
interleukin 6, and TNF-α production in NAFLD path-
way, which may be one of the ways in which it exerts 
its therapeutic effects in NAFLD [23]. Similar results 

were obtained in clinical studies  [24]. In NAFLD cell 
model experiments, tanshinone IIA attenuated lipid 
droplet accumulation and down-regulated the expres-
sion of lipogenic gene by regulating the LXRα/SREBP1 
pathway in hepatocytes. It also reduced cellular inflam-
mation to mitigate fatty liver progression by inhibit-
ing tumor necrosis factor (TNF), transforming growth 
factor β1 (TGFB1), and interleukin 1β (IL1B) expres-
sion [25]. Animal experimental studies demonstrated 
that tanshinone IIA improved oxidative stress, inflam-
mation, and apoptosis in the liver of rats with hepatic 
steatosis, regulated cholesterol uptake and efflux, and 
corrected lipid metabolism disorders [26]. β-sitosterol 
is the most common type of phytosterol (PS), which 
can competitively inhibit intestinal cholesterol absorp-
tion and slow down the occurrence of hyperlipidemia. 
It also has various activities such as antioxidant, hypo-
glycemic, and anti-inflammatory [27]. Experimental 
and clinical studies have confirmed that β-sitosterol 

Fig. 7 Effects of luteolin on mTOR signaling pathway and autophagy-related protein expression in PA-induced HepG2 fatty liver cells. n = 3, 
*P < 0.05, **P < 0.01, ***P < 0.001, vs the control group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs the PA group. A Western blot assay for the effect 
of luteolin on PA-induced p-mTOR, mTOR, p62, LC3B expression in HepG2 cells. B-C Gray-scale value analysis of the effect of luteolin on p-mTOR 
and mTOR expression in PA-induced HepG2 cells. D Effect of luteolin on p-mTOR/mTOR ratio in PA-induced HepG2 cells. E–F Gray-scale value 
analysis of the effect of luteolin on p62 and LC3B expression in PA-induced HepG2 cells
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Fig. 8 SC79 reverses the effect of luteolin on PI3K-AKT signaling pathway in PA-induced HepG2 cells. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, vs 
the control group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs the PA group; &P < 0.05, &&P < 0.01, &&&P < 0.001, vs the PA + luteolin group; $$$P < 0.001, 
vs the PA + SC79 group. A Effect of different concentrations of SC79 on the inhibition rate curve of HepG2 cells induced by PA + luteolin. B 
Western blot method to detect the expression of p-PI3K, PI3K, p-AKT in HepG2 cells in NC group, PA group, PA + luteolin group, PA + SC79 group 
and PA + luteolin + SC79 group. C-D Gray-scale value analysis of p-PI3K and PI3K expression in HepG2 cells. E The p-PI3K/PI3K ratio in HepG2 cells. 
F-G Gray-scale value analysis of p-AKT and AKT expression in HepG2 cells. H The p-AKT/AKT ratio in HepG2 cells
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Fig. 9 SC79 reverses the effect of luteolin on mTOR signaling pathway and autophagy-related protein expression in PA-induced HepG2 cells. 
n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, vs the control group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs the PA group; &P < 0.05, &&P < 0.01, &&&P < 0.001, 
vs the PA + luteolin group; $P < 0.05, $$P < 0.01, $$$P < 0.001, vs the PA + SC79 group. A Western blot method to detect the expression of p-mTOR, 
mTOR, p62, LC3B in HepG2 cells of NC group, PA group, PA + luteolin group, PA + SC79 group and PA + luteolin + SC79 group. B-C Gray-scale value 
analysis of p-mTOR and mTOR expression in HepG2 cells. D The p-mTOR/ mTOR ratio in HepG2 cells. E–F Gray-scale value analysis of p62 and LC3B 
expression in HepG2 cells. G Observation of the effect of lipid deposition in HepG2 cells by oil red O staining
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can effectively reduce cholesterol and transaminases in 
NAFLD, improve insulin resistance in NAFLD patients, 
inhibit systemic inflammation, and enhance antioxidant 
capacity [28, 29]. Cryptotanshinone blocked calcium 
2 + signaling and induction of mitochondrial reactive 
oxygen species (mtROS) and inhibited NLRP3 inflam-
matory vesicle activation in a mouse model of NASH 
[30].

The core active metabolite, luteolin, is abundantly 
found in vegetables, fruits, and natural botanical drugs, 
which has significant antioxidant, anti-inflammatory, 
and metabolic function modulating activities. Its thera-
peutic role in NAFLD is continuously being explored. It 
activates heme oxygenase-1 (HO1)-based anti-inflamma-
tory and antioxidant activity by inhibiting nuclear factor 
-κB (NF-κB) [31]. It can also treat inflammatory activity 
by inhibiting COX-2, interleukin, and TNF. In addition, 
luteolin inhibits the production of inducible nitric oxide 
(iNO) and pro-inflammatory cytokines to exert anti-
inflammatory effects [32]. Through acting on the hypo-
thalamus, liver, adipose tissue, and other organs, luteolin 
can improve lipid and glucose metabolism by the body 
circulation [33]. Luteolin remarkably down-regulates 
the expression of gluconeogenesis and lipogenesis genes, 
reduces liver glucose production, and liver steatosis [34]. 
Luteolin has been found to enhance the synthesis of sero-
tonin in ADF neurons and activate serotonin receptors 
MOD-1 and SER-6, thus inducing lipolysis and fatty acid 
β -oxidation [35]. Another study also demonstrated that 
luteolin increased glucose utilization, decreased hepatic 
glucose output, improved systemic and hepatic insu-
lin sensitivity, corrected insulin secretion disorders, and 
enhanced insulin sensitivity [36]. In this study, we also 
found that luteolin significantly relieved lipid deposition 
in PA-induced HepG2 fatty liver cells, consistent with the 
results of above studies. The above evidence suggests that 
the active metabolites of SRDP may improve NAFLD by 
reducing oxidative stress, decreasing lipid accumulation, 
anti-lipid degeneration, and anti-inflammation.

The most highly interacting targets in the PPI network 
includes AKT1, TP53, MYC, ESR1, and CASP3, which 
are more likely to produce cascading effects on NAFLD. 
AKT1 is a member of the AKT kinase family, which regu-
lates glycolipid metabolism, proliferation and cell survival 
through a series of downstream substrates. Injection of 
AKT plasmid via the tail vein in mice can accelerate liver 
steatosis and inflammatory damage, and a non-alcoholic 
fatty liver model with gradually aggravating lesions can 
be formed over three weeks [37]. Activation and ampli-
fication of AKT signal transduction accelerated the 
development of NAFLD in mice. Treatment with AKT 

inhibitors improved the development process of NAFLD 
[38]. Meanwhile, molecular docking results showed that 
the key active ingredients of DHHP, including querce-
tin, luteolin, tanshinone II A, β-sitosterol, and crypto-
tanshinone, exhibited strong binding activities with the 
core targets of AKT1, TP53, MYC, ESR1, and CASP3. 
We hypothesize that SRDP can delay the progression of 
NAFLD through key targets, such as AKT1.

GO enrichment analysis revealed that active metabo-
lites of SRDP tend to regulate DNA transcription by acti-
vating transcription-related factors, as the treatment for 
NAFLD. Besides, they regulate the translation and modi-
fication processes to produce functional proteins that 
participate in the processes of glycolipid metabolism, oxi-
dative stress, inflammation, cell proliferation and apopto-
sis, thereby reducing liver lipid accumulation. The KEGG 
pathway analysis provided new insights into the molecu-
lar mechanisms of SRDP in treating NAFLD. In order of 
the number of enriched genes, the pathways most closely 
related to NAFLD are PI3K-AKT, AGE-RAGE, MAPK, 
HIF-1, and p53 signaling pathway. The PI3K-AKT path-
way is the most interesting one, which plays an impor-
tant regulatory role in the occurrence and development 
of NAFLD. Based on the above analysis, it is known that 
luteolin has a significant ameliorative effect on metabolic 
diseases. Therefore, in this study, we selected luteolin, the 
main active metabolite of SRDP, to conduct experimen-
tal verification on the effect of this pathway. Based on the 
previous research results [39] and literature review, the 
autophagy pathway plays an important role in regulating 
cellular lipid metabolism. In this study, in  vitro cellular 
experiments confirmed that luteolin could regulate the 
mTOR pathway through PI3K-AKT signaling pathway 
and enhance autophagy to alleviate NAFLD.

This study found that the alleviation of NAFLD by 
luteolin is related to PI3K-AKT signaling pathway, which 
serves as a crucial pathway for glucolipid metabolism. 
After insulin specifically binding to insulin receptor on 
the surface of hepatocytes, IRS is phosphorylated. IRS 
recruits p85 regulatory subunit of downstream PI3K 
through SH2 domain to promote PI3K phosphoryla-
tion and catalyze the conversion of phosphatidylinositol 
4, 5- bisphosphate (PIP2) into phosphatidylinositol 3, 4, 
5- trisphosphate (PIP3). PIP3 is the main mediator that 
mediates the insulin PI3K-dependent biological effects. 
PIP3 combines with the PH domain of AKT to promote 
its activation, which plays an important role in the occur-
rence and development of NAFLD by regulating different 
targets and pathways such as downstream GSK-3, FOXO 
pathway, and mTOR [40, 41]. The results of this study 
showed that luteolin inhibited the phosphorylation of 
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PI3K-AKT pathway and alleviated the PA-induced lipid 
deposition in HepG2 NAFLD model. And this alleviation 
can be reversed by AKT phosphorylation activator SC79. 
We further found that luteolin, by regulating the PI3K-
AKT pathway, inhibited the mTOR pathway and restored 
autophagy, thereby improving NAFLD.

mTOR is recognized as a central node in the regula-
tory network for cell growth and development, closely 
related to hepatic lipid metabolism and other processes. 
It is involved in regulating lipid metabolism, insulin 
resistance, oxidative stress, inflammation, autophagy, and 
other aspects of NAFLD [42]. As a classical downstream 
effector molecule of the PI3K-AKT pathway, mTOR is an 
important target for regulating cell growth, proliferation 
and autophagy. mTOR activity is the key to autophago-
some formation and maturation [43]. PI3Ks were divided 
into three types. When PI3K type I was activated, the 
AKT-mTOR signaling pathway was activated to inhibit 
cell autophagy. When PI3K type III was activated, bec-
lin-1 was activated to initiate the autophagy process [44]. 
Autophagosome formation degrades misfolded proteins 
and senescent organelles, promotes normal cell growth 
and development. Hepatic autophagy contributes to 
essential liver functions including glycogenolysis, gluco-
neogenesis, and β-oxidation through selective turnover 
of specific cargoes controlled by a series of transcrip-
tion factors  [45]. Within certain limits, upregulation of 
autophagy levels can effectively reduce lipid deposition 
in hepatocytes, so the search for natural/chemical com-
pounds and drugs of the autophagic pathway has become 
an important avenue for the treatment of NAFLD [45, 
46]. mTOR is present in two complexes involved in the 
control of related signaling pathways: mTORC1 and 
mTORC2. It is believed that mTORC1 plays a more 
important role than mTORC2 [42]. When mTORC2 
expression is suppressed in mice, activated AKT increases 
mTORC1 activity and inhibits autophagy by affecting 
TSC2-Rheb [47, 48]. mTORC2 inhibits Foxo1/3 activ-
ity by decreasing AKT activity, which reduces autophagy 
protein production and inhibits autophagy induction 
[49]. Both mTORC1 and mTORC2 play important roles 
in autophagy, and there is an interaction between mTOR 
and AKT. It is expected that mTOR will be a target for 
autophagy intervention in the treatment of liver disease.

This study was based on database information for 
network analysis and in vitro experiments. Yet network 
analysis is based on database and analysis software, but 
due to the current technical level, the database is not 
perfect, and the data in it may be incomplete or noisy. 
The metabolic network of botanical drug of Chinese 
medicine is very complex, and it is difficult to fully sim-
ulate this complexity in network analysis.

Conclusion
In summary, this study analyzed and predicted the poten-
tial mechanism of SRDP on NAFLD through network 
analysis and molecular docking verification. The results 
suggested that multiple active metabolites in SRDP may 
play a role in the treatment of NAFLD through multiple 
targets and signaling pathways. In  vitro cellular assays 
confirmed that luteolin, the main active metabolite of 
SRDP, can act on PI3K-AKT-mTOR signaling pathway to 
induce autophagy, leading to alleviate NAFLD.
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