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Coptis chinensis Franch. and Panax ginseng C. A. Mey. are traditional herbal medicines with
millennia of documented use and broad therapeutic applications, including anti-diabetic
properties. However, the synergistic effect of total alkaloids from Coptis chinensis and total
ginsenosides from Panax ginseng on type 2 diabetes mellitus (T2DM) and its underlying
mechanism remain unclear. The research demonstrated that the optimal ratio of total alkal-
oids from Coptis chinensis and total ginsenosides from Panax ginseng was 4 :1, exhibiting max-
imal efficacy in improving insulin resistance and gluconeogenesis in primary mouse hepato-
cytes. This combination demonstrated significant synergistic effects in improving glucose tol-
erance, reducing fasting blood glucose (FBG), the weight ratio of epididymal white adipose
tissue (eWAT), and the homeostasis model assessment of insulin resistance (HOMA-IR) in
leptin receptor-deficient (db/db) mice. Subsequently, a T2DM liver-specific network was con-
structed based on RNA sequencing (RNA-seq) experiments and public databases by integrat-
ing transcriptional properties of disease-associated proteins and protein-protein interactions
(PPIs). The network recovery index (NRI) score of the combined treatment group with a 4:1
ratio exceeded that of groups treated with individual components. The research identified
that activated adenosine 5'-monophosphate-activated protein kinase (AMPK)/acetyl-CoA
carboxylase (ACC) signaling in the liver played a crucial role in the synergistic treatment of
T2DM, as verified by western blot experiment in db/db mice. These findings demonstrate that
the 4:1 combination of total alkaloids from Coptis chinensis and total ginsenosides from Panax
ginseng significantly improves insulin resistance and glucose and lipid metabolism disorders
in db/db mice, surpassing the efficacy of individual treatments. The synergistic mechanism
correlates with enhanced AMPK/ACC signaling pathway activity.

1. Introduction

lion individuals succumbed to diabetes and its complications in
2021 alone. Contemporary research demonstrates that combina-

Diabetes mellitus represents a chronic metabolic disorder
with multifaceted pathogenesis, demonstrating increasing pre-
valence globally, with type 2 diabetes mellitus (T2DM) constitut-
ing over 90% of cases "’. China bears a significant diabetes bur-
den, with prevalence rates increasing from 10.9% in 2013 to
12.4% in 2018 *. As a major global health crisis, diabetes mellitus
leads to chronic progressive deterioration of multiple tissues and
organs, reducing life expectancy by 4-10 years and elevating
mortality risks from cardiovascular disease, kidney disease, and
cancer . Despite numerous approved treatments for T2DM, ap-
proximately 11.3% of global mortality remains diabetes-related °.
International Diabetes Federation statistics indicate that 6.7 mil-
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tion therapy exhibits superior overall efficacy compared to mono-
therapy, typically requiring lower dosages, thereby enhancing
safety and tolerability ®’. Consequently, the exploration of effect-
ive combination treatment protocols remains a critical and chal-
lenging objective in T2DM research.

Traditional Chinese medicine (TCM) has served a crucial role
in treating diabetes (known as “Xiaoke” in TCM) throughout the
millennia. Coptis chinensis and Panax ginseng, initially docu-
mented in the Shen Nong Ben Cao Jing (Shennong’s Classic on Ma-
teria Medica, 100-200 AD) and classified as top-grade medicines,
represent two renowned Chinese medicinal materials for dia-
betes treatment °. Coptis chinensis and Panax ginseng were fre-
quently incorporated into TCM formulations for diabetes treat-
ment °. Contemporary research confirms their effectiveness in
treating diabetes, demonstrating their capacity to reduce blood
glucose, insulin secretion, and insulin resistance in T2DM pa-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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tients. Studies indicate that Coptis chinensis protects [ cell func-
tion in diabetic mice through oxidative stress reduction and £ cell
damage prevention . The total alkaloids from Coptis chinensis
ameliorate glucose and lipid metabolism disorders, enhance in-
sulin signal transduction in T2DM rat brains, and improve cognit-
ive dysfunction ''. Berberine, the principal active component in
Coptis chinensis, exhibits hypoglycaemic and hypolipidaemic ef-
fects through multiple pathways. It enhances insulin receptor ex-
pression and inhibits deoxycholic acid biotransformation by Ru-
minococcus bromii, thereby reducing blood glucose in T2DM pa-
tients '> . In mice maintained on a high-fat and high-sucrose
diet, berberine mediates liver autophagy and activates fibroblast
growth factor 21 through a sirtuin 1 (SIRT1)-dependent mechan-
ism to reduce hepatic steatosis and maintain whole-body energy
metabolism '*. Berberine also targets the potassium voltage-
gated channel, subfamily H (eag-related), member 6 (KCNH6) to
enhance insulin secretion "°. Ginsenosides, the primary bioactive
constituents in Panax ginseng, significantly improve hypergly-
cemia and dyslipidemia in diabetic rats by stimulating glucagon-
like peptide-1 (GLP1) secretion and up-regulating proglucagon
gene expression '°. Research shows that ginsenoside Rg1 inhibits
hepatic gluconeogenesis by activating protein kinase B (AKT) and
promoting AKT-forkhead box 01 (FOXO01) interaction . Ginsen-
oside Rb1 effectively prevents metabolic disorders and insulin
resistance in T2DM mice, correlating with intestinal microbiota
remodeling and related metabolite alterations **.

The synergistic effect of Coptis chinensis and Panax ginseng in
T2DM treatment and its underlying mechanisms remain incom-
pletely understood. The liver, a major insulin-sensitive organ,
plays a crucial role in T2DM pathological mechanisms and treat-
ment approaches ' *’. Total alkaloids and total ginsenosides con-
stitute the primary active components of Coptis chinensis Franch.
and Panax ginseng C. A. Mey., respectively. This study initially
evaluated the improvement effects of various compatibility ra-
tios of total alkaloids from Coptis chinensis and total ginsenosides
from Panax ginseng on insulin resistance and gluconeogenesis in
primary mouse hepatocytes, examining glucose metabolism, lip-
id accumulation, oxidative stress, and mitochondrial function to
determine the optimal compatibility ratio. Subsequently, leptin
receptor-deficient (db/db) mice were utilized to compare the
therapeutic effects of total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng, administered individually
and in combination, on T2DM improvement, considering body
weight, organ coefficients, glucose metabolism, insulin resist-
ance, and lipid metabolism. Furthermore, based on RNA sequen-
cing (RNA-seq) experiments and public databases, a T2DM liver-
specific network was constructed by integrating transcriptional
properties of disease-associated proteins and protein-protein in-
teractions (PPIs). Finally, network topology and transcriptomics-
based approach (NTRA) and network recovery index (NRI), net-
work analysis methods previously proposed, were employed to
compare and evaluate the holistic recovery effects of drugs on
T2DM liver-specific network, and to analyze their potential syn-
ergistic mechanisms in conjunction with molecular docking.

2. Materials and methods

2.1. Animals and reagents

Male C57BL/6 mice (6-8 weeks, 24-26 g) were obtained
from Zhejiang Vital River Laboratory Animal Technology Co., Ltd.
(Jiaxing, China). Male db/db mice and db/m mice aged 6-8 weeks
were acquired from Gempharmatech Co., Ltd. (Changzhou,
China). All mice were maintained in an individual ventilated cage
system under controlled conditions of 50% * 10% humidity and
25 + 1 °C temperature, with a 12-h light/12-h dark cycle and un-
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restricted access to food and water. All animal experiments were
conducted in accordance with the Guidelines of the Animal Care
and Use Committee of Zhejiang University School of Medicine
(2JU20240067).

Total ginsenosides from Panax ginseng (1.53% extraction
yield and 97.93% purity) and total alkaloids from Coptis chinensis
(8.53% extraction yield and 97.90% purity) were extracted by
Shanghai Winherb Medical Science Co., Ltd. (Shanghai, China)
from Panax ginseng (22012001) and Coptis chinensis (21112901)
obtained from Taizhou Baicao Chinese Medicine Drinks Slice Co.,
Ltd. (Taizhou, China). The extraction methodology and total ion
chromatogram are presented in Supplemental material (Figs. S1
and S2). Sodium pyruvate and sodium lactate were supplied by
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Glu-
cagon was obtained from MedChemExpress (Monmouth Junction,
NJ, USA). Palmitic acid (PA) and oleic acid (OA) were procured
from Sigma-Aldrich (St. Louis, MO, USA). Mouse insulin ELISA (80-
INSMS-E01) was acquired from ALPCO (Elk Grove, CA, USA). The
assay kits for total cholesterol (TC, A111-1-1), triglyceride (TG,
A110-1-1), high-density lipoprotein cholesterol (HDL-C, A112-1-
1), and low-density lipoprotein cholesterol (LDL-C, A113-1-1)
were obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

2.2. Isolation and culture of primary mouse hepatocytes

Primary mouse hepatocytes were isolated from 6- to 8-week-
old male C57BL/6 mice through two-step collagenase liver perfu-
sion. The liver was perfused in situ with prewarmed (37 °C) buf-
fer solution I (0.95 g-L ™" EGTA, 8.3 g-L ™" NaCl, 0.5 g-L™* KCl, 2.388
g-L™" HEPES) and buffer solution II (3.9 g-L™" NaCl, 0.5 g-L™" KCI,
2.388 g-L " HEPES, 0.532 g-L™" CaCl,, 0.5 g-L™" collagenase IV, and
4.17 gL' bovine serum albumin (BSA)) until complete liver
swelling occurred. The digested liver cells were filtered through a
70-um cell strainer and centrifuged at 800 r-min™" for 4 min at
4 °C. Cell precipitation was suspended in 45% Percoll solution
and centrifuged at 1300 r-min~" for 4 min at 4 °C. The cell pellet
was resuspended in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (V/V) fetal bovine serum (FBS) (Gibco,
CA, USA), 100 units-mL™" penicillin, and 100 pg-mL™" streptomy-
cin. The primary mouse hepatocytes were plated in 96-well (4 x
10* cells/well), 12-well (5 x 10° cells/well), and 6-well (1 x 10°
cells/well) plates, and maintained in a humidified atmosphere
with 5% CO, at 37 °C.

2.3. Cell viability assay

The culture medium was replaced with fresh DMEM supple-
mented with total alkaloids from Coptis chinensis and total gin-
senosides from Panax ginseng. The blank control group con-
tained only DMEM without primary hepatocytes. Following 24-h
incubation, 10 pL of Cell Counting Kit-8 (CCK8) reagent was ad-
ded to each well, and the plates were incubated for an additional
2 h. The optical density (OD) values of solutions were measured
at 450 nm using an Infinite M1000 Pro microplate reader
(TECAN, Switzerland). Cell viability was calculated as the OD of
the treatment group normalized to the control group after sub-
tracting the OD value of the blank control group.

2.4. Hepatic glucose output

After culturing in low-glucose DMEM for 12 h, primary
mouse hepatocytes were washed three times with PBS solution
and starved for another 3 h. Subsequently, the medium was re-
placed with fresh medium (2 mmol-L™" sodium pyruvate, 20
mmol-L™" sodium lactate, and 100 nmol-L™" glucagon dissolved in
glucose-free DMEM without phenol red) and incubated for 6 h.
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The control group was maintained without glucagon, while the
treatment group received varying proportions of total alkaloids
from Coptis chinensis and total ginsenosides from Panax ginseng.
Glucose concentration in the culture supernatant was determ-
ined using the glucose oxidase-peroxidase assay kit (361510,
Shanghai Rongsheng Biotech Co., Ltd., Shanghai, China) following
the manufacturer’s protocol.

2.5. Hepatic insulin resistance experiment

The primary mouse hepatocytes were washed three times
with PBS solution and treated with DMEM containing 5 mmol-L™"
PA and 10 mmol-L™" OA for 12 h. The treatment group received
varying proportions of total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng, while the model group re-
ceived an equivalent concentration of BSA. Following drug inter-
vention, lipid accumulation, oxidative stress, and mitochondrial
damage in primary hepatocytes were assessed using Oil Red O
staining (Oil Red O stain kit, G1262, Solarbio, Beijing, China), Re-
active Oxygen Species Assay Kit (S0033, Beyotime Institute of Bi-
otechnology, Jiangsu, China) and CellTiter-Glo® Luminescent Cell
Viability Assay (G7570, Promega, Madison, WI, USA) according to
the manufacturer’s specifications.

2.6. Animal experiments

Based on body weight and fasting blood glucose (FBG) levels,
db/db mice were randomly divided into five groups: model group
(n = 12), total alkaloids from Coptis chinensis (HL) group (n = 6),
total ginsenosides from Panax ginseng (RS) group (n = 6), the
combination of total alkaloids from Coptis chinensis and total gin-
senosides from Panax ginseng (HLRS) group (n =12) and met-
formin (Met) group (n = 6). The db/m mice (n = 12) served as the
control group. The preceding in vitro experiments demonstrated
an optimal ratio of 4:1 for total alkaloids from Coptis chinensis to
total ginsenosides from Panax ginseng. Considering clinical
dosages and preliminary experimental results in vivo, the daily
dosages were established at 3.28 g raw medicinal herbs/kg and
0.82 g raw medicinal herbs-kg™, respectively, based on human-to-
mouse dosage conversions *. The mice in HL group, RS group,
HLRS group and Met group received intragastric administration
of total alkaloids from Coptis chinensis (3.28 g raw medicinal
herbs-kg™'-d™"), total ginsenosides from Panax ginseng (0.82 g
raw medicinal herbs-kg™'-d™), their combination, and metformin
(200 mg-kg-d™"), respectively. Body weight was recorded
weekly. FBG was measured before treatment and at 8 weeks post-
treatment. After 8 weeks of administration, all rats were anes-
thetized and sacrificed, and liver tissue, blood, epididymal white
adipose tissue (eWAT), inguinal white adipose tissue (iWAT), and
perirenal white adipose tissue (pWAT) were collected. The organ
coefficient (%) was calculated as: organ coefficient = organ mass
(g)/body weight (g) x 100% *°.

2.7. Biochemical analysis

All mice underwent glucose tolerance test (GTT) via in-
traperitoneal injection of 1 g-kg™* glucose after 16 h of fasting, or
insulin tolerance test (ITT) via intraperitoneal injection of 0.75
U-kg™" insulin after 6 h of fasting. Blood glucose levels were mon-
itored through the tail vein at 0, 15, 30, 60, and 120 min. The area
under the curve (AUC) was calculated based on the blood glucose
values at each time point. Serum levels of TC, TG, HDL-C, LDL-C,
and fasting serum insulin (FINS) were detected according to the
manufacturers’ instructions. The homeostasis model assessment
of insulin resistance (HOMA-IR) was calculated using the follow-
ing formula: HOMA-IR = [FBG (mmol-L™") x 18 x FINS (ng-mL™") x
24]/405 >,
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2.8. Histopathological study

The liver tissues of mice were fixed in 10% formalin for 24 h
and subsequently embedded in paraffin or rapidly frozen in li-
quid nitrogen before transfer to storage at =80 °C. Liver sections
were cut and mounted on slides for histopathological analysis us-
ing hematoxylin and eosin (H&E), periodic acid-schiff (PAS), or
oil red O staining.

2.9. RNA-seq experiment

Liver tissues were harvested from the mice and immediately
snap-frozen in liquid nitrogen, then stored at =80 °C until further
processing. Total RNA was extracted using the TRIzol reagent (In-
vitrogen, USA), and RNA integrity and purity were assessed via
agarose gel electrophoresis and the Agilent 2100 Bioanalyzer sys-
tem (Agilent Technologies, USA). Sequencing libraries were pre-
pared from 1 pg of total RNA per sample using the NEBNext® Ul-
traTM RNA Library Prep Kit for Illumina® (New England Biolabs,
USA), following the manufacturer’s protocol. After purification,
cDNA fragments approximately 250-300 bp in length were selec-
ted and enriched via polymerase chain reaction (PCR) amplifica-
tion. The resulting PCR products were purified, and library qual-
ity was evaluated using the Agilent 2100 Bioanalyzer. High-
throughput RNA sequencing was conducted by Novogene Co., Ltd.
(Beijing, China) on the Illumina NovaSeq 6000 platform.

2.10. T2DM liver-specific network construction

T2DM-related genes were retrieved from the GeneCards
database (https://www.genecards.org/) using a “Relevance score”
> 30. Liver-expressed genes were then obtained from the Human
Protein Atlas (HPA, https://www.proteinatlas.org/) by selecting
entries with “Evidence at protein level” under the “HPA.evidence”
criterion. These two datasets were intersected with differentially
expressed genes identified through RNA-seq analysis to yield 810
high-confidence, liver-specific T2DM-associated targets. PPI data
were obtained from the STRING database (https://cn.string-
db.org/), and interactions with a combined confidence score
greater than 0.7, supported by “experimental” and “co-occur-
rence” evidence channels, were retained. The resulting PPI net-
work was visualized using Cytoscape (v3.82). Network topologic-
al properties, including degree and betweenness centrality of
each node, were calculated using NetworkAnalyzer plugin in
Cytoscape.

2.11. NRI for T2DM liver-specific network

The NRI is a network-based evaluation algorithm designed to
assess the capacity of therapeutic interventions to restore
homeostasis within disease-specific biological networks *’. To
simulate disease-associated network imbalance, gene expression
changes within the T2DM-related liver network were compared
between normal and diabetic conditions. The extent of recovery
following drug intervention was then evaluated by measuring the
overall reversion of gene expression levels toward the normal
state. NRI was calculated as the sum of RRODN values for all
genes (equation 1), including both up-regulated and down-regu-
lated genes, as defined by an absolute value of [log, (E,ormal) =
log; (Egisease)] €xceeding 0.5. RRODN, representing node recovery
ability of individual nodes, was measured by considering topo-
logy and EoR-positive (EoR) (equations 2 and 3). Topological
weight was represented by node degree centrality, while EoR in-
dicated the extent to which drug treatment could revert gene ex-
pression from the disease state toward normal. A gene was con-
sidered effectively recovered if EORpyiive (EOR > 0). Additionally,
the Recovery Level (RL) was calculated using equation (4), cap-
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turing the differential expression profile of each gene across nor-
mal, disease, and treatment groups.

NRI = RRODN,; + RRODN,, + RRODNq, M
RRODN = W, X EoR osisive 2)

EoR =100% — [100% — RL | 3)

RL = log, (Bueamen) — 10, (Euisease) (4)

102, (Enormat) — 102, (Edisease)
2.12. NTRA and pathway enrichment analysis

NTRA integrates topological properties (RankT) and tran-
scriptomic properties (RankR) to identify key nodes in the T2DM
liver-specific network. This algorithm relies on the relative rank-
ing of parameters rather than their numerical values, as demon-
strated in equations (5) to (7). In these equations, Rank denotes
the relative ranking of parameters, while T, D, B, R, F, and P rep-
resent node parameters including topology, degree, between-
ness, gene transcriptomics, fold change and P-value, respectively.
For Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis using Metascape v3.5 (https://metascape.
org), genes with EoR greater than 0 and ranked in the top 100 by
NTRA were selected.

NTRA = Rank (RankT + RankR) (5)
RankT = Rank (RankD + RankB) (6)
RankR = Rank (RankF + RankP) @)

2.13. Target prediction and a “herb-ingredient-target-pathway”
network construction

The ingredient targets were identified through the integra-
tion of HERB ** (http://herb.ac.cn/) and BATMAN-TCM ** (http://
bionet.ncpsb.org.cn/batman-tcm/index.php) databases, along
with the top 100 NTRA-ranked genes demonstrating effective re-
covery (EoR > 0). KEGG pathway enrichment analysis was con-
ducted using Metascape v3.5. The “herb-ingredient-target-path-
way” network was developed using Cytoscape (v3.82). Network
topological properties, including degree and betweenness cent-
rality of each node, were calculated using the NetworkAnalyzer
plugin in Cytoscape.

2.14. Molecular docking

The protein and ingredient structures utilized in this study
were obtained from the RCSB Protein Data Bank (http://www.rc-
sb.org) and PubChem (https://pubchem.ncbi.nlm.nih.gov/), re-
spectively. The molecular docking analysis was performed using
Autodock Vina (v1.1.2). Protein-ingredient interactions were
visualized using PyMol (v2.1.0).

2.15. Western blot detection of hepatic phospho (p)-adenosine 5'-
monophosphate-activated protein kinase a (p-AMPKa), AMPKa, p-
acetyl-CoA carboxylase (p-ACC), and ACC protein expression

Hepatic tissue was homogenized and lysed in radio-immuno-
precipitation assay lysis buffer containing 1% phenylmethanes-
ulfonyl fluoride. Total protein concentration in the extracts was
quantified using a Pierce BCA Protein Assay Kit (23225, Thermo
Fisher, USA). The samples underwent electrophoresis in 10%
TGX stain-free precast polyacrylamide gel before transfer to
polyvinylidene difluoride (PVDF) membranes. The PVDF mem-
branes were blocked in 5% BSA for 1 h, then incubated with
primary antibodies AMPKa (5832S), p-AMPKa (Thr172) (2535S),
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ACC (3662S), p-ACC (Ser79) (3661S), and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (5174S) overnight at 4 °C, fol-
lowed by incubation with goat anti-rabbit IgG conjugated to
horseradish peroxidase (HRP) (Beyotime Biotechnology, Shang-
hai, China) (A0181) at room temperature for 2 h. The primary an-
tibodies for AMPKa, p-AMPKa, ACC, p-ACC, and GAPDH were
sourced from Cell Signaling Technology. Subsequently, Immobi-
lon™ Western chemiluminescent HRP substrate (Millipore) was
applied, and protein bands were measured using ChemiDoc Ima-
ging Systems (Bio-Rad, California, USA).

2.16. Statistical analysis

All data were expressed as mean # standard deviation (SD).
GraphPad Prism 9 software was employed for data analysis and
visualization. Group differences were analyzed using one-way
ANOVA and Dunnett’s test in GraphPad Prism 9 software, with P
< 0.05 indicating statistical significance.

3. Results

3.1. Chemical profiling of total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng

Ultra-high performance liquid chromatography-triple quad-
rupole time-of-flight mass spectrometry (UPLC-Triple-TOF/MS)
was utilized to systematically characterize the chemical profiling
of total alkaloids from Coptis chinensis and total ginsenosides
from Panax ginseng. The total ion chromatograms are shown in
Figs. S1 and S2. The analysis identified 48 ingredients, including
berberine, palmatine, ginsenoside Re, ginsenoside Rgl, and gin-
senoside Rf (Table S1 and S2).

3.2. Effects of different compatibility ratios of total alkaloids from
Coptis chinensis and total ginsenosides from Panax ginseng on
gluconeogenesis and insulin resistance in primary mouse hepato-
cytes

Primary hepatocytes exhibit biological characteristics and
functions similar to hepatocytes in vivo, making them the gold
standard for in vitro studies of liver diseases and drug therapy *°.
Initially, the effects of total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng on primary mouse hepato-
cyte viability were assessed using the CCK8 assay. As demon-
strated in Fig. 1A, total alkaloids from Coptis chinensis exhibited
toxicity to primary hepatocytes at 40 pg raw medicinal
herbs-mL™, while showing no significant cytotoxic effects at
lower concentrations (0-20 pg raw medicinal herbs-mL™). Total
ginsenosides from Panax ginseng demonstrated no impact on
primary mouse hepatocyte viability at concentrations up to 40 pg
raw medicinal herbs-mL™ (Fig. 1B). Subsequently, the total con-
centration of both compounds was established at 20 pg raw
medicinal herbs-mL™. The total alkaloids from Coptis chinensis
and total ginsenosides from Panax ginseng were evaluated at ra-
tios of 0:1, 1:4, 1:2, 1:1, 2:1, 4:1, and 1:0 to examine their
combined cytotoxicity on primary mouse hepatocytes. As illus-
trated in Fig. 1C, none of these combinations demonstrated signi-
ficant cytotoxic effects. Therefore, the total concentration of 20
ug raw medicinal herbs-mL™ with geometric baseline ratios of
0:1, 1:4, 1:2, 1:1, 2:1, 4:1, and 1:0 was selected for sub-
sequent cell experiments.

Excessive gluconeogenesis represents a key factor contribut-
ing to elevated FBG in T2DM *. An in vitro model of hepatic gluco-
neogenesis was established by treating primary mouse hepato-
cytes with 100 nmol-L™ glucagon for 6 h to induce abnormal elev-
ation of gluconeogenesis. With the exception of group 1 (0:1 ra-
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Fig. 1 Effects of different proportions of total alkaloids from Coptis chinensis and total ginsenosides from Panax ginseng on primary mouse hepatocytes. (A, B) Effects of
total alkaloids from Coptis chinensis (A) and total ginsenosides from Panax ginseng (B) at different concentrations on the survival rate of primary mouse hepatocytes. (C-H)
Effects of different proportions of total alkaloids from Coptis chinensis and total ginsenosides from Panax ginseng on cell viability (C), gluconeogenesis (D), lipid accumula-
tion (E and F, 200 x, Scale bar = 50 pm), oxidative stress (G), and ATP production (H) in primary mouse hepatocytes. Group 1 (0:1 ratio of total alkaloids from Coptis chinen-
sis and total glnsen051des from Panax ginseng), Group 2 (1: 4) Group 3 (1 2), Group 4 (1:1), Group 5 (2 1), Group 6 (4:1), Group 7 (1:0). The results were expressed as

mean + SD. Values were from three independent experiments. ‘P < 0.05, "P < 0.01,

tio of total alkaloids from Coptis chinensis and total ginsenosides
from Panax ginseng), the glucose concentration in the cell super-
natant of the 1:4,1:2,1:1,2:1, 4:1, and 1:0 groups was signi-
ficantly lower than that of the model group (Fig. 1D). The 4:1 ra-
tio demonstrated optimal suppression of hepatocyte gluconeo-
genesis, followed by the 1:0 ratio group.

To evaluate the effects of varying compatibility ratios
between total alkaloids from Coptis chinensis and total ginsenos-
ides from Panax ginseng on lipid accumulation, oxidative stress,
and mitochondrial dysfunction in hepatocytes under metabolic
stress conditions, primary mouse hepatocytes treated with
palmitic acid/oleic acid (PO) served as the cell model. Oil Red O
staining revealed that treatments with compatibility ratios of
1:1, 2:1, 4:1, and 1:0 significantly decreased PO-induced lipid
droplet formation (Figs. 1E and 1F). As indicated in Fig. 1G, PO
exposure elevated intracellular reactive oxygen species levels in
primary mouse hepatocytes (P < 0.01), which was substantially
inhibited by various proportions of total alkaloids from Coptis
chinensis and total ginsenosides from Panax ginseng. Compared to
the control group, adenosine 5'-triphosphate (ATP) production in
primary hepatocytes of the model group was significantly inhib-

“P < 0.001 vs Control;
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*P<0.05,"P<0.01,""P<0.001 vs Model.

ited, indicating PO-induced mitochondrial dysfunction (Fig. 1H).
Compared to the model group, ATP production was significantly
restored by groups 1 (0:1, P < 0.05), 3 (1:2, P < 0.05), and 6
(4:1, P <0.05). These results demonstrated that the compatibil-
ity of total alkaloids from Coptis chinensis and total ginsenosides
from Panax ginseng at a 4:1 ratio exhibited optimal effects in im-
proving hepatocyte insulin resistance and gluconeogenesis,
showing significant inhibition of gluconeogenesis, reduction of
intracellular lipid accumulation and oxidative stress, and en-
hancement of ATP production in primary hepatocytes.

3.3. In vivo anti-diabetic activity of total alkaloids from Coptis
chinensis and total ginsenosides from Panax ginseng with the ratio
of4:1

Mouse body weight was measured weekly. As shown in
Fig. 2A, from the 0" to the 8™ week of administration, the body
weight of the db/db model group (P < 0.001) was significantly
higher than that of the db/m control group. Following adminis-
tration, mice in the HL group (P < 0.01) and HLRS group (P <
0.01) showed significant weight reduction compared to the
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db/db model group. However, the body weight in the RS group
(P > 0.05) and Met group (P > 0.05) showed no significant differ-
ence from the db/db model group. As illustrated in Figs. 2B-2D,
the ratio of iWAT, eWAT, and pWAT to body weight increased
substantially in T2DM mice. After 8 weeks of treatment with a
4:1 ratio of total alkaloids from Coptis chinensis and total ginsen-
osides from Panax ginseng, the relative amounts of eWAT, iWAT,
and pWAT decreased significantly. Notably, administration of
total alkaloids from Coptis chinensis or total ginsenosides from
Panax ginseng alone showed lesser effects on white adipose tis-
sue relative amounts. Total alkaloids from Coptis chinensis influ-
enced changes in relative levels of eWAT and iWAT, while total
ginsenosides from Panax ginseng only affected the relative level
of eWAT.

The FBG levels across groups after 8 weeks of drug interven-
tion are presented in Fig. 3A. FBG levels were significantly elev-
ated in the db/db group compared to those in the db/m group
but were notably reduced in the RS group, HL group, and HLRS
group. These findings suggest that total alkaloids from Coptis
chinensis and total ginsenosides from Panax ginseng, admin-
istered either individually or in combination, demonstrated anti-
hyperglycemic effects in T2DM mice. Glucose tolerance was eval-
uated using the GTT assay. As shown in Figs. 3B and 3C, follow-
ing intraperitoneal glucose injection, the AUC of GTT assay was
significantly higher in the db/db model group compared to the
db/m control group (P < 0.001), indicating substantial glucose
resistance. The results demonstrated that total alkaloids from
Coptis chinensis and total ginsenosides from Panax ginseng, alone
or combined, enhanced glucose clearance in T2DM mice and ef-
fectively normalized the AUC value. Additionally, PAS staining of
liver sections revealed that drug intervention partially restored
the depleted hepatic glycogen content in db/db mice (Fig. 3D).

To examine the effects of drug interventions on insulin sens-
itivity in db/db mice, an ITT assay was performed one week after
the GTT assay. The findings indicated that insulin efficacy was
substantially reduced in db/db mice compared to db/m mice,
particularly during initial insulin administration. However, total
alkaloids from Coptis chinensis and total ginsenosides from Panax
ginseng, individually or combined, enhanced insulin efficiency in
db/db mice (Figs. 3E and 3F). Notably, the HOMA-IR was signific-
antly elevated in the db/db model group compared to the db/m
control group (P < 0.001), confirming insulin resistance in db/db
mice (Fig. 3G). Following eight weeks of drug intervention, HOMA-
IR values in the RS group, HL group, and HLRS group were signi-
ficantly reduced compared to the db/db model group. These find-
ings collectively demonstrate that total alkaloids from Coptis
chinensis and total ginsenosides from Panax ginseng, alone or
combined, significantly improved glucose metabolism and in-
sulin resistance in db/db mice.

Lipid metabolism abnormalities frequently occur in T2DM
patients. In this study, db/db mice exhibited diabetic dyslip-
idemia, characterized by elevated serum levels of TC, TG, LDL-C,
and reduced HDL-C compared to db/m mice (Figs. 4A-4D). After
8 weeks of drug administration, serum TC, TG, and LDL-C levels
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were significantly reduced in the HL group and HLRS group,
while HDL-C levels increased significantly in the RS group. H&E
staining revealed normal liver tissue architecture in db/m mice,
with intact hepatic lobules and organized hepatocytes. In con-
trast, db/db mice exhibited steatosis, hepatocyte swelling, and
hepatocellular ballooning (Fig. 4E). Following 8 weeks of drug in-
tervention, liver conditions improved in all treatment groups
compared to the db/db model group, with the HLRS group show-
ing the most pronounced improvement. Oil red O staining con-
firmed substantial lipid accumulation with large, dense lipid
droplets in the db/db model group. Consistent with H&E findings,
after 8 weeks of treatment, total alkaloids from Coptis chinensis
and total ginsenosides from Panax ginseng, alone or combined,
reduced hepatic lipid accumulation in T2DM mice, with the HLRS
group demonstrating the most significant improvement (Fig. 4E).

3.4. Synergistic effect of total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng in the treatment of T2DM

The results demonstrated that the HLRS group exhibited su-
perior efficacy compared to groups receiving either total alkal-
oids from Coptis chinensis or total ginsenosides from Panax gin-
seng alone across multiple pharmacotherapeutic indicators. To
elucidate the synergistic effect of combining total alkaloids from
Coptis chinensis and total ginsenosides from Panax ginseng, the
combined index (CI) value was calculated using the Bliss inde-
pendence model. Fig. 5 illustrates that the CI values for total al-
kaloids from Coptis chinensis and total ginsenosides from Panax
ginseng regarding FBG, the ratio of eWAT to body weight, AUC of
GTT, and HOMA-IR were 0.8114, 0.8212, 0.7156, and 0.7113, re-
spectively, with all P-values below 0.05. These findings collect-
ively indicate that the 4:1 combination of total alkaloids from
Coptis chinensis and total ginsenosides from Panax ginseng
demonstrates significant synergistic anti-diabetic effects in vivo.

3.5. RNA-seq analysis and T2DM liver-specific network construction

Having established that the 4:1 combination of total alkal-
oids from Coptis chinensis and total ginsenosides from Panax gin-
seng exhibited synergistic anti-diabetic effects in db/db mice, fur-
ther investigation into the underlying mechanism was conducted
using a combined approach of network pharmacology and tran-
scriptomics. Initially, RNA-seq analysis was performed on liver
tissue from mice treated with total alkaloids from Coptis chinen-
sis and total ginsenosides from Panax ginseng, both individually
and in combination, over an 8-week period.

A total of 810 T2DM-related genes expressed in the liver
were obtained by integrating the data from the GeneCard data-
base, the HPA, and our RNA-seq dataset. These genes were used
to construct a PPl network specific to T2DM liver pathology,
which was visualized using Cytoscape. The largest connected
component within this network, comprising 337 nodes and 781
edges, was defined as the T2DM liver-specific network (Fig. 6A).
In the db/db model group, gene expression in liver tissues
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Fig. 2 Effects of total alkaloids from Coptis chinensis, total ginsenosides from Panax ginseng, and their combination (4:1) on body weight and organ coefficients in T2DM
mice. (A) The body weight per week. (B-D) The weight ratio of iWAT, eWAT, or pWAT to body weight after 8 weeks of administration. The results were expressed as mean +
SD (n = 6 or 12 for each group). "'P < 0.001 vs db/m control group; P < 0.05,"P < 0.01, **P < 0.001 vs db/db model group.
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showed significant alterations. As illustrated in Fig. 6B, nodes specific network under diabetic conditions (Fig. 6E), while total
within the network were color-coded according to the fold ginsenosides from Panax ginseng alone showed minimal regula-
change in expression between db/db mice and db/m controls, tion (Fig. 6D).
with red indicating up-regulation and green indicating down-reg-
ulation. Following drug intervention, nodes were recolored based 3.6. Evaluation of the efficacy and synergistic effect of the 4:1 com-
on their EoR values to represent the extent of gene expression bination of total alkaloids from Coptis chinensis and total ginsenos-
normalization (Figs. 6C-6E). The combination of total alkaloids ides from Panax ginseng using NRI
from Coptis chinensis and total ginsenosides from Panax ginseng
demonstrated the most substantial regulation of the T2DM liver- To quantitatively evaluate drug efficacy from the perspective
- db/m
A b = db/db
_ - HL 4000
40 _ . RS
2 -+ HLRS
2 304 = 304 py —o Met
<2 £ E
£3 i £ g
= i ° a =
25 - w  E S
G 2 o = 2
£ 8 = <
210 B 10+
& 2
m
D
PAS
staining
E

401
5L
3 304 o u
< S 2000 S 40+
2 20+ S} ]
: = =
=3
= 1000 20
2 10-
k=3
@
0- 0 -
0T ' ' ' R I IR C RPN N T PN o
0 30 60 120 SIS SN &

t/min

Fig. 3 Effects of total alkaloids from Coptis chinensis, total ginsenosides from Panax ginseng, and their combination (4:1) on glucose metabolism and insulin resistance in
T2DM mice. (A) Fasting blood glucose (FBG). (B) Glucose tolerance determined by GTT. (C) Quantification of the AUC of the GTT. (D) Hepatic glycogen accumulation was
evaluated by PAS staining (200 x, Scale bar = 50 pm) from three mice. (E) Insulin tolerance determined by ITT. (F) Quantification of the AUC of the ITT. (G) HOMA-IR. The
results were expressed as mean + SD (n = 6 or 12 for each group). P < 0.001 vs db/m control group; *P < 0.05, **P < 0.01, **P < 0.001 vs db/db model group.
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Fig. 4 Effects of total alkaloids from Coptis chinensis, total ginsenosides from Panax ginseng, and their combination (4:1) on lipid metabolism in T2DM mice. (A) serum TC.
(B) serum TG. (C) serum HDL-C. (D) serum LDL-C. (E) Hepatic pathological changes were evaluated by H&E staining (200 x, scale bar = 50 um) and oil red O staining (200 x,
scale bar = 50 pm) from three mice. The results were expressed as mean * SD (n = 6 or 12 for each group). P < 0.001 vs db/m control group; *P < 0.05, **P < 0.01, ***P <
0.001 vs db/db model group.
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of disease-related biological network balance, the NRI score was
calculated for total alkaloids from Coptis chinensis and total gin-
senosides from Panax ginseng, both alone and in combination, on
the T2DM liver-specific network (Table 1). The combined treat-
ment yielded the highest NRI score of 389.46, with contribution
values of 59.85, 62.89, and 266.72 for significantly up-regulated
nodes, significantly down-regulated nodes, and all nodes in the
T2DM liver-specific network, respectively. Total alkaloids from
Coptis chinensis achieved an NRI score of 347.63, exceeding that
of total ginsenosides from Panax ginseng at 154.69. These find-
ings demonstrated that the combination treatment exhibited su-
perior recovery performance on the T2DM liver-specific network,
followed by total alkaloids from Coptis chinensis alone, while total
ginsenosides from Panax ginseng alone showed the least effect-
ive recovery, consistent with their anti-diabetic effects in vivo.

A randomization test was conducted to assess the signific-
ance of recovery effects from the single or combined administra-
tion of total alkaloids from Coptis chinensis and total ginsenos-
ides from Panax ginseng on the T2DM liver-specific network. The
NRI for each randomization test was calculated by simulating the
RL based on a normal distribution and repeated 10 000 times.
One sample t-test analysis was employed for statistical analysis of
simulated NRI values and the NRI value after drug intervention.
The results indicated that the recovery effects of both individual
and combined treatments on the T2DM liver-specific network
were significantly higher than their corresponding randomiza-
tion tests (P < 2.2 x 107'%).

3.7. Pathway enrichment analysis based on NTRA and EoR

To investigate the pharmacological mechanism of total alkal-
oids from Coptis chinensis and total ginsenosides from Panax gin-
seng in treating T2DM and their synergistic effects, NTRA and
EoR methods were utilized to identify key disease nodes with re-
covery regulatory responses for pathway enrichment analysis.
The analysis identified 47, 22, and 54 nodes ranking in the top
100 in NTRA with effective recovery (EoR > 0) after administra-
tion in the total alkaloids from Coptis chinensis, total ginsenos-
ides from Panax ginseng, and their combination groups, respect-
ively (Fig. 7A). Pathway enrichment analysis was subsequently
performed using Metascape to compare their potential pharma-
cological mechanisms. The enrichment results (Fig. 7B) showed
that the HL group, RS group, and their combination HLRS group
were enriched into 19, 7, and 20 clusters, respectively. The HL
group showed significant enrichment in thyroid hormone signal-
ing pathway (Q = 3.33 x 107'%), mitophagy (Q = 2.45 x 10™), mito-
gen-activated protein kinase (MAPK) signaling pathway (Q =
3.43 x 107), while the estrogen signaling pathway (Q = 1.78 x
107*) was highly enriched in the RS group. The therapeutic effect
of the combined administration may be attributed to its regula-
tion of energy metabolism and inflammation response, as evid-
enced by significant enrichment in the AMPK signaling pathway
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(Q = 7.98 x 107), neutrophil extracellular trap formation (Q =
9.04 x 10™°), MAPK signaling pathway (Q = 8.08 x 10™), and HIF-
1 signaling pathway (Q = 1.05 x 10™°) in the HLRS group. These
findings indicate distinct mechanisms of action when the com-
pounds are administered alone or in combination.

To examine the synergistic mechanism of total alkaloids from
Coptis chinensis and total ginsenosides from Panax ginseng, 52
nodes ranking in the top 100 in NTRA with stronger effective re-
covery in the HLRS group compared to HL or RS groups were
analyzed, resulting in enrichment of 20 KEGG pathway clusters
(Fig. 7C). Excluding human disease pathways unrelated to T2DM,
significant enhancement was observed in the AMPK signaling
pathway (Q = 6.34 x 1077), HIF-1 signaling pathway (Q = 8.83 x
107, cellular senescence (Q = 4.21 x 107), cholesterol metabol-
ism (Q = 4.05 x 10™), and JAK-STAT signaling pathway (Q =
7.89 x 107).

3.8. The “herb-ingredient-target-pathway” network construction
and molecular docking

Using UPLC-Triple-TOF/MS analysis, 48 ingredients were
identified, including berberine, palmatine, ginsenoside Re, gin-
senoside Rg1, and ginsenoside Rf. Based on the absorption poten-
tial of chemical ingredients into the bloodstream after oral ad-
ministration, the potential active ingredients of total alkaloids
from Coptis chinensis were identified as berberine, palmatine,
coptisine, epiberberine, jatrorrhizine, and columbamine ***'. For
total ginsenosides from Panax ginseng, the potential active in-
gredients comprised ginsenoside Re, Rgl, Rf, Rb1, Rc, Rg2, Rh1,
F1, Rd, F2, Rg3, Rh2, Rb2, and compound K 323 Through the in-
tegration of 208 database targets and 73 key nodes from the
T2DM liver-specific network, 260 targets of potential active in-
gredients were identified, including 21 overlapping targets (Fig.
S3). Pathway enrichment analysis of all 260 targets revealed 96
KEGG pathways with Q values below 1 x 107, A “herb-ingredient-
target-pathway” network comprising 321 nodes and 3464 edges
was constructed using Cytoscape to illustrate the interactions
among 2 herbs, 20 ingredients, 203 targets, and 96 KEGG path-
ways (Fig. 8A). As illustrated in Figs. 8A and S4, the 10 pathways
in the middle circle were also enriched by the 21 overlapping tar-
gets and represented key KEGG pathway clusters. Among these,
insulin resistance, AMPK signaling pathway, and HIF-1 signaling
pathway demonstrated clear associations with T2DM.

Based on network topological properties (degree and
betweenness centrality), relative contents of active ingredients,
and significantly enriched pathways associated with T2DM, 10
active ingredients and 19 target proteins (Table S3) were selec-
ted for molecular docking. As demonstrated in Figs. 8B and 8C,
the binding energies of protein-ingredient complexes were all be-
low -5.4 kcal-mol™, indicating strong affinities between the act-
ive ingredients and these target proteins.
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Fig. 5 Total alkaloids from Coptis chinensis and total ginsenosides from Panax ginseng exhibited synergistic effects in the treatment of T2DM. Statistical diagram of the com-
bination index (CI) on fasting blood glucose (A), the ratio of eWAT to body weight (B), AUC of GTT (C), and HOMA-IR (D). CI = (Ey, + Egs = Ey, x Egs)/Eypgs- The results were
expressed as mean * SD (n = 6 or 12 for each group). The dashed line represented the expected additive effect value, denoted as Ey;, + Egg = Eyy, x Egs. The statistical signific-
ance between Ey; ps and the expected additive effect value was measured using the Student’s t-test.

1004



Q. Chen etal,

Chinese Journal of Natural Medicines 23 (2025) 997-1008
log, (Fold change)

Up-regulation

>0

<0
Down-regulation

EoR

<0

Regulation level

Fig. 6 T2DM liver-specific network under different conditions. (A) T2DM liver-specific network. Nodes were liver-specific targets of T2DM, and edges were their protein-
protein interactions (PPIs). (B) T2DM liver-specific disturbed network. Green nodes represented down-regulated genes [log; (Egisease) = 1082 (Enormal)] < —0.5 after diseases,
while red nodes represented up-regulated genes [log; (Egisease) = 1082 (Enormal)] > 0.5. (C-E) The recovery regulation effects (EoR) of total alkaloids from Coptis chinensis (C),
total ginsenosides from Panax ginseng (D), and their combination (E) on T2DM liver-specific network. The color of the node represented the EoR value. The maximum EoR

value is 1, and the darker the blue, the closer itis to 1.

Table 1 The NRI results (mean + SD, n = 10 000).

HL RS HLRS
RRODN,, 246.19 118.32 266.72
RRODN,,, 54.76 24.17 59.85

RRODNgym 46.68 12.20 62.89

NRI 347.63 154.69 389.46
NRI,andomization 88.90 + 27.97 67.61 * 24.92 44.27 £ 20.02
P-value <22x107"° <22x107° <22x107"

3.9. Validation of key proteins in the AMPK signaling pathway

Western blot analysis was employed to validate the network
analysis results by determining the protein expression levels of
key proteins in the AMPK signaling pathway in mouse liver tissue.
The analysis revealed that the relative expressions of p-
AMPKoa/AMPKa and p-ACC/ACC were significantly decreased in
the db/db model group compared to the db/m control group (Fig.
9). The total alkaloids from Coptis chinensis and total ginsenos-
ides from Panax ginseng enhanced the expression levels of p-
AMPKa/AMPKa and p-ACC/ACC to varying degrees. Notably, the
combination group (HLRS) demonstrated the most substantial
improvement, suggesting that the compatibility of total alkaloids
from Coptis chinensis and total ginsenosides from Panax ginseng
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produces a synergistic therapeutic effect on T2DM through the
AMPK signaling pathway.

4. Discussion

T2DM represents an increasingly severe global health chal-
lenge, with rising prevalence and incidence among individuals
under 20 years of age *°. Coptis chinensis and Panax ginseng have
demonstrated anti-hyperglycemic properties *” **. However, the
regulatory mechanisms underlying the combined effects of Coptis
chinensis and Panax ginseng on T2DM remain incompletely un-
derstood. This study investigated the synergistic effects of these
two medicinal plants on T2DM and their potential mechanisms
through the integration of in vivo experiments, network pharma-
cology, and molecular docking. The findings revealed an optimal
ratio of 4:1 between total alkaloids from Coptis chinensis and
total ginsenosides from Panax ginseng. Following 8 weeks of
either single or combined (4:1) administration of total alkaloids
from Coptis chinensis and total ginsenosides from Panax ginseng,
db/db mice exhibited improved FBG and HOMA-IR levels through
the regulation of hepatic glucose and lipid metabolism, with the
4:1 combination showing superior efficacy. Furthermore, the CI
values of FBG, the ratio of eWAT to body weight, AUC of GTT, and
HOMA-IR provided strong evidence for the significant synergistic
anti-diabetic effect of the 4:1 combination in vivo.

Multi-target and multi-pathway mechanisms characterize the
efficacy of TCM *’. Hepatic insulin resistance *’, excessive glucon-
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eogenesis “"**, and lipid accumulation ** are commonly observed
in T2DM patients. This study integrated transcriptomics with net-
work pharmacology to establish a T2DM liver-specific network,
enabling further investigation of the synergistic anti-diabetic ef-
fects and potential pharmacological mechanisms of the combined
administration. The NRI scores calculated on the T2DM liver-spe-
cific network confirmed superior efficacy of the combined admin-
istration compared to individual treatments from a biomolecular
network perspective. The integration of NTRA and EoR methods
identified key nodes associated with therapeutic effects. The ana-
lysis revealed 31 nodes effectively regulated by both HL and
HLRS groups, with HLRS demonstrating stronger regulatory ef-
fects on 21 of these nodes. Additionally, distinct regulatory pat-
terns emerged, with HL regulating 16 specific nodes and HLRS
regulating 23 specific nodes. Of the 17 nodes effectively regu-
lated by both RS and HLRS groups, HLRS exhibited greater regu-
latory intensity in more than 75% of cases. Moreover, HLRS spe-
cifically regulated 37 nodes, while RS regulated only 5 nodes.
These findings corroborated the animal experimental results,
demonstrating HLRS’s superior anti-diabetic effect, followed by
HL, with RS showing the least efficacy.

Furthermore, a total of 39 KEGG pathway clusters related to
pharmacological effects of HL, RS, or HLRS were enriched. The HL
group exhibited significant enrichment in thyroid hormone sig-
naling pathway, mitophagy, and MAPK signaling pathway, sug-
gesting these pathways were primarily involved in the treatment
of T2DM with total alkaloids from Coptis chinensis. Thyroid hor-
mone has been implicated in insulin signaling and glucose
homeostasis *, while both hyperthyroidism and hypothyroidism
increase the risk of developing different types of diabetes *°. He et
al. demonstrated that mitophagy, a crucial regulator of mitochon-
drial homeostasis, can lead to hepatic insulin resistance and
T2DM “°. The RS group showed high enrichment in the estrogen
signaling pathway, indicating its significant contribution to the
intervention of total ginsenosides from Panax ginseng in T2DM.
Substantial evidence confirms that estrogen/ER signaling plays a
vital role in glucose homeostasis and lipid metabolism *’. Dysreg-
ulation of estrogen signaling or estrogen deficiency associates
with insulin production, insulin resistance, and gluconeogenesis,
contributing to diabetes development *“* “. The HLRS group
showed prominence in pathways including the AMPK signaling
pathway, neutrophil extracellular trap formation, the MAPK sig-
naling pathway, and the HIF-1 signaling pathway. Neutrophil ex-
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tracellular traps show elevation in T2DM individuals, contribut-
ing to the progression of diabetic complications **°'. MAPKs play
essential roles in the regulation of hepatic metabolic processes,
including lipid metabolism and glucose homeostasis °°. AMPK,
functioning as a cellular energy sensor, represents a potential tar-
get for diabetes treatment ** °*. Notably, pathways such as the
AMPK signaling pathway and the HIF-1 signaling pathway were
enriched by 52 nodes. These nodes ranked in the top 100 of
NTRA in the T2DM liver-specific network, with the HLRS group
showing stronger effective recovery than the HL or RS group
alone. These findings suggest that the combined treatment exerts
synergistic anti-T2DM effects by enhancing the regulatory influ-
ence on multiple key pathways, particularly the AMPK signaling
pathway and the HIF-1 signaling pathway.

To better elucidate the anti-T2DM mechanisms of the com-
bined total alkaloids from Coptis chinensis and total ginsenosides
from Panax ginseng, a “herb-ingredient-target-pathway” network
was constructed based on potentially active ingredients ab-
sorbed into blood and their targets. The binding affinity and in-
teraction between potential pivotal ingredients and target pro-
teins received indirect demonstration through molecular docking.
Furthermore, as evidenced by increased p-AMPKa/AMPKa and p-
ACC/ACC ratios, our in vivo experiments demonstrated that the
combined administration of total alkaloids from Coptis chinensis
and total ginsenosides from Panax ginseng activated the AMPK
signaling pathway, thereby enhancing insulin sensitivity in db/db
mice. The results establish that this combination exerts synergist-
ic anti-T2DM effects through multi-compound, multi-target, and
multi-pathway mechanisms, with AMPK/ACC signaling pathway
serving as one crucial mechanism.

5. Conclusion

In conclusion, this study demonstrates that the 4:1 compat-
ibility of total alkaloids from Coptis chinensis and total ginsenos-
ides from Panax ginseng produces superior anti-T2DM effects
compared to individual treatments, particularly showing signific-
ant synergistic effects on glucose metabolism and insulin resist-
ance in db/db mice. The integration of network pharmacology
and molecular docking provides novel insights into the pharma-
cological effects and underlying mechanisms of TCM compatibil-
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ity. This study evaluates the holistic recovery effect of total alkal-
oids from Coptis chinensis and total ginsenosides from Panax gin-
seng, both individually and in combination, on T2DM liver-specif-
ic network, identifying AMPK/ACC signaling pathway as partially
responsible for their synergistic therapeutic effect on T2DM.
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