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Abstract: This study investigates baicalin, a flavonoid from Scutellaria baicalensis, as a multi-
target therapeutic for type 2 diabetes mellitus (T2DM) through cellular experiments, network
pharmacology, and molecular docking. Baicalin improves pancreatic -cell viability, reduces
reactive oxygen species (ROS), and attenuates apoptosis/senescence in methylglyoxal (MGO)-
induced models. Network pharmacology identifies key targets including HIF-1a, Bax, Bcl-2,
and Caspase-3, while molecular docking confirms strong interactions with proteins like AKT1
and HIF-1a, underlying antioxidative and anti-apoptotic mechanisms. Notably, baicalin’s
protective effects extend to molecular biomechanical pathways, potentially modulating
extracellular matrix (ECM) remodeling and cytoskeletal dynamics. In T2DM, hyperglycemic
stress disrupts ECM integrity and mechanotransduction signaling (e.g., integrin-MAPK axis),
contributing to B-cell dysfunction. Baicalin’s regulation of ECM components (e.g., collagen,
fibronectin) and cytoskeletal proteins (e.g., actin polymerization) may restore cellular
mechanical phenotypes, enhancing B-cell survival and insulin secretion. This biomechanical
modulation aligns with exercise’s benefits in T2DM, where physical activity improves ECM
elasticity and mechanosignaling, complementing baicalin’s antioxidative and anti-apoptotic
actions. Our findings highlight baicalin as a novel therapeutic addressing both biochemical and
biomechanical hallmarks of T2DM, suggesting a synergistic strategy combining baicalin with
exercise to restore metabolic and mechanical homeostasis.

Keywords: type 2 diabetes mellitus; baicalin; oxidative stress; exercise; HIF-1a; network
pharmacology; molecular docking

1. Introduction

The global prevalence of diabetes mellitus (DM) continues to demonstrate a
concerning upward trajectory, positioning this metabolic disorder as one of the most
pressing public health issues worldwide. Current statistics indicate that over half a
billion adults (537 million) were diagnosed with diabetes in 2021, with modeling
studies predicting a dramatic escalation to 783 million affected individuals within the
next two decades [1]. The upward trend is strongly correlated with key determinants
such as accelerated urban development, widespread adoption of sedentary behavior
patterns, and the growing global burden of obesity-related health issues [2]. The
disease spectrum of diabetes mellitus encompasses two major subtypes: Type 1
diabetes, resulting from autoimmune-mediated pancreatic B-cell dysfunction and
subsequent insulin deficiency, and Type 2 diabetes, which dominates the
epidemiological landscape with >90% of cases and manifests through insulin
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resistance accompanied by progressive B-cell failure [3,4]. T2DM is a multifactorial
disease influenced by genetic predisposition, environmental factors, and lifestyle
choices. Chronic hyperglycemia, the hallmark of diabetes, leads to a cascade of
metabolic dysfunctions, including oxidative stress, inflammation [5], and cellular
damage, which contribute to the development of diabetic complications such as
neuropathy [6], retinopathy [7], nephropathy [8], and cardiovascular diseases [9].

Oxidative stress represents a pivotal pathological mechanism in T2DM
pathogenesis and its clinical sequelae, resulting from disproportionate ROS production
overwhelming endogenous antioxidant defenses. The diabetic milieu, characterized by
persistent hyperglycemia, promotes oxidative damage through several mechanisms:
impaired mitochondrial electron transport chain function, upregulated polyol and
hexosamine flux, and progressive AGEs formation, which synergistically drive
excessive ROS production [10]. Elevated ROS levels mediate extensive oxidative
damage to critical biomolecules, including membrane phospholipids, cellular proteins,
and nucleic acids, triggering dysfunction of fundamental cellular processes and
activation of apoptotic pathways [11]. Oxidative stress signaling is predominantly
mediated by the Nrf2-ARE pathway, responsible for transcriptional activation of
antioxidant defense mechanisms, and the NF-kB pathway, which coordinates cellular
inflammatory responses through regulation of cytokine production and immune
modulation [12,13]. Additionally, ROS activates stress-sensitive pathways such as the
p38 mitogen-activated protein kinase and c-Jun N-terminal kinase pathways [14],
further promoting apoptosis and insulin resistance. The interplay between oxidative
stress and apoptosis is particularly critical in diabetes, as it contributes to the loss of
Ins-1 and the dysfunction of insulin-sensitive tissues. For instance, ROS-induced
activation of the intrinsic apoptotic pathway involves the upregulation of pro-apoptotic
proteins such as Bax and Caspase-3, while downregulating anti-apoptotic proteins like
Bcl-2 [15]. Furthermore, oxidative stress stabilizes hypoxia-inducible factor-1a, (HIF-
la) [16], a transcription factor that regulates cellular responses to hypoxia and is
implicated in diabetic complications such as retinopathy and nephropathy.

Additionally, oxidative stress orchestrates a complex interplay with molecular
biomechanical remodeling. Excessive ROS not only damage lipids, proteins, and DNA
but also disrupt extracellular matrix homeostasis and cytoskeletal dynamics [17],
creating a bidirectional pathogenic loop. Mechanistically, ROS promote fibrosis by
upregulating collagen deposition and downregulating matrix metalloproteinases,
stiffening pancreatic islets and impairing f-cell mechanosensitivity [18].
Concurrently, ROS-induced actin cytoskeleton disorganization compromises insulin
granule trafficking and B-cell shape maintenance, exacerbating secretory dysfunction
[19]. This biomechanical dysregulation reciprocally amplifies oxidative stress:
rigidified ECM activates integrin-MAPK signaling, triggering ROS overproduction,
while cytoskeletal abnormalities blunt Nrf2 nuclear translocation, further attenuating
antioxidant responses [20]. This redox-mechanical crosstalk drives -cell loss through
dual pathways: direct ROS-mediated apoptosis via Bax/Bc¢l-2 imbalance and indirect
mechanotransduction impairment via ECM stiffening [20]. Collectively, these
findings highlight the necessity of therapeutic strategies targeting both biochemical
and biomechanical hallmarks of T2DM.

In recent years, natural compounds have gained significant attention for their
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potential in managing diabetes and its complications. BA, a bioactive flavonoid
derived from the roots of Scutellaria baicalensis, has emerged as a promising candidate
due to its anti-inflammatory, antioxidant, and anti-apoptotic properties [21]. BA is
known to modulate multiple signaling pathways, including the Nrf2/ARE pathway
[22], which enhances cellular antioxidant defenses, and the PI3K/Akt pathway [23],
which promotes cell survival and insulin sensitivity. Moreover, BA has been shown to
inhibit NF-xB activation [24], thereby reducing inflammation and oxidative stress. In
traditional Chinese medicine, BA is often used in combination with other herbs to treat
diabetes and its complications. For example, the Huang-Lian-Jie-Du-Tang formula,
which contains BA, has been reported to improve insulin sensitivity and reduce blood
glucose levels in diabetic models [25]. Similarly, the Gegen Qinlian decoction, another
BA-containing formulation, has demonstrated efficacy in alleviating diabetic
nephropathy by suppressing oxidative stress and inflammation [26]. These studies
highlight the therapeutic potential of BA in diabetes management, particularly when
used as part of a multi-component approach.

While extensive research has highlighted the therapeutic benefits of BA-
containing formulations, the specific mechanisms underlying the action of pure BA in
T2DM remain insufficiently characterized. Furthermore, recent findings suggesting
dose-dependent cytotoxicity of BA underscore the need for rigorous evaluation of its
safety profile and therapeutic window. To address these critical gaps, we conducted a
systematic investigation of low-dose BA in an MGO-induced diabetic cell model,
focusing on its antioxidant and anti-apoptotic properties. Utilizing an integrated
strategy that combines computational approaches (network pharmacology and
molecular docking) with experimental validation, we elucidated BA’s interactions with
key molecular targets, including P53, Bax, Bcl-2, Caspase-3, and HIF-1a. Our study
comprehensively evaluated BA’s effects on cellular viability, senescence, oxidative
stress, and apoptosis. These findings offer novel mechanistic insights into BA’s
protective role in diabetic conditions and highlight its potential as a safe and effective
therapeutic agent for diabetes and its complications.

This study not only addresses a significant gap in the current understanding of
BA’s role in diabetes but also contributes to the broader field of natural product
research by demonstrating the importance of dose optimization and mechanistic
exploration in the development of plant-based therapies. By elucidating the molecular
pathways involved in BA’s effects, we hope to pave the way for future clinical studies
and the development of BA-based interventions for T2DM.

2. Materials and methods

2.1. Chemicals

The experimental materials, including FBS, penicillin-streptomycin, and trypsin-
EDTA, were procured from Saiwei’er Biotechnology (Nanning, China). Baicalin (BA)
and methylglyoxal (MGO) were supplied by MedChemExpress (MCE, Monmouth
Junction, NJ, USA), while Ins-1 pancreatic B-cells were sourced from Cyagen
Biosciences (Guangzhou, China). Cell viability was measured using the Cell Counting
Kit-8 (CCK-8) supplied by Saiwei’er Biotechnology. Cellular senescence was
identified through-galactosidase staining with the Senescence-Galactosidase Staining
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Kit from Saiwei’er. The quantification of intracellular reactive oxygen species (ROS)
was carried out using the ROS Detection Kit by Saiwei’er. Additionally, apoptosis was
evaluated using the Annexin V-FITC/PI Apoptosis Detection Kit provided by
Saiwei’er.

2.2. Cell experiments
2.2.1. Cell viability assay (CCK-8)

Cell viability was assessed utilizing the CCK-8 assay. The experimental design
for cellular treatments was structured as follows: (1) MGO exposure at concentrations
spanning 0 to 4000 M for 12, 24, and 48 h; (2) BA treatment at concentrations of 0 to
400 M for 12, 24, and 48 h; (3) initial exposure to 1000 M MGO for 12 h, followed by
treatment with BA (0 to 50 M) for an additional 12 h; (4) pretreatment with BA at
concentrations from 0 to 50 M for 12 h, followed by 1000 M MGO for a further 12 h;
and (5) concurrent treatment with 1000 M MGO and BA (0 to 50 M) for 12 h. After
the respective treatments, 100 uL of phenol red-free medium and 10 uL of CCK-8
reagent (MCE, Shanghai, China) were added to each well. The plates were incubated
at 37 °C for 1.5 h, after which absorbance was measured at 450 nm using a Pynamica
microplate reader (Pynamica, Switzerland). The viability of cells was expressed as a
percentage of the untreated control group.

2.2.2. Measurement of intracellular ROS

The experimental groups were designed as follows: (1) control group (untreated),
(2) 1000 uM MGO-induced group, (3) 1000 uM MGO + 10 pM BA treatment group,
(4) 1000 M MGO + 20 uM BA treatment group, and (5) 1000 uM MGO + 50 uM
BA treatment group. This grouping scheme was consistently applied to all subsequent
experiments.

To determine ROS levels, Ins-1 cells were seeded at 50,000 cells per well in 96-
well plates and allowed to attach overnight. Following application of the respective
treatments for each experimental group, the cells were incubated with the fluorescent
probe 2°,7’-dichlorofluorescein diacetate (DCFH-DA), diluted 1:100 in serum-free
RPMI-1640, for 30 min at 37 °C in the dark. Excess probe was discarded after two
PBS washes. The fluorescence intensity, reflecting the intracellular ROS content, was
monitored and recorded with a Leica inverted fluorescence microscope (Leica,
Germany).

2.2.3. Assessment of cell senescence by B-galactosidase staining

Ins-1 cells were placed at a density of 1 million per well on coverslips in 6-well
plates. After completing the treatment sequence, the cells were flushed with PBS, then
prepared for fixation and staining with the Senescence B-Galactosidase Staining Kit
(Cell Signaling Technology), in line with the kit’s instructions. The detection of
senescent cells was indicated by a blue coloration observed through an Olympus
biological microscope (Olympus, Japan).

2.2.4. Flow cytometry analysis of cell apoptosis

Cells were seeded in 6-well plates at 1 x 10° cells/well, treated, then harvested
and washed with PBS. Transferred to 100 pL binding buffer with 5 pL. Annexin V-
FITC and 5 pL PI, incubated in the dark at RT for 15 min. Post-incubation, diluted
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with 400 uL buffer and analyzed on a Beckman Coulter flow cytometer.
2.2.5. Quantitative real-time PCR (qPCR)

RNA extraction from Ins-1 cells was performed using TRIzol reagent, followed
by cDNA synthesis with a reverse transcription kit. Quantitative PCR (qPCR) was
conducted using SYBR Green Master Mix on a real-time PCR machine, employing
gene-specific primers for P53, Bax, Bcl-2, Caspase-3, HIF-1a, and GAPDH as a
housekeeping gene. The primer sequences for the target genes were as follows: Hifla
(forward: 5'-ACCGTGCCCTACTATGTCG-3', reverse: 5'-
GCCTTGTATGGGAGCATTAACTT-3"), Casp3 (forward: 5'-
CTGGACTGCGGTATIGAGACA-3', reverse: 5-CGGGTGCGGTAGAGTAAGC-
3, BAX (forward: 5-TGAACTGGACAACAACATGGAG-3', reverse: 5'-

AGCAAAGTAGAAAAGGGCAACC-3"), BCL2 (forward: 5'-
CATGTGTGTGGAGAGCGTCAA-3, reverse: 5'-
CAGCCAGGAGAAATCAAACAGA-3"), P53 (forward: 5'-
GGAGGATTCACAGTCGGATATG-3', reverse: 5'-
TGAGAAGGGACGGAAGATGAC-3"), and GAPDH (forward: 5'-
CATGAGAAGTATGACAACAGCCT-3/, reverse: 5'-

AGTCCTTCCACGATACCAAAGT-3’). Relative mRNA expression levels were
determined using the 2044Y method, with GAPDH as the internal standard.

2.2.6. Statistical analysis

The results are expressed as mean £ SD from at least three independent
experiments (n = 3), with each experiment performed in triplicate. Multiple group
comparisons were conducted using one-way analysis of variance (ANOVA), followed
by Tukey’s post hoc test (GraphPad Prism, version 9). Statistical significance was
established at p < 0.05.

2.3. Network pharmacology analysis
2.3.1. Collection of BA targets

The chemical structure of BA, including its SMILES, InChl, and SDF formats,
was retrieved from the PubChem database (Table 1). Target prediction for BA was
performed using multiple databases, including BATMAN-TCM (probability > 80%),
SuperPred (probability > 0.7), SwissTargetPrediction (probability > 0.1), and
PharmMapper (probability > 0.7). The predicted targets were standardized using
UniProt, and duplicates were removed to obtain a final list of BA-related targets.

2.3.2. Screening of T2DM-related targets

T2DM-related targets were retrieved from multiple databases, including CTD
(score > 80), OpenTargets (score > 0.3), GeneCards (score > 60), and DrugBank, using
"T2DM" as the keyword. The retrieved targets were standardized, and duplicates were
removed to obtain a final list of T2DM-related targets. The intersection between BA-
related targets and T2DM-related targets was identified using the VennDiagram
package in R (version 4.2.1), and the overlapping targets were considered potential
therapeutic targets for BA in treating T2DM.
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Table 1. List of databases.

Databases URL

Genecards https://www.genecards.org/

Drugbank https://go.drugbank.com/

CTD http://ctdbase.org/

Open Targets https://www.opentargets.org/

SuperPred https://prediction.charite.de/
SwissTargetPrediction http://swisstargetprediction.ch/

BATMAN-TCM http://bionet.ncpsb.org.cn/batman-tcm/index.php
PubChem https:/pubchem.ncbi.nlm.nih.gov/
PharmMapper https:/lilab-ecust.cn/pharmmapper/index.html

2.3.3. Construction of compound-target-disease network

The network mapping of the compound-target-disease relationship was
facilitated by Cytoscape software (version 3.9.1). In this network, nodes stood for the
bioactive compound BA and its associated targets, while the connections (edges)
depicted the interplay between them. The Network Analyzer plugin was employed to
examine the network’s structural characteristics, and the degree centrality of each node
was determined to highlight key target molecules.

2.3.4. Protein-protein interaction (PPI) network construction and analysis

The overlapping targets were integrated into the STRING database to build a
protein-protein interaction (PPI) network. The species parameter was specified as
“Homo sapiens” and interactions were filtered using a confidence threshold of 0.7 or
higher. This network was subsequently imported into Cytoscape for in-depth
examination. Nodes without connections were eliminated, and the network’s structure
was evaluated using the Network Analyzer plugin. Critical targets were pinpointed by
assessing their degree, betweenness centrality (BC), and closeness centrality (CC)
metrics.

2.3.5. GO and KEGG pathway enrichment analysis

Used clusterProfiler in R (v4.2.1) for GO and KEGG enrichment analyses. GO
analysis included biological processes, molecular functions, and cellular components
with p < 0.05 significance. KEGG analysis adhered to the same criteria. Key results,
like top 20 GO terms and top 30 KEGG pathways, were visualized with bar charts and
bubble plots.

2.3.6. Construction of compound-target-pathway-disease network

To uncover the mechanisms behind BA’s actions, we developed a compound-
target-pathway-disease network using Cytoscape. This cohesive network assembled
critical compounds, targets, and pathways, offering a comprehensive understanding of
BA’s therapeutic approach, which is distinguished by its varied, multi-targeted, and
multi-pathway action.

2.3.7. Molecular docking

Conducted molecular docking to confirm BA-target interactions. BA’s 3D
structure from PubChem and target proteins from PDB were prepared with PyMOL
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(v2.6.0) and AutoDock Tools (v1.5.7). Docking performed with AutoDock Vina
(v1.2.3), results visualized with PyMOL and Discovery Studio. Favorable binding is
indicated by energies < —5.0 kcal/mol, strong binding by < —7.5 kcal/mol.

3. Result

3.1. Optimization of MGO-induced oxidative stress and assessment of BA
cytotoxicity

The CCK-8 assay was used to determine the effects of MGO and BA on Ins-1
cell viability. As illustrated in Figure 1A, MGO treatment resulted in a dose- and time-
dependent reduction in cell viability. At 1000 uM, MGO significantly impaired cell
viability after 12 h, with a further decline to 8.02% after 48 h of incubation. Based on
these results, 1000 pM MGO with a 12 h incubation period was selected for
subsequent experiments to model oxidative stress, as this condition effectively induced
cellular damage while maintaining a sufficient window for therapeutic intervention. In
Figure 1B, BA treatment at concentrations up to 100 uM showed no significant
cytotoxicity at 12 and 24 h, with cell viabilities of 97% and 110%, respectively.
However, prolonged exposure to 100 uM BA for 48 h reduced cell viability to 63.56%,
indicating potential toxicity at higher concentrations over extended periods. Based on
these findings, BA concentrations of <50 uM were chosen for further experiments to
ensure minimal cytotoxicity while maintaining therapeutic efficacy. These results
establish 1000 uM MGO with a 12 h incubation as an effective condition for inducing
oxidative stress and confirm that BA at <50 puM is safe for short-term treatments,
providing a reliable framework for subsequent investigations into the protective
effects of BA against MGO-induced cellular damage.
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Figure 1. Effects of MGO and BA on Ins-1 cell viability. (A) Cell viability of Ins-1 cells treated with varying
concentrations of BA (0—400 uM) for 12, 24, and 48 h, as assessed by the CCK-8 assay; (B) cell viability of Ins-1 cells
treated with varying concentrations of MGO (04000 uM) for 12, 24, and 48 h. Data are presented as percentages
relative to the untreated control group (mean = SD, n = 6).



Molecular & Cellular Biomechanics 2025, 22(5), 1881.

120~
110+
100+

90

%Cells Viability

3.2. Comparative analysis of BA treatment strategies against MGO-

induced oxidative

80
70_ ﬁ i
60

o_jll-ll-ll-_ ST Ll 1] b 1

120
110
100

90+
80+
704 |:L|
603

%Cells Viability

MG(EM) o 1000 1000 1000 1000 1000 1000
MG(uM) o 1000 1000 1000 1000 1000 1000

Ba(uM) 0

o

(A)

5 10 20 50
Ba(uM) 0 0 1 5 10 20 50

(B)

120

110+

100
90+

80

%Cells Viability

70
60 \\

o LI IS | ||-| |

MGEM) 0 1000 1000 1000 1000 1000 1000

Ba(uM) 0 0 1 5

©

Figure 2. Effects of different BA treatment strategies on MGO-induced cytotoxicity in Ins-1 cells. (A) Cell viability
following pretreatment with 1000 uM MGO for 12 h, followed by BA (0-50 uM) for an additional 12 h; (B) cell viability
following pretreatment with varying concentrations of BA (0—50 uM) for 12 h, followed by 1000 pM MGO for another
12 h; (C) cell viability following co-treatment with 1000 uM MGO and BA (0-50 uM) for 12 h.

Note: Data are presented as percentages relative to the untreated control group (mean + SD, n = 6). ¥*P <
0.05, **P < 0.01, ***P <0.001, ****P < (.0001.

To evaluate the efficacy of BA in mitigating MGO-induced cytotoxicity, Ins-1
cells were subjected to three treatment strategies: (1) pretreatment with MGO followed
by BA, (2) pretreatment with BA followed by MGO, and (3) co-treatment with MGO
and BA. In the first strategy, pretreatment with 1000 uM MGO for 12 h followed by
BA (0-50 uM) for an additional 12 h revealed that low concentrations of BA (1 uM)
had no significant therapeutic effect, while medium to high concentrations (10-50 uM)
dose-dependently restored cell viability, with S0 uM BA showing the most pronounced
recovery (Figure 2A). In the second strategy, pretreatment with BA (0-50 uM) for 12
h prior to 1000 puM MGO exposure demonstrated that 1 uM BA provided no
protection, whereas higher concentrations (10-50 pM) dose-dependently attenuated
cytotoxicity, with 50 uM BA exhibiting the strongest protective effect (Figure 2B).
The third strategy, involving co-treatment with 1000 uM MGO and BA (0-50 uM) for
12 h, showed that even low concentrations of BA (1 uM) provided some therapeutic
benefit, with increasing efficacy at higher doses (10-50 pM). The 50 uM BA group
achieved the highest cell viability, surpassing the other treatment strategies (Figure
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2C). These results highlight the dose-dependent protective effects of BA, with co-
treatment emerging as the most effective approach due to BA’s immediate antioxidant

and anti-apoptotic actions during MGO exposure.

3.3. Assessment of intracellular ROS levels in MGO-induced oxidative

stress and BA intervention
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Figure 3. Effects of BA on intracellular ROS levels and HIF-1a expression in MGO-induced oxidative stress. (A)
Representative fluorescence images of intracellular ROS levels in Ins-1 cells; (B) quantitative analysis of fluorescence

intensity, reflecting intracellular ROS levels; (C) relative mRNA expression of HIF-1a in Ins-1 cells.
Note: Data are presented as mean = SD (n = 3). *P < 0.05, **P < 0.01, ****P < (.0001.

To evaluate the effects of BA on MGO-induced oxidative stress, intracellular

ROS levels were measured using fluorescence staining and quantitative analysis.
Figure 3A illustrates the fluorescence images of ROS levels in Ins-1 cells under

different treatment conditions. The control group exhibited
indicating low basal ROS levels. In contrast, cells treated

minimal fluorescence,
with 1000 uM MGO

displayed a marked increase in fluorescence intensity, confirming the induction of
oxidative stress. Quantitative analysis of fluorescence intensity (Figure 3B) further



Molecular & Cellular Biomechanics 2025, 22(5), 1881.

supported these observations. The MGO-treated group exhibited a significant increase
in fluorescence intensity compared to the control group, indicating elevated ROS
production. While co-treatment with 10 uM BA resulted in a slight reduction in ROS
levels, this change was not statistically significant. However, treatment with 20 pM
and 50 uM BA significantly attenuated oxidative stress, with the 50 uM BA group
showing the most pronounced reduction in ROS levels. Statistical analysis revealed
significant differences between the MGO-treated group and the groups co-treated with
20 uM and 50 uM BA, highlighting the dose-dependent antioxidant effects of BA.

In addition to ROS levels, the relative mRNA expression of HIF-1a, a key
transcription factor involved in cellular responses to oxidative stress, was also assessed
(Figure 3C). The MGO-treated group exhibited a significant upregulation of HIF-1a
expression compared to the control group. Co-treatment with BA at 10 uM, 20 puM,
and 50 uM progressively reduced HIF-la expression, with the 50 uM BA group
showing the most significant reduction. These findings suggest that BA not only
mitigates ROS production but also modulates the expression of HIF-la, further
supporting its role in alleviating oxidative stress in T2DM.

4. p-galactosidase staining in MGO-induced senescence and BA
treatment

To investigate the effects of BA on MGO-induced cellular senescence, [-
galactosidase staining and P53 mRNA expression were assessed. Figure 4A presents
the representative images of -galactosidase staining in Ins-1 cells under different
treatment conditions. The control group exhibited minimal staining, indicating low
levels of cellular senescence. In contrast, cells treated with 1000 uM MGO displayed
a significant increase in P-galactosidase-positive cells, confirming the induction of
senescence. Co-treatment with BA at concentrations of 10 uM, 20 uM, and 50 pM
progressively reduced the percentage of senescent cells, as evidenced by the
decreasing intensity of blue staining. Notably, the 50 uM BA group showed the most
significant reduction, with staining levels approaching those of the control group,
suggesting a potent anti-senescence effect at higher BA concentrations. Quantitative
analysis of [-galactosidase-positive cells (Figure 4B) further supported these
observations. The MGO-treated group exhibited a significant increase in the
percentage of senescent cells compared to the control group. Co-treatment with BA at
10 puM, 20 pM, and 50 uM resulted in a dose-dependent reduction in senescent cells,
with the 50 uM BA group showing the most pronounced decrease. Statistical analysis
indicated significant differences between the MGO-treated group and the groups co-
treated with BA, underscoring the dose-dependent anti-senescence effects of BA.

In addition to pB-galactosidase staining, the relative mRNA expression of P53, a
critical regulator of cellular senescence, was assessed (Figure 4C). The MGO-treated
group showed a significant upregulation of P53 expression compared to the control
group. Co-treatment with BA at 10 uM, 20 uM, and 50 uM progressively reduced P53
expression, with the 50 uM BA group exhibiting the most significant reduction.

10
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Figure 4. Influence of BA on MGO-triggered cellular senescence via -galactosidase assay. (A) Microscopic images
showing B-galactosidase staining in Ins-1 cells; (B) measurement of the percentage of cells positive for B-galactosidase
activity relative to the total cell count; (C) mRNA expression of P53 in Ins-1 cells, with data represented as mean +

standard deviation (n = 3).
Note: Statistical significance indicated by *P < 0.05, ***P < 0.001, ****P < 0.0001.

5. Flow cytometry analysis of apoptosis

To examine the effect of BA on apoptosis triggered by MGO, both flow cytometry
and qPCR for genes linked to apoptosis were performed. Figure 5A reveals the flow
cytometry outcomes, which illustrate the variation in apoptotic cell proportions based
on the treatment applied. The control group displayed minimal levels of apoptosis,
while the MGO-treated group experienced a notable upsurge in apoptotic cells,
confirming the onset of apoptosis. Administration of BA at concentrations of 10 uM,
20 uM, and 50 puM led to a progressive decline in the apoptotic cell count, with the 50
uM BA dose yielding the most significant decrease. Statistical analysis demonstrated
a marked distinction between the MGO-only group and those also receiving BA,
emphasizing the dose-related inhibitory effect of BA on apoptosis.

11
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Figure 5. Assessment of BA’s modulation on MGO-triggered apoptosis via flow cytometry. (A and B) Flow cytometric
assessment of apoptotic populations in the Ins-1 cell culture, with apoptosis quantification achieved through Annexin
V-FITC and propidium iodide (PI) staining; (C—E) mRNA expression ratios of Bax, Bcl-2, and Caspase-3 in Ins-1 cells.

Note: Data are represented as mean + standard deviation (n = 3). Statistical significance indicated by *P

<0.05, **P <0.01, ¥***P < 0.001.

12



Molecular & Cellular Biomechanics 2025, 22(5), 1881.

LI7E

In addition to flow cytometry, the relative mRNA expression of key apoptosis-
related genes, including Bax, Bcl-2, and Caspase-3, was assessed (Figure SC-E). The
MGO-treated group exhibited a significant upregulation of pro-apoptotic genes (Bax
and Caspase-3) and downregulation of the anti-apoptotic gene (Bcl-2) compared to the
control group. Co-treatment with BA at 10 uM, 20 uM, and 50 uM progressively
modulated the expression of these genes, with the 50 uM BA group showing the most
significant changes. These results suggest that BA not only reduces apoptosis but also
modulates the expression of key apoptosis-related genes, further supporting its role in
mitigating apoptosis in T2DM.

6. Establishment of PPI network analysis

The PPI network analysis revealed 83 overlapping targets between BA and
T2DM, as shown in the Venn diagram (Figure 6C). These targets were further
analyzed to construct a compound-target-disease network (Figure 6D), which
demonstrated that BA interacts with multiple targets, including Bax, Bcl-2, Caspase-
3, and HIF-la, suggesting a multi-target mechanism of action. The STRING
interaction map (Figure 6E) and PPI network (Figure 6F) highlighted the strong
interconnectivity among the overlapping targets, with key hub proteins such as AKT1,
EGFR, IL6, IL1B, TNF, and STAT3 playing central roles. These targets are involved
in critical pathways related to oxidative stress, apoptosis, and inflammation, which are
central to T2DM pathogenesis. The degree ranking plot (Figure 6G) further confirmed
the importance of these hub targets, with AKT1 and STAT3 exhibiting the highest
connectivity. These findings suggest that BA exerts its therapeutic effects by
modulating a network of interconnected proteins, aligning with the multi-component
and multi-target approach of traditional Chinese medicine. This comprehensive
analysis provides valuable insights into the potential mechanisms underlying BA’s
protective effects against T2DM-related complications.
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Figure 6. Protein-protein interaction (PPI) network analysis. (A) BA-related targets; (B) T2DM-related targets; (C)
Venn diagram of the overlapping targets between BA and T2DM; (D) compound-target-disease network constructed
using Cytoscape, illustrating the interactions between BA, its targets, and T2DM; (E) STRING interaction map of the
overlapping targets, with edges representing protein-protein interactions (confidence score > 0.7); (F) PPI network
visualized using Cytoscape, highlighting key hub targets based on degree values; (G) bar plot ranking the core targets
by their degree values, with AKT1, EGFR, IL6, IL1B, TNF, and STAT3 identified as the most highly connected targets.

7. GO and KEGG analysis

The GO enrichment analysis revealed that the 83 overlapping targets of BA and
T2DM were significantly enriched in biological processes such as regulation of
smooth muscle cell proliferation, wound healing, and cellular response to
lipopolysaccharide (Figure 7A). In the molecular function category, targets were
enriched in nitric-oxide synthase regulator activity and nuclear receptor activity, while
cellular component analysis highlighted enrichment in serine protease inhibitor
complex and caveola. These findings suggest that BA may modulate cellular processes
related to inflammation, oxidative stress, and tissue repair, which are critical in T2DM
pathogenesis.
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Figure 7. GO and KEGG pathway enrichment analysis. (A) Bar plots showing the top 20 significantly enriched GO
terms in BP, MF, and CC categories (p < 0.05); (B) bubble plot displaying the top 30 significantly enriched KEGG
pathways (p < 0.05). (C) Sankey bubble plot illustrating the relationships between key targets, top pathways, and their
corresponding biological functions.
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The KEGG pathway analysis identified 164 significantly enriched pathways (p <
0.05), with the top 30 pathways visualized in a bubble plot (Figure 7B). Key pathways
included the AGE-RAGE signaling pathway in diabetic complications, Hepatitis B,
Lipids and atherosclerosis, and the HIF-1 signaling pathway. These pathways are
closely associated with T2DM progression, particularly in regulating oxidative stress,
inflammation, and metabolic dysfunction. The Sankey bubble plot (Figure 7C) further
elucidated the relationships between key targets (e.g., AKT1, STAT3, IL6) and their
involvement in critical pathways, demonstrating how BA may exert its therapeutic
effects through multi-target and multi-pathway mechanisms.

8. Construction of network

The compound-target-pathway-disease network (Figure 8) provides a
comprehensive visualization of the multi-target, and multi-pathway mechanisms
underlying BA’s therapeutic effects in T2DM. The network highlights the
interconnectedness of BA’s targets and their involvement in key pathways related to
oxidative stress, inflammation, and metabolic regulation. For example, AKT1 and
STAT3 are central hubs connecting multiple pathways, suggesting their critical roles
in mediating BA’s effects. The network also demonstrates that BA’s therapeutic actions
are not limited to isolated targets or pathways but involve a synergistic interplay. This
aligns with the holistic approach of traditional Chinese medicine, where BA exert their
effects through complex, interconnected mechanisms.
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Figure 8. Compound-target-pathway-disease network.

9. Molecular docking analysis

To further elucidate the molecular interactions between BA and its potential
targets, molecular docking analysis was performed. The heatmap (Figure 9A)
illustrates the binding affinities (expressed as binding energies in kcal/mol) of BA with
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various key targets involved in oxidative stress, apoptosis, and inflammation
pathways. The binding energies ranged from —7.30 to —10.54 kcal/mol, indicating
strong to very strong interactions between BA and the target proteins.

Notably, BA exhibited the highest binding affinity (most negative value) with
AKT 1, achieving a binding energy of —10.54 kcal/mol, suggesting a highly stable
interaction. Other targets also showed significant binding affinities, with energies
ranging from —7.30 to —9.87 kcal/mol, further supporting BA’s potential to modulate
multiple pathways involved in T2DM pathogenesis. These results align with the
network pharmacology findings, highlighting BA’s multi-target mechanism of action.
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Figure 9. BA’s association with essential target proteins. (A) Heatmap illustrating the docking potentials of prime
compounds versus core targets; (B—G) close-up renderings of BA’s molecular interface with individual targets: AT1-1,
Bcl-2, EGFR, IL-1B, SRC, and TNF, in sequence.

10. Discussion

The present study investigated the therapeutic potential of BA, a bioactive
flavonoid derived from Scutellaria baicalensis, in mitigating oxidative stress, cellular
senescence, and apoptosis in an MGO-induced diabetic cell model. By integrating
cellular experiments, network pharmacology, and molecular docking, we elucidated
the multi-target mechanisms underlying BA’s protective effects in T2DM. Our
findings demonstrate that BA significantly improves cell viability, reduces ROS levels,
and attenuates cellular senescence and apoptosis in Ins-1. Furthermore, network
pharmacology and molecular docking analyses revealed that BA interacts with key
targets such as HIF-1a, Bax, Bcl-2, Caspase-3, AKT1, and PIK3R1, highlighting its
multi-target therapeutic potential. This comprehensive approach not only confirmed
BA’s protective effects but also uncovered novel molecular pathways and targets,
providing a deeper understanding of its mechanisms of action.

Cellular senescence, characterized by irreversible cell cycle arrest, is a key
feature of T2DM pathogenesis [27]. Senescent B-cells lose their functional capacity
and contribute to the decline in insulin production. In this study, MGO treatment
significantly increased the percentage of senescent Ins-1 cells, as evidenced by -
galactosidase staining. BA co-treatment, particularly at higher concentrations, dose-
dependently reduced cellular senescence, with the 50 uM BA group showing the most
significant reduction. The anti-senescence effects of BA were further supported by the
downregulation of P53, a critical regulator of cellular senescence. These findings
suggest that BA not only protects B-cells from oxidative stress but also prevents
cellular senescence, thereby preserving their functional capacity. This is particularly
important in the context of T2DM, where the loss of functional B-cells contributes to
disease progression. Previous studies have shown that cellular senescence in B-cells is
regulated by pathways such as the p53/p21 and p16INK4a/Rb pathways [28], which
are activated under conditions of chronic hyperglycemia and oxidative stress. BA’s
ability to modulate these pathways, as suggested by our network pharmacology
analysis, aligns with its anti-senescence effects. For instance, studies have
demonstrated that natural compounds like resveratrol and quercetin can delay cellular
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senescence by modulating these pathways, and our findings suggest that BA may act
through similar mechanisms [29].

The programmed cell death of Ins-1 cells, a key feature of type 2 diabetes mellitus
(T2DM), is primarily triggered by oxidative stress, chronic inflammation, and
impaired mitochondrial function. Using flow cytometry, we observed that exposure to
MGO markedly elevated apoptosis in Ins-1 cells, whereas the addition of BA in
varying doses effectively curbed this process in a dose-dependent manner. Further
evidence of BA’s anti-apoptotic properties emerged through its influence on critical
genes tied to cell death, such as Bax, Bcl-2, and Caspase-3. Specifically, BA
suppressed the activity of pro-apoptotic genes (Bax and Caspase-3) while boosting the
expression of the anti-apoptotic gene Bcl-2, indicating its role in blocking the intrinsic
apoptotic pathway. These results align with earlier research highlighting BA’s
protective effects against apoptosis across diverse cell types, including neurons, heart
muscle cells, and liver cells. By safeguarding B-cell survival and functionality, BA
holds promise in supporting insulin production and glucose regulation—both essential
for T2DM management. The intrinsic apoptotic pathway, governed by the Bcl-2
protein family, remains a well-documented driver of B-cell demise in diabetes.

Oxidative stress is a central pathogenic mechanism in T2DM, contributing to -
cell dysfunction, insulin resistance, and the development of diabetic complications. In
this study, we observed that MGO-induced oxidative stress significantly increased
intracellular ROS levels in Ins-1 cells, consistent with previous reports that
hyperglycemia exacerbates ROS production through mitochondrial dysfunction and
advanced glycation end products (AGEs) formation. BA treatment, particularly at
higher concentrations (20 uM and 50 pM), effectively reduced ROS levels in a dose-
dependent manner. This antioxidant effect aligns with BA’s known ability to modulate
the Nrf2/ARE pathway, which enhances cellular antioxidant defenses. Our findings
are consistent with studies showing that BA reduces oxidative stress in various disease
models, including diabetic nephropathy and cardiovascular diseases. The reduction in
ROS levels by BA not only protects -cells from oxidative damage but also mitigates
downstream effects such as inflammation and apoptosis, which are critical in T2DM
progression. The Nrf2/ARE pathway is a key regulator of cellular antioxidant
responses, and its activation has been shown to protect f-cells from oxidative stress-
induced damage. Other studies have demonstrated that natural compounds like
sulforaphane and berberine can activate the Nrf2 pathway, leading to reduced
oxidative stress and improved B-cell function. Our results suggest that BA may act
through a similar mechanism, further supporting its potential as a therapeutic agent for
T2DM.

In addition, chronic oxidative stress not only drives cellular damage through
direct ROS-mediated cytotoxicity but also perturbs cytoskeletal dynamics, a critical
determinant of f-cell structure and function. Oxidative insults disrupt actin
polymerization and microtubule stability, leading to cytoskeletal disorganization that
impairs insulin granule trafficking, cell adhesion, and mechanosignaling. This
cytoskeletal dysfunction exacerbates -cell secretory defects and promotes apoptosis,
as cytoskeletal integrity is essential for maintaining insulin-producing capacity. Our
study demonstrates that BA mitigates oxidative stress by reducing ROS levels and
inhibiting HIF-la-mediated apoptotic pathways. Additionally, BA’s modulation of
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integrin-MAPK signaling—critical regulators of cytoskeletal dynamics—and
potential interactions with cytoskeletal proteins (e.g., actin-binding proteins) may
imply a hypothetical dual protective mechanism. By reducing oxidative stress, BA
might indirectly support cytoskeletal integrity, while direct engagement with
cytoskeletal components could potentially stabilize cellular architecture. This
combined action may contribute to restoring -cell mechanical phenotypes, thereby
enhancing insulin secretion and survival in T2DM. Although direct experimental
validation is needed, these observations suggest BA’s potential as a multi-targeted
agent addressing both redox imbalance and cytoskeletal dysfunction in diabetes.

Network pharmacology analysis identified 83 overlapping targets between BA
and T2DM, including key proteins involved in oxidative stress, apoptosis, and
inflammation pathways. The compound-target-disease network highlighted the
interconnectedness of BA’s targets, with AKT1, STAT3, and HIF-1o emerging as
central hubs. These findings align with the known roles of these proteins in T2DM
pathogenesis. For example, AKT1 is a key regulator of insulin signaling and cell
survival, while STAT3 and HIF-la are involved in inflammation and hypoxia
responses, respectively. The strong interconnectivity among these targets suggests that
BA exerts its therapeutic effects through a synergistic modulation of multiple
pathways, consistent with the holistic approach of traditional Chinese medicine. The
identification of these targets not only validates the findings from our cellular
experiments but also provides a roadmap for future research into the mechanisms of
BA and other natural compounds. Molecular docking further validated the interactions
between BA and its potential targets, with binding energies ranging from —7.30 to
—10.54 kcal/mol. Notably, BA exhibited the highest binding affinity with AKTI,
achieving a binding energy of —10.54 kcal/mol, suggesting a highly stable interaction.
Other targets, including HIF-1o, Bcl-2, and Caspase-3, also showed significant
binding affinities, further supporting BA’s potential to modulate multiple pathways
involved in T2DM pathogenesis. These results provide mechanistic insights into BA’s
multi-target action and highlight its potential as a therapeutic candidate for T2DM.
The strong binding affinities observed in the docking analysis further validate BA’s
role in modulating key pathways, supporting its development as a therapeutic
candidate. The identification of these interactions also opens up new avenues for the
development of BA derivatives or combination therapies that could enhance its
therapeutic efficacy.

The findings of this study have important implications for the development of
BA-based interventions for T2DM. By targeting multiple pathways involved in
oxidative stress, cellular senescence, and apoptosis, BA offers a comprehensive
approach to managing T2DM and its complications. The dose-dependent effects
observed in this study suggest that optimizing the dosage of BA is critical for
maximizing its therapeutic benefits while minimizing potential cytotoxicity. Future
studies should explore the pharmacokinetics and pharmacodynamics of BA in animal
models and clinical trials to further validate its efficacy and safety. Additionally, the
integration of network pharmacology and molecular docking provides a valuable
framework for identifying novel therapeutic targets and pathways, which can be
applied to other natural products and complex diseases.
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11. Conclusion

The research findings validate that BA effectively counters MGO-mediated
oxidative stress, cellular aging, and apoptosis in Ins-1 cells via a strategic, multi-
pronged intervention. The convergence of cellular studies, network pharmacology, and
molecular docking approaches has illuminated the therapeutic potential of BA in the
management of T2DM. The results propose BA as a promising multi-target therapeutic
agent for treating T2DM and associated conditions, providing a roadmap for
subsequent clinical investigation and the advancement of BA-focused therapeutic
strategies. Deciphering the molecular underpinnings of BA’s efficacy strengthens
natural product research and highlights the importance of an interdisciplinary research
paradigm in drug innovation. The acquired knowledge not only enhances our
comprehension of BA’s action but also paves the way for innovative therapeutic
approaches to combat T2DM and similar metabolic ailments.
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