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ARTICLE INFO ABSTRACT
Keywords: The dysfunction of pancreatic p-cells plays a pivotal role in the pathogenesis of type 2 diabetes
Type 2 diabetes mellitus (T2DM). Despite numerous studies demonstrating the anti-inflammatory and antioxidant
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Mitochondrial apoptosis

properties of puerarin, the protective effects of puerarin on f-cells remain poorly understood.
Hence, this study aimed to explore the effects of puerarin on p-cell dysfunction in a hyperglycemic
environment via the PINK/Parkin-mediated mitochondrial autophagy pathway. The alterations in
cell viability of MING6 cells exposed to glucose concentrations of 5 mM, 10 mM, 20 mM, and 30
mM for 24 h, 48 h, and 72 h, respectively, were assessed using the CCK-8 assay to optimize the
modeling conditions. Subsequently, cellular insulin secretion was measured using enzyme-linked
immunosorbent assay (ELISA), apoptosis rate by flow cytometry, mitochondrial membrane po-
tential alteration by JC-1, cellular ROS production by the DCFH-DA fluorescent probe, and fusion
of cellular autophagosomes and lysosomes through adenoviral infection analysis. Furthermore,
gene and protein expression levels of the PINK/Parkin-mediated mitochondrial autophagy
pathway and mitochondrial apoptosis pathway were assessed using real-time quantitative poly-
merase chain reaction (RT-qPCR) and Western blot, respectively. Results indicated a significant
decrease in MING6 cell viability following 48 h of exposure to 30 mM glucose concentration.
Puerarin intervention markedly attenuated ROS production, restored mitochondrial membrane
potential, induced PINK/Parkin-mediated mitochondrial autophagy, suppressed activation of the
mitochondrial apoptotic pathway, mitigated apoptosis, and enhanced insulin secretion in a high
glucose (HG) environment. The findings of this investigation contribute to a deeper under-
standing of the precise mechanism underlying the protective effects of puerarin on p-cells and
offer a theoretical foundation for advancing puerarin-based therapeutics aimed at ameliorating
T2DM.

1. Introduction

Type 2 diabetes mellitus (T2DM) represents a chronic condition marked by aberrant glucose metabolism and distinguished by
dysfunction of pancreatic beta cells and insulin resistance [1]. The International Diabetes Federation (IDF) projects a global rise in
diabetes prevalence to 537 million by 2030, affecting individuals aged 20 to 79, with an estimated prevalence of 11.3 % [2]. With the
escalating numbers and prevalence of diabetes, healthcare systems worldwide will confront an increasingly substantial burden. Studies
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have shown that islet dysfunction significantly contributes to hyperglycemia development in T2DM patients, and insulin resistance
becomes relevant only when islet dysfunction is present due to compensatory failure [3]. Hence, dysfunction of pancreatic f-cells
assumes a pivotal role in the pathogenesis of T2DM. p-cell injury is a critical factor contributing to pancreatic islet p-cell dysfunction.
pB-cell apoptosis, a specific manifestation of B-cell injury, indicates the extent of f-cell dysfunction. Research has validated that
inhibiting p-cell apoptosis enhances insulin secretion and mitigates glucotoxicity in T2DM mice [4].

Studies have demonstrated that elevated glucose levels can induce the accumulation of reactive oxygen species (ROS) in pancreatic
islets through various pathways such as glyceraldehyde autoxidation, protein kinase C activation, methylglyoxal formation, glyco-
sylated sorbitol metabolism, hexosamine metabolism, glucuronidation, and oxidative phosphorylation, ultimately leading to p-cell
injury [5]. Mitochondria are the primary organelles for ROS generation and are vulnerable to oxidative stress, resulting in mito-
chondrial damage [6]. Furthermore, damaged mitochondria exacerbate ROS production, elevate mitochondrial membrane perme-
ability, reduce mitochondrial membrane potential, and induce mitochondrial dysfunction [7]. Research has indicated that
mitochondrial dysfunction is intricately linked to apoptosis, with damaged mitochondria inducing apoptosis via the mitochondrial
apoptotic pathway [8]. Mitochondrial autophagy, a cellular mechanism for preserving homeostasis, selectively eliminates damaged or
malfunctioning mitochondria, thereby maintaining mitochondrial quality and quantity stabilization and reducing apoptosis [9].
PTEN-induced putative kinase 1 (PINK1) and E3 ubiquitin ligase PARK2 (Parkin) constitute classical pathways governing mito-
chondrial autophagy regulation. The inner mitochondrial membrane potential diminishes upon mitochondrial damage, accumulating
PINK1 on the outer mitochondrial membrane, activating Parkin by phosphorylating its ubiquitin-like domains [7]. Consequently,
activated Parkin promotes the ubiquitination of mitochondrial outer membrane proteins, facilitating the interaction between
sequestosome 1 (p62) and microtubule-associated protein 1 light chain 3 II (LC3 II), thereby facilitating the progression of mito-
chondrial autophagy [10]. Yelong Ji et al. demonstrated that enhancing mitochondrial autophagy via the PINK1/Parkin pathway
mitigates high glucose (HG)-induced H9C2 cell injury, suppresses cardiomyocyte apoptosis, and alleviates myocardial ischemia/r-
eperfusion (MIR) injury in T2DM [11]. Nonetheless, a dearth of studies confirms the association between HG-induced pancreatic p-cell
injury and mitochondrial autophagy regulated by the PINK1/Parkin pathway.

Puerarin, the principal active constituent of the Chinese herb Pueraria montana var. lobata (Willd.) Maesen & S.M. Almeida ex
Sanjappa & Predeep is a naturally occurring isoflavonoid [12]. Contemporary research indicates that puerarin possesses
anti-inflammatory, antioxidant, insulin-sensitizing, and hypoglycemic properties, rendering it suitable for preventing cardiovascular
disease, osteoporosis, inflammatory conditions, liver injury, and diabetes mellitus [13]. Zhipeng Li et al.’s research elucidated that
puerarin safeguards p-cells against cobalt chloride (CoCl2)-induced apoptosis and ameliorates compromised glucose-stimulated in-
sulin secretion through the modulation of the phosphoinositide 3-kinase/protein kinase B (Akt) signalling pathway [14]. This indicates
that puerarin exerts a protective effect on $-cells in hypoxic conditions. Nonetheless, there is a lack of research regarding the effects of
puerarin on f-cells in HG environments.

This study aimed to establish an in vitro model of pancreatic p-cell injury using HG concentration and investigate puerarin’s effect
on HG-induced f-cell injury. Furthermore, we investigated the interplay between PINK1/Parkin-mediated mitochondrial autophagy
and apoptosis and the potential mechanism underlying puerarin’s protective effect against HG-induced p-cell injury.

2. Materials and methods
2.1. Materials

Puerarin (MKCN0894) was purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). D-glucose anhydrous (3187023),
DMEM oligosaccharide medium (2310001), and JC-1 mitochondrial membrane potential assay kit (2310004) were purchased from
Solarbio Science & Technology Co., Ltd. (Beijing, China), Bax Rabbit mAb (14796, 1:1000), Cytochrome ¢ Rabbit mAb (11940,
1:1000), SQSTM1/p62 (23214, 1:1000), and p-actin antibody (4967, 1:1000) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-Bcl-2 antibody (ab196495, 1:1000), Anti-Caspase-3 antibody (ab79123, 1:1000), Anti-Caspase-9 antibody
(ab184786, 1:1000), Anti-LC3B antibody (ab192890, 1:2000), and Anti-Beclin-1 antibody (ab207612, 1:1000) were purchased from
Abcam (Cambridge, MA, USA). PINK1 Antibody (85h3726, 1:1000), Parkin Antibody (13v0541, 1:1000), Phospho-PINK1 (Ser228)
Antibody (77h3625, 1:1000), and Phospho-Parkin (Ser65) Antibody (17h5111, 1:1000) were purchased from Affinity Biosciences
(Cincinnati, OH, USA). The mCherry-EGFP-LC3 adenovirus (AP23110202) was purchased from Hanheng Biotechnology Co.
(Shanghai, China). The ROS detection kit (S0033S) was purchased from Beyotime Biotechnology (Shanghai, China).

2.2. Cell culture

Mouse islet p-cells (MING6 cells) were procured from the BeNa Culture Collection. Rigorous screening via RT-qPCR on July 5, 2023
confirmed the absence of mycoplasma contamination. Normal-growing cells were cultured in DMEM low-glycemic medium supple-
mented with 10 % fetal bovine serum (Gibco, Australia), 100 U/ml penicillin, 100 pg/L streptomycin, and 5 mM glucose and main-
tained in an incubator at 37 °C with 5 % carbon dioxide. The HG-induced MING cell injury model was established by culturing the cells
in a medium containing 30 mM glucose while maintaining the remaining culture conditions identical to normal-growing cells. The
subsequent experiments used cells from the 3rd to the 6th subcultures during their logarithmic growth phase.
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2.3. Drugs and treatment

Puerarin was dissolved in DMSO to achieve a concentration of 200 mM and aliquoted for storage at —80 °C. For the treatment, the
stock solution of puerarin was diluted with a complete medium at the corresponding glucose concentration as required by the
experimental conditions (the dilution was more significant than 1000-fold), ensuring that both the puerarin and medium acted on
MING cells simultaneously.

2.4. Cell viability

MING cells were seeded in 96-well plates at a density of 5000 cells per well and cultured for 24 h. After 24 h of normal growth, MIN6
cells were treated with a medium containing 5 mM, 10 mM, 20 mM, and 30 mM glucose for 24, 48, and 72 h, respectively. The old
culture medium was discarded and replaced with fresh medium. Subsequently, 10 pl of Cell Counting Kit-8 (CCK-8) reagent was added
to each well, and the cells were incubated in a 37 °C incubator, protected from light, for 3-4 h. Absorbance was then measured at 450
nm using an ELX-800 enzyme marker (BIOTEK, Winooski, VT). The effect of puerarin on the viability of normal-growing MING6 cells
was assessed by treating the cells with varying concentrations of puerarin (0, 10, 20, 40, 60, 80, 100, and 200 pM) for 48 h, followed by
the same procedure. Furthermore, an identical protocol was employed to assess the impact of hypertonicity and DMSO on the viability
of MING cells. MING6 cells were seeded into 96-well plates at a density of 5000 cells per well. Once the cells had fully adhered to the
plate, they were categorized into four groups: normal-growing MING6 cells (control), MING6 cells in a hypertonic environment, HG-
induced MING cells, and HG-induced DMSO-treated MING6 cells. Following the aforementioned experimental procedure, absorbance
measurements for cell viability were taken after 48 h.

2.5. Enzyme-linked immunosorbent assay

MING cells were seeded in 6-well plates at a density of 3 x 1075 cells per well. After complete cell attachment, the cells were divided
into normal-growing cells (control) and HG-induced MING cells. The culture supernatant was collected after treatment with puerarin
(10 pM, 20 pM, and 40 pM) for 48 h. Subsequently, centrifugation was carried out at 2000 rpm for 20 min at 4 °C to remove floating
cells from the culture supernatant, and the supernatant was carefully collected. The procedures outlined in the insulin test kit manual
(Nanjing Jiancheng Technology, Jiangsu, China) were strictly adhered to, and absorbance at 450 nm was measured using enzyme
labeling instruments.

2.6. Flow cytometry analysis

MING cells were seeded in 6-well plates at a density of 3 x 10°5 cells per well. Once the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING cells. Following 48 h of puerarin intervention, the cells were trypsinized to
detach them from the Petri dish, washed via centrifugation in pre-cooled PBS, and collected, including those in the culture supernatant,
as per the instructions of the Apoptosis Detection Kit (MultiSciences (Lianke) Biotech, Shanghai, China). Cells were then resuspended
in 500 pl of 1 x Binding Buffer working solution. 5 pl of Annexin V-FITC and 10 pl of PI were added to each tube, followed by gentle
vortexing and mixing. The mixture was subsequently shielded from light and incubated at room temperature for 5 min for flow
cytometric analysis.

2.7. JC-1 staining

MING cells were seeded in 24-well plates at a density of 4 x 10"4 cells per well. After the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING cells. Following 48 h of puerarin treatment, the procedure outlined in the
JC-1 Mitochondrial Membrane Potential Assay Kit (Beijing, China) was followed. Initially, the culture medium was discarded, followed
by the addition of the pre-configured JC-1 staining working solution. Cells were then incubated in a cell culture incubator at 37 °C for
30 min. Subsequently, cells were washed twice with 1 x JC-1 staining buffer, and a fresh culture medium was added for visualization
under a fluorescence microscope. The acquired images were analyzed using ImageJ software. For each group, nine fluorescence images
were imported. The red and green fluorescence channels were separated, appropriate thresholds were set, and the average fluores-
cence intensities of the red and green channels were analyzed. Subsequently, the ratio of these intensities was calculated.

2.8. ROS activity detection

MING cells were seeded in 24-well plates at a density of 4 x 1074 cells per well. After the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING6 cells. Following 48 h of puerarin treatment, the culture medium was
removed. Subsequently, the DCFH-DA fluorescent probe was diluted to a concentration of 10 pM in serum-free culture medium at a
ratio of 1:1000 and incubated for 20 min at 37 °C in a cell culture incubator. The cells were rinsed three times with serum-free cell
culture medium, replenished with fresh culture medium lacking phenol red, and examined under a fluorescence microscope. The
acquired images were analyzed using ImageJ software. For each group, nine fluorescence images were imported. The green fluo-
rescence channel was separated, and the total fluorescence intensity was analyzed by setting the appropriate threshold.
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Table 1
Primer sequences.
Gene Primer (5-3")
p-actin F 5-CATTGCTGACAGGATGCAGA-3'
R 5-CTGCTGGAAGGTGGACAGTGA-3'
Ins F 5-TGAAGTGGAGGACCCACAAGTG-3'
R 5-TACAATGCCACGCTTCTGCTG-3'
Bax F 5-GCAGCGGCAGTGATGGAC-3'
R 5-GCAAAGTAGAAGAGGGCAACC-3'
Bcl-2 F 5-ACCCTCCTGATTTTTCCTCCACCTA-3'
R 5-AATACATAAGGCAACCACACCATCG-3'
Cyt-c F 5-ATAGAACCAAGAAGGAGATTGACCA-3'
R 5-TACAGACACCTATCAGAATAACCCA-3'
Caspase-3 F 5-GACTTCTCTGACTATCGTCGTGCTG-3'
R 5-CGCATAAGCAACACCCACAGTAGTA-3'
Caspase 9 F 5-GGCTGTCTACGGCACAGATGGA-3'
R 5-CTGGCTCGGGGTTACTGCCAG-3'
PINK1 F 5-GCTTGCCAATCCCTTCTATG-3'
R 5-CTCTCGCTGGAGCAGTGAC-3'
Parkin F 5'-ACCATCAAGAAGACCACCAAG-3'
R 5-GTTCCACTCACAGCCACAG-3'
Beclin-1 F 5-GAGCCATTTATTGAAACTCGCCA-3'
R 5'-CCTCCCCGATCAGAGTGAA-3'
LC3II F 5-CGCTTGCAGCTCAATGCTAAC-3'
R 5-TCTCTCACTCTCGTACACTTCG-3'
p62 F 5-ATCCGCTACCTCATCCCCCAAC-3'

R 5-GCAGACCATCCGTCACCAGATTG-3'

2.9. Mito-Tracker Green and Lyso-Tracker Red co-localization analysis

MING cells were seeded in 24-well plates at a density of 4 x 10°4 cells per well. After the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING6 cells. Following 48 h of puerarin treatment, subsequent experiments were
conducted. Working solutions of Mito-Tracker Green and Lyso-Tracker Red were prepared according to the manufacturer’s in-
structions. They were diluted with a complete medium under light-avoidance conditions to achieve final concentrations of 50 nM and
100 nM, respectively. The solutions were warmed in a 37 °C water bath and allowed to equilibrate. After removing the culture me-
dium, the cells were washed with PBS and treated with the Mito-Tracker Green working solution. Subsequently, the cells were
incubated at 37 °C for 30 min. After the incubation, the Mito-Tracker Green working solution was carefully aspirated, the cells were
washed once with PBS, and then the Lyso-Tracker Red working solution was added. Incubate at 37 °C for 60 min. The culture medium
was refreshed, and the cells were observed under a fluorescence microscope. The acquired images were analyzed using ImageJ
software. For each group, nine fluorescence images were imported. The red and green fluorescence channels were separated, and their
correlation was analyzed through co-localization and quantified using Pearson’s coefficients.

2.10. mCherry-EGFP-LC3 adenovirus infection

MING cells were seeded in 24-well plates at a density of 4 x 10°4 cells per well. Once the cells had fully adhered to the substrate,
mCherry-EGFP-LC3 adenovirus infection was performed using the half-volume infection method. Specifically, all cells, including
controls, were first incubated with 250 pl of fresh complete medium. The appropriate amount of virus was then added to each well, and
infection proceeded for 4 h. Afterward, the volume was replenished to 500 pl of total culture volume. The infection was prolonged for
12 h. Subsequently, the virus-containing culture medium was aspirated and replaced with a fresh, complete culture medium, and
incubation was resumed. Following 48 h of infection, the cells were divided into normal-growing cells (control group) and HG-induced
MING cells. After 48 h of puerarin treatment, subsequent experiments were conducted. The culture fluid was aspirated and washed
once with PBS, a fresh complete culture medium was added, and observation was conducted using a fluorescence microscope.

2.11. Quantitative real-time PCR (RT-qPCR) detection

MING cells were seeded in 6-well plates at a density of 3 x 1075 cells per well. After the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING6 cells. Following 48 h of puerarin treatment, the cell cultures were discarded.
Cellular RNA was isolated using an RNA extraction kit (Tiangen Biotech, Beijing, China), and its concentration was quantified.
Subsequently, cDNA was synthesized using the M5 Sprint qPCR RT kit reagent (Mei5 Biotechnology, Beijing, China), followed by cDNA
amplification employing a 2x M5 HiPer SYBR Premix EsTaq reagent. -actin was used as an internal reference. The primer sequences
are shown in Table 1. Relative expression data were analyzed using the 2722 method.
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Fig. 1. (A) MING cells were exposed to different glucose concentrations for 24, 48, and 72 h to measure cell viability. (B) The effects of hypertonic
conditions, high glucose (HG), and DMSO on the viability of MING6 cells. (C) Western blot detection of Bax and Bcl-2 protein expression levels in
MING cells under hypertonic conditions, HG, and DMSO treatments. Uncropped gels and blots refer to Fig. S1 in supplementary material. Repre-
sentative images (left) and quantitative data (right) are presented. (D) The chemical structural formula of puerarin. (E) MING cells were treated with
different concentrations of puerarin for 48 h to measure cell viability. (F) Effect of puerarin on the viability values of MING cells under the effect of
high glucose. CCK-8 results are expressed as mean + SD (n = 6). Western blot results are expressed as mean + SD (n = 3). *P < 0.05, **P < 0.01. ns:
no significant difference.

2.12. Western blotting

MING cells were seeded in 6-well plates at a density of 3 x 10°5 cells per well. After the cells had fully adhered, they were divided
into normal-growing cells (control) and HG-induced MING6 cells. After 48 h of puerarin treatment, the cell cultures were discarded. A
lysis solution (containing 1 % PMSF and 1 % phosphatase inhibitor) was added and incubated for 10 min. The lysate was then collected
and centrifuged at 12,000 rpm for 10 min. The supernatant was carefully collected, and the protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit. Proteins were resolved via sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes (PVDF). The membranes were blocked with 1 x pro-
tein-free rapid blocking buffer for 1 h, followed by overnight incubation with primary antibodies at 4 °C, included Bax (CST, 14796),
Bcl-2 (Abcam, ab196495), Cytochrome ¢ (CST, 11940), Caspase-3 (Abcam, ab79123), Caspase-9 (Abcam, ab184786), LC3B (Abcam,
ab192890), Beclin-1 (Abcam, ab207612), SQSTM1/p62 (CST, 23214), PINK1 (Affinity, 85h3726), p-PINK1 (Affinity, 77h3625),
Parkin (Affinity, 13v0541), p-Parkin (Affinity, 77h3625), and p-actin (CST, 4967) antibodies. Afterward, the membranes were washed
with TBST and incubated with HRP-conjugated Affinipure Goat Anti-Rabbit IgG (1:5000, Sanying Biology Technology, Wuhan, China)
for 1 h. After rewashing the membrane with TBST, the protein bands were visualized using an electrochemiluminescence (ECL) kit
(Biosharp, Shanghai, China) and a ChemiDoc XRS + gel imaging system. The grayscale values of the bands were analyzed using ImageJ
software. Three protein strip images were imported for each group, and the relevant regions were boxed and analyzed to obtain the
grayscale values. Furthermore, the same experimental approach was employed to evaluate the effects of hypertonicity and DMSO on
cellular protein expression. MING6 cells were seeded in 6-well plates at a density of 3 x 10°5 cells per well. Once the cells had fully
adhered to the plate, they were categorized into four groups: normal-growing MIN6 cells (control), MIN6 cells in a hypertonic
environment, HG-induced MING cells, and HG-induced DMSO-treated MING6 cells. The impact on cell protein expression was assessed
after 48 h following the aforementioned Western blotting experimental procedure.
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Fig. 2. (A) ELISA was applied to detect insulin secretion in MING6 cells. (B) RT-qPCR was performed to detect the expression level of insulin mRNA
(Ins mRNA) in MING6 cells. (C) The apoptosis rate of MING6 cells was detected by flow cytometry. ELISA results are expressed as mean + SD (n = 6).
RT-qPCR and flow cytometry results are expressed as mean + SD (n = 3). Compared with the control group, **P < 0.01. Compared with the HG
group, ##p < 0.01.

2.13. Statistical analysis

Data analysis for each group was conducted using SPSS 21.0, and graphs were generated using GraphPad Prism 9. Results are
expressed as the mean + standard deviation (SD) of at least three independent experiments. After testing for normality, data were
analyzed by one-way analysis of variance (ANOVA) followed by pairwise comparisons using the LSD method. A P-value of <0.05 was
considered statistically significant.

3. Results
3.1. Effect of different concentrations of glucose and time on the viability values of MING6 cells

Following the exposure of MING6 cells to varying glucose concentrations (5, 10, 20, and 30 mM) for 24 h, no significant alterations in
cell viability were observed, with all groups maintaining high viability levels. However, after 48 and 72 h of treatment, a comparison
with the 5 mM glucose group revealed that 20 mM and 30 mM glucose concentrations induced a decreasing trend in cell viability.
Among these, the 30 mM glucose concentration exhibited the most pronounced decrease in cell viability (Fig. 1A). Consequently, a
glucose concentration of 30 mM for 48 h was selected as the HG injury model condition for MING6 cells.

3.2. Effects of hypertonic environment and DMSO on viability values and Bax and Bcl-2 protein expression in MING6 cells

In this study, we created an osmotic environment equivalent to 30 mM glucose concentration by supplementing with mannitol (25
mM) to investigate the influence of osmotic pressure on cellular responses [15]. Additionally, to mitigate the impact of DMSO (40 pM)
on HG-induced damage in MING6 cells, a HG + DMSO group was included as a control alongside the HG group. Initially, the impacts of
hypertonicity and DMSO on cell viability were assessed using the CCK-8 assay. Relative to the control group, the hypertonic group
exhibited no significant alteration in cell viability, whereas the HG group displayed a notable decrease in cell viability (P < 0.01).
Conversely, the HG + DMSO group showed no significant difference in cell viability compared to the HG group (Fig. 1B). Subsequently,
we investigated the impact of hypertonicity and DMSO on the apoptotic protein Bax and the anti-apoptotic protein Bcl-2 via Western
blot analysis. Relative to the control group, the hypertonic group exhibited no significant alterations in Bax and Bcl-2 protein
expression. Conversely, the HG group displayed a significant increase in Bax protein expression (P < 0.01) and a significant decrease in
Bcl-2 protein expression (P < 0.01). Notably, there were no significant changes in either Bax or Bcl-2 protein expression in the HG +
DMSO group compared to the HG group (Fig. 1C). These findings indicate that apoptosis is induced in MIN6 cells at a glucose con-
centration of 30 mM, consistent with the observations in Fig. 1B. Furthermore, these data results preclude the influence of hyper-
osmotic environments on MING6 cell damage and the impact of DMSO on puerarin administration.

3.3. Puerarin promotes HG-induced increase in MING6 cell viability values

The chemical structure of puerarin is depicted in Fig. 1D. MIN6 cells were incubated under normal culture conditions (5 mM
glucose concentration) for 48 h. Treatment with 200 pM of puerarin resulted in a significant decrease in cell viability (P < 0.01), while
no significant changes were observed with other concentrations (Fig. 1E). Following 48 h of HG incubation (Fig. 1A), the viability of
MING cells markedly decreased compared to the 5 mM glucose concentration. However, co-culture treatment with 20 and 40 pM of
puerarin under HG conditions significantly recovered cell viability (P < 0.05, P < 0.01; Fig. 1F). These findings suggest that puerarin
may protect against HG-induced damage in MING6 cells.

3.4. Puerarin promotes HG-induced insulin gene expression and insulin secretion in MING6 cells

The findings revealed a significant downregulation of insulin mRNA expression and secretion in MING6 cells following HG treatment
(P < 0.01). Conversely, intervention with puerarin (10, 20, and 40 pM) significantly improved both insulin mRNA expression and
insulin secretion (P < 0.01; Fig. 2A and B). These results suggest that puerarin can enhance insulin mRNA expression and secretion in
HG-induced MING cells.

3.5. Puerarin attenuates HG-induced apoptosis in MING6 cells

Ilustrated in Fig. 2C, treatment with HG significantly increased the apoptosis rate of MING6 cells (P < 0.01), a trend markedly
mitigated by puerarin intervention (P < 0.01). These findings suggest that puerarin can attenuate HG-induced apoptosis of MIN6 cells,
thereby exerting a protective effect.
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Fig. 3. (A) JC-1 detects mitochondrial membrane potential changes in MIN6 cells. (B) DCFH-DA fluorescent probe to detect ROS production in
MING cells. The results are expressed as mean + SD (n = 3). Compared with the control group, **P < 0.01. Compared with the HG group, *#P
< 0.01.

3.6. Puerarin attenuates HG-induced mitochondrial damage and high ROS production in MING6 cells

Apoptosis is frequently accompanied by mitochondrial damage, and a reduction in mitochondrial membrane potential (MMP)
indicates mitochondrial damage [16]. The results depicted in Fig. 3A indicate that HG treatment markedly reduced the MMP of MIN6
cells (P < 0.01), a trend reversed by puerarin intervention (P < 0.01). Additionally, mitochondria are the primary organelles for ROS
generation, and excessive ROS production can exacerbate mitochondrial damage. As depicted in Fig. 3B, HG treatment markedly
increased ROS production in MING6 cells (P < 0.01), a trend markedly alleviated by puerarin intervention (P < 0.01). These findings
suggest that puerarin mitigates HG-induced mitochondrial damage and excessive ROS production in MING6 cells.

3.7. Puerarin inhibits HG-induced activation of Bax/Bcl-2/caspase-3 signalling pathway in MING6 cells

The mitochondrial apoptotic pathway plays a crucial role in inducing apoptosis. The results depicted in Fig. 4A demonstrate that
treatment with HG significantly upregulated the mRNA expression of Bax, Cyt-c, Caspase 3, and Caspase 9 (P < 0.01) while
concurrently downregulating Bcl-2 mRNA expression (P < 0.01) in MING6 cells. Notably, these effects were efficiently attenuated by
puerarin intervention. Consistent with the mRNA findings, the results depicted in Fig. 4B reveal that HG treatment significantly
increased the protein expression levels of Bax, Cyt-c, Cleaved Caspase 3, and Cleaved Caspase 9 (P < 0.01) while concurrently
decreasing Bcl-2 protein expression (P < 0.05) in MING cells. Notably, these effects were efficiently mitigated by puerarin intervention.
These findings suggest that puerarin effectively inhibits the activation of the Bax/Bcl-2/Caspase-3 signaling pathway, thereby
attenuating apoptosis in HG-induced MING6 cells.

3.8. Puerarin promotes the fusion of mitochondria and lysosomes within HG-induced autophagosomes of MING cells

The fusion between mitochondria and lysosomes serves as an indicator of the modulation of mitochondrial autophagy function. The
degree of correlation between mitochondria and lysosomes can be assessed by calculating the fluorescence co-localization correlation
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Fig. 4. (A) RT-qPCR detection of Bax, Bcl-2, Cyt-c, Caspase 3 and Caspase 9 mRNA expression levels in MING6 cells. (B) Western blot was used to
detect the protein expression levels of Bax, Bcl-2, Cyt-c, Cleaved Caspase 3 and Cleaved Caspase 9 in MING6 cells. The representative images (above)
and quantitative data (below) are presented. Uncropped gels and blots refer to Fig. S2 in supplementary material. The results are expressed as mean
i: SD (n = 3). Compared with the control group, *P < 0.05, **P < 0.01. Compared with the HG group, *P < 0.05, **P < 0.01.
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Fig. 5. Co-localization of Mito-Tracker Green and Lyso-Tracker Red shows the level of mitochondrial and lysosomal fusion in MING cells. The results
are expressed as mean + SD (n = 3). Compared with the control group, *P < 0.05. Compared with the HG group, P < 0.05, **P < 0.01.

coefficient, specifically Pearson’s coefficient. A value approaching 1 signifies a robust linear relationship between these organelles. In
Fig. 5, it is evident that the merging of green mitochondria and red lysosomes resulted in the formation of yellow fluorescence.
Notably, HG treatment decreased the fusion extent between mitochondria and lysosomes in MING6 cells (P < 0.05), reducing yellow
fluorescence and inhibiting mitochondrial autophagy. Conversely, puerarin intervention significantly augmented the fusion of
mitochondria and lysosomes (P < 0.05, P < 0.01), increasing yellow fluorescence and enhancing mitochondrial autophagy. These
findings suggest that puerarin facilitates HG-induced fusion between mitochondria and lysosomes, thereby augmenting mitochondrial
autophagy in MING6 cells.

3.9. Puerarin promotes HG-induced fusion of autophagosomes with lysosomes in MING6 cells

To probe the alterations in LC3 protein expression within MING6 cells under an HG environment, we subjected the cells to infection
with mCherry-EGFP-LC3 adenovirus as part of this study in order to assess the suitable multiplicity of infection (MOI). It was observed
that with MOI = 30, the fluorescence intensity significantly increased compared to MOI = 10. However, at MOI = 100, while the
fluorescence intensity increased further, there was a significant decrease in cell number, indicating cytotoxicity (Fig. 6A). Hence, an
MOI of 30 was deemed appropriate. In the mCherry-EGFP-LC3 dual fluorescence labelling system, changes in EGFP (green) and
mCherry (red) fluorescence can indicate the fusion of autophagosomes and lysosomes. Compared with the control group, green
fluorescence remained unchanged, while red fluorescence diminished following HG treatment, suggesting that the fusion of auto-
phagosomes and lysosomes was impeded, resulting in decreased autophagic function. After puerarin intervention, red fluorescence
intensified, and green fluorescence diminished due to quenching in the acidic lysosomal environment, indicating that autophagosomes
fused with lysosomes, thereby enhancing autophagic function (Fig. 6B). The results demonstrated that puerarin facilitates the fusion of
autophagosomes with lysosomes induced by HG in MING6 cells.

3.10. Puerarin enhances PINK1/Parkin-mediated mitochondrial autophagy in HG-induced MING6 cells

Mitochondrial autophagy is a crucial and fundamental process for maintaining cellular homeostasis, which requires initiation
through specific mechanisms [8]. The PINK1/Parkin pathway represents the principal route of mitochondrial autophagy. Fig. 7A
revealed that HG treatment markedly reduced the mRNA expression of PINK1, Parkin, Beclin-1, and LC3II (P < 0.01) while increasing
p62 mRNA expression (P < 0.01) in MING6 cells. These effects were effectively reversed by puerarin intervention. Similarly, the
protein-level findings depicted in Fig. 7B demonstrated that HG treatment significantly decreased the expression of p-PINK1, p-Parkin,
Beclin-1, and the LC3II/LC3I ratio (P < 0.05, P < 0.01), while increasing p62 protein expression (P < 0.05, P < 0.01) in MING6 cells.
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Fig. 6. (A) Pre-experimental screening of suitable multiplicity of infection (MOI). (B) mCherry-EGFP-LC3 adenovirus infection shows fusion levels
of autophagosomes and lysosomes in MIN6 cells.

These alterations were efficiently reversed by puerarin intervention. These findings suggest that puerarin enhances HG-induced
mitochondrial autophagy mediated by the PINK1/Parkin pathway in MING6 cells, thereby exerting a protective effect.

4. Discussion

T2DM is a chronic metabolic disorder characterized by progressively elevated blood glucose levels over time [17]. B-cells are
distinctive endocrine cells. Chronic exposure to hyperglycemia often leads to a progressive decline in p-cell function, resulting in
impaired insulin action and secretion [18]. Furthermore, a potential mechanism for the progressive decrease in f-cell mass in patients
with T2DM has been identified as an increase in B-cell apoptosis [19]. Increased p-cell apoptosis and reduced B-cell numbers are
primary manifestations of pancreatic p-cell dysfunction. p-cell apoptosis impairs the insulin signaling pathway, accelerating cellular
dysfunction and decreasing insulin secretion [20]. Consequently, p-cell dysfunction is considered crucial in T2DM pathogenesis [21],
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Fig. 7. (A) RT-gPCR detection of PINK1, Parkin, Beclin-1, p62 and LC3II mRNA expression levels in MING6 cells. (B) Western blot detection of p-
PINK1, p-Parkin, Beclin-1, p62 and LC3II/LC3I protein expression levels in MING6 cells. The representative images (above) and quantitative data
(below) are presented. Uncropped gels and blots refer to Fig. S3 in supplementary material. The results are expressed as mean + SD (n = 3).
Eompared with the control group, **P < 0.01. Compared with the HG group, P < 0.05, *#P < 0.01.

and strategies aimed at protecting p-cells from injury and apoptosis are deemed beneficial. The MING6 cell line, possessing charac-
teristics of pancreatic islet p-cells and exhibiting glucose-stimulated insulin secretion, is derived from mouse pancreatic islets [22]. In
this study, we replicated the in vivo environment of pancreatic f-cells in T2DM mice by subjecting MIN6 cells to prolonged exposure to
HG levels to explore puerarin’s protective effects against pancreatic p-cell injury under HG conditions. The study findings demon-
strated that puerarin attenuated MING6 cell injury and enhanced insulin secretion in an HG environment, with its mechanism of action
being associated with PINK1/Parkin-mediated mitochondrial autophagy.

Oxidative stress represents a primary mechanism underlying pancreatic p-cell dysfunction, exacerbated by the scarcity of anti-
oxidant enzymes within these cells [23]. ROS constitute a collection of oxygen-derived reactive molecules and free radicals primarily
originating from mitochondria, serving as the principal organelle targets for ROS-mediated damage [24]. The excessive buildup of ROS
precipitates inevitable repercussions on mitochondrial respiration, augmenting mitochondrial membrane permeability and culmi-
nating in mitochondrial dysfunction and cellular demise [25]. Previous studies have demonstrated that puerarin possesses antioxidant
properties and can inhibit the onset of diseases induced by ROS [26,27]. In this investigation, we have illustrated that puerarin
markedly enhances cell viability, diminishes ROS generation, and reinstates mitochondrial membrane potential under hyperglycemic
conditions. Apoptosis is a regulated process of programmed cell death initiated by exogenous or endogenous factors and governed by a
diverse array of genes [28]. Numerous studies have demonstrated that ROS can engage with mitochondria via intrinsic pathways,
thereby orchestrating the mitochondrial apoptotic pathway to instigate apoptosis [29,30]. Within the intricate orchestration of
apoptosis, the Bcl-2 family proteins, encompassing the pro-apoptotic factor Bax and the anti-apoptotic factor Bcl-2, assume pivotal
roles [31,32]. Typically, Bax interacts with Bcl-2-related proteins, thereby preserving a relatively stable protein expression level [33].
Upon induction of the mitochondrial apoptotic pathway, the Bax protein undergoes a conformational alteration, translocating from the
cytoplasm to the outer mitochondrial membrane [34]. This phenomenon concomitates with the opening of the mitochondrial
permeability transition pore (MPTP), culminating in the depolarization of mitochondrial membrane potential and the augmentation of
mitochondrial membrane permeability [35,36]. The pro-apoptotic factor Cytochrome c (Cyt-c), initially sequestered within mito-
chondria, is released into the cytoplasm, where it complexes with apoptotic protease-activating factor-1 (Apaf-1), initiating a cascade
of events culminating in the activation of Caspase-9, which subsequently activates the downstream effector enzyme Caspase-3, ulti-
mately culminating in apoptotic cell death [37,38]. In this study, we observed that puerarin intervention significantly reduced
apoptosis of MING6 cells under HG conditions, as assessed by flow cytometry analysis. Furthermore, we conducted a comprehensive
investigation into the involvement of the mitochondrial apoptotic pathway using Western blot and RT-qPCR techniques. Data analysis
revealed activation of the mitochondrial apoptotic pathway in MIN6 cells under HG conditions, which was reversed by puerarin
treatment. Our findings indicate that puerarin mitigates ROS generation, thereby reducing apoptosis via the mitochondrial apoptotic
pathway, safeguarding p-cells against apoptotic insults, and preserving p-cell function integrity. This discovery offers a novel theo-
retical framework for utilizing puerarin in managing T2DM and associated disorders.

Autophagy is a dual-purpose cytoprotective process and a safeguarding mechanism for cellular survival, primarily achieved by
removing toxic proteins and damaged organelles [39]. Research conducted by Zummo et al. [40] has demonstrated that compromised
autophagic flux can contribute to f-cell mass reduction in individuals with T2DM. In contrast, reinstatement of autophagic function
enhances p-cell viability. Thus, maintaining normal levels of autophagy is essential for preserving intracellular homeostasis and
modulating cell function and survival. In recent years, there has been a growing emphasis on investigating the interplay between
mitochondrial autophagy and apoptosis. Numerous studies have demonstrated a close correlation between the ROS-mediated mito-
chondrial apoptotic pathway and dysfunction in mitochondrial autophagy [41,42]. Mitochondrial autophagy, a specialized form of
autophagy, selectively eliminates damaged or malfunctioning mitochondria, mitigates mitochondrial overaccumulation, and sustains
mitochondrial mass and energy metabolism [43]. PINK1/Parkin constitutes an upstream pathway governing the regulation of mito-
chondrial autophagy. Excessive ROS production induces a decline in mitochondrial membrane potential, thereby facilitating the
recruitment of PINK1 to the outer mitochondrial membrane, triggering Parkin activation and instigating mitochondrial autophagy
[44]. In this investigation, the protein levels of p-PINK1/PINK1 and p-Parkin/Parkin were notably diminished in MING6 cells exposed to
a HG environment, while p-PINK1/PINK1 and p-Parkin/Parkin levels experienced a marked increase following puerarin intervention.
These findings suggest that puerarin exerts a pronounced ameliorative effect on mitochondrial autophagy in HG-injured MING6 cells.
Furthermore, ROS-induced damage to mitochondria triggers the accumulation of p62 protein on the mitochondrial surface, facilitating
its binding to LC3 protein and promoting the formation of mitochondrial autophagosomes [45]. A study demonstrated that HG
treatment suppressed mitochondrial autophagy by reducing the LC3II/LC3I ratio and increasing p62 mRNA expression in human
gingival epithelial cells [46]. Consequently, we investigated the expression of proteins related to mitochondrial autophagy. The p62
protein functions as a junction protein in mitochondrial autophagy, facilitating the linkage of ubiquitinated substrates to LC3 proteins
and promoting the degradation of ubiquitinated proteins within autophagosomes; additionally, it serves as an indicator of autophagic
flux [47]. Its protein levels exhibited a negative correlation with the extent of mitochondrial autophagy. In the process of mito-
chondrial autophagy, damaged mitochondria are enveloped by the endoplasmic reticulum membrane to generate autophagosomes,
with the LC3 protein playing a pivotal role in their formation [45]. The LC3 protein exists in two forms: LC3 I, found in the cytoplasm,
and LC3 II, present in both the inner and outer membranes of mitochondrial autophagosomes [48]. The conversion of LC3 I to LC3 II
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Fig. 8. Schematic illustration of puerarin inhibiting mitochondrial apoptosis under high glucose (HG) by promoting PINK1/Parkin-mediated
mitochondrial autophagy.

promotes the fusion of mitochondrial autophagosomes with lysosomes [48]. Consequently, the LC3 II to LC3 I ratio is commonly
employed to evaluate the extent of mitochondrial autophagy. Beclin-1, a member of the autophagy-related protein family, interacts
with LC3 proteins to initiate mitochondrial autophagy. Additionally, caspase 3 has been implicated in inhibiting mitochondrial
autophagy and promoting apoptosis through Beclin-1 cleavage [49]. This study observed a significant down-regulation of LC3II/LC3I
and Beclin-1 mRNA and protein expression, alongside a significant up-regulation of p62 mRNA and protein expression in MING6 cells
exposed to a HG environment, a trend effectively counteracted by puerarin intervention. Moreover, the outcomes of
mCherry-EGFP-LC3 adenovirus infection provide additional evidence suggesting that puerarin enhances the fusion of autophagosomes
with autophagic lysosomes, thus promoting mitochondrial autophagy. In conclusion, our findings indicate that puerarin facilitates
PINK1/Parkin-mediated mitochondrial autophagy.

This study presents a novel theoretical framework for safeguarding pancreatic p-cells against glucotoxic damage through puerarin
intervention. Nevertheless, due to the complexity of the molecular mechanism underlying mitochondrial autophagy, characterized by
the existence of numerous different mechanisms, and our exclusive focus on the PINK1/Parkin-mediated mitochondrial autophagy
pathway, there are limitations that will be addressed in future studies. Additionally, the investigation of pancreatic islet inflammation
induced by islet macrophage infiltration is garnering attention, which may represent another pivotal factor contributing to p-cell
injury. Consequently, the subsequent experimental approach involved co-culturing MIN6 cells with macrophages to explore the po-
tential of puerarin in shielding p-cells from inflammatory factors secreted by macrophages.

5. Conclusion

The present investigation elucidated that puerarin possesses the capability to impede the activation of the mitochondrial apoptotic
pathway and mitigate apoptosis by attenuating the production of ROS while fostering PINK1/Parkin-mediated mitochondrial auto-
phagy in MING6 cells subjected to a HG environment (Fig. 8). This outcome serves to enhance our understanding of the mechanistic
actions of puerarin in ameliorating T2DM and furnishes a theoretical foundation for the prospective development of puerarin-based
pharmaceuticals aimed at improving T2DM.
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