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Background: Type 2 diabetes mellitus (T2DM) is characterized by progressive B-cell dysfunction driven in part by palmitic acid
(PA)-induced lipotoxicity. Cyanidin-3-O-glucoside (C3G) possesses antioxidant properties, but its temporal and mechanistic effects at
higher concentrations remain poorly defined.

Objective: This study aimed to investigate the continuous effects of high-concentration of C3G on PA-induced B-cell apoptosis, with
emphasis on time-dependent efficacy and underlying antioxidant mechanisms.

Methods: MING cells were treated with PA (500 pM) in the presence or absence of C3G (500 uM). Cell viability was assessed by
MTT assay, apoptosis by flow cytometry and cell death assay, oxidative stress by DCFDA and DPPH assays, and ER-stress related C/
EBP homologous protein (CHOP) and apoptotic cleaved caspase-3 expression by Western blot analysis.

Results: PA (500 uM) significantly reduced MING6 cell viability, whereas continuous exposure to C3G (500 uM) restored viability,
corresponding to a 40.9% increase (p < 0.001) compared with PA treatment alone. Flow cytometry showed that PA reduced live cells
from 78.6% to 41.0% and increased early and late apoptotic populations to 27.7% and 28.2%, respectively, whereas C3G co-treatment
reduced apoptosis to 17.7%. Consistently, cell death assays confirmed that C3G lowered apoptotic cells from 30.7% to 5.0% (p < 0.001
vs PA-treated groups) and restored viability to 93.1%, comparable to vehicle controls. Reactive oxygen species (ROS) assays,
including DCFDA and DPPH, further demonstrated that C3G reduced PA-induced ROS by 26.5% (p < 0.01 vs PA alone), consistent
with free radical-scavenging activity. Western blot analyses revealed that PA markedly upregulated CHOP and cleaved caspase-3,
which was suppressed by co-treatment with C3G, confirming the attenuation by C3G of ER stress-mediated apoptotic signaling. These
findings imply that C3G rapidly counteracts oxidative stress-induced apoptosis.

Conclusion: High-concentration C3G mitigates PA-induced oxidative stress and ER stress-associated apoptosis in B-cells, supporting
its potential as a therapeutic agent for T2DM.

Plain Language Summary: Type 2 diabetes mellitus (T2DM) is a common metabolic disorder driven by progressive B-cell
dysfunction, in which elevated free fatty acids, particularly palmitic acid (PA), induce oxidative stress-mediated apoptosis that
accelerates disease progression. Cyanidin-3-O-glucoside (C3G) has been identified as a promising agent for protecting -cells through
its antioxidant capacity. This study aimed to investigate the protective role of high-concentration C3G against PA-induced B-cell
apoptosis, focusing particularly on its efficacy in a dose- and time-dependent manner as well as the underlying antioxidant mechanism.
We found that high concentrations of C3G mitigate PA-induced B-cell apoptosis by fully neutralizing reactive oxygen species (ROS)
accumulation and downregulating ER stress-related apoptotic pathways. Altogether, our findings emphasized that high-concentration
of C3G exerted a rapid and potent protective effect against oxidative stress-induced apoptosis, thereby highlighting its translational
potential in the treatment of T2DM patients.
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Introduction

Type 2 diabetes mellitus (T2DM) is one of the most prevalent non-communicable diseases (NCDs) worldwide.'* It arises
from multifactorial factors, including genetic predisposition and environmental influences. Over the past few decades, the
global incidence of T2DM has increased two- to threefold, with a notable surge among individuals under the age of 40.°
The rise in obesity is a key contributing factor, driving insulin resistance (IR) and B-cell dysfunction.* Such pathologic
mechanisms contribute to persistent hyperglycemia and reinforce the vicious cycle of disease progression. To date,
accumulating evidence indicates a strong association between excessive adiposity and the pathogenesis of T2DM,
primarily mediated by chronic low-grade systemic inflammation driven by elevated levels of circulating saturated free
fatty acids (FFAs), particularly palmitic acid (PA).

PA (C16:0), a long-chain saturated fatty acid, is a predominant lipid implicated in metabolic disturbances underlying
T2DM.” PA activates key pro-inflammatory signaling pathways, including c-Jun N-terminal kinase (JNK) and inhibi-
tory kappa B kinase beta (IKKP), leading to serine phosphorylation of insulin receptor substrate-1 (IRS-1) and
consequent impairment of insulin receptor function.® ! Furthermore, elevated PA levels and hyperglycemia synergisti-
cally induce unfolded protein response (UPR)-mediated apoptosis by triggering endoplasmic reticulum (ER) stress,
thereby exacerbating p-cell dysfunction.'*'* Chronic exposure to high concentrations of PA also aggravates lipotoxicity
and induces B-cell apoptosis through oxidative stress, mediated by increased reactive oxygen species (ROS) production,
as demonstrated in both in vitro and in vivo models.'*'°

Cyanidin 3-O-glucoside (C3G) (Figure 1), a natural anthocyanin abundant in pigmented fruits and grains such as
berries and black rice, has attracted considerable attention for its potent anti-inflammatory and antioxidant properties.'”*'®
C3G has been shown to activate AMP-activated protein kinase (AMPK), thereby reducing inflammation in metabolic
tissues, including muscle, liver, and adipose tissue.'”* In pancreatic p-cells, low doses of C3G mitigate PA-induced
lipotoxicity by attenuating ER stress and oxidative damage, likely via upregulation of antioxidant enzymes such as
superoxide dismutase (SOD) and catalase (CAT).>*° In db/db diabetic mice, C3G improves islet morphology and
glycemic control, underscoring its potential in preserving p-cell function and preventing apoptosis.”® By contrast, other
antioxidant agents, including N-acetylcysteine (NAC) and Trolox, which were widely used as experimental positive
controls in several studies, had been reported to attenuate PA-induced oxidative stress and B-cell apoptosis; however,
their protective effects are often transient, dose-dependent, and limited by poor bioavailability or incomplete mechanistic
characterization, resulting in uncertain translational applicability.?”-*® Indeed, NAC lowered basal insulin release and
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Figure | Chemical structure of Cyanidin 3-O-glucoside (C3G).
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improved glucose-stimulated insulin secretion (GSIS) under physiological glucose, but failed to sustain benefit under
prolonged lipotoxicity.>® Furthermore, Trolox demonstrated concentration-dependent dual activity, acting as an antiox-
idant at low doses but a pro-oxidant at higher levels, with short-term efficacy only and lacking of clinical relevance.
Overall, recovery of B-cell viability with these agents was typically modest (~30-50%), reflecting their restricted
translational potential. In contrast, C3G, a naturally occurring dietary anthocyanin with demonstrated metabolic benefits
in human supplementation studies, offers greater translational plausibility for B-cell preservation strategies.>’ Although
low-dose C3G achieved comparable recovery (~40-50%) with added mechanistic benefits such as AMPK activation and

endogenous enzyme upregulation,?>

the protective efficacy of high-dose C3G during continuous PA exposure on B-cell
viability, as well as its temporal and mechanistic actions, had not been elucidated. Therefore, this study aimed to
investigate the protective effects of high-concentration C3G on PA-induced B-cell dysfunction in MING6 cells, with

a focus on temporal efficacy and underlying antioxidant mechanisms.

Materials and Methods

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM)-high glucose (HG), fetal bovine serum (FBS), trypsin-EDTA, strepto-
mycin, penicillin, ethidium homodimer-1 (EthD-1), and Hoechst 33342 were purchased from Thermo Fisher Scientific
Inc (Waltham, MA, USA). PA was received from Sigma-Aldrich Co (St. Louis, MO, USA). C3G (>97% purity) was
purchased from Biolink (Sandnes, Norway) and dissolved in dimethyl sulfoxide (DMSO; <0.1% final concentration). BD
Pharmingen™ FITC Annexin V Apoptosis Detection Kit I was obtained from BD Biosciences (Franklin Lakes, NJ,
USA). Primary antibodies against C/EBP homologous protein (CHOP; mouse), cleaved caspase-3 (rabbit), and B-actin
(rabbit), as well as horse anti-mouse and goat anti-rabbit horseradish peroxidase (HRP)-linked secondary antibodies,
were obtained from Cell Signaling Technology (Beverly, MA, USA). Skim milk and Clarity™ Western ECL substrate
were purchased from Bio-rad (Hercules, CA, USA). Six-well plates were purchased from Corning Life Sciences
(Corning, NY, USA).

PA Preparation

PA was prepared as a sodium palmitate-bovine serum albumin (BSA) conjugate following established protocols.** To
generate the conjugate, sodium palmitate was dissolved in distilled water and maintained at 70°C for approximately
30 min, or until the solution became completely transparent. In parallel, BSA was dissolved at 10% (w/v) in distilled
water and incubated at 55°C for 30 min. The hot sodium palmitate solution was then added slowly to the warmed BSA
solution. The resulting PA-BSA complex stock contained 10 mM PA with ~1.5 mM BSA, corresponding to a ~6:1 molar
ratio of PA:BSA. For experimental treatments, the PA-BSA stock was diluted in serum-free DMEM-HG to the desired
final concentrations. In the vehicle group, the cells were treated with the equivalent concentration of BSA.

Cell Culture

MING cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). Ethics approval was
not required as the study used established cell lines and did not involve human participants or live animals. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium, High Glucose (DMEM-HG), supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. The cells were maintained in a humidified incubator at 37°C
in an atmosphere of 95% air and 5% CO,. Cells at passages 17 to 23 were used for experiments once they reached
80-90% confluence and were subsequently trypsinized for subculture.

Cell Viability Assay

MING cell viability was evaluated using the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bromide (MTT)
assay. MTT was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). In brief, cells were seeded in 96-well plates
at a density of 1x10° cells/well and cultured until reaching approximately 70% confluence. The cells were then treated
with serum-free medium containing BSA (75 uM) and DMSO (final concentration <0.1%) as vehicle, PA (500 uM), or
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PA combined with various concentrations of C3G (10, 20, 50, 100, 200, and 500 uM) for 24 hours. After treatment, the
medium was replaced with MTT working solution (stock 5 mg/mL) diluted to a final concentration of 0.5 mg/mL in
serum-free DMEM-HG. Cells were incubated for 4 hours at 37°C in the dark to allow viable cells to reduce MTT to
formazan. The solution was then removed, and 100 uL of DMSO was added to each well to dissolve the formazan
crystals and terminate the reaction. Cell viability was determined by measuring absorbance at 573 nm using
a spectrophotometer.

Flow Cytometry

A total of 1 x 10° MING cells per well were plated in 6-well plates and cultured until 70% confluence was achieved. Cells
were then treated with vehicle (BSA and DMSO), PA (500 uM), C3G (500 pM) or PA combined with C3G for 24 hours.
After treatment, cells were harvested, washed with cold PBS, and resuspended in Annexin V binding buffer. Annexin
V-FITC (5 pL) and PI (5 pL) were added to the cell suspension and incubated for 5 minutes at room temperature in the
dark. Apoptotic cells were analyzed using a flow cytometer (BD Accuri™ C6 Plus Flow Cytometer). Cells stained with
Annexin V-FITC alone (Annexin V'/PI") were classified as early apoptotic, while cells stained with both Annexin
V-FITC and PI (Annexin V'/PI") were considered late apoptotic. Cells detected as Annexin V-/PI- were labeled as
normal live cells, while cells highlighted with PI alone (Annexin V-/PI+) were indicated as dead cells.

Cell Death Assay

MING cells were plated in black 96-well plates at a density of 1x10° cells per well and cultured until reaching
approximately 70% confluence. The cells were then exposed to PA (500 puM) or PA combined with cyanidin-
3-O-glucoside (500 uM) for 24 hours, followed by co-staining with Hoechst 33342 (10 pug/mL) and Ethidium homo-
dimer-1 (EthD-1, 2 puM) for 10 minutes. Cells labeled only with Hoechst 33342 were classified as viable. Early apoptotic
cells exhibited nuclear condensation with intact plasma membranes, resulting in increased Hoechst fluorescence. Late
apoptotic cells were identified by dual staining with Hoechst 33342 and EthD-1, whereas necrotic cells were detected by
only EthD-1 staining.

DCFDA Assay

To quantify intracellular ROS levels, the dichlorofluorescin diacetate (DCFDA) assay was performed as described
previously.* Briefly, MING6 cells were seeded at a density of 1x10° cells per well in 96-well plates and cultured for
24 hours. Cells were then treated with PA (500 uM), with or without C3G (500 uM), for an additional 24 hours.
Following treatment, cells were incubated with 25 uM DCFDA at 37°C for 45 minutes. After incubation, cells were
washed once with phosphate-buffered saline (PBS) and stained with Hoechst 33342 (1:1000) for 5 minutes at 37°C.
Fluorescence intensity was measured using a BioTek Synergy Neo2 Hybrid Multi-Mode Reader, and representative
images were captured using a confocal fluorescence microscope.

DPPH Assay

The antioxidant activity of C3G was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay.
DPPH was obtained from Sigma-Aldrich Co. (St. Louis, Missouri, USA). In short, a 0.2 mM DPPH solution was
prepared in ethanol and protected from light to maintain stability. Various concentrations of C3G, along with Trolox
(used as a positive control), were mixed with an equal volume of DPPH solution in a 96-well microplate. The reaction
mixtures were incubated at room temperature (25°C) in the dark for 30 minutes to prevent photodegradation. After
incubation, the absorbance was measured at 517 nm using a Synergy™ Neo2 Multi-Mode Microplate Reader (BioTek
Instruments, Winooski, VT, USA) for calculation of radical scavenging activity.

Western Blot Analysis

MING cells were seeded in 6-well plates at 1 x 10° cells per well and cultured to ~70% confluence before exposure to
500 uM PA, with or without 500 pM C3G, for 24 hours. After treatment, cells were lysed in RIPA buffer, and protein
extracts were obtained by centrifugation at 12,000 rpm for 30 minutes at 4°C. Equal amounts of protein were separated
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on 10% SDS-PAGE gels at 80 V and transferred to nitrocellulose membranes at 220 mA. Membranes were blocked with
10% skim milk for 1 hour, then incubated overnight at 4°C with primary antibodies against cleaved caspase-3, CHOP,
and P-actin (1:500). Following TBST washes, membranes were incubated for 1 hour at room temperature with
HRP-conjugated goat anti-rabbit IgG. Protein bands were visualized using Clarity™ Western ECL substrate and
quantified with ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistics

Data were presented as means + standard error of the mean (S.E.M.). Statistical comparisons between groups were
performed using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. All statistical analyses were
conducted using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). A p-value of <0.05 was
considered statistically significant.

Results
Effect of PA on the Viability of MIN6 Pancreatic 3-Cells

Since elevated serum free fatty acids, particularly PA, have been associated with insulin resistance,® we first investigated
the effect of PA on B-cell viability using the MING cell line in vitro. Cells were treated with various concentrations of PA
(50, 100, 500, and 1000 uM) in a dose-dependent manner for 24 hours. Subsequently, cell viability was assessed using
the MTT assay. The results showed that PA treatment resulted in a dose-dependent decrease in B-cell viability, with
approximately a 56.4% reduction at 50 pM (56.4 £ 5.9, ***p < 0.001) and the greatest cytotoxic effect observed at
500 uM (37.0 £ 5.9, ***p < 0.001) (Figure 2). Notably, PA concentrations between 50 and 150 uM are considered to
approximate the physiological range of circulating free fatty acids in humans,” whereas higher concentrations (=500 uM)
reflect pathological conditions and produced a plateau effect, with maximal cytotoxicity reached at 500 uM and no
further significant increase at 1000 uM. These results support the role of PA as a lipotoxic compound that impairs

pancreatic B-cell viability in a concentration-dependent manner.
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Figure 2 Effect of palmitic acid (PA) on B-cell viability. Dose-dependent effect of PA on MIN6 cell viability. Cell viability was assessed by MTT assay and quantified by
measuring absorbance at 573 nm. Data were presented as means + S.E.M. (n = 6, representing six independent cell preparations; each condition measured in duplicate). ***p
< 0.001, PA-treated groups compared with the vehicle group; “p < 0.05, PA (50 uM) group compared with the PA (500 uM) group.
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Effect of C3G Against PA on the Viability of MIN6é Pancreatic B-Cells

C3G is well-known for its antioxidant activity.”® To determine whether C3G can counteract the reduction in B-cell
viability induced by PA, MING cells were treated for 24 hours with either 500 uM PA alone or co-treated with 500 pM
PA and increasing concentrations of C3G (10, 20, 50, 100, 200, and 500 uM) (Figure 3A). As shown in Figure 3B,
500 uM PA significantly reduced B-cell viability (37.6 = 4.6 of 500 uM PA vs vehicle, ***p < 0.001) whereas C3G
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Figure 3 Cyanidin 3-O-glucoside (C3G) enhances MIN6 cell viability under palmitic acid (PA)-induced stress. (A) Schematic illustration of the protocol: MIN6 cells were co-
treated with 500 pM PA and varying concentrations of C3G (10, 20, 50, 100, 200, or 500 pM) for 24 hours. Cell viability was assessed by measuring absorbance at 573 nm.
#¥p < 0,001, PA-treated group compared to the vehicle group; ##p < 0.001 vs PA alone (for C3G 100, 200, and 500 uM) and vs C3G 200 uM group (for C3G 500 pM).
Data are presented as mean * S.E.M. (n = 6, representing six independent cell preparations; each condition measured in duplicate). (B) Dose-dependent effect of C3G on
MING cell viability. MING6 cells were treated with increasing concentrations of C3G for 24 hours. Cell viability was measured using absorbance at 573 nm. **p < 0.01; **p <
0.001, compared to the vehicle group. Data are presented as mean * S.E.M. (n = 3, representing three independent cell preparations; each condition measured in duplicate).
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enhanced B-cell viability in a concentration-dependent manner, with 500 pM C3G fully restoring viability compared with
PA alone (113.3 + 4.6 of 500 uM PA vs 500 uM PA + 500 pM C3G, *p < 0.001). In addition, C3G alone, at
concentrations ranging from 10 to 500 uM, did not reduce B-cell viability after 24 hours of treatment (Figure 3B). These
findings indicate that C3G effectively mitigates PA-induced cytotoxicity in pancreatic B-cells in a dose-dependent
manner.

Role of High-Concentration C3G as a Cytoprotective Compound Against PA-Induced
B-Cell Apoptosis

To evaluate whether high concentrations of C3G can protect against PA-induced cytotoxicity, MIN6 cells were co-
treated with 500 uM PA and 500 pM C3G for 24 hours and analyzed by flow cytometry using Annexin V/PI staining.
As a reference, PA treatment alone significantly decreased p-cell viability by reducing the proportion of live cells from
78.6% to 41.0%, while increasing early apoptotic cells from 17.9% to 27.7% and late apoptotic cells from 3.3% to
28.2% (Figure 4A—C). These findings indicate that the reduction in B-cell viability upon PA exposure is attributable to
apoptosis. Interestingly, co-treatment with C3G at high concentration markedly reduced the proportion of PA-induced
dying cells, including both early and late stages of apoptosis, from 59.4% to 17.7%. In contrast, treatment with C3G
alone had no significant effect, as the proportions of viable and apoptotic cells remained ~80% and ~20%, respectively.
Necrotic cells remained minor across all groups (~0.1-1.6%), and the exposure to C3G alone did not increase necrosis.
In accordance with the flow cytometry findings, a cell death assay was conducted to validate the protective effect of
high concentrations of C3G against PA-induced cytotoxicity. MING6 cells were co-treated with PA (500 uM) and C3G
(500 uM) for 24 hours, and viable and apoptotic cells were quantified by EthD-1/Hoechst co-staining. PA exposure
reduced B-cell viability from 86.0% to 67.7%, with early apoptotic cells increasing from 5.0 to 9.0% and late apoptotic
cells from 7.3% to 21.6%. Co-treatment with C3G significantly attenuated apoptosis, lowering the combined apoptotic
population from 30.7% to 5.0%, while restoring viable cells to 93.1%, comparable to vehicle levels (Figure 5A and B).
Collectively, these results demonstrate that C3G attenuates PA-induced B-cell apoptosis without exerting cytotoxic
effects on its own.

Continuous Presence of High-Concentration C3G is Required to Protect 3-Cells from
PA-Induced Cytotoxicity

To clarify the mechanism by which C3G mitigates PA-induced cytotoxicity, we aimed to determine if its protective effect
results from pretreatment alone or necessitates its presence during PA exposure. MIN6 cells were divided into two
experimental groups for cell viability assays: cells pretreated with C3G (500 pM) for 24 hours followed by PA (500 pM)
alone and cells pretreated with C3G and then co-treated with PA and C3G for an additional 24 hours. Interestingly, C3G
pretreatment without continued exposure failed to confer protection (Figure 6A), whereas co-treatment with PA and C3G
significantly improved B-cell viability at all concentrations (Figure 6B). These findings indicate that the protective effect
of high-dose C3G against PA-induced cytotoxicity depends on its continued presence during the lipotoxic challenge,
suggesting that C3G may exert an acute protective effect against PA-induced cytotoxicity.

Assessment of the Antioxidant Effect of High-Concentration C3G Against PA-Induced

Intracellular ROS Elevation

ROS play a pivotal role in inducing cell apoptosis. Previous studies have demonstrated that PA treatment increases ROS
production in p-cells, contributing to oxidative stress and ultimately leading to cell death.***® To investigate whether
high concentrations of C3G can counteract PA-induced ROS generation, MIN6 cells were treated with PA (500 uM)
alone or co-treated with PA (500 uM) and C3G (500 uM) for 24 hours. Intracellular ROS levels were then assessed using
the DCFDA assay. As shown in Figure 7A and B, PA increased intracellular ROS to 128.7 + 7.4, p < 0.01, whereas
co-treatment with C3G reduced ROS to 102.2 = 7.4, p < 0.01. These results suggested that C3G exhibits antioxidant
activity by reducing intracellular ROS levels, thereby protecting B-cells from PA-induced oxidative stress.
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Figure 4 Protective effect of Cyanidin 3-O-glucoside (C3G) against palmitic acid (PA)-induced apoptosis in MIN6 cells. (A) Representative flow cytometry plots illustrate
the effects of 500 pM C3G on MING cell survival under 500 uM PA treatment. The lower left quadrant (Annexin V—/Pl-) indicates viable cells, while the upper left quadrant
(Annexin V-/PI+) represents necrotic cells. Early apoptotic cells are shown in the lower right quadrant (Annexin V+/PIl-), and late apoptotic cells in the upper right quadrant
(Annexin V+/PI+). Data are representative of four independent experiments. (B and C) Quantitative analysis of flow cytometry data for assessing the percentage of viable
and apoptotic cells. Bar graphs show the distribution of live (Annexin V—/Pl-) and apoptotic (Annexin V+/Pl+ and Annexin V+/Pl-) cell populations under each treatment
condition. ¥*p < 0.001 vs vehicle; *#p < 0.001 vs PA (500 pM) alone. Data are presented as mean * S.E.M. (n = 4, representing four independent cell preparations).
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condition measured in duplicate). (B) Co-treatment condition of C3G enhances MING cell viability in a dose-dependent manner during PA exposure. Lower inset showed
cells pretreated with vary concentration of C3G and subsequently co-treated with PA under the same C3G concentrations. Cell viability was quantified by measuring
absorbance at 573 nm. ¥**p < 0.001, PA-treated group (500 pM) compared to the vehicle group; #p<0.05 compared to PA-treated group (for PA + C3G 50 uM); mp <
0.001 compared to PA-treated group (for PA + C3G at 100, 200, and 500 uM), and between PA + C3G 500 uM and PA + C3G 200 pM groups. Values are expressed as mean
+ S.EM (n = 4, representing four independent cell preparations; each condition measured in duplicate).
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Figure 7 Antioxidant potential of Cyanidin 3-O-glucoside (C3G) against palmitic acid (PA)-mediated reactive oxygen species (ROS) generation. (A) Representative
fluorescence images of intracellular ROS generation in MING6 cells. Green fluorescence indicates ROS levels in vehicle, PA-treated, and PA plus C3G-treated groups. Imaging
was performed with excitation and emission wavelengths of 485 nm and 535 nm, respectively. (B) Quantified fluorescence intensity is presented as a bar graph, representing
ROS levels as a percentage of vehicle. **p < 0.01, PA-treated group compared to vehicle; ##p < 0.01, PA-treated group compared to PA + C3G 500 pM. Data are expressed
as mean * S.E.M (n = 5, representing five independent cell preparations; each condition measured in duplicate).

Evaluation of the Antioxidant Capacity of C3G via Its Radical Scavenging Activity

Given that C3G exhibits antioxidative properties, particularly when co-administered during lipotoxic stress, it is plausible
that C3G may reduce intracellular ROS accumulation through direct radical scavenging. To test this hypothesis, a DPPH
assay was conducted to assess the free radical scavenging activity of C3G, as illustrated in Figure 8A. The results showed
that C3G exhibited dose-dependent DPPH radical scavenging activity, with increasing concentrations yielding higher
activity compared to the positive control, Trolox (Figure 8B). Importantly, C3G demonstrated maximal free radical-
scavenging activity at 500 uM, reaching approximately 90% (90 + 3.8, ns, compared to the corresponding Trolox-treated
group). These findings suggest that C3G attenuates ROS accumulation, at least in part, through direct radical

neutralization.

Antioxidant Effect of High-Concentration C3G Protects -Cells from PA-Induced
Apoptosis via ER Stress Pathway

PA is known to induce p-cell apoptosis through excessive ROS accumulation and ER stress.”’ To investigate whether
C3G could directly neutralize PA-induced ROS and thereby suppress ER stress-mediated apoptotic signaling, Western
blot analysis was performed. MING6 cells were treated with PA (500 uM) in the presence or absence of high-dose C3G
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Figure 8 Antioxidant mechanism of Cyanidin 3-O-glucoside (C3G) in protecting against reactive oxygen species (ROS) generation. (A) lllustrated image shows the method
used to assess the free radical scavenging activity of C3G via the DPPH assay. The reduction of the purple DPPH solution to yellow reflects antioxidant activity, which was
quantified by measuring absorbance at 517 nm. (B) The antioxidant activity of C3G was evaluated in a dose-dependent manner at concentrations of 50, 100, 200, and
500 pM, and compared to Trolox at equivalent concentrations as a positive control. *p < 0.05; ***p < 0.001; ns, not statistically significant compared to the corresponding
Trolox-treated group. The vehicle group, in the absence of C3G, represented the baseline data. Data are presented as mean * S.E.M (n = 4, representing four independent

cell preparations; each condition measured in duplicate).

(500 uM) for 24 hours. Protein extracts were collected to evaluate CHOP and cleaved caspase-3 expression as markers of
ER stress and apoptosis, respectively. The results demonstrated that PA markedly increased CHOP and cleaved caspase-3
expression by 1.86-fold (186.3 + 18.9; **p < 0.01 vs vehicle) and 1.81-fold (181.1 = 25.5; **p < 0.01 vs vehicle),
respectively. In contrast, co-treatment with C3G significantly downregulated both markers (CHOP: 105.6 = 18.9; cleaved
caspase-3: 106.6 + 25.5; "p < 0.01 vs PA (500 uM) alone) (Figure 9A and B). These findings indicate that C3G exerts
potent antioxidant activity by directly scavenging PA-induced ROS, thereby suppressing the downstream ER stress-
dependent apoptotic pathway (Figure 10).

Discussion
T2DM is a chronic metabolic disorder characterized by low-grade inflammation, with obesity-related elevations in
circulating free fatty acids, particularly PA, driving cytokine production, oxidative stress, and B-cell dysfunction.*® !
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Figure 9 Effect of Cyanidin 3-O-glucoside (C3G) on palmitic acid (PA)-induced endoplasmic reticulum (ER) stress and apoptosis in MIN6 cells. Western blot analysis was
performed to assess C/EBP homologous protein (CHOP) and cleaved caspase-3 expression as markers of ER stress and apoptotic signaling. MIN6 cells were treated with PA
(500 pM) with or without C3G (500 uM) for 24 hours, and protein extracts were analyzed. (A) Representative immunoblots showing CHOP and cleaved caspase-3
expression across five independent experiments (n = 5). Bands illustrate vehicle, PA (500 uM)-treated, and PA plus C3G (500 uM)-treated groups. (B) Quantitative analysis
of CHOP and cleaved caspase-3 expression normalized to B-actin. Data are presented as percentages relative to the vehicle group (mean * S.E.M,, n = 5 representing five
independent cell preparations). Statistical analysis was performed using one-way ANOVA; *p < 0.01 vs vehicle; *p < 0.01 vs PA (500 pM) alone.

Cyanidin-3-O-glucoside (C3G), a natural anthocyanidin with antioxidant activity, has been reported to protect B-cells,
although its mechanisms under pre-oxidative conditions and at higher treatment levels remain undefined. Our study
demonstrated that C3G dose-dependently protects MIN6 pancreatic B-cells from PA-induced cytotoxicity and apoptosis,
with a prominent effect at high concentrations, observed only during co-exposure with PA. Mechanistic insights revealed
that C3G reduces intracellular ROS through acute radical scavenging, highlighting its potential as a direct antioxidant
therapeutic candidate against T2DM.

The MING6 cell line, derived from murine insulinoma, is widely used to study pancreatic p-cell physiology and
pathology because it retains glucose-stimulated insulin secretion and sustained insulin expression in early passages.****
With high proliferative capacity and ease of culture, MING6 provides a reliable model for investigating B-cell dysfunction
induced by saturated fatty acids such as PA.***> PA, a major circulating free fatty acid, is implicated in inflammation and
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Figure 10 Schematic illustration of Cyanidin 3-O-glucoside (C3G) in protecting against intracellular reactive oxygen species (ROS)-induced apoptosis in MIN6 cells.

B-cell toxicity in T2DM.>** In our study, PA exposure markedly reduced MING6 viability by promoting apoptosis
through intracellular ROS generation, consistent with previous reports that PA-induced oxidative stress drives B-cell
death and T2DM progression.’®*! This mechanism likely involves ROS accumulation, oxidative damage, and impaired
ATP production,*” while chronic PA exposure further downregulated antioxidant enzymes including catalase (CAT) and
superoxide dismutase (SOD), thereby amplifying oxidative stress, apoptosis, and progressive B-cell failure.”* %
Interestingly, in our experiments, PA at 50 uM decreased cell viability (Figure 2), suggesting heightened B-cell sensitivity
to saturated fatty acids. This may reflect differences between human and in vitro conditions. In humans, circulating PA
(~50-150 pM) is >99% bound to serum albumin, leaving only a nanomolar free fraction available to cells.*® While
albumin buffering prevents lipotoxicity in humans, serum-free culture exposes -cells to disproportionately high levels of
unbound PA. Thus, even physiological concentrations can induce cytotoxicity in vitro. Moreover, 500 pM PA produced
the maximal reduction in B-cell viability, and increasing to 1000 pM did not cause further significant cell death. This
plateau effect has been reported previously and is attributed to solubility limits of PA in culture medium and saturation of
apoptotic pathways.*’

Cyanidin-3-O-glucoside (C3G), a dietary anthocyanin, is recognized for its cytoprotective effects in pancreatic
B-cells; however, the onset and mechanistic basis of its action remain unclear, particularly under intensified lipotoxic
conditions. Previous studies in INS-1 cells reported that low concentrations of C3G (<50 pM) improved viability and
reduced apoptosis induced by hydrogen peroxide or PA, with protection rates of ~30-40%.>® These effects appear linked
to activation of endogenous antioxidant pathways, including Nrf2-mediated transcription of heme oxygenase-1 (HO-1),
mitochondrial stabilization, and regulation of cytoplasmic redox balance, triggered when excessive ROS disrupt cellular
homeostasis.>>>' Consistent with these findings, our study confirmed that low-dose C3G improved MIN6 cell viability
under PA exposure, but was insufficient to fully counteract apoptosis.

In contrast, the present study extends prior observations by systematically examining a substantially higher concen-
tration of C3G (500 puM), which provided stronger protection (~80% recovery of viability) during concurrent PA
exposure. This protective effect was observed specifically under continuous co-treatment conditions and was associated
with significant reduction of intracellular ROS, consistent with a rapid antioxidant action. Moreover, our data refine the
understanding of its dose- and time-dependent effects, suggesting that high-dose C3G may confer protection primarily
during acute oxidative stress conditions. These temporal findings offer additional insight beyond prior studies that
focused primarily on pre-treatment paradigms or pathway modulation at lower C3G concentrations. Although high-dose
C3G could interfere with MTT assay readings, as anthocyanins are pigmented antioxidants, our control experiment with
C3G alone (Figure 3B) showed only a minor artificial increase in signal. At 500 pM, C3G did not induce cytotoxicity,
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suggesting minimal assay interference. In addition, the marked reduction of intracellular ROS observed in DCFDA
assays (Figure 7B) and the ~80-100% cytoprotective effect confirmed by flow cytometry and cell death assay
(Figures 4B and 5B) support that C3G provided genuine intracellular protection rather than a colorimetric artifact.
Although we did not include a positive control for apoptosis (eg, staurosporine), such a reference could further validate
the dynamic range of the Annexin V assay. Future studies incorporating a standard apoptotic inducer would strengthen
assay standardization and enhance the robustness of the observed protective effects. Altogether, these results suggest that
low-dose C3G primarily engages endogenous defense mechanisms under moderate stress, whereas high-dose C3G also
functions as a potent antioxidant, offering immediate cytoprotection during intense lipotoxic challenge. The relative
contributions of these pathways remain uncertain and require systematic evaluation across dose ranges, exposure timings,
and different B-cell models.

Our findings indicate that the protective effect of high-dose C3G was only observed during continuous co-exposure
with PA, suggesting that sustained presence of the compound is required for efficacy. While the feasibility of 500 pM
C3G in vivo and potential off-target effects remain uncertain, our data showed that even at this high dose, C3G did not
induce cytotoxicity (Figure 3B), supporting a relatively wide therapeutic window compared with other polyphenols that
exhibit cytostatic effects at high concentrations.>® The requirement for continuous presence is consistent with the highly
reactive and acute nature of ROS, which can overwhelm endogenous defenses if not persistently neutralized.”® The
significant reduction of intracellular ROS observed in our DCFDA assays further indicates that C3G acted within cells
rather than solely in the extracellular medium (Figure 7B), supporting a genuine biological mechanism. The loss of
protection upon pre-treatment alone suggests that efficacy may be primarily attributable to acute antioxidant scavenging.
Nevertheless, in addition to non-enzymatic antioxidant activity, it remains possible that high-dose C3G exerts its effects
through modulation of endogenous antioxidant pathways or a combination of both. Because the present study did not
directly evaluate endogenous antioxidant signaling (eg, Nrf2 activation, SOD or catalase expression), the relative
contributions of direct ROS scavenging versus activation of intracellular antioxidant systems cannot be determined
and warrant systematic investigation in future studies.

Translating this observation to an in vivo context raises the possibility that frequent dosing or sustained-release
formulations may be necessary to maintain effective concentrations within pancreatic tissue. It remains uncertain whether
high-dose C3G can reach pancreatic islets in sufficient amounts to prevent apoptosis under chronic lipotoxic conditions.
Addressing this will require validation in primary human islets and in diabetic mouse models, where bioavailability,
pharmacokinetics, and long-term efficacy can be systematically assessed. Such studies will be essential to determine
whether C3G can preserve B-cell function and glucose homeostasis in more complex physiological settings, thereby
bridging the gap between in vitro findings and therapeutic application.

Conclusion

In summary, this study provides novel evidence that high-level C3G acts as a potent intracellular free radical scavenger,
effectively neutralizing excessive ROS accumulation and offering robust protection against PA-induced oxidative stress
in B-cells. These findings highlight the therapeutic potential of C3G as a highly efficacious, low-toxicity antioxidant
candidate for mitigating B-cell dysfunction in the context of T2DM.
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