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Mulberroside A attenuates H,O,-induced oxidative
stress and barrier dysfunction in Caco-2 cells through
Nrf2/HO-1-associated antioxidant signaling
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Abstract. Within the present study, the aim was to investi-
gate the impact of mulberroside A on hydrogen peroxide
(H,0,)-induced oxidative stress and intestinal epithelial
barrier dysfunction, as well as explore the involvement of
nuclear factor erythroid 2-related factor 2 (Nrf2)-associated
antioxidant signaling. Caco-2 cells were exposed to H,0O, to
establish an in vitro oxidative stress model. Cell viability,
intracellular reactive oxygen species, lipid peroxidation,
antioxidant enzyme activity, transepithelial electrical resis-
tance and tight junction protein expression were assessed.
Nrf2/heme oxygenase-1 (HO-1) pathway activation was
evaluated using western blotting analysis and Nrf2 knock-
down was used to examine pathway involvement. Results
indicated that mulberroside A reduced oxidative stress levels,
improved epithelial barrier function, promoted Nrf2 nuclear
translocation and increased both HO-1 and NADPH quinone
dehydrogenase 1 expression. These effects were attenuated
following Nrf2 silencing. Overall, mulberroside A allevi-
ated oxidative injury-associated intestinal epithelial barrier
dysfunction in Caco-2 cells, supporting its potential relevance
in oxidative stress-associated intestinal disorders.

Introduction

As a key component in maintaining gut homeostasis, the
intestinal epithelial barrier permits selective nutrient uptake
while preventing the infiltration of luminal pathogens, toxins
and antigens. The functional integrity of this barrier relies
on epithelial cell viability, the proper organization of tight
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junction proteins and the maintenance of intracellular redox
balance. Epidemiological evidence indicates that inflamma-
tory bowel disease affects ~4.9 million individuals globally,
with a steadily increasing incidence and prevalence over
recent decades across both high-income and newly industrial-
ized regions (1,2). Disruption of epithelial barrier integrity is
widely recognized as a key pathological feature in numerous
gastrointestinal disorders, including inflammatory bowel
disease and oxidative stress-associated mucosal injury (3,4).
Among the pathogenic mechanisms involved, oxidative stress
serves as a key contributor to epithelial dysfunction. Excessive
accumulation of reactive oxygen species (ROS) can directly
damage cellular macromolecules, compromise tight junction
architecture and amplify inflammatory responses, ultimately
leading to barrier breakdown (5,6). Although oxidative
stress has been increasingly acknowledged as an important
therapeutic target (3,7), effective strategies that directly protect
intestinal epithelial cells against oxidative stress-mediated
barrier impairment remain limited. Several antioxidants,
phytochemicals and microbiota-targeted interventions have
demonstrated protective effects in experimental models (8,9);
however, their clinical translation remains constrained by
poor bioavailability, insufficient target specificity and limited
robust evidence from human studies (10,11).

Nuclear factor erythroid 2-related factor 2 (Nrf2) func-
tions as a central regulator of cellular antioxidant defense and
redox homeostasis. Upon oxidative challenge, Nrf2 undergoes
nuclear translocation, where it activates the transcription of
numerous cytoprotective genes, including heme oxygenase-1
(HO-1) and NADPH quinone dehydrogenase 1 (NQOI).
Increasing evidence over the past decade has indicated that
Nrf2 pathway activation not only alleviates oxidative damage,
but also contributes to the preservation of epithelial integrity,
modulation of inflammatory responses and maintenance of
gastrointestinal barrier function (12,13). Concurrently, bioac-
tive compounds derived from natural sources have garnered
marked attention as modulators of oxidative stress due to their
favorable safety profiles and multitarget biological activities.
Numerous studies have demonstrated that plant-derived poly-
phenols and glycosides can attenuate intestinal oxidative stress
and improve epithelial barrier function through regulation of
Nrf2-dependent antioxidant pathways (14,15).

Mulberroside A is a naturally occurring stilbene glycoside
isolated from Morus species and has been reported to exhibit a
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broad spectrum of pharmacological properties, including anti-
oxidant and anti-inflammatory effects (16). Previous studies
have shown that mulberroside A may effectively reduce oxida-
tive stress and confer cytoprotection in cardiovascular, hepatic
and neural cell models (17-19). Emerging evidence has further
suggested that this compound may influence redox-sensitive
signaling pathways and antioxidant enzyme expression,
implying its potential regulatory effect upon Nrf2-associated
mechanisms. However, to the best of our knowledge, despite
these findings, the role of mulberroside A in intestinal epithe-
lial oxidative stress has not been systematically explored (12).
In particular, its effects on oxidative stress-induced intestinal
barrier impairment and tight junction integrity, as well as the
associated molecular mechanisms, remain largely undefined.
Therefore, the present study evaluated the protective actions
of mulberroside A on hydrogen peroxide (H,0,)-evoked
oxidative stress and barrier dysfunction using Caco-2 intes-
tinal epithelial cells. Its impact on oxidative stress parameters,
epithelial barrier integrity and activation of the Nrf2-mediated
antioxidant response were examined. In addition, Nrf2 gene
silencing was employed to clarify the mechanistic contribution
of Nrf2 signaling to the protective actions of mulberroside A.

Materials and methods

Cell culture and reagents. Caco-2, the human colorectal
adenocarcinoma cell line, was obtained from the American
Type Culture Collection (cat. no. ATCC-HTB-37). Cell line
authentication was provided by the supplier and routine testing
determined that the cells were Mycoplasma-free. Mulberroside
A (purity =98%) was purchased from MedChemExpress
(cat. no. HY-NO0619). Mulberroside A was dissolved in DMSO
to prepare a stock solution and subsequently diluted with
culture medium to the indicated working concentrations.
The final DMSO concentration in all treatment groups was
maintained <0.1% (v/v). Caco-2 cells were cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin. Cells
were maintained at 37°C in 5% CO,. The medium was changed
every 2-3 days and cells at the logarithmic growth stage were
selected for subsequent experiments. All experiments were
performed using Caco-2 cells between passages 20-35 to
ensure the formation of a physiological intestinal epithelial
barrier with transepithelial electrical resistance values >50
Qcm?, consistent with previously established criteria for
barrier-competent Caco-2 monolayers (20).

Establishment of oxidative stress model and experimental
grouping. To establish an in vitro model of oxidative
stress-mediated intestinal epithelial damage, Caco-2 cells
were treated with H,0,, which is commonly used to induce
acute oxidative damage in intestinal epithelial cells (21).
H,0, was administered at 500 yM (final concentration), a
condition selected based on previous studies and preliminary
experiments (22).

To assess the effects of mulberroside A, cells were initially
treated with increasing concentrations of mulberroside A
(0, 5, 10, 20 and 40 uM) at 37°C for 24 h to evaluate cellular
responses. Based on the dose-screening results, three concen-
trations, 5 uM (low), 10 uM (medium) and 20 uM (high), were
selected for subsequent experiments.

For functional and mechanistic analyses, cells were
assigned to the following groups: i) Control; ii) H,0,; and
iii) H,O, combined with mulberroside A (5, 10 or 20 xM). In
the mulberroside A treatment groups, cells were pretreated
with mulberroside A at 37°C for 30 min, followed by exposure
to 500 uM H,0, for 6 h at 37°C in the continued presence of
mulberroside A. To further determine the involvement of Nrf2
signaling, additional groups were established in which cells
were transfected with Nrf2-specific small interfering RNA
(siNrf2) or negative control siRNA (siNC) prior to mulber-
roside A pretreatment and H,O, exposure. Subsequently, two
independent siRNA sequences targeting Nrf2 were initially
evaluated for knockdown efficiency and the sequence exhib-
iting higher efficiency was selected for further functional
experiments.

SiRNA transfection. siRNAs targeting human Nrf2 and a
corresponding negative control siRNA were commercially
synthesized by GenePharma Co., Ltd. Transient siRNA trans-
fection was carried out in Caco-2 cells using Lipofectamine™
RNAiIMAX Transfection Reagent (cat. no. 13778075; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Briefly, cells were transfected with siRNAs at a final
concentration of 50 nM and incubated at 37°C in a humidified
atmosphere containing 5% CO, for 48 h to achieve effective
knockdown of Nrf2 expression before subsequent treatments.
The efficiency of Nrf2 silencing was verified at the mRNA
level by reverse transcription-quantitative PCR (RT-qPCR)
using GAPDH as the internal control prior to functional and
molecular analyses. The detailed sequences of the siRNAs
used are provided in Table SI.

Cell viability assay. Caco-2 cells were plated in 96-well
plates and exposed to the designated treatments. After treat-
ment, CCK-8 reagent (cat. no. CK04; Dojindo Molecular
Technologies, Inc.) was added to each well at a final concen-
tration of 10% (v/v) and cells were incubated under standard
culture conditions for 2 h. Absorbance at 450 nm was recorded
with a microplate spectrophotometer (SpectraMax® iD3;
Molecular Devices, LLC.). Cell viability was calculated as a
percentage of the control group.

Determination of intracellular ROS. ROS levels were
assessed with a fluorescent ROS detection kit based on
2'7'-dichlorofluorescein diacetate (cat. no. SO033S; Beyotime
Biotechnology). Following the indicated treatments, Caco-2
cells were incubated with the fluorescent probe at 37°C for
30 min under light-protected conditions, followed by fluo-
rescence microscopy. The fluorescence signal was analyzed
as integrated density using ImageJ software (version 1.53c;
National Institutes of Health). ROS levels were quantified as
relative integrated fluorescence values, and the results were
normalized to the control group.

Transepithelial electrical resistance (TEER) measurement.
Intestinal epithelial barrier integrity was assessed by TEER.
Caco-2 cells were seeded onto Corning® Transwell® inserts
(cat. no. 3413; Corning, Inc.) to form confluent monolayers.
TEER values were measured using an EVOM?2 epithelial
volt/ohm meter with STX2 electrodes (World Precision
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Instruments), corrected by subtracting blank insert resistance
and normalized to the membrane surface area.

Western blotting. Using a nuclear/cytoplasmic protein extrac-
tion kit (cat. no. PO027; Beyotime Biotechnology), nuclear and
cytoplasmic fractions were prepared and protein concentrations
were quantified using a Pierce™ BCA assay kit (cat. no. 23227,
Thermo Fisher Scientific, Inc.). After 30 ug of protein per
sample was separated by SDS-PAGE and transferred to PVDF
membranes (cat. no. IPVH00010; MilliporeSigma; Merck
KGaA). Membranes were blocked with 5% non-fat milk
(Beyotime Biotechnology) at room temperature for 60 min.
Subsequently, membranes were incubated overnight at 4°C
with the following primary antibodies: Nrf2 (cat. no. ab62352;
1:1,000; Abcam), HO-1 (cat. no. ab189491; 1:2,000; Abcam),
NQO1 (cat. no. ab80588; 1:10,000; Abcam), lamin Bl
(cat. no. 12987-1-AP; 1:5,000; Proteintech Group, Inc.) and
GAPDH (cat. no. 81640-5-RR; 1:10,000; Proteintech Group,
Inc.). After washing three times with TBST (10 min each),
membranes were incubated with HRP-conjugated secondary
antibodies at room temperature for 60 min: Goat anti-rabbit
IgG H&L/HRP (bs-0295G-HRP; 1:3,000; BIOSS) or goat
anti-mouse IgG H&L/HRP (bs-0296G-HRP; 1:3,000; BIOSS),
depending on the primary antibody host species. Signals
were developed using Pierce™ ECL reagent (cat. no. 32106;
Thermo Fisher Scientific, Inc.) and densitometry analysis was
performed using ImageJ software (version 1.53c; National
Institutes of Health).

RT-gPCR. Total RNA was extracted from Caco-2 cells
using TRIzol™ reagent (cat. no. 15596026; Thermo
Fisher Scientific, Inc.). Complementary DNA was synthe-
sized using the PrimeScript™ reverse transcription kit
(cat. no. RRO37A; Takara Bio, Inc.) according to the manu-
facturer's instructions, with a reverse transcription reaction
at 37°C for 15 min followed by enzyme inactivation at 85°C
for 5 sec. Using SYBR Green Master Mix (cat. no. RR420A;
Takara Bio, Inc.), quantitative real-time PCR was conducted
on a QuantStudio 5 real-time PCR system (Applied
Biosystems). The thermocycling conditions were as follows:
Initial denaturation at 95°C for 30 sec, followed by 40 cycles
of denaturation at 95°C for 5 sec and annealing/extension
at 60°C for 30 sec. A melt curve analysis was subsequently
performed to verify amplification specificity. Relative mRNA
expression was determined using the 224 method (23) with
GAPDH as the internal control. The primer used sequences
were as follows: Nrf2 forward, 5'-ACAAACATTCAAGCC
GCTTGG-3' and reverse, 5'-CGTAGCATGCTGAAAACT
TCG-3'; GAPDH forward, 5-AAGATCATCAGCAATGCC
TCC-3' and reverse, 5'-AGGTTTTTCTAGACGGCAGG-3'.

Measurement of malondialdehyde (MDA) and superoxide
dismutase (SOD) levels. Following the indicated treatments,
Caco-2 cells were lysed using Cell Lysis Buffer (cat. no. P0013;
Beyotime Biotechnology) according to the manufacturer's
instructions. Cell lysates were collected and used for the
determination of lipid peroxidation and antioxidant capacity
by measuring MDA content and total SOD activity using
a Lipid Peroxidation (MDA) Assay Kit (cat. no. S0131S;
Beyotime Biotechnology) and a Total SOD Activity Assay
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Kit (cat. no. SO101S; Beyotime Biotechnology), respectively,
according to the manufacturers' protocols. Absorbance was
recorded spectrophotometrically using a SpectraMax® iD3
microplate reader (Molecular Devices, LLC.) and MDA and
SOD values were normalized to total protein concentration.

Immunofluorescence staining. After treatment, Caco-2 cells
cultured on glass coverslips were fixed with 4% paraformal-
dehyde at room temperature for 20 min, permeabilized and
blocked with 5% bovine serum albumin (cat. no. ST025;
Beyotime Biotechnology) at room temperature for 30 min.
Immunofluorescence staining was subsequently performed
to assess the expression and localization of tight junction
proteins. Cells were then incubated with primary antibodies
against zonula occludens 1 (ZO-1; cat. no. ab96587; 1:200;
Abcam) and occludin (cat. no. ab216327; 1:200; Abcam) at
4°C overnight. After washing with PBS, cells were incubated
with Alexa Fluor™ 488-conjugated goat anti-rabbit IgG (H+L)
secondary antibody (cat. no. A-11008; 1:500; Thermo Fisher
Scientific, Inc.) at room temperature for 1 h in the dark. Nuclei
were counterstained with DAPI (cat.no.D9542; Sigma-Aldrich;
Merck KGaA) at room temperature for 10 min. Fluorescence
images were acquired using the IX73 fluorescence microscope
(Olympus Corporation).

Statistical analysis. Each experiment was independently
repeated at least three times. Data are reported as the
mean + SD. Statistical analyses were conducted using SPSS
software (version 26.0; IBM Corp.). Differences among
multiple groups were analyzed using one-way ANOVA tests
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Impact of mulberroside A on Caco-2 cell viability. Fig. 1A
shows the chemical structure of mulberroside A, which
was obtained from the ChEMBL database (https://www.
ebi.ac.uk/chembl/). Mulberroside A is a stilbene glycoside
composed of a central stilbene backbone bearing numerous
phenolic hydroxyl groups and glycosidic moieties. Based on
the CCK-8 assay, treatment of Caco-2 cells with 5 M mulber-
roside A for 24 h did not significantly affect cell viability
compared with the O uM (control) group (P>0.05; Fig. 1B). By
contrast, treatment with 10 M mulberroside A significantly
decreased cell viability compared with the control group
(P<0.05). A further decline in viability was observed in the
20 uM mulberroside A-treated group (P<0.001 vs. 0 uM),
whereas treatment with 40 yM mulberroside A resulted in a
more pronounced reduction (P<0.001 vs. 0 gM). These findings
suggested that mulberroside A exerted limited effects on basal
Caco-2 cell viability at 5 uM, whereas higher concentrations
tended to reduce cell viability.

Effect of mulberroside A on H,0,-induced oxidative stress
and barrier dysfunction in Caco-2 cells. As shown in Fig. 2A,
H,0, exposure significantly decreased Caco-2 cell viability
compared with the control group (P<0.001). Pretreatment with
mulberroside A at low, medium and high concentration signifi-
cantly restored cell viability compared with the H,0, group
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Figure 1. Effect of mulberroside A on Caco-2 cell viability. (A) Chemical structure of mulberroside A. The structural information was obtained from the
ChEMBL database (https://www.ebi.ac.uk/chembl/). (B) Caco-2 cell viability after 24 h exposure to mulberroside A (0, 5, 10, 20 and 40 yM), measured using
a Cell Counting Kit-8 assay. Data are presented as the mean + SD from three independent experiments. "P<0.05 and ““P<0.001 vs. control.
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Figure 2. Effect of MA on H,0,-induced oxidative stress and barrier dysfunction in Caco-2 cells. (A) Cell viability of Caco-2 cells in the control, H,0,, H,0,
+L-MA (5 uM), H,0, + M-MA (10 xM) and H,0, + H-MA (20 zM) groups, as assessed using a Cell Counting Kit-8 assay. (B) Intracellular reactive oxygen
species levels (representative fluorescence images shown; scale bar, 50 ym). (C) TEER of Caco-2 cell monolayers following the indicated treatments. Data are
presented as the mean + SD from three independent experiments. ““P<0.001 vs. control, #*P<0.001 vs. H,0,, **4P<0.001 vs. H,0, + L-MA and ***P<0.001
vs. H,0, + M-MA. H,0,, hydrogen peroxide; MA,mulberroside A; L-MA, low-dose MA; M-MA, medium-dose MA; H-MA, high-dose MA; TEER, transepi-

thelial electrical resistance.

(all, P<0.001). Significant differences in cell viability were
observed among the mulberroside A-treated groups (P<0.001),
with the medium-dose group exhibiting the greatest increase
in viability.

Intracellular ROS levels were significantly increased
following H,O, treatment compared with the control group

(P<0.001; Fig. 2B), whereas mulberroside A significantly
suppressed ROS accumulation at all tested concentrations
compared with the H,O, group (all, P<0.001). Significant
differences were also observed among the low-, medium- and
high-dose mulberroside A groups (all, P<0.001), demonstrating
a concentration-dependent reduction in ROS levels.
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Figure 3. Effect of MA on Nrf2/HO-1/NQOI protein expression in Caco-2 cells. (A) Representative western blotting of nucl Nrf2 and total HO-1 and NQO1 in
control, H,0,, H,0, + L-MA, H,0, + M-MA and H,0, + H-MA groups. (B) Densitometric quantification normalized to the corresponding internal controls.
Data are presented as the mean + SD from three independent experiments. ““P<0.001 vs. control, “/P<0.001 vs. H,0,, “P<0.05 vs. H,0, + L-MA, ““P<0.01
vs. H,0, + L-MA, ¥4¢P<0.001 vs. H,0, + L-MA; and **P<0.001 vs. H,0, + M-MA. H,0,, hydrogen peroxide; MA, mulberroside A; L-MA, low-dose MA;
M-MA, medium-dose MA; H-MA, high-dose MA; Nucl, nuclear; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1; NQO1, NADPH

quinone dehydrogenase 1.

H,0, exposure also caused a significant reduction in
TEER compared with the control group (P<0.001; Fig. 2C).
Mulberroside A significantly elevated TEER values compared
with the H,O, group at all tested concentrations (all, P<0.001).
TEER values progressively increased with increasing mulber-
roside A concentrations, supporting a concentration-dependent
restoration of epithelial barrier integrity (P<0.001).

Effect of mulberroside A on Nrf2/HO-1/NQOI pathway protein
levels in Caco-2 cells. As shown in Fig. 3A and B, H,O, treatment
significantly decreased nuclear Nrf2 protein levels compared
with the control group (P<0.001). Mulberroside A treatment at
low, medium and high concentrations significantly increased
nuclear Nrf2 levels compared with the H,O, group (all, P<0.001).
In addition, significant inter-dose differences were observed
among the mulberroside A-treated groups (P<0.001), indicating a
concentration-dependent increase in nuclear Nrf2 accumulation.
Similarly, total HO-1 protein levels were significantly
reduced following H,O, treatment compared with the control
group (P<0.001). Mulberroside A treatment then significantly
increased HO-1 protein levels compared with the H,O, group
(P<0.001) and HO-1 expression progressively increased with
increasing mulberroside A concentrations (P<0.05).
Consistent changes were observed for NQOI protein
expression. H,0, exposure significantly decreased NQOL levels
compared with the control group (P<0.001), whereas mulberroside
A significantly restored NQOI expression at all tested concentra-
tions compared with the H,0O, group (all, P<0.001). Significant
differences among all mulberroside A dose groups were also
detected (P<0.01), further supporting a concentration-associated
activation of the Nrf2/HO-1/NQOI antioxidant pathway.

Effect of Nrf2 knockdown on mulberroside A-associated alter-
ations in oxidative stress-associated parameters in Caco-2
cells. As depicted in Fig. 4A, reverse transcription-quantitative
PCR analysis demonstrated that transfection with siNrf2#1
and siNrf2#2 significantly reduced Nrf2 mRNA levels in
Caco-2 cells compared with the siNC group (P<0.001). Based

on knockdown efficiency, siNrf2#2 was selected for subse-
quent experiments.

Western blotting further demonstrated that H,O, treatment
significantly reduced nuclear Nrf2 and total HO-1 and NQOL1
protein levels compared with the control group (P<0.001;
Fig. 4B and C). In the H,0O, + mulberroside A + siNC group,
these proteins were significantly increased compared with the
H,0, group (P<0.001). By contrast, Nrf2 silencing signifi-
cantly reduced nuclear Nrf2, HO-1 and NQOI protein levels
compared with the H,O, + mulberroside A + siNC group
(all P<0.001).

Quantification of DCF fluorescence revealed that the
relative integrated fluorescence value was significantly
increased following H,O, exposure compared with the control
group (P<0.001; Fig. 4D), whereas mulberroside A signifi-
cantly reduced ROS accumulation in siNC-transfected cells
compared with the H,0, group (P<0.001). This inhibitory
effect was significantly attenuated by Nrf2 knockdown, as
indicated by higher ROS levels in the H,0, + mulberroside
A + siNrf2 group compared with the H,O, + mulberroside A +
siNC group (P<0.001).

Consistently, H,0, significantly increased MDA levels
and decreased SOD activity compared with the control
group (both, P<0.001; Fig. 4E and F). Mulberroside A
significantly reduced MDA levels, but restored SOD activity
in siNC-transfected cells compared with the H,O, group (both,
P<0.001). However, Nrf2 knockdown significantly weakened
these effects, resulting in higher MDA levels and lower SOD
activity compared with the H,O, + mulberroside A + siNC
group (both, P<0.001).

Effect of Nrf2 knockdown on epithelial barrier integrity and
tight junction protein expression in Caco-2 cells. As shown
in Fig. 5A, H,0O, exposure significantly decreased TEER
compared with the control group (P<0.001). Mulberroside
A significantly restored TEER in siNC-transfected cells
compared with the H,O, group (P<0.001). By contrast, Nrf2
knockdown significantly reduced TEER compared with the
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Figure 4. Impact of Nrf2 knockdown on MA-associated changes in oxidative stress-associated parameters in Caco-2 cells. (A) Nrf2 mRNA levels after trans-

fection with siNC, siNrf2#1 or siNrf2#2, as determined by reverse transcription-quantitative PCR. ""P<0.001 vs. siNC. (B) Representative western blotting of
nucl Nrf2 and total HO-1 and NQOlL in control, H,0,, H,0, + MA + siNC and H,0, + MA + siNrf2 groups. (C) Densitometric quantification normalized to
internal controls. (D) Intracellular reactive oxygen species levels, quantified as relative integrated fluorescence intensity of DCF fluorescence images (repre-
sentative fluorescence images; scale bar, 50 ym). (E) MDA levels. (F) SOD activity. Data are presented as the mean + SD from three independent experiments.
“"P<0.001 vs. control, #"P<0.001 vs. H,0, and ¥**P<0.001 vs. H,0, + MA+ siNC. H,0,, hydrogen peroxide; MA, mulberroside A; L-MA, low-dose MA;
M-MA, medium-dose MA; H-MA, high-dose MA; Nucl, nuclear; Nrf2, nuclear factor erythroid 2-related factor 2; si, small interfering RNA; NC, negative

control; MDA, malondialdehyde; SOD, superoxide dismutase.

H,0, + mulberroside A + siNC group (P<0.001), indicating
that Nrf2 silencing attenuated the barrier-protective effect of
mulberroside A.

Consistently, immunofluorescence analysis showed that
H,0, markedly decreased ZO-1 and occludin fluorescence
intensities compared with the control group (both, P<0.001;
Fig. 5B and C). Mulberroside A significantly increased both
Z0-1 and occludin signals in siNC-transfected cells compared
with the H,0, group (both, P<0.001). However, Nrf2 knock-
down significantly attenuated these increases, as reflected by
lower ZO-1 and occludin fluorescence intensities in the H,O,

+ mulberroside A + siNrf2 group compared with the H,0, +
mulberroside A + siNC group (both, P<0.001).

Discussion

In the present study, the impact of mulberroside A on oxidative
stress-induced intestinal epithelial injury was systematically
characterized using an H,0,-challenged Caco-2 cell model.
Exposure to H,0O, resulted in notable oxidative injury and
epithelial barrier impairment, as evidenced by increased
intracellular ROS levels, reduced transepithelial electrical
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Figure 5. Effects of Nrf2 knockdown on epithelial barrier function and tight junction protein distribution in Caco-2 cells. (A) TEER in control, H,0,, H,0, +
MA + siNC and H,O, + MA + siNrf2 groups. Immunofluorescence staining of (B) ZO-1 and (C) occludin. Data are presented as the mean + SD from three
independent experiments. ““P<0.001 vs. control, “#P<0.001 vs. H,0, and “4¢P<0.001 vs. H,0,+ MA + siNC. H,0,, hydrogen peroxide; MA, mulberroside A;
L-MA, low-dose MA; M-MA, medium-dose MA; H-MA, high-dose MA; Nucl, nuclear; Nrf2, nuclear factor erythroid 2-related factor 2; si, small interfering
RNA; NC, negative control; TEER, transepithelial electrical resistance; ZO-1, zonula occludens 1.

resistance and disrupted expression of the tight junction
proteins ZO-1 and occludin. Within the concentration range
examined, mulberroside A markedly attenuated these altera-
tions, accompanied by enhanced nuclear accumulation of Nrf2
and upregulated expression of the downstream antioxidant
proteins HO-1 and NQOI. Notably, genetic silencing of Nrf2
markedly weakened the mulberroside A-associated changes
in oxidative stress markers, barrier integrity and tight junc-
tion protein expression. Collectively, these findings revealed
a coherent pattern showing an association between oxida-
tive stress modulation, antioxidant signaling activation and
epithelial barrier preservation in the context of mulberroside
A treatment.

Oxidative stress is widely recognized as a central patho-
logical driver of intestinal epithelial barrier disruption and
excessive ROS production has been shown to compromise
epithelial integrity by directly damaging cellular components
and destabilizing tight junction architecture (22,24,25).
Previous studies have demonstrated that elevated ROS levels
are associated with reductions in transepithelial electrical
resistance and disorganization of key tight junction proteins,
including ZO-1 and occludin, ultimately leading to increased
epithelial permeability (24,26). These observations are
consistent with the present findings, in which H,O, exposure

triggered marked oxidative stress in Caco-2 cells, accompa-
nied by notable decreases in TEER and disrupted expression
of tight junction proteins. Furthermore, the coordinated
recovery of ROS levels, TEER and tight junction integrity
observed following mulberroside A treatment aligns with
the established concept that restoration of redox homeostasis
is associated with the preservation of epithelial barrier
integrity (26-28).

From a molecular perspective, the Nrf2 pathway has been
extensively characterized as a key regulator of cellular anti-
oxidant defense and epithelial protection (29,30). Activation of
Nrf2 promotes its nuclear translocation and subsequent tran-
scriptional upregulation of cytoprotective enzymes, including
HO-1 and NQOIL, which serve key roles in mitigating oxidative
injury and maintaining epithelial homeostasis. Accumulating
evidence has indicated that impairment of Nrf2 signaling exac-
erbates oxidative stress-induced epithelial damage, whereas
enhancement of Nrf2 activity confers resistance to oxidative
insults in the gastrointestinal tract (31,32). In line with these
reports, the present data demonstrated that H,O, exposure
suppressed nuclear Nrf2 accumulation and reduced HO-1
and NQOI expression, whereas mulberroside A treatment
was associated with concurrent increases in nuclear Nrf2 and
downstream antioxidant proteins, aligning with improvements
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in oxidative stress markers and barrier-associated parameters.
The attenuation of these changes following Nrf2 knockdown
further supports the association between Nrf2 signaling
status and epithelial redox balance observed in previous
studies (33,34).

Notably, the cell viability response to mulberroside
A did not exhibit a strictly linear dose-response pattern.
Mulberroside A alone caused only limited changes in basal
Caco-2 cell viability across the tested concentrations, although
higher concentrations tended to reduce viability. Similarly,
in the H,0,-challenged model, the medium dose showed
the greatest improvement in cell viability, whereas the high
dose did not further enhance this effect. This may indicate
that CCK-8-based viability, which mainly reflects cellular
metabolic activity, does not necessarily parallel antioxidant
and barrier-protective responses. By contrast, the effects of
mulberroside A on ROS suppression and TEER restoration
exhibited a clearer concentration-associated pattern.

The compound 2,3,5,4'-tetrahydroxystilbene-2-O-B-D-gly
coside, a stilbene glycoside analogous to mulberroside A, has
been shown to attenuate H,O,-induced oxidative damage in
MC3T3-El osteoblasts in a dose-dependent manner through
Nrf2/HO-1/NQO1 activation, with maximal effects at the
highest dose tested (35). Mulberroside A itself has also been
shown to inhibit oxidative stress in H,0,-stimulated Caco-2
cells, with higher doses conferring greater intestinal barrier
protection (36). Thus, the enhanced ROS suppression and TEER
restoration observed at 20 #M may reflect stronger activation
of antioxidant responses involving the Nrf2/HO-1/NQO1 axis,
strengthening antioxidant defense and tight junction preserva-
tion at higher concentrations.

The present study identified mulberroside A as a previ-
ously underexplored modulator of oxidative stress-associated
intestinal epithelial barrier impairment. Using an established
Caco-2 cell-based model, the present study showed that
mulberroside A treatment under oxidative stress conditions was
associated with concurrent alterations in Nrf2 nuclear accumu-
lation, downstream antioxidant gene expression (HO-1 and
NQOL), intracellular redox status and epithelial barrier integ-
rity. Notably, genetic silencing of Nrf2 partially attenuated the
protective effects of mulberroside A, supporting the involve-
ment of Nrf2 signaling in mediating these cellular responses
rather than solely representing a parallel event. By integrating
molecular indicators of antioxidant signaling with biochemical
measurements of oxidative stress, functional assessment of
transepithelial resistance and structural evaluation of tight
junction proteins, the present findings provide a multilevel
view associating intracellular redox regulation with epithelial
barrier preservation. Collectively, these findings extend current
knowledge of mulberroside A beyond its reported antioxidant
properties in non-intestinal tissues and offer mechanistic
insights into its potential relevance in oxidative stress-associ-
ated intestinal epithelial injury, with possible implications for
conditions such as inflammatory bowel disease (36,37).

The present study was performed in a Caco-2 cell-based
in vitro model and further validation in animal models and
in vivo systems is required to establish the physiological
importance of the findings. In addition, epithelial barrier
integrity was assessed mainly by TEER measurement
and immunofluorescence staining of ZO-1 and occludin;

therefore, additional western blotting validation of these tight
junction proteins would further strengthen the protein-level
evidence. Furthermore, as a glycoside, mulberroside A may
undergo hydrolysis by intestinal microflora to its aglycone
oxyresveratrol, potentially affecting its oral bioavailability;
future pharmacokinetic studies are needed to clarify its
in vivo absorption characteristics. Despite activation of Nrf2
signaling being closely associated with the observed effects
of mulberroside A, the upstream regulatory mechanisms
responsible for Nrf2 activation were not examined and require
further investigation, particularly with regard to kelch-like
ECH-associated protein 1-related regulation. In addition, the
H,0, model primarily represents acute oxidative stress and
the impact of mulberroside A under chronic inflammatory
or disease-relevant conditions remains to be determined. In
addition, the present study focused primarily on nuclear Nrf2
levels; cytoplasmic and total Nrf2 protein data would provide
a more complete view of Nrf2 nuclear translocation dynamics
and warrants examination in future investigations. Collectively,
the present findings provide a mechanistic basis for subsequent
studies aimed at elucidating the function of mulberroside A in
oxidative stress-associated intestinal disorders.

In conclusion, the present results indicated that mulberro-
side A attenuated oxidative stress-induced intestinal epithelial
barrier dysfunction in Caco-2 cells, accompanied by reduced
oxidative stress and preservation of tight junction integrity.
These effects were closely associated with activation of the
Nrf2/HO-1 antioxidant pathway, as supported by increased
Nrf2 nuclear accumulation and downstream antioxidant
responses. Collectively, these findings provided mechanistic
insight into the intestinal protective potential of mulberroside
A and thus support further investigation of mulberroside A in
oxidative stress-associated intestinal epithelial injury.
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