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Abstract

Context: Paraquat (PQ) induces cytotoxicity primarily through the generation of intracellular reactive oxygen species (ROS), leading to apoptosis. Morus alba
L. leaves are rich in polyphenols and known for their potent antioxidant properties.

Aims: To quantify the total phenolic content, antioxidant capacity, and antioxidant activity of polyphenol extracts from Morus alba L. leaves (PEFML) and
evaluate their protective effect against PQ-induced cytotoxicity in RAW264.7 macrophages.

Methods: Total phenolic content, total antioxidant capacity, and antioxidant activity of PEFML were assessed using standard in vitro assays. RAW264.7
macrophages were pretreated with PEFML for 24 hours prior to exposure to PQ (0.8 mM) for an additional 24 hours. Subsequently, cell viability, apoptosis,
intracellular ROS generation, and the Bax/Bcl-2 mRNA expression ratio were analyzed.

Results: PEFML demonstrated significant antioxidant activity, as indicated by high phenolic content and strong antioxidant capacity. PEFML at concentrations
ranging from 1.2 to 9.6 pg/mL exhibited no cytotoxicity in RAW264.7 cells. Notably, PEFML significantly suppressed intracellular ROS generation, particularly
at 2.4 and 4.8 ug/mL concentrations. Pre-treatment with PEFML effectively reduced PQ-induced apoptosis in RAW264.7 macrophages by modulating the
Bax/Bcl-2 ratio.

Conclusions: These findings suggest that PEFML exerts a cytoprotective effect against PQ-induced apoptosis in RAW264.7 macrophages, likely through the
attenuation of oxidative stress and regulation of apoptotic signaling pathways.
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Resumen

Contexto: El paraquat (PQ) induce citotoxicidad principalmente a través de la generacién de especies reactivas de oxigeno (ROS) intracelulares, lo que
conduce a la apoptosis. Las hojas de Morus alba L. son ricas en polifenoles, conocidos por sus potentes propiedades antioxidantes.

Objetivos: Cuantificar el contenido fendlico total, la capacidad antioxidante total y la actividad antioxidante de los extractos de polifenoles de hojas de Morus
alba L. (PEFML), asi como evaluar su efecto protector frente a la citotoxicidad inducida por PQ en macréfagos RAW264.7.

Métodos: Se evaluaron el contenido fendlico total, la capacidad antioxidante total y la actividad antioxidante del PEFML mediante ensayos in vitro estandar.
Los macréfagos RAW264.7 fueron pretratados con PEFML durante 24 horas y posteriormente expuestos a PQ (0,8 mM) durante otras 24 horas. A continuacién,
se analizaron la viabilidad celular, la apoptosis, la generacién intracelular de ROS y la expresidn relativa del mRNA de Bax/Bcl-2.

Resultados: El PEFML demostré una actividad antioxidante significativa, evidenciada por su alto contenido fendlico y elevada capacidad antioxidante. En
concentraciones de 1,2 a 9,6 ug/mL, el PEFML no mostré citotoxicidad en las células RAW264.7. En particular, el PEFML suprimié de forma significativa la
generacién intracelular de ROS, especialmente a concentraciones de 2,4 y 4,8 pg/mL. El pretratamiento con PEFML redujo eficazmente la apoptosis inducida
por PQ en macréfagos RAW264.7 mediante la modulacién de la relacién Bax/Bcl-2.

Conclusiones: Estos resultados sugieren que el PEFML ejerce un efecto citoprotector frente a la apoptosis inducida por PQ en macréfagos RAW264.7,
probablemente mediante la atenuacion del estrés oxidativo y la regulacion de las vias de sefializacion apoptoética.

Palabras Clave: apoptosis; macréfagos RAW264.7; Morus alba L.; paraquat; polifenoles.
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INTRODUCTION

Paraquat (PQ) is a widely used herbicide in agri-
culture; however, it exhibits high toxicity to both an-
imals and humans. Although the precise molecular
mechanism underlying PQ-induced cytotoxicity re-
mains unclear, it is primarily attributed to redox cy-
cling processes that generate excessive intracellular
reactive oxygen species (ROS). The accumulation of
ROS leads to oxidative stress, mitochondrial dysfunc-
tion, and apoptosis (Castello et al., 2007; Chang et al.,
2013; Srinontong et al., 2022). Previous studies have
demonstrated that PQ increases ROS levels, disrupts
mitochondrial membranes, and activates pro-
apoptotic signaling pathways (Yang and Tiffany-
Castiglioni, 2008; Zhao et al., 2017). Additionally, PQ
has been reported to trigger immune responses by
inducing cytokine release and inflammation (Liu et
al., 2014).

Various antioxidant-based strategies have been
proposed to mitigate PQ-induced cytotoxicity. Com-
pounds such as taurine and oyster mushroom extracts
have shown hepatoprotective effects against PQ ex-
posure (Danan Jaya et al., 2017), while vitamin E has
been found to reduce PQ toxicity in myocardial tissue
(Fahim et al., 2013). Moreover, a wide range of natural
antioxidants —including naringin, silymarin, edara-
vone, Bathysa cuspidata extracts, a-lipoic acid,
pirfenidone, lysine acetylsalicylate, selenium, querce-
tin, C-phycocyanin, bacosides, and vitamin C—have
been investigated for their protective roles against PQ
(Blanco-Ayala et al., 2014). For instance, 5-hydroxy-1-
methylhydantoin has been shown to alleviate PQ-
induced lung damage (Gao et al., 2020a).

Macrophages, which are ubiquitously distributed
in tissues, play a crucial role in both innate and adap-
tive immune responses. They are actively involved in
host defense mechanisms and the release of inflam-
matory mediators such as ROS, nitric oxide (NO),
prostaglandins, and pro-inflammatory cytokines,
including interleukin (IL)-1p and IL-6 (Hwang et al.,
2019; Wu et al,, 2013; Zhang and Wang, 2014). An
imbalance in redox homeostasis within these cells can
exacerbate oxidative stress and inflammation (Leo-
pold and Loscalzo, 2008; Mills and O'Neill, 2016).
Therefore, the discovery of natural antioxidant agents
capable of modulating ROS production in macro-
phages is of significant biomedical interest.
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Morus alba L. (white mulberry), a medicinal plant
belonging to the Moraceae family, has been extensively
utilized in traditional medicine across various cul-
tures. Its leaves are rich in bioactive compounds, in-
cluding alkaloids, flavonoids, stilbenoids, and phenol-
ic acids (Gao et al., 2020b). Numerous pharmacologi-
cal properties have been attributed to M. alba leaves,
such as antimicrobial (Cui et al.,, 2019), anti-obesity
(Ann et al., 2015), anti-diabetic (Zhang et al., 2014),
hepatoprotective (Liang et al., 2021), and anti-
inflammatory activities (Gao et al., 2020b; Lee et al.,
2020). Importantly, their antioxidant potential has
been demonstrated in several studies, suggesting
their efficacy in protecting cells from oxidative dam-
age (Doi et al., 2000; Liang et al., 2021). Given that PQ
exerts its toxicity through excessive ROS generation, it
is pertinent to explore the protective effects of M. alba
leaves against PQ-induced cytotoxicity.

To date, limited research has explored the use of
polyphenolic compounds—natural antioxidants de-
rived from M. alba leaves—in mitigating PQ toxicity.
The current study hypothesized that polyphenol-
enriched fractions from M. alba leaves (PEFML) could
attenuate PQ-induced cytotoxicity and improve cell
viability in RAW264.7 macrophages. Furthermore,
this study aimed to elucidate the protective mecha-
nism of PEFML by investigating its effect on intracel-
lular ROS levels and the Bax/Bcl-2 apoptotic ratio.

This work represents the first investigation of the
cytoprotective effects of PEFML against PQ-induced
apoptosis in RAW264.7 macrophages. Specifically, the
objectives were to evaluate the total polyphenol con-
tent, antioxidant capacity, and biological activity of
PEFML, as well as to assess its ability to counteract
PQ-induced oxidative stress and apoptotic cell death.
The findings are expected to contribute to the valida-
tion of traditional medicinal uses of M. alba and high-
light its potential as a natural therapeutic agent for
the management of ROS-mediated cytotoxicity.

MATERIAL AND METHODS

Experimental design

The study was conducted in two main phases. The
first phase involved the characterization of M. alba
leaf extracts through the determination of total poly-
phenol content, ferric-reducing antioxidant power
(FRAP), and free radical scavenging activity using the
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ABTS assay. These analyses aimed to evaluate the
extract's suitability for further experimentation. The
second phase consisted of three sub-studies: (1) eval-
uation of the cytoprotective efficacy of polyphenol
extracts from M. alba leaves (PEFML) against para-
quat (PQ)-induced toxicity in RAW264.7 macrophag-
es; (2) investigation of the effect of PEFML on PQ-
induced reactive oxygen species (ROS) production;
and (3) examination of the anti-apoptotic effects of
PEFML through modulation of mitochondrial apop-
totic signaling.

Chemicals

Gallic acid was purchased from Fluka (Steinheim,
Germany), acetate buffer (pH 3.6), and FeSO4.7H,O
from Ajax Finechem Pty. Ltd. (Taren Point, Australia).
Paraquat (PQ), 2,2'-azino-bis3-ethylbenzothiazoline-6-
sulphonic acid (ABTS), 2,4,6-tripyridyl-s-triazine
(TPTZ), fetal bovine serum, and N-acetylcysteine
(NAC) (Sigma-Aldrich, St. Louis, MO, USA). HCl
(QReC™, Auckland, New Zealand). Dimethylsulph-
oxide (DMSO) and FeCl;.6H>O (PanReac AppliChem,
Darmstadt, Germany). Dulbecco’s Modified Eagle’s
Medium (DMEM; HyClone, Cytiva, USA). Penicillin-
streptomycin from Gibco BRL (Life Technologies,
USA). DCFDA/H,DCFDA ROS assay kit and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) (Abcam, USA). FITC Annexin V Apopto-
sis Detection Kit with PI (BioLengend, San Diego,
CA). Nucleospin RNA kit (Macherey-Nagel, Germa-
ny). ReverTra Ace qPCR RT Kit (Toyobo, Japan).

Plant material

Fresh M. alba leaves were collected in July 2020
from the botanical garden of the Faculty of Veterinary
Sciences, Mahasarakham University, Thailand (GPS
coordinates: 16.2459° N, 103.2502° E). Botanical identi-
fication was verified by the Center of Excellence in
Silk Innovation, Mahasarakham University. The
leaves were dried at 60 °C for 6 h and ground into a
fine powder. Extraction was performed using 95%
ethanol. The extract was filtered, concentrated by
rotary evaporation, and subsequently freeze-dried for
use in downstream analyses.

Total polyphenol content

Total phenolic content was quantified using the
Folin-Ciocalteu colorimetric method as described by
Um et al. (2017). Briefly, the extract was prepared and
mixed with 10% Folin-Ciocalteu reagent and 7% so-
dium carbonate solution at a ratio of 2:10:8 and left in
the dark for 30 min. Absorbance was measured at 700
nm using a microplate reader (TECAN, Tecan Trad-
ing AG, Switzerland). Gallic acid was used as the
calibration standard, and results were expressed in
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milligrams of gallic acid equivalents per gram of ex-
tract (mg GAE/g).

Ferric reducing antioxidant power (FRAP) assay

Antioxidant capacity was assessed via the FRAP
method, following the modified protocol of Benzie
and Strain (1996). The FRAP working reagent consist-
ed of 300 mM acetate buffer (pH 3.6), 10 mM TPTZ in
40 mM HCI, and 20 mM FeCl; 6H,0 in a 10:1:1 ratio.
A volume of 500 uL. of PEFML was incubated with
7.5mL of FRAP reagent at 37 °C for 6 min, and ab-
sorbance was measured at 593 nm. FRAP values were
expressed as mM Fe?" equivalents per gram of sam-

ple.

ABTS radical scavenging capacity

The ABTS assay was performed following a modi-
fied method by Bécquer-Viart et al. (2018). The
ABTS" e radical solution was generated by incubating
a 1:1 mixture of 7mM ABTS and 2.45 mM potassium
persulfate in the dark for 16 h. The solution was dilut-
ed with distilled water to an absorbance of
0.700£0.02 at 734 nm. PEFML (20 uL) was added to
200 pL of the ABTS working solution and incubated
for 6 min at room temperature in the dark. Absorb-
ance was measured at 734 nm, and antioxidant activi-
ty was expressed as pg/mL using an ascorbic acid
standard curve.

In vitro studies

Cell culture

RAW?264.7 mouse macrophages were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum and 1% penicillin-
streptomycin. Cultures were maintained at 37°C in a
humidified 5% CO, incubator.

Cell viability assay

Cell viability was assessed using the MTT assay.
RAW264.7 cells were seeded in 96-well plates at a
density of 1.5 x 10* cells/well and incubated for 24 h.
Cells were then treated with various concentrations of
PEFML, PQ, or PEFML with PQ for the indicated
period. NAC (0.5 mM) was used as a positive control
for antioxidant protection. After treatment, 20 pL of
MTT solution (5 mg/mL) was added and incubated
for 4h. The medium was discarded, and 150 uL. of
DMSO was added to solubilize formazan crystals.
Absorbance was read at 570 nm.

Apoptosis assay

Apoptosis was evaluated using the FITC Annexin
V/PI apoptosis detection kit. Cells were pretreated
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with PEFML for 24 h and subsequently exposed to
0.8mM PQ for 24h. After treatment, cells were
stained with Annexin V and PI for 15 min at room
temperature in the dark and analyzed via flow cy-
tometry (FACSCelesta, BD Biosciences, NJ, USA) us-
ing Flow]Jo software.

Measurement of intracellular ROS

Intracellular ROS levels were determined using
the DCFDA/H,DCFDA ROS assay kit. Cells were
treated with PEFML (0.6-4.8 ug/mL) for 24h and
then exposed to 0.8 mM PQ 24 h. Following incuba-
tion with 20 uM DCFH-DA at 37°C for 30 min, cells
were washed and resuspended in PBS. Fluorescence
intensity was measured by flow cytometry.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the Nucleospin
RNA kit. RNA concentration and purity were as-
sessed with a Nanodrop 2000 spectrophotometer.
cDNA synthesis was performed with ReverTra Ace
gPCR RT kit. qRT-PCR was conducted using Thun-
derbird SYBR qPCR Master Mix on a QuantStudio™ 3
Real-Time PCR System. GAPDH was used as a
housekeeping gene. Primer sequences are listed in
Table 1. Relative expression levels were normalized to
GAPDH. The thermal cycling conditions were run as
follows: pre-denaturation at 95°C for 5 min, 1 cycle,
followed by 40 cycles at 95°C for 15 s, annealing tem-
perature at 60°C for 15 s, and extension at 72°C for 20
s. The fold-change in gene expression was determined
using the 2—2ACT method. Then, the Bax/Bcl-2 ratio
was calculated.

Table 1. Primer sequences used for the real-time quantitative PCR.

Morus alba polyphenols against paraquat-induced apoptosis

Statistical analysis

For all experiments, data were analyzed using Ex-
cel and expressed as mean * standard deviation (SD).
One-way analysis of variance (ANOVA) was applied,
followed by Duncan’s multiple range test for post hoc
comparisons. Statistical significance was defined as
p<0.05.

RESULTS

Total polyphenol content, ferric-reducing
antioxidant power (FRAP), and ABTS radical
scavenging capacity of M. alba leaf extracts (PEFML)

The total polyphenol content, FRAP value, and
ABTS radical scavenging activity of PEFML were
found to be 11.56 + 2.04 mg GAE/g extract, 14.93 +
1.16 mM Fe?"/g extract, and 59.72 £ 18.69 ng/mL
ascorbic acid equivalents, respectively (Table 2).

Cytotoxicity of PEFML in RAW264.7 macrophages

The cytotoxicity of PEFML at concentrations of 0.6,
1.2,2.4,4.8, and 9.6 ug/mL was evaluated after 24 and
48 hours of exposure. At 24 hours, cell viability was
significantly increased at concentrations of 1.2-9.6
pg/mL compared to the control group (p<0.05). At 48
hours, significant increases in viability were observed
at 1.2-4.8 pg/mL (p<0.05). Furthermore, PEFML ex-
hibited a proliferative effect on RAW264.7 cells at
concentrations of 1.2-4.8 pg/mL across both time
points (Fig. 1A-B).

Gene Primer sequences (5' to 3') Reference

Bcl-2 F: CCGGGAGAACAGGGTATGATAA Huetal., 2013
R: CCCACTCGTAGCCCCTCTG

Bax F: ATGCGTCCACCAAGAAGCTGA Hu et al., 2013
R: AGCAATCATCCTCTGCAGCTCC

GAPDH F: GGCATTGTGGAAGGGCTCAT

R: GACACATTGGGGGTAGGAACAC

Table 2. Total polyphenols, FRAP, and ABTS scavenging activity of Morus alba L. leaf extracts.

Parameters Mean + SEM
Total polyphenols (mg GAE/g extract) 11.56 +2.04
FRAP (mM Fe?*/g extract) 1493+1.16
ABTS (ug/mL ascorbic acid) 59.72 +18.69

GAE: gallic acid equivalent; FRAP: ferric-reducing antioxidant power; ABTS: 2,2'-azino-bis3-ethylbenzothiazoline-6-sulphonic acid;

SEM: standard error of the mean
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Figure 1. The toxicity test of PEFML (A, B) and PQ (C, D) to RAW264.7 macrophages and the efficacy of PEFML in reducing the toxicity of PQ-
induced RAW264.7 macrophages (E, F) were measured by cell viability.
Data are represented as mean + SD (n = 3). Values with different superscripts differ significantly (p<0.05).

Cytotoxicity of paraquat in RAW264.7 macrophages

Exposure of RAW264.7 macrophages to PQ at con-
centrations of 0.4-1.0 mM for 24 and 48 hours signifi-
cantly reduced cell viability compared to untreated
controls (p<0.05). Notably, PQ at 0.6 and 0.8 mM re-
duced cell viability by approximately 68% and 50%,
respectively, and these concentrations were subse-
quently selected for further experimentation (Fig. 1C-
D).

Protective effect of PEFML against PQ-induced
cytotoxicity

Pre-treatment of RAW264.7 macrophages with
PEFML (0.6-9.6 pg/mL) for 24 hours, followed by
exposure to 0.6 mM PQ for an additional 24 hours,
resulted in significantly higher cell viability at 2.4 and
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4.8 pg/mL PEFML compared to the PQ-only group
(p<0.05). When cells were exposed to 0.8 mM PQ, pre-
treatment with PEFML at concentrations of 0.6-4.8
ng/mL also significantly improved viability (p<0.05),
comparable to the effect observed with NAC treat-
ment. However, PEFML at 9.6 ng/mL led to a reduc-
tion in cell viability under both PQ exposure levels
(Fig. 1E-F).

Effect of PEFML on PQ-induced intracellular ROS
generation

ROS production was significantly elevated in
RAW?264.7 macrophages following treatment with 0.8
mM PQ compared to controls (p<0.05). Pre-treatment
with PEFML at 2.4 and 4.8 ug/mL significantly atten-
uated PQ-induced ROS generation (p<0.05) (Fig. 2).
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Fluorescence intensity
(% of control)

Figure 2. Efficacy of PEFML in inhibiting ROS generation in PQ-induced
RAW264.7 macrophages using DCF-DA assay by flow cytometry (A). The
histogram shows the statistical result of the DCF average fluorescence
intensity. Results are expressed as percentage (%) of controls (B).

Data are represented as mean + SD (n = 3). Values with different superscripts
differ significantly (p<0.05).
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Anti-apoptotic effect of PEFML in PQ-treated
RAW?264.7 macrophages

Flow cytometry analysis using Annexin V-
FITC/PI staining revealed that PQ significantly in-
creased the percentage of apoptotic cells compared to
untreated controls (p<0.05). Pre-treatment with
PEFML at 1.2 and 4.8 pg/mL significantly reduced
apoptosis levels (p<0.05) (Fig. 3A-B).

Quantitative RT-PCR analysis indicated that the
Bax/Bcl-2 ratio was significantly elevated in PQ-
treated cells compared to the control group (p<0.05).
Pre-treatment with PEFML at 2.4 and 4.8 pg/mL sig-
nificantly reduced the Bax/Bcl-2 ratio (p<0.05), restor-
ing levels comparable to the control group (p>0.05)
(Fig. 3C).

DISCUSSION

Natural products are increasingly being investi-
gated for their potential to mitigate the toxic effects of
harmful substances, such as PQ, a widely used but
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highly toxic herbicide. The primary mechanism of
PQ-induced toxicity involves the generation of ROS,
leading to oxidative stress and subsequent cellular
damage (Chang et al.,, 2013; Wu et al., 2018). In the
present study, PEFML, known for its antioxidant po-
tential (Chanhan et al., 2019; Yu et al., 2018), was
evaluated for its protective effects against PQ-induced
cytotoxicity in RAW264.7 macrophages.

The PEFML total polyphenol content was found to
be 11.56 + 2.04 mg GAE/g extract, consistent with
previous reports that have described values ranging
from 10 to 20 mg/g (Chanhan et al., 2019; Igbal et al.,
2012; Sanchez-Salcedo et al., 2015). The ferric-
reducing antioxidant power (FRAP) was 14.93 + 1.16
mM Fe?* /g extract, and the ABTS radical scavenging
activity was 59.72 £ 18.69 ng/mL ascorbic acid equiv-
alents—both values aligning with earlier findings
(Chanhan et al., 2019; Cui et al., 2019; Peanparkdee et
al., 2016).

The cytotoxicity of PEFML on RAW264.7 macro-
phages was subsequently assessed. PEFML at concen-
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trations of 1.2-9.6 pg/mL (24 h) and 1.2-4.8 png/mL
(48 h) significantly increased cell viability, indicating
non-toxicity and a potential proliferative effect. These
results are consistent with those of Soonthornsit et al.
(2017), Tseng et al. (2018), and Yu et al. (2021), who
reported that polyphenols derived from M. alba roots
and fruits were not cytotoxic to RAW264.7 macro-
phages. This study is the first to report that leaf-
derived polyphenols from M. alba similarly do not
compromise macrophage viability.

To establish a toxic baseline, RAW?264.7 macro-
phages were exposed to PQ at various concentrations.
PQ significantly reduced cell viability at 0.4-1.0 mM

Morus alba polyphenols against paraquat-induced apoptosis

after both 24 and 48 h of treatment, consistent with
previous studies describing its pro-apoptotic and
cytotoxic effects via ROS overproduction (Castello et
al., 2007; Chang et al., 2013; Zhao et al., 2017).

Pre-treatment with PEFML significantly increased
cell viability in PQ-exposed RAW264.7 macrophages.
The extent of protection depended on the concentra-
tion of both PEFML and PQ. These findings align
with Liang et al. (2021), who demonstrated that M.
alba extracts protected hepatocytes against acetalde-
hyde-induced cytotoxicity. This is the first study to
report the protective effects of PEFML against PQ-
induced cytotoxicity in RAW264.7 macrophages.
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Figure 3. Anti-apoptotic effects of PEFML on PQ-induced RAW264.7 macrophages through the decrease in Bax/Bcl-2 ratio.

Cell apoptosis was analyzed by using annexin V/PI staining followed by flow cytometry after various treatments. Histograms of flow cytometry are representative
of results from one experiment (A). The percentages of apoptotic cells measured by flow cytometry are shown (B). Changes in Bax and Bcl-2 expression ratios were
evaluated by using RT-qPCR assay (C). Data are represented as mean + SD (n = 3). Values with different superscripts differ significantly (p<0.05).
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The generation of intracellular ROS is a critical
mediator of PQ-induced cytotoxicity (Orrenius et al.,
2007; Srinontong et al., 2022). In this study, a signifi-
cant increase in intracellular ROS levels was observed
following PQ exposure. Pre-treatment with PEFML at
concentrations of 2.4 and 4.8 pg/mL effectively re-
duced ROS generation. This effect corroborates find-
ings by Carvalho and Cerdeira (2016), who reported
that M. alba extracts decreased ROS in LPS-induced
RAW264.7 cells and activated neutrophils.

Given that mitochondria are central to both ROS
generation and apoptosis signaling (Orrenius et al.,
2007), their role in PQ-induced cytotoxicity is crucial.
Mitochondrial dysfunction caused by excessive ROS
triggers apoptosis through the intrinsic pathway,
primarily regulated by pro-apoptotic (Bax) and anti-
apoptotic (Bcl-2) proteins (Fuchs and Steller, 2011).
PQ has been shown to increase Bax expression, re-
duce Bcl-2, and activate caspase-dependent apoptosis
(Liu et al., 2018).

In the present study, PQ exposure significantly in-
creased the Bax/Bcl-2 ratio and apoptosis rate in
RAW?264.7 macrophages. Pre-treatment with PEFML
resulted in a marked reduction in both apoptosis and
the Bax/Bcl-2 ratio, suggesting that PEFML confers
cytoprotection via modulation of mitochondrial apop-
totic signaling. These findings are consistent with
previous evidence indicating that M. alba extracts can
attenuate oxidative stress-induced apoptosis in
hepatocytes (Liang et al., 2021).

Morus alba polyphenols against paraquat-induced apoptosis

warranted to isolate and characterize individual ac-
tive constituents. Such studies would contribute to
elucidating the specific mechanisms of action and
support the development of targeted applications for
M. alba as a therapeutic or preventive agent against
oxidative stress-related cytotoxicity.
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