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Abstract
Resveratrol, a natural compound found in various plants, is known for its anti-
RNA Né6-

methyladenosine (m6A) methylation plays a crucial role in oxidative stress and

inflammatory, antioxidant, and senescence-delaying properties.
premature cellular senescence processes and is closely associated with age-related
disorders. However, the anti-premature senescence via RNA mé6A methylation mech-
anism of resveratrol is still not fully understood. In this study, based on premature
senescence model of human embryonic lung fibroblasts (HEFs) induced by hydrogen
peroxide (H,0,), a widely accepted model of premature senescence caused by oxida-
tive stress, we explored the anti-aging regulatory effects of resveratrol at the RNA
mo6A methylation level. Our data suggested that resveratrol significantly delayed pre-
mature senescence by increasing cell viability, reducing SA-p-gal blue staining rate,
ROS levels, and senescence-associated secretory phenotypes (SASP) expression in
HEFs. Meanwhile, resveratrol increased the whole RNA methyltransferases activity
and the overall méA level during senescence. Furthermore, three genes CCND2, E2F1,
and GADD45B have been identified as the main ones regulating premature by res-
veratrol. Specifically, it decreased E2F1, GADD45B RNA mé6A methylation level, and
increased CCND2 level in premature cells. Our study provided new clues for exploring

the mechanism and application of resveratrol in the field of premature aging.
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1 | INTRODUCTION

Resveratrol (C14H1203), a natural phenolic compound, has three
polar hydroxyl groups and planar structure (Vernousfaderani
etal.,2021). As an active small molecule widely used in the stilbene
family, resveratrol is present in grapes, peanuts, plums, and berries
(Breuss et al., 2019). And it has a wide range of biological effects,
including senility-delaying, immune-boosting, diabetes-relieving,
and so on (Nadile et al., 2022; Ren et al., 2021). The mechanisms
of the anti-aging effect for resveratrol include oxidative stress, in-
flammation inhibition, and regulating mitochondrial function and
apoptosis (Pyo et al., 2020). For example, in photoaging HaCat
cells and aging mice model, resveratrol alleviated the photoaging
induced by ultraviolet radiation B irradiation by regulating MAPK,
COX2, and Nrf2 signaling pathways (Cui et al., 2022). Resveratrol
could delay the oocyte degeneration of aging mice induced by
oxidative stress, increase the expression of anti-aging molecule
Sirtuinl, decrease the level of intracellular ROS, and improve the
function of mitochondria (Liang et al., 2018). These activities are
attributed to the structural characteristics of resveratrol. Its free
hydroxyl group could protect cells from peroxidation and enhance
the activity of endogenous antioxidant enzymes, with the prop-
erty of ROS scavenging (Repossi et al., 2020). And the high affinity
of the hydrophobic domain was able to interact with many key
proteins in the signal networks, such as PPARy, NQO2, and COX1
(Britton et al., 2015). In addition, it also changed the acetylation
pattern of proteins and affected the histone methylation level (Lv
et al., 2018; Pinheiro et al., 2019). Methylation of histone H3 at
the Lys9 site was related to transcriptional inhibition (Saccani &
Natoli, 2002).

Epigenetics could connect exogenous environmental factors
with the genetic background of the body and played an important
regulatory role in the occurrence and development of cell senes-
cence (Kennedy et al., 2014). RNA méA methylation was a dynamic
process, regulated by methyltransferase, demethylase, and binding
protein (Cao et al., 2016). The involvement of méA in the regulation
of cellular senescence such as HEFs, human umbilical vein endo-
thelial cells, human mesenchymal stem cells, and § cells had been
demonstrated (Gao et al., 2023; Wu et al., 2022). The combination
of dasatinib and quercetin played a role in human umbilical vein en-
dothelial cells senescence induced by lipopolysaccharide, through
regulating RNA méA (Fan et al., 2022). The m6é6A methyltransferase
(MELLT3/MELLT14 and WTAP) had been demonstrated to control
the abundance of aging-related proteins p21 and p27 by modifying
their mRNA through methylation (Casella et al., 2019). Plant com-
pounds like resveratrol had been shown to regulate mé6A methyla-
tion. Dietary supplementation with resveratrol in mice could alter
m6A methylation levels and attenuate high-fat diet-induced distur-
bances in hepatic lipid homeostasis (Wu et al., 2020).

Cell senescence was described as a state of limited ability of cell
division when cultured in vitro, accompanied by a series of pheno-
typic changes such as cell morphology, gene expression, and func-
tion (Minamino et al., 2004). Replicative and premature senescence

induced by stress (HZOZ, ultraviolet, and hyperoxia) were the main
types of cell senescence (Marrella et al., 2022). Senescent cells
usually had increased cell size, slower metabolism, and permanent
growth arrest, accompanied by increased secretion of various SASP
such as chemokines, inflammatory factors, and growth factors
(Childs et al., 2015; Ogrodnik, 2021; Rhinn et al., 2019). As the most
representative substance in ROS, H,0, was the signal molecule of
normal physiological metabolism due to its good cell membrane per-
meability and high water solubility (Lismont et al., 2019). However,
moderate exposure to H,0, could induce premature senescence
under certain conditions (Kim et al., 2022; Lee et al., 2022; Seo
et al., 2019). HEFs were isolated from human embryonic lung tissue.
H,0,-induced HEFs was a common premature senescence model in-
duced by oxidative stress, which had been used to explore the mech-
anism of cell senescence, evaluate aging-related disease models, and
develop anti-aging intervention strategies (Wang, Gao, et al., 2021;
Wu et al., 2022; Zhang et al., 2014).

It is necessary to investigate further how resveratrol influences
m6A methylation modification during aging. Therefore, based on
the H,0,-induced premature senescence model, our study aimed to
verify whether resveratrol could reverse the premature senescence

state and the mechanism.

2 | MATERIALS AND METHODS

2.1 | Cellculture

HEFs were purchased from the Cell Resource Center of Institute of
Basic Medicine, Chinese Academy of Medical Sciences. HEFs were
cultured in DMEM medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin double antibiotics in a
cell incubator (5% CO,, 37°C).

2.2 | H,O,treatment and resveratrol intervention
With H,0, and resveratrol as intervention, the cells were divided
into five groups according to different treatment methods, including
a control group (22 population doubling levels cells, 22PDL), prema-
ture senescence initiation group (PSi), premature senescence persis-
tence group (PSp), premature senescence initiation with resveratrol
intervention group (PSi-R), and premature senescence persistence
with resveratrol intervention group (PSp-R).

The H,0,-induced premature senescence cell model was estab-
lished, as previously described (Wu et al., 2022). The 22PDL cells
were treated with 400 umol/L H,O, for 2 h per day. After continuous
treatment for 4days, the PSi group was obtained, and then normal
culture for 7days was used as the PSp group. PSi and PSp groups
were pretreated with 10 umol/L resveratrol for 24 h before the start
of H,0, exposure. The culture medium containing 10 pmol/L resver-
atrol was changed on Days 0, 2, 4, and 7 after H,O, exposure for 2h
on the first day (daily resveratrol intervention for 22h).
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2.3 | Cellviability test

HEFs in the logarithmic growth phase were diluted into 8x10°
cells/mL with culture medium. The 100puL cell suspension was
absorbed from each well and inoculated on a 96-well plate.
Resveratrol was formulated into O, 5, 10, 20, 40, 50, 80, 100, and
200pmol/L concentrations and added to corresponding wells.
After incubated in the incubator for 24h, 10pL CCK8 reagent
was added to each experimental well. The OD value was meas-
ured by an enzyme labeling instrument. The culture medium was
used as the blank group and the cells treated without resveratrol
was as the control group. The cell survival rate was calculated by
the formula: cell viability (%)=[(OD /
(OD oD

experimental group_ODbIank group)

)]1x100%.

control group_ blank group

24 | SA-p-gal staining

The cells were inoculated in a six-well plate, and stained with SA-p-
gal staining kit according to the scheme (Beyotime, Shanghai, China).
The cells were washed with PBS and fixed with fixative solution for
15min. The cells were then washed three times again with PBS and
stained using staining working solution. Incubated cells in an incuba-
tor at 37°C for 12h (ensure there was no CO, in the environment).
The staining condition was observed under an ordinary light micro-
scope (Leica, Solms, Germany). The percentage of blue-stained cells
was calculated. Recorded the number of stain-positive cells versus
the total number of cells and calculated the percentage of blue-
stained cells.

2.5 | Cellcycle assay

Propidium iodide DNA staining was used to analyze the cell cycle by
flow cytometry. The cells were washed with PBS twice and digested
them with trypsin. After fixation and centrifugation to obtain the
cell pellet, propidium iodide staining solution was added for staining.
Flow cytometry (Agilent, Santa Clara, CA, USA) was used to detect
red fluorescence and light scattering at an excitation wavelength of
488 nm.

2.6 | Intracellular ROS content

Intracellular ROS content was measured using the ROS Detection
Assay Kit (Biovision, Milpitas, CA, USA). In a 12-well plate, 3x 10°
cells per hole were inoculated overnight. Except that only 500 L
serum was added to the control group, 500puL 1xROS Label (i.e.,
DCFH-DA probe) diluted with serum-free medium was added to
each well. A multifunction microplate reader (BIO-TEK, Winooski,
VT, USA) was used to detect the average fluorescence intensity at
Ex/Em=495/529 nm. Then, the total protein was extracted, and the
protein concentration was determined by the BCA method. ROS

content=(average fluorescence intensity/ average protein mass)-
(average fluorescence intensity of control hole/ average protein
mass of control hole). According to the formula, the intracellular ROS

content was calculated.

27 | q-PCR

Total RNA from the cells was extracted with Trizol (Invitrogen,
Carlsbad, CA, USA). Subsequently, cDNA was synthesized by
using the PrimeScipt Master Mix (TaKaRa, Kyodo, Japan). Using
the National Center for Biotechnology Information (NCBI) and
ORIGENE websites to find the desired gene sequences, primer syn-
thesis was entrusted to Guangzhou Aiji Biotechnology Co., Ltd. The
GAPDH gene was used as an internal reference gene. The primers
used in the experiment included IL-6, IL-8, VEGF, MMP1, METTLS3,
METTL4, METTL14, WTAP, KIAA1429, FTO, ALKBH5, YTHDCI,
YTHDC2, YTHDF1, YTHDF2, hnRNPA2B1, hnRNPC, CCND2, E2F1,
and GADD45B. The primer sequences of each gene were shown
in Table S1. SYBR Premix Ex Tag™ Il Kit (Tli RNaseH Plus, TaKaRa,
Kyodo, Japan) kit was used for PCR reaction. The g-PCR was con-
ducted with a fluorescence quantitative PCR instrument (CFX con-
nect, BIORAD, Hercules, CA, USA). The relative mRNA expression
was calculated by using the 2-22%t method.

2.8 | Protein extraction and western blot

Total protein from HEFs was lysed in RIPA lysis buffer (Beyotime,
Shanghai, China). Protein concentrations were measured by using the
bicinchoninic acid (BCA) method. Proteins from total lysates were
separated on 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE, Beyotime, Shanghai, China) and then transferred to polyvi-
nylidene fluoride membrane (Millipore Corporation, Burlington, MA,
USA), blocked at room temperature for 2h. The antibody VEGF (sc-
7269), IL-6 (sc-28343), IL-8 (sc-8427), MMP1 (sc-21731), E2F1 (sc-251),
CCND2 (sc-53637), and GADD45B (sc-377311) were purchased from
Santa Cruz (CA, USA); METTL3 (ab195352), METTL4 (ab261735),
METTL14 (ab98166), WTAP (ab195380), KIAA1429 (ab124892),
FTO (ab124892), and hnRNPC (ab133607) from Abcam (Cambridge,
UK); YTHDC1 (220159), YTHDC2 (220160), YTHDF1 (17479-1-AP),
YTHDF2(24744-1-AP17479-1-AP), YTHDF3(25537-1-AP17479-1-AP),
and hnRNPA2B1 (14813-AP17479-1-AP) from Proteintech (Rosemont,
IL, USA). The membranes were incubated with primary antibodies
against at 1:1000 dilution, overnight at 4°C. After washing three times
in TBST, the membranes were incubated with respective secondary
antibodies anti-rabbit 1gG (ab6721, Abcam, Cambridge, UK) or anti-
mouse IgG (ab6789, Abcam, Cambridge, UK) at a dilution of 1:5000
for 1h. Eventually, the membranes were rewashed three times with
TBST. The semi-quantitative detection of the strip was carried out by
using the Image J software, and the optical density of each strip was
recorded. The relative content of protein=the gray value of the target
strip/the gray value of p-actin.
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2.9 | ELISA assay for total RNA methylase activity

Epigenase méA methylase activity/inhibition assay kit (EpiGentek,
Farmingdale, NY, USA) was used to detect the activity of total RNA
methyltransferase and demethylase. In an assay with this kit, the
unique méA substrate was stably coated on the strip wells. Active m6A
methylases bound to and methylate m6A contained in the substrate.
The un-demethylated méA in the substrate could be recognized with
a high-affinity mé6A antibody, and the immuno-signal was enhanced
with enhancer solution. The ratio or amount of un-demethylated méA,
which was inversely proportional to enzyme activity, could then be
colorimetrically quantified through an ELISA-like reaction. The follow-
ing formula was used to calculate enzyme activity. Methyltransferase
(ng/h/mg)=(0D OD,pank wen)x1000/slope  of
the standard curve x amount of nuclear protein added x incuba-

controIfODbIank)_
OD,,,W)Ixslope of 1000/standard curve x amount of

aCtiVity sample  well-
tion time. Demethylase activity (ng/h/mg)=[(OD
(ODsampIe—
nuclear protein added x incubation time.

2.10 | Overall m6A RNA methylation level
detection

The m6A RNA methylation quantification kit (EpiGentek,
Farmingdale, NY, USA) was used to detect the overall RNA mé6A
methylation level. RNA binding solution bound total RNA to the
well plate. The m6A was detected by using capture and detec-
tion antibodies. The amount of RNA méA was proportional to the
measured OD value in microplate reader. The following formula
was used for quantification: méA(ng)=(ODSample—ODNC)/S|ope,
m6A%=mbA(ng)/Sample RNA addition x 100%.

2.11 | RNA sequencing and bioinformatics analysis

Total RNA from the cells was extracted with Trizol (Invitrogen, Carlsbad,
CA, USA). After preparing the RNA samples of the cells of each treat-
ment group, RNA sequencing, and quality inspection were completed
by Guangzhou Chideo Biology Co., Ltd. R package “Limma” (V 3.56.2)
was used to analyze the sequencing results. The p<.05 and | log,FC
|>0.5 genes were defined as differentially expressed genes (DEGs). R
package “ClusterProfiler” (V 4.6.2) was used to analyze the differen-
tially expressed genes by Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis. The p-value cut-
off and g-value cutoff were set to 1. String (V 11.5) online website (cn.

string-db.org) was used to draw the protein interaction network map.

2.12 | Methylated RNA immunoprecipitation
(MeRIP) g-PCR

Magna merip™ m6A kit (Millipore, MMAS, Burlington, MA, USA)
was used to detect overall levels of RNA m6éA methylation, strictly

following the instructions of the kit. First, the extracted RNA was
segmented, and then the magnetic beads for immunoprecipitation
were prepared and immunoprecipitated. RNA fragments were eluted
and purified with miRNeasy® mini kit (QIAGEN, Germantown, USA),
found the corresponding DNA sequence of mRNA on the UCSC
website, and designed related gene primers online through the
primer design website (https://bioinfo.ut.ee/primer3-0.4.0/). The
primer sequences were shown in Table S1. Finally, the RNA fragment

was operated by g-PCR separately.

2.13 | Statistical analysis

The experiments were performed in three or more replicates, and
the results were expressed as mean +standard deviation. Statistical
analysis was performed by using SPSS 20.0 software, and graphpad
prism 9 was used to plot the relevant statistical graphs. One-way
ANOVA was used for comparison between multiple groups, and
Tukey's test was used for two-way comparison between groups,
with a two-sided test at a=.05. The p<.05 was considered as a sta-

tistically significant difference.

3 | RESULTS

3.1 | Resveratrol treatment modified cell biological
characteristics

First, we determined the effects of O, 5, 10, 20, 40, 50, 80, 100, and
200pumol/L resveratrol intervention in cells for 24h on cell viability.
The results showed that the concentrations of 5 and 10 pmol/L signifi-
cantly increased cell viability, as shown in Figure 1a. In the subsequent
experiments, 10pmol/L resveratrol was chosen as the intervention
concentration in order to reduce the experimental error.

SA-p galactosidase staining showed a significant increase in
blue-stained cells in the PSi and PSp groups compared with that of
22PDL. And after resveratrol intervention, the rate of blue staining
was reduced from Figure 1b,c.

Subsequently, we calculated the changes in cell number over
11days. From Day 5 onward, the number of cells in the PSp group
was lower compared with that of 22PDL group. And after resveratrol
intervention, the cells in PSp-R group increased compared with that
of PSp group in Figure 1d.

The cell cycle results revealed a decrease in the proportion of
GO/G1 phase and an increase in the proportion of cells in S and
G2/M phases in the PSi and PSp groups compared with that of
22PDL group. After resveratrol intervention, the proportion of
GO/G1 phase increased and the proportion of G2/M phase de-
creased in the PSi-R group compared with that of PSi group in
Figure 1le,f.

Therefore, these results indicated that resveratrol improved the
HEFs viability, promoted cell proliferation, and regulated the senes-
cent cell cycle.
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FIGURE 1 General biological characteristics of cells. (a) Effect of resveratrol on HEFs viability for 24 h. (b) Microscopic examination
results of SA-B-gal staining. (c) Histogram of SA-p-gal positive staining rate in each group. (d) Cell counts over 11days. (e) Cell cycle
distribution. (f) Cell cycle histograms for each group. The data for each group are presented as the means + SEMs (n=3). *p<.05, **p<.01,

**p < 001, ****p <.0001.

3.2 | Resveratrol reduced the level of
ROS and SASP

The changes in intracellular ROS levels and SASP were assessed in
this study. The results demonstrated that the intracellular ROS levels
were elevated in the PSi group compared with that of 22PDL group,
and decreased in the PSi-R group after resveratrol treatment. And
there was no significant difference in ROS levels between the PSp
and PSp-R groups as shown in Figure 2a.

Four indicators (IL-6, IL-8, VEGF, and MMP1) of SASP were de-
tected. As for the mRNA level, following resveratrol intervention,
the expressions of VEGF and MMP1 in the PSi group as well as IL-6
and VEGF in the PSp group were significantly reduced as shown in
Figure 2b.

Protein levels of IL-8 were reduced in both intervention groups
with statistically significant differences, and MMP1 decreased sta-
tistically in the PSp-R group. However, there was no statistically sig-
nificant difference between changes in VEGF before and after the

intervention, as shown in Figure 2c.
3.3 | Resveratrol affected methyltransferase
activity and méA level

The whole

activity, and total méA levels were assessed in each group.

m6A methyltransferases activity, demethylases
Methyltransferases activity was decreased in the two senescent

groups compared with that of 22PDL group and was increased after
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resveratrol intervention as shown in Figure 3a. The decrease in de-
methylases activity was statistically significant in the PSp group and
not in any of other groups in Figure 3b. As for total m6A levels, they
decreased in both senescent groups and returned to almost normal
following resveratrol intervention in Figure 3c.

3.4 | The changes of mRNA and protein
expression of the RNA m6A methylation regulatory
factors

Furthermore, we conducted an analysis of the mRNA expression of
key RNA methyltransferases (METTL3, METTL4, METTL14, WTAP,
and KIAA1429), RNA demethylases (FTO and ALKBH5), and RNA
binding proteins (YTHDC1, YTHDC2, YTHDF1, YTHDF2, hnRNPA2B1,
and hnRNPC).

The METTL14 mRNA was elevated in the two senescent groups
and decreased after resveratrol intervention, and the difference was
statistically significant. WTAP mRNA was elevated in the PSi group
and decreased to the same level as that of the 22PDL group in the
PSi-R group, while the mRNA of METTL3, METTL4, and KIAA1429
did not have statistically significant changes before and after inter-
vention, as shown in Figure 4a. In the PSp group, the mRNAs of FTO

and ALKBH5 were both decreased compared with the mRNA levels
of 22PDL group, and the decrease was more significant after the
intervention, as shown in Figure 4b. YTHDC1, YTHDC2, YTHDF1,
and YTHDF2 were elevated in the PSi group, and hnRNPA2B1 was
elevated in the PSp group. After the corresponding resveratrol in-
tervention, the decreases of all the above mRNAs were statistically
different, as shown in Figure 4c.

Subsequently, we evaluated the protein expression of the reg-
ulatory system for RNA m6éA methylation. Methyltransferases
METTL4 and KIAA1429 were elevated in the PSi group compared
with that of 22PDL group. After resveratrol intervention, METTL4
was elevated and KIAA1429 was decreased, as shown in Figure 4d.
Demethylation enzymes FTO and ALKBH5 didn't change signifi-
cantly before and after intervention, as shown in Figure 4e. The
reading proteins YTHDF2 and hnRNPA2B1 were elevated in the PSi
group and decreased after intervention, and the changes in other
reading proteins were shown in Figure 4f.

It was evident that resveratrol reduced mRNA levels of
METTL14, WTAP, FTO, YTHDC1, YTHDC2, YTHDF1, and YTHDF2
while also reducing protein levels of WTAP, KIAA1429, YTHDF2, hn-
RNPA2B1, and hnRNPC in senescent cells. Additionally, it increased
the protein level of METTL4. The m6A methylation-related enzymes
and binding proteins exhibited variations in both mRNA and protein
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**p<.01, ***p<.001, ***p<.0001.
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expression levels, indicating complex regulatory relationships at dif-

ferent stages of cellular senescence.

3.5 | Identification and enrichment analysis of
differentially expressed genes

In order to unravel the molecular mechanisms associated with aging,

a differential gene expression analysis was performed to identify

the aging process and changes in gene expression following resvera-
trol intervention. We identified 1616, 344, and 197 differentially
expressed genes (DEGs) from the comparison between premature
aging groups (22PDL vs. PSp) and the resveratrol intervention-
related groups (PSi vs. PSi-R, PSp vs. PSp-R) in Figure 5a. This
suggested significant alterations in gene expression during HEFs se-
nescence in response to resveratrol intervention in senescent cells.

The results of GO functional enrichment revealed enrichment
in pathways such as ATP hydrolytic activity and single-stranded
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FIGURE 5 Identification and enrichment analysis of DEGs. (a) Volcanic map of different genes in different comparison groups. Red dots
represent significantly upregulated genes, green dots represent significantly downregulated genes, and black dots represent genes with
no statistically significant difference. (b) GO analyses of DEGs (22PDLvs PSp). (c) GO analyses of DEGs (PSi vs. PSi-R). (d) GO analyses of
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DNA binding (22PDL vs. PSp) in Figure 5b, as well as cytokine ac- senescence, the p53 signaling pathway, and the cell cycle (22PDL
tivity, receptor ligand activity, signal receptor activator activity, and vs. PSp) in Figure 5e, the PPAR signaling pathway (PSi vs. PSi-R) in
other functions (PSi vs. PSi-R and PSp vs. PSP-R) in Figure 5c,d. Figure 5f, and cellular senescence (PSp vs. PSP-R) in Figure 5g. These
Subsequently, KEGG pathway enrichment analysis was conducted results indicated the involvement of cytokines and receptor ligands

to study the main enrichment pathways of DEGs, including cell in the development of cell senescence.
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3.6 | Expression of senescence-related specific
genes and the RNA m6A methylation modification

The gene ontology enriched by resveratrol accounted for 84.80%
of the results of aging differential gene set enrichment, while the
proportion of enriched signaling pathways was 77.27% in Figure 6a.
In this study, we focused on the intersection signaling pathways,
hsa04218 cell senescence and hsa04110 cell cycle. The protein inter-
action network map of intersection genes and méA regulatory factors
revealed that m6A regulatory factors were indirectly associated with
specific genes in Figure 6b. Given the observed regulatory phenotype
of resveratrol on the cell cycle of aging cells in our preliminary tests,
we focused on three genes—CCND2, E2F1, and GADD45B—which
were involved in both the cell cycle and cellular senescence signaling
pathways, and conducted an analysis and validation of them.

Regarding mRNA expression, the CCND2 and GADD45B were
lower in the PSi-R and PSp-R groups compared with that of the two
aging groups, while the E2F1 did not change significantly, as shown
in Figure 6c. As for protein expression, CCND2 was elevated in the
PSp group and lowered in the PSp-R group after resveratrol inter-
vention, and GADD45B was elevated in both aging groups and low-
ered after intervention in Figure 6d.

To understand the relationship between methylation and the
regulation of mRNA and protein, we investigated the levels of m6A
methylation in three genes during resveratrol intervention. The am-
plification maps of input samples and immunoprecipitation samples
among groups showed that primers could successfully amplify PCR
products in Figure 6e. In the PSp group, hypomethylation of CCND2
and hypermethylation of E2F1 and GADD45B were reversed after
resveratrol intervention, as shown in Figure 6f.

The correlation between the level of RNA méA methylation and
the mRNA expression of specific genes in each treatment group
showed that the mRNA expression level of CCND2 and E2F1 was
negatively correlated with the level of m6A methylation, while the
mRNA level of GADD45B was positively correlated with the level
of mé6A methylation. The correlation trend between CCND2, E2F1,
and GADDA45B proteins' expression and mé6A methylation level was
consistent with the above in Figure 6g.

Thus, the mRNA and protein changes of CCND2 and GADD45B
were consistent and downregulated, but their methylation changes
were opposite after resveratrol intervention. Therefore, the in-
creased RNA m6A modification of CCND2 inhibited its post-
transcriptional translation, resulting in a decrease in protein level.
The decrease of m6A modification level in GADD45B finally led to
a decrease in protein level. The mRNA level of E2F1 did not change
significantly, and the protein expression increased, indicating that
the hypomethylation of E2F1 increased its protein expression.

4 | DISCUSSION

Aging is an inevitable process, and with advancements in health-
care and declining fertility rates, population aging has become a

global concern. Cellular senescence forms the scientific basis for
the study of senescence. The hallmarks of cellular senescence in-
clude altered cell morphology, elevated SA-f galactosidase activity,
cell cycle arrest, redox imbalance, senescence-associated secre-
tory phenotypes, epigenetics, and other multifaceted alterations
(Ogrodnik, 2021; Wei et al., 2024). Based on the original model of
hydrogen peroxide-induced premature senescence in HEFs, we
separately determined the changes in their senescence markers
and epigenetics in senescent cells under the effect of resveratrol
intervention. The mechanism of resveratrol alleviation of premature
aging by RNA méA modification is shown in Figure 7. Specifically,
the study comprehensively revealed the mechanism of resveratrol
in delaying cellular premature senescence by enhancing general bio-
logical characteristics of cells, modulating RNA méA-related enzyme
and protein levels, and altering the transcription and methylation
levels of key aging genes.

Our study revealed that senescent HEFs undergo blockade at
the G2/M phase. Similarly, G2/M phase block occurs in urothe-
lial cells (Chien et al., 2000), retinal cells (Hwang et al., 2012; Kim
et al., 2021), and melanoma cells (Tang et al., 2020) in response
to H,0, stimulation. Resveratrol regulated cell cycle disturbances
by relieving G2/M phase arrest and increasing the proportion of
cells entering the GO/G1 phase. This was similar to the effects of
natural active substances such as anthocyanin oligomer (Hwang
et al., 2012), pine tuber ethanol extract (Tang et al., 2020), and ca-
lendula extract (Alnugaydan et al., 2015), which had been shown to
alleviate cell cycle arrest during oxidative stress. The discovery of
antioxidant plant compounds became crucial for maintaining redox
homeostasis and slowing down the aging process. Resveratrol at-
tenuated ROS release in a mouse model of pneumonia induced by
pathogen infection (Chi et al., 2024). Cisplatin-induced increased
intracellular ROS in HEI-OCI cells, and resveratrol reduced intra-
cellular ROS levels, which was consistent with our findings (Wu
et al.,, 2024). In senescent cells, resveratrol intervention signifi-
cantly reduced ROS levels. This suggested that resveratrol could
enhance the ability of HEFs to resist ROS imbalance induced by
H,0,. Senescent cells secreted a variety of inflammatory cy-
tokines, chemokines, growth factors, and proteases, and these
molecules are referred to as senescence-associated secretory
phenotypes (Ortiz-Montero et al., 2017). Our study found that
resveratrol inhibited the production of intracellular SASP, includ-
ing IL-6, IL-8, VEGF, and MMP1. Citrus flavanone naringenin, a
polyphenol similar to resveratrol, also reduced the expression of
SASP in senescent cells (Piragine et al., 2024). However, in the PSp
group, IL-6 protein expression was reduced, which might be due to
the high secretion of IL-6 into the cytosol.

Dynamic regulation of mé6A modification levels played an import-
antrole in the occurrence and development of aging and aging-related
diseases. Resveratrol regulated the level of mé6A modification during
aging mainly by affecting methyltransferase activity. RNA m6A meth-
ylation levels were reduced in senescent HEF cells (Wu et al., 2022).
Resveratrol had the effect of restoring overall methylation levels to
normal. The RNA méA methylation regulatory system had specific
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expression profile changes during H,O,-induced premature aging and
resveratrol intervention. During cellular senescence, mé6A modifica-
tions regulated the level of proteins after the genes were transcribed,
and this modification could enhance or reduce binding to specific reg-
ulatory factors (Li et al., 2023). Our study found that METTL14, WTAP,
and KIAA1429 were downregulated by resveratrol and slowed down
the aging process. WTAP could recruit METTL3 and METTL14 (Wan
etal., 2022). WTAP was increased in senescent nucleus pulposus cells
and promoted the interaction between NORAD and methyltransfer-
ase complexes (METTL3 and METTL14). Notably, the attenuation of
the senescent state in TNF-a-treated nasopharyngeal carcinoma cells
upon silencing WTAP underscores its therapeutic potential in miti-
gating age-related or stress-induced cellular decline (Li et al., 2022).
In urothelial carcinoma, METTL4 could mediate hypoxia-induced
urothelial mesenchymal transformation and tumor metastasis (Hsu
et al., 2022). DNA mé6A methylation of METTL4 played an important
role in mouse lipogenesis (Tooley et al., 2023). KIAA1429 could influ-
ence disease progression through méA modification in cancer, repro-
ductive system diseases, and cardiovascular system diseases (Zhang
et al., 2022). Overexpression of KIAA1429 was a predictor of poor
tumor prognosis, and low expression was a predictor of poor prog-
nosis in non-tumor diseases (Zhang et al., 2022). FTO and ALKBH5
are RNA demethylases, which make méA methylation reversible (Jia
et al., 2011; Zheng et al., 2013). However, no alterations in FTO with
ALKBHS5 were seen in the resveratrol intervention. The regulatory
role played by resveratrol on demethylating enzymes remains to be
explored. RNA methylation-binding proteins recognize RNA with

m6A methylation modifications. Proteins with YTH domains, such
as YTHDC1 and YTHDC2 in the nucleus, and YTHDF1-3 in the cy-
toplasm, were important members of RNA methylation-binding pro-
teins in eukaryotes (Zhang et al., 2010), which could coordinate with
other RNA methylation-binding proteins such as hnRNPA2B1 and
hnRNPC to regulate RNA metabolism (Alarcén et al., 2015). YTHDF2
dysregulation was often associated with cancer, but it has also been
found that the locus corresponding to the (TG)n microsatellite in the
YTHDF2 gene could play a potential role in human longevity (Wang &
Lu, 2021). The hnRNPA2B1 enhanced méA-dependent stability of on-
cogene mRNAs and promoted cancer progression (Hao et al., 2023).
Resveratrol played a role in slowing down the aging process by reduc-
ing the expression of YTHDF2 and hnRNPA2B1.

Given the significant detection of changes in the cell cycle, we
focused on common genes involved in both the cell cycle and cell
senescence pathways. The three screened genes, CCND2, E2F1, and
GADDA45B, were found to play a significant role in regulating cell life
processes. CCND2 is a member of the type D cyclin family and is
involved in cell cycle regulation, cell differentiation, and malignant
transformation. The majority of epigenetic studies on this gene have
concentrated on DNA promoter methylation (Blanchet et al., 2011).
CCND2 encodes proteins that facilitate the G1 to S phase transition,
thereby regulating the progression of the cell cycle. Nevertheless, a
single study indicated that reducing the expression of CCND2 has
only a minimal impact on cell division (Singh et al., 2009). Oxidative
stress-induced cellular senescence signals activate the p53 signaling
pathway and downregulate the cell cycle-related gene E2F1, leading
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to cell cycle arrest (Matuoka & Chen, 2002). RNA méA regulatory
mechanisms also regulate the expression of E2F1. The RNA de-
methylation enzyme FTO inhibits the level of E2F1 méA modifica-
tion and thus promotes the expression of downstream genes, which
contributes to the progression of non-small cell lung cancer (Wang,
Li, et al., 2021). GADD45B is a member of the GADD45 family, in-
volved in the process of cellular injury and stress response (Wang
etal., 2022). The expression level of GADD45B could be regulated by
m6A modification and promotes musculogenesis through activation
of the MAPK pathway (Deng et al., 2021). In vitro and in vivo exper-
iments had demonstrated that m6A modification of the GADD45B
gene had arole in the resistance to cisplatin in the treatment of germ
cell tumors (Miranda-Goncgalves et al., 2021). In conclusion, resver-
atrol may mitigate the progression by modulating the methylation
levels of CCND2, E2F1, and GADDA45B involved in aging process,
which in turn affected transcription and translation. It has been
found that inhibition of the methyltransferase METTL3 reduced mé6A
modification on Slcla5 and ameliorated osteoblast senescence (Liu
et al., 2024). Metformin enhanced METTL14 expression and pro-
moted m6A methylation, which attenuated H,O,-induced apoptosis
in NIT-1 cells (Zhou et al., 2024). Therefore, resveratrol intervention
was expected to be a new strategy to delay organismal aging by alter-
ing the activity of key enzymes and regulating the level of mé6A modi-
fication of key genes in cell aging. It is especially crucial to investigate
and clarify the mechanism by which resveratrol regulates RNA m6A

methylation in order to develop possible anti-aging nutrients.
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