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Abstract

Di(2-ethylhexyl) phthalate (DEHP) is recognized as an endocrine-disrupting compound and is widely adopted as a
plasticizer. Evidence links its reproductive toxicity to the tumor suppressor PTEN, genomic stability is crucially maintained
by DNA damage repair (DDR). PTEN loss promotes DNA damage accumulation and cellular senescence. Resveratrol
(RES), a natural polyphenol, exhibits antioxidant and anti-inflammatory activities and shows protective potential for the
male urogenital system. Nevertheless, the mechanisms associated with testicular senescence due to DEHP exposure and
RES protection remain incompletely understood. This study employed in vivo and in vitro models, including cell viability
assays, testosterone ELISA, cell cycle distribution analysis, senescence marker staining, Western blotting, and PTEN
modulation. DEHP exposure significantly reduced testosterone levels in rat testis and TM3 cells, which was ameliorated
by RES. DEHP/MEHP treatment upregulated senescence markers (3-Gal, p21, p16, yH2AX), downregulated PTEN and
CDK?2, and increased p-CHK2. These changes were reversed by RES. PTEN overexpression attenuated MEHP-induced
senescence, G1 arrest, and testosterone reduction, while PTEN inhibition abolished RES protection. These findings
elucidate the mechanism by which RES protects against DEHP-induced senescence via inhibiting PTEN loss.
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INTRODUCTION

As a class of synthetic chemicals, phthalates (PAEs) are extensively
employed as plasticizers, particularly in polyvinyl chloride (PVC)
products. Due to their non-covalent binding to plastic polymers, the
migration of these compounds into the environment underlies pervasive
human contact and classification as typical endocrine disruptors [1,2].
Among PAEs, DEHP is one of the most representative and is commonly
detected in medical devices, food packaging, and construction materials
[3,4]. The primary routes of human exposure to DEHP include ingestion,
inhalation, and dermal absorption, posing potential health risks that
include reproductive and developmental toxicity, hepatotoxicity, and
carcinogenicity [5,6]. In males, DEHP exposure impairs Sertoli and Leydig
cell function, causes functional impairment of the blood-testis barrier,
causes spermatogenic failure, and contributes to testosterone deficiency
[7,8]. In females, it interferes with follicular development, steroid
hormone synthesis, ovarian reserve, and the estrous cycle [9].
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In vivo, Mono(2-ethylhexyl) phthalate (MEHP) generated upon DEHP
exposure, which is the principal metabolite via hydrolysis catalyzed by
esterases [10]. MEHP surpasses DEHP in both polarity and biological
activity, establishing it as the key effector in mediating DEHP-induced
reproductive toxicity [11,12]. Therefore, investigating the toxicological
mechanisms of MEHP is essential for understanding the health risks of
phthalate exposure.

Cellular senescence entails an irreversible cessation of cell
proliferation, representing a fundamental physiological response to
various stressors [13,14]. The injuries accrual of senescent cells is
mechanistically correlated with organismal aging and the pathogenesis
mechanism of representative age-related diseases, notably atherosclerosis
and neurodegenerative disorders [15,16]. The senescence-associated
secretory phenotype (SASP) of accumulated Sertoli and Leydig cells
impairs testicular function by disrupting the blood-testis barrier and
fostering inflammation, thereby contributing to reproductive decline
[17,18]. Consequently, the emergence of senolytic therapies, which target
senescent cells for removal, represents a promising strategic development
in the mitigation of aging and linked pathological conditions [19,20].

Studies indicate that DEHP promotes cellular senescence through
multiple mechanisms. It induces oxidative stress, leading to triggering
of the p53-p21 and pl6-pRb signaling pathways and subsequent
proliferative arrest [21,22]. DEHP also causes DNA double-strand breaks
(DSBs), initiating DDR marked by yH2AX formation and triggering
senescence [23,24]. Furthermore, DEHP downregulates PTEN expression,
resulting in hyperactivation of the PI3K/AKT pathway and potentially
accelerating telomere dysfunction [25,26].

Within the testis, DEHP preferentially triggers senescence in
somatic cells, namely Sertoli and Leydig cells. This action disrupts the
spermatogenic niche and impairs testosterone production, forming a
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PTEN loss is characterized by the impairment or absence of
PTEN tumor suppressor function due to genetic mutations, deletions,
epigenetic silencing, or post-translational degradation [28]. Serving as a
pivotal repressor within the PI3K/AKT/mTOR network, PTEN loss leads
to aberrant PIP3 accumulation, persistent AKT activation, and promotion
of tumorigenesis through enhanced proliferation, suppressed apoptosis,
angiogenesis, and invasion [29,30]. Nuclear PTEN also contributes
to maintaining genomic stability through involvement in DNA repair
mechanisms, deficiency in this factor is associated with compromised
genomic integrity and increased mutagenesis [31,32].

RES, a natural polyphenolic stilbene found in grape skins, red
wine, peanuts, and Polygonum cuspidatum, is widely used in dietary
supplements [33]. The compound’s diverse pharmacological actions
include antioxidant and anti-inflammatory effects, protection against
cardiovascular and neurological damage, and potential inhibition of
cancer development [34]. Under the framework of cellular senescence,
RES has been demonstrated to counteract aging by reducing oxidative
stress and suppressing inflammation [35]. Notably, RES can upregulate
or stabilize PTEN expression and activity, thereby preserving PTEN-
mediated tumor suppressor signaling and offering protection against
senescence [36,37].

This research integrates evidence from both animal studies and
cellular experiments, which were employed to examine whether
RES protects against DEHP-induced testicular cellular senescence
by counteracting PTEN loss. The involvement of the PTEN/p-CHK2/
CDK2 pathway in DEHP-mediated senescence was investigated, and the
protective role of RES in this context was elucidated.

MATERIALS AND METHODS

Animals Model

SPF male Sprague-Dawley rats at 3 weeks of age (postnatal day 21)
were procured from the Institute of Genome Engineered Animal Models
for Human Disease at Dalian Medical University. A standardized one-week
acclimatization protocol was implemented under controlled laboratory
conditions preceding experimental interventions. All rats were housed
in a SPF environment with controlled conditions: a 12-h light/dark
photoperiod, temperature maintained at 25 * 2 °C, and humidity at 50
+ 5%. Animals had ad libitum access to standard rodent diet and water.
DEHP (298% purity, Alfa Aesar, USA) was prepared as a suspension in
corn oil at a concentration of 500 mg/kg body weight and administered
via oral gavage at a volume of 4 mL/kg. RES (Solarbio, China) was initially
dissolved in DMSO to generate a 100 mM stock solution, subsequently
diluted with sterile physiological saline to the desired working
concentration for in vivo administration.

A randomized grouping design was employed, resulting in four
experimental cohorts of equal size (n = 8 per group): (I) Control group:
gavaged with corn oil and intraperitoneally injected with saline for
3 months. (II) DEHP group: gavaged with DEHP (500 mg/kg/day)
and intraperitoneally injected with physiological saline for 3 months.
(III) DEHP+RES group: gavaged with DEHP (500 mg/kg/day) and
intraperitoneally injected with RES (60 mg/kg/day) for 3 months. (IV)
RES group: gavaged with corn oil and administered via intraperitoneal
injection with RES (60 mg/kg/day) for 3 months. Following a 24-hour
interval after the final administration, rats were euthanized under deep
anesthesia induced by pentobarbital humanely. Testicular tissues were
promptly excised and preserved for subsequent analytical procedures.

Cell Culture and Treatment

The TM3 mouse Leydig cell line was obtained from the National
Collection of Authenticated Cell Cultures, was cultured in DMEM/F12
medium containing 2.5% fetal bovine serum, 5% horse serum, and
1% penicillin/streptomycin, and maintained at 37 °C in a humidified

incubator with 5% CO,.

Stock solutions were prepared by dissolving MEHP (MCE, USA; 55.67
mg) and RES (2.2824 mg) in 1 mL of DMSO to achieve final concentrations
of 200 mM and 10 mM, respectively. Cells in the MEHP group were
exposed to 0 or 200 pM MEHP for 24 h. Cells were simultaneously treated
with 200 uM MEHP and 2.5 pM RES for an equivalent period in protection
experiments.

Cell Viability Assay

TM3 cells were seeded in 96-well plates at a density of 5,000 cells
per well and exposed to MEHP (0 or 200 uM) along with a gradient of
RES concentrations (0-40 pM) for 24 hours to assess viability. Following
the manufacturer’s protocol, 10 puL of CCK-8 reagent was added to each
well, and then the absorbance at 450 nm was measured with a microplate
reader. The relative cell survival rate was then determined based on the
obtained readings.

Testosterone Content Assay

Testosterone concentrations in testicular tissue homogenates and
TM3 cell culture supernatants were quantified using a commercially
available Rat Testosterone ELISA Kit (BPE30610, Lengton, China). For
tissue specimens, 40 pL of each standard or sample was loaded into the
wells, after which horseradish peroxidase (HRP) and biotin-conjugated
detection antibodies were added sequentially, followed by incubation
at 37°C for 1 hour. After thorough washing, the chromogenic substrate
was added and cultured at 37°C for 10 minutes, and the absorbance was
subsequently measured at 450 nm. Based on the OD values of the known
standards, a standard curve was generated. For cell culture supernatants,
the medium was clarified by centrifugation at 4°C and 3600 rpm for 5
minutes, and the resultant supernatant was subjected to the same assay
procedure.

Flow Cytometry for Cell Cycle

Flow cytometry was used to assess the cell cycle distribution by
using a commercially available Cell Cycle and Apoptosis Analysis Kit (PI
staining) (HY-K1071, MCE, USA). Briefly, TM3 cells treated with MEHP
(0 or 200 pM) and RES (0 or 2.5 uM) for 24 hours were detached, fixed
with pre-chilled 70% ethanol for 24 hours, and subsequently stained with
propidium iodide (PI) working solution. With an excitation wavelength of
488 nm following incubation at 37°C in the dark for 30 minutes cells were
subjected to flow cytometric analysis. By using Flow]o software, data
were processed and quantified.

SA-B-Gal Stain

Senescence-Associated [-Galactosidase (SA-B-Gal) Staining Kit
(G1580, Solarbio, China) was used to evaluate cellular senescence.
TM3 cells were seeded into 6-well plates at 2.5x10* cells/well and
subsequently exposed to MEHP (0 or 200 pM) and RES (0 or 2.5 pM) for
a period of 24 hours. Cells were fixed using the supplied -Gal fixative for
15 min at room temperature after treatment, rinsed three times with PBS,
and then incubated with the staining working solution overnight (12-24
h) at 37°C. Cells exhibiting blue cytoplasmic staining, indicative of SA-§-
Gal positivity, were observed and manually counted using an inverted
light microscope.

Western Blotting

Total protein was extracted from rat testicular tissues and TM3 cells
using a commercial extraction kit (Beyotime, China). Protein concentration
was quantified using the bicinchoninic acid (BCA) method. Protein
samples were resolved by SDS-PAGE and transferred to PVDF membranes
(IPVH00010, Merck Millipore, USA). Membranes were blocked with 10%
skim milk for 1.5 h, then incubated with primary antibodies overnight
at 4°C. Following TBST washes, membranes were incubated with HRP-
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conjugated secondary antibodies. Protein bands were detected with an
Omni-ECL chemiluminescence kit (SQ201, EpiZyme, China) and captured
using a Bio-Rad ChemiDoc MP imaging system.

The antibodies used included: PTEN (AF5447, 1:1000), B-Gal
(WL03124, 1:500), p-CHK2 (AF3036, 1:1000), CDK2 (AF6237, 1:1000),
p21 (WL0362, 1:500), p16 (WL01418, 1:500), yH2AX (AF3187, 1:1000),
and B-actin (TA-09, 1:5000).

Secondary antibodies were HRP-conjugated Goat Anti-Rabbit
IgG (SA00001-2, 1:5000) and HRP-conjugated Goat Anti-Mouse IgG
(SA00001-1, 1:5000).

Cell Transfection

According to the manufacturer’s instructions, stable PTEN
overexpression in TM3 cells was established via transfection with either
the pcPten3.1(+) plasmid or the corresponding empty vector pcR3.1
(GenePharma, China), using Lipofectamine™ 3000 transfection reagent
(L3000008, Invitrogen, USA) . Transfection was performed 24 hours
prior to treatment with MEHP (200 uM) and RES (2.5 pM). Successful
overexpression was validated by Western blot analysis.

PTEN Inhibition

VO-Ohpic trihydrate, a PTEN inhibitor (IC50 35 nM), was used. TM3
cells were pretreated with VO-Ohpic (1 pM) for 24 hours prior to co-
exposure with MEHP (200 pM) and RES (2.5 pM). A 1 mM stock solution
of VO-Ohpic (CAS NO: 476310-60-8, TargetMol, USA) was prepared
by dissolving 1 mg of the compound in 2.4085 mL of DMSO. Inhibition

efficacy was confirmed by Western blotting.

Statistical Analysis

All quantitative results are presented as mean * SEM. Statistical
comparisons were performed using one-way ANOVA, with each
experiment replicated at least three times. Differences were considered
statistically significant at P < 0.05. GraphPad Prism software was used for
all statistical analyses and figure generation.

RESULTS

Protective effects of RESagainst DEHP-induced

senescence in rat testicles

Based on prior KEGG analysis indicating DEHP might induce
testicular senescence (Zhang H et al.,, 2024), this study evaluated whether
DEHP causes senescence and if RES offers protection. Examination of rat
testicular cells revealed that RES conferred protection against senescence
induced by DEHP (Figure 1).

Specifically, in the DEHP group relative to controls, testosterone levels
were significantly decreased, whereas a marked recovery was observed
in the DEHP+RES co-treatment group (Figure 1A). Western blotting
revealed that DEHP treatment significantly upregulated senescence-
related proteins (B-Gal, p21, p16, yYH2AX) in testicular tissue, changes that
were reversed by RES co-treatment (Figure 1B, C). To investigate PTEN’s
role, expression levels of PTEN, p-CHK2, and CDK2 were assessed. DEHP
treatment reduced PTEN and CDK2 protein expression while increasing
p-CHK2 levels, effects that were reversed by RES (Figure 2B, C).
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Figure 1: Protective effects of RES against DEHP-triggered senescence in rat testicles. Male Sprague-Dawley rats were received DEHP (0, 500 mg/
kg) via gavage and intraperitoneally injected with RES (60 mg/kg/day) for 3 months. (A) Evaluation of testosterone levels in testicular tissues. (B,
C) Analysis of the expressions of relevant effect and signaling pathway proteins subsequent to DEHP and RES treatment in testicular tissues. The

results are presented as mean+SEM. *P< 0.05, **P< 0.001, ***P< 0.0001.
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Figure 2: Protective effects of RES against MEHP-triggered senescence in TM3 cells. The cells were processed to 200 pM MEHP and 2.5 uM RES
for 24 h. (A) Effect of RES on cell viability. (B) Effect of MEHP and RES on cell viability. (C) Evaluation of testosterone levels in TM3 cells culture
supernatant. (D, E) The cell cycle distribution of TM3 cells. (F, G) SA-B-Gal stain results of TM3 cells (scale bar: 50 pm). The results are presented
as mean=SEM. *P < 0.05, **P < 0.001, ***P < 0.0001. The results in E are presented as **P< 0.001 vs. control group, ##P< 0.001 vs. MEHP group.

Protective effects of RES against MEHP-induced
senescence in TM3 cells

TM3 cells were exposed to MEHP in combination with a range of RES
concentrations to further investigate the underlying mechanism. CCK-8
assays indicated that 1.25 pM and 2.5 pM RES exhibited no significant
cytotoxicity, with 2.5 uM showing maximal protective efficacy (Figure 24,
B). Thus, 2.5 uM RES was used for subsequent experiments.

A gold-standard assay for senescence detection--SA-f-Gal staining,
revealed a significant increase in SA-B-Gal-positive TM3 cells following
MEHP treatment compared to controls. This increase was substantially
attenuated upon co-treatment with RES (Figure 2C, D). Flow cytometric
analysis of cell cycle distribution demonstrated that MEHP treatment
led to a significant accumulation of G1 phase cells, indicative of cell
cycle arrest. This arrest was notably alleviated by concurrent RES
administration (Figure 2E, F). Testosterone levels in the supernatant
were significantly reduced by MEHP but notably recovered with RES co-
treatment (Figure 2G).

MEHP induced senescence in TM3 via PTEN loss

TM3 cells were transfected with a PTEN overexpression plasmid to
investigate PTEN’s role (Figure 34, B). Cell viability assessment showed
that MEHP significantly reduced viability compared to controls, whereas
PTEN overexpression markedly restored viability levels (Figure 3C).
An effect that was substantially attenuated by PTEN overexpression,
SA-B-Gal staining demonstrated that MEHP treatment significantly

elevated the proportion of SA-B-Gal-positive cells (Figure 3D, E). Flow
cytometry revealed that MEHP-induced G1 phase arrest was substantially
attenuated by PTEN overexpression (Figure 3F, G). Testosterone levels in
supernatants, significantly reduced by MEHP, were markedly restored by
PTEN overexpression (Figure 3H). Western blotting confirmed that MEHP
upregulated -Gal, p21, p16, and YH2AX, alterations reversed by PTEN
overexpression (Figure 31, ]).

MEHP triggered senescence in TM3 cells via PTEN-p-
CHK2-CDK2 pathway

To investigate pathway involvement, PTEN-overexpressing TM3 cells
were analyzed. Western blotting results aligned with in vivo findings: MEHP
treatment reduced PTEN and CDK2 protein expression while increasing
p-CHK2; these effects were reversed by using PTEN overexpression
(Figure 4A-D). In mediating MEHP-induced cellular senescence, these
findings underscore the essential role of PTEN. Overexpression of PTEN
alleviated senescent effects. In summary, MEHP exposure induces PTEN
loss, which downregulates p-CHK2 and subsequently upregulates CDK2
expression, ultimately triggering cellular senescence.

The protective effect of RES against MEHP-induced
PTEN loss and senescence in TM3 cells

TM3 cells were pretreated with the specific PTEN inhibitor VO-Ohpic
prior to subsequent exposures to ascertain whether the protective effect
of RES is dependent on PTEN (Figure 54, B). Cell viability was significantly
impaired in the VO-Ohpic-pretreated group relative to the MEHP+RES co-
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Figure 3: Overexpression of PTEN alleviated MEHP-induced senescence in TM3 cells. The cells were processed to overexpression of PTEN and 200
uM MEHP for 24h. (A, B) Analysis of the expressions of PTEN proteins after 24 h overexpression in TM3 cells. (C) Effect of overexpression of PTEN
and MEHP on cell viability. (D) Evaluation of testosterone levels in TM3 cells culture supernatant. (E, F) The cell cycle distribution of TM3 cells. (G,
H) SA-B-Gal stain results of TM3 cells (scale bar: 50 pm). (I, J) Analysis of the expressions of relevant senescence proteins in TM3 cells. The results
are presented as mean+SEM.*P< 0.05, **P< 0.001, ***P< 0.0001. The results in F are presented as **P < 0.001 vs. control group, ##P < 0.001 vs.

MEHP group.
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Figure 5: PTEN inhibition attenuated the protective effect of RES against MEHP in TM3 cells. The cells were processed to 1 pM inhibitor of PTEN
(VO-Ohpic trihydrate), 200 uM MEHP and 2.5 pM RES for 24 h. (A, B) Analysis of the expressions of PTEN proteins. (C) Effect of PTEN inhibition on
cell viability. (D) Evaluation of testosterone levels in TM3 cells culture supernatant. (E, F) The cell cycle distribution of TM3 cells. (G, H) SA-3-Gal
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as mean+SEM. *P< 0.05, **P< 0.001, ***P< 0.0001. The results in F are presented as **P< 0.001, ##P< 0.001 vs. MEHP + RES group.

treatment group (Figure 5C). A pronounced increase in SA-B-Gal-positive
cells in the VO-Ohpic-pretreated group compared to the MEHP+RES co-
treatment group (Figure 5D, E). A significant elevation in the proportion
of cells arrested in the G1 phase in the VO-Ohpic-pretreated group by
flow cytometric analysis (Figure 5F, G). In the VO-Ohpic-pretreated group
relative to the MEHP+RES co-treatment group, testosterone levels were
significantly reduced (Figure 5H). Western blotting showed that VO-
Ohpic treatment significantly upregulated $-Gal, p21, p16, and YH2AX
compared to the co-treatment group (Figure 51, J).

RES against MEHP-induced senescence through the
PTEN-p-CHK2-CDK2 axis

To elucidate if this axis mediates RES protection, cells treated with
VO-Ohpic were analyzed. Western blotting demonstrated that VO-Ohpic
downregulated PTEN and CDK2 and upregulated p-CHK2, whereas
MEHP+RES co-treatment reversed these alterations (Figure 6A-D). These
results indicate that PTEN is essential for RES protection. Following PTEN
inhibition, RES’s protective effect was markedly attenuated. In summary,
PTEN suppression triggers senescence via upregulation of p-CHK2 and
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subsequent downregulation of CDK2. Under these conditions, RES cannot
counteract MEHP-induced senescence without functional PTEN.

DISCUSSION

As a high-molecular-weight phthalate ester widely employed as PVC
products, DEHP improves material flexibility and durability. Research has
demonstrated that DEHP exposure exerts toxic effects across multiple
organ systems, including the testes, ovaries, heart, and liver [38,39].
DEHP is categorized as a Group 2B probable human carcinogen by the
International Agency for Research on Cancer (IARC). Moreover, prenatal
exposure to DEHP has been linked to detrimental outcomes in offspring
reproductive organ development, potentially causing reproductive
dysfunction later in life [40,41]. Its primary metabolite, MEHP, exhibits
even greater toxicity [42].

In animal studies, DEHP exposure disrupts the testicular barrier in
male rats, leading to impaired spermatogenesis and decreased serum
testosterone. Both DEHP and its metabolite MEHP exert detrimental
effects on male reproductive function in rats, manifested as reduced
testosterone synthesis, decreased sperm count, testicular cell damage,
and compromised blood-testis barrier function in our prior investigations
[2-43]. Building on this, the current study investigated the molecular
mechanism of DEHP/MEHP-induced cellular senescence via PTEN loss
and evaluated RES protection.

Cellular senescence, initially characterized by Hayflick and
colleagues, represents a state of permanent and irreversible cell cycle
arrest triggered by diverse forms of cellular stress [13]. This physiological
and pathological process, distinct from apoptosis and necrosis, is
characterized by proliferation cessation with maintained metabolic
activity [44]. Hallmarks include structural degeneration, cell cycle arrest,
biomolecular damage, metabolic dysregulation, and SASP development
[45]. The primary forms of cellular senescence include: replicative
senescence, driven by progressive telomere shortening; stress-induced
premature senescence, triggered by DNA damage from reactive oxygen
species (ROS), ultraviolet radiation, or chemical agents, and characterized
by increased YH2AX expression; and developmental senescence, which
occurs as a programmed process during embryogenesis [46,47].

Senescent cells exhibit characteristic changes. The lysosomal
compartment expands, leading to enhanced activity of SA-B-Gal at an
optimal pH of 6.0, which serves as a standard biomarker for identifying

senescent cells [48]. Biomolecular damage involves oxidative and
structural abnormalities in DNA, proteins, and lipids [49]. Activation
of the p53/p21 and p16/Rb signaling pathways drives irreversible
cell cycle arrest, a process that can be quantitatively assessed through
flow cytometric analysis [50]. Metabolic reprogramming, including
mitochondrial dysfunction and autophagy alterations, decreases cell
viability [51,52]. Functionally, senescence induces tissue-specific
impairments; for instance, diminished testosterone synthesis in senescent
Leydig cells contributes directly to reproductive dysfunction [53].

In this research, DEHP exposure significantly declined testicular
testosterone while upregulating p16, p21, yH2AX, and (-Gal, consistent
with senescence (Figure 1). MEHP-induced senescence in TM3 cells was
confirmed by CCK-8, flow cytometry, and SA-(-Gal staining (Figure 2).

PTEN, a crucial tumor suppressor that catalyzes the
dephosphorylation of PIP3 dephosphorylation to negatively regulate the
PI3K/AKT/mTOR signaling pathway [54,55]. PTEN loss causes pathway
hyperactivation, inducing replication stress, DNA damage accumulation,
and senescence via DDR activation [56,57]. Here, PTEN expression was
significantly downregulated in testicular tissue and TM3 cells after DEHP/
MEHP exposure. Mechanisms may involve transcriptional suppression,
oxidative stress-mediated degradation, or impaired activity due to
disrupted localization [58]. PTEN overexpression effectively suppressed
MEHP-induced senescence (Figure 3).

RES exhibits a range of beneficial biological activities, including anti-
inflammatory, antioxidant, cardioprotective effects, and the ability to
activate the deacetylase SIRT1, which is a naturally occurring stilbenoid
polyphenol [59,60]. In our system, RES co-treatment reversed DEHP/
MEHP-induced PTEN downregulation (Figurel-5). The protective
mechanism may involve regulation of E3 ubiquitin ligases (e.g, WWP2)
to reduce PTEN ubiquitination/degradation, and/or enhancement of
PTEN transcription via FOXO factors [61,62]. Using the PTEN inhibitor
VO-OHpic, we found RES’s anti-senescence effects were abolished when
PTEN was inhibited, demonstrating its action depends on counteracting
PTEN loss (Figure 5).

CHK2 is a pivotal cell cycle checkpoint kinase. Upon persistent DNA
damage, the ATM/CHK2 pathway is chronically activated, phosphorylating
CHK2 to produce p-CHK2, a biomarker of DNA damage [63,64]. CDK2, a
cyclin-dependent kinase, depends on cyclin binding for activity. During
DDR, activated p-CHK2 upregulates p21 via p53. p21, a broad-spectrum
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CDK inhibitor, binds the CDK2-cyclin complex, inhibiting its kinase
activity, which leads to G1/S arrest and even cellular senescence. Thus,
reduced CDK2 activity indicates cell cycle arrest [65-72]. Our results
suggest DEHP induces DNA damage via PTEN deficiency, activating ATM/
CHK2 and elevating p-CHK2. Subsequently, CDK2 activity is suppressed
via CDC25 phosphorylation and p21 induction, causing G1/S arrest and
senescence. RES counteracts MEHP-induced senescence by modulating
the PTEN/p-CHK2/CDK2 axis (Figure 4-6).

CONCLUSION

This research elucidated the molecular mechanism by which DEHP/
MEHP leads to testicular cell senescence via promoting PTEN loss,
activating p-CHK2, and inhibiting CDK2 activity. Furthermore, RES exerts
anti-senescence effects by preserving PTEN function and maintaining
homeostasis of the PTEN/p-CHK2/CDK2 signaling pathway. Theoretical
basis for comprehending the reproductive toxicity of DEHP and lay an
experimental groundwork for the development of potential preventive
and therapeutic interventions.
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