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Abstract

Cigarette smoking contributes to vascular aging through oxidative stress, inflammation,
and extracellular matrix (ECM) remodeling. Cellular senescence has been recognized as
an important mechanism linking tobacco exposure to vascular dysfunction, but effective
pharmacological strategies targeting this process remain scarce. In this study, we examined
whether Rapalink-1, a dual inhibitor of mechanistic target of rapamycin complex 1 and
complex 2 (MTORC1 and mTORC2), modulates smoke condensate (SC)-induced senes-
cence in vascular cells. Human umbilical vein endothelial cells (HUVECS) and vascular
smooth muscle cells (SMCs) were exposed to SC with or without Rapalink-1. SC increased
intracellular reactive oxygen species, induced DNA damage, and promoted senescence-
associated changes, including increased senescence-associated (3-galactosidase (SA-3-gal)
activity, reduced Lamin B1, and elevated p21 expression. These effects were accompanied
by increased expression of inflammatory and matrix-remodeling genes associated with
the senescence-associated secretory phenotype (SASP). Rapalink-1 co-treatment reduced
oxidative stress and DNA damage, attenuated senescence markers, and partially normal-
ized SASP-related and ECM-associated gene expression. Mechanistically, SC activated
nuclear factor kappa B (NF-«B) and mitogen-activated protein kinase (MAPK) signaling
and increased downstream mTOR pathway activity, whereas Rapalink-1 dampened these
signaling responses. Together, these findings indicate that dual mTORC1/2 inhibition by
Rapalink-1 mitigates smoke condensate-induced senescence and inflammatory responses
in vascular cells.

Keywords: rapalink-1; mTOR; vascular senescence; SASP

1. Introduction

Tobacco smoking remains one of the leading preventable causes of cardiovascular and
cerebrovascular morbidity and mortality worldwide, strongly predisposing individuals
to atherosclerosis, intracranial aneurysms, and stroke [1-4]. Beyond its systemic toxicity,
cigarette smoke exerts profound deleterious effects on the vascular wall by promoting
oxidative stress, chronic inflammation, and extracellular matrix (ECM) remodeling, thereby
accelerating vascular aging and structural degeneration [5-8]. Epidemiological evidence
consistently demonstrates that smokers exhibit an increased incidence of vascular disease
and worse clinical outcomes compared with non-smokers [9-11]. However, the intracellular
signaling networks that mechanistically link tobacco exposure to vascular degeneration
remain incompletely understood.
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Accumulating evidence suggests that cellular senescence is an important mechanism
linking tobacco smoke exposure to vascular aging [12,13]. Persistent oxidative and geno-
toxic stress induced by cigarette smoke drives premature senescence in both endothelial
cells and vascular smooth muscle cells. Senescent vascular cells display characteristic molec-
ular features, including increased senescence-associated (3-galactosidase (SA-f3-gal) activity,
depletion of nuclear Lamin B1, accumulation of DNA damage markers such as phos-
phorylated H2A histone family member X (y-H2AX) and 8-hydroxy-2'-deoxyguanosine
(8-OHDG), and sustained cell-cycle arrest [14-16]. Importantly, senescent cells acquire a
senescence-associated secretory phenotype (SASP), marked by excessive production of
pro-inflammatory cytokines, chemokines, and matrix-degrading enzymes, which collec-
tively amplify local inflammation and ECM disruption. Through these processes, cellular
senescence contributes to vascular wall weakening, maladaptive remodeling, and disease
progression in conditions such as aneurysm formation, atherogenesis, and vascular stiff-
ening [17-20]. Despite its pathogenic relevance, effective pharmacological strategies to
suppress smoke-induced vascular senescence remain limited.

To dissect these mechanisms under controlled conditions, tobacco smoke condensate
(SC)—the particulate phase of cigarette smoke—is widely employed as an in vitro model
of smoke-induced vascular injury [21-23]. SC exposure robustly induces reactive oxygen
species (ROS) accumulation, mitochondrial dysfunction, and DNA damage in endothelial
and smooth muscle cells, ultimately triggering premature senescence [12,22,24]. These
stress responses converge on key signaling pathways, including nuclear factor kappa B
(NF-«kB) and mitogen-activated protein kinase (MAPK), which orchestrate inflammatory
and stress-adaptive transcriptional programs, as well as the mTOR pathway, a central
regulator of cellular metabolism, growth, and aging. Persistent activation of these pathways
reinforces oxidative and inflammatory signaling, promotes SASP activation, and drives
maladaptive ECM remodeling—hallmarks of smoking-associated vascular degeneration.
However, therapeutic approaches targeting individual downstream consequences, such as
antioxidants or anti-inflammatory agents, have shown limited efficacy, underscoring the
need for interventions that modulate upstream signaling nodes governing senescence and
stress integration.

The mechanistic target of rapamycin (mTOR) pathway has emerged as a master
regulator linking nutrient sensing, stress responses, and cellular aging. Chronic mTOR
activation accelerates oxidative stress, inflammatory signaling, and senescence, whereas
mTOR inhibition extends lifespan and alleviates age-related pathologies across multiple
species [25-28]. Rapalink-1 is a third-generation dual mTORC1/2 inhibitor that overcomes
limitations of earlier mTOR inhibitors and exhibits enhanced potency and durability [29,30].
Beyond its established roles in cancer and metabolic disease, recent studies demonstrate
that Rapalink-1 confers cytoprotective effects by coordinately suppressing NF-«B, MAPK,
and mTOR signaling, thereby attenuating stress-induced cellular dysfunction [31]. No-
tably, dual mTORC1/2 inhibition also impacts protein kinase B (AKT) signaling, a critical
stress-adaptive pathway implicated in cellular survival and homeostasis, suggesting that
Rapalink-1 may fine-tune signaling networks rather than simply abrogate them.

Based on these considerations, we hypothesized that Rapalink-1 protects vascular
endothelial and smooth muscle cells from tobacco smoke condensate-induced oxidative
stress, DNA damage, and premature senescence by reprogramming interconnected in-
flammatory and metabolic signaling pathways. By integrating cellular, molecular, and
transcriptional analyses, the present study aimed to determine whether dual mTORC1/2
inhibition by Rapalink-1 mitigates SC-induced vascular injury through coordinated modu-
lation of NF-xB/MAPK signaling, mTOR signaling to ribosomal protein S6 (S6) output, and
stress-adaptive AKT activation. This work provides mechanistic insight into how targeting
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senescence-associated signaling networks may offer a promising therapeutic strategy to
counteract smoking-related vascular aging and degeneration.

2. Results

2.1. Rapalink-1 Alleviates SC-Induced Oxidative Stress and Restores Cell Viability in HUVECs
and SMCs

To determine whether SC induces oxidative stress and whether Rapalink-1 can
counteract this response, intracellular ROS levels were first evaluated using 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) staining.

In HUVECs, SC markedly increased DCFH-DA-derived fluorescent signals, indicating
elevated intracellular oxidative stress, whereas Rapalink-1 alone did not appreciably affect
basal staining. Notably, co-treatment with Rapalink-1 significantly reduced the SC-induced
increase in DCFH-DA-positive cells (Percentage of positive cells: Control = 0.90 &= 1.56%;
SC =62.93 £ 1.58%; Rapalink-1 = 0.49 +£ 0.43%; SC + Rapalink-1 = 5.20 & 2.30%; p < 0.0001;
Figure 1A,B). In SMCs, a similar oxidative response was observed following SC exposure
(Supplementary Figure S1).
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Figure 1. (A) Representative fluorescence images of DCFH-DA staining (green) with Hoechst
nuclear counterstaining (blue) in HUVECs after 2 h treatment under four conditions: Control
(Ctrl), SC, Rapalink-1 (RL-1), and SC + RL-1. (B) Quantification of DCFH-positive cells (%) in
HUVEC:s. (C,D) Cell metabolic viability measured by MTT assay in HUVECs and SMCs at 48 h. Scale
bar = 50 um, Data are presented as mean + SD (n = 3). Statistical significance was determined by
one-way ANOVA with Tukey’s multiple comparisons test. Significance is indicated as: * p < 0.05,
***p <0.001, **** p < 0.0001.
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Consistent with these findings, SC stimulation induced a coordinated oxidative stress-
related transcriptional response in both HUVECs and SMCs, including NOX4 and NOS2, as
well as activation of antioxidant defense pathways such as HMOX1, SOD2, and the redox-
responsive transcription factor NFE2L2. Rapalink-1 alone also caused modest changes
in a subset of transcripts in HUVECs, although these were generally smaller than the
SC-induced responses. Importantly, Rapalink-1 co-treatment selectively attenuated parts of
this stress-responsive gene program, with the strongest suppression observed for NOS2,
SOD2, and NFE2L2, whereas in HUVECs, HMOX1 remained elevated despite Rapalink-1
treatment (Tables 1 and 2).

Table 1. Quantification of relative mRNA expression in HUVECs (p values: overall one-way ANOVA
across the four groups; Tukey post hoc for pairwise comparisons).

Gene Control SC Rapalink-1 SC + Rapalink-1  p-Value
NOX4 1.06 £039 280+030 0.88+£0.20 2.54 +£0.81 0.0021
NOS2 1.08 £048 1569 £849 6.81 £573 0.70 £ 0.04 0.0231
HMOX1 1.12+0.67 20.07+440 0.85+0.25 25.01 &+ 6.88 0.0001
SOD2 1.05+041 735+310 3.16+1.21 1.18 +0.29 0.0058
NFE2L2 1.07+£052 378+192 1.63+0.94 0.73 £0.21 0.0371
MMP1 1.00+0.14 23.13+£546 0.65+£0.07 17.02 £3.52 <0.0001
MMP10  1.07+049 546+131 0.78£0.26 3.09 £ 0.70 0.0003
MMP11  1.02+021 1214+011 0.95=+0.04 0.89 £ 0.03 0.0464
TIMP3 1.02+025 275+115 1.14+£045 0.66 £ 0.32 0.0179
TIMP4 1.09£049 3224+121 211+£139 0.78 £ 0.22 0.0522
TNF-o«  1.01+£023 285+£028 1.62+0.25 1.10 £0.33 0.0001
PTGS2 121+074 5204352 1.73£0.19 7.58 + 3.44 0.0423
ICAM1 1.01+016 644+313 249+1.15 0.93 £ 0.17 0.0118

Table 2. Quantification of relative mRNA expression in SMCs (p values: overall one-way ANOVA

across the four groups; Tukey post hoc for pairwise comparisons).

Gene Control SC Rapalink-1 SC + Rapalink-1  p-Value
NOX4 1.06 + 0.42 1.74 +0.28 1.28 +0.36 1.09 £ 0.09 0.0931
NOS2 232+£247 1515+£243  525=£3.00 5.80 £2.27 0.0014
HMOX1 1.13+068 1419+570 1.28+024 7.37 £1.85 0.0021
SOD2 1.07 + 0.45 2.90 £ 1.00 1.71 £ 0.18 1.54 + 0.68 0.0446
NFE2L2  1.08 £ 0.46 3.91 +£1.39 1.72 £0.15 1.84 £ 0.92 0.0195
MMP1 1.08 £0.50 35.01 £11.49 1.38+0.14 1.31 £ 0.55 0.0002
MMP10  1.59 + 1.80 542 £1.97 2.62 £0.36 1.82 + 0.64 0.0329
MMP11  1.09 + 0.50 228 £0.61 1.57 £ 0.17 1.67 £ 0.53 0.0938
TIMP3 1.02 £ 0.27 512 +£2.03 1.93 +0.53 1.15 + 0.07 0.0046
TIMP4 1.01 £0.16 5.47 +2.56 216 £0.24 1.06 £ 0.55 0.0098
TNF-a«  1.03 £0.32 3.97 £ 1.58 1.55 £1.05 1.52 £0.19 0.0227
PTGS2 1.09 + 0.59 4.96 £+ 1.08 1.71 £ 0.35 2.05£0.83 0.0012
ICAM1  1.06 &+ 0.45 2.71 £0.67 0.95+0.23 1.30 £ 0.34 0.0050
ELN 1.02 +£0.28 0.16 £ 0.03 1.21 +£0.22 0.82 £ 0.30 0.0026
COL1A1 1.01+0.19 0.21 £ 0.02 1.34 £0.13 1.07 £0.16 <0.0001
EFEMP1  1.02 £0.20 0.49 £ 0.05 1.46 +£0.20 0.95 £+ 0.09 0.0003

We next examined whether the reduction in oxidative stress translated into improved

cellular function. In HUVECs, SC significantly impaired metabolic viability at 48 h, whereas
Rapalink-1 alone or in combination with SC preserved viability. Similarly, in SMCs, SC
exposure reduced cellular viability, while Rapalink-1 co-treatment restored viability to
near-control levels (Figure 1C,D).
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2.2. Rapalink-1 Attenuates SC-Induced DNA Damage and Oxidative DNA Lesions in
Vascular Cells

Because oxidative stress and genotoxic injury are closely linked, we next evaluated
DNA damage using y-H2AX and 8-OHDG staining.

In line with the ROS expression data, SC provoked a clear increase in DNA dam-
age in HUVECs, as indicated by elevated y-H2AX positivity, which was significantly
attenuated by treatment in combination with Rapalink-1 (Percentage of positive cells: Con-
trol = 13.69 +£ 3.62%; SC = 32.24 4 4.03%; Rapalink-1 = 18.66 £ 0.49%; SC + Rapalink-1
=21.13 £ 1.21%; p = 0.0002; Figure 2A,B).
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Figure 2. (A) Representative immunofluorescence images showing y-H2AX (green), nuclei (Hoechst,
blue) and merged images in HUVECs after 2 h treatment under the indicated conditions (Ctrl, SC,
RL-1, and SC + RL-1). (B) Quantification of y-H2AX staining. (C) Representative immunofluorescence
images showing 8-OHDG (red), nuclei (Hoechst, blue) and merged images in HUVECs after 2 h
treatment under the indicated conditions. (D) Quantification of 8-OHDG staining. Scale bar = 50 pm.
Data are presented as mean =+ SD (n = 3). Statistical significance was determined using one-way
ANOVA with Tukey’s post hoc test. Significance is indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001.

We next assessed oxidative DNA base lesions using 8-OHDG. SC markedly in-
creased the proportion of 8-OHDG-positive cells, which was reversed by Rapalink-1
treatment (Percentage of positive cells: Control = 6.66 + 5.89%; SC = 50.30 + 11.62%;
Rapalink-1 = 22.97 & 10.12%; SC + Rapalink-1 = 22.64 & 11.35%; p = 0.0047; Figure 2C,D).

The corresponding experiments in SMCs yielded comparable trends and are provided
in Supplementary Figure S2.
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A

2.3. Rapalink-1 Alleviates SC-Induced Premature Senescence

Oxidative stress and DNA damage are well-established drivers of cellular senescence;
accordingly, we assessed SA-f3-gal activity, Lamin B1 expression, and p21, and found
consistent senescence-associated changes in both HUVECs and SMCs.

In HUVECS, SC markedly increased the proportion of SA-f-gal—positive cells, whereas
Rapalink-1 alone induced only a mild change; importantly, treatment in combination
with Rapalink-1 significantly suppressed SC-induced senescence (Percentage of SA-[3-gal—-
positive cells: Control = 1.32 & 0.47%; SC = 14.81 £ 2.53%; Rapalink-1 = 3.71 &+ 2.64%; SC +
Rapalink-1 = 3.81 & 2.27%; p = 0.0003; Figure 3A,B).
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Figure 3. (A) Representative images of SA-3-gal staining in HUVECs after 24 h treatment under
Control, SC, RL-1, and SC + RL-1 conditions. (B) Quantification of SA-B-gal-positive cells. (C) Rep-
resentative immunofluorescence images of Lamin B1 (red), Hoechst nuclear counterstaining (blue)
and merged images in HUVECs after 24 h treatment. (D) Quantification of Lamin Bl-positive cells.
(E) Representative immunoblotting of p21 expression after 24 h treatment. (F) Densitometric analysis
of p21 protein levels normalized to GAPDH. Scale bar = 50 um. Data are presented as mean + SD
(n = 3). Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test.
Significance is indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001.

Consistent with a senescent phenotype, SC exposure led to a pronounced reduc-
tion in Lamin B1 positivity, which was effectively preserved by treatment in combina-
tion with Rapalink-1 (Percentage of Lamin Bl-positive cells: Control = 92.69 £ 1.41%;
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SC =81.04 & 4.37%; Rapalink-1 = 89.15 £ 1.04%; SC + Rapalink-1 = 88.43 & 1.74%; p = 0.0029;
Figure 3C,D).

To further confirm senescence-associated growth arrest, we examined p21 protein
levels by Western blotting. SC significantly upregulated p21 expression, whereas Rapalink-1
attenuated this induction in the SC + Rapalink-1 group (Figure 3E,F).

In SMCs, SA-[3-gal staining did not show a consistent increase following SC treatment
and was therefore not used as the primary readout of senescence in this cell type. Instead,
senescence-associated changes were supported by the reduction of Lamin B1 and the in-
duction of p21, both of which were attenuated by Rapalink-1 co-treatment (Supplementary
Figure S3).

2.4. Rapalink-1 Attenuates SC-Induced SASP-Associated Inflammatory and ECM
Remodeling Responses

To further evaluate the effects of Rapalink-1 on the senescence-associated secretory
phenotype (SASP) and extracellular matrix (ECM) remodeling, we assessed transcriptional
changes in key inflammatory and matrix-related genes in HUVECs and SMCs.

Analysis of the qPCR data showed that Rapalink-1 attenuated several SC-induced tran-
scriptional changes associated with inflammatory /SASP- and matrix-remodeling responses.
Representative HUVEC data are shown in Figure 4A-H, in which Rapalink-1 reduced the
SC-induced upregulation of TNF-«, ICAM1, MMP1, MMP10, and TIMP3, whereas PTGS2
remained elevated despite Rapalink-1 treatment. MMP11 showed only modest changes,
and TIMP4 showed a downward trend in the SC + RL-1 group. Given the prominent ECM-
related changes in SMCs, selected SMC ECM-associated transcripts (COL1A1, EFEMP1,
and ELN) are shown in Figure 4I-K. The full qPCR results for HUVECs and SMCs are
provided in Tables 1 and 2, and an overview heatmap comparing SC + Rapalink-1 versus
SC is presented in Supplementary Figure S4. Notably, the magnitude and direction of
regulation differed between HUVECs and SMCs, indicating cell-type-specific responses.

To provide representative protein-level support for selected SASP/ECM-associated
alterations, we performed Western blot analysis of MMP-2 and VCAM-1 in both HUVECs
and SMCs. Additional qPCR data for selected markers, including MMP2 and VCAM], are
provided in Supplementary Table S3. SC significantly increased the protein expression of
MMP-2 and VCAM-1, whereas treatment in combination with Rapalink-1 reduced their
expression toward control levels. Representative data from HUVECs are shown in the
main figures, while corresponding analyses in SMCs are provided in the Supplementary
Information (Supplementary Figure 54).

2.5. Rapalink-1 Modulates NF-xB- and MAPK-Related Signaling and Alters Downstream
mTOR-Related Readouts

Oxidative stress is a major trigger of inflammatory signaling in vascular cells. We there-
fore assessed NF-«kB- and MAPK-related signaling by measuring total and phosphorylated
p65, p38, and ERK1/2 in HUVECs and SMCs under the indicated conditions.

In HUVECsS, SC was associated with increased abundance of p-p65, p-p38, and p-ERK,
and these phospho-signals were reduced in the presence of Rapalink-1 (Figure 5A-D).
The attenuation was most evident for p-p65 and p-p38, whereas p-ERK also showed a
decrease in the SC + RL-1 group. As phosphorylation-dependent changes are commonly
used as readouts of NF-kB- and MAPK-related signaling, phosphorylated proteins were
used as the principal readouts, while the corresponding total proteins were also assessed to
support interpretation.
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Figure 4. (A-H) Relative mRNA expression of TNF-«, PTGS2, ICAM1, MMP1, MMP10, MMP11,
TIMP3, and TIMP4 in HUVECs after 24 h treatment. (I-K) Relative mRNA expression of selected ECM-
associated genes (Collagenl, Fibulin3, and ELN) in SMCs after 24 h treatment. (L) Representative
immunoblots of MMP-2 and VCAM-1 in HUVECs after 24 h treatment, with GAPDH as the loading
control. (M,N) Quantification of MMP-2 and VCAM-1 protein expression normalized to GAPDH in
HUVECs. Data are presented as mean + SD (n = 3). Statistical significance was determined using
one-way ANOVA with Tukey’s post hoc test. Significance is indicated as: * p < 0.05, ** p < 0.01,
***p < 0.001, *** p < 0.0001.
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Figure 5. (A) Representative blots of the indicated proteins in HUVECs after 24 h treatment.
(B-G) Quantification of the relative protein expression of p-p65, p-p38, p-ERK, p-p65/p65, p-p38/p38
and p-ERK/ERK in HUVECs. Protein expression was normalized to GAPDH. Data are presented as
mean £ SD (n = 3). Statistical significance was determined using one-way ANOVA with Tukey’s post
hoc test. Significance is indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Among the phospho/total ratios, p-p38/p38 showed a pattern broadly consistent with
the phospho-protein abundance data, whereas the corresponding ratios for p65 and ERK
were less clearly aligned with the changes observed in phospho-protein abundance alone
(Figure 5E-G), suggesting that SC and Rapalink-1 may influence both phosphorylation
state and total protein abundance in a target-dependent manner. Overall, these findings
support modulation of NF-kB- and MAPK-related signaling by Rapalink-1 in HUVECs.
Comparable trends were also observed in SMCs and are presented in the Supplementary
Information (Supplementary Figure S5).

Because Rapalink-1 is a dual mTORC1/2 inhibitor, we next examined pathway activity
to confirm on-target signaling modulation in HUVECs and SMCs. Notably, neither total
mTOR nor phosphorylated mTOR levels showed significant differences among groups, and
the p-mTOR/mTOR ratio remained unchanged (Supplementary Figure S6), suggesting that
SC does not measurably alter mTOR phosphorylation status at this time point. We therefore
focused on downstream pathway outputs. Immunoblotting revealed that SC activated
56 signaling, whereas Rapalink-1 attenuated this response. Specifically, p-S6 levels were
elevated following SC exposure and decreased upon Rapalink-1 treatment (Figure 6A,B).
Notably, the p-56/56 ratio did not show a significant difference among groups, suggesting
that the overall increase in p-56 was largely accompanied by changes in total S6 abundance
rather than a marked shift in phosphorylation stoichiometry (Figure 6C). These findings
suggest that SC may regulate mTOR pathway output primarily at the level of downstream
effectors rather than through detectable changes in mTOR phosphorylation.
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Figure 6. (A) Representative immunoblot images showing total S6, phospho-S6 (p-56) and GAPDH in
HUVECs after 24 h treatment. (B,C) Quantification of relative protein expression levels of p-56, and
the p-56/56 ratio. (D) Representative immunoblot images for AKT and p-AKT in HUVECs after 24 h
treatment. (E,F) Quantification of p-AKT and p-AKT/AKT ratio. Protein expression was normalized
to GAPDH. Data are presented as mean + SD (n = 3). Statistical significance was determined using
one-way ANOVA with Tukey’s post hoc test. Significance is indicated as: * p < 0.05, ** p < 0.01,
*** p <0.001, **** p < 0.0001.

AKT-related signaling was assessed by measuring p-AKT and the p-AKT/AKT ratio.
SC increased p-AKT levels in HUVECs, whereas Rapalink-1 alone markedly reduced p-
AKT and SC + RL-1 partially attenuated the SC-associated increase (Figure 6D,E). SC also
significantly increased the p-AKT/AKT ratio in HUVECs, while Rapalink-1 alone markedly
suppressed this ratio. Importantly, co-treatment with Rapalink-1 partially reversed SC-
induced AKT activation, restoring p-AKT/AKT toward baseline levels (Figure 6D,F). SMCs
exhibited a comparable pattern of S6 and AKT pathway modulation; however, these data
are presented in the Supplementary Figures (Supplementary Figure S5).

Collectively, these results indicate that SC enhances downstream mTOR-related sig-
naling in both HUVECs and SMCs, whereas Rapalink-1 attenuates this pathway activation
despite minimal detectable changes in mTOR phosphorylation itself.

3. Discussion

Cigarette smoking accelerates vascular aging and degeneration through complex,
interdependent mechanisms involving oxidative stress, inflammation, and ECM remodel-
ing [1-4,32]. Although each of these processes has been linked to smoking-related vascular
pathology, how they converge at the cellular signaling level remains incompletely de-
fined [32,33]. Here, we show that SC induces a coordinated stress-associated phenotype in
vascular cells and dual mTORC1/2 inhibition with Rapalink-1 attenuates several linked
components of this response.

A central observation of this study is that oxidative stress is closely linked to down-
stream genotoxic injury and senescence establishment following smoke exposure. SC
induced a rapid increase in intracellular ROS in HUVECs [21-23,34]. This oxidative burst
was accompanied by a broader reprogramming of redox-responsive genes, including in-
duction of oxidant-generating and antioxidant defense pathways [5-7,12]. Comparable
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oxidative responses were also observed in SMCs, supporting the view that smoke-induced
redox stress is not restricted to endothelial cells.

Consistent with an oxidative-to-genotoxic progression, SC exposure was associated
with accumulation of canonical DNA damage markers in HUVECs, including increased y-
H2AX positivity and elevated 8-OHDG, indicative of DNA damage signaling and oxidative
DNA base lesions, respectively [12,14-16,24]. Similar trends in SMCs further support the
generalizability of this oxidative—genotoxic axis. Mechanistically, oxidative and genotoxic
stress are known to reinforce one another: persistent ROS can induce DNA lesions and
mitochondrial dysfunction, while unresolved DNA damage activates the DNA damage
response (DDR) and checkpoint pathways that promote stable growth arrest [14-16,33,35].
When stress is sustained, this state can transition into irreversible senescence, which is fur-
ther stabilized by nuclear and chromatin remodeling, including depletion of Lamin B1 and
reinforcement of inflammatory transcriptional programs that underpin SASP outputs [36].
In this framework, SC-induced increases in SA-{3-gal activity, Lamin B1 loss, and induction
of p21 protein are consistent with DDR-associated senescent growth arrest in our model.

Notably, Rapalink-1 attenuated this upstream oxidative-genotoxic cascade at multiple
levels. Co-treatment significantly reduced SC-induced ROS accumulation. This effect was
accompanied by a partial restoration of cellular viability under smoke stress and blunting of
the maladaptive redox-responsive transcriptional activation pattern, suggesting that mTOR-
centered signaling may influence oxidant burden and/or redox compensation under smoke
stress [25-28,31,37]. An exception was HMOX1 in HUVECs, which remained elevated
despite Rapalink-1 co-treatment, suggesting that the effects of Rapalink-1 are selective
rather than uniformly suppressive, possibly preserving aspects of adaptive cytoprotec-
tive signaling while dampening maladaptive stress amplification. In parallel, Rapalink-1
decreased y-H2AX and 8-OHDG signals, indicating reduced downstream DNA damage.
At the phenotypic level, Rapalink-1 suppressed senescence-associated features, including
reduced SA-3-gal positivity, preservation of Lamin B1, and diminished induction of p21
protein. Together, these findings are consistent with the interpretation that dual mMTORC1/2
inhibition can decouple smoke-induced oxidative stress from subsequent genotoxic injury
and senescence stabilization in vascular cells challenged by tobacco-derived toxins.

A major pathological consequence of vascular senescence is the emergence of SASP-
associated programs that can amplify chronic inflammation and promote ECM remod-
eling [14,15,17,35]. In this context, senescence and SASP are mechanistically coupled:
persistent stress signaling that establishes senescence also supports sustained inflammatory
transcriptional output that reinforces and propagates tissue dysfunction. Consistent with
this model, SC induced broad upregulation of SASP-associated transcripts in vascular
cells [17,18,38,39]. Importantly, these transcriptional changes were accompanied by signa-
tures consistent with adverse tissue remodeling: SC reduced expression of key structural
ECM genes such as ELN, collagen1, and fibulin3, whereas Rapalink-1 partially restored
these transcripts toward control levels [18,39,40]. Rapalink-1 also reduced SC-induced
expression of representative inflammatory/ECM-associated effectors at the protein level
(e.g., MMP-2 and VCAM-1). Collectively, these data suggest that Rapalink-1 not only
attenuates senescence-associated cellular phenotypes but also modulates downstream
SASP-associated inflammatory and ECM-related molecular changes induced by SC. This
raises the possibility that the effect of Rapalink-1 is not limited to reducing cellular injury,
but may also involve reshaping the secretory and inflammatory phenotype of stressed
vascular cells, in line with the recognized role of mTOR in SASP regulation.

Mechanistically, our data implicate coordinated suppression of NF-xB and MAPK
signaling as a key node through which Rapalink-1 dampens smoke-induced inflamma-
tory transcription and SASP-associated outputs. NF-«kB and MAPK pathways are well-

https://doi.org/10.3390/ijms27083636


https://doi.org/10.3390/ijms27083636

Int. J. Mol. Sci. 2026, 27, 3636

12 of 19

established drivers of inflammatory gene expression and are strongly implicated in main-
taining SASP-related programs [41-45].

In our study, SC was associated with increased abundance of phosphorylated p65 (NF-
kB), p38, and ERK (MAPK), whereas Rapalink-1 reduced these phosphorylation-related
readouts in HUVECs. Comparable pathway modulation was observed in SMCs, support-
ing a conserved mechanism across vascular cell types. These signaling effects provide a
plausible mechanistic basis for the broad suppression of SASP-associated transcripts and
the partial preservation of ECM-related gene expression, and suggest that dual mTORC1/2
inhibition disrupts a self-reinforcing circuit linking stress signaling, inflammatory tran-
scription, and senescence/SASP maintenance. The relationship between cigarette smoke
exposure and mTOR signaling is likely context-dependent rather than uniformly activating.
In this regard, previous work in pulmonary injury models identified RTP801/REDD1, a
suppressor of mTOR signaling, as an essential mediator of cigarette smoke-induced injury,
suggesting that smoke exposure can also engage mTOR-inhibitory stress programs in a
tissue- and model-specific manner [46]. Against this background, the present findings
are best interpreted as evidence for modulation of selected downstream mTOR-related
signaling readouts in vascular cells under the current experimental conditions rather than
a universal pattern of canonical mTOR activation by smoke.

An additional aspect of our findings is the modulation of AKT signaling by Rapalink-1
under smoke stress. SC exposure increased the p-AKT/AKT ratio, consistent with engage-
ment of adaptive pro-survival signaling in response to sustained cellular stress, whereas
Rapalink-1 alone reduced basal AKT activity; notably, co-treatment partially normalized
stress-induced AKT activation toward baseline levels [25,26,47-49]. In parallel, Rapalink-1
reduced SC-associated p-56 abundance, supporting on-target modulation of downstream
mTOR-related signaling. This bidirectional tuning of AKT output may be relevant in senes-
cence biology, where excessive survival signaling can stabilize senescent cells and reinforce
SASP programs, whereas overly aggressive suppression could compromise viability. Thus,
dual mTORC1/2 inhibition may recalibrate adaptive AKT signaling while restraining
pathological inflammatory and metabolic pathway activation.

Taken together with previous studies, our findings support the view that vascular
senescence is one of the mechanisms linking cigarette smoke exposure to vascular injury and
degeneration [12-16,32,33,35,50]. Rather than causing only acute cellular damage, cigarette
smoke may impose sustained oxidative and inflammatory stress on the vessel wall, thereby
promoting endothelial dysfunction and genotoxic injury [5-8,34,50-52]. When such stress
persists, vascular cells may acquire a senescence-associated phenotype characterized by
growth arrest and phenotypic remodeling [14-16,33,36]. In turn, these cells may develop a
SASP-associated inflammatory profile together with ECM-remodeling changes, which can
further disturb vascular homeostasis and amplify local tissue injury [14,15,17,18,38,39].

In this context, oxidative stress, DNA damage, cellular senescence, and maladaptive
matrix remodeling are better viewed as interconnected processes rather than isolated
events [32,33,35,38,39,50]. Their interaction is likely to contribute to vascular aging and
may be relevant to smoking-related vascular diseases, including atherosclerotic change
and aneurysm-associated wall degeneration [3,4,9-11,32,39,52]. Our study may provide
mechanistic support for the idea that targeting senescence-associated signaling pathways
may help limit smoke-induced vascular injury and may be relevant to strategies aimed at
preserving vascular health during aging [20,30,31].

Several limitations should be acknowledged. This study was performed in vitro using
cultured endothelial and smooth muscle cells and therefore does not fully recapitulate the
biomechanical, immune, and hemodynamic complexity of the vascular wall in vivo. Future
studies employing animal models of chronic smoke exposure and vascular disease will
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be needed to validate these findings and assess the long-term safety and efficacy of dual
mTORC1/2 inhibition.

4. Materials and Methods
4.1. Cell Culture

The HUVEC models were procured from PromoCell (Heidelberg, Germany). En-
dothelial cell medium (C-22210, PromoCell, Heidelberg, Germany) containing endothelial
growth factors (C-39215, PromoCell, Heidelberg, Germany) was used to maintain the
HUVECs at 37 °C in a humidified environment with 5% CO,. The SMC models were
procured from PromoCell (Heidelberg, Germany). Smooth muscle cell medium (C-22262)
supplemented with smooth muscle growth factors (C-39267) was used to maintain SMCs
at 37 °C in 5% CO,. Upon arrival, the cells were thawed and seeded in T75 culture flasks.
The cells were passaged when they reached 80-90% confluence. For passaging, the cells
were washed with PBS and incubated with trypsin for 4 min at 37 °C and 5% CO,. The
cells were seeded at a density of 5000 cells/cm? in new cell culture plates. All experiments
with HUVECs and SMCs were performed at passage 7. All experiments were performed
with three biological replicates.

4.2. Tobacco Smoke Condensate Preparation

Tobacco smoke condensate (SC) was prepared by smoking commercial cigarettes on
an automated smoking machine following standard procedures for mainstream smoke
collection. The smoke was passed through a Cambridge filter pad to collect the particulate
phase. The pad was extracted with absolute ethanol, and the solvent was evaporated
under a gentle nitrogen stream at room temperature. The dried residue was weighed and
dissolved in DMSO to prepare a 100 mg/mL stock solution. For cell exposure, the stock
was diluted in culture medium to the desired concentrations (final DMSO < 0.1% v/v).

4.3. MTT Assay

Cell viability was evaluated using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay. HUVECs and SMCs were seeded in 96-well plates at a density
of 5000 cells/cm? and incubated overnight at 37 °C in a humidified atmosphere with 5%
CO;, to allow for cell attachment. The next day, the culture medium was replaced with
fresh medium containing tobacco smoke condensate (50 ug/mL), 200 pM Rapalink-1, or a
combination of tobacco smoke condensate and Rapalink-1. The concentrations used in the
present study (SC: 50 pg/mL; Rapalink-1: 200 pM) were chosen based on previous studies
and empirical observations under our experimental conditions. Cells cultured in drug-free
medium served as the control group. After 24 and 48 h of treatment, 10 puL of MTT solution
(5 mg/mL in PBS) was added to each well, and cells were incubated for an additional 34 h
at 37 °C. Following incubation, the culture medium was carefully removed, and 100-150 pL
of DMSO was added to dissolve the formazan crystals. Cell viability was assessed by
measuring the optical density (OD) at 550 nm with reference at 655 nm. Background values
were subtracted. All experiments were performed in triplicate.

4.4. DCFH-DA Staining

To investigate the accumulation of cellular ROS, 5000 cells/ cm? HUVECs and SMCs
were seeded in a 96-well plate. The next day, the medium was replaced with fresh medium
either containing tobacco smoke condensate (50 pug/mL), 200 pM Rapalink-1 or tobacco
smoke condensate combined with Rapalink-1. HUVECs and SMCs medium alone was used
as a control. After 2 h of treatment, 10 uM of the fluorescence probe 2,7-dichlorofluorescein
diacetate (DCFH-DA, D6883, Sigma-Aldrich, St. Louis, MO, USA) was added to the
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cells. The cells were incubated with DCFH-DA at 37 °C for 30 min in the dark. The
cells were washed three times with a serum-free medium. After DCFH-DA incubation
and washing, the nuclei were counterstained with Hoechst. Images were acquired using
identical microscope settings for all groups within each experiment and analyzed using
Image]J (version 1.53c; National Institutes of Health, Bethesda, MD, USA). DCF-positive cells
were quantified relative to the total number of Hoechst-positive nuclei in the same field.

4.5. Immunofluorescence Staining

The cells were treated with different conditions (as described in the previous section)
for 2 h for 8-OHDG, y-H2AX staining and 24 h for Lamin B1 staining. After washing
cells thrice with PBS, the cells were fixed with 4% paraformaldehyde for 10 min at RT.
After washing cells thrice with PBS, for permeabilization, the cells were treated with
0.2% Triton™ X-100 at RT for 10 min. For blocking, the cells were incubated with 5%
bovine serum albumin (BSA) at RT for 1 h. The cells were incubated overnight with
primary antibodies 8-OHDG, y-H2AX and Lamin B1 (Supplementary Table S1) at 4 °C.
The next day, after washing cells thrice with PBS, the cells were incubated with secondary
antibodies (Supplementary Table S1) for 1 h at RT. Hoechst (Sigma-Aldrich) was used
for nuclear staining. The images were captured using a Leica DMi8 Inverted Microscope
and the compatible LAS-X Life Science Microscope Software, version 3.7.5.24914 (Leica
Application Suite X) Platform. All immunofluorescence experiments were independently
repeated three times, with triplicate wells per condition in each experiment. One predefined
central field was captured from each well using identical imaging settings within each
experiment. Images were processed in Fiji/Image] (version 1.53c) (National Institutes of
Health, Bethesda, MD, USA) using identical brightness/contrast settings. Positive cells
were manually counted in a masked manner and expressed as a percentage of the total
number of Hoechst-positive nuclei in the same field.

4.6. Western Blot

For protein analysis, cells were treated with tobacco smoke condensate (50 pg/mL)
or tobacco smoke condensate combined with Rapalink-1 for 24 h. Untreated HUVECs
and SMCs were used as controls. RIPA buffer was used for total protein extraction. DC
Protein Assay Kit (500-0116, Bio-Rad, Hercules, CA, USA) was used to quantify protein
concentration. Subsequently, 30 ug of total protein under reducing conditions was loaded
onto a 12% sodium dodecyl sulfate-polyacrylamide gel. For the first 10 min, electrophoresis
was conducted at 60 Volts, followed by 90 Volts for 60-90 min. The separated proteins
were then transferred onto a 0.45 um pore-size nitrocellulose membrane at 250 mA for
120 min. The membranes were blocked for one hour with a 5% bovine serum albumin
(BSA) solution in 0.05% TBST to minimize nonspecific binding. After that, the membranes
were incubated with primary antibodies (see Supplementary Table S1) in 5% BSA overnight
at 4 °C on a shaking platform. Afterward, the membranes underwent 3 x 10 min washes
with TBST and were subsequently exposed to secondary antibodies diluted in 0.05%
TBST (refer to Supplementary Table S1) for one hour at room temperature. Densitometric
analysis was performed using NIH Image]. For protein-abundance plots, target protein
signals were normalized to GAPDH. Where indicated, phospho/total ratios were calculated
separately from the corresponding phospho- and total-protein signals. Depending on the
specific experiment, Western blot analyses were performed using either four treatment
groups (Control, SC, Rapalink-1, and SC + Rapalink-1) or three groups (Control, SC, and
SC + Rapalink-1).
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4.7. Quantitative Polymerase Chain Reaction (gPCR)

For qPCR analysis, cells were treated with tobacco smoke condensate (50 ng/mL),
200 pM Rapalink-1, or tobacco smoke condensate combined with Rapalink-1 for 24 h. Total
RNA was extracted using the Nucleo Spin RNA kit (740955.50, MACHEREY-NAGEL,
Diiren, Germany) according to the manufacturer’s instructions. A total of 1.2 ug of RNA
was utilized for reverse transcription, accomplished using the MMLV Reverse Transcriptase
kit (M1701, Promega, Walldorf, Germany), Random Hexamer Primers (48190011, Thermo
Fisher Scientific, Waltham, MA, USA), and RiboLock RNase Inhibitor (EO0384, Thermo
Fisher Scientific Baltics UAB, Vilnius, Lithuania). The qPCR was run using total cDNA
combined with AceQ SYBR qPCR Master Mix (Q111-03, Vazyme, Nanjing, China) and
primers (Supplementary Table S2) on a QuantStudio™ 3 Real-Time PCR Instrument (Ap-
plied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The thermal cycling
program consisted of an initial denaturation step at 95 °C for 8 min, followed by 40 cycles of
95 °C for 15, 58.9 °C for 30 s, and 72 °C for 30 s, concluding with a melting curve analysis.

ZfAACt

The relative mRNA expressions were calculated by the method using (-actin as

the reference.

4.8. Senescence-Associated B-Galactosidase Staining

For senescence-associated beta-galactosidase ((3-Gal) staining, cells were treated for
24 h as described in the previous sections. SA (3-Gal staining was performed using the
Senescence Cells Histochemical Staining Kit (GALS, Sigma, St. Louis, MO, USA) following
the manufacturer’s instructions. The cells were incubated with SA-[3-galactosidase staining
solution at 37 °C for seven hours. The staining solution was aspirated and the cells were
overlaid with 70% glycerol in PBS. After staining, the cells were stored at 4 °C. The images
were captured using a Leica DMi8 Inverted Microscope and the compatible LAS-X Life
Science Microscope Software version 3.7.5.24914 (Leica Application Suite X) Platform. SA-
[-gal staining experiments were independently repeated three times, with triplicate wells
per condition in each experiment. One predefined central field was captured from each
well using identical imaging settings. Positive cells were manually counted in a masked
manner relative to the total number of cells in the same field.

4.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism (version 10.1.2). Compar-
isons among groups were conducted using one-way ANOVA followed by Tukey’s post hoc
test. For experiments repeated independently three times, data from triplicate wells within
each experiment were averaged before statistical analysis.

5. Conclusions

Our study demonstrates that Rapalink-1 attenuates SC-induced oxidative stress, DNA
damage, senescence-associated changes, and inflammatory/ECM-related molecular re-
sponses in vascular endothelial and smooth muscle cells in vitro. These findings support
Rapalink-1 as a candidate modulator of smoke-induced vascular aging and senescence-
associated remodeling, warranting further validation in disease-relevant models of vascular
aging and in vivo studies.
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Abbreviations

The following abbreviations are used in this manuscript:

8-OHDG 8-hydroxy-2'-deoxyguanosine

AKT protein kinase B

BSA bovine serum albumin

PTGS2 cyclooxygenase-2

DCFH-DA 2/, 7'-dichlorofluorescein diacetate

DDR DNA damage response

ECM extracellular matrix

ERK extracellular signal-regulated kinase (ERK1/2)
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HMOX1 heme oxygenase-1

HUVECs human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule-1

Lamin Bl Nuclear lamin B1

IF immunofluorescence

NOS2 inducible nitric oxide synthase

MAPK mitogen-activated protein kinase

SOD2 manganese superoxide dismutase (SOD2)
MMP(s) matrix metalloproteinase(s)

mTOR mechanistic target of rapamycin

MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
NF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NOX4 NADPH oxidase 4

NFE2L.2 nuclear factor erythroid 2-related factor 2 (NFE2L2)
p21 Cyclin-dependent kinase inhibitor 1

P38 P38 mitogen-activated protein kinase (MAPK14)
p65 nuclear factor kappa B subunit p65 (RelA)

RIPA radioimmunoprecipitation assay (buffer)

ROS reactive oxygen species

RT room temperature

SA-p-gal senescence-associated [3-galactosidase

SASP senescence-associated secretory phenotype

SC smoke condensate (tobacco smoke condensate)
SMCs smooth muscle cells (vascular)

S6 ribosomal protein S6

TBST Tris-buffered saline with Tween-20

TIMP(s) tissue inhibitor(s) of metalloproteinases

https://doi.org/10.3390/ijms27083636


https://doi.org/10.3390/ijms27083636

Int. J. Mol. Sci. 2026, 27, 3636 17 of 19

TNF-« tumor necrosis factor-alpha
v-H2AX phosphorylated H2A histone family member X (Ser139)
VCAM1 Vascular cell adhesion molecule 1

References

1.  Ambrose, J.A; Barua, R.S. The pathophysiology of cigarette smoking and cardiovascular disease. ]. Am. Coll. Cardiol. 2004, 43,
1731-1737. [CrossRef]

2. Morris, P.B.; Ference, B.A.; Jahangir, E.; Feldman, D.N.; Ryan, J.J.; Bahrami, H.; EI-Chami, M.F.; Bhakta, S.; Winchester, D.E,;
Al-Mallah, M.H; et al. Cardiovascular Effects of Exposure to Cigarette Smoke and Electronic Cigarettes. J. Am. Coll. Cardiol. 2015,
66, 1378-1391. [CrossRef] [PubMed]

3. Wang, H.; Wang, L.; Wang, ].; Zhang, L.; Li, C. The Biological Effects of Smoking on the Formation and Rupture of Intracranial
Aneurysms: A Systematic Review and Meta-Analysis. Front. Neurol. 2022, 13, 862916. [CrossRef]

4. Hahad, O.; Arnold, N.; Prochaska, J.H.; Panova-Noeva, M.; Schulz, A.; Lackner, K.J.; Pfeiffer, N.; Schmidtmann, I.; Michal, M.;
Beutel, M.; et al. Cigarette Smoking Is Related to Endothelial Dysfunction of Resistance, but Not Conduit Arteries in the General
Population—Results from the Gutenberg Health Study. Front. Cardiovasc. Med. 2021, 8, 674622. [CrossRef]

5. Ungvari, Z.; Bailey-Downs, L.; Sosnowska, D.; Gautam, T.; Koncz, P.; Losonczy, G.; Ballabh, P.; de Cabo, R.; Sonntag, W.E.; Csiszar,
A. Vascular oxidative stress in aging: A homeostatic failure due to dysregulation of NRF2-mediated antioxidant response. Am. J.
Physiol.-Heart Circ. Physiol. 2011, 301, H363-H372. [CrossRef] [PubMed]

6. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221-3247. [CrossRef] [PubMed]

7. Forstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart . 2012, 33, 829-837. [CrossRef] [PubMed]

8.  Pinnamaneni, K,; Sievers, R.E.; Sharma, R.; Selchau, A.M.; Gutierrez, G.; Nordsieck, E.J.; Su, R.; An, S.; Chen, Q.; Wang, X; et al.
Brief Exposure to Secondhand Smoke Reversibly Impairs Endothelial Vasodilatory Function. Nicotine Tob. Res. 2014, 16, 584-590.
[CrossRef] [PubMed]

9.  Etminan, N.; Rinkel, G.J. Unruptured intracranial aneurysms: Development, rupture and preventive management. Nat. Rev.
Neurol. 2016, 12, 699-713. Erratum in Nat. Rev. Neurol. 2017, 13, 126. https://doi.org/10.1038 /nrneurol.2017.14. [CrossRef]
[PubMed]

10. Van Der Kamp, L.T.; Rinkel, G.J.E.; Verbaan, D.; Van Den Berg, R.; Vandertop, W.P.; Murayama, Y.; Ishibashi, T.; Lindgren, A.;
Koivisto, T.; Teo, M,; et al. Risk of Rupture After Intracranial Aneurysm Growth. JAMA Neurol. 2021, 78, 1228. Erratum in JAMA
Neurol. 2022, 79, 312. https:/ /doi.org/10.1001 /jamaneurol.2021.5146. [CrossRef] [PubMed]

11.  Miiller, T.B.; Vik, A.; Romundstad, P.R.; Sandvei, M.S. Risk Factors for Unruptured Intracranial Aneurysms and Subarachnoid
Hemorrhage in a Prospective Population-Based Study. Stroke 2019, 50, 2952-2955. [CrossRef]

12.  Nyunoya, T.; Monick, M.M.; Klingelhutz, A.; Yarovinsky, T.O.; Cagley, ].R.; Hunninghake, G.W. Cigarette Smoke Induces Cellular
Senescence. Am. J. Respir. Cell Mol. Biol. 2006, 35, 681-688. [CrossRef]

13. Khan, D.; Zhou, H.; You, J.; Kaiser, V.A.; Khajuria, R.K.; Muhammad, S. Tobacco smoke condensate-induced senescence in
endothelial cells was ameliorated by colchicine treatment via suppression of NF-kB and MAPKs P38 and ERK pathways activation.
Cell Commun. Signal. 2024, 22, 214. [CrossRef]

14. Birch, J.; Gil, J. Senescence and the SASP: Many therapeutic avenues. Genes Dev. 2020, 34, 1565-1576. [CrossRef] [PubMed]

15. Tchkonia, T.; Zhu, Y.; Van Deursen, ].; Campisi, J.; Kirkland, J.L. Cellular senescence and the senescent secretory phenotype:
Therapeutic opportunities. J. Clin. Investig. 2013, 123, 966-972. [CrossRef] [PubMed]

16. Lo6pez-Otin, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The Hallmarks of Aging. Cell 2013, 153, 1194-1217. [CrossRef]
[PubMed]

17.  Coppé, J.-P; Patil, CK.; Rodier, F; Sun, Y.; Mufoz, D.P; Goldstein, J.; Nelson, P.S.; Desprez, P-Y.; Campisi, J. Senescence-
Associated Secretory Phenotypes Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the p53 Tumor Suppressor. PLoS
Biol. 2008, 6, €301. [CrossRef]

18. De Almeida, L.G.N.; Thode, H.; Eslambolchi, Y.; Chopra, S.; Young, D.; Gill, S.; Devel, L.; Dufour, A. Matrix Metalloproteinases:
From Molecular Mechanisms to Physiology, Pathophysiology, and Pharmacology. Pharmacol. Rev. 2022, 74, 714-770. [CrossRef]

19. Park, J.-Y.; Choi, Y.; Kim, H.-D.; Kuo, H.-H.; Chang, Y.-C.; Kim, C.-H. Matrix Metalloproteinases and Their Inhibitors in the
Pathogenesis of Epithelial Differentiation, Vascular Disease, Endometriosis, and Ocular Fibrotic Pterygium. Int. J. Mol. Sci. 2025,
26, 5553. [CrossRef]

20. Niedernhofer, L.]J.; Robbins, P.D. Senotherapeutics for healthy ageing. Nat. Rev. Drug Discov. 2018, 17, 377. [CrossRef]

21. Rammah, M.; Dandachi, F.; Salman, R.; Shihadeh, A.; El-Sabban, M. In vitro effects of waterpipe smoke condensate on endothelial
cell function: A potential risk factor for vascular disease. Toxicol. Lett. 2013, 219, 133-142. [CrossRef] [PubMed]

22. Giebe, S.; Cockceroft, N.; Hewitt, K.; Brux, M.; Hofmann, A.; Morawietz, H.; Brunssen, C. Cigarette smoke extract counteracts

atheroprotective effects of high laminar flow on endothelial function. Redox Biol. 2017, 12, 776-786. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27083636


https://doi.org/10.1016/j.jacc.2003.12.047
https://doi.org/10.1016/j.jacc.2015.07.037
https://www.ncbi.nlm.nih.gov/pubmed/26383726
https://doi.org/10.3389/fneur.2022.862916
https://doi.org/10.3389/fcvm.2021.674622
https://doi.org/10.1152/ajpheart.01134.2010
https://www.ncbi.nlm.nih.gov/pubmed/21602469
https://doi.org/10.1007/s00018-016-2223-0
https://www.ncbi.nlm.nih.gov/pubmed/27100828
https://doi.org/10.1093/eurheartj/ehr304
https://www.ncbi.nlm.nih.gov/pubmed/21890489
https://doi.org/10.1093/ntr/ntt189
https://www.ncbi.nlm.nih.gov/pubmed/24302638
https://doi.org/10.1038/nrneurol.2017.14
https://doi.org/10.1038/nrneurol.2016.150
https://www.ncbi.nlm.nih.gov/pubmed/27808265
https://doi.org/10.1001/jamaneurol.2021.5146
https://doi.org/10.1001/jamaneurol.2021.2915
https://www.ncbi.nlm.nih.gov/pubmed/34459846
https://doi.org/10.1161/STROKEAHA.119.025951
https://doi.org/10.1165/rcmb.2006-0169OC
https://doi.org/10.1186/s12964-024-01594-x
https://doi.org/10.1101/gad.343129.120
https://www.ncbi.nlm.nih.gov/pubmed/33262144
https://doi.org/10.1172/JCI64098
https://www.ncbi.nlm.nih.gov/pubmed/23454759
https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.1371/journal.pbio.0060301
https://doi.org/10.1124/pharmrev.121.000349
https://doi.org/10.3390/ijms26125553
https://doi.org/10.1038/nrd.2018.44
https://doi.org/10.1016/j.toxlet.2013.02.015
https://www.ncbi.nlm.nih.gov/pubmed/23454654
https://doi.org/10.1016/j.redox.2017.04.008
https://www.ncbi.nlm.nih.gov/pubmed/28432984
https://doi.org/10.3390/ijms27083636

Int. J. Mol. Sci. 2026, 27, 3636 18 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Su, L.; Zhao, M.; Ma, E; An, Z.; Yue, Q.; Zhao, C.; Sun, X.; Zhang, S.; Xu, J.; Jiang, X.; et al. A comparative assessment of e-cigarette
aerosol extracts and tobacco cigarette smoke extracts on in vitro endothelial cell inflammation response. Hum. Exp. Toxicol. 2022,
41, 09603271221088996. [CrossRef]

Liang, G.; He, Z.; Peng, H.; Zeng, M.; Zhang, X. Cigarette smoke extract induces the senescence of endothelial progenitor cells by
upregulating p300. Tob. Induc. Dis. 2023, 21, 122. [CrossRef]

Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960-976. Erratum in Cell 2017,
169, 361-371. https:/ /doi.org/10.1016/j.cell.2017.03.035. [CrossRef]

Mossmann, D.; Park, S.; Hall, M.N. mTOR signalling and cellular metabolism are mutual determinants in cancer. Nat. Rev. Cancer
2018, 18, 744-757. [CrossRef]

Mason, E.C.; Menon, S.; Schneider, B.R.; Gaskill, C.F.; Dawson, M.M.; Moore, C.M.; Armstrong, L.C.; Cho, O.; Richmond, BW.;
Kropski, ]J.A.; et al. Activation of mTOR signaling in adult lung microvascular progenitor cells accelerates lung aging. J. Clin.
Investig. 2023, 133, e171430. [CrossRef]

Harrison, D.E.; Strong, R.; Sharp, Z.D.; Nelson, ].F.; Astle, C.M.; Flurkey, K.; Nadon, N.L.; Wilkinson, J.E.; Frenkel, K.; Carter, C.S.;
et al. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. Nature 2009, 460, 392-395. [CrossRef]
Rodrik-Outmezguine, V.S.; Okaniwa, M.; Yao, Z.; Novotny, C.J.; McWhirter, C.; Banaji, A.; Won, H.; Wong, W.; Berger, M.; De
Stanchina, E.; et al. Overcoming mTOR resistance mutations with a new-generation mTOR inhibitor. Nature 2016, 534, 272-276.
[CrossRef]

Picos, A.; Seoane, N.; Campos-Toimil, M.; Vifia, D. Vascular senescence and aging: Mechanisms, clinical implications, and
therapeutic prospects. Biogerontology 2025, 26, 118. [CrossRef] [PubMed]

Zhou, H,; Li, X.; Rana, M.; Cornelius, J.F,; Khan, D.; Muhammad, S. mTOR Inhibitor Rapalink-1 Prevents Ethanol-Induced
Senescence in Endothelial Cells. Cells 2023, 12, 2609. [CrossRef]

Ungvari, Z.; Tarantini, S.; Donato, A.J.; Galvan, V.; Csiszar, A. Mechanisms of Vascular Aging. Circ. Res. 2018, 123, 849-867.
[CrossRef] [PubMed]

Herranz, N.; Gil, ]. Mechanisms and functions of cellular senescence. J. Clin. Investig. 2018, 128, 1238-1246. [CrossRef]

Seo, Y.-S.; Park, ].-M.; Kim, J.-H.; Lee, M.-Y. Cigarette Smoke-Induced Reactive Oxygen Species Formation: A Concise Review.
Antioxidants 2023, 12, 1732. [CrossRef]

Childs, B.G.; Durik, M.; Baker, D.J.; Van Deursen, ].M. Cellular senescence in aging and age-related disease: From mechanisms to
therapy. Nat. Med. 2015, 21, 1424-1435. [CrossRef] [PubMed]

Gorgoulis, V.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.; Evangelou, K.; Ferbeyre,
G.; et al. Cellular Senescence: Defining a Path Forward. Cell 2019, 179, 813-827. [CrossRef]

Glorieux, C.; Enriquez, C.; Buc Calderon, P. The complex interplay between redox dysregulation and mTOR signaling pathway in
cancer: A rationale for cancer treatment. Biochem. Pharmacol. 2025, 232, 116729. [CrossRef]

Visse, R.; Nagase, H. Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases: Structure, Function, and Biochemistry.
Circ. Res. 2003, 92, 827-839. [CrossRef]

Atkinson, G.; Bianco, R.; Di Gregoli, K.; Johnson, J.L. The contribution of matrix metalloproteinases and their inhibitors to the
development, progression, and rupture of abdominal aortic aneurysms. Front. Cardiovasc. Med. 2023, 10, 1248561. [CrossRef]
[PubMed]

Yanagisawa, H.; Davis, E.C.; Starcher, B.C.; Ouchi, T.; Yanagisawa, M.; Richardson, J.A.; Olson, E.N. Fibulin-5 is an elastin-binding
protein essential for elastic fibre development in vivo. Nature 2002, 415, 168-171. [CrossRef]

Kim, Y.C.; Guan, K.-L. mTOR: A pharmacologic target for autophagy regulation. J. Clin. Investig. 2015, 125, 25-32. [CrossRef]
[PubMed]

Anerillas, C.; Altés, G.; Gorospe, M. MAPKs in the early steps of senescence implementation. Front. Cell Dev. Biol. 2023, 11,
1083401. [CrossRef]

Ya, J.; Bayraktutan, U. Senolytics and Senomorphics Targeting p38MAPK/NF-«B Pathway Protect Endothelial Cells from
Oxidative Stress-Mediated Premature Senescence. Cells 2024, 13, 1292. [CrossRef] [PubMed]

Zhang, C; Qin, S.; Qin, L.; Liu, L.; Sun, W,; Li, X,; Li, N.; Wu, R.; Wang, X. Cigarette smoke extract-induced p120-mediated NF-xB
activation in human epithelial cells. Sci. Rep. 2016, 6, 23131. [CrossRef] [PubMed]

Han, Z.; Wang, K.; Ding, S.; Zhang, M. Cross-talk of inflammation and cellular senescence. Bone Res. 2024, 12, 69. [CrossRef]
Yoshida, T.; Mett, I.; Bhunia, A.K.; Bowman, J.; Perez, M.; Zhang, L.; Gandjeva, A.; Zhen, L.; Chukwueke, U.; Mao, T.; et al. Rtp801,
a suppressor of mTOR signaling, is an essential mediator of cigarette smoke-induced pulmonary injury and emphysema. Nat.
Med. 2010, 16, 767-773. [CrossRef]

Laplante, M.; Sabatini, D.M. Regulation of mTORC1 and its impact on gene expression at a glance. J. Cell Sci. 2013, 126, 1713-1719.
[CrossRef]

Liu, G.Y,; Sabatini, D.M. mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. Cell Biol. 2020, 21, 183-203.
Erratum in Nat. Rev. Mol. Cell Biol. 2020, 21, 246. https://doi.org/10.1038 /s41580-020-0219-y. [CrossRef]

https://doi.org/10.3390/ijms27083636


https://doi.org/10.1177/09603271221088996
https://doi.org/10.18332/tid/170581
https://doi.org/10.1016/j.cell.2017.03.035
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1038/s41568-018-0074-8
https://doi.org/10.1172/JCI171430
https://doi.org/10.1038/nature08221
https://doi.org/10.1038/nature17963
https://doi.org/10.1007/s10522-025-10256-5
https://www.ncbi.nlm.nih.gov/pubmed/40418230
https://doi.org/10.3390/cells12222609
https://doi.org/10.1161/CIRCRESAHA.118.311378
https://www.ncbi.nlm.nih.gov/pubmed/30355080
https://doi.org/10.1172/JCI95148
https://doi.org/10.3390/antiox12091732
https://doi.org/10.1038/nm.4000
https://www.ncbi.nlm.nih.gov/pubmed/26646499
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1016/j.bcp.2024.116729
https://doi.org/10.1161/01.RES.0000070112.80711.3D
https://doi.org/10.3389/fcvm.2023.1248561
https://www.ncbi.nlm.nih.gov/pubmed/37799778
https://doi.org/10.1038/415168a
https://doi.org/10.1172/JCI73939
https://www.ncbi.nlm.nih.gov/pubmed/25654547
https://doi.org/10.3389/fcell.2023.1083401
https://doi.org/10.3390/cells13151292
https://www.ncbi.nlm.nih.gov/pubmed/39120322
https://doi.org/10.1038/srep23131
https://www.ncbi.nlm.nih.gov/pubmed/27586697
https://doi.org/10.1038/s41413-024-00375-z
https://doi.org/10.1038/nm.2157
https://doi.org/10.1242/jcs.125773
https://doi.org/10.1038/s41580-020-0219-y
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.3390/ijms27083636

Int. J. Mol. Sci. 2026, 27, 3636 19 of 19

49.

50.

51.

52.

Xue, J.; Liao, Q.; Luo, M.; Hua, C.; Zhao, J.; Yu, G.; Chen, X; Li, X.; Zhang, X.; Ran, R.; et al. Cigarette smoke-induced oxidative
stress activates NRF2 to mediate fibronectin disorganization in vascular formation. Open Biol. 2022, 12, 210310. [CrossRef]
Chandrasekaran, A.; Idelchik, M.D.PS.; Melendez, ].A. Redox control of senescence and age-related disease. Redox Biol. 2017, 11,
91-102. [CrossRef]

Messner, B.; Bernhard, D. Smoking and Cardiovascular Disease: Mechanisms of Endothelial Dysfunction and Early Atherogenesis.
Arterioscler. Thromb. Vasc. Biol. 2014, 34, 509-515. [CrossRef] [PubMed]

Pervin, M.; De Haan, J.B. Dysregulated Redox Signaling and Its Impact on Inflammatory Pathways, Mitochondrial Dysfunction,
Autophagy and Cardiovascular Diseases. Antioxidants 2025, 14, 1278. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27083636


https://doi.org/10.1098/rsob.210310
https://doi.org/10.1016/j.redox.2016.11.005
https://doi.org/10.1161/ATVBAHA.113.300156
https://www.ncbi.nlm.nih.gov/pubmed/24554606
https://doi.org/10.3390/antiox14111278
https://www.ncbi.nlm.nih.gov/pubmed/41300435
https://doi.org/10.3390/ijms27083636

	Titelblatt_Muhammad_final
	Muhammad_smoke
	Introduction 
	Results 
	Rapalink-1 Alleviates SC-Induced Oxidative Stress and Restores Cell Viability in HUVECs and SMCs 
	Rapalink-1 Attenuates SC-Induced DNA Damage and Oxidative DNA Lesions in Vascular Cells 
	Rapalink-1 Alleviates SC-Induced Premature Senescence 
	Rapalink-1 Attenuates SC-Induced SASP-Associated Inflammatory and ECM Remodeling Responses 
	Rapalink-1 Modulates NF-B- and MAPK-Related Signaling and Alters Downstream mTOR-Related Readouts 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Tobacco Smoke Condensate Preparation 
	MTT Assay 
	DCFH-DA Staining 
	Immunofluorescence Staining 
	Western Blot 
	Quantitative Polymerase Chain Reaction (qPCR) 
	Senescence-Associated -Galactosidase Staining 
	Statistical Analysis 

	Conclusions 
	References


