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Zusammenfassung 

Rauchen ist ein führender vermeidbarer Risikofaktor für kardiovaskuläre und 

zerebrovaskuläre Erkrankungen. Es fördert die Gefäßalterung durch oxidativen Stress, 

Entzündungsreaktionen und Umbauprozesse der extrazellulären Matrix (ECM). 

Zelluläre Seneszenz könnte einen Mechanismus darstellen, der Rauchbelastung mit 

langfristigen Gefäßschäden verbindet. Seneszente Endothelzellen und glatte 

Gefäßmuskelzellen (SMCs) können zur endothelialen Dysfunktion, 

proinflammatorischen Signalgebung und strukturellen Schwächung der Gefäßwand 

beitragen. 

Zur Untersuchung dieser Prozesse wurde Tabakrauchkondensat (SC) als In-vitro-

Modell verwendet. In der vorliegenden Arbeit wurde untersucht, ob Rapalink-1, ein 

dualer mTORC1/2-Inhibitor, SC-induzierte Veränderungen in humanen 

Nabelschnurvenen-Endothelzellen (HUVECs) und vaskulären SMCs abschwächt. Die 

SC-Exposition war in beiden Zelltypen mit erhöhten oxidativen Stress-readouts, einer 

Akkumulation von DNA-Schadensmarkern und seneszenzassoziierten Veränderungen 

verbunden, darunter erhöhte SA-β-gal-Aktivität, verminderte Lamin-B1-Expression 

und erhöhte p21-Expression. Diese Veränderungen gingen mit Merkmalen einher, die 

mit einem seneszenzassoziierten sekretorischen Phänotyp (SASP) und ECM-Umbau 

vereinbar sind. Rapalink-1 schwächte mehrere SC-induzierte Reaktionen ab. Die 

Behandlung reduzierte die oxidationssensitive Fluoreszenz und die Akkumulation von 

DNA-Schadensmarkern, schwächte seneszenzassoziierte Readouts ab und 

normalisierte ausgewählte inflammatorische sowie matrixbezogene 

Genexpressionsveränderungen teilweise. Auf Signalebene war SC mit erhöhten NF-

κB-, MAPK- und nachgeschalteten mTOR-bezogenen Readouts verbunden, während 

Rapalink-1 mehrere dieser signalassoziierten Reaktionen reduzierte. 

Zusammenfassend schwächte Rapalink-1 zentrale Komponenten der SC-induzierten 

vaskulären Stressantwort in vitro ab. Diese Befunde unterstützen weitere 

Untersuchungen zur Rolle mTOR-bezogener Signalwege als regulatorische 

Mechanismen bei rauchbedingter vaskulärer Schädigung und vaskulärer Alterung. 
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Summary 

Smoking is a leading preventable risk factor for cardiovascular and cerebrovascular 

disease. It promotes vascular aging through oxidative stress, inflammation, and 

extracellular matrix (ECM) remodeling. Cellular senescence may represent one 

mechanism linking smoke exposure to long-term vascular damage. Senescent 

endothelial cells and vascular smooth muscle cells (SMCs) can contribute to endothelial 

dysfunction, pro-inflammatory signaling, and structural weakening of the vessel wall. 

To investigate these processes, tobacco smoke condensate (SC) was used as an in vitro 

model. The present study examined whether Rapalink-1, a dual mTORC1/2 inhibitor, 

attenuates SC-induced changes in human umbilical vein endothelial cells (HUVECs) 

and vascular SMCs. SC exposure was associated with increased oxidative stress-

associated readouts, DNA damage marker accumulation, and senescence-associated 

changes in both cell types, including increased SA-β-gal activity, reduced Lamin B1 

expression, and elevated p21 expression. These changes were accompanied by features 

consistent with a senescence-associated secretory phenotype (SASP) and ECM 

remodeling. Rapalink-1 attenuated several SC-induced responses. Treatment reduced 

oxidation-sensitive fluorescence and DNA damage-associated marker accumulation, 

attenuated senescence-associated readouts, and partially normalized selected 

inflammatory and matrix-related gene expression changes. At the signaling level, SC 

was associated with increased NF-κB-, MAPK-, and downstream mTOR-related 

readouts, whereas Rapalink-1 reduced several of these signaling-associated responses. 

In summary, Rapalink-1 attenuated key components of the SC-induced vascular stress 

response in vitro. These findings support further investigation of mTOR-related 

signaling as a regulatory pathway in smoking-related vascular injury and vascular aging. 
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1. Introduction 

1.1. Background and Rationale 

Smoking is a leading preventable risk factor for cardiovascular and cerebrovascular 

disease. It promotes endothelial dysfunction, oxidative stress, inflammation, platelet 

activation, thrombosis, and acceleration of atherosclerosis [1–4]. Smoking is also 

strongly associated with cerebrovascular pathology, including ischemic stroke and 

aneurysm-related vascular injury [5–7]. These clinical associations indicate that 

tobacco-derived compounds affect the vessel wall, but the cellular mechanisms 

underlying smoke-induced vascular damage remain incompletely defined. 

Vascular homeostasis depends on the coordinated function of endothelial cells and 

vascular smooth muscle cells. Endothelial cells regulate barrier function, vascular tone, 

leukocyte adhesion, and anticoagulant properties [8–10]. Smooth muscle cells 

contribute to contractility, extracellular matrix production, and adaptation to injury 

[11,12]. Damage to either cell type can promote chronic inflammation, matrix 

remodeling, and structural weakening of the vessel wall. 

Cellular senescence may connect persistent smoke exposure to long-term vascular 

dysfunction. Senescent cells show stable cell-cycle arrest together with nuclear changes, 

DNA damage signaling, metabolic alterations, and inflammatory secretory activity [13–

15]. In the vascular wall, senescent endothelial cells and smooth muscle cells have been 

linked to vascular aging, endothelial dysfunction, atherosclerosis, and vessel wall 

degeneration [16–18]. Smoke-induced senescence may therefore contribute to 

accelerated vascular aging. 

Oxidative stress and DNA damage are central drivers of stress-induced senescence. 

Cigarette smoke contains reactive species that disturb redox balance and damage 

proteins, lipids, and DNA [19,20]. Persistent oxidative injury can activate DNA damage 

responses and stress-related signaling pathways, thereby promoting premature 

senescence and inflammatory remodeling. Smoke condensate provides a controlled in 

vitro model to study these effects in vascular cells. 

In this thesis, human umbilical vein endothelial cells and vascular smooth muscle cells 

were exposed to smoke condensate. The study examined oxidative stress, DNA damage, 

senescence markers, the senescence-associated secretory phenotype, extracellular 
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matrix remodeling, and NF-κB-, MAPK-, and mTOR-related signaling. Rapalink-1, a 

dual mTORC1/2 inhibitor, was then assessed to determine whether it attenuates these 

smoke-induced responses. 

1.2. Tobacco Smoke Condensate as an Experimental Model of 

Vascular Injury 

Tobacco smoke contains a wide range of reactive and chemically active compounds, 

including reactive oxygen species, aldehydes, polycyclic aromatic hydrocarbons, 

nitrosamines, and particulate matter [21]. These components can damage the vessel 

wall through oxidative injury, inflammatory signaling, endothelial dysfunction, pro-

thrombotic changes, and ECM remodeling. Experimental models that capture defined 

aspects of smoke exposure are therefore useful for studying how tobacco-derived 

toxicants affect vascular cells. 

Tobacco smoke condensate (SC) and cigarette smoke extract are two commonly used 

in vitro approaches for this purpose. Neither system fully replicates chronic smoking in 

vivo, but both allow reproducible exposure of cultured cells to tobacco-derived 

toxicants. In endothelial cells, smoke-derived preparations have been shown to impair 

cell function, increase oxidative stress, alter inflammatory responses, and disturb 

protective signaling pathways [22–25]. These observations support the use of SC as a 

relevant in vitro model for studying vascular stress responses. 

The limitations of this model should also be considered. SC exposure in cultured cells 

does not include systemic metabolism, immune cell recruitment, platelet activation, 

hemodynamic forces, or long-term tissue adaptation. Nevertheless, endothelial 

dysfunction is an early hallmark of vascular disease, and cultured endothelial cell 

systems remain useful for studying mechanisms related to inflammation, thrombosis, 

and atherosclerosis [26–30]. SC exposure therefore provides a defined experimental 

setting for examining early vascular injury mechanisms before evaluation in more 

complex models. 

HUVECs and SMCs have distinct roles in vascular homeostasis and may respond 

differently to smoke-derived stress. Endothelial injury can promote leukocyte adhesion, 

barrier dysfunction, loss of antithrombotic properties, and inflammatory activation. In 

contrast, SMC injury may affect phenotypic stability and ECM maintenance. Both cell 

types are relevant to chronic vascular disease, including atherosclerosis and vessel 
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remodeling [31–35]. Studying both cell types therefore provides complementary 

perspectives on smoke-induced vascular injury. 

In this thesis, SC was used to induce stress responses in HUVECs and SMCs. Oxidative 

stress, DNA damage, senescence-associated changes, inflammatory mediator 

expression, ECM-related alterations, and intracellular signaling were assessed. 

Rapalink-1, a dual mTORC1/2 inhibitor, was then tested to determine whether it 

attenuates SC-induced vascular cell injury. 

1.3. Oxidative and Genotoxic Stress in Smoke-Exposed Vascular 

Cells 

Oxidative and genotoxic stress are major mechanisms through which tobacco-derived 

compounds damage vascular cells. Cigarette smoke contains reactive species and 

chemically active substances that can disturb redox homeostasis directly or promote 

secondary oxidative reactions after cellular uptake [19–21]. Under physiological 

conditions, ROS contribute to intracellular signaling and vascular regulation. When 

ROS production becomes excessive or sustained, antioxidant defenses may be 

overwhelmed, leading to damage of proteins, lipids, and nucleic acids [36,37]. In 

vascular tissue, this imbalance contributes to endothelial dysfunction, impaired nitric 

oxide signaling, inflammatory activation, and phenotypic changes in SMCs [26,31–39]. 

In smoke-exposed vascular cells, oxidative stress is closely linked to DNA damage and 

premature senescence. ROS can induce oxidative base modifications, DNA strand 

breaks, and activation of the DNA damage response (DDR) [40,41]. If these lesions 

persist or are insufficiently repaired, checkpoint activation may promote stable growth 

arrest and senescence-associated remodeling [42,43]. Therefore, smoke-induced 

vascular senescence should be assessed using a panel of complementary markers rather 

than a single readout. In the present study, oxidative stress readouts, DNA damage 

markers, cell-cycle regulators, nuclear structural changes, and senescence-associated 

enzymatic activity were evaluated to determine whether SC induces an oxidative, 

genotoxic, and senescence-associated phenotype in vascular cells [44,45]. 

1.3.1. Senescence-Associated β-Galactosidase Activity 

Senescence-associated β-galactosidase (SA-β-gal) activity is widely used to identify 

senescent cells in culture [46–48]. It reflects increased lysosomal β-galactosidase 
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activity under specific staining conditions and enables visualization and quantification 

of senescent cells in vitro [46]. In vascular cell models, positive SA-β-gal staining 

provides an initial indication that a stressor has induced a senescence-associated 

phenotype. 

However, SA-β-gal activity is not specific for senescence and should not be interpreted 

as a standalone marker [49]. Staining intensity can be influenced by cell type, culture 

conditions, cell density, and the type of stress applied. Some senescent cells may show 

weak staining, whereas non-senescent cells can become positive under certain 

conditions. Therefore, SA-β-gal staining is most informative when assessed together 

with additional markers, such as p21 expression, Lamin B1 loss, and DNA damage 

readouts. In smoke-induced vascular injury, increased SA-β-gal activity supports the 

presence of a senescence-associated phenotype but does not by itself prove senescence. 

1.3.2. Lamin B1 Expression 

Lamin B1 is a structural protein of the nuclear lamina and contributes to nuclear 

architecture, chromatin organization, and genome stability. Loss of Lamin B1 is a well-

described feature of senescent cells and is frequently used as a marker of senescence-

associated nuclear remodeling [50,51]. Unlike SA-β-gal activity, which reflects 

lysosomal changes, reduced Lamin B1 expression provides information on structural 

alterations of the nucleus during senescence. 

During stable senescence-associated growth arrest, Lamin B1 reduction is thought to 

accompany changes in nuclear integrity and chromatin organization [44,45,50,51]. In 

vascular cells exposed to smoke-derived stressors, Lamin B1 loss may therefore 

indicate that the cellular response extends beyond transient oxidative injury and 

involves senescence-associated nuclear remodeling. Assessment of Lamin B1 together 

with SA-β-gal staining, p21 expression, and DNA damage markers provides a more 

robust basis for interpreting senescence-related changes. 

1.3.3. p21 Expression 

p21, also known as cyclin-dependent kinase inhibitor 1A, is an important regulator of 

cell-cycle arrest and cellular senescence [52,53]. It can be induced by DNA damage, 

oxidative stress, p53 activation, and other stress-related signals. Through inhibition of 

cyclin-dependent kinases, p21 limits cell-cycle progression and contributes to the 

establishment of a growth-arrested state [52–54]. 
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In stress-induced senescence, sustained p21 expression is commonly used as molecular 

evidence of a senescence-associated growth-arrest program. In vascular cells exposed 

to SC, increased p21 expression may link oxidative injury and DDR activation to 

senescence establishment. However, p21 can also increase during acute stress responses. 

Therefore, p21 levels are most informative when interpreted together with other 

senescence-associated changes, including Lamin B1 loss, SA-β-gal activity, and 

accumulation of DNA damage markers. 

1.3.4. Reactive Oxygen Species and DCFH-DA 

ROS play a central role in smoke-induced cellular injury. Tobacco smoke contains 

reactive compounds and can also activate endogenous ROS-generating systems, 

thereby amplifying oxidative stress after exposure [19–23,36,37]. In vascular cells, 

excessive ROS production can impair endothelial function, reduce nitric oxide 

bioavailability, activate inflammatory signaling, and promote phenotypic remodeling in 

SMCs [31–39]. These effects provide a mechanistic basis for the link between smoke 

exposure, vascular dysfunction, and premature vascular aging. 

The fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) is 

commonly used to assess the overall intracellular oxidative state in cultured cells [55]. 

After cellular uptake and oxidation, DCFH-DA generates a fluorescent signal that 

reflects oxidation-sensitive intracellular changes. However, this method does not 

identify the specific ROS species involved or define the subcellular source of the signal 

[55–57]. DCFH-DA-based results should therefore be interpreted as a general oxidative 

stress readout rather than evidence for a particular ROS type. In smoke-induced 

vascular injury models, this readout is most informative when assessed together with 

downstream markers of oxidative damage, DNA injury, and senescence-associated 

changes. 

1.3.5. γ-H2AX and 8-OHDG 

DNA damage is an important downstream consequence of persistent oxidative stress 

and contributes to stress-induced senescence. Oxidative injury can cause base 

modifications, DNA strand breaks, and activation of the DNA damage response [40,41]. 

γ-H2AX, the phosphorylated form of histone H2AX, is widely used as a readout of 

DNA double-strand break signaling and DDR activation [58,59]. Increased γ-H2AX 

staining therefore indicates activation of genotoxic stress signaling rather than 

nonspecific cellular damage alone. 
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8-hydroxy-2′-deoxyguanosine (8-OHDG) reflects oxidative modification of DNA bases, 

particularly guanine [60–62]. Whereas γ-H2AX mainly indicates DDR activation, 8-

OHDG provides information on oxidative base damage. These two markers therefore 

provide complementary information in smoke-exposed vascular cells. Their combined 

assessment is relevant because oxidative stress and genotoxic injury are closely linked 

and may together contribute to the development of senescence-associated phenotypes. 

1.3.6. Senescence-Associated Secretory Phenotype 

Cellular senescence involves more than growth arrest. Senescent cells undergo 

phenotypic remodeling and can influence their local environment through the secretion 

of inflammatory cytokines, chemokines, adhesion molecules, growth factors, and 

proteases. This secretory program is referred to as the senescence-associated secretory 

phenotype (SASP) [63–66]. Through autocrine and paracrine signaling, the SASP can 

reinforce senescence and affect neighboring cells, thereby linking cellular senescence 

to tissue inflammation and remodeling. 

In vascular aging and smoke-related vascular injury, the SASP is relevant because 

endothelial cells and SMCs regulate vascular inflammation, leukocyte recruitment, and 

ECM homeostasis [26–35,67]. Senescent vascular cells may increase the expression of 

inflammatory mediators such as TNF-α and adhesion molecules such as ICAM-1 and 

VCAM-1. They may also alter matrix-remodeling enzymes and their regulators, 

including matrix metalloproteinases (MMPs) and tissue inhibitors of 

metalloproteinases (TIMPs) [68–70]. These changes can disturb ECM turnover and 

may contribute to vessel wall dysfunction, stiffness, and structural damage. 

The present study examined SASP- and ECM-related changes in SC-exposed vascular 

cells. In HUVECs, SC increased the expression of several inflammatory and matrix-

related transcripts, including TNF-α, ICAM1, MMP1, MMP10, and TIMP3, whereas 

PTGS2 remained elevated despite Rapalink-1 treatment. In SMCs, SC was associated 

with marked ECM-related alterations, including reduced expression of ELN, COL1A1, 

and EFEMP1. Protein-level analyses also showed increased MMP-2 and VCAM-1 

expression under smoke stress. These findings indicate that SC induces not only 

intracellular stress and senescence-associated marker changes, but also inflammatory 

and matrix-remodeling responses relevant to vascular pathology. 

Rapalink-1 attenuated several of these SASP- and ECM-related responses. Co-

treatment reduced the SC-induced upregulation of selected inflammatory and 
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remodeling genes and partially normalized structural ECM-associated transcripts. 

These observations suggest that Rapalink-1 may affect downstream secretory and 

remodeling programs in addition to reducing oxidative stress and DNA damage. 

Because the SASP can sustain chronic inflammation and tissue dysfunction, its 

attenuation may be relevant for limiting smoke-related vascular injury. 

Taken together, oxidative stress, DNA damage, senescence-associated marker changes, 

SASP activation, and ECM remodeling appear to be linked components of the SC-

induced vascular stress response. Assessing these processes together provides a more 

complete basis for understanding how SC promotes vascular cell dysfunction and how 

mTORC1/2 inhibition with Rapalink-1 may modulate this response. 

1.4. NF-κB, MAPK, and mTOR-Related Signaling Networks 

Oxidative stress, DNA damage, cellular senescence, inflammation, and ECM 

remodeling are regulated by interacting signaling pathways rather than by isolated 

molecular events. In smoke-exposed vascular cells, early oxidative and genotoxic 

injury can lead to sustained changes in gene transcription, protein phosphorylation, cell-

cycle regulation, inflammatory mediator expression, and matrix remodeling. NF-κB, 

MAPK, and mTOR-related signaling are among the pathways most relevant to these 

processes [71–76]. 

NF-κB is a key transcriptional regulator of inflammatory and stress-responsive genes. 

Under basal conditions, NF-κB proteins are retained in the cytoplasm through 

interaction with inhibitory IκB proteins. In response to pro-inflammatory cytokines, 

oxidative stress, DNA damage, or other stressors, this inhibitory system can be 

disrupted, allowing NF-κB to translocate to the nucleus and regulate target-gene 

transcription [71,72]. These targets include cytokines, chemokines, adhesion molecules, 

anti-apoptotic proteins, and mediators involved in tissue remodeling. In vascular cells, 

NF-κB activation is closely linked to endothelial activation, leukocyte adhesion, 

inflammatory amplification, and chronic vascular injury [73,74]. 

NF-κB is also relevant to senescence biology. In senescent cells, NF-κB contributes to 

SASP regulation [75,76]. Persistent NF-κB activity can maintain the expression of pro-

inflammatory mediators and support a local environment in which senescent cells 

influence neighboring cells. In smoke-exposed vascular cells, this pathway may link 

oxidative stress and DNA damage to SASP-related gene expression, endothelial 
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activation, and ECM remodeling. For this reason, p65 and phosphorylated p65 were 

assessed as readouts of NF-κB-related inflammatory signaling. 

MAPK signaling provides another link between cellular stress and adaptive or 

maladaptive cellular responses. The MAPK family includes several conserved kinase 

cascades, among which ERK, p38 MAPK, and JNK are the best characterized [77,78]. 

These pathways are activated through sequential phosphorylation and regulate 

transcription factors, kinases, and other downstream effectors involved in proliferation, 

differentiation, survival, apoptosis, inflammation, and stress responses [77–80]. In 

vascular cells, MAPK activation can occur in response to oxidative stress, inflammatory 

mediators, growth factors, mechanical forces, and toxic environmental stimuli. 

p38 MAPK and ERK-related signaling are particularly relevant in the context of 

senescence. p38 MAPK has been linked to the expression of senescence-associated 

inflammatory mediators and can regulate SASP-related responses independently of 

classical DDR signaling [81,82]. MAPK pathways can also influence senescence-

associated traits by connecting stress signals to cell-cycle arrest, inflammatory gene 

programs, and post-transcriptional regulation [83]. In addition, crosstalk between 

MAPK signaling and NF-κB activity may amplify inflammatory responses, as p38-

related mechanisms can modulate NF-κB activity under stress conditions [84]. In the 

present study, phosphorylation of p38 and ERK was examined to assess stress-activated 

kinase signaling after SC exposure and Rapalink-1 treatment. 

mTOR-related signaling represents an additional regulatory layer in smoke-exposed 

vascular cells. mTOR is a central kinase that integrates nutrient availability, growth 

factor signaling, energy status, protein synthesis, autophagy, metabolism, and cellular 

stress adaptation [85–87]. It functions mainly through two multiprotein complexes, 

mTORC1 and mTORC2, which differ in upstream regulation, downstream targets, and 

biological functions [85–91]. mTORC1 is closely linked to protein synthesis, ribosome 

biogenesis, nutrient sensing, and autophagy regulation, whereas mTORC2 contributes 

to AKT signaling, cytoskeletal organization, and survival-associated pathways. 

In aging and senescence biology, mTOR signaling is relevant because it can influence 

metabolic remodeling, proteostasis, autophagy, inflammatory output, and the 

persistence of senescence-associated phenotypes [85–89,92]. Experimental studies 

have shown that pharmacological mTOR inhibition can affect aging-associated 

processes, supporting the concept that mTOR is a modifiable regulator of cellular aging 
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[92]. In vascular cells exposed to toxic stress, mTOR-related signaling may therefore 

contribute not only to cell survival and metabolic adaptation, but also to inflammatory 

secretion, senescence-associated remodeling, and ECM-related responses. 

Experimental work also suggests that cigarette smoke can engage mTOR-associated 

stress pathways in disease models [93]. This is relevant to the present study because SC 

induced a vascular stress phenotype involving oxidative stress, DNA damage, 

senescence-associated marker changes, inflammatory mediator expression, and ECM 

remodeling. These findings support the view that NF-κB, MAPK, and mTOR-related 

pathways may jointly contribute to smoke-induced vascular cell dysfunction. 

1.5. Rapalink-1 and Its Potential Relevance in Vascular Disease 

Rapalink-1 is a dual mTORC1/2 inhibitor developed to overcome several limitations of 

earlier mTOR-targeted compounds [94]. Classical rapamycin and its analogues have 

provided important insight into mTOR biology, but their inhibitory effects are 

incomplete and context-dependent. Some mTORC1 outputs are relatively resistant to 

short-term rapamycin treatment, and prolonged exposure can also affect mTORC2 

assembly and AKT signaling [95–98]. These properties are relevant when interpreting 

vascular stress models, because smoke-induced injury involves oxidative stress, 

inflammation, metabolic adaptation, senescence-associated remodeling, and ECM 

changes. 

ATP-competitive mTOR kinase inhibitors were developed to target rapamycin-resistant 

mTOR outputs and to inhibit both mTORC1- and mTORC2-related signaling [97,98]. 

These compounds showed that mTOR regulates a broader range of downstream 

processes than those captured by rapamycin-sensitive readouts alone. mTOR activity 

influences protein synthesis, translational control, metabolism, autophagy, AKT-related 

signaling, and cell growth adaptation [85–91,99,100]. These processes are relevant to 

senescence because senescent cells remain metabolically active and can maintain 

inflammatory secretory programs despite stable proliferative arrest. 

Rapalink-1 combines rapamycin-binding and kinase-inhibitory properties and was 

designed to achieve more durable mTOR inhibition [94]. This pharmacological profile 

is useful in experimental settings in which both mTORC1- and mTORC2-related 

outputs may contribute to stress responses. In the present study, this was relevant 

because SC altered downstream mTOR-related readouts, including S6- and AKT-
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associated phosphorylation signals. These readouts provide information on pathway 

output, although they do not fully define the activity state of mTORC1 or mTORC2. 

The use of Rapalink-1 in smoke-exposed vascular cells is further supported by the role 

of mTOR in aging and stress biology. mTOR signaling has been linked to aging-

associated phenotypes, immune function, protein synthesis, autophagy regulation, and 

metabolic remodeling [85–89,92,101]. Experimental studies have also shown that 

mTOR inhibition can influence senescence-associated phenotypes and delay aspects of 

cellular aging [92,102,103]. These findings support the view that mTOR-related 

signaling may contribute to the maintenance or amplification of stress-induced 

senescence. 

In vascular cells, the relevance of Rapalink-1 is not limited to direct changes in mTOR 

downstream phosphorylation. SC induces oxidative injury, DNA damage, inflammatory 

signaling, SASP-related mediator expression, and ECM remodeling. Because these 

processes occur in parallel and may influence one another, mTORC1/2 inhibition may 

affect several phenotypic outcomes. This does not imply that Rapalink-1 acts as a direct 

antioxidant or that all observed effects are exclusively mTOR-dependent. Rather, 

Rapalink-1 should be interpreted as a pharmacological tool to examine how mTOR-

related signaling contributes to SC-induced vascular cell stress. 

Previous work from our group showed that Rapalink-1 attenuated ethanol-induced 

endothelial senescence, providing a rationale for testing this compound in an additional 

vascular stress model [104]. The present thesis extends this work to SC-induced 

vascular injury and includes both HUVECs and SMCs. This cellular approach is 

relevant because smoking-related vascular disease affects multiple vascular 

compartments, and SMC dysfunction may be particularly important for ECM 

remodeling and vessel wall integrity. 

In the present study, Rapalink-1 attenuated several SC-induced responses, including 

oxidative stress readouts, DNA damage markers, senescence-associated changes, 

SASP-related transcriptional alterations, ECM-related changes, and phosphorylation-

associated signaling responses. These findings support the interpretation that Rapalink-

1 affects multiple components of the smoke-induced vascular stress response. However, 

the results should be interpreted within the limitations of the in vitro model. Further 

studies using pathway-specific rescue experiments, genetic approaches, and disease-

relevant in vivo models will be required to define the relative contribution of mTORC1, 
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mTORC2, and downstream signaling nodes to the effects observed here. 

1.6. Aims of the Thesis 

The present thesis had three main aims. First, it aimed to determine whether SC induces 

vascular cell injury in HUVECs and SMCs, with a focus on oxidative stress, DNA 

damage, cellular senescence, inflammatory activation, and ECM remodeling. 

Second, it aimed to assess whether Rapalink-1 attenuates SC-induced injury responses. 

For this purpose, several complementary readouts were evaluated, including ROS-

associated fluorescence, DNA damage markers, SA-β-gal activity, Lamin B1 

expression, p21 expression, SASP-related gene expression, ECM-related transcripts, 

and selected protein-level markers. 

Third, the thesis examined whether these cellular responses are associated with changes 

in NF-κB-, MAPK-, and mTOR-related signaling. By integrating phenotypic, 

transcriptional, and protein-level data, the study assessed whether dual mTORC1/2 

inhibition with Rapalink-1 affects key components of the SC-induced vascular stress 

response. 

1.7. Ethics Statement 

The experimental work was performed using commercially obtained human vascular 

cell models and did not involve the direct recruitment of human participants or the 

collection of new patient-derived samples. All experiments were conducted in 

accordance with the institutional requirements of the Medical Faculty and University 

Hospital Düsseldorf. Where applicable, the use of human cell material followed the 

supplier’s documentation and the relevant institutional regulations. 
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2. Published Original Article  

The following published original article forms the basis of this publication-based 

dissertation: 

You, J., Liu, H., Khan, D., Muhereza, R., Faust, K., & Muhammad, S. (2026). 

Smoke Condensate-Induced Vascular Senescence and SASP Are Attenuated by Dual 

mTORC1/2 Inhibition with Rapalink-1. 

International Journal of Molecular Sciences, 27(8), 3636. 

https://doi.org/10.3390/ijms27083636 

 

The article was published as an open-access article under the Creative Commons 

Attribution License (CC BY 4.0). The original publication is available at: 

https://www.mdpi.com/1422-0067/27/8/3636 

 

The published article is reproduced on the following pages. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

13 

 

 

 

 

 



 

14 

 

 



 

15 

 

 

 



 

16 

 

 

 



 

17 

 

 

 



 

18 

 

 

 



 

19 

 

 

 



 

20 

 

 

 



 

21 

 

 

 



 

22 

 

 

 



 

23 

 

 

 



 

24 

 

 

 



 

25 

 

 

 



 

26 

 

 

 



 

27 

 

 

 



 

28 

 

 

 



 

29 

 

 

 



 

30 

 

 

 



 

31 

 

 

 



 

 

3. Discussion 

The present thesis investigated whether SC induces stress- and senescence-associated 

changes in vascular cells and whether these changes are attenuated by Rapalink-1. The 

results show that SC increased oxidative stress-related readouts, DNA damage markers, 

senescence-associated changes, inflammatory and ECM-related transcriptional 

responses, and phosphorylation-related signaling outputs in HUVECs and SMCs. 

Rapalink-1 reduced several of these responses, supporting the interpretation that dual 

mTORC1/2 inhibition affects key components of the SC-induced vascular stress 

response [105]. 

SC induced oxidative and genotoxic stress in both vascular cell types. This finding is 

consistent with the known ability of tobacco smoke constituents to disturb redox 

homeostasis and promote oxidative damage [19,20,36,37]. In vascular cells, 

endogenous ROS-generating systems such as NADPH oxidases may further increase 

the initial oxidative burden, and NADPH oxidase-related signaling has been implicated 

in vascular oxidative stress and cardiovascular disease [106,107]. At the same time, 

redox-responsive protective pathways, including the NRF2-regulated antioxidant 

response, may be activated as part of the cellular adaptation to oxidative injury [108]. 

Mitochondrial ROS generation may also contribute when cellular homeostasis is 

disturbed [109]. Thus, SC-induced oxidative stress should be interpreted as a dynamic 

response involving both damaging and compensatory processes. 

In the present model, increased oxidation-sensitive fluorescence was accompanied by 

DNA damage-associated readouts, including γ-H2AX and 8-OHDG. This combination 

is relevant because oxidative stress alone is a broad and relatively non-specific cellular 

response, whereas the parallel detection of DNA damage markers indicates downstream 

genotoxic injury. Rapalink-1 reduced these oxidative stress- and DNA damage-

associated readouts. However, this finding should not be interpreted as evidence that 

Rapalink-1 acts as a direct antioxidant. DCFH-DA-based measurements provide an 

overall oxidation-sensitive signal but do not identify a specific ROS species or its 

subcellular origin [55–57]. The effect of Rapalink-1 is therefore more appropriately 

interpreted as attenuation of oxidative stress-associated cellular responses rather than 

direct ROS scavenging. 

SC also induced several senescence-associated changes, including increased SA-β-gal 

activity, reduced Lamin B1 expression, increased p21 expression, and accumulation of 



 

 

DNA damage markers. This marker combination is important because cellular 

senescence is heterogeneous and cannot be reliably defined by a single readout alone 

[13–15,44,45]. Senescence can have context-dependent effects. In some settings, it may 

contribute to tissue repair and damage limitation, whereas persistent accumulation of 

senescent cells can promote chronic dysfunction through inflammatory and 

remodeling-related mechanisms [110]. In vascular cells, this distinction is relevant 

because senescence of both endothelial cells and SMCs may affect vessel wall 

homeostasis. 

The response pattern differed between HUVECs and SMCs. In HUVECs, SC induced 

a clearer SA-β-gal response together with molecular senescence markers. In SMCs, the 

phenotype was more strongly supported by Lamin B1 reduction, p21 induction, and 

DNA damage-associated changes. This difference is biologically plausible because 

senescence marker expression depends on cell type, stress intensity, exposure duration, 

and cellular context. Endothelial aging and senescence have been linked to impaired 

vascular homeostasis, reduced protective endothelial functions, and pro-inflammatory 

activation [111]. In contrast, SMC senescence may contribute to altered phenotypic 

stability, ECM remodeling, and plaque vulnerability [112,113]. These differences 

support the inclusion of both vascular cell types in the present study. 

Another finding is that SC induced SASP-associated inflammatory responses. The 

SASP is not a fixed program but a variable secretory phenotype shaped by cell type, 

stress stimulus, and signaling context [63–67]. It includes cytokines, chemokines, 

growth factors, adhesion molecules, and proteases that can affect neighboring cells and 

modify the extracellular environment [114,115]. Upstream inflammatory regulators, 

including IL-1α-associated signaling, can contribute to SASP amplification [116]. In 

this study, SC increased inflammatory and matrix-related transcripts in vascular cells, 

suggesting that tobacco-derived stress promotes not only intracellular injury but also 

secretory and remodeling responses. 

The ECM-related findings are particularly relevant for the vascular interpretation of 

this work. The vascular ECM provides mechanical support, regulates vessel wall 

elasticity, and influences vascular cell behavior [117]. MMPs and TIMPs are important 

regulators of ECM turnover and have been implicated in vascular remodeling and 

atherogenesis [118,119]. Elastic fiber-associated proteins, including fibulin family 

members, are also important for vessel wall integrity and elastic fiber organization 

[120,121]. In the present study, SC altered MMP-related responses and reduced ECM-

associated transcripts such as ELN, COL1A1, and EFEMP1 in SMCs. These findings 



 

 

suggest that SC-induced senescence-associated changes may contribute to maladaptive 

vascular remodeling. 

At the signaling level, the present data implicate NF-κB-, MAPK-, and mTOR-related 

pathways as components of the SC response. NF-κB and MAPK signaling can link 

oxidative stress to inflammatory gene expression, whereas mTOR signaling integrates 

growth, metabolism, protein synthesis, autophagy, and stress adaptation [71–96]. 

mTOR has also been connected to the regulation of senescence-associated 

inflammatory output. Experimental studies have shown that mTOR can influence SASP 

regulation through translational and stress-response mechanisms [122,123]. 

Mitochondrial dysfunction may further shape senescence-associated secretory profiles, 

indicating that metabolic and inflammatory remodeling are closely connected during 

senescence [124]. 

Rapalink-1 reduced several phosphorylation-related signaling readouts, including p65-, 

p38-, ERK-, S6-, and AKT-associated changes. This supports the interpretation that 

Rapalink-1 affects several signaling components rather than a single terminal endpoint. 

Nevertheless, these findings should be interpreted with caution. The present study does 

not establish a direct causal hierarchy among oxidative stress, NF-κB activation, MAPK 

signaling, mTOR-related pathway output, and senescence-associated remodeling. 

Broader mTOR inhibitors were developed to overcome limitations of rapamycin-

sensitive pathway inhibition, but their cellular effects may still depend on context, dose, 

exposure time, and compensatory signaling [94–100,125]. 

From a translational perspective, the present findings support the view that SC-induced 

vascular injury involves oxidative, inflammatory, senescence-associated, and matrix-

remodeling processes. Clinical evidence has shown that anti-inflammatory intervention 

can reduce cardiovascular events in selected patient populations, highlighting the 

relevance of inflammation as a therapeutic target in cardiovascular disease [126]. 

However, based on the present in vitro data, Rapalink-1 should not be interpreted as a 

clinically applicable vascular therapy. Rather, it should be viewed as an experimental 

tool to examine how mTOR-related signaling contributes to SC-induced vascular cell 

stress. 

The broader senescence literature also supports the view that senescence is a modifiable 

process. Genetic and pharmacological studies have shown that reducing the burden of 

senescent cells can delay or improve several age-associated phenotypes in experimental 

systems [127,128]. These findings have generated interest in senotherapeutic 



 

 

approaches, although translation to human vascular disease remains challenging and 

requires careful evaluation of safety, specificity, timing, and tissue context [129,130]. 

The present work does not test senolytic therapy or senescent cell clearance. Instead, it 

suggests that modulation of senescence-associated signaling by Rapalink-1 may reduce 

the development of an SC-induced senescence-like phenotype in vascular cells. 

One major limitation of the present study is that it was conducted in vitro. Cultured 

HUVECs and SMCs allow controlled mechanistic investigation, but this model cannot 

reproduce the full complexity of smoking-related vascular disease in vivo. Chronic 

exposure, immune cell recruitment, platelet activation, circulating metabolites, 

hemodynamic forces, and tissue architecture are absent from the present model. In 

addition, although multiple markers were used to support the interpretation of 

senescence, the study does not directly demonstrate irreversible growth arrest, long-

term persistence, or functional recovery after withdrawal of SC or Rapalink-1. Further 

work using pathway-specific inhibition, genetic approaches, rescue experiments, and 

disease-relevant in vivo models will be required to define the causal contribution of 

mTORC1, mTORC2, NF-κB, MAPK, and oxidative stress to the effects observed here. 

Taken together, the data support a model in which SC induces vascular cell injury 

involving oxidative stress, DNA damage, senescence-associated marker changes, 

SASP-related inflammation, ECM remodeling, and activation of stress-responsive 

signaling. Rapalink-1 reduced several components of this response, suggesting that 

mTORC1/2 inhibition can affect key stress- and senescence-associated processes in 

smoke-exposed vascular cells. These findings provide a basis for further investigation 

of mTOR-related signaling in smoking-associated vascular aging and remodeling. 

3.1. Limitations 

Several limitations should be acknowledged. First, the experiments were performed in 

vitro using cultured HUVECs and SMCs. This model allows controlled analysis of 

vascular cell stress responses but cannot reproduce the structural, mechanical, 

metabolic, and immunological complexity of the vascular wall in vivo. Second, the 

model does not include interactions with immune cells, fibroblasts, platelets, circulating 

factors, or hemodynamic forces, all of which may influence smoking-related vascular 

injury. 

Third, the present work focused on short-term SC exposure and early senescence-

associated responses. It therefore does not address long-term persistence, reversibility, 



 

 

or chronic adaptation after smoke-derived injury. Fourth, although the data support 

changes in NF-κB-, MAPK-, and downstream mTOR-related signaling after Rapalink-

1 treatment, the study does not establish a direct causal hierarchy among these pathways. 

It also does not determine whether all observed effects are directly mTOR-dependent 

or partly mediated by secondary changes in the cellular stress response. 

Finally, although Rapalink-1 attenuated several stress-associated responses in vitro, 

these findings do not establish clinical relevance or therapeutic applicability. Future 

studies using chronic smoke exposure models, pathway-specific interventions, genetic 

approaches, and disease-relevant in vivo systems will be required to validate these 

findings and to define the safety and mechanistic scope of dual mTORC1/2 inhibition 

in vascular aging. 

3.2. Conclusion 

In conclusion, the present study shows that SC induces oxidative stress, DNA damage, 

senescence-associated changes, inflammatory activation, and ECM-related alterations 

in HUVECs and SMCs. Dual mTORC1/2 inhibition with Rapalink-1 attenuated several 

of these responses, including oxidative and genotoxic injury, senescence-associated 

markers, selected SASP-related transcriptional changes, and downstream inflammatory 

and mTOR-related signaling readouts. 

These findings indicate that Rapalink-1 affects key components of the SC-induced 

vascular stress response in vitro. They also support further investigation of mTOR-

related signaling as a regulatory pathway in smoking-related vascular aging and 

remodeling. 
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