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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Vascular smooth muscle cell (SMC) phenotypic switching, from a contractile to a synthetic
S‘_m’Oth muscle cells state, impacts on atherosclerotic plaque development. While traditional cigarette (TC) smoke is a known driver of
Cigarette smoke cardiovascular disease, the effects of alternative nicotine delivery systems, i.e. electronic cigarettes (E-cigs) and

E-Cigarette

. tobacco heating products (THPs), on SMC behavior remains poorly understood. We evaluated the effects of
Tobacco heating products

o o water-soluble components collected in aqueous extracts (AEs) from TC, E-cig, and THP smoke, on human aortic

steogenic-like phenotype

Calcification SMC (HASMC) phenotypic switch.

MMP3 Methods: HASMCs were treated for 48 h with the three AEs. Gene expression and protein abundance profiles were
assessed to evaluate cell phenotypic modulation, proliferation, migration, extracellular matrix remodeling, and
inflammatory responses. Label-free MS/MS proteomic analysis and wound healing assays were also used to
further characterize cellular responses.

Resuits: Different AEs induced distinct gene expression and protein patterns, but all seemed to induce a hybrid
contractile-synthetic phenotype. TC and THP extracts increased MMP3 expression, whereas E-cig AE down-
regulated MMPs. E-cig extracts, although reducing inflammatory cytokines, enhanced HASMC proliferation and
migration, bona fide by upregulating PCNA, RAC1, and ROCK2, thus suggesting an increased vascular remod-
eling. Proteomic analysis indicated mitochondrial dysfunction and redox imbalances further advising about
distinct, harmful effects of AEs on vascular health and atherosclerotic lesion progression.

Conclusion: Our findings revealed complex differential molecular effects of TC, E-cig, and THP AEs on HASMC
biology, emphasizing the necessity for further research to assess their actual long-term cardiovascular

implications.
1. Introduction differentiated myocardial and skeletal muscle cells, mature SMCs can
adapt their phenotype in response to environmental stresses [2], such as
Vascular smooth muscle cells (SMCs) constitute the major cells in the vascular injury or altered blood flow [3,4]. During atherosclerosis, SMCs
arterial media layer, playing a key role in atherogenesis contributing to undergo phenotypic modulation, transitioning from a contractile to a
plaque stability by preventing fibrous cap rupture [1]. Unlike terminally synthetic phenotype characterized by increased proliferation,
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migration, cytokine secretion, and extracellular matrix (ECM) produc-
tion, as well as macrophage or fibroblast markers [5-8]. SMCs under-
going phenotypic modulation exhibit a shift in gene expression toward a
fibroblast-like phenotype, with a marked upregulation of fibronectin
(FN1), collagen alpha-1(I) chain (COL1A1), and small leucine-rich pro-
teoglycans, like lumican (LUM), decorin (DCN) and biglycan (BGN)
genes [5]. The altered secretory function of transdifferentiated SMCs [7]
modifies ECM composition, by replacing type I and III fibrillar collagens
[71 with fibronectin and proteoglycans, and contributes to vascular
remodeling and lesion development. These ECM changes also influence
lipid accumulation and cellular proliferative index. In addition to the
fibroblast-like phenotype, SMCs can in fact acquire macrophage- and
osteo/chondrogenic-like phenotypes after phenotypic switch [9,10] and
take up and store excess lipids forming foam cells [8].

Cigarette smoke may induce SMC phenotypic switch [11] and is
recognized as one of the most important modifiable risk factors for
cardiovascular diseases (CVDs) [12]. Traditional tobacco cigarette (TC)
smoke is constituted of approximately 7000 different components, with
lipophilic or water-soluble properties, that are distributed between
particulate matter and gas phases. Many of these chemicals are known to
be antigenic, cytotoxic, mutagenic, or carcinogenic [13]. As alterna-
tives, electronic cigarettes (E-cigs) and tobacco heating products (THPs)
have been marketed as safer options, though evidence supporting these
claims remains limited, particularly regarding long-term CV effects [14].
E-cigs use a battery-supplied electric current to heat (at 200-250 °C) a
liquid mixture typically composed of propylene glycol, vegetable glyc-
erin, nicotine, and different types of flavors, but generate toxic com-
pounds such as heavy metals (nickel, cadmium, chromium) and
carbonyls (i.e. formaldehyde, acetaldehyde, acrolein) [15]. In addition,
flavorings contain alcohol, aldehydes, and chemicals such as diacetyl
and acetylpropionyl, commonly used by food manufacturers but that
can cause lung damage when inhaled [16]. Increasing evidence of CV
effects, including endothelial cell dysfunction, oxidative stress, arterial
stiffness, and acute alterations in heart rate and diastolic blood pressure,
highlight the potential for E-cigs to contribute to CVDs [17-21]. On the
other hand, THPs heat (at 350 °C) sticks of compressed tobacco, flavors,
and other chemicals to produce a nicotine aerosol [22], thus avoiding
the combustion phase typical of TC. Nonetheless, although THPs pro-
duce fewer toxicants than TCs, they still adversely affect the CV system
by increasing arterial stiffness [23] and oxidative stress [24]. Therefore,
despite their reduced impact compared to TCs, the effects of E-cigs and
THPs on CV health are not negligible.

Building on our prior findings regarding SMC exposure to lipophilic
TC smoke condensate components [11], this in vitro study explored the
impact of aqueous extracts (AEs), containing water-soluble components,
from TC, E-cig, and THP smoke on human aortic SMC phenotypic
modulation, with potential implications for CV health and atheroscle-
rosis progression.

2. Materials and Methods

Detailed Materials and methods are available in the “Materials and
Methods” section of the Supplementary Material.

2.1. Human aortic smooth muscle cell culture

Human aortic SMCs (HASMC; PCS-100-012) were purchased from
ATCC (Manassas, FL, USA), and cultured in ATCC Vascular Cell Basal
Medium (PCS-100-030, ATCC; 500 ml added with 500 pl ascorbic acid,
500 pl rh EGF, 500 pl rh insulin and rh FGF-b, 25 ml glutamine), 5 %
fetal bovine serum (FBS, ATCC Vascular Smooth Muscle Growth Kit),
and 5 ml Penicillin-Streptomycin 100X (Euroclone, Milan, Italy). The
cultures were maintained at 37 °C in a 5 % CO, incubator. All the ex-
periments were performed with HASMC between passages 5-9.

TC, E-cig and THP extracts Generation.

The aqueous extracts (AEs) used in this study were kindly provided
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by British American Tobacco Ltd., (Southampton, UK) and prepared as
described [25].

For AEs from TC, we used a Kentucky Reference cigarette (1R6F) as a
scientific reference comparator for mainstream smoke (Kentucky To-
bacco Research & Development Center, Lexington, USA; for THP we
used one THP device (Glo™); and for E-cig, a distiller plate technology
format (Vype iSwitch).

2.1.1. Proteomics and interactomics analyses

Relative quantitative Mass Spectrometry (MS) analysis was per-
formed through Label Free Quantification (LFQ). For statistical com-
parisons, nonparametric statistics was applied (p-value <0.05; minimal
fold change (FC) of +1.5). Significant transcript and protein differences
were functionally correlated in interactomic networks to recognized
highly significant biomarkers for several health applications, as we
previously proved [26-29].

2.2. Statistical analysis

GraphPad Prism 10 was used for statistical analysis. All experiments
were repeated at least three times in triplicates using different batches of
AEs. For multiple comparisons testing, 1-way ANOVA accompanied by a
Dunnett’s post hoc test were used as appropriate. All error bars represent
standard error of the mean. A probability value of p < 0.05 was
considered statistically significant.

Non-common abbreviations used in the text.

AE = aqueous extract.

CSC = cigarette smoke condensate.

E-cig = electronic cigarette.

HASMC = human aortic SMC.

TC = traditional cigarette.

THP = tobacco heating product.

3. Results

3.1. TC, E-cig, or THP AEs induce phenotypic changes in cultured
HASMCs

We analyzed the effects of smoke from tobacco-derived product on
SMC by exposing HASMCs to TC, E-cig, and THP AEs for 48h. The AE
concentration to be used was determined based on preliminary cyto-
toxicity experiments. The concentration that was found to be non-toxic
for all extracts was 10 % (Supplementary Figure S1) and it was used in
all the following experiments. Firstly, we evaluated AE-induced
phenotypic modulation by investigating the expression of HASMC con-
tractile markers, ECM components, MMPs, proinflammatory genes, and
macrophage-specific markers. Subsequently, to further elucidate the
effects of AEs on HASMC phenotypic modulation, we measured the
ability of AEs to influence cell proliferation, migration, and cytoskeletal
organization.

3.1.1. AE effects on the expression and synthesis of ECM-components and
of contractile, macrophage-specific, and inflammatory markers

As shown in Fig. 1A, the treatment with all three extracts led to an
upregulation of a key contractile gene ACTA2 (encoding smooth muscle
alpha-actin). The E-cig AE was the most potent, significantly enhancing
ACTA2 expression by approximately 2.7-fold. THP AE elevated ACTA2
expression by 50 % compared to control and TC AE. These gene
expression changes were reflected at the protein level, as evidenced by
increased ACTAZ2 protein levels upon exposure to THP and E-cig AEs.

The transcription factor Kriippel-like factor 4 (KLF4) and Myocardin
(MYOCD) axis play a crucial role in SMC modulation [1]. KLF4 is a key
regulator of SMC phenotypic modulation, where it suppresses the
expression of SMC-specific contractile genes such as MYOCD and ACTA2
[2]. Therefore, we quantified the expression and protein levels of
MYOCD and KLF4 in HASMCs. As shown in Fig. 1B, the addition of the
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Fig. 1. TC, E-cig and THP AEs induce phenotypic switching in HASMCs. HASMCs were treated with 10 % AEs for 48h. Then we evaluated: (A) SMC-specific
contractile, (B) phenotypic, and (C) ECM markers, (D and E) MMP, (F) interleukin, (G) inflammasome marker gene expression and protein abundance, (H)
HASMC proliferation, (I) PCNA gene expression and protein abundance. Gene expression was evaluated by RT-PCR and protein abundance (normalized by indicated
housekeeping proteins) by western blot analysis. (J) HASMC migration was assessed by wound healing assay and images were taken 0,4, 8, 10, 20 h after wounding.
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(K) Quantification of the migrated cells was then performed with ImageJ. Scale bar: 200 pm. (L) F-actin expression was evaluated by confocal microscopy. (M) RACI
expression and protein abundance were measured by RT-PCR or western blot analysis, respectively. Each result displayed is representative of at least 3 independent
biological replicates. The p-value was determined by one-way ANOVA followed by Dunnett post hoc test * p < 0.05 vs CTRL, **p < 0.01 vs CTRL, ***p < 0.001 vs

CTRL, ****p < 0.0001 vs CTRL.
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Fig. 1. (continued).

three extracts increased the expression of MYOCD, while concurrently
reducing KLF4 at both gene and protein levels.

Additionally, we assessed the effects of AEs on ECM markers. As
shown in Fig. 1C, all three AEs led to a significant upregulation of
COL1A1, FN1, DCN, and LUM expression indicating an impact on ECM
remodeling.

Furthermore, the exposure to TC AE led to an upregulation of MMP
expressions (interstitial collagenase MMPI by almost 2-fold, collage-
nases MMP2 and MMP9 up to 1.5-fold, and stromelysin-1 MMP3 5-fold;
Fig. 1D). Conversely, THP AE upregulated MMP2 and MMP3 (by 1.3-fold
and 2-fold, respectively) but did not affect the expression of MMP1 or
MMP9. In contrast, E-cig AE slightly reduced the expression of MMP1,
MMP2, and MMP9, while halved the expression of MMP3 (Fig. 1D). By
western blot analyses, we also investigated the effects of AEs on MMP
protein levels. TC AE increased MMP3 levels by 4-fold, did not affect
MMP1 and MMP2, and halved MMP9 abundance (Fig. 1E). THP AE
decreased MMP1, MMP2, and MMP9 presence, while it doubled the
amount of MMP3. In contrast, E-cig reduced the presence of all the
MMPs evaluated, especially MMP3 (up to 80 % decrease; Fig. 1E).

Exposure to TC AE greatly increased the expression of the proin-
flammatory markers interleukin-1f (IL1B), interleukin-6 (IL6), and

N

interleukin-8 (CXCL8 or IL8) (up to more than 3-fold for the latter;
Fig. 1F) as well as that of the genes encoding NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3) and Caspase-1 (CASP1) (by 1.8-
fold and 2-fold, respectively) (Fig. 1G). Conversely, the same markers
were either reduced by half (Fig. 1F) or partially reduced (Fig. 1G) in
cells incubated with E-cig and THP AEs. CASP1 was unaffected by E-cig
and THP AEs (Fig. 1G). Modulation of IL-1f protein levels were
confirmed by western blot analysis (Fig. 1F insert).

Previously, we showed that cigarette smoke condensate (CSC) in-
duces a phenotypic switch in SMCs by reducing the expression of con-
tractile markers and increasing the expression of macrophage markers
LGALS3 and CD68 [11]. However, in the present study, some AEs
increased the expression of contractile markers and did not affect the
expression of the macrophage markers LGALS3 and CD68
(Supplementary Figure S2).

3.1.2. Proliferation and migration in AE-treated HASMCs

The AE capability to stimulate HASMC proliferation was tested by
cell counting at different time-points of incubations with AEs (Fig. 1H),
and by measuring gene expression and protein abundance of the
proliferating cell nuclear antigen (PCNA) (Fig. 1I), a key factor in DNA
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replication and cell cycle regulation [30].

E-cig AE significantly stimulated HASMC proliferation (Fig. 1H).
This effect was already evident after 48 h of treatment and further
enhanced after 72 h. In contrast, the addition of TC AE slowed the
HASMC proliferative rate, especially after 72 h when cells stopped
growing, while THP extract did not affect HASMC proliferation
(Fig. 1H). The abundances of PCNA mRNA and the corresponding coded
protein confirmed these data. E-cig AE doubled PCNA expression, while
TC AE halved it. THP AE only slightly affected PCNA at both gene and
protein levels (Fig. 1I).

Atherosclerosis 407 (2025) 120412

The capacity of AEs to stimulate HASMC migration was then assessed
by measuring cell directional migration. Notably, E-cig AE was the most
effective in inducing a faster wound re-closure by leading to an almost
complete healing of the lesioned area after 20 h (Fig. 1J and K). On the
contrary, the addition of TC extract inhibited HASMC migration, while
THP AE did not affect wound reclosure rate (Fig. 1J and K). These results
were confirmed by using a transwell chemotaxis assay. Treatment with
E-cig AE significantly enhanced HASMC migration by 60 %. In contrast,
TC AE reduced the number of migrated cells by 10 %, and THP AE did
not have any effect (Supplementary Figure S3).
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Fig. 2. AEs affect the expression of inflammatory markers and nicotine induces HASMC migration through the CHRNA7. HASMCs were treated with 10 % AEs for
48h. RNA was extracted, and gene expression evaluated by RT-PCR. (A) CHRNA?7 and (B) IL-1p, IL-6 and IL-8 gene expression in presence or in absence of a-BTX. (C)
Cell migration capability was assessed by wound healing assay and images were taken 0,4, 8, 10 h after wounding. (D) Quantification of the migrated cells was then
performed with ImageJ. Scale bar, 200 pm. Each result displayed is representative of at least 3 independent biological replicates. The p-value was determined by one-
way ANOVA followed by Tukey’s post hoc test and considered significant for * p < 0.05 vs CTRL * p < 0.05 vs a-BTx + E-cig, *p < 0.05 vs a-BTx + THP, **p < 0.01
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Cell migration is initiated by actin-dependent protrusions of lamel-
lipodia and filopodia [31]. Therefore, to further elucidate the effects of
tested-smoke extracts, we investigated HASMC cytoskeleton organiza-
tion in response to AE exposure. As shown in Fig. 1L, phalloidin staining
revealed differences in fluorescence intensity (FI) of filamentous actin
(F-actin) after AE incubation. E-cig AE exhibited the strongest effect,
leading to a 2-fold increase in FI. In contrast, TC AE caused a modest
increase of FI, while THP AE did not significantly modify it.

Since the regulation of actin dynamics in SMCs is critically mediated
by the Rho family of small GTPases, particularly by RAC1, which facil-
itates F-actin polymerization through Arp2/3-complex activation [32],
we assessed the impact of AEs on RAC1. E-cig AE significantly upregu-
lated RAC1 expression and protein abundance by 1.7-fold and 1.3-fold,
respectively (Fig. 1M). On the other hand, TC AE reduced RACI
expression (by 40 %) but enhanced its protein level (by 60 %). Notably,
THP AE resulted in a marked upregulation of both RACI expression and
protein levels (by 1.8-fold and 2.2-fold, respectively).

3.2. The neuronal acetylcholine receptor subunit alpha-7 mediates E-cig
and THP AE-induced anti-inflammatory pathway activation in HASMCs

The activation of neuronal acetylcholine receptor subunit alpha-7
(CHRNA7), also named cholinergic receptor nicotinic alpha 7 subunit,
exerts anti-inflammatory and immune modulatory reactions [33]. Thus,
we investigated whether the AEs affected the inflammatory pathways
via CHRNA?7 stimulation.

First, we proved that all the tested AEs significantly increased the
expression of CHRNA?7: E-cig AE doubled it, while THP and TC AEs up-
regulated its expression by 1.8- and 1.4-fold, respectively (Fig. 2A).
Next, HASMCs were pretreated for 30 min with a-BTX (1 pM), a potent
antagonist of CHRNA?7. Pretreated cells were then exposed to AEs for 48
h and IL1B, IL6, and IL8 expression was measured by real-time PCR.
a-BTX effectively reversed the inhibitory effects induced by E-cig and
THP AE treatments and further amplified the stimulatory effect of TC AE
on interleukin gene expression (Fig. 2B).

3.2.1. Nicotine promotes HASMC migration via the activation of CHRNA7
receptor

One common component of all the tested AEs is nicotine, although its
concentration differs in the three extracts: 4.3 pM in TC, 6.1 pM in E-cig,
and 8.6 pM in THP. Nicotine promotes SMC migration via nicotinic
acetylcholine receptors (nAChRs) and G protein-coupled receptors [34,
35]. Therefore, to investigate if the different results observed after AE
treatments were related to the different nicotine contents, we tested the
effects of nicotine alone on HASMC migration. As shown in Fig. 2C-D,
nicotine stimulated cell migration. Almost 30 % of the wounded area
was healed after 10 h exposure to 10 pM nicotine, versus only a 15 %
recovery observed in the control group. Monolayer wounds were
completely healed after 20 h of treatment.

To further clarify the role of CHRNA7 in nicotine-induced cell
migration, «-BTX 1 uM was added to the culture media 30 min before
nicotine exposure. a-BTX reduced nicotine-induced cell migration at all
the tested nicotine concentrations: by 6 % at nicotine concentrations of
1-5 pM and by 10 % at 10 pM (Fig. 2D).

In conclusion, the nicotine content in the AEs may, at least in part,
promote HASMC migration via the activation of CHRNA7.

3.3. Integrated interactomics of HASMCs exposed to TC, E-cig, and THP
AEs

A label-free quantitative proteomics analysis identified 10 differen-
tially abundant proteins that significantly (FC > 1.5, p < 0.05) charac-
terized control cells and HASMCs exposed to TC, E-cig, and THP AEs
(Table 1 and Supplementary Table S2).

The variance-covariance analysis was performed by principal
component analysis (PCA) on abundance values of significantly differing
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Table 1
Differentially abundant proteins identified among control and AE-treated cells.

Gene name Protein name UniProtKB MetaCore name
(synonym) AN
AP1M1 (CLTNM) AP-1 complex subunit Q9BXS5 APIM1
mu-1
COX4I1 (COX4) Cytochrome c oxidase P13073 COX 1V-1
subunit 4 isoform 1,
mitochondrial
EFEMP1 (FBLN3, EGF-containing fibulin- Q12805 Fibulin-3
FBNL) like extracellular matrix
protein 1
HMOX1 (HO, Heme oxygenase 1 P09601 Heme oxygenase
HO1) 1
IDH3A Isocitrate P50213 IDH3A
dehydrogenase [NAD]
subunit alpha,
mitochondrial
MGEAS5 (HEXC, Protein O-GlcNAcase 060502 MGEA5
KIAA06791, (GLCNACase)
MEAS5, MGEAS5)
PROCR (EPCR) Endothelial protein C Q9UNNS ROCK2
receptor
ROCK2 Rho-associated protein 075116 Protein C
(KIAA0619) kinase 2 receptor
(endothelial)
SOD2 Superoxide dismutase P04179 SOD2
[Mn], mitochondrial
UBE2I (UBC9, SUMO-conjugating P63279 E2I

UBCE9) enzyme UBC9

proteins identified by MS. The first three axes of variation, i.e., PC1, PC2,
and PC3, explain the 62.5 %, 30.6 %, and 6.9 % of the variance,
respectively. The PC1/PC2 plot shows control cells and TC AE-treated
HASMCs clustering apart from cells exposed to THP and E-cig AEs,
which localize on the right side of PC1 (Fig. 3A). Controls and TC AE-
treated HASMCs separate mainly in reason of PC2. All the tested con-
ditions present a very low intra-class variability, as highlighted by signal
overlapping of biological replica in each sample class (Fig. 3A-B).

The heatmap shows the relative abundances of the 10 identified
differences clustered according to their similarity, as evidenced by the
vertical dendrogram (Fig. 3C). Analogously to PCA, the heatmap sug-
gests interesting similar protein profiles between control and TC AE-
exposed cells and between E-cig and THP AEs. Variance-contribution
of individual proteins (heatmap rows) to the three main principal
components is displayed by the matrix interposed between the vertical
dendrogram and the heatmap.

To comprehensively evaluate their functional relevance in the
investigated four conditions, MS/MS-identified protein differences were
combined with WB-detected differentially abundant proteins. The
resulting 20 experimental differences were co-processed by applying
direct interaction algorithm (DIA) from the MetaCore network building
tool. The obtained network includes all the analyzed proteins, except for
endothelial protein C receptor (PROCR) (Fig. 3D). This proves the high
biological relevance of the investigated proteins since only factors
showing functional direct interactions enter into the net. As a result, the
latter represents the biochemical core of treatment-induced effects in
HASMCs. KLF4, MMP2, MMP9, IL1B (IL1 beta in MetaCore), and EGF-
containing fibulin-like extracellular matrix protein 1 (EFEMP1; fibulin-
3 in MetaCore) are the main nodes, with individual relevance corre-
sponding to the order in which they are listed.

The DIN trace mode visualization centered on the five central hubs
properly visualizes the tight functional interconnection existing among
them (Fig. 3E). MMP2 and MMP9 directly interact with the other four
central hubs, while EFEMP1 directly interacts only with MMP2 and
MMP9. KLF4 and IL1B do not directly interact with EFEMP1, but the
former uses MMP2 and MMP9, and the latter MMP3 (Stromelysin-1 in
MetaCore), as molecular bridges for functional correlation to that ECM
protein.
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Fig. 3. Proteomic analysis and interaction networks of AE effects on HASMCs. (A) (B) Principal component analysis (PCA) performed on abundance values of the 10
protein differences obtained from the MS differential analysis. The plots highlight spatial distribution of the investigated samples [from control cells (blue symbols),
TC (black symbols), THP (red symbol), and E-cig (green symbols)] in reason of their variance combined in the three main components: PC1/PC2 (A) and PC1/PC3
(B). (C) Heatmap representing Euclidean distances of abundance values from the 10 MS identified/quantified protein differences — horizontal bars: blue = control
cluster; black = TC cluster; green = E-cig cluster; red = THP cluster. (D) Protein direct interaction network built by co-processing MS identified differences and
differentially abundant proteins detected by WB. (E) Trace mode visualization of the protein-DIN highlighting the tight functional crosstalk among the 5 central hubs.
(F) Gene-protein hybrid direct interaction network built by co-processing differentially expressed genes and differentially abundant proteins detected in SMCs
exposed to AEs. (G) Trace mode visualization of the gene-protein-DIN highlighting the tight functional crosstalk among the 4 metalloproteinases. (D-G) Edge colors
and arrowheads indicate the type and direction of protein interconnections. Green arrows indicate positive effects, red ones negative effects, and the grey arrows
indicate unspecified interactions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Successively, to amplify the understanding of the biological effects of
AE treatments on HASMCs, we performed an interactomic evaluation of
the deregulated genes, detected by RT-PCR, by combining them with the
above-described 20 protein differences (from MS and WB analyses).
According to the MetaCore DIA, we generated a gene-protein hybrid
network (Fig. 3F) where only PROCR and LUM did not enter. Here, the
first three principal nodes from the protein-DIN, i.e. KLF4, MMP2, and
MMP9, are maintained as central hubs, while IL1B and EFEMP1 are
replaced by MMP1 and MMP3, respectively.

Both protein and gene-protein networks confirm a critical role
played by KLF4 in HASMCs after smoke extract treatments, as we pre-
viously proposed [11]. This node established the highest number of
interactions with the majority of the processed experimental factors,
which were modulated in both presence or expression by exposure to
AEs. In addition, the protein-gene hybrid network is centered on MMPs,
which are correlated by reciprocal induction and that converge, directly
or indirectly, on MMP9, as stressed by the focalized trace mode visual-
ization (Fig. 3G).

4. Discussion

AEs from TC, E-cig, and THP constitute 90-95 % of cigarette smoke
mass (gas and particulate matter), mimicking in vivo exposure by

capturing water-soluble components [25,36,37]. Our study evaluated
their effects on HASMC phenotypic switch, a key process in athero-
sclerosis [1]. TC AE induced a pro-inflammatory and pro-degradative
environment, while E-cig AE suppressed the inflammatory response
but increased cell proliferation and migration. THP AE showed inter-
mediate effects.

AEs upregulated the contractile gene ACTA2 without inducing
macrophage markers (LGALS3, CD68) typical of CSC exposure [11],
suggesting distinct effects of AEs on SMC behavior. They also upregu-
lated MYOCD, a key transcriptional regulator of SMC contractility, and
reduced the expression of KLF4, a repressor of MYOCD and promoter of
SMC phenotypic switching [38,39]. Despite strengthened contractile
phenotype may stabilize plaques [40], elevated ACTA2 expression can
drive SMC osteogenic differentiation and aorta calcification [41].

All the investigated AEs upregulated ECM-related genes (COL1A1,
FN1, DCN, LUM) and HASMCs exposed to them may adopt a dual
contractile-synthetic phenotype, indicative of an intermediate SMC state
[42]. The upregulation of ECM compounds may stabilize the plaque by
reinforcing its fibrous cap, but it could also promote fibrosis, furthering
plaque progression or reducing vessel dilation. E-cig use has been linked
to reduced microvascular function in young adults [43].

Our study highlighted also differential inductions in HASMCs
depending on the tested AE. TC AE induced a pro-degradative
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environment, elevating MMP1, MMP2, MMP3, and MMP9 gene expres-
sion and MMP3 protein levels, potentially weakening plaque integrity.
THP AE increased MMP2 and MMP3 transcription similarly, but reduced
most MMPs, except for MMP3 that significantly increased. Conversely,
E-cig AE may mitigate ECM degradation and plaque rupture by reducing
MMP gene expression and protein concentration, particularly of MMP3.
Moreover, since MMP3 is upregulated in SMC osteogenic transformation
and plays a critical role in SMC calcification [44] and vessel stiffness, the
downregulation of this protein may reduce plaque calcification risk and
vessel rupture in E-cig smokers. Nonetheless, the long-term MMP sup-
pression may favor fibrosis and vessel stiffening, a process implicated in
vascular SMC aging and atherosclerosis development [45].

A potential link between TC AE and osteogenic-like switching in
HASMC:s is further suggested by decreased O-GlcNAcase (OGA) levels in
TC-treated cells. OGA is a key enzyme in controlling protein O-GlcNA-
cylation, whose increase promotes pro-atherosclerotic gene expression
(e.g. TSP-1, TGF-f3, PAI-1 and NF-kB) [46]. Elevated O-GlcNAc is asso-
ciated with vascular calcification in diabetes, and OGA inhibition causes
vascular SMC calcification in vitro [47]. Interestingly, we detected
decreased OGA abundance also in E-cig AE exposed cells.

Furthermore, mitochondrion dysfunction impairs redox homeostasis
thus further contributing to SMC osteoblastic-like phenotype-switch and
related calcification [47]. Our MS-proteomic analysis recognized dif-
ferential abundances of cytochrome c¢ oxidase subunit IV isoform 1
(COX4I1) and of isocitrate dehydrogenase [NAD] subunit alpha
(IDH3A), both implied in the control of the mitochondrion energy flow.
While IDH3A decreased, COX4I1 increased in both E-cig and THP
AE-treated cells. The IDH3A reduced abundance, principally in THP
AE-exposed cells, may lead to a decreased production of the antioxidant
a-ketoglutarate [48], and of NADH, harnessed into ATP, via the electron
transport chain, or converted to NADPH, by the nicotinamide nucleotide
transhydrogenase [49]. NADPH is a key antioxidant molecule via the
glutathione and thioredoxin reductase enzymes [49] and through the
heme oxygenase 1 (HMOX1), which we detected widely increased in TC

AE-treated HASMGC:s. In spite its role in redox balancing, HMOX1 in-
creases iron content, ROS, and lipid peroxidation in diabetic endothelial
cells, and it may even trigger ferroptosis in diabetic atherosclerosis
development [50]. Reduced a-ketoglutarate may impair o-ketoglutar-
ate-dependent dioxygenases, such as the prolyl hydroxylases PHD1-3,
which inhibit hypoxia-inducible factor (HIF)-1, and prolyl-3 and
prolyl-4 hydroxylases (P3H, P4H) [51]. Since HIF-la drives SMC
osteochondrogenic differentiation [52], and collagen
prolyl-hydroxylation is essential for functional collagen and physiolog-
ical ECM biosynthesis, the possible E-cig and THP AE-dependent
a-ketoglutarate diminution may participate to calcification and
reduced stability of atherosclerotic lesions in vivo.

Additionally, mitochondrial manganese superoxide dismutase [Mn]
(SOD2) levels increased in all the AE-treated HASMCs. The increase of
COX4I1, a component of the electron transport chain complex IV that
couples the rate of ATP production to energetic requirements and that
controls COX oxygen affinity [53], may correlate, when combined with
a possible NADH depletion and a consequent electron leakage, with
incomplete reduction of molecular oxygen and ROS generation. Overall,
each AE affects distinct panels of molecular steps or processes involved
in the regulation of mitochondrion activity and cellular redox state.

Inflammatory responses varied by AE type. TC AE increased IL1B, IL6
and IL8 expression, and IL1B protein presence, indicating a pro-
atherogenic inflammatory profile linked to immune recruitment and
plaque formation, development and instability [54,55]. In contrast,
E-cig and THP AEs reduced the expression of pro-inflammatory cytokine
genes and induced an anti-inflammatory response via the upregulation
of CHRNA?7, upregulated also in TC AE-exposed cells. Pharmacological
inhibition of CHRNA?7, by its antagonist a-BTX, confirmed its role in
mitigating AE-induced inflammation, suggesting a potential
counter-regulatory response, with the most proportionally pronounced
effect triggered by TC AE. AEs from both devices, in particular from
E-cig, raised ROCK2 abundance. This is a critical regulator of endothelial
inflammation and immune cell recruitment, whose activation in SMCs
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contributes to phenotype switching, increased proliferation and migra-
tion, and vascular remodeling and stiffening [56-60]. Therefore, despite
some anti-inflammatory signaling, our data suggest, once more, that
these devices may have detrimental pro-inflammatory and pro-fibrotic
consequences inducing adverse vascular remodeling.

There is growing interest in understanding how newer nicotine de-
livery products, like E-cig and THP, compare with TCs. Nicotine, com-
mon to all AEs, enhanced HASMC migration in a CHRNA7-dependent
manner, as shown before [61]. E-cig AE significantly enhanced HASMC
proliferation, with a marked increase in the expression and protein
levels of PCNA [30], whereas TC AE significantly reduced proliferation,
halving PCNA expression and protein abundance. Consistently others
showed E-cig vapor promotes cellular proliferation and cell cycle pro-
gression [62,63], whereas TC smoke tends to inhibit such processes by
inducing apoptosis and DNA damage [64,65]. Furthermore, the wound
healing assay demonstrated that E-cig AE significantly accelerated
HASMC migration, while TC AE inhibited migration and THP AE had no
significant effect. On the same line, TC extract decreases endothelial cell
migration rate [66].

Additionally, we assessed F-actin and RACI1, a key mediator of
cytoskeletal reorganization and cell migration [67] often associated
with ROCK2. Variations in ROCK2 levels may account for the differen-
tial proliferation and migration behavior of AE-treated HASMCs. E-cig
AE led to a 2-fold increase in F-actin and upregulated both RACI gene
expression and protein levels, possibly through actin polymerization and
cytoskeletal reorganization. Conversely, TC AE modestly increased
F-actin levels and reduced RACI expression, but it enhanced RAC1
protein abundance, hence indicating a complex regulation of RAC1 in
response to TC extract. THP AE also upregulated RAC1 expression and
its protein abundance, although to a lesser degree than E-cig AE. RAC1
regulates actin cytoskeleton dynamics, promoting lamellipodia forma-
tion and cell migration, particularly in response to nicotine [68]. The
differential effects of E-cig, TC, and THP extracts on RAC1 and F-actin
highlighted the distinct cellular mechanisms underlying the migration
and proliferation of HASMCs, which are likely driven by nicotine con-
centration and other smoke constituents. These findings raise important
questions about the long-term CV risks of E-cigs and other nicotine de-
livery products, as the enhanced proliferation and migration of SMCs
could contribute to the development of vascular dysfunctions. While
THP AE had minimal effects in comparison to E-cig and TC AEs, the
upregulation of RAC1 suggests that it may still pose a risk by promoting
vascular remodeling.

Atherosclerosis 407 (2025) 120412

Proteomics analysis detected reduction of EGF-containing fibulin-
like extracellular matrix protein 1 (EFEMP1 or fibulin-3), which is linked
to aortic dissection and ruptured atherosclerotic plaques [69,70], and
the increase of endothelial protein C receptor (PROCR) in E-cig
AE-treated cells, implying risks of vascular remodeling and atheroscle-
rosis progression. PROCR expression is virtually absent in quiescent
SMCs and significantly —upregulated upon the homodimer
platelet-derived growth factor-BB stimulation, with a probable role in
restenosis and inward remodeling [71].

The close functional correlation, among KLF4, MMPs, and ILs, as
evidenced by the DINs, underscores how the modulation of even one or
few of them may have significant repercussions on the others. All these
factors are downregulated in E-cig AE-treated HASMCs. Apparently, E-
cig AE does not induce transdifferentiation of HASMCs into a non-
contractile inflammatory phenotype, or at least, not through the same
pathways modulated by TC AE.

Although the various AEs we tested induced distinct patterns of gene
expression and protein abundance, interactome analysis revealed that
the factors modulated by AEs are closely interconnected. Consequently,
different active molecules or their different combinations, present in the
three AEs, may trigger similar responses but through distinct pathways
or biochemical processes (Table 2). Our data indicate that the water-
soluble constituents of TC, E-cig, and THP actively impact HASMCs
and induce a range of biochemical and behavioral responses critical to
CVD progression. They also offer new insights into the molecular basis of
various CV disorders, particularly regarding the onset and progression of
atherosclerotic lesions.

5. Conclusions

Cigarette smoking is a major risk factor for CVDs, including athero-
sclerosis and stroke [72]. Our study examined the effects of TC, E-cig,
and THP AEs on HASMCs (Fig. 4, graphical abstract).

TC AE induced a pro-inflammatory and pro-degradative environ-
ment by increasing IL1p and MMP3. E-cig AE suppressed inflammatory
markers and MMP expression, potentially reducing plaque rupture risk,
but increased proliferation and migration, raising concerns about
vascular remodeling and fibrosis. THP AE showed intermediate effects.

Mitochondrial dysfunction and oxidative stress emerged as key
drivers of AE-induced phenotypic changes, with alterations in critical
metabolic enzymes (e.g., IDH3A, COX4I1). Differential regulation of
cytokines, transcription factors, and ECM proteins were linked to

THP AE

Induces ACTA2 and MYOCD; reduces KLF4.

Upregulates ECM components, with an
increased risk of fibrosis and vascular stiffness.
Reduces MMP genes and proteins (particularly

Table 2
Comparison of the effects of TC, E-cig, and THP AEs on cultured HASMCs.
Parameters TC AE E-cig AE
Contractile Induces ACTA2 and MYOCD.
Phenotype
Synthetic Upregulates ECM components (COL1A1, FN1, DCN,
Phenotype LUM).
MMPs (ECM Upregulates MMPs, inducing a pro-degradative
Degradation) environment that destabilizes plaque structure.

Oxidative Stress

Increases HMOX1, leading to ROS generation and
potential ferroptosis.

Inflammation Increases IL1p, IL6, IL8, and IL1f protein expression,
promoting pro-inflammatory responses associated
with atherosclerosis.

Proliferation Significantly reduces PCNA expression and protein

(PCNA) levels (reduced proliferation).
Migration Reduces migration. RAC1 protein levels increase, but
(RAC1) gene expression is reduced.
Vascular Increases ACTA2 and MMP3, associated with vascular
Calcification calcification. HMOX1 upregulation contributes to
mitochondrial dysfunction and oxidative stress.
Vascular Reduces EFEMP1 levels and increases PROCR
Remodeling expression, contributing to plaque instability and

vascular dysfunction.

MMP3), potentially reducing the risk of plaque
rupture.

Reduces IDH3A levels; risk of ECM
accumulation and vascular stiffness.

Reduces inflammation and upregulates
CHRNA?7 (anti-inflammatory response). ROCK2
increased, indicating a pro-fibrotic effect.
Significantly enhances PCNA expression,
suggesting increased cellular proliferation.
Significantly enhances migration (wound
healing assay). Both RAC1 protein levels and
gene expression are increased.

MMP3 downregulation may limit calcification,
but there is a risk of ECM accumulation and
vascular stiffness.

Increases proliferation and migration while
reducing EFEMP1 levels; potential risk for
vascular remodeling and fibrosis.

Similar effects as TC and E-cig.

Upregulates ECM components with intermediate
effects between TC and E-cig.

Upregulates MMP2 and MMP3; increases MMP3
protein, but reduces other MMPs, resulting in a
less degradative environment compared to TC.
Similar to E-cig for COX4I1 and IDH3A, with a
risk of calcification and oxidative stress.
Intermediate effects; ROCK2 is upregulated.

Intermediate effects; moderate increase in PCNA
expression and protein levels.

Migration is not significantly affected, but RAC1
expression and protein levels are moderately
increased.

Similar to E-cig, with increased risk of
calcification linked to ROS generation and altered
metabolism.

Increased PROCR levels; intermediate risk for
vascular remodeling and fibrosis between TC and
E-cig.
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Fig. 4. TC AE induced a pro-inflammatory and pro-degradative environment. E-cig AE suppressed inflammatory markers, but increased proliferation and migration.

THP AE showed intermediate effects.

distinct pathways promoting vascular remodeling and calcification.

While E-cigs and THPs may mitigate some harms of tobacco com-
bustion, their potential to induce calcification, fibrosis, and neointimal
hyperplasia necessitates further investigation to assess their actual long-
term cardiovascular implications.
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