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Abstract: Smoking habits represent a cardiovascular risk factor with a tremendous impact on health.

ARTICLEHISTORY

Other than damaging differentiated and functional cells of the cardiovascular system, they also negatively

affect reparative mechanisms, such as those involved in cardiac fibrosis and in endothelial progenitor cell
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(EPC) activation. In recent years, alternative smoking devices, dubbed modified tobacco risk products
(MRPs), have been introduced, but their precise impact on human health is still under evaluation. Also,

DO they have not been characterized yet about the possible negative effects on cardiovascular reparative and
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repair and regeneration.

regenerative cells, such as EPCs or pluripotent stem cells. In this perspective, we critically review the still
scarce available data on the effects of MRPs on molecular and cellular mechanisms of cardiovascular

Keywords: Endothelial progenitor cells, pluripotent stem cells, electronic cigarettes, modified risk products, cardiac fibrosis,

cardiovascular regeneration.

1. INTRODUCTION

Fibrosis is a reparative response contributing to wound
healing processes, leading to the formation of a permanent
fibrotic scar. Fibrosis can be aberrantly and chronically acti-
vated in response to persistent injury, resulting in excessive
accumulation of extracellular matrix components, such as
collagen produced by activated fibroblasts. The fibrogenic
process has unique features related to the function of each
specific organ involved, but common steps are cell damage
and death, recruitment of inflammatory cells, production of
reactive oxygen species (ROS), the release of transforming
growth factor-f1 (TGF-B1), and activation of collagen-
producing cells [1, 2]. Other fundamental responses in tissue
repair are neo-angiogenesis and vessel repair. Circulating
endothelial progenitor cells (EPCs) are key players in this
response, and they serve the purpose of both repairing dam-
aged vessels and forming novel capillary structures [3]. Their
abundance and functional phenotype are features that may be
affected by multiple pathological conditions, thus impairing
their capacity to preserve healthy vessels and generate new
capillaries [4].
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Multiple studies have provided compelling evidence that
smoke can impair cardiovascular repair responses at multiple
levels [5]. Indeed, due to chronic low-grade insults, smoking
can sustain continuing mild repair activation in the myocar-
dium, leading to cardiac fibrosis, by directly altering the
functions of fibroblasts. Moreover, chronic tobacco smoking
is indeed associated with impaired numbers and functions of
circulating EPCs [6], although many aspects of the underly-
ing mechanisms remain unclear. Furthermore, research in
cardiac regenerative medicine strongly relies on adult or plu-
ripotent stem cells as potent tools to obtain cardiovascular
repair and regeneration [7]. Given the extent of smoking
habits, understanding the effects of smoking also on the effi-
cacy of applicative protocols (e.g., cell therapy) is of great
translational interest (Fig. 1).

Modified risk tobacco products (MRPs) are novel smok-
ing devices introduced in recent years, including vaping elec-
tronic cigarettes (ECIG) and, more recently, heat not burn
cigarettes (HNBC) [8]. Most preclinical and in vitro studies
performed so far have been focused on ECIG liquids or aero-
sols, and have mainly employed lung cells and inflammatory
cells as targets [9]. Some early studies have shown that these
products release significantly reduced levels of harmful
chemicals. However, most of these studies were funded by
tobacco companies, thus caution is needed when interpreting
this data. Overall, there is still a significant gap in knowledge
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concerning how MRPs can affect cardiovascular reparative
cells and their functions, particularly for HNBCs. Thus, to
what extent MRPs can impair cardiovascular repair mecha-
nisms and stem/progenitor cells for cardiac regenerative
medicine, and how similar to traditional cigarettes, remain to
be elucidated. Since many types of circulating molecules
(e.g., microRNAs, binding proteins, cytokines) have been
identified as modulators of cardiovascular reparative cells
[10], it is worth speculating that the alleged effects of MRPs
(as for traditional smoke) may be direct, as well as indirect
through the altered composition of the circulating molecular
profile in chronic smokers [11-14].

Fig. (1). A schematic representation of the mechanisms of cardio-
vascular repair and regeneration considered in this perspective that
can be affected by traditional tobacco smoking, as well as by modi-
fied risk tobacco products. The three cell types considered are car-
diac stromal cells, endothelial progenitor cells (EPCs), and pluripo-
tent stem cells. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

In this perspective review, we will briefly discuss a selec-
tion of key molecular and cellular mechanisms of impaired
cardiovascular repair and/or regeneration due to tobacco
smoke, with a comparative and critical perspective on the
still very little available evidence on the parallel effects of
MRPs.

2. DETRIMENTAL ACTIVATION OF MYOCARDIAL
REPAIR

The main smoke-derived molecule known to be involved
in the fibrogenic process is nicotine, which has been studied
by multiple approaches. In a canine model, it was demon-
strated that nicotine stimulates collagen production and atrial
fibrosis, both in vitro in atrial fibroblasts, and in vivo in atrial
tissue, through the upregulation of TGF-B1 and TGF-BRIL. In
particular, it has been proposed that nicotine exposure acti-
vates the a7-nAChRs receptors (ligand-gated ion channels),
that regulate Ca’" influx in response to acetylcholine, as well
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as nicotine [15, 16] in atrial fibroblasts, leading to the down-
regulation of protective microRNAs (such as miR-133 and
miR-590), and causing TGF-B1 and TGF-BRII activation
[17].

The fibrogenic effect mediated by nicotine has also been
demonstrated in rat models. Among others, Vang et al. have
studied how nicotine can affect cellular proliferation and
collagen secretion in cardiac fibroblasts isolated from right
ventricular tissue. These effects are confirmed to be mediat-
ed by a7-nAChR, as demonstrated by pretreatment with spe-
cific a7-nAChR antagonists [15, 16, 18]. Moreover, the role
of specific PKC isoforms has been described, that are acti-
vated by a7-nAChR signaling, and required for nicotine-
induced proliferation. The proliferation and collagen produc-
tion of cardiac fibroblasts are also associated with the de-
crease of p38-MAPK phosphorylation, which is PKC de-
pendent [18].

The detrimental effect of nicotine on myocardial fibrosis
has also been evidenced during perinatal exposure, that is,
during a developmental stage with maximum regenerative
capacity in the mammalian myocardium [19]. Studies have
shown significant alterations in ECM protein accumulation,
such as COL1A1 and COL3A1, accompanied with altered
epigenetic profiles in non-coding RNAs [20, 21]. This data
further stresses the potency of smoke-related myocardial
injury, and its ability to impair cardiovascular reparative
processes.

In addition, it has been described that the myocardium
contains a resident population of primitive non-activated
stromal/mesenchymal cells [22, 23]. These cells contribute to
homeostatic functions of ECM deposition and paracrine sup-
port to parenchymal cells. Moreover, they are strongly acti-
vated after injury, giving rise to a proliferating activated
pool, and then to different subpopulations with multiple phe-
notypes, including pro-repair and pro-inflammatory pheno-
types, and myofibroblasts [1]. Interestingly, it has been re-
cently reported that the levels of the primitive marker stem
cell antigen 1 (Sca-1) are reduced in the heart in a mouse
model of condensed smoke extract (CSE)-induced emphy-
sema [24]. This could be interpreted as a sign of accelerated
senescence of the cardiac primitive compartment, as well as
the progressive depletion of the resident pool of non-
activated mesenchymal primitive cells in the myocardium [1,
25].

Besides traditional combusting cigarettes, also electronic
cigarettes can play a role in altered cardiac repair. Mayyas et
al. have used rats exposed to tobacco cigarette smoke and
ECIG aerosol, observing that cardiac fibrosis correlated with
the increase of TGF-B1 protein. Also, levels of the cardiac
remodeling marker MMP-2 were significantly increased in
both groups in parallel to changes in oxidant and inflamma-
tory biomarkers, indicating that both kinds of exposure can
promote impairment of reparative signaling ending in fibro-
sis [26]. In another study on C57BL/6 mice exposed to ECIG
vaping for up to 6 months, increased myocardial fibrosis by
histological examination, associated with increased collagen
expression levels, with a size effect comparable between
ECIG and traditional cigarette smoke, was detected [27].



442  Current Stem Cell Research & Therapy, 2023, Vol. 18, No. 4

Overall, evidence on this topic is still too little to draw
firm conclusions, although data seems to suggest a specific
negative association between detrimental activation of repair
myocardial mechanisms and MRPs, in particular, ECIGs
(Fig. 1). More importantly, though, insights on the effects
mediated by HNBCs are still completely lacking.

3. ALTERED VESSEL REPAIR AND ANGIOGENESIS

Endothelial progenitor cells (EPCs) serve the purpose of
repairing damaged capillaries and vessels and stimulating
angiogenesis in response to different stimuli. As mentioned
above, cigarette smoking is associated with diminished num-
bers and functions of EPCs (Fig. 1) [6]. It has been shown
that CSE causes decreased differentiation capacity to form
capillary-like tubes, as well as reduced migration ability and
eNOS expression in EPCs [28, 29]. Moreover, CSE treat-
ment impairs EPCs at multiple levels, including cytoprotec-
tive mechanisms, such as autophagy and the mTOR pathway
[30]. The impairment of the EPC compartment after CSE
exposure, in terms of decreased proliferation and paracrine
activity, has also been associated with the reduced expres-
sion of the common marker for tissue resident
stem/progenitor cells, that is Sca-1 [31]. Interestingly, we
already mentioned this marker in the previous paragraph as it
is also reduced in the resident mesenchymal compartment of
the myocardium in response to CSE exposure.

The only available study on this issue has reported that
circulating EPCs acutely increase within 24 hours after
short-term exposure to inhalation of ECIG in healthy young
volunteers. This was also associated with increased circulat-
ing levels of microvesicles of endothelial origin [32], and
similar effects were previously observed in studies on single
cigarette smoke [33]. These results have been interpreted as
a vascular damage compensatory response, albeit this re-
mains purely speculative until data on long exposure times is
collected. In fact, data about EPCs and chronic MRP use
(including HNBC) is still missing, thus making it hard so far
to draw final conclusions about endothelial repair impair-
ment in MRP smokers (Fig. 1).

4. EFFECTS ON STEM CELLS FOR CARDIOVAS-
CULAR REPAIR AND REGENERATION

An interesting research question is whether chronic
smoke of MRPs may alter the success of regenerative medi-
cine protocols, such as those involving cell therapy for car-
diovascular repair [7, 34]. As an example, it has been quite
thoroughly assessed that traditional cigarette smoking may
have a significant negative impact on mesenchymal stem
cells (MSCs) for cell therapy applications, in terms of de-
creased proliferation, migration, and differentiation capacity
[35]. Therefore, the potential impact of MRPs consumption
on stem/progenitor cells of interest for cardiovascular appli-
cations in cell therapy needs great attention, both from the
perspective of the microenvironment in the cell donor as well
as that of the recipient.

It has been shown that adipose stem/stromal cells (ASCs)
derived from chronic smokers have a lower therapeutic ca-
pacity to improve perfusion in a hindlimb ischemia mouse
model, compared to ASCs from non-smokers [36]. In fact,
they showed reduced support to endothelial cells, associated
to reduced release of beneficial paracrine factors, such as
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HGF and SDF1, with parallel increased release of pro-
inflammatory cytokines.

From a different perspective, cell therapy itself has been
proposed as a possible direct strategy against the detrimental
effects of smoking on the heart. In fact, it has been shown
that induced pluripotent stem cell (iPS)-derived MSCs can
be effective in curing cardiac dysfunction due to passive
smoking exposure in rats. In fact, intra-venous administra-
tion of iPS-MSCs was able to attenuate indexes of cardiac
inflammation and oxidative stress, as well as ameliorate car-
diac remodeling parameters [37]. How these possible benefi-
cial effects, though, could be hampered in chronic smoker
recipients (of both tobacco cigarettes and MRPs) remains to
be elucidated.

Pluripotent stem cells hold great promise for cardiovascu-
lar regenerative medicine applications [38]. Interestingly, it
has been shown that exposure to smoke extracts from tobacco
and ECIG can significantly delay mesodermal transition and
cardiac differentiation of human embryonic stem cells
(hESCs), albeit TCC extract exerts a slightly higher cytotoxic
effect [39]. Another study has explored the cytotoxicity of
ECIG refill fluids (both liquid and aerosol converted) on dif-
ferent cell types, and the authors reported higher sensitivity of
hESC to these treatments [40]. Overall, stem/progenitor cells
appear highly sensitive to the insult associated with smoking
habits, including ECIGs (Fig. 1), consistently with their higher
sensitivity to many other kinds of insults [41-43].

CONCLUSION

The number of MRP smokers is increasing exponentially
worldwide, but the impact of MRPs on health is still debated.
More independent research studies are needed in order to
characterize the harmful chemicals released by ECIG and
HNBC, and to define the exact extent of their “modified
risk” at medical and epidemiological levels. Moreover, stud-
ies are needed on the molecular and cellular mechanisms of
damage to the cardiovascular system, including effects on
repair and regeneration. In fact, the number of studies on the
effects of MRP-derived molecules and MRP consumption on
cardiovascular reparative cells is still very limited. Albeit no
firm conclusions can be drawn so far, it is worth reasoning
that the available data seems to suggest a negative associa-
tion between mechanisms of cardiovascular re-
pair/regeneration and MRPs, in particular concerning ECIGs
(Fig. 1). On the other side, insights on the effects mediated
by HNBCs on the different cell types are still completely
lacking, thus giving us hope that the number of investiga-
tions in this regard will grow rapidly in the near future.

LIST OF ABBREVIATIONS
EPCs

Endothelial Progenitor Cells

HNBC = Heat Not Burn Cigarettes

MRPs = Modified Risk Tobacco Products
ROS = Reactive Oxygen Species
TGF-pl = Transforming Growth Factor-f1
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