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Background: Current treatment methods are not successful in restoring the lost
cardiomyocytes after injury. Stem cell-based strategies have attracted much
attention in this regard. Smoking, as a strong cardiovascular risk factor, not
only affects the cardiac cells adversely but also deteriorates the function of
stem cells. Since mesenchymal stem cells (MSCs) are one of the popular
candidates in cardiovascular disease (CVD) clinical trials, we investigated the
impact of nicotine on the regenerative properties (viability and cardiac
differentiation) of these cells.

Methods: MSCs were isolated from rat bone marrow and characterized based on
morphology, differentiation capability, and the expression of specific
mesenchymal markers. The MTT assay was used to assess the viability of
MSCs after being exposed to different concentrations of nicotine. Based on
MTT findings and according to the concentration of nicotine in smokers’ blood,
the growth curve and population doubling time were investigated for eight
consecutive days. Cells were treated with 5-azacytidine (an inducer of cardiac
differentiation), and then the expressions of cardiac-specific markers were
calculated by gPCR.

Results: MSCs were spindle-shaped, capable of differentiating into adipocyte and
osteocyte, and expressed CD73 and CD90. The viability of MSCs was reduced
upon exposure to nicotine in a concentration- and time-dependent manner. The
growth curve showed that nicotine reduced the proliferation of MSCs, and
treated cells needed more time to double. In addition, the expressions of
GATA4 and troponin were downregulated in nicotine-treated cells on day 3.
However, these two cardiac markers were overexpressed on day 7.
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Conclusion: Nicotine decreased normal growth and reduced the expression
of cardiac markers in MSCs. This aspect is of eminent importance to smokers
with cardiovascular disease who are candidates for stem cell therapy.

nicotine, mesenchymal stromal cells, viability, cardiac differentiation, cardiovascular

risk factors

Introduction

A major contributor to the global mortality, disability, and disease
burden is cardiovascular disease (CVD), principally ischemic heart
disease and stroke. The growing trend of cardiovascular patients,
which has doubled from 1990 to 2019, necessitates urgent action for
designing and implementing more efficient therapeutic strategies
(Roth et al,, 2020). New policies resort to using the potential of
stem cells, and thereby, nearly one-fifth of all stem cell-based clinical
trials in the new decade of 2020 were designed to be conducted in the
area of CVD (Chan and Huang, 2020). Despite promising findings,
the clinical translation of stem cell-based therapeutics has not reached
a consensus yet. One of the important barriers is that the benefits of
stem cells are influenced by the health conditions of cell donors and
recipients. Good manufacturing practice suggests screening both sides
against comorbidities prior to transplantation (Sensebé et al., 2013).

An overlooked aspect of failure in stem cell therapy is smoking
status, which seems to considerably affect the final output. Tobacco is
the most prevalent risk factor contributing to fatal events in the world
(Onor etal., 2017). Other than the detrimental systemic effects caused
by nicotine and its metabolites, they specifically impair the function of
risk  of
atherosclerosis and angiogenesis progression (Santanam et al,
2012; Fu et al., 2021). In addition, nicotine decreases blood flow to
the coronary arteries, leading to ischemia (Whitehead et al., 2021), and

the cardiovascular system. Smoking increases the

upon repetitive incidents of acute ischemia, myocardial infarction
would be inevitable (Lee and Cooke, 2011). Although the deleterious
effects of nicotine on the components of the cardiovascular system
have well been documented, little is known about the effects of
smoking/nicotine on stem cells.

One of the popular stem cell types used in cardiovascular clinical
studies is mesenchymal stromal cells (MSCs) (Chamberlain et al., 2007;
Madrigal et al,, 2014). It is of eminent importance to evaluate the effects
of nicotine on the efficiency of stem cell therapy. The majority of clinical
trials include smokers donating or receiving MSC therapy, who may face
unknown suboptimal therapeutic efficiency (Greenberg et al., 2017). So,
we investigated the viability and cardiac differentiation of MSCs after
being exposed to a nicotine concentration near that of smokers’” blood.

Methods
MSC extraction and culture

All experiments in this case-control study were performed in
accordance with relevant guidelines and regulations and were
approved by the regional ethics committee. The study is
reported in line with the ARRIVE guidelines. Male adult rats
(weight = 110-140 g) were obtained from a valid local animal
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house. To have a homogenous stem cell pool, three rats were
used for the extraction of MSCs. In brief, euthanization was
induced by an IV injection of ketamine combined with xylazine
(<200 plit). After the dissection of femurs and tibias, bone
flushed with DMEM
penicillin/streptomycin in order to collect cells within the

extremities were enriched with
bone marrow. The obtained cell suspension was subjected to
centrifugation. The cell pellet was dissolved in DMEM/FBS
and added to a T25 culture flask prefilled with a complete
culture medium. Following incubation in an incubator
(humidified atmosphere, 5% CO,, 37°C), the surface of the
flask became confluent after approximately 2 weeks. At this
point, cells were detached by trypsin/EDTA treatment and
underwent repeated subcultures until reaching passage three
(P3). In this study, all the experiments were performed on
MSCs at P3.

Characterization of proliferated cells at P3

In order to be assured about the identity of proliferated cells at
P3, they should be characterized based on three criteria:
morphology, multilineage differentiation ability, and expression
of mesenchymal markers. Morphology was evaluated by inverted
microscopy. The ability of the cells to differentiate was checked by
culturing cells in adipogenic and osteogenic induction media. In 6-
well plates, MSCs were cultured and allowed to expand. When
nearly 80% of the well surface was covered by the cells, the culture
medium was replaced by adipogenic medium, including Ham’s F-
12, 15% FBS, 0.2 mM L-glutamine, 100 uM L-ascorbic acid (Merck),
200 uM After
approximately 21 days, cells were washed and stained with Oil

indomethacin, and 100nM dexamethasone.
Red O dye. For osteogenic differentiation, cells in 6-well plates were
cultured in a specific medium for osteogenesis containing low-
glucose DMEM supplement with 0.05 mM ascorbate-2-phosphate
(Wako Chemicals, Richmond, VA, United States), 10 mM b-
glycerophosphate, 100 nM dexamethasone, 10% FBS, and 1%
antibiotic/antimycotic. Cells were washed 21 days later and then
stained with alizarin red dye. For the expression of mesenchymal-
specific markers, a confluent T75 culture flask was prepared and sent
for flow cytometry analyses with CD45 and CD90.

Viability of nicotine-treated MSCs by the
MTT assay

MSCs were prepared on three 24-well plates. After an incubation
period of 24 h, different concentrations of nicotine, from 1 nM to
10*10° nM, were added to each well. The plate was kept in the
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TABLE 1 Primer sequences of cardiac markers used in qPCR.

Forward primer Reverse primer

GATA4 TGATGGATGGAAGAAGAT GTGATGAAGACAAGGAAG
Troponin CAGAGTATCCACAACCTA CAGTTCCATCTATTTCCAA
GAPDH AAACCCATCACCATCTTCCA = CACGACATACTCAGCACCA

incubator for 1, 2, or 3 days. On the corresponding days, the culture
medium was replaced with an MTT stain. After 4 hours, the plate
was centrifuged, and the medium was substituted with DMSO.
Finally, absorbance was recorded at a wavelength of 570 nm
using a spectrophotometer. At the end of this step, a nicotine
concentration was selected for the following experiments, which
was determined based on the findings of the MTT assay and nicotine
concentration in the smokers’ blood (Fagerstrom et al., 2002). All the
experiments were performed three times.

Growth curve and population doubling time
of MSCs treated with nicotine

MSCs were cultured on two 24-well plates. Each well contained
37,500 cells/mL. One plate was considered for the case group whose
cells were exposed to the routine culture medium and 100 nM
nicotine, and the other plate was MSCs of the control group that
were exposed to the culture medium and PBS. After 24 h, three wells
were considered in each plate. Their culture medium was removed,
and cells were washed with PBS and treated with trypsin/EDTA.
After centrifugation, the cell pellet was re-suspended in the culture
medium, and a certain volume of the cell suspension was mixed with
the same volume of trypan blue stain. This mixture was loaded into a
Neubauer chamber. The number of cells in each well was calculated.
The mean number of cells in three wells was considered the number
of cells on the first day. This procedure was repeated for a further
seven consecutive days. All the experiments were performed
three times.

Assessment of morphology and expression
of cardiac-specific markers in MSCs treated
with nicotine

As the expression of cardiac genes in the case and control groups
was intended to be quantified in 2 days (days 3 and 7), MSCs were
cultured in two pairs of T25 culture flasks. MSCs were first exposed
to 5-azacytidine for 24 h. After this period of cardiogenic induction,
cells were treated with either 100 nM nicotine or the same volume of
PBS as the case and control groups. On days 3 and 7, the appearance
of cells in both the case and control groups was monitored by
inverted microscopy. On the corresponding days, the culture
medium was removed, and cells were washed with PBS and
treated with trypsin/EDTA. Following centrifugation of the
suspension, the cell pellet was yielded and subjected to RNA
extraction (Rnx Plus Solution, CinnaGen Co). The quality and
quantity of RNA were examined by NanoDrop. Using the reverse
transcriptase enzyme, cDNA was synthesized (AddScript cDNA
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Synthesis Kit, addbio), and then qPCR (RealQ Plus 2x Master Mix
Green, Ampliqon) was performed using cardiac-specific primers of
GATAA4 and troponin (Table 1). This experiment was repeated two
times. Differential gene expression was revealed between the case
and control groups on days 3 and 7. All the experiments were
performed three times.

Statistical analysis

The Statistical Package for Social Sciences (SPSS, V16) was used
for analysis. The case and control groups were compared by either
an independent sample t-test or ANOVA. Differential gene
expression was assessed by the 272" method. A p-value
of <0.05 was considered statistically significant.

Results

Characterization of the proliferated cells
at P3

In early cultures, cells were adhered to the culture flask with
different morphologies, including flattened, spindle, and multi-
dimensional. In the following subcultures, the number of spindle-
shaped or fibroblastic-like cells, which is the typical appearance of
MSCs, was gradually increased, and eventually, this shape became
the dominant appearance at P3 (Figure 1). Cells at P3 showed the
capability of differentiation toward the adipogenic lineage. The first
changes in the appearance of cells to adipocyte formation were seen
only 3 days after exposure to the specific culture medium. In the
following weeks, lipid droplets gently covered the flask surface. Most
of the cells contained such droplets at the end of the third week.
Staining of the cells with Oil Red O dye confirmed the existence of
lipid droplets in newly formed adipocytes. Regarding osteogenic
differentiation, the first signs of osteocyte formation were seen in the
first week after treating cells with the specific medium. Aggregates of
osteocytes emerged and expanded gradually, and ultimately, they
were evident at the end of the third week. Alizarin red staining
confirmed the existence of osteocytes (Figure 2). In order to finalize
the characterization of MSCs, the expression of mesenchymal-
specific markers was examined by flow cytometry. As shown in
Figure 3, the lack of expression of CD45, along with the expression of
CD90 by the cells at P3, their
mesenchymal origin.

proliferated showed

MTT assay

To investigate the viability of MSCs after being exposed to
different concentrations of nicotine and find the concentration of
interest for downstream experiments, an MTT assay was carried out.
After MSC treatment with nicotine for 1, 2, and 3 days, viability was
checked in the corresponding time frames. In all three days
(Figure 4), the percentage of viability decreased with increasing
nicotine concentrations from 1 nM to 10*10° nM. Moreover, MSCs
showed higher viability on day 1 compared with days 2 and 3 at
similar nicotine concentrations. In other words, viability was highest
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FIGURE 1

(A) Cells in earlier cultures. Different appearances, like flattened, spindle, and multi-dimensional, were seen. (B) Cells at passage 3. Most of the cells
are spindle-shaped or fibroblast-like. Scale bar shows 100 pm (magnification is 360x).

FIGURE 2

(A) Differentiation of MSCs into adipocytes (empty space with a thin rim of cytoplasm close to the basal lamina) revealed after Oil Red O staining. (B)
Differentiation of MSCs into osteocytes (stellate or star-shaped cells with multiple slender or cytoplasmic processes projected in different directions)
revealed after alizarin red staining. Scale bar shows 100 pm (magnification is 360x).

in the first 24 h and then gradually decreased in the following days.
Finally, a nicotine concentration of 100 nM was determined for
upcoming experiments.

Growth curve and population doubling time

MSCs were exposed to 100 nM nicotine in the case group, while
the control group contained PBS instead. The growth curve showed
that cells in the control group were in the lag phase on the first day
and then started to grow until day 5. In the following days, the
growth was reduced and reached the plateau phase. In general, the
overall trend in the case group was similar to that of the control
group but with a diminished cell number. The lag phase lasted for
one day for this group. During the early exponential phase from days
1-2, cells in the case group outnumbered their control peers. Later,
however, they became lower in number compared with the control
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group (Figure 5). PDT of the case group (164.76 h) was nearly
double that of the control counterpart (81.16) after 8 days (Table 2).

Morphology of MSCs on days 3 and 7
Morphological assessment of MSCs on day 3 revealed lower cell

density in the case group compared with the control peers. This

difference became more prominent on day 7. Moreover, MSCs in the

case group seemed to be pale and disrupted compared to the cells in

the control group, especially on day 7 (Figure 6).

Expression of cardiac-specific genes
Following the induction of cardiac differentiation by adding 5-

azacytidine in both the case and control groups, the expression of
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(A) Flow cytometry analysis of MSCs with CD45 and (B) CD90. The lack of expression of CD44, in addition to the expression of CD90 in these cells,

shows the mesenchymal origin of these stem cells.

GATA4 and troponin as two successive markers in the
differentiation process was examined. Analysis showed that
GATA4 expression in the case group was nearly half (0.44) of
that in the control group (statistical significance) on day 3, and
this ratio reversed on day 7. It means that GATA4 expression was
double (1.98) in the case group versus the control peers. Similarly,
although troponin was expressed at a significantly lower level in the
case group on day 3 (0.71) compared to the control group, this

increased to 2.19-fold on day 7 as well (Figure 7).

Discussion

Approximately 8.7 million deaths and 239 million DALYs were
attributed to tobacco usage in 2019. CVD is the underlying reason
for 36.7% of the attributed deaths. Tobacco increases the incidence
of premature mortality. In total, the epidemic status of using
tobacco, with one billion active smokers, has become a global
health challenge, and unfortunately, it continues to escalate (Roth
et al.,, 2020). Over 7,000 chemicals and approximately 250 known
toxins are found in cigarette smoke (Wahl et al., 2016). Although a
substantial amount of knowledge has been documented about the
adverse effects of nicotine on health, there is a scarcity of data
regarding the impact of this addictive substance on stem cells. The
prominent properties of stem cells have opened a bright horizon for
restoring lost functions after injury. This is particularly pronounced
in organs with limited regenerative capacity, like the heart.
Despite enormous advancements in stem cell therapy for cardiac
injuries during the last decade, there is still a long way toward clinical
translation, possibly due to the existence of comorbidities and the style
of living of recipients. As smokers constitute a common population
among cardiovascular patients, it is vital to understand the barrier
effect of nicotine on receiving the maximum efficiency of stem cell

therapy. Because proliferation and differentiation are two
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fundamental elements in delivering the regenerative benefits of
MSCs (Chamberlain et al, 2007), we aimed to investigate the
effect of nicotine in a concentration near that of smokers’ blood
on the viability and cardiac differentiation of MSCs.

Our findings show that nicotine inhibits the normal growth of
MSCs. In line with this finding, it was also revealed that nicotine-
treated MSCs need considerably more time for population doubling.
Another study reported that MSCs isolated from the periodontal
ligament of the oral cavity, which are in close contact with nicotine,
have reduced regenerative potential (Benowitz et al., 2009). Studies
demonstrated that a nicotine concentration of 0.5-1.5 mg/mL
(3-9mM) decreased cell proliferation and increased apoptosis
(Zeng et al, 2014). Decreased proliferation was significant even
at nicotine concentrations as low as 0.1-10 mM (Kim et al., 2013). In
addition, short-time (24 h) exposure of MSCs to nicotine impairs
proliferation and induces apoptosis in MSCs (Schraufstatter et al.,
2010). Such diminished proliferation was evident in MSCs derived
from smokers compared with cells isolated from nonsmokers.
Interestingly, the effect of nicotine on the proliferation capacity
of MSCs seems to be long-lasting. It was found that MSCs did not
regain the normal proliferation condition after more than 300 times
of sub-culturing (Ng et al., 2015).

On the contrary, exposing MSCs to 50-100 nM nicotine for a
period of 7 days significantly increased the cell number (Shen et al.,
2013). In our study, 100 nM of nicotine increased proliferation in
the early days of exposure. However, a decreasing trend in
proliferation was seen afterward. Another study reported that a
concentration of 1-100 uM did not alter proliferation, while doses of
1-2mM had an increased effect, and there was a decreased
proliferation in concentrations of over 5 mM (Kim et al., 2012).
In summary, it seems that there is a certain threshold for cigarette
smoke to be toxic for the MSC population (Wahl et al., 2016). Such a
variety of findings should be partly sought in different species and
tissue sources of cells among studies. In addition, decreased
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TABLE 2 Population doubling time in the case and control groups.

Case group (h)

10.3389/fcell.2024.1323691

Control group (h)

1 7.84 9.26

2 15.55 16.66
3 22.52 18.02
4 28.78 23.22
5 54.68 43.32
6 108.90 51.98
7 114.77 60.65
8 164.76 81.16

MSCs in the case group need more time (164.76 h) for population doubling than cells in the control group (81.16 h) at the end of day 8. (h: hours).

FIGURE 6

(A) Morphology of MSCs in the case group (left) and control group (right) on day 3. Note the lower density of cells in the case group. (B): morphology
of MSCs in the case group (left) and control group (right) on day 7. Note the lower density, paleness, and disruption of cells in the case group. Scale bar

shows 100 pm (magnification is 360x).

proliferation after nicotine exposure may be explained by the
generation of reactive oxygen species (Shen et al., 2013) or changes
in the nicotine-induced cell cycle (Zeng et al., 2014). Cell morphology
(cytoplasmic vacuole formation and pyknotic nuclei) was also altered
upon exposure to nicotine. These impairments may be related to the
deregulated expression of certain markers involved in cell structure
and movement (Zeng et al., 2014).

Frontiers in Cell and Developmental Biology

It was also demonstrated that nicotine impairs the in vitro
differentiation of MSCs. Differentiation of MSCs to chondrogenic
lineages was hampered in a concentration-dependent manner (Deng
etal, 2012; Kim et al,, 2013). Cigarette smoking also undermines the
chondrogenic differentiation ability of MSCs (Chamberlain et al,
2007). This attenuated capability, which represents the reduced
generation of matrix proteoglycan or collagen, should be considered
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in the inefficient treatment strategies of diseases like osteoarthritis using
stem-cell-based approaches (Greenberg et al., 2017). Notably, studies
revealed that smoking seriously deteriorates bone health via modulating
normal reparative bone formation, and this may be the underlying
reason for the predisposition of smokers to osteoporosis (Ayo-Yusuf
and BJNJoCP, 2014) and delayed healing following fractures (Pearson
et al,, 2016). The reasons for such delays should be sought in the
inability of MSCs to efficiently differentiate toward the osteogenic
lineage (Ng et al, 2015; Wahl et al, 2016). Smoker-derived MSCs
generated significantly less bone matrix in comparison to cells isolated
from nonsmokers (Zhao et al., 2018). Upon autologous implantation of
these scaffolds, the stability of implants was higher in nonsmokers
(Chan and Huang, 2020). Intriguingly, smoker-derived MSCs produced
an elevated level of lipid contents even after several weeks of culture in a
nicotine-free medium compared with cells isolated from nonsmokers
(Ng et al., 2015).

To the best of our knowledge, there are no reports regarding the
impact of nicotine on the cardiogenic differentiation of MSCs. In our
study, the expressions of two cardiac-specific markers were examined.
GATA4, which was expressed at the early stages of cardiac
differentiation, was significantly downregulated on day 3 in MSCs.
This was the case for troponin as well, which is a late cardiac marker. In
total, the findings revealed the inhibitory effect of nicotine on cardiac
differentiation in MSCs. However, increased expression of both
GATA4 and troponin in the case group on day 7 may be explained
by the decreasing effect of nicotine after 7 days. It seems that, similar to
proliferation, there is a threshold of nicotine concentrations for affecting
the potential of MSC differentiation. The capacity of adipogenic
differentiation was not significantly altered after 21 days of exposure
to 0.5% cigarette smoking extract (Wahl et al., 2016).

Nicotine mediates its biological effects through nicotine
acetylcholine receptors (nAChRs) (Albuquerque et al,, 2009), and
stem cells such as MSCs express the subunits of these receptors
(Hoogduijn et al., 2009; Carballosa et al., 2016). nAChRs provide a
suitable bridge for connecting nicotine to the stem cells. Although
these receptors are specifically designed for Ca21 ions, nicotine acts as
an agonist, resulting in the elevation of intracellular calcium upon
activation. The upcoming alteration in intracellular pathways leads to
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increased secondary messenger cAMP and phosphorylation of ERKs
(Hoogduijn et al., 2009). Thus, ERKs are substantially involved in
stem cell proliferation and differentiation (Michailovici et al., 2014).

Many unknown factors have been elucidated in the area of
efficient stem-cell-based therapies, but there is much more that
remains to be discovered. Some of these issues include the
translation of in vitro findings into in vivo settings and assessing
the effects of nicotine in acute versus chronic conditions. Current
data demonstrate the adverse effects of nicotine on the regenerative
potential of stem cells, a composite of proliferation, migration, and
differentiation abilities. On a clinical scale, patients who are
candidates for stem cell therapies may have been smokers for a
prolonged time. This chronic exposure to nicotine should be
considered at the time of autologous stem cell therapy. Further
investigations may help develop stem cell banks for allogenic
transplantation and, ultimately, optimize stem cell therapy for
cardiovascular patients.

Conclusion
Nicotine imposes an inhibitory effect on the normal
proliferation and cardiac differentiation of MSCs. This aspect is

of prominent value to smokers who are candidates for stem cell
therapy because of CVD.
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