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Abstract

Although stem cell therapy has tremendous therapeutic potential, clinical

translation  of  stem cell  therapy  has  yet  to  be  fully  realized.  Recently,

patient comorbidities and lifestyle choices have emerged to be important

factors in the efficacy of stem cell therapy . Tobacco usage is an important

risk factor for numerous diseases, and nicotine exposure specifically has

become  increasing  more  prevalent  with  the  rising  use  of  electronic

cigarettes. This review describes the effects of nicotine exposure on the

function of various stem cells. We place emphasis on the differential effects

of nicotine exposure in vitro and as well as in preclinical models.  Further

research  on  the  effects  of  nicotine  on  stem  cells  will  deepen  our

understanding of how lifestyle choices can impact the outcome of stem cell

therapies.
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Introduction

As we enter a new decade in 2020, there are over 5000 clinical trials

using stem cells to treat a variety of diseases. Among these, over 1000

clinical trials involve stem cell therapy to treat cardiovascular diseases such

as peripheral arterial disease, atherosclerosis and congestive heart failure.

Despite the popularity of stem cell-based clinical trials, the clinical efficacy

of stem cell therapeutics has had mixed results.  Some of the most well-

described hurdles to clinical translation are related to the production and

purification of stem cells and subsequent implantation and engraftment at

the location of interest [1]. However, some aspects of translation that are

often overlooked are the co-morbidities  and lifestyle  choices  of  patients

receiving the treatment. Among these, tobacco usage is the most prevalent

contributor  to  preventable  deaths  worldwide  and  remains  an  important

lifestyle  consideration  in  the  clinic  [2].  In  recent  years,  the  increasing

popularity  of  electronic  cigarettes/vaping  has  provided  new  ways  for

consumers to be exposed to tobacco substances. One constant among the

many  chemicals  produced  in  tobacco-related  products  is  nicotine,  the

addictive component.  The effect of nicotine on stem cells in the context of

their  therapeutic efficacy is largely unknown, due to the limited amount

research  in  this  area.   Here,  we  provide  an  overview  of  the  current
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knowledge of nicotine and its effect on adult and pluripotent stem cells,

with a focus on in vitro systems and preclinical models.

Clinical and biological impact of nicotine

Nicotine is the addictive component of tobacco-related products such as

cigarettes,  cigars  and  chewing  tobacco.  Nicotine  is  also  the  active

ingredient  in  nicotine  replacement  therapies  such  as  chewing  gum  or

transdermal patches that are intended to aide in tobacco use cessation.

These nicotine replacement therapy products are considered safe and have

shown efficacy in tobacco use cessation [3]. More recently, with the rising

popularity  of  electronic  cigarette  (e-cigarette)  use,  e-cigarettes  have

become an additional route of nicotine exposure. Initially, e-cigarettes were

touted as a less harmful alternative than tobacco and an effective nicotine

replacement  therapy  for  tobacco  cessation  [4],  but  some  clinical  data

suggest that e-cigarette use reduces the chance of quitting tobacco use

[5]. Furthermore, e-cigarette usage among youth has been concerning. The

prevalence  of  e-cigarette  usage  in  high  school  students  in  the  USA

progressively increased in recent years, from 1-2% in 2010-2011 to 10-20%

in  2013-2017  and  then   to  27%  in  2019  [6-8].  Data  suggests  that

adolescence e-cigarette use leads to increased tobacco use later in life [9]. 

Although  nicotine  is  generally  perceived  as  safe,  nicotine  and  its

metabolites have been linked to adverse systemic effects. Such examples
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can be seen in the cardiovascular system, where nicotine’s actions can lead

to  increase  incidence  of  atherosclerosis  and  angiogenesis  [10,  11].

Nicotine exposure reduces blood flow to the coronary vessels that leads to

ischemia [12]. Over an extended period, the repetition of acute ischemia

causes myocardial dysfunction. In addition, nicotine also has direct effects

on vascular smooth muscle cells and endothelial  cells  by increasing the

secretion of basic fibroblast growth factor. This results in intimal thickening

and atherosclerotic plaque progression [13]. In other areas such as cancer,

nicotine exposure has been shown to increase tumor angiogenesis, leading

to  accelerated  tumor  growth  [11].  There  is  also  evidence  that  nicotine

regulates proliferation and apoptotic  pathways to promote tumorigenesis

[14].

The  biological  effects  of  nicotine  are  mediated  by  the  nicotinic

acetylcholine receptors (nAChR), which are composed of five subunits that

form  a  central  pore  (Figure  1)  [15].  There  are  17  nAChR  subunits,

designated  as  α1-α10,  β1-β5,  γ,  δ  and  ε  [15].  The  receptor  is  either

heteromeric or homomeric, and is most commonly composed of (α4)2(β2)3

and (α7)5 [15]. In the context of stem cells, expression of nAChR subunits

have been confirmed [16]. Once the receptor is activated by acetylcholine

or  nicotine,  the  central  pore  opens  to  allow for  sodium,  potassium and

calcium cations to enter the cell. The influx of these positive ions causes

depolarization, which is then propagated by voltage gated ion channels in

neuronal cells within the nervous system and neuromuscular junctions to
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control contraction. These neurogenic effects have been well-documented

due to the addictive properties of nicotine in the interference of dopamine

pathways [17]. The relevant effect of nAChR activation in stem cells is the

influx  of  calcium  ions,  triggering  a  number  of  intracellular  signaling

transduction  pathways  that  affect  cellular  behaviors,  including  survival,

proliferation, and apoptosis [18] (Figure 1). 

Effects of Nicotine on Stem Cells

Whereas the effects of nicotine in disease have been well-examined,

less is known about the effects of nicotine on therapeutic stem cells. The

following section describes the current knowledge of nicotine exposure’s

effect  on  various  stem  cell  types  (Figure  2),  including  circulating

progenitor  and  stem  cells,  mesenchymal  stem  cells  (MSCs),  embryonic

stem cells (ESCs) and induced pluripotent stem cells (iPSCs). 

Circulating progenitor and stem cells

Endogenous  circulating  progenitor  and  stem  cells  are  cells  that

originate in the bone marrow and circulate throughout the body, and have

been shown to participate in numerous regenerative processes in the body.

In  the  context  of  cardiovascular  regenerative  medicine,  endothelial

progenitor  cells  (EPCs)  have  gained  considerable  interest  due  to  their
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ability to form mature endothelial cells and contribute to angiogenesis in

response to ischemic injury [19]. With the increased prevalence of ischemic

diseases such as coronary heart  disease and peripheral  artery diseases,

EPCs remain an important option in stem cell therapy.

EPCs have generally been characterized by expression of cell surface

markers  such  as  cluster  of  differentiation  (CD)31,  CD144  and  vascular

endothelial growth factor receptor. However due to overlaps in cell surface

expression with endothelial cells, there is currently no unique EPC marker

[20].  Recently,  there has been a shift  towards a functional  definition of

EPCs  through  the  assessment  of  self-renewal  and  potency.  EPCs  are

thereby  defined  by  their  ability  to  form  colonies  in  vitro and  induce

angiogenic capacity in vivo. 

In vitro experiments that assessed the effects of nicotine exposure on

late EPCs from human umbilical cord blood showed that nicotine increases

proliferation,  migration  and  tubule  formation  [21].  These  effects  were

evident at a concentration of 10 nM for 36 hours, and the positive effects

were  abrogated  when cells  were  treated  with  mecamylamine,  a  nAChR

inhibitor. These observations were also seen in bone marrow mononuclear

cells-derived EPCs with a shorter nicotine exposure duration of 32 hours

[22]. In contrast, a study using EPCs from peripheral blood showed that

nicotine  did  not  change proliferation  and migration  capabilities  after  48

hours  of  nicotine  exposure  (20 nM –  20  µM) in  vitro,  although an anti-

apoptotic effect was observed [23]. Interestingly, one study showed that
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even only a 30-minute exposure to tobacco secondhand smoke caused an

increase in EPC numbers,  although the migratory response of  EPCs was

also impaired [24]. 

When examining the effects of nicotine on the functionality of EPCs in

vivo, investigators observed that systemic nicotine exposure increased the

recruitment and angiogenic actions of EPCs in a mouse model of hindlimb

ischemia (HLI) [21]. This study also employed a mouse parabiosis model,

which links the circulation of a wild type mouse with that of a  tie2-LacZ

transgenic mouse, to show improved mobilization and recruitment of EPCs.

Nicotine  treated  mice  exhibited  greater  EPC  numbers  and  showed

increased  EPC  migration  ex  vivo.  Similarly,  Sugimoto  et  al. showed

increases in the efficacy of EPCs delivered venously in a mouse model of

HLI  [25]. In this study, mice were exposed to nicotine via their  drinking

water one week before the HLI and throughout three-week experiment. 

While  the  aforementioned  studies  show  convincing  evidence  for

improvement in the number of EPCs  in vivo and improved functions with

short-term exposure to nicotine, other studies investigating the long-term

effects of nicotine exposure showed the opposite. In one such study, the

mice were exposed to nicotine systemically in their drinking water for up to

6 months [26], which was notably longer in duration compared to the 3-

week exposure in Sugimoto et al. After one-month of exposure to nicotine,

EPC number and activity were consistent with earlier short-term exposure.

However,  after  3-  and  6-month  of  nicotine  exposure,  the  EPC  number
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significantly decreased, and cell proliferation and migration functions were

impaired compared to control EPCs without nicotine treatment. The authors

also investigated a potential biochemical mechanism governing this switch

in  cell  behavior.  They  found  that  nAChR  subunit  expression  was

significantly  decreased  after  6  months  of  nicotine  exposure,  thereby

limiting  the  activation  of  cholinergic  angiogenic  pathways.  Telomerase

expression  and activity  were  also decreased after  6  months  of  nicotine

exposure. These studies suggest that chronic nicotine exposure adversely

affects the number and function of EPCs, which may lead to a decrease in

therapeutic capacity (Table 1). 

Mesenchymal stem cells 

MSCs are multipotent adult stem cells capable of differentiating into

mesodermal,  ectodermal  and  endodermal  lineages.  MSCs  were  first

isolated from bone marrow, but they have since been isolated from various

other  tissues such as adipose tissue, dental  tissue,  skin,  umbilical  cord,

placental membrane, and synovial fluid. In general, MSCs are characterized

by the expression of cell surface markers such as CD73, CD90, CD105 and

lack of CD14, CD34, CD45 and human leucocyte antigen-DR. MSCs are the

most investigated stem cell type for clinical stem cell therapeutics, with a

rapid increase in clinical trials from the mid-2000s [27]. The advantages of

MSCs  include  their  ability  to  be  easily  isolated  and  purified  from bone

marrow and  adipose  tissue.  Additionally,  MSCs  obviate  potential  ethical
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concerns associated with embryonic stem cells and have not been shown to

give rise to teratomas. Given the many on-going clinical trials with MSCs, it

is important to consider the effects of lifestyle choice such as smoking and

nicotine exposure on their therapeutic efficacy. 

The in vitro effects of nicotine on MSCs have been widely studied, but

the dosage and duration of nicotine have varied amongst the studies. The

common consensus is that high doses of nicotine at the µM level cause

apoptosis in MSCs and impair proliferation. Schraufstatter et al. found that

only  a  short  24-hour  exposure  of  nicotine  (1  µM)  significant  increased

apoptosis in human MSCs, as demonstrated by propidium iodide staining

[28].  The  same  study  also  showed  that  chemotactic  migration  was

inhibited,  and  that  this  effect  could  be  reversed  by  pharmacological

inhibition of the nAChR subunit α7. These results were replicated in a study

comparing human MSCs with periodontal ligament derived stem cells. Both

cell types were exposed to nicotine (1 µM) over 5 and 7 days which then

resulted in  impaired proliferation  and migration  as  early  as  1  day after

nicotine treatment in MSCs [29]. Another study showed increased apoptosis

with 6.2 mM nicotine exposure and  changes in cell morphology compared

to non-treated cells, namely increased vacuole formation in the cytoplasm

and pyknotic nuclei [30]. Proteomic analysis showed differential expression

of  cell  structure  and  movement  markers,  which  may  help  explain  the

observed impairments in migratory functions after nicotine exposure [30].

This concept was also explored in an investigation of nicotine’s effects on
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the  mechanical  properties  of  MSCs.  It  was  found  that  after  a  48-hour

exposure regime, cells were significantly stiffer than non-treated controls

[31], which is an indicator for cell motility.  Another important consideration

is the efficacy of differentiation. Findings using nicotine alone were similar

to data generated with  cigarette smoke.  Cigarette smoke-infused media

decreased the proliferation and migration of human adipose derived MSCs

[32]. The authors also observed decreases in the secretion of inflammatory

makers interleukin (IL) 6 and IL8, which are important for chemotaxis in

wound  healing  processes.  In  vitro chondrogenic  differentiation  was

significantly  impaired  when  MSCs  were  exposed  to  nicotine  in  a

concentration dependent manner [29, 33]. 

In  vivo studies  of  MSCs  in  the  context  of  nicotine  exposure  have

shown that homing of intravenously delivered MSCs to the bone marrow

and spleen was impaired in mice, whereas the lung was not affected [28].

This data corroborates other  in vitro  results showing decreased migratory

function of MSCs after nicotine exposure. In a more recent study, Zhao et

al. isolated  alveolar  bone  marrow  MSCs  from  healthy  nonsmokers  and

smokers  to  assess  their  efficacy  in  osteogenic  function  [34].  Using  a

subcutaneous murine model,  polylactic  acid scaffolds  seeded with MSCs

were assessed for bone matrix after 8 weeks. MSCs from smokers produced

significantly  less  bone matrix  compared to  nonsmokers.  These scaffolds

were transplanted autologously in the patients, and nonsmokers exhibited

significantly higher implant stability after 4 weeks. In a direct comparison of
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adipose  derived  MSCs  from  smokers  or  nonsmokers,  Barwinska  et  al.

utilized a mouse HLI model to show that MSCs derived from smokers had

significantly  dampened  angiogenesis,  compared  to  nonsmokers  [35].  In

vitro  experiments  from  the  same  study  suggest  a  possible  molecular

mechanism involving activin A, whereby activin A diminishes secretion of

hepatocyte growth factor  and stromal derived factor-1 (Table 1). 

Embryonic stem cells 

ESCs are a kind of  pluripotent  stem cells  that  are capable of  unlimited

expansion. They are derived from the inner cell mass of an embryo and

express cell  surface markers such as stage-specific embryonic  antigen-4

(SSEA-4), Tra-1-60 and Tra-1-81. Pluripotent markers such as Oct3/4 are

also expressed in ESCs, as well as high levels of telomerase. Human and

mouse ESCs have been shown to expand in feeder cells and feeder-free

systems, while maintaining a high level of  consistency in karyotype and

phenotype with extended expansion. Due to the pluripotency of ESCs, they

have been applied in many disease settings and preclinical studies such as

spinal  injury,  cardiovascular  disease  and  degenerative  neurological

diseases [36, 37].  However, as a result of the ethical concerns over the

destruction of viable embryos, human ESCs have largely fallen out of favor

for use in regenerative medicine [38]. 

The use of embryonic stem cells for modeling embryonic development

in the context of tobacco and nicotine exposure has become an important
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tool in developmental biology. Studies using mouse and human ESCs have

shown the negative effects of cigarette smoke exposure. Specific studies

comparing regular cigarettes with harm reduction cigarettes showed that

24 hour  exposure  of  main-stream smoke  or  side-stream smoke (second

hand  smoke)  all  produced  higher  levels  of  cytotoxicity  and  impaired

adhesion in both mouse and human ESCs, relative to non-treated controls

[39,  40],  with  side-stream  smoke  being  more  cytotoxic  to  ESCs.

Experiments using only nicotine showed an interesting trend in which low

concentrations  (0.01  and  0.1  µM)  of  nicotine  promoted  proliferation  of

mouse  ESCs,  whereas  high  concentrations  (1  and  10  µM)  impaired

proliferation after 48 hours of exposure [41].  The same study investigated

the pathways affected by nicotine exposure and found that Wnt signaling

was dysregulated. These findings were supported by  in vitro findings, in

which  cigarette  smoke  and  e-cigarette  smoke  showed  impaired  cardiac

differentiation of human ESCs [42]. The results suggest that maturation of

cardiomyocytes  was impaired because a  lower  expression  of  contractile

proteins and junction proteins was observed. Mechanistic investigation also

indicated Wnt signaling pathway dysregulation in this study. A further study

investigated the effects of 48-hour cigarette smoke condensate exposure

on mouse ESCs from different genetic backgrounds and maternal ages [43].

The  results  showed  that  cigarette  smoke  condensate  exposure  had

different effects depending on the strain and maternal age. For example,

apoptotic  indictor  Bax:Bcl2  ratio  was  significantly  increased  with  low
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concentrations  of  cigarette  smoke  condensate  in  C57BL/6  mice  at  two

months maternal age. However, it was decreased in the mice of the same

strain at six months maternal age and also decreased in a Naval Medical

Research  Institute  (NMRI)  outbred  strain  at  two  months  maternal  age.

Similar  trends  were  seen in  expression  of  pluripotent  markers.  A  study

investigating human embryoid body differentiation under nicotine (10 µM)

exposure for 21 days showed that nicotine has different effects on specific

cell  type  lineages,  with  muscle  cell  lineages  exhibiting  the  greatest

differences  in  gene  expression  [44].  For  example,  in  ESC-derived

cardiomyocytes,  nicotine  exposure  during  differentiation  causes

dysregulation  of  intracellular  calcium  handling  genes,  resulting  in

arrhythmia (Table 2).  

Human ESC-derived endothelial cells were treated with nicotine (10 nM)

for  24  hours  and  then  injected  intramyocardially  following  left  anterior

descending artery (LAD) ligation in a murine model to assess the effects of

nicotine  on  the  regenerative  potential  of  ESC-derived  ECs  [45].  Results

showed that nicotine improved ESC-derived endothelial cell survival at the

site  of  injection  and increased in  the  number  of  blood  vessels.  In  vitro

experiments from the same study also showed that high concentrations of

nicotine  negatively  affect  tube  formation  under  hypoxic  conditions,  and

similar trends were seen in apoptosis [45]. Gene expression investigations

showed increases in basic fibroblast growth factor and vascular endothelial

growth factor under hypoxia, which is consistent with paracrine effects of
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stem cell  therapy.  Other  in  vivo assessment in zebrafish comparing the

effect  of  cigarette  smoke  and  e-cigarette  smoke  on  embryonic

development  showed  both  smokes  increased  the  incidence  of  cardiac

defects after 72 hours of exposure [42]. Interestingly, a control of nicotine

alone did not increase cardiac defects in zebrafish embryos. Understanding

the mechanisms of nicotine exposure in embryonic stem cells may lead to

a better understanding of autologous stem cell therapies.  

Induced pluripotent stem cells (iPSCs)

Although  the  effects  of  nicotine  have  been  studied  in  ESCs,  more

recently iPSCs have become the pluripotent cell type of choice, because of

the ability to generate these cells autologously for regenerative medicine

applications.  Human iPSCs are generated from adult cells, most commonly

from  dermal  fibroblasts  or  mononuclear  cells  from  blood.  Through  a

reprogramming  process  in  which  a  set  of  transcriptional  factors  (c-Myc,

Oct3/4, Sox2 and Klf4) are induced, the cells to revert cells to a pluripotent

state [46]. Initial studies utilized viral vectors for induction of transcriptional

factors, but the field is progressively developing small molecules that can

induce pluripotency [47]. There is therefore much interest in the effect of

nicotine on iPSC proliferation and differentiation. 

Previous reports have shown that iPSCs express nAChR subunits α4, α7

and α6, which are required for the activation of acetylcholine pathways [48,

49]. Similar to the other cell types described above,  in vitro experiments
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showed  that  short-term nicotine  exposure  increases  the  proliferation  of

iPSCs. Assessment of differentiation into neural cells showed that efficacy

of  differentiation  was  not  affected  by  nicotine  exposure.  The  authors

suggested there is potential to exploit  the nAChR pathway to aid in the

expansion of iPSCs, while maintaining differentiation efficacy [48]. 

With advent of e-cigarettes and their rise in popularity, the toxicity of e-

liquids has also become a concern. Lee et al. utilized iPSCs as a screening

model to assess the toxicity of popular e-liquids on the market [50]. Human

iPSC proliferation was significantly decreased after exposure to two of the

e-liquids  at  concentrations  of  0.1 % and greater.  The different  levels  of

nicotine (0, ~ 37 and ~ 111 mM) within the e-liquids were assessed in

parallel.  The data showed that  the  differences in  nicotine  concentration

caused minimal differences in proliferation, migration and tubule formation,

but  found  that  higher  nicotine  concentrations  tended  to  cause  higher

reactive  oxygen  species  (ROS)  generation  and  apoptosis.  In  the  same

study,  iPSC-derived  endothelial  cells  were  exposed  to  serum from non-

smokers,  cigarettes  smokers,  and  e-cigarette  users.  E-cigarette  usage

showed similar effects on endothelial dysfunction and ROS generation to

cigarette usage.  This  study highlights  the importance of  nicotine  across

various forms of exposure (Table 2).

A comparison of iPSC-derived MSCs and bone marrow-derived MSCs in

the treatment of cigarette smoke induced cardiac injury showed that iPSC-

derived MSCs performed better than bone marrow-derived MSCs in cardiac
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functional  outcomes.  They  exhibited  increased  left  ventricular  ejection

fraction and a higher  percentage fractional shortening [51]. The authors

also showed significant improvements in oxidative stress, lipid dysfunction,

inflammatory  cytokine  secretion  and  fibrotic  response.  While  the

mechanisms underlying these effects are unknown, the results suggest that

iPSC-derived MSCs were more resistant to cigarette smoke exposure and

the associated physiological environment. 

Future Perspectives and Conclusion

As the field of stem cell therapy has progressed over the last decade,

the knowledge gap in patient co-morbidities  and lifestyles have become

increasingly apparent in clinical translation. In this review, we focused on

one  component  of  tobacco  related  product,  namely  nicotine.  Nicotine

exposure  showed  significant  impacts  on  stem  cells  and  their  potential

efficacy when delivered in vivo. As the field progresses, there remain many

unanswered questions. First, since many reported studies involving nicotine

were conducted  in vitro, an important question lies in how these findings

transfer  to  in  vivo disease  settings.  Furthermore,  since  the  majority  of

these studies only assessed nicotine’s effect in acute settings, more studies

are  necessary  to  assess  the  effects  of  chronic  (>1  month)  nicotine

exposure   in  disease  settings  (Table  1 and  Table  2).  Side-by-side

comparisons of various cell types using similar nicotine exposure conditions
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may enable a better understanding of cell-specific effects of nicotine.  In

the  clinical  context,  it  is  reasonable  to  assume  that  chronic  nicotine

exposure is more relevant, as patients with prolonged nicotine exposure

are likely to be patients who would benefit from stem cell therapeutics. This

also leads to concerns of whether autologous stem cell therapy would be as

effective when the cells are derived from tobacco users, given that current

data suggests negative effects of nicotine on stem cell  proliferation and

function. It is also unknown whether co-morbidities combined with nicotine

exposure could have synergistic effects on the regenerative compacity of

stem  cells.  Further  investigations  into  this  matter  could  promote  the

development  of  allogenic  stem cell  banks.   Additionally,  the  differential

effects of  nicotine exposure caused by direct  tobacco use, compared to

secondhand smoke, requires further investigation. Despite these concerns,

recent  technological  advances  in  organ-on-a-chip  and  high-throughput

screening platforms may expedite experimental studies and help yield a

greater understanding of nicotine’s effects on cardiovascular lineages. Such

in vitro systems allow organoids to be exposed to nicotine under disease-

mimicking conditions and provide quantitative analysis via high-throughput

transcriptomic, proteomic, and metabolomic screens. The answers to these

questions  may  have  important  implications  in  the  design  of  stem  cell

therapeutics for the treatment of cardiovascular diseases. More broadly, a

better understanding of how nicotine exposure influences physiology will be
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important for evaluating the safety of nicotine replacement therapies that

aid cigarette smoking cessation.
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Executive summary 

Introduction

 An often-overlooked barrier to the translation of stem cell therapies is

lifestyle choices, especially tobacco usage.

 Nicotine,  the  addictive  component  of  tobacco,  is  increasingly

common in new delivery routes such as electronic cigarettes, which

are increasing in use among the youth.
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Adult stem cells

 Effects on EPCs varied with the duration of nicotine exposure: acute

exposure  increases  proliferation  and  migration  of  EPCs,  whereas

chronic exposure has the opposite effect.

 MSCs exhibit increased apoptosis, decreased migration and impaired

differentiation compared to other lineages with acute exposure.

Pluripotent stem cells

 ESCs have been an important tool in assessing the effects of tobacco

smoke  and  nicotine  exposure  during  development,  with  limited

studies on translational applications.

 Less established iPSCs are increasingly more prevalent in the field,

with  in  vitro modeling  being  used  to  assess  harmful  effects  of  e-

cigarette liquids. 

Conclusion

 Future  research  on  the  in  vivo effects  of  nicotine  exposure  are

needed to corroborate in vitro data, as well as further investigations

into the effects of chronic exposure to nicotine.
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Table 1. Effect of nicotine exposure on multipotent stem cells. 

Cell

type 

In  vivo/

In vitro

Nicotine

dosage 

Exposu

re

duratio

n

Outcome Ref.

Endogen

ous

mice

EPCs

In  vivo,

mouse

parabiosi

s  model

with  HLI

model

100  µg/mL

in  drinking

water  or

intramuscul

ar  injection

(0.03 µg/kg)

30 days  Systemic nicotine 

exposure induced 

greater angiogenesis; 

local delivery also 

increased angiogenesis 

but not to the same 

extent

 Systemic nicotine 

exposure increased 

number of EPCs in 

circulation and 

chemotaxis migration.

[21]

Human

EPCs

from

healthy

nonsmo

kers

In  vitro,

media

2 µM 48

hours

 No effect on 

proliferation and 

migration

 Improved survival

[25]

Mouse

EPCs

Ex vivo 100  ng/mL

in  drinking

water

3 weeks  Increased EPC activity [25]

Mouse In  vivo 100  ng/mL 5 weeks  Increased perfusion in [25]
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EPCs (mice HLI

model) 

in  drinking

water

HLI

Human

EPCs

from

umbilica

l  cord

blood

In vitro 10 nM 36

hours

 Increased proliferation [23]

Mouse

EPCs

Ex vivo 100  ng/mL

in  drinking

water

1,  3,  6

months

 Increased number of 

EPCs after 1 month, but 

decreased over 

subsequent time 

 Same trends with 

migration and 

proliferation

[26]

Human

MSCs

In vitro 0.1,  1,  10

µM

24

hours

 Increase proliferation [28]

Human

MSCs

In vivo 0.01 µM, IV 24

hours

 Migration to bone 

marrow and spleen was 

decreased, lung was not

affected.

[28]

Rat  BM

MSCs

In vitro 25,  50,  100

µM

4 weeks  No effect on cell viability

 Decreased efficacy of 

differentiation

[33]

Human

MSCs

In vitro 0.1,  0.5,  1

µM

48

hours

 Cytoplasm and nucleus 

became stiffer in a 

concentration 

[31]

24



dependent manner
Human

MSCs

and

periodo

ntal

ligamen

t

derived

stem

cells

In vitro 1 µM Up  to  7

days

 Proliferation and 

migration impaired

 Osteogenic 

differentiation inhibited 

[29]

Human

umbilica

l  cord

derived

MSCs

In vitro 0.1,  0.5,  1,

1.5 mg/mL

24 hrs  Apoptosis significantly 

increased at high 

concentrations of 

nicotine

 Proteomic analysis 

showed differences in 

cell structure and 

motility

[30]
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Table 2. Effects of  nicotine exposure on pluripotent stem cells.

Cell type In

vivo/

In

vitro

Nicotine

dosage 

Exposu

re

durati

on

Outcome Ref.

Embryoni

c  stem

cell

derived

endotheli

al cells

In  vivo

(mice

LAD

model)

10  nM  in

vitro

treatment

100  ng/mL

in  drinking

water

16

hours in

vitro

treatme

nt

3

weeks

in vivo

 Tubule formation 

negatively affected 

under hypoxic 

conditions

 Improved survival of

injected cells and 

increased number of

blood vessels

[45]

Mouse

embryoni

c  stem

cells

In vitro 0.01  to  10

µM

48

hours

 Decreased 

proliferation at 

concentrations of 1 

and 10 µM

 Wnt signaling 

dysregulated 

[41]

Human

embryoid

bodies

In vitro 10 µM 21 days  Nicotine has 

different gene 

expression effects in

different cell types, 

with muscle cells 

[44]
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exhibiting the 

greatest differences 

compared to control
Mouse

iPSCs

In vitro 300 nM 4 days  Increased 

proliferation

 Neural 

differentiation not 

affected

[48]

iPSC

derived

dopamine

rgic

neurons

In vitro 0.1,  1,  10

µM

72

hours

 Increased nAChR α6 

subunit activity

 Induced structural 

plasticity in neurons

[49]

iPSC

derived

endotheli

al cells 

In vitro Up  to  18

mg/mL  e-

liquids

diluted  in

media up to

1 %

48

hours

 Cell viability, ROS 

generation and 

apoptosis all 

negatively affected

[50]

Figure Legend

Figure 1. Overview of nicotinic acetylcholine receptor signaling pathway.

Adapted with permission from Resende et al. [18].  
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Figure 2. Schematic depiction of stem cell types for studying or modeling

nicotine exposure.
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