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Abstract

Maternal cigarette smoking is one of the major worldwide health
concerns and is associated with numerous adverse pregnancy outcomes.
Epidemiological studies have shown that maternal smoking is associated with
increased risk of cardiovascular disease in offspring later in life. As one of the
major active components in cigarette smoking, nicotine is likely to contribute
to the developmental programming of cardiovascular system dysfunction.
Indeed, nicotine readily crosses the placenta and produces higher nicotine
concentrations in the fetal circulation than that experienced by the mother.
Studies in different animal models show that nicotine use during pregnancy
can cause cardiovascular disorders and hypertension of offspring. It is well
documented that maternal smoking or nicotine use during pregnancy not only
decreases fetal body weight but also impairs fetal development. First, the
present review will examine the recent findings regarding intrauterine nicotine
exposure and fetal programming of cardiovascular dysfunction in adulthood.
Then, the review will present novel epigenetic mechanisms underlying nicotine-
induced development of cardiovascular dysfunctional phenotype in offspring.
Understanding these mechanisms is of pivotal important for the development
of potentially strategies for prevention and treatment of nicotine/tobacco-related

fetal original cardiovascular diseases.
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Introduction

Although cigarette smoking during pregnancy is associated with
numerous adverse fetal and developmental outcomes, as well as an
increased risk of adverse health consequences in the adult offspring [1-
4], 15-20% of all women smoke during pregnancy [5,6]. In addition,
many pregnant women, who are highly dependent and unable to
quit smoking, have used Nicotine Replacement Therapy (NRT) for
smoking cessation. Although NRT use during pregnancy may be
relatively safe for the mother, recent studies have raised the concerns
about NRT use during pregnancy, based on evidence of fetotoxicity
and neuroteratogenicity associated with maternal nicotine exposure
[3,6]. Epidemiologic studies have indicated that maternal smoking is
associated with an increased risk of elevated Blood Pressure (BP) and
cardiovascular diseases in the postnatal life [7,8]. As one of the major
components in cigarette smoking, nicotine is likely to contribute to
the developmental programming of cardiovascular disorders. Indeed,
nicotine readily crosses the placenta and produces higher nicotine
concentrations in fetal circulation than that in the mother [9,10],
resulting in fetal growth restriction and permanent alteration of fetal
cardiovascular system [3,11,12]. The present review will mainly focus
on the effect of fetal nicotine exposure on the subsequent development
of cardiovascular dysfunction in postnatal life. However, it should
bear in mind that although nicotine is a predominant factor in
maternal cigarette smoking-mediated cardiovascular dysfunction in
offspring, other components of smoke may also be contributed to

the detrimental effects of cigarette smoking on fetal programming of
cardiovascular disease in late life.

Relationship between the body weight and cardiovascular
disease in response to fetal nicotine exposure

In the “fetal origins of disease” hypothesis, Barker have proposed
that low birth weight in response to adverse environmental exposure
in pregnancy is one of important predictors for development
of cardiovascular disease in late life [13-15]. Recently, growing
evidences from epidemiological and experimental studies have
supported Barker’s hypothesis [16,17]. In addition, previous reports
have also shown a strong association between maternal cigarette
smoking and low birth weight, which is the major predictor of infant
mortality and adverse development outcome [4,18-20]. Among other
factors, nicotine is likely the key factor to contribute to the low birth
weight among smokers. Studies in different pregnant animal model
have confirmed and supported that nicotine is the key factor for
fetal growth restriction [5,21-25]. Maternal nicotine use produces at
least two major different families of potential effects on fetal growth:
indirect actions on the maternal unit and direct actions on the fetal
system. First, the nicotine’s effect on body weight may involve an
increase in energy expenditure and a decrease in maternal food
intake which then indirectly leads to fetal growth retardation [26,27].
However, our recent studies in a maternal food restricted animal
model have indicated that paired-food restriction does not affect fetal
and neonatal body weight, which suggests that nicotine-induce fetal
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and neonatal growth retardation may be independent of maternal
food intake [22]. The nicotine-induced fetal growth retardation
may involve the indirect regulation of utero-placental circulation by
nicotine. Nicotine can activate nicotinic acetylcholine receptors and
increase neurotransmitters release, leading to uterine and placental
vasoconstriction. The increased vasoconstriction results in placental
insufficiency or fetal hypoxia leading to attenuation of oxygen delivery
to the fetus consequence to fetal growth retardation [9,10,28]. In our
previous studies have demonstrated that chronic nicotine-treatment
increases a -adrenoceptor-mediated contractions in ovine pregnant
uterine arteries and decreases nitric oxide-mediated relaxations of
the uterine arteries [28]. The inhibition of endothelium-dependent
relaxation and enhanced uterine vasoconstriction could be a major
reason for the reduced uterine blood flow observed with smoking/
nicotine exposure during pregnancy [9,10]. Secondly, recent studies
suggest that decreased birth weight from maternal nicotine exposure
may result from direct effects of nicotine rather than indirect effects
due to placental insufficiency [11]. This is because that nicotine has
many direct detrimental effects on fetal metabolism and development.
Nicotine readily crosses the placenta with fetal blood levels 15%
greater than those of the mother [9]. Therefore, nicotine could
potentially exert direct effects on fetal development and growth.

Fetal nicotine exposure increase the risk of hypertension
in late life

Epidemiologic studies have demonstrated that maternal cigarette
smoking has a substantial effect in increase blood pressure not only
in newborns [7,29], and children [8,30,31], but also adults [1,6].
These investigations show that maternal smoking in pregnancy is
associated with lower birth-weight and higher blood pressure later
in life. Nicotine is a ganglionic agonist and is likely to contribute
to the developmental programming of cardiovascular disorders.
Indeed, fetal nicotine exposure results in increased the risk of
high blood pressure during adulthood in different animal models
[12,32-34]. However, the effect of nicotine on fetal programming
of high blood pressure is complex. The animal species, individual
variability in genetic background, gender difference, the window of
nicotine exposure time and the dose used are likely to modify the
response of the fetus to nicotine exposure. Pausova et al. reported
that Spontaneously Hypertensive Rat (SHR) and normotensive
Brown Norway (BN) rat differed in their response to intrauterine
exposure to nicotine [12]. Fetal nicotine exposure enhances blood
pressure in SHR but not in BN offspring [12]. However, fetal nicotine
exposure results in increased blood pressure during adulthood in the
normotensive Wistar-Kyoto rat strain [32]. Our recent studies in
Sprague-Dawley rat model have demonstrated that perinatal nicotine
exposure increases in blood pressure response in adult male but
not female offspring [25]. In a similar pregnant rat model, perinatal
nicotine exposure has no significant effect on basal blood pressure at
the age 5 month-old rat offspring [25] but significantly increases it
at the age of 22 month-old rat offspring [34]. These studies suggest
that the effect of nicotine exposure on blood pressure may depend on
the genetic background, age and gender, and support the notion that
the intrauterine environment interacts with genes in determining an
individual’s health later in life.

There are multiple mechanisms that are likely to contribute to
the fetal nicotine exposure-induced elevation of blood pressure in

adulthood. One of the mechanisms is the changes in renal structure
or function. Recent studies have reported that prenatal exposure
to nicotine decreases kidney size and glomerular mass in offspring
[12,35,36]. These studies have demonstrated that prenatal nicotine
exposure alters expression of multiple genes involved in the renal
nervous system function. The renal nervous system involves in the
control of blood pressure by regulating renal blood flow, glomerular
filtration rate, and hormonal release. In addition, prenatal nicotine
exposure also significantly enhances Angiotensin II Receptor Type 1
(AT R) gene expression and the ratio of AT R/AT R gene expression
in the kidney [35,36], which mediates most of the presser effects of
the renin-angiotensin system, a key regulator of blood pressure. Thus,
the nicotine-induced morphological and molecular changes in the
kidneys likely contribute to fetal programming of hypertension.

In addition to alterations in kidney function, previous studies
have demonstrated changes in vascular function in response
to fetal nicotine exposure [24,25,32,37-41]. Impaired vascular
function includes changes in arterial stiffness and the ability of the
vasculature to respond properly to vaso-stimuli, or factors that can
dilate or constrict the blood vessel. Studies in a maternal nicotine-
treated monkey model have demonstrated that total wall and tunica
adventitia thickness of pulmonary vessels in fetal monkeys increase
significantly in response to nicotine treatment [40]. Furthermore,
nicotine exposure significantly enhances collagen I and III gene
expression but decreases the levels of elastin protein in tunica
adventitia in the vessels of fetal monkeys. These observations suggest
that nicotine may directly interacts with nicotine acetylcholine
receptors in pulmonary vessels to alter connective tissue expression
and therefore cause vascular structural alterations, which results in
increased the risk of persistent pulmonary hypertension. Results from
Gao et al reports [32,38] suggest that perinatal nicotine exposure in
rats causes elevated blood pressure postnatally because of changes in
perivascular adipose tissue surrounding arterial walls. These studies
have shown that perinatal nicotine exposure-induced elevated blood
pressure in offspring is associated with changes the composition
and amount of perivascular adipose tissue and the ability of the
perivascular adipose tissue to regulate the contractile response of
blood vessels. Investigator have shown that nicotine has toxic effects
on endothelium, and thus nicotine may play a key role in impaired
nitric oxide syntheses dependent arteriolar dilatation observed in
users of tobacco [42]. Recent studies from our laboratory [24,43] have
demonstrated that acetylcholine-induced relaxations are significantly
decreased in nicotine exposed offspring, suggesting a reduction of
Nitric Oxide (NO)-mediated signaling in response to fetal nicotine
exposure. We further demonstrated that the perinatal nicotine
treatment does not alter endothelium NO Synthase (eNOS) protein
expression in arteries of offspring, suggesting that NO bioavailability
but not NO synthesis is altered by the nicotine exposure [24]. Indeed,
it has been demonstrated that cigarette smoking causes dysfunctional
eNOS due to the reduced bioactivity of tetra hydrobiopterin [44,45],
which leads to uncoupling of eNOS and an increased production of
superoxide. The excess superoxide reacts with NO and disrupts its
physiological signaling by generating peroxynitrite (ONOO") [46,47].
Results from our recent studies have shown that perinatal nicotine
exposure enhances Reactive Oxygen Species (ROS)-related protein
expressions and ROS production in vasculatures in adult offspring
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[43]. The result that treatment with ROS inhibitors restores perinatal
nicotine-enhanced NO-dependent relaxation in nicotine-treated
offspring provides direct evidence that increased ROS contributes
to the scavenging of NO and the reduction of relaxation induced by
acetylcholine. It further suggests that programming of ROS-related
enzymes or proteins and heightened ROS may be one of the key
mechanisms leading to impair NO-dependent relaxation and an
increased risk of hypertension in response to fetal nicotine exposure.

In addition to changes in endothelium-dependent vasodilation,
previous studies suggests that vascular smooth muscle function and
vascular contractile response to agonists are also programmed in
response to perinatal nicotine exposure [24,25,37,40,41,43]. Previous
studies have provided direct evidence to show abundant expression of
nicotinic Acetylcholine Receptors (nAChR) in blood vessels and have
also reported that prenatal nicotine exposure strikingly up regulated
nAChR expression in vessels [48,49], which suggest that nicotine may
directly interact with nAChR in vasculature and regulate vascular
reactivity. Interestingly, results from previous studies have shown
an increase in KCl-induced vaso-contraction in male offspring of
nicotine-treated rat [24].
membrane depolarization and enhances Ca2+ influx through
L-type Ca2+ channels resulting in increased contractions of rat tail
arteries [50], it is speculated that perinatal nicotine exposure may
up-regulate L-type Ca2+ channels leading to increased KCl-induced
contraction. In addition to regulation of KCl-mediated contractions,
perinatal nicotine exposure also increases norepinephrine-induced
vaso-contractions in offspring [24]. However, the enhanced
norepinephrine-induced contractions in offspring of nicotine-treated
animals are primary due to the loss of the eNOS-mediated relaxation
component, than norepinephrine-induced
contractions per se, in adult vessels [24]. The perinatal nicotine
exposure-mediated exaggerated vascular response to Angiotensin
II (Ang II) stimulation is also seen in the similar animal model
[25,43]. The authors have reported that perinatal nicotine exposure
enhances Ang II-induced vascular contractions and elevates arterial
blood pressure associated with increased Angiotensin II Receptor
Type I (AT,R) but decreased Type 2 (AT,R) protein levels [25].
The authors also provide new evidence of an important role of fetal
programming of vascular oxidative stress in nicotine-mediated Ang
II-induced vascular contraction [43]. Remarkably, nicotine treatment
in pregnant rats throughout gestation results in augmented Ang II-
induced vasoconstriction, which can be abrogated by acute treatment
of the vessels with the NADPH oxidase inhibitor, apocynin, or
the superoxide dismutase mimetic, tempol. Furthermore, these
functional changes were associated with increased NOX2 protein
expression and ROS production in the vascular wall. These results
suggest that fetal epigenetic changes of ROS- and/or Ang IT-mediated
signaling following maternal nicotine exposure are, at least, one of the
important mechanisms in fetal programming of adult hypertension
and other vascular disease.

Given the fact that nicotine increases

rather increased

Fetal nicotine exposure increases the risk of cardiac
dysfunction

Epidemiological studies have shown that maternal cigarette
smoking significantly increases the risk for Sudden Infant Death
Syndrome (SIDS) associated with abnormal cardiac conduction and
malignant arrhythmia [51-54]. Nicotine has been proposed to be the

link between maternal smoking and SIDS [3-5,55]. Previous reports
indicate that fetal nicotine exposure exaggerates the responses and
changes the types of nicotine receptors involved in exciting premotor
cardiac vagal neurons [56]. Fetal nicotine exposure significantly
increases the endogenous activation of nicotine receptors response
for an inward current and augmentation of miniature Excitatory
Postsynaptic Current (mEPSC) frequency and amplitude in cardiac
vagal neurons. In addition, nicotine evokes both an exaggeration
and change in nicotine receptors responsible for the nicotine-evoked
responses that consist of an inward current and increases in mEPSC
frequency and amplitude. These alterations could contribute to the
pronounced bradycardia that occurs during apnea in SIDS victims.
Although an exaggeration of parasympathetic responses to hypoxia
may be involved in SIDS, increased parasympathetic activity with
nicotine receptor activation may be cardio protective in adults [56].

Results from previous studies in pregnant sheep have provided
direct evidence that exposure to maternal nicotine at near-term could
induce cardiac cycle irregularity, single dropped cardiac cycle and
multiple dropped cardiac cycles in the fetus in utero. Remarkably,
exposure to nicotine during pregnancy increases tachycardia and
ventricular arrhythmia in the adult offspring under the stress
stimulation [57]. Similarly, Slotkin et al have demonstrated that
prenatal nicotine exposure increases the risk of cardiac dysfunction
during postnatal hypoxia [4]. The authors reported that saline control
rat offspring responded to hypoxic stimulation with initial tachycardia
and a subsequent slow decline in heart rate; whereas prenatal
nicotine treated offspring show no tachycardia but a rapid decline
in heart rats [4]. During hypoxia, respiratory frequency and heart
rate transiently increase and subsequently decrease. These biphasic
cardio respiratory responses normally serve to prolong survival
during hypoxia by reducing the metabolic demands of cardiac and
respiratory muscle. However, exaggerated responses to hypoxia may
be life threatening and have been implicated in SIDS. Indeed, during
hypoxia, rats exposed to nicotine prenatally become apneic more
rapidly that unexposed animals [33]. In addition, previous studies
have established a likely neurochemical mechanism for the heart
rate response to hypoxia, provided a link between prenatal nicotine
exposure and an exaggerated bradycardia during hypoxia that may
contribute to SIDS [2].

Perinatal nicotine exposure also leads to stress-induced cardiac
defects and development of heart ischemia sensitive phenotype in
the offspring [22,58]. Our previous studies have demonstrated that
perinatal nicotine exposure alters cardiac function in adult offspring
and increases heart susceptibility to ischemia/reperfusion injury
in rats [22,58]. Our results shows that perinatal nicotine exposure
significantly attenuates Left Ventricle (LV) developed pressure, heart
rate, and coronary flow rate in female but not male hearts at baseline.
However, nicotine increases LV infarct size and attenuates post
ischemic recover of LV function in both male and female offspring.
Furthermore, the changes in cardiac function are associated with a
significant decrease in protein levels of Protein Kinase (PK) Ce in the
hearts [22,58]. Given the facts that PKCe plays a pivotal role of cardio
protection in heart ischemia and reperfusion [59-61], the results
suggest that perinatal nicotine exposure-induced fetal programming
of the PKCe gene expression pattern in the developing heart may be
the key molecular link between perinatal nicotine exposure and the
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increased heart susceptibility to ischemia/reperfusion injury in adult
offspring.

Epigenetic mechanisms underlying nicotine-induced fetal
programming of adult cardiovascular dysfunction

The molecular mechanisms underlying nicotine-induced fetal
programming of long-term cardiovascular dysfunction are not fully
understood. Growing evidence from animal experimental studies and
the observation in humans suggests a key role of epigenetic regulation
of specific gene expression patterns in the fetal programming of adult
disease [62,63]. Epigenetic regulation refers to the heritable changes in
gene expression without alteration of the DNA sequence [64]. Unlike
genetic regulation, which is extremely stable, epigenetic regulation
is sensitive to environmental stimuli, resulting in modified gene
expression patterns and phenotypes later in life. The major epigenetic
mechanisms in regulation of gene expression are including DNA
methylation, Histone modification, and some non-coding RNAs
which can target mRNA to interfere with transcription or translation
[65-67]. Maternal smoking/nicotine use during pregnancy-induced
fetal programming of adult cardiovascular disease has been found to
be associated with alteration of DNA methylation or miRNA profile
in offspring [58,68-70]. It has been shown that maternal cigarette
smoking alters global and gene-specific DNA methylation in offspring
[71]. It is known that prenatal exposure to nicotine is associated with
the increased risk of hypertension and cardiac disease. Recent studies
showed that epigenetic mechanisms, at least, mediate some of the
consequences of fetal nicotine exposure through methylation of DNA
in genes important for cardiovascular development and function
[58,70]. In recent studies, Xiao et al. [25,70] investigated in the rat
model, whether perinatal exposure to nicotine can alter vascular
function and its-related gene expression. The results showed that
perinatal nicotine exposure enhances vascular contractile and blood
pressure response to Angiotensin II stimulation associated with an
increased AT R but decreased AT,R gene expression. Furthermore,
the increased AT R gene expression is associated with a decreased
DNA methylation at specific CpG units of the proximal promoter of
this gene. Xiao et al has identified several CpG islands located in the
transcription factor binding sites in rat AT, R promoter. Of these CpG
sites, nicotine selectively decreased the methylation levels at -484 and
-96 CpG locus, suggesting that hypomethylation of the selective CpG
locus may be an important epigenetic mechanism in up-regulation of
AT Rgene expression of vasculatures in response to perinatal nicotine
exposure. Since the nicotine-altered CpG sites have been identified
respectively as ERa,p and Spl transcription factor binding sites in
rat AT, R promoter, it speculates that nicotine-mediated decrease
in sequence-specific CpG methylation at ERa, or Spl binding site
may be a novel mechanism of increasing those transcription factors
binding affinity to AT, R promoter and enhancing AT, R promoter
activity and gene expression. In contrast to the hypomethylation at
specific CpGislands in AT, R promoter, nicotine treatment selectively
increased the methylation levels at -444 and +11 CpG locus in AT,R
promoter in vasculatures, which suggests that the effect of perinatal
nicotine exposure on DNA methylation is gene-specific. In a similar
animal model, previous studies have demonstrated that perinatal
nicotine exposure decreases DNA methylation at AT,R promoter
and AT R protein repression of neonatal brain in male offspring but
not in female offspring, which, in turn, lead to modifications in both

development and plasticity of the brain exposed in utero to nicotine
[35,72,73]. Studies in spontaneously hypertensive rats have shown
that prenatal nicotine exposure decreases kidney glomerular mass and
increases blood pressure associated with increased renal expression
of the AT R gene in offspring. However, the programmed AT R
gene is not mediated through changes in DNA methylation of the
proximal promoter of this gene [12,36]. These observations suggest
that the DNA methylation is one of the key epigenetic mechanisms
underlying nicotine-mediated programming of gene expression, but
it may be gene-specific and tissue-, specie-, and gender-dependent.

Previous studies in rat model have demonstrated that perinatal
nicotine exposure causes protein kinase C epsilon (PKC) gene
repression in the developing heart via an increase in methylation
of the Egr-1 binding site at the PKC_ promoter, linking fetal
nicotine exposure to development of heart ischemia-sensitive
phenotype in adulthood [22,58]. Lawrence et al [58] reported that
nicotine stimulates the release of sympathetic neurotransmitter
norepinephrine in the fetal heart, resulting in inhibition of PKC_gene
expression through DNA methylation mechanism. Interestingly,
maternal hypoxia also increases sympathetic activity [74] and recent
studies have shown that maternal hypoxia causes an increase in
methylation at the Egr-1 binding sites of PKCe promoter in the fetal
heart [75]. It can be speculated that the increased Egr-1 methylation at
the PKC_promoter in fetal hearts is due to an increase in sympathetic
neurotransmitter norepinephrine release in the heart in response
to hypoxic stress. Although these studies demonstrate the different
patterns of promoter methylation between maternal hypoxia and
nicotine exposure, they provide a possible common mechanism
of norepinephrine-mediated increase in methylation of the Egr-
1 binding site at the PKC_ promoter in the developing heart. Such
mechanism could, in turn, lead to development of heart ischemia-
sensitive phenotype in late life.

Asone ofthe pivotal epigenetic mechanisms, miRNAs are sensitive
to various perinatal stressful insults, resulting in aberrant regulation
of target gene expression in developing fetus and contributing to the
development of cardiovascular disease in offspring [76]. The role
of miRNA signaling in maternal smoking and nicotine-mediated
path-physiological function has been reported in human and animal
models [69,77,78]. Maternal smoking during pregnancy significantly
down-regulates miRNA-16, miRNA-21 and miRNA-146a in the
placenta [69]. Taki et al has demonstrated that chronic nicotine
exposure systemically alters miRNA expression profiles during post-
embryonic stages and proposed a model where nicotine addiction
is mediated by miRNAs’ regulation of fos-1 and is maintained by
epigenetic factors. However, up-to now, to our knowledge there is lack
of direct evidence whether miRNAs link maternal smoking/nicotine
exposure during pregnancy to development of cardiovascular disease
in offspring.

Conclusion

Fetal nicotine exposure, either from maternal cigarette smoking
or nicotine use during pregnancy, not only cause fetus growth
restriction, but also increase the risk of cardiovascular disease and
cause adverse health consequence in later life. A fully understanding
of the epigenetic mechanisms underlying fetal nicotine exposure-
induced cardiovascular dysfunction in adulthood could help
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professional to identify early epigenetic biomarker and provide new
leads in the development of preventive diagnosis and therapeutic

strategies of fetal programming of cardiovascular disease.
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