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ABSTRACT
Numerous studies have repeatedly shown that women who smoke experience problems establishing and maintaining pregnancies, and
recent work has further demonstrated that the in utero effects of smoke may not be manifested until months or even years after birth. The
purpose of this review is to examine the recent literature dealing with the effects of cigarette smoke on the earliest stages of human prenatal
development. Studies in this area have included the use of animal models, patients undergoing in vitro fertilization, and embryonic stem cell
models. Events leading to fertilization, such as cumulus expansion, hyperactivation of sperm motility, and oocyte pick-up by the oviduct are
all impaired by smoke exposure in animal models. Steps crucial to fertilization such as the acrosome reaction and sperm binding to the zona
pellucida are likewise inhibited by cigarette smoke. Preimplantation embryos and stem cells that model embryos show a number of adverse
responses to smoke exposure, including poor adhesion to extracellular matrices, diminished survival and proliferation, and increased
apoptosis. The current literature demonstrates that the earliest stages of prenatal development are sensitive to smoke exposure and indicates
that pregnant women should be advised not to smoke during this time.
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INTRODUCTION

Two general classes of cigarette smoke exist. Mainstream
smoke (MS) is the puff of smoke inhaled by active smokers,
while sidestream (SS) smoke burns off the end of cigarettes
and is inhaled by passive smokers. SS smoke, which is the
major component of environmental tobacco smoke, is also
referred to as secondhand smoke (EPA, 2005; USDHHS, 2006).
Cigarette smoke is a complex colloidal mixture containing
well over 4,000 chemicals (EPA, 1992). Nicotine is probably
the most thoroughly studied bioreactive chemical in cigarette
smoke (Benowitz, 2008), but other chemicals that are known
toxicants and carcinogens have likewise been studied
(Hoffmann, Djordjevic & Hoffmann, 1997; Jenkins, Guerin
& Tomkins, 2000). These include, for example, tar, heavy
metals such as cadmium and lead, polycyclic hydrocarbons
(PAHs), phenol, benzene, carbon monoxide, nitrosamines,
and hydrogen cyanide. In addition, other chemicals that have
not traditionally been recognized as toxic, such as pyridines,
pyrazines, and phenols, have recently been shown in various
biological assays to produce adverse effects at relatively low
doses (Ji et al., 2002; Melkonian et al., 2003; Talbot & Riveles,
2005). Given the complexity of the mixture of chemicals in
burning tobacco, it is not surprising that most chemicals in
smoke have not been studied thoroughly and the interaction of
these chemicals is not well understood.
A number of epidemiological studies have shown that
smoke exposure affects reproductive processes and that
inhalation of either MS or SS smoke during pregnancy can
cause adverse outcomes (Castles et al., 1999; DiFranza, Aligne
& Weitzman, 2004; Hegaard et al., 2006; Kharrazi et al., 2004;

Rogers, 2008; Stillman, Rosenberg & Sachs, 1986). For example,
the birth weight of fetuses born to mothers who smoke during
pregnancy has repeatedly been shown to be lower than that of
fetuses from non-smoking mothers (Rogers, 2008; Windham
et al., 2000). Moreover, this relationship holds for in utero
exposure to SS smoke, although the decrease in weight is not
as great as for MS exposure (Goel et al., 2004; Windham et
al., 2000). Other disturbing consequences of smoke exposure
during pregnancy include increased incidences of ectopic
implantation, stillbirth, structural malformations, and placental
malfunction (Rogers, 2008; Saraiya et al., 1998; Shiverick &
Salafia, 1999). Additionally, offspring with normal appearance
who have been exposed to smoke in utero may be victims after
birth of sudden infant death syndrome, obesity, and decreased
cognitive and respiratory development (Dwyer, Broide &
Leslie, 2008; Maritz, 2008; Rogers, 2008).
In spite of numerous epidemiological and animal studies
done previously on smoking during pregnancy, we know
relativity little about how smoke affects the earliest stages
of prenatal development. The purpose of this review is to
consolidate recent information addressing the effects of
cigarette smoke exposure on events beginning with ovulation
of the oocyte and extending through blastocyst formation. We
will include recent data obtained using embryonic stem cells as
models for early stages of development.
OVULATION THROUGH FERTILIZATION

Background: Ovulation and fertilization are complex processes
requiring multiple steps that culminate in evacuation
of the oocyte cumulus complex from the mature follicle
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and subsequent fusion of a sperm and oocyte (Richards,
2005; Talbot & Riveles, 2005; Talbot, Shur & Myles, 2003;
Yanagimachi, 1984). Both ovulation and fertilization present
a variety of potential targets for cigarette smoke. These
targets include expansion of the oocyte cumulus complex,
formation of a follicular rupture site, escape of the oocyte
from the follicle, transport of the gametes to the ampulla of
the oviduct where fertilization occurs, sperm penetration
through the cumulus, sperm binding to the zona pellucida and
induction of the acrosome reaction, sperm penetration of the
zona pellucida, and gamete membrane fusion (Figure 1). The
effects of cigarette smoke on some of these processes and the
cells associated with them have been examined experimentally
in animal systems, and additional insight has been gained
through studies done at in vitro fertilization (IVF) clinics
working with human gametes.
Cumulus expansion and ovulation: Following the Luteinizing
Hormone (LH) surge, cumulus cells surrounding the maturing
oocyte secrete a massive extracellular matrix that is rich
in hyaluronic acid stabilized by cross-linked molecules of
inter-α-trypsin inhibitor (Chen et al., 1996). As the matrix
hydrates, it causes the cumulus cells to move apart from each
other, creating a large oocyte cumulus complex (OCC) that
is ultimately ovulated from the mature follicle. This process,
called cumulus expansion, facilitates the escape of the oocyte
from the antrum of the follicle during ovulation (Talbot, 1983).
The secreted matrix enables the OCC to stick to the surface
of the infundibulum of the oviduct and then migrate into the
ampulla, where fertilization occurs (Lam et al., 2000; Talbot,
Gieske & Knoll, 1999). Expansion also separates cumulus cells
from each other clearing a pathway of low resistance through
which sperm can penetrate and reach the zona pellucida (Talbot

et al., 1985). The importance of the cumulus matrix cannot be
overstated. Mice that are deficient in the matrix stabilizing
proteins, inter-α-trypsin inhibitor and tumor necrosis factorinduced protein-6, do not assemble functional matrices and
are infertile (Fulop et al., 2003; Zhuo et al., 2001). Various
studies have shown that the cumulus matrix is sensitive to
the chemicals in cigarette smoke. Porcine oocyte cumulus
complexes failed to expand properly when exposed in vitro
to cadmium, anabasine, and nicotine (chemicals found in
cigarette smoke), and additionally, nicotine and cadmium
inhibited synthesis and assembly of hyaluronic acid, the major
component of the cumulus matrix (Mlynarcikova et al., 2004;
Vrsanska et al., 2003). In smokers, diminished functionality
of the cumulus cells could be due to DNA damage which in
patients undergoing IVF increases significantly in human
cumulus cells from smokers vs. non-smokers (Sinko et al., 2005).
A defect in cumulus expansion could make evacuation
of the antrum difficult and prevent some oocytes from
escaping the follicle during ovulation (Talbot, 1983). Indeed,
evidence from animal experiments indicates that the number
of ovulating follicles decreases when exposed to smoke or
smoke constituents. For example, hamsters that inhaled MS
smoke for 30 days prior to and for the first 7 days during
pregnancy showed a dose dependent decrease in the number
of corpora lutea, indicating that ovulation was inhibited
(Magers et al., 1995). Moreover, benzo(a)pyrene, a chemical
in cigarette smoke, decreased the number of corpora lutea
in pregnant mice (Swartz & Mattison, 1985). In human IVF
clinics, oocytes are normally aspirated, not ovulated from
follicles. Nevertheless, in one study involving IVF patients,
various parameters associated with ovulation were found
to be adversely affected in smokers when compared to non-

Figure 1: Schematic diagram showing the early developmental events that are affected by cigarette smoke.
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smoking controls (Van Voorhis et al., 1992). Defects in cumulus
expansion coupled with difficulty in achieving ovulation could
be factors contributing to the reported decrease in fertility
among smokers (USDHHS, 2001).
OCC Transport into the Oviduct: OCC complexes, once
released from the tertiary follicle, are picked up by the oviduct
and rapidly transported into the ampulla by beating cilia on
the outer surface of the infundibulum of the oviduct (Talbot
& Riveles, 2005). OCC pick-up requires adhesion between
the tips of the cilia and the cumulus matrix, and factors that
increase or decrease adhesion inhibit the rate of pick-up (Lam
et al., 2000; Mahi-Brown & Yanagimachi, 1983; Norwood &
Anderson, 1980). Inhalation of either MS or SS smoke prior to
and during pregnancy increased the number of blebs on the
oviductal epithelium of hamsters indicating smoke targets
these cells (Magers et al., 1995). Both MS and SS smoke
solutions inhibited ciliary beat frequency and oocyte pick-up
rate in experiments using hamsters oviductal explants (Knoll
& Talbot, 1998). Fractionation and screening of smoke solutions
using solid phase cartridges lead to the identification of about
30-40 chemicals that were inhibitory in the beat frequency
and oocyte pick-up assays (Riveles et al., 2003; Riveles et al.,
2004; Riveles, Roza & Talbot, 2005). These chemicals were
mainly pyridines, pyrazines, and phenols, and some were
inhibitory at very low doses. Failure of the OCC to be picked
up at the normal rate could lead to ectopic implantation, which
increases significantly in smokers, or failure of fertilization.
Pick-up rate was subsequently shown to be slowed in smoke
treated groups because the components in smoke increased
the adhesion between the cilia on the oviduct and the matrix
between cumulus cells (Gieseke & Talbot, 2005). The oviduct
was further shown to be more seriously affected by smoke
treatment than the OCC.
Fertilization: With the widespread use of in vitro fertilization
(IVF) to treat infertility, the opportunities to collect data on
reproductive processes surrounding fertilization are vast.
Not surprisingly, numerous studies have been done in which
various reproductive parameters including fertilization rate
have been compared in smokers and non-smokers undergoing
fertility treatment. Many of these studies have been recently
examined in a meta-analysis (Waylen et al., 2009) and in
several reviews (Cooper & Moley, 2008; Soares & Melo,
2008). While there is no consensus among these studies,
some interesting trends are emerging. Soares and Melo (2008)
concluded in their review that fertilization rate decreased in
smokers, while Waylen et al (2009) concluded that fertilization
rate was not different in most studies included in their metaanalysis. Since patients in IVF clinics are undergoing treatment
for infertility, the non-smoking controls in these studies may
not be robust enough to detect differences that would exist in
the population at large or in a fertile population. In any case,
very few IVF studies directly access the detailed events of
fertilization, such as sperm penetration of the cumulus matrix,
sperm binding to the zona pellucida, induction of the acrosome
reaction, penetration of the zona, gamete membrane fusion,
and establishment of blocks to polyspermy in the context
of smoke exposure, and such studies would be difficult to
perform in humans in vitro or in vivo.
Animal studies, which use controlled experimental
conditions and eliminate confounding variables present in
IVF work, have been done on some aspects of fertilization
and provide insight into the effect of smoke on events leading
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to and including fertilization. Inhalation of cigarette smoke
by rats for 10 weeks prior to performing in vitro fertilization
decreased fertilization rates (Yamamoto et al., 1998). Although
the specific cause of the problem was not determined in this
study, fertilization was done in vitro suggesting that smoke
exposure interfered with processes involved in fertilization
and not factors involving the female reproductive tract
(Yamamoto et al., 1998). Since nicotine and smoke exposure
alter the properties of the cumulus matrix (Gieseke & Talbot,
2005; Vrsanska et al., 2003), it is possible that sperm penetration
through the cumulus is affected by smoking. Exposure of
Rhesus monkey sperm to environmental tobacco smoke
decreased their motility and ability to undergo hyperactivation
when exposed to dbcAMP or caffeine (Hung et al., 2007).
This could be due to damaged mitochondria in sperm treated
with environmental tobacco smoke (Hung et al., 2007). In an
interesting trial using patients undergoing in vitro fertilization,
sperm from heavy smokers produced more female than male
embryos, and this correlated with better performance of X
bearing sperm in the swim-up test, again suggesting that
smoking affects sperm motility, which in turn affects sex ratio
(Viloria et al., 2005).
Although acrosin levels in sperm from smokers and
controls are not different, the inducibility of the human sperm
acrosome reaction by ionophore A23187 is significantly lower
in sperm from smokers than from fertile controls (El Mulla et
al., 1995), which could impair sperm penetration through the
zona and subsequent gamete membrane fusion. The difficulty
in inducing acrosome reactions in smoker’s sperm could be
related to the level of calcium inside sperm. Calcium, which is
required for induction of the acrosome reaction (Talbot et al.,
2003), is reduced in boar sperm treated with the extractablerespirable particulates of environmental tobacco smoke
(Zhou et al., 2000). Primate sperm treated with environmental
tobacco smoke did not bind as well as untreated sperm to the
zona pellucida (Hung et al., 2007). At the higher dose tested,
a higher percentage of bound sperm was acrosome reacted,
which could be due to induction of “false” acrosome reactions
by toxic levels of smoke treated medium. The zona pellucida
in both active and passive human smokers is significantly
thicker than in non-smokers (Shiloh et al., 2004). Although not
yet directly investigated, this increase in zona thickness could
retard sperm penetration and decrease fertilization rate.
PREIMPLANTATION DEVELOPMENT

Animal studies on embryo movement though the oviduct:
Movement of preimplantation embryos through the oviduct
occurs in a precisely timed manner. Anything that alters
the rate of transport can present complications to the
establishment of a normal pregnancy. Moving too quickly
could result in expulsion of the embryo from the female tract
prior to implantation, while retarded movement may result
in implantation in an ectopic site. Animal studies have shown
that inhalation of either MS or SS smoke retards movement
of hamster preimplantation embryos through the oviduct
(DiCarlantonio & Talbot, 1999). The doses that were effective
in this study are similar to those found in human smokers
based on measured values of cotinine in the serum of exposed
hamsters. Moreover, the reduction in transport rate of the
preimplantation embryos was correlated with decreased rates
of contraction of the oviduct smooth muscle, suggesting that
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smoke exposure reduces muscle contractions thereby slowing
transport rate. Nicotine alters the contractility of primate
oviducts and may be one of the active factors in smoke that
affects oviductal contractility (Neri & Marcus, 1972). The well
documented increase in ectopic pregnancy occurring in women
who smoke during pregnancy could be related to a decrease
in embryo transport rate through the oviduct (Handler et al.,
1989; Saraiya et al., 1998).
Studies Using Embryonic Stem Cells (ESC): Embryos and
fetuses are generally more sensitive to environmental toxicants
than adults. In 2007, toxicologists released the Faroes Statement
emphasizing the importance of studying prenatal development
when evaluating environmental toxicants and drugs due to the
likelihood that these stages will be the most sensitive of the
entire life cycle (Grandjean et al., 2007). However, relatively
little is known about the direct effects of environmental
toxicants on early human pre-implantation embryos due to
the ethical limitations of using human embryos for testing.
Most prenatal toxicological studies have been done with
animal models such as mice and rats, which have served
us well, but which may not respond similarly to humans.
Recently, toxicologists have turned to embryonic stem cells
(ESC) as models for prenatal development. Pluripotent ESC,
which are derived from the inner cell mass of blastocysts
(Martin, 1981; Thomson et al., 1998), self-renew indefinitely,
and have the ability to produce daughter cells that can
differentiate into all the cells of an embryo. Thus embryonic
stem cells themselves model the very young embryo, while
embryonic stem cells, which differentiate, model later stages
of prenatal development. The most thoroughly developed
model based on embryonic stem cells and the only one that
has been validated is the “embryonic stem cell test” developed
in Europe (Chapin et al., 2008; Croxatto & Villalón, 1994;
Dávila et al., 2004). While originally based on differentiation
of contracting cardiomyocytes, this assay has undergone
continual improvements to include molecular endpoints
(Seiler et al., 2004; zur Nieden, Kempka & Ahr, 2004) and also
to reduce the time required to perform the assay (Buesen et
al., 2009). However, the “embryonic stem cell test” has not yet
been adapted to hESC, and species variations in response to
toxicants and the accuracy of its predictivity are of concern and
can result in incorrect classification of substances.
Undifferentiated embryonic stem cells per se have
recently been used by several labs to model early embryonic
development in studies involving cigarette smoke or nicotine.
In a study using mESC, nicotine doses that bracketed those
in human smokers were found using quantitative RT-PCR to
increase expression of Oct-4 and Rex-1, two genes associated
with pluripotency (Zhang et al., 2005). This effect could be
prevented by tubocurarine, a nicotinic acetylcholine receptor
antagonist. In a more recent study involving hESC, nicotine,
again at doses that would be found in the reproductive tract
of women who smoke during pregnancy, affected various
endpoints (Zdravkovic et al., 2008). Nicotine inhibited
adhesion of human ESC to extracellular matrix (Matrigel),
an effect that was also blocked by tubocurarine. Moreover,
nicotine treatment may have blocked attachment of suspended
cells by interfering with integrin α5/β1, which was reduced
in suspended cells treated with nicotine. Treated cells also
had numerous small cytoplasmic vacuoles that disappeared
when nicotine was washed out. A higher percentage of both
attached and unattached hESC underwent apoptosis when

treated with nicotine than when incubated in control medium,
and this effect was reversed by tubocurarine in the unattached
population. Induction of apoptosis by nicotine had been
observed previously in post-implantation mouse embryos
that were cultured and exposed to nicotine in vitro (Zhao &
Reece, 2005). In addition to nicotine, a PAH in cigarette smoke
(7,12-dimethylben anthracene or DMBA) produces apoptosis
in pre-implantation mouse embryos (Detmar et al., 2006),
indicating that multiple chemicals in the complex milieu of
cigarette smoke may be inducers of apoptosis in the early
phase of development. The effect of nicotine on expression of
pluripotency markers is not yet clear. In contrast to the study
using mESC (Zhang et al., 2005), hESC pluripotency markers
appeared to decrease when cells were exposed to nicotine
(Zdravkovic et al., 2008). The reason for this discrepancy is
not known, but could be due to species differences (mESC vs.
hESC) or culture conditions (mESC experiments were done
on feeder layers while those with hESC were done directly
on Matrigel). Overall, nicotine affects a number of processes
in hESC, and the reversibility of some of these effects by
tubocurarine suggests that hESC have a receptor for nicotine.
In addition to nicotine, smoke solutions from various
commercial cigarettes have been tested for their effects on
mESC attachment to gelatin, proliferation, survival, and
apoptosis (Lin, Tran & Talbot, 2009). In this study, the toxicity
of MS and SS smoke from traditional and harm reduction
cigarettes was compared. Attachment and proliferation of
ESC were inhibited dose dependently by treatment with MS
or SS smoke solutions. On a puff for puff basis, SS smoke was
more inhibitory in these assays than MS smoke. However,
removing the filter from MS smoke increased its inhibitory
effects significantly. Unexpectedly, in most assays, SS smoke
from harm reduction brands (Marlboro Lights, Advanced
Lights, and Quest) was more potent than SS smoke from the
traditional brand (Marlboro Red), indicating the need for
further evaluation of smoke from harm reduction products.
Detection of activated caspases confirmed that smoke from all
cigarette brands induced apoptosis in ESC populations. The
results of the ESC assays were verified with actual mouse preimplantation embryos. Activated caspase 3 and 7 were detected
in blastomeres of young mouse embryos after smoke treatment
for 1 hour, demonstrating apoptotic activity within the inner
cell mass.
Survival, attachment, proliferation, and apoptosis
are important processes necessary for normal prenatal
development. In the above studies with stem cells, attachment
to a protein substrate (gelatin or Matrigel) was inhibited
by whole smoke solutions (mESC) or by nicotine (hESC).
Failure of cells to attach to extracellular matrices during early
embryonic development could compromise subsequent steps
in development, such as germ layer formation. Survival and
proliferation of inner cell mass cells are likewise critical for
proper embryo and fetal growth. In the mouse and human
ESC models, treatment with nicotine (human) or smoke
solution (mouse) increased the number of apoptotic cells in
culture. While apoptosis occurs normally during prenatal
development, too much apoptosis can impair development,
leading to congenital defects (Zhao & Reece, 2005) or embryo
death (Detmar et al., 2006). Having a lower number of viable
cells in the inner cell mass could also ultimately lead to lower
fetal birth weights, as are seen in pregnant women who smoke
(Hegaard et al., 2006; Windham et al., 2000). The idea that
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smoking impairs fetal growth by acting at the preimplantation
stage of development is further supported by an in vivo study
in which inhalation of mainstream and sidestream smoke by
mice, at levels simulating human exposure, during days 1-5 of
pregnancy, was sufficient to significantly decrease birth weight
(Esposito et al., 2008). Interestingly, smoke exposure during
days 6-18 of pregnancy did not affect birth weight, further
emphasizing the sensitivity of the preimplantation embryo
to smoke. Taken together, current data support the idea that
young embryos are adversely affected by exposure to cigarette
smoke and that during pregnancy women should avoid smoke
exposure.
CONCLUSIONS

Although relatively few studies have addressed the specific
effects of smoke on the earliest stages of human reproduction,
there is sufficient information in the literature to conclude
that smoking adversely affects cumulus expansion, gamete
transport, fertilization, and in pre-implantation development
(Figure 1). These effects could hinder the establishment of
pregnancies, e.g. due to decreasing fertilization rates and could
also impair growth and development of embryos during and
after implantation, e.g. by diminishing the number of cells
contributing to the embryo. The use of hESC as models of preand post implantation development should help further clarify
the precise effects of smoke exposure on prenatal development
in humans and have the further bonus of minimizing animal
usage and eliminating concern about inter-species differences.
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