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1. Introduction
Both genetic and environmental factors affect an individual’s risk for chronic obstructive
lung disease [1]. Air pollution continues to be a major public health concern in
industrialized cities throughout the world. Recent population and epidemiological studies
that have associated ozone and particulate exposures with morbidity and mortality
outcomes underscore the important detrimental effects of these pollutants on the lung. Interindividual variation in human responses to air pollutants suggests that some
subpopulations are at increased risk to the detrimental effects of pollutant exposure, and it
has become clear that genetic background is an important susceptibility factor.
Environmental exposures to inhaled pollutants and genetic factors associated with disease
risk likely interact in a complex fashion that varies from one population to another [2].
Investigations have suggested an influence of age on genetic susceptibility to lung cancer
and other diseases, which indicate that an interaction between age and genetic background
may be important in air pollution disease pathogenesis [3]. Tobacco smoke is an important
contributor to the factors in the environment that impact on the health of individuals,
including the fetus in the womb.
Although cigarette smoking during pregnancy is associated with adverse fetal, obstetrical,
and developmental outcomes, 15–20% of all women smoke throughout the duration of
pregnancy [4, 5], despite intentions to refrain from smoking during that period [6].
Approximately 75% of pregnant smokers report the desire to quit smoking [7], but only 20–
30% successfully abstains from smoking during pregnancy and half of these women relapse
within 6 months of parturition [8]. In some countries nicotine replacement therapy is used as
a strategy to assist smokers, including pregnant mothers, to quit the habit. However, several
studies showed that maternal intake of nicotine have deleterious effects on the offspring.

2. Fetal onset of adult disease
In 1990 Barker [9] noted that “The womb may be more important than the home”. Up to
recently the old model of adult degenerative diseases, such as emphysema, was based on
the model that link the interaction between genes and an adverse environment in adult life.
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The new model that is currently being developed, based on environment-gene interaction,
will include programming by the environment during fetal and neonatal life. There are
critical periods during which the developing organs are very plastic such as when rapid cell
proliferation occurs during growth, during which it is most sensitive to environmental
stressors [10]. This is because during normal development precisely timed regulation of
gene transcription is essential. Only genes that are: 1) specific to a particular cell type, such
as epithelial cells, and 2) to a specific developmental phase, are transcriptionally active
while others are silenced. The ability to modulate gene transcription results in plasticity
during lung development [11]. It is therefore conceivable that interference with this process
during a phase of high plasticity will result in various metabolic, structural and functional
disorders in the offspring, or reduce the capacity of the offspring to protect itself against
environmental insults [10]. The type of disorder is likely to be dependent not only on the
type of insult but also the timing of the insult.
Apart from the various obstetrical and developmental complications in the adult and
offspring, a wide variety of in utero insults, such as smoking and nicotine, are associated
with an increased incidence of metabolic disorders in the offspring and in subsequent
generations. Holloway et al [12] showed that fetal and neonatal exposure to nicotine results
in endocrine and metabolic changes in the offspring that are consistent with those observed
in type 2 diabetes and high blood pressure. Regular smoking increased the risk for asthma
among adolescents, especially for non-allergic adolescents and those exposed to maternal
smoking during the in utero period. It has also been shown that maternal and grand
maternal smoking during pregnancy may increase the risk of childhood asthma [13].
Smoking during pregnancy changes the in utero environment within which the fetus
develops and in this way induce changes to the program that control lung development,
maintenance and aging in the offspring in such a way that these changes are transferred to
the next generation. It is clear that certain conditions in the womb can lead to genetic or
epigenetic marks that can persist for many generations [14].
It has indeed been shown that maternal and grand-maternal smoking during pregnancy is
linked to an increased risk of childhood asthma which suggests that it is persistent heritable
effect [13]. Alterations to the epigenome [15] and transcriptome [16] are mechanisms
whereby prenatal exposure to smoke induce the development of diseases like asthma and
emphysema later in life (Fig.1).
Although tobacco smoke contains numerous chemicals, many of the deleterious effects of
smoking on the fetus and newborn arise are attributable to nicotine [17]. Nicotine replacement
therapy (NRT) has been developed as a pharmacotherapy for smoking cessation and is
considered to be a safer alternative for women to smoking during pregnancy. The safety of
NRT use during pregnancy has been evaluated in a limited number of short-term human
trials, but there is currently no information on the long-term effects of nicotine exposure of
humans during in utero life. However, animal studies suggest that nicotine alone may be a key
chemical responsible for many of the long-term effects associated with maternal cigarette
smoking on the offspring, such as impaired fertility, type 2 diabetes, obesity, hypertension,
neurobehavioral defects, and respiratory dysfunction [18]. It is therefore conceivable that
exposure to nicotine during fetal and early neonatal development may contribute to the
development of these diseases later in the life of the individual. This is conceivable since
nicotine does induce epigenetic changes as well as direct DNA damage [12].
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3. Nicotine uptake and metabolism during pregnancy
Nicotine is arguably the major physiologically active component of tobacco smoke and is
rapidly absorbed from the respiratory tract of smokers. The lung appears to serve as a
reservoir for nicotine, which slows its entry into the arterial circulation [19]. This implies
that the inhaled nicotine is gradually absorbed into the arterial circulation. It may require 30
– 60 seconds or longer for the nicotine to be absorbed. Once in the maternal circulation,
nicotine readily crosses the placenta and enters the fetal circulation [20]. Once it entered the
amniotic fluid it is absorbed via the skin of the fetus [21]. Nicotine enters breast milk, and
can reach concentrations that are approximately 2-3 times that in maternal plasma due to the
partitioning of nicotine into the high-lipid-containing [22], more acidic milk [23, 24].
Although nicotine readily crosses the placenta there, is no evidence that it is metabolized by
the placenta. It is therefore likely that the blood concentrations of nicotine reached in the
fetus are similar to those in the mother; however, there is no direct evidence supporting the
notion. Peak nicotine levels in the pregnant mother’s blood occur 15-30 minutes after it is
administered [25]. Most of the nicotine that enters the fetus returns to the maternal
circulation for elimination, although some enters the amniotic fluid via the fetal urine.
Consequently nicotine and cotinine accumulate in the amniotic fluid of the pregnant smoker
because the nicotine eliminated by the fetus is added to the nicotine coming from the blood
vessels of the amniochorionic membrane [24]. The fetus is therefore likely to be exposed to
nicotine even after concentrations in maternal blood have decreased. This means that the
fetus is exposed to nicotine during phases of development that are characterized by high
plasticity.
The clearance of nicotine and cotinine, the major product of nicotine metabolism, is
increased in pregnant women [26]. This can be ascribed to an increase in liver blood flow
and an increased enzymatic breakdown of nicotine and cotinine in the mother. Since the
enzymatic protection mechanisms of the fetus are not well developed [27, 28], the
metabolism of nicotine in the fetal liver is slow and a longer half-life of nicotine in the fetus
can be expected. This is confirmed by the higher concentrations of nicotine in fetal tissue
compared to maternal blood levels [29]. Consequently the cells of the developing lung and
other organs are exposed to higher concentrations of nicotine for longer periods of time and
thus to the adverse effects of nicotine on cell integrity. This is important as nicotine is
genotoxic [30] and induces the release of oxidants [31]. Since rapidly dividing cells are more
vulnerable to the effects of foreign substances such as nicotine [32], it is conceivable that
nicotine exposure during gestation and early postnatal life via maternal milk may interfere
with growth and development. This can be achieved in two ways: by having a direct effect
on cells and/or by reducing the nutrient supply to the fetus during gestation and lactation.
It has been shown that long-term nicotine exposure results in a predisposition for genetic
instability [22, 33, 34]. This may result in changes in the genetic “program” that controls
lung development, maintenance of lung structure and aging of lung tissue, which may
render the lungs more prone to disease. Since nicotine is associated with DNA methylation
[35], it is possible that it may change the program that is maintaining homeostasis in the
developing lung in the long term and in this way contribute to the adult onset of diseases. In
addition, a product of nicotine metabolism is nitrosamine 4-(methylnitrosamino)-1-(3pyridyl)-1-butanone (NNK) which induces DNA damage which is associated with an
increase in mutational events [36]. It is therefore possible that nicotine affects cell growth
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and proliferation as well as cell aging and death directly or via its metabolic end products. It
may also act via other pathways such as oxidants.

4. Nicotine and oxidant/antioxidant status
It has been shown that maternal smoking is associated with increased levels of oxidative
stress markers in the mother and offspring [37, 38]. There is also convincing in vivo and in
vitro evidence suggesting that exposure to nicotine results in oxidative stress in fetal,
neonatal and adult tissues [38, 39]. Reactive oxygen species (ROS) target mitochondria, and
mitochondrial DNA has been shown to be more sensitive to the deleterious effects of ROS
than nuclear DNA [40].
In addition to inducing overproduction of oxidants, nicotine exposure results in a decrease
in the activity of SOD and catalase. It also results in a decrease in the levels of low molecular
weight antioxidants such as vitamins C and E [41]. Along with the decrease in the
antioxidant capacity of the body, concentrations of malondialdehyde (MDA) are increased,
indicating oxidant damage to the cells [42, 43]. The increase in ROS levels, together with a
decrease in the activities of enzymes with antioxidant function, results in an imbalance in
the oxidant/antioxidant capacity. This imbalance is maintained long after nicotine
withdrawal [43] and becomes worse with age [44]. Therefore, nicotine not only acts while it
is in the system, but also act indirectly in later life, that is after its removal from the organs,
through the disruption of the oxidant/antioxidant capacity of the individual later in life.
It is conceivable that the increased levels of nicotine-induced ROS in the fetus and suckling
neonate, as a consequence of maternal smoking or NRT, will result in not only
mitochondrial DNA damage but also methylation of nuclear DNA or direct DNA damage
through point mutation. It is therefore likely that nicotine and ROS will result in a change in
the capacity of the mitochondria to deliver energy and to participate in homeostatic
mechanisms and in changing the “program” that controls growth, tissue maintenance, aging
and cellular metabolism.
The above implies that the adverse effects of maternal smoking and/or nicotine intake lasts
for a life-time in the offspring. Consequently the cells and DNA are continuously exposed
to an unfavourable internal environment. This may induce changes in the epigenome and
thus control of DNA, as well as changes in the DNA as such. This will increase the
susceptibility of the offspring to develop diseases later in life.

5. Mechanisms of action of nicotine
It has been shown that long-term nicotine exposure results in a predisposition for the
induction of genetic instability [32,34,45]. Gene amplification is a hallmark of gene
instability. Gene instability requires two critical elements, namely an inappropriate cell cycle
progression, and DNA damage. Long-term nicotine exposure, through the activation of Ras
pathways and up regulation of cyclin D1, disrupts the G1 arrest. It also augments the
production of ROS which may lead to DNA damage. This implies that exposure to nicotine
via tobacco smoke or via NRT will make the lungs more prone to the development of cancer
and other respiratory diseases, such as asthma and emphysema [46].
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Various studies suggest that exposures during the intra-uterine period can increase the risk
for developing diseases later in life [47]. Maternal smoking during pregnancy is associated
with lower pulmonary function and increased asthmatic symptoms in childhood [13].
Studies which show that maternal as well as grand-maternal smoking during pregnancy is
also associated with an increased risk of asthma in childhood. This suggests a persistent
heritable effect [48]. An alterations to the epigenome is one way whereby exposure to
foreign material affects disease risk later in life [49].

Fig. 1. The gene- vs the epigene-environment interplay. A model of possible genetic and
epigenetic paths linking environmental exposures to health outcomes (Adjusted from:
Bolatti and Baccarelli, 2010). [52]
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Studies by Jorgenson and his co-workers [50] showed that exposure of cells to cigarette
smoke containing nicotine leads to formation of double-strand DNA breaks in A549 cells in
culture. It is therefore plausible that nicotine can have the same effect on type II
pneumocytes in lung tissue in vivo. Chronic obstructive pulmonary disease (COPD),
including chronic bronchitis and emphysema, is commonly thought of as an adult onset
lung disease most often seen in aging people with a tobacco smoking history [51]. On the
other hand, only 20% of cigarette smokers develop full-blown emphysema. COPD may also
be seen in non-smokers. The question is whether the latter group is not more susceptible to
COPD due to changes in the program that controls lung aging and maintenance as well as
its ability to protect itself against the onslaughts of the environment Therefore, genetic
susceptibility is rapidly gaining ground in recent COPD research.
Apart from genetic alterations, genetic changes such as DNA polymorphism may have no or
a very small immediate impact on developing organs such as the lungs with an apparent
normal phenotype during the early developmental phases of the child. Although no clear
differences are seen in the new phenotype, it may have reduced compensatory capacity
resulting in a poor response to injury imposed by other stress factors, including in the
environment. This environment can be in utero or external. The latter implies that the
lifestyle of the parents may actually increase the susceptibility of the offspring to COPD.
Changes to the epigenome is one of the mechanisms whereby exposures during gestation
may affect disease later in life. DNA methylation is perhaps the most known type of
epigenetic mark. In mammals there are at least two very important developmental periods
namely, in germ cells and in pre-implantation embryos. During these periods of
development the methylation patterns are reprogrammed genome wide and consequently
results in the generation of cells with a broad developmental potential [53]. This period
involves demethylation and remethylation in cells in a tissue specific manner. A basic
premise of epigenetic processes is that once it is established, these marks are maintained
through rounds of mitotic cell division and stable for the life of the organism [54]. Thus,
maternal smoking during pregnancy and early postnatal life may have lasting effects on
DNA methylation and as a result influence expression and disease phenotypes across the
life time of the individual [55] or result in adult onset of disease [56].
In regard to the adult onset of disease, the most sensitive developmental periods to
environmental exposures, are the period of fetal development as well as the early postnatal
period [57, 58]. The reason for this is that various developmental processes are occurring
that, when changed permanently, will alter subsequent organ development and function
[59]. Alternatively, active organ development during late fetal and early postnatal life also
undergoes critical programming of the epigenome and transcriptome that is associated with
cellular differentiation and organogenesis. It has indeed been shown recently that exposures
to environmental toxicants, such as maternal smoking during gestation and lactation, can
modify the epigenome to increase the susceptibility to adult onset of disease [58]. This may
explain the increased risk for asthma among adolescents and those exposed to maternal
smoking during the in utero period of development [51].
Nicotine is also associated with DNA damage [60]. It also induces ROS production [61]
which induce DNA damage [62]. It is therefore plausible that the irreversible adverse effect
on carbohydrate metabolism of lungs of rats that were exposed to nicotine via the placenta
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and mother’s milk [63] is due to change in DNA or of the epigenetic control system. This is
supported by the findings of Benyshek et al, [64] who showed that glucose metabolism of the
ggrand-maternal offspring (F3) of female rats that were malnourished during development, is
also adversely affected. It is likely that the structural changes that are getting progressively
worse over time, were due to programming alterations during organ development in utero as
well as during the early developmental periods. Adverse adjustment of carbohydrate
metabolism may also impact negatively on the long-term maintenance of lung structure and
function [65]. In addition the metabolic changes induced by maternal exposure to nicotine
during pregnancy and lactation may induce premature aging of the lungs of the offspring [66]
and consequently the increased risk of respiratory disease. It is therefore likely that maternal
smoking, or the use of nicotine to quit smoking during pregnancy and lactation result in
epigenetic changes in the lungs of the offspring which can be transferred to following
generations and result in adult onset of respiratory disease.

6. Programming and future respiratory health
It has been shown that maternal nicotine exposure during critical windows of development
result in offspring with a structurally and functionally normal respiratory system at birth
[67]. However, as the offspring age structural changes become apparent. These include
parenchymal changes that resemble emphysema and thickening of alveolar walls. The latter
is due to accumulation of connective tissue in the extracellular matrix [68]. It was also
shown that different structural changes appear in different age groups suggesting a
programmed process [66]. This is likely due to altered gene expression in a time-specific
manner. Such alterations are irreversible [69]. The data suggests that in utero exposure to
nicotine resulted in an increase susceptibility to disease later in life. This programming is
due to changes in gene expression due to altered imprinting. These changes appear to be
heritable. The end result is an individual that is sensitized to be more susceptible to diseases
later in life. The environmental insult could act via: 1) an in utero exposure that can result in
pathophysiology later in life, or 2) an in utero exposure combined with a neonatal exposure,
or 3) adult exposure that would induce the pathophysiology. The pathophysiology can lead
to: 1) disease that would not normally have occurred, or 2) increase the risk for disease that
would not normally have been the case or, 3) either and early onset of disease that would
have normally occurred, or 4) an exacerbation of the disease [70]. Altered lung function,
exacerbation of symptoms, and acceleration of disease processes seen with smoking during
pregnancy might arise from direct injury suffered by the developing fetus by altering fetal
gene expression [71]. It is also possible that the pathophysiology could have a long latent
period from the onset during the perinatal period to the actual disease. These effects could
potentially be transgenerational [72].
In conclusion, it is clear that smoking and nicotine can affect the offspring phenotype via
genetic and epigenetic adjustments with long term consequences, and is an illustration of
the interplay between genetic, developmental and environmental factors. The geneenvironment interactions may therefore, play an important role in the etiology of complex
diseases where many of these diseases such as COPD may already be induced during in
utero development of the offspring. It has been shown that oxidative damage occur even in
ex-smokers. It is therefore plausible that the effect of nicotine and smoking during gestation
and lactation may have a similar persistent effect in the lungs of the offspring. If this is so, it
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implies that oxidants and nicotine induce irreversible damage to the epigenome and
transcriptome of the lungs of the offspring. This will adversely affect the ability of the lung
of the offspring to protect itself against environmental insults. Consequently the prevalence
of respiratory diseases will be higher in the offspring of grand-parents or parents who
smoked or used nicotine during pregnancy and lactation.
Despite a wealth of epidemiologic and experimental evidence, there is still resistance to the
concept that environmental as well as other interference with early lung development have
a profound effect on the vulnerability to disease later in life. Due to a lack of knowledge by
health professionals and decision makers about developmental plasticity and
intergenerational effects, they are not able to introduce or implement relatively simple
approaches to reduce the burden of disease in particular in the low socioeconomic groups. It
is, therefore, important to support approaches that will enable health professionals to
introduce those who want to quit smoking to strategies other than nicotine replacement
therapy; strategies that will not interfere with programming of the offspring in such a way
that they may become more prone to respiratory disease later in life
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