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Figure 3.5.5.1: The effect of maternal exposure during gestation and lactation to nicotine, tomato juice, and
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Figure 3.5.5.2: The effect of maternal exposure during gestation and lactation to nicotine, tomato juice, and both

nicotine and tomato juice on the CC/Lv ratio of the F1 generation. No dissimilarities (P>0.05) between postnatal

days 14 and 42 of the control and experimental animals. P at postnatal day 84; control vs. nicotine: <0.05.
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3.6 The effect of maternal exposure to nicotine, tomato juice, and both
nicotine and tomato juice on the lung morphometry and morphology of
the F1 offspring.

3.6.1 Tissue and Air volumes (Vi and V,)
Figure 3.6.1.1 clearly illustrates the marked increase (P<0.001) in lung tissue volumes (V;) of all
the groups between postnatal days 21 and 84. The lung tissue volumes of the control animals
increased linearly from 0.73£0.04 ml at postnatal day 21 to 4.03+0.095 ml at postnatal day 84; the
animals that received tomato juice increased from 0.60+ 0.04 ml at postnatal day 21 to 3.72+0.14
ml at postnatal day 84, while the tissue volumes of those exposed to the combination of nicotine
and tomato juice increased from 0.58+ 0.05 ml at postnatal day 21 to 3.95+0.13 ml at postnatal day
84 in the same amount of time. Concomitantly, the V; of the nicotine group increased from
0.60+£0.04 ml to 2.93+0.065 ml between postnatal day 21 and 84 respectively. The V. of the
nicotine exposed animals was lower than that of the control, tomato juice and both nicotine and
tomato juice exposed animals (P<0.05). Interestingly, up to postnatal day 42, which is 3 weeks after
nicotine withdrawal, the V; of the nicotine exposed rats resembles that of the control and other
experimental groups. Therefore, the reduction in V. is only evident after postnatal day 42. An
alteration in V¢ is related to changes in V,. This indicates that when a decrease in V; occurs, as
observed in nicotine exposed animals at postnatal day 84, a simultaneous increase in V, will be
present in nicotine exposed rats of the same age. Additionally, this data further infers that tomato
juice consumption by the mother prevented the effect of nicotine on tissue growth in the lungs of
the offspring.

The data also shows a distinct increase in the V, between postnatal days 21 and 84 of the control
and the animals exposed to tomato juice only and the combination of nicotine and tomato juice
(Figure 3.6.1.2). The detrimental effects of nicotine on the lung parenchyma are demonstrated by

the low values in the nicotine exposed rats and become more apparent as the animals’ age.
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Figure 3.6.1.1: The effect of maternal nicotine exposure and tomato juice intake during gestation and lactation
on the tissue volume (V) of the F1 offspring. V, at postnatal day 84; C vs. N: P<0.05.

Figure 3.6.1.2: The effect of maternal nicotine exposure and tomato juice during gestation and lactation on the
air volume (V,) in the lungs of the F1 offspring. P at postnatal day 84; C vs. N: <0.05.

Control
Tomato
Nicotine

Nicotine + TJ

Table 3.6.1: The effect of maternal nicotine exposure and tomato juice intake during gestation and
lactation on the air volume (V,) in the lungs of the F1 offspring. P at postnatal day 84; C vs. N:

<0.001. No significant differences (P>0.05) C vs. T or C vs. N & TJ for all age groups.

Age Control Nicotine Cvs. N Tomato CvsTJ Nicotine & Cvs.N
(Days) Juice TJ &TJ
21 20.19+0.29 18.77+0.47  P<0.05 22.76+1.13  P>0.05 22.73£0.75  P>0.05
42 23.69+0.54 17.54+0.89  P<0.01 23.34£0.50 P>0.01 23.06£1.33  P>0.05
84 27.57+1.05 15.55+0.18  P<0.001 28.17£0.96 P>0.01 26.56+1.37  P>0.05
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3.6.2 Mean linear intercept (Lm)

The findings shown in Figure 3.6.2 illustrate that at postnatal day 21, the Mean Linear Intercept
(Lm) of the control animals were similar to that of the experimental animals of the same age
(P>0.05). Conversely, between following postnatal day 21 up to postnatal day 84, the Lm of the
nicotine exposed animals increased significantly so that at postnatal day 84 it was 30% higher
(P<0.001) in comparison to the control animals of the same age. Between postnatal days 21 and 84,
the Lm of the control animals decreased from 35.14+0.73 pum to 33.31+£1.40 um, the tomato juice
exposed animals values decreased from 35.23+1.63 um to 32.35£1.50 um, and the Lm of the group
exposed to the combination of nicotine and tomato juice decreased from 38.90+1.47 pum to
33.99+0.65 um (P<0.05). In contrast, the Lm of the nicotine exposed rats increased by 23% from
36.87£0.75 pum to 48.07+1.88 um (P<0.001) between postnatal days 21 and 84. No differences
(P>0.05) were observed between the control animals and those exposed to tomato juice and both
nicotine and tomato juice of the same age.
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Figure 3.6.2: The effect of maternal nicotine exposure and tomato juice during gestation and lactation on the
Mean Linear intercept (Lm) in the lungs of the F1 offspring. Lm between postnatal day 21 and 84; C vs. N:
P<0.001).
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3.6.3 Interalveolar septal thickness (Tsept)

Up to postnatal day 42 Tsept (Figure 3.6.3) of the control rats was similar to that of the rats in the
experimental groups (P>0.05). The increase in the Tsept of the nicotine exposed animals only
became evident between postnatal day 42 and 84.The increase was such that at postnatal day 84, the
alveolar wall thickness of the nicotine exposed animals (13.76+0.92 um) animals was 34 % higher
(P<0.001) than that of the control animals (9.04+0.67 um). Furthermore, at postnatal day 84 the
Tsept of the controls was the same (P>0.05) as those that received tomato juice only (9.24+0.56
pm), and those exposed to both nicotine and tomato (8.52+0.28 um) juice.
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Figure 3.6.3: The effect of maternal exposure to nicotine, tomato juice, and the combination of nicotine and
tomato juice during gestation and lactation on the Interalveolar septal thickness (Tsept) in the lungs of the F1
offspring. Postnatal days 21 to 42; no differences (P>0.05) between control and experimental groups. P at
postnatal day 84, C vs N: <0.001.
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3.6.4 Static lung compliance (Csy)

Figure 3.6.4 illustrates an increase in static lung compliance (Cs;) as a result of 1) aging 2) maternal
exposure to nicotine during gestation and lactation. No significant differences (P>0.001) were
observed between the control, tomato juice only, nicotine only, and nicotine together with tomato
juice between postnatal days 21 and 42. However, a significant increase (P<0.001) was observed
between postnatal day 42 and 84 in lung compliance in the lungs of the nicotine exposed offspring
in contrast to that of the control rats. The Csg; of the nicotine rats increased from 1.66+0.06 ml/cm
H,0/kg at postnatal day 42 so that at postnatal day 84 it was 17% higher (2.01+ 0.05 ml/cm
H,0/kg).
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Figure 3.6.4: The effect of maternal exposure during gestation and lactation to nicotine, tomato juice, and the
combination of nicotine and tomato juice on the Cg of the F1 offspring. No variations (P>0.001) within the

control and experimental rat pups between postnatal days 14 and 42. P at day 84; control vs. nicotine: <0.001.
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3.7 The effect of maternal exposure to nicotine, tomato juice, and both
nicotine and tomato juice on the cellularity in the lungs of the F1

offspring.

3.7.1. Lung structure

Figure 3.7.1 illustrates lung structure of control rats as well as that of rats that were exposed to
nicotine, tomato juice, or to both nicotine and tomato juice. The administration of nicotine as well
as the treatment of tomato juice or the combined use of nicotine and tomato juice to the offspring
was only via the placenta and the mother’s milk. Only the mothers received nicotine or tomato juice
or both nicotine and tomato juice. From Figure 3.7.1 it is clear that the lung structure of those rats
that were exposed to nicotine during gestation and lactation display breakdown of alveolar walls
which result in enlarged alveolar spaces that resembles microscopic emphysema (EM). The site of
action in the alveolar walls and mechanism of action of nicotine will be investigated and data below
illustrates the data generated in the study by investigating the cellular characteristics of the alveolar

wall and alveoli.
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Figure 3.7.1: The effect of maternal exposure to nicotine, tomato juice and a combination of nicotine and tomato juice

on lung parenchyma of the 84-day-old offspring. A. = Control; B= Nicotine; C. = Tomato juice; D. = Nicotine +

tomato juice. EM = Emphysema-like lesion. (Bar = 0.5um) 84



3.7.2 Cellular senescence in the alveolar wall

Figure 3.7.2 shows the effect of maternal exposure during gestation and lactation to nicotine, the
supplementation of the mother’s diet with tomato juice and the combination of nicotine and tomato
juice supplementation on the senescent cell number per 100pum of alveolar wall in the lungs of the
F1 offspring at postnatal day 84. The number of senescent cells per 100 um alveolar wall in the
animals that were exposed to nicotine (1.16+0.07 cells/100 um) was 41% higher (P<0.01) than that
of the control animals (0.69+0.69 cells/100 um). The animals exposed to tomato juice (0.73+0.03
cells/100 um) and the combination of nicotine and tomato juice (0.78+0.04 cells/100 um) had a
comparable senescent cell number per 100 um length of alveolar wall to that of the control group
(P>0.05).
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Figure 3.7.2: The effect of maternal exposure of the F1 offspring during gestation and lactation to nicotine,
tomato juice and nicotine together with tomato juice of the on the number of senescent cells per 100pum of the
alveolar wall at postnatal day 84. No differences (P>0.05) were observed between the control, tomato juice and

combination of nicotine and tomato juice. Control vs. nicotine: P<0.05.
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3.7.3 Cellular proliferation in the alveolar wall

The data in Figure 3.2.3 shows the number of proliferating cells per 100um alveolar wall length in
the control animals (1.43+0.06 cells/100 pum) was 21% higher (P<0.001) than the number of
proliferating cells in the group exposed solely to nicotine (1.12+0.03 cells/100 pm). The amount of
proliferating cells in the group who received tomato juice (1.50£0.06 cells/100 um) only and the
offspring of the mothers who were exposed to both nicotine and tomato juice (1.34+0.04 cells/100

pm) was the same (P>0.05) to that of the control rats.
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Figure 3.7.3: The effect of maternal exposure of the F1 offspring during gestation and lactation to nicotine,
tomato juice, and nicotine together with tomato juice on the number of proliferating cells per 100um of the
alveolar wall at postnatal day 84. Control vs. nicotine: P<0.001. Similarities (P>0.05) existed between the

control, tomato juice and the combination of nicotine and tomato juice.
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3.7.4 Cellular proliferation to Cellular senescence (P/S) ratio

Figure 3.7.4 shows that the P/S ratio of the control (2.07+0.12) animal lungs was significantly
higher (P< 0.001) in comparison to the rats that were exposed to nicotine (0.97+0.10) only.
Furthermore no differences (P>0.05) were observed between the P/S ratio of the control
(2.07+0.12) rats when compared to the animals exposed to tomato juice (2.05+0.09) only nor those

who were exposed to both nicotine and tomato juice (1.72+0.08).
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Figure 3.7.4: The effect of maternal exposure of the F1 off spring during gestation and lactation to nicotine, tomato

juice, and nicotine together with tomato juice on the P/S ratio at postnatal day 84. Control vs. nicotine: P<0.001. No

differences between the control, tomato juice and the combination of nicotine and tomato juice (P>0.05).
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3.7.5 Alveolar fibroblasts

The data shown in figure 3.7.5 illustrates the fibroblast count (cells/100 pm) of the alveolar wall
together with lesions resulting from exposure to nicotine and those exposed to nicotine with no
emphysematous (NE) lesions. At postnatal day 84, whilst in direct comparison with the control
animals, approximately a 50% (P<0.001) reduction in alveolar fibroblast number was observed
between the control (15.94+1.07 cells/100 pm) animals and nicotine (7.05+0.62 cells/100 pm)
animals with emphysematous lesions. Concomitantly, a marked decrease (P<0.001) was observed
between the control (15.94+1.07 cells/100 um) group and that of the nicotine (9.98+0.54 cells/100
pum) exposed group without any emphysematous lesions (NE). Similarly when comparing the
nicotine (9.98+0.54 cells/100 pum) animals with no emphysematous lesions to the nicotine
(7.05+0.62 cells/100 um) animals with emphysematous lesions, a significant variation (P<0.05)

between the respective groups was evident.
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Figure 3.7.5: The effect of maternal nicotine exposure during gestation and lactation on the alveolar fibroblast number
of the F1 offspring at postnatal day 84. Arrows= Fibroblasts; NE= Areas in the lung of the animals exposed to nicotine
where no emphysema is evident. P at postnatal day 84; C vs. N (E): <0.001. Control vs. NE: P<0.001. NE vs. E:
P<0.05.
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3.7.6  Alveolar Macrophage (AM) Number

Shown in Figure 3.7.6 are the alveolar macrophage counts (cells/80 um?+SEM) in the alveoli at
postnatal day 84. Although a trend is observed, no significant differences (P>0.05) was observed in

the AM count between the control (0.20+0.02 cells/80 um?) and the nicotine (0.2620.20 cells/80
um?) groups.
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Figure 3.7.6.1: The effect of maternal nicotine exposure during gestation and lactation on the alveolar macrophage

(AM) number in the lungs of the F1 offspring. C vs. N: P>0.05.

Figure 3.7.6.2: H & E stain of A) Control and B) nicotine exposed lung of 84 day old rats. Numerous free cells

(Blue arrows) occur in the alveolus of the lungs that were exposed to nicotine via the placenta and mother’s milk.
(Bar =2 pm)
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3.7.7 Type Il alveolar epithelial (ATII) cell number

The quantification of the number of Type Il alveolar cells in the alveolar wall (Figure 3.7.7.1)
showed that the number of Type Il cells in the lungs of the control animals (0.38+0.02 cells/100
pm) was significantly (P<0.001) lower than that of the nicotine exposed lungs (0.57+0.03 cells/100

pm). This confirms the morphological observation in Figure 3.7.7.2.
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Figure 3.7.7.1: The effect of maternal nicotine exposure during gestation and lactation on the number of alveolar
Type Il cells in the lungs of the F1 offspring. P at postnatal day 84; C vs. N: <0.001.

Figure 3.7.7.2: Type 2 alveolar epithelial cells (Blue arrows) in the lungs of control (A) and nicotine exposed (B)
84-day-old rats. Alveolar macrophages (Red arrows). The density of the T2 cells in the lungs of the nicotine
exposed animals appears to be higher than in control rats. (Bar = 2 pm)
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3.7.8 Type I alveolar epithelial cell integrity

Figure 3.7.8: Alveolar wall of a day-84-old nicotine exposed lung (A) with emphysema-like lesions (EM). All cells are
in close contact with adjacent epithelial cells and the basement membrane. B) Alveolar wall of 84-day-old control lung
showing an alveolar wall with intact cells whereas in the alveolar wall of the nicotine exposed rats (C) shows denudation
(Black arrows) and exposure of the underlying connective tissue (Blue arrows). Cell tight junctions and linking to the
basement membranes is compromised due to cells sloughing off. C) Block indicated where alveolar wall seen in C is

taken from. (D) No EM lesions occur in the control lung. 91



3.7.9 Apoptotic cells

Figure 3.7.9.1 illustrates the number of apoptotic cells per 100 um of the alveolar wall in the

nicotine exposed, postnatal day 84 offspring. The number of apoptotic cells observed in the nicotine

exposed offspring (0.29+0.05 cells/100 um) was not significantly higher (P>0.05) than that of the

control animals (0.21+0
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Figure 3.7.9.1: The effect

.02 cells/100 pum). This is evident from the micrograph in Figure 3.7.9.2
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of maternal nicotine exposure on the number ofo apoptotic cells in the alveolar walls of

the F1 offspring at postnatal day 84. C vs. N: P>0.05.
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n alveolar macrophage undergoing apoptosis. (Bar = 2 pm)
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CHAPTER FOUR
Discussion

4.1 Introduction

Epidemiological studies have shown that cigarette smoking is the foremost cause of COPD such as
emphysema and chronic bronchitis and is one of the leading causes of death worldwide (W.H.O.,
2011, Zwerschke et al., 2003). Maternal smoking during pregnancy and lactation accounts for a
significant percentage of fetal morbidity and mortality (Hammoud et al., 2005). Despite all the
supporting evidence that maternal smoking is harmful to the unborn child (Schwartz et al., 1972),
studies show that around 21% of all pregnant women in South Africa smoke during pregnancy
(Steyn et al., 1997) and 17% of pregnant smokers were found to be in the Western Cape region
(Chopra et al., 2007). As a result, a staggering 20 to 30% of all newborns exposed to tobacco smoke
components either before or after birth, increases their susceptibility to respiratory diseases
(Hofhuis et al., 2003a). Additionally, intrauterine exposure to tobacco smoke is the primary cause
for a number of unpleasant outcomes including intrauterine growth retardation (IUGR),
spontaneous abortion, sudden infant death syndrome (SIDS), preterm delivery and low birth weight
(LBW) (Lieberman et al., 1994, Stocks and Sonnappa, 2013). Studies continue to show that
nicotine on its own is harmful not only to the fetal lung, but other organs a well, including heart and
nervous system (Argentin and Cicchetti, 2004, Kleinsasser et al., 2005). Numerous studies have
indicated that diminished lung function owing to maternal exposure to tobacco smoke is prevalent
in the offspring of smoking mothers. Consequently, the effects of maternal smoking during
gestation and lactation on the offspring may even persist into later stages in life (Cunningham et al.,
1994).

Nicotine is the chief psychoactive component found in tobacco smoke and owing to its addictive
nature, results in the relapse of many of those who attempt to quit the habit. Nicotine readily
crosses the placenta and interacts with the nicotinic receptors in the lungs of the developing fetus
(Sekhon et al., 1999). Page-Sharp et al. (2003) have demonstrated that nicotine has been found to
occur in considerable amounts in the milk of smoking mothers and more importantly, the
concentration found in the human mothers’ milk is 2 to 3 times higher than that of the plasma (Luck
and Nau, 1984b, Dahlstrom et al., 1990). This leads to the interference of normal fetal lung

development (Maritz et al., 1993). Additionally, nicotine and cotinine has been shown to be present
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in the urine of 10 month-old non-suckling infants (Rylander et al., 1995) which suggests a passive
uptake of nicotine. The uptake of nicotine in the present study was passive given that the offspring

had received nicotine only via the placenta and mothers’ milk.

4.2  Motivation for the use of 1 mg of nicotine/kg body weight/day

A regular pack of cigarettes contains 8 to 20 mg of nicotine and from that only 1 mg is absorbed
when smoked. This means that from every cigarette stub containing approximately 1.2 mg of
nicotine, around 0.1 mg of nicotine will be absorbed by the smoker. Human males and females who
smoke have a daily nicotine intake ranging between 10.5 and 78.6mg (Kurtoglu et al., 2007).
Assuming that 90% of nicotine is absorbed via inhalation (Duan et al., 1991), the nicotine intake of
a 60kg female will vary between 0.16 and 1.18mg nicotine/kg body weight/day. Studies done by
Benowitz et al. (1982) and Murrin et al. (1987) respectively demonstrated that when pregnant rats
are treated with 1.5 mg of nicotine per day, the maternal plasma nicotine concentration is similar to
the values observed in human smokers. In the present study 1 mg nicotine/kg pre-pregnancy
weight/day was used and was thus within the scope of the nicotine intake of routine smokers. Since
nicotine readily transcends the placenta and occurs in the milk of both the human and rat mother
(Maritz and Harding, 2011a), like in humans, the fetal rats will be exposed to nicotine via the
placenta and therefore it is conceivable that the nicotine content of the female rats was of the same
magnitude as it is for humans. This indicates that in all likelihood, both perinatal and postnatal
exposure to nicotine of the rat pups resembled that of the human offspring. Assuming that rats
respond to nicotine in the same manner as humans, the data produced in the present study can be
expected to be similar as the effects of nicotine, inhaled by smokers, on the offspring. It should also
be noted that pregnancy has several variable effects on drug metabolism; hence the plasma nicotine
concentration determined subsequent to birth may not mirror the actual concentrations throughout
different periods of pregnancy, specifically during critical windows of organogenesis. The juvenile
antioxidant capacity of the fetal rat lung renders it highly susceptible to the effects of nicotine
exposure via the placenta resulting in radical-mediated cell injury (Ziegler et al., 2014, Yoon et al.,
2006). Owing to the slow metabolism of the developing fetus, the half-life of nicotine will be much
longer in the lungs of the offspring (Maritz and Harding, 2011b). This suggests that the metabolic

processes affected by nicotine will be extensive in comparison to that of the adult.
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4.3  The effect of nicotine, tomato juice only, and of both nicotine and tomato
juice on the body weight and litter size of the pregnant and lactating

mothers.
Smoking during pregnancy is the main cause of increased prenatal morbidity and mortality
(Kramer, 1987, Hammoud et al., 2005). The harmful constituents found in cigarette smoke, such as
nicotine, and a number of other harmful compounds, limit the supply of oxygen and vital nutrients
via the placenta. This results in several undesirable outcomes such as spontaneous abortion, preterm
birth, sudden infant death syndrome (SIDS), intrauterine growth retardation (IUGR) and as a
consequence, low birth weight (Lieberman et al., 1994, Salihu and Wilson, 2007, Gluckman et al.,
2008). Studies indicate that a positive correlation exists between low birth weight and fetal onset of
adult disease including coronary heart disease, type 2 diabetes, and adiposity (Siu and Tyndale,
2007). As a result, smoking mothers have been strongly encouraged to quit the habit. Several
pharmacotherapies such as nicotine replacement therapy (NRT) have been advised by health
professionals to treat nicotine dependence. Although claims exist that NRT is harmless (Zwar et al.,
2006), numerous studies have demonstrated that insistent use of nicotine promotes lung
carcinogenesis unimpeded by other associated tobacco alkaloids (Dasgupta and Chellappan, 2006,
Ruiz, 2006). Furthermore, it is not desirable to use nicotine in any form as it crosses the placenta

and accumulates in the developing fetus (Maritz, 2009).

It has been suggested that IUGR is a consequence of restricted placental blood flow and thus
nutrient supply to the developing fetus (Abrams et al., 2000). If so, smoking or NRT will result in
IUGR and low birth weight: it is therefore conceivable that the litter sizes of the nicotine offspring
will be smaller than the control animals. However, in this study the number of rat pups per litter
was the same for the control and experimental groups. Furthermore, as demonstrated in the present
study, maternal nicotine exposure had no effect on the body weight of the offspring. This implies
that blood and thus nutrient and oxygen supply to the growing fetuses was sufficient and met the
demands of the growing fetuses.

Maternal weight gain during pregnancy is a cardinal indicator of both maternal and infant health
(Abrams et al., 2000) and deficient gestational weight gain may result in short, mid, or long term
implications on maternal and pediatric health (Strauss and Dietz, 1999, DeVader et al., 2007,
Langford et al., 2011). Gestational weight that is well within the recommended range plays a

crucial role in reducing adverse outcomes such as preterm birth, low birth weight, and IUGR
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(DeVader et al., 2007, Frederick et al., 2008, Langford et al., 2011). Contrary to this, excessive
gestational weight gain has been associated with several complications including fetal macrosomia,
hypertensive syndromes during pregnancy, cesarean section birth, and hemorrhages (Rush, 1974,
Davies et al., 1976, Rantakallio and Hartikainen-Sorri, 1981).

The findings in the present study showed that the exposure of pregnant rats to nicotine, tomato
juice, or the combination of nicotine and tomato juice had no effect on the body weight of the
pregnant rats during weeks 1 and 2 of gestation. However, the BW of the pregnant rats
administered with nicotine increased much faster than the control and other experimental groups so
that at gestational week 3, it was significantly higher. Additionally, the increase in the BW of the
mother treated with nicotine cannot be due to an increase in amniotic fluid volume. Maternal
smoking, and therefore by implication, nicotine intake, seem not to affect the amniotic fluid volume
nor fetal urine output (Burn et al., 1945). Although no evidence exists for the direct effect of this, it
appears that cigarette smoke and nicotine stimulates the hypothalamus to release antidiuretic
hormone (ADH) from the posterior lobe of the pituitary gland, causing the inhibition of diuresis
(Dalessio, 1969) and consequently a shift in favour of an increase in water accumulation in the
body of the mother. Furthermore, the relationship of nicotine intake and idiopathic edema has also
been documented (Finch et al., 2004). It is therefore plausible that the continuous exposure to
nicotine may result in the constant overproduction of ADH and a gradual buildup of water in the
bodies of the pregnant rats and therefore an increase in BW. Given that the fluid intake of the
pregnant rats treated with nicotine was the same as the other groups, it could not have influenced
the increase in BW. Following birth, the persistent effects of ADH is withdrawn and subsequently
control of the water balance to normal in the bodies of these animals. This is evident from the fact
that the BW of the nicotine treated mothers resembled that of the control and other experimental
groups after birth. Notably, the supplementation of tomato juice in the pregnant rats’ diet averted
the increase in BW at week three of gestation; however, this mechanism whereby it countered the
effect of nicotine is not known. Since the litter sizes were unaffected by maternal nicotine intake

and was thus is not implied in the BW increase of the nicotine treated pregnant mothers.
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4.4 The effect of maternal exposure to nicotine, tomato juice, and both

nicotine and tomato juice on the development of the F1 offspring.

4.4.1 Body weight (BW)

Studies have reported that maternal nicotine exposure causes a lower birth weight and body fat of
the offspring (Grove et al., 2001). This indicates that nicotine exposure during pregnancy may
result in the interference with the growth of the fetus and offspring leading to intrauterine growth
retardation (IUGR). Therefore, maternal nicotine exposure during pregnancy is expected to
suppress fetal growth resulting in lower birth weight of the offspring (Birnbaum et al., 1994,
Philipp et al., 1984). In the present study, the body weights (BW) of the offspring of mothers who
were exposed to nicotine during gestation and lactation were not different from that of the control
animals. This suggests that growth and development were the same for at least up to postnatal day
84. This suggests that all metabolic and growth control mechanisms were alike. This, in all
likelihood, explains why maternal exposure to nicotine during gestation and lactation had no effect
on the body weight of the offspring.

Contrary to the present study’s findings, Andres and Day (2000) have previously suggested that
smoking during pregnancy induces intrauterine growth restriction (IUGR). Given that the risk of
IUGR is significantly greater in females who smoke cigarettes with a higher nicotine content
(Bainbridge and Smith, 2006), it is conceivable that nicotine is the causative factor. Furthermore, it
is plausible that placental perfusion during pregnancy will be compromised by maternal smoking as
a result of nicotine-induced vasoconstriction in the placenta (Economides and Braithwaite, 1994).
However, contrary to this, Bainbridge and Smith (2006) demonstrated that nicotine does not
influence the feto-placental blood supply. Hence, it is questionable that the nutrient supply to the
developing fetus will be compromised by nicotine. In support of the latter, studies done by Maritz
and Windvogel (2003) showed that the exposure of pregnant rats to nicotine had, like in the present
study, no effect on the body weight of the offspring. In fact, any contribution to IUGR in smokers
is not at the level of the feto-placental perfusion but rather at the level of placental function and/or
uterine function (Maritz and Windvogel, 2003).

Moreover, this is well substantiated by the fact that maternal smoking alters critical characteristics
of placental function including, progesterone production (Piasek et al., 2001); estrogen metabolism

(Zhu et al., 2002); amino acid transport (Pastrakuljic et al., 1999); and the location and activity of
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drug metabolizing enzymes (Zdravkovic et al., 2005). However, in the present study, and at the
concentration used, nicotine had no such effect as tobacco smoke in addition to nicotine; also

contains a variety of other foreign substances.

On the other hand, Philipp and co-workers (1984) and Birnbaum et al. (1994) demonstrated that
with the use of relatively high concentrations of nicotine, namely 3 and 6 mg nicotine/kg body
weight/day respectively, causes vasoconstriction in the placenta and may result in a decrease of the
nutrient supply to the fetus. Consequently this will result in a lower birth weight of the offspring.
This is unlike the effect of 1 mg nicotine/kg BW/day. This suggests that uterine vasoconstriction
occurs at higher nicotine concentrations with a consequent lower BW at birth. In the present study,
maternal exposure to nicotine during gestation and lactation had no effect on the body weight of the

offspring.

As shown by Benowitz et al. (1982) that when pregnant rats received 1.5mg nicotine/kg body
weight/day, the plasma nicotine concentration values were similar to that of human smokers. It is
possible that perhaps the treatment of 6 and 3mg of nicotine/kg body weight/day may have been too
steep. Benowitz et al. (1982) and Murrin et al (1987) established that the birth weight of the
offspring, litter size, and postnatal weight gain was unaffected. Thus, the present study is consistent
with the findings of Benowitz et al (1982) and Murrin et al (1987), as the nicotine dosage used in
the present study was in accordance with that consumed by human smokers and thus had no effect
on the body weight of the offspring. Given that nicotine was only dispensed once per day, it is
possible that the amount of time placental vasoconstriction lasted might not have been long enough
to cause a decrease in nutrient supply, and therefore no significant influence on the growth of the
fetus. On the other hand, nicotine accumulates in the fetus due to a slow degradation thereof by the
fetal tissue (Maritz and Harding, 2011b) and it is therefore conceivable that it will still impact on
the development of the fetus despite a short period of placental vasoconstriction and subsequently

nutrient supply for that period of time.

These results stand agreement with previous studies in which it was also showed that maternal
nicotine exposure did not affect growth parameters such as chest circumference, crown-rump
length, and body weight of the offspring (Maritz et al., 2011b, Maritz and Windvogel, 2003,
Pausova et al., 2003).
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Studies done by Fowden and colleagues (2006) revealed that the duration, severity, and type of
insult can affect intrauterine growth. This supports the study done by Philipp et al. (1984) and
Birnbaum et al. (1994) namely that by increasing the nicotine intake will result in low birth weight
of the offspring due to the high nicotine concentrations. However, as shown by the present study,
although proportional growth in the offspring was not affected by maternal nicotine exposure
during gestation and lactation, it does not suggest that maternal nicotine had no effect at a cellular

level and on the homeostatic mechanisms of the offspring.

The present study also established that the CC/CRL ratios as well as the CC/BW ratios were
unaffected by the maternal exposure to nicotine during pregnancy and lactation. This implies that
nicotine had no effect on the proportional growth of the offspring. It is interesting that the CC,
which is an indicator of lung volume (Borkan et al., 1981), of the nicotine exposed rats were
increased at day 84 which suggest that the lung volume in the nicotine exposed offspring was

increased as well.

4.4.2 Lung volume (Lv)

Despite the fact that the BW and growth parameters of the offspring was unaffected by maternal
nicotine exposure during gestation and lactation, the lung volumes (Lv) of the 84-day-old animals
that were exposed to nicotine were indeed higher than the control and the other experimental
groups. This increase in lung volume was evident after postnatal day 42 and gradually became more
significant as it reached postnatal day 84. Approximately a 20% increase in Lv was observed at
postnatal day 84. Gehr et al. (1981) showed that bigger animals require a larger internal surface
area in the lungs to adequately supply oxygen to meet the higher demand for oxygen by the larger
body. The increase in CC and lung volume at postnatal day 84 was not a response to an increased
demand for oxygen due to an increase in BW because the BW was not different from that of the
controls of the same age. The larger lung volumes were in all likelihood due to a gradual
deterioration of the connective tissue framework of the lung later in the life of the offspring. The
gradual increase in lung volume later in the life of the nicotine exposed rats can possibly be the
reason for the gradual increase of the chest circumference of these animals as seen in emphysema
(Stanley J. and Swierzewski, I1l, MD., 2000). A gradual deterioration of the connective tissue
framework may result in an increase in the compliance of the lungs of the offspring that were

exposed to nicotine via the placenta and mothers’ milk.
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The present study also demonstrated that between postnatal days 14 through 42 the Lv/BW ratios of
the control and experimental animals were the same. However, following postnatal day 42 through
84 the Lv/BW ratios of the nicotine exposed offspring were higher than that of the control animals.
The increase in Lv/BW ratios of the postnatal 42 and 84 day old rats exposed to nicotine is a clear
indication of the disproportionate increase in lung volume of these animals. However, even though
the CC of the 84-day-old nicotine exposed rats was higher than that of the control rats of the same
age, it is unlikely that the difference in CC/Lv can be attributed to disproportional growth, but
rather to a change in the compliance of the lungs of these animals. The supplementation of tomato
juice in the mother’s diet prevented the faster increase in Lv of the lungs of the nicotine exposed
rats. The increase in Lv of the nicotine exposed rats was more evident as they aged suggesting that

it was programmed during the fetal and early neonatal stages to increase faster later in life.

4.5 The effect of maternal exposure to nicotine and tomato juice on lung

morphometry and morphology of the F1 offspring

451 Lung structure

In the present study, nicotine administration to the FO generation commenced 24 hours after mating.
The F1 generation therefore only received nicotine via the placenta and mothers’ milk. Nicotine
exposure occurred during all phases of lung development in utero, that is during the phases of rapid
alveolarisation (postnatal days 4-13) (Windvogel, 2006a), the phase of equilibrated lung growth
(postnatal days 14-21) (Schittny and Burri, 2008), and terminated at weaning which is postnatal day
21. During rapid alveolarisation, the number of alveoli increases with a concomitant decrease in the
size of the alveoli. This means that the tissue volume (V;) of the lung will increase as it matures and
air volume (V,) is not equated to lung volume (LV). The V; calculated in this study demonstrated
that the lungs of all the groups in fact did increase between postnatal days 21 and 84. However,
between postnatal days 42 and 84, the V; of the nicotine exposed animals was considerably lower
than that of the control animals. Typically, when a decrease in V; occurs, a concomitant increase in
V., will be observed; the late onset of the decline in tissue density with a simultaneous decrease in
V, is an indication that the lungs of these animals were programmed to deteriorate later in life. This
is also an indication of an increased susceptibility to stress damage later in the life of these animals.

In contrast to the control, tomato juice only and both nicotine and tomato juice; the alveoli observed
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in the nicotine exposed progeny appeared to be larger in size but fewer in number. This marked
reduction in V; seen in the nicotine exposed rats can be ascribed to a gradual destruction of the

alveoli and the formations of emphysema-like lesions.

The breakdown of the alveolar walls and the increase in static compliance suggests that the
connective tissue framework was compromised later in the life of the rats that were exposed to
nicotine via the placenta and mother’s milk. Hence, it follows that the alveolar volume of the
nicotine exposed animals will be greater in comparison to the control rats. This is supported by the
higher Mean Linear Intercept (Lm) of the nicotine exposed progeny. It should especially be noted
that the decrease in V accompanied by an increase in Lm only became evident after postnatal day
42 which suggests that the lungs of the nicotine exposed offspring was programmed to start
deteriorating later in the life of the offspring. This suggests that up to postnatal 42, the tissue
volume as well as the alveolar volume and number in the lungs of the F1 progeny was not

significantly affected by nicotine exposure during gestation and lactation.

Additionally, the destruction of alveoli is shown by the Lm which in fact gradually increased
following postnatal day 21. This means that even though the difference in V; only became apparent
after postnatal day 42, the diameter of the alveoli had already increased and thus showing early
onset of microscopic emphysema (Collins et al., 1985, Elliot et al., 2001). Light micrographs have
indeed demonstrated emphysema-like lesions in the lungs of the nicotine exposed rats following
postnatal day 42. Furthermore, one should note that tomato juice intake by the mother inhibited the

effect of nicotine on V. in the lungs of the offspring.

Since the V; of the nicotine exposed offspring gradually decreased after postnatal day 42, a thinning
of the alveolar wall was expected to ultimately give rise to alveolar wall destruction observed
during parenchymal damage. Maritz and Windvogel (2005) indeed showed that at postnatal day 21,
the alveolar walls or interalveolar septal thickness (Tsept) of the nicotine exposed animals were
thinner than the control animals of the same age. However, contrary to these findings, in the current
study an increase in Tsept of the postnatal day 84 nicotine exposed rats was observed and can be
ascribed to an imbalance in the synthesis and degradation of the alveolar wall components. Since
the thickening of the alveolar wall became apparent only later in the life of the nicotine exposed
offspring, it is plausible that the homeostasis of the metabolic processes that are geared to maintain

the integrity of the alveolar wall was compromised.
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Since the V; of the nicotine exposed animals decreased despite the increase in Tsept, it is likely due
to faster deterioration of the lung parenchyma, and thus V. Since the offspring only received
nicotine via the placental blood and mothers’ milk, these changes are unlikely as a result of the
direct effect of nicotine or its metabolites. This is verified by the fact that the half-life of nicotine is
around 90 minutes (Benowitz et al., 1982) and the primary metabolite, cotinine, is 16 to 19 hours
(Jarvis et al., 1988). It is also unlikely to be as a result of an oxidant-antioxidant imbalance at this
relatively late stage of lung growth seeing as these alterations in the alveolar region of the rats’
lungs occurred 3 to 9 weeks post nicotine exposure, and all the metabolites were expelled from the
lungs of the F1 progeny. These changes are rather due to a change in the factors that maintain lung

integrity as the animals age.

Since nicotine is genotoxic (Kleinsasser et al., 2005) and has been shown that long-term exposure
gives rise to an inclination towards genetic instability (Hartwell and Kastan, 1994, Sastry et al.,
1998, Guo et al., 2005a), it is highly likely that maternal nicotine exposure during phases of rapid
cell proliferation and differentiation may in fact result in changes in the “program” that controls
lung development, maintenance of lung integrity, and aging of lung tissue which may render the
lungs more susceptible to disease (Maritz et al., 2011b, Maritz and Windvogel, 2003). The increase
in the alveolar volume as well as alveolar wall thickening indeed point to the development of
emphysema-like lesions in the lung parenchyma. These collectively are all signs of premature lung

aging (Bruin et al., 2008a) and negatively impacts the function of the lung as a gas exchanger.

4.5.2 Tomato juice supplementation

The present study showed that by supplementing the diets of the pregnant rats with tomato juice
during gestation and lactation inhibited the unfavourable effects of nicotine on the lungs of the F1
progeny. Since tomato juice is rich source of lycopene and other antioxidants, it is plausible that the
daily intake of tomato juice augmented the antioxidant status of the mother as well as the offspring,
and thereby the capacity to guard itself against exogenous substances such as nicotine. Even though
lycopene is the primary bioactive component found in fresh tomatoes and tomato products
(Takeoka et al., 2001), it is possible that other antioxidants and phytonutrients in tomato juice may

have contributed in protecting the developing fetal lung against the deleterious effects of nicotine.
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As for the exposure of nicotine, tomato juice supplementation took place during the phases of lung
development when cell turnover is rapid as well as when the release of oxidants under the influence
of nicotine (Zhao et al., 2006) was conceivably at its peak. From the present study, it is evident that
tomato juice, and presumably lycopene and other phytonutrients found in tomato juice, safeguarded
the lungs during phases of rapid lung growth when it is most sensitive to the adverse effects of
foreign materials, such as nicotine. Studies done in humans demonstrated that lycopene alone
prevented DNA damage (Neyestani et al., 2007) as well as cell membrane oxidation in vivo . Itis
therefore possible that the lycopene in tomato juice improved the protection mechanisms of the
mother and fetus to such an extent that it resembled the lungs of the control animals. Furthermore,
based on the data in the current study, and directly extrapolating from rats to humans, a daily intake
of 250 ml (approximately one and a half glasses) of tomato juice will contain enough lycopene,
phytonutrients, and other antioxidants such as vitamin C to protect the fetus in a 60 kg human

female.

4.6 The effects of maternal nicotine exposure on the cellular integrity of the

alveolar walls in the lungs of the F1 offspring.
Morphometric data showed that exposure of the fetus and neonate to nicotine via the placenta and
mother’s milk interfered with the homeostatic mechanisms that are essential to maintain the
structural and functional integrity of the lungs of the offspring throughout life. Since these changes
in the lung parenchyma were only evident later in the life of the nicotine exposed offspring, it was
suggested that these changes were programmed in utero when the developing organs were most
sensitive to the effects of the environment. Any changes in the metabolism, such as the disturbance
of the balance between synthesis and breakdown of components of the extracellular matrix with the
consequent thickening of the alveolar walls at postnatal day 84, implies that the cellular
components of the alveolar wall, such as fibroblasts, were involved. It was thus important to
investigate the cell integrity of the alveolar walls, such as fibroblasts, type | and —II cells and even
the alveolar macrophages that occur free in the alveoli. This will help to establish whether the
cellular composition of the parenchyma was affected. Any change in the composition will be an
indication of the site of action of nicotine as well as of the consequences since each cell type plays a

unique role in maintaining the parenchymal integrity of the lung in the long term. The impact of
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maternal nicotine exposure on these cells was only investigated at postnatal day 84 since that is

when most of the changes in lung structural integrity became evident.

4.6.1 Apoptosis and cell proliferation

Lung development and maintenance necessitates a very dynamic process of cellular replication and
apoptosis (Aoshiba and Nagai, 2009), especially since the lung is exposed to many exogenous
substances such as atmospheric pollutants particularly in smokers. Apoptosis, or programmed cell
death, plays a crucial role in numerous physiological processes during fetal lung development and
in adult tissue. This means that the relationship between cell death and cell replacement is tightly
controlled to ensure maintenance of lung structure and function. Although many hypotheses for the
development of emphysema have been put forward including the proteinase-antiproteinase theory,
Calabrese and colleagues (2005) have proposed that an apoptosis-proliferation imbalance
contributes to the development of emphysema. It was indeed shown that apoptosis and cell
proliferation does not increase at the same rate (Imai et al., 2005). Consequently, this results in a
loss of cells in the alveolar walls during emphysema (Segura-Valdez et al., 2000) and subsequent
deterioration of parenchymal tissue. Banerjee et al. (2007) has indeed demonstrated that smoking
increases apoptosis with a concomitant decrease in cell proliferation which contributes to
emphysema as a smoker ages. Although it is said that nicotine deregulates essential biological
processes like apoptosis and angiogenesis (Zeidler et al., 2007), it was evident from the present
study that nicotine exposure via the placenta and mothers’ milk had no significant effect on the
apoptosis in alveolar walls of the F1 offspring however, has the tendency to be higher. It is
therefore not likely that the destruction of alveolar walls and the consequent increase in alveolar
volume could solely be ascribed to an apoptosis-cell proliferation imbalance in the lungs of the

nicotine exposed progeny.

4.6.2 Cellular proliferation and cellular senescence

Based on the findings of the present study it is apparent that maternal nicotine exposure during
gestation and lactation reduced the rate of cellular proliferation in the alveolar wall of the F1
offspring. This was accompanied by an increase in the number of senescent cells in the alveolar
walls of the nicotine exposed F1 progeny in comparison to that of the control animals. Furthermore,
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this resulted in a P/S ratio in the lungs of the nicotine exposed offspring that was significantly lower
than that of the control and other experimental groups. The skewed ratio in the lungs of the nicotine
exposed animals during gestation and lactation indicates a cell proliferation-cell senescence
imbalance. The shift in cell proliferation-cell senescence balance in favour of senescence will
compromise the lungs ability to replace damaged and/or dead cells thus causing a gradual loss of
alveolar wall integrity. Since the exposure of nicotine via the placenta and mothers’ milk had not
increased apoptosis in the lungs of the nicotine exposed F1 offspring, it follows that apoptosis did
not influence the imbalance in cell death and cell replacement in the alveolar walls. However, due
to accelerated cellular senescence accompanied by a slower cell turnover, it is inevitable that that
alveolar wall destruction will occur. These findings furthermore suggest that exposure to nicotine

during gestation and lactation caused the lungs of the F1 offspring to age prematurely.

The imbalance between cellular damage and repair became evident relatively late in the life of the
F1 progeny and seems to be irreversible. It is therefore highly likely that maternal exposure during
gestation and lactation at critical windows of lung development induced developmental
modifications at a cellular level which contributed to perpetual physiological, structural, and
epigenetic alterations in the lungs of the F1 offspring resulting in micro emphysema-like lesions
later in life. As a result of impaired repair mechanisms in the lungs of the nicotine exposed animals,
it is conceivable that the lungs of the offspring will be deemed more vulnerable to stress induced

damage such as atmospheric air pollutants.

The mechanism whereby the exposure of the F1 offspring to nicotine during pregnancy and
lactation caused an imbalance in the cell proliferation-cell senescence is likely owing to oxidative
damage stimulated during the early stages of lung growth. By treating the mothers’ with nicotine, it
reduces the antioxidant capacity of the mother and fetal lung. Therefore, it increases the oxidant
load of both mother and fetus (Durak et al., 2002) and thus expose the developing lung to higher
levels of oxidants. Furthermore, the increase in oxidant load and compromised antioxidant
capability or low antioxidant levels will thus predispose the rapidly proliferating cells of the lungs
of the offspring to programming. This is substantiated by the observation that the intake of tomato
juice by the mothers’ treated with nicotine averted the alterations in the cellular processes involved
the alveolar walls of the offspring. This may be due to the maintenance of the mothers’ antioxidant
status and by implication, the offspring, giving rise to an augmented defense against oxidant

induced programming in the lungs of the F1 offspring.
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So far the data shows that overall cell proliferation was suppressed. At the same time the senescent
cell numbers per length of alveolar wall increased. This implies that the accumulation of senescent
cells will also contribute to fewer cells that can proliferate. The data so far represents an overall
picture of cell senescence and proliferation of all parenchymal cells. It is important to establish
what the response of specific individual cells in the alveolar walls to nicotine exposure is in order to
determine the site of action of nicotine and the consequences on lung structure and function in the
longer term. Fibroblasts, type | and —IlI cells density (hnumbers/length of alveolar wall) of the
alveolar walls were determined, as well as that of macrophages in the alveoli since there is

communication between all these cells.

4.6.3 Fibroblast Density

Cigarette smoke has shown to have cytotoxic effects on lung fibroblasts (Ishii et al., 2001) which
have led to the induction of apoptosis of these cells (Carnevali et al., 2003, Baglole et al., 2006).
Pulmonary fibroblasts are the primary cell type responsible for synthesis and secretion of the main
components of the alveolar ECM (Koh et al., 1996) which plays a major role in the connective
tissue framework of the lung. Moreover, pulmonary fibroblasts have been said to participate in

alveolar growth and multiplication (Warburton and Bellusci, 2004).

As shown in this study, the fibroblast density was markedly reduced in the alveolar walls of the
lungs of the 84-day-old F1 offspring exposed to nicotine in utero and during lactation in
comparison to that of the control animals. It is also interesting to note that while a significant
decrease in the fibroblast density was seen between the control animals and the nicotine exposed
offspring, the fibroblast density in areas where emphysematous-like lesions were present, was
significantly lower than in the areas where no emphysematous-like lesions were observed. This
implies that the lower fibroblast density is associated with emphysema-like lesions. It is plausible
that the fibroblasts are sensitive to the effect of nicotine and develop premature senescence and
become unable to proliferate as the lungs grows and develop. Since alveolar fibroblasts secrete
growth factors that target both alveolar epithelial and endothelial cells (Plantier et al., 2007) one
would anticipate that due to injury, the fibroblast activity would be increased in areas where
alveolar damage has occurred. Nobukuni et al. (2002) demonstrated that cigarette smoke inhibits
pulmonary fibroblast proliferation and migration. The data in the current study indicate that

nicotine in tobacco smoke contributes to the suppressed fibroblast proliferation in the lungs of
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smokers. It is therefore conceivable that this may be the reason as to why the fibroblast density was:
1) distinctly reduced in the lungs of the nicotine exposed F1 offspring, and 2) a further reduction of
fibroblasts in areas with emphysematous-like lesions. Moreover, as for the effect of maternal
nicotine exposure on other cell types, chronic exposure to cigarette smoke results in a senescent
fibroblast phenotype (Nyunoya et al., 2006). This implies that maternal nicotine exposure during
gestation and lactation probably induces a decrease in the number of metabolically active
fibroblasts available for alveolar multiplication and growth via premature origins of these cells.
This is especially evident later in the life of the nicotine exposed offspring and exacerbated in
regions where emphysema-like lesions has developed. Due to financial constraints, we were unable
to demonstrate whether the supplementation of tomato juice in the diet of the mothers’ treated with
nicotine would avert the deleterious effects on pulmonary fibroblasts. However, if directly
extrapolated from previous results shown in the present study, we can safely assume that the
supplementation of tomato juice in the mothers’ diet may have prevented the reduction in fibroblast

activity, but this would require further study.

4.6.4 Alveolar macrophages (AM)

The findings in the present study show that maternal nicotine exposure during gestation and
lactation had no effect on the alveolar macrophage (AM) number in the lungs of the nicotine
exposed offspring at postnatal day 84. AM occurs free in the alveoli and plays a fundamental role in
the protection of lung integrity. Although the number in AM were unaffected, it is likely that the
metabolic activity of the AM were affected. In support of this are studies done by Wongtrakool and
co-workers (2012) that demonstrated that nicotine suppresses the innate immune response of these
cells to foreign particles that enter the alveoli. It is therefore plausible that although the alveolar
macrophage numbers were not affected by maternal nicotine exposure during gestation and
lactation, the innate immunity of these lungs might be affected since it is plausible that more
alveolar macrophages are senescent than in the control lung and thus not effective in protecting the
lung. This probably explains why in utero nicotine exposure, mediated in part via the alpha-7
nicotinic acetylcholine receptor (a-7 NAChR), and increases the risk of lower respiratory tract

infections in neonates due to a lower phagocytic function (Wongtrakool et al., 2012).
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4.6.5 Alveolar Type I (ATI) and Type Il (ATII) cells

Exposing the fetus to nicotine via the placenta and mother’s blood resulted in enhanced alveolar
type Il (ATI) proliferation in the lungs of the day 84 offspring. These findings are consistent with
that of Maritz and Thomas (1995). It is however, important to note that the faster type Il cell
proliferation in the latter study took place while the mother was still exposed to nicotine and the
offspring therefore still receiving it via mother’s milk. In the present study the type II cell
proliferation was still markedly faster in the 84-day-old nicotine exposed offspring than that of the
control animals despite the fact that it was not exposed to nicotine since weaning on postnatal day
21. This implies that type Il cell proliferation remains high in these rats even though there is no
nicotine present in the lungs at this late stage. It is therefore highly likely that this is a programmed

process and in all likelihood gave rise to a permanent faster type Il proliferation.

Whether the rapid Type Il proliferation in the alveolar walls of the nicotine exposed offspring can
be attributed to a direct effect of nicotine during gestation and lactation on the type Il cells is not
known. There are however 2 possible mechanisms that may induce the observed proliferation of
type Il cells in this and other studies. Firstly, Rehan et al. (2007) reported that ATII cell
proliferation in nicotine exposed animals is a result of the indirect effect of nicotine, that being a
paracrine mechanism(s) secondary to its effects on adepithelial fibroblasts. Alveolar interstitial
fibroblasts (AIF’s) have been shown to express the peroxisome proliferator activated receptor
(PPAR)-y. The PPAR-y is reported to have an antimitogenic role in other systems, where it is has
been shown to impede cell proliferation by regulating the activation of cyclins and cyclin dependent
kinases (Law et al., 2000). AIF’s that are situated adjacent to ATII cells express PPAR-y (Rehan et
al., 2006) and nicotine downregulates PPAR-y by these fibroblasts (Rehan et al., 2005).
Furthermore, from the observations that nicotine exposure during gestation and lactation markedly
reduced the fibroblast activity in the lungs of the F1 offspring, it follows that ATII cell proliferation
in the nicotine exposed progeny can possibly be ascribed to a) the imbalance of fibroblast-derived
epithelial cell growth stimulatory and —inhibitory paracrine mediators or b) the reduction in
fibroblast numbers and therefore an absence in the expression of PPAR-y resulting in ATII cell

proliferation.

Secondly, although the alveolar type | cells were not quantified in the present study; micrographs
depicted the sloughing of these cells from the alveolar basement membrane in the lungs of the 84-

day-old nicotine exposed offspring. It is known that when type | cells are damaged it is replaced by
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the type Il cells; a process that requires type Il cell proliferation and the differentiation of one of the
daughter cells into a type | cell to replace the damaged type | cell (Crapo et al., 1980). These 2
suggested mechanisms are indirect and require a type Il cell that is responsive to the external
stimuli, such as type I cell death.

The cell-cell junctions of the ATI cells were damaged as part of the cells sloughing off the
basement membrane. The reason for the apparently shorter lifespan of the type I cell is not known.
It is however, known that the type I cell is dependent on glycolysis for energy and thus survival. It
is has been shown that maternal nicotine exposure suppress glycolysis irreversibly in the lungs of
the nicotine exposed animals (Kordom et al., 2003). It is therefore plausible that the shorter lifespan
of the type I cells are due to a lower energy supply via glycolysis. It was indeed recently shown that
glycolytic enzymes can modulate the life span of early fibroblasts (Kondoh et al., 2005). An
increase in glycolysis decreases oxidative damage of these cells and delay onset of senescence
(Figure 4.6.5.1). Inhibition of glycolysis on the other hand, results in less protection against
oxidative damage and is associated with the premature onset of senescence. Furthermore, it has
been demonstrated that glycolytic flux declines during senescence in both murine and human
fibroblasts (Zwerschke et al., 2003, Kondoh et al., 2005). This means that the inhibition of
glycolysis could also contribute to premature aging of the type I cells. It is also plausible that the
inhibition of glycolysis by nicotine in the long term also resulted in premature senescence of
fibroblasts as well as type | cells and thus the role it plays in the maintenance of lung structural
integrity and function as the animal ages. This might explain the lower number of fibroblasts in the
alveolar walls of the nicotine exposed progeny as well as the sloughing from the basement
membrane of the type | cells. It is therefore tempting to speculate that inhibition of glycolysis may
induce premature senescence and degeneration of alveolar walls and the subsequent development of

microscopic emphysema.

Oxidative stress }7 Glycolysis —{ Senescence

Figure 4.6.5: Illustrates that glycolysis suppress senescence and protect against oxidative stress. Inhibition of

glycolysis compromises the role of glycolysis in controlling senescence and oxidant levels in the lung.
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Apart from glycolysis mitochondria act as a major source of energy that is essential for normal cell
function. However, perturbation of mitochondrial homeostasis may accelerate senescence (Ziegler
et al., 2014). In a previous study it was found that exposure to nicotine resulted in mitochondrial
swelling (Maritz and Thomas, 1994, Maritz and Thomas, 1995). In a study by Ziegler et al. (2015)
it was shown that the mitochondria of senescent cells are abnormally enlarged. Some studies also
showed that these mitochondria release more oxidants which may contribute to cellular senescence
(Yoon et al., 2006). Although no data was generated in the present study regarding mitochondrial
structure and function, the data generated in studies investigating the effect of maternal nicotine
exposure on lung cell and mitochondrial integrity suggest that the changes induced in the
mitochondria in the cells of the alveolar wall may contribute to cell senescence and premature
aging. On the other hand, in a previous study it was shown that although maternal nicotine exposure
induces mitochondrial swelling, it had no effect on the oxygen consumption of the lung tissue in
vitro (Maritz, 1986). It is thus not likely that nicotine induced senescence is promoted via its impact
on mitochondria. The swelling of the mitochondria appears not to be equal to enlargement of the
mitochondria in senescent cells. It furthermore also implies that mitochondrial swelling is not a sign

of cell senescence.

In addition, in a study by Zwerschke et al. (2003) it was found that an elevation of the intracellular
AMP level occur during replicative senescence, which is sufficient to induce both growth arrest
and properties of the senescent phenotype. Since maternal nicotine exposure during gestation and
lactation increased the total AMP in the lungs of the offspring (Maritz and Burger, 1992), it is
conceivable that this may contribute to premature senescence of the cells in the alveolar walls and
thereby resulted in a gradual degradation of the alveolar walls over time.

Apart from being an integral part of the alveolar wall the alveolar epithelial cells also play a crucial
role in the innate immunity of the lungs (Derscheid and Ackermann, 2013). Intact cell-cell
junctions act as a barrier against foreign materials and in this way prevent it from damaging
underlying cells and from entering the circulation. It also protects the underlying basement
membrane against the harmful effects of, for example, inhaled oxidants. It is therefore clear that
damage to these cells, as illustrated in this study, will not only compromise the structural integrity
of the alveolus, but also its role in innate immunity which will consequently increases the

vulnerability of the F1 offspring lungs to respiratory diseases.
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4.6.6 Endothelial cells

The endothelial cells are also part of the alveolar wall and damage to these cells, or if the processes
that are responsible for the maintenance of homeostasis of these cells, its role in the maintenance of
the integrity of the alveolar wall may also contribute to a gradual breakdown of the alveolar wall
with a concomitant increase in alveolar volume. Although these cells were not studied in this
project it is plausible that these cells were also affected because the structure and function of the
endothelial cells on both sides of the blood-air barrier requires fully functional fibroblasts (Borok et
al., 2011).

In summary, the results from this study and information from the literature shows that maternal
nicotine exposure to nicotine during gestation and lactation programmed the lungs of the offspring
to develop senescence prematurely. A consequence of the premature aging of the lungs is the

increased susceptibility to disease due to:

1. Alveolar walls that deteriorate faster due to the imbalance between cell replacement and
cell death. This is reflected in slower cell proliferation, type | cell damage, and
decreased fibroblast numbers (density) in the alveolar walls.

2. Innate immunity is in all likelihood also compromised due to the damage to cell-cell
junctions in the alveolar walls which exposed the underlying basement membrane to
foreign materials, such as oxidants that are inhaled, and may play a role in damage to the
3D connective tissue framework. In addition the barrier function is compromised that
will allow the penetration of the oxidants and other substances which may interfere with
other cells such as the endothelial cells. The overall effect is a compromised innate

immunity function.

The effect of maternal nicotine on the lung structure and function is independent from normal
growth and development of the offspring since BW was normal at birth and growth was
proportional after birth and not different from that of the control animals. It therefore follows that
the effect of maternal nicotine on lung integrity is due to an imbalance in the oxidant-antioxidant
ratio induced by nicotine because when restoring the mothers’, fetus’ and neonate’s oxidant-
antioxidant ratio by supplementing the diet with tomato juice rich in lycopene, all the adverse

effects on the developing lung was averted.
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In conclusion, the data suggests that maternal (FO) nicotine exposure during gestation and lactation
programmed the lungs of the F1 progeny to develop emphysematous lesions as a consequence of
alveolar wall destruction and therefore diminished lung integrity. The data in the present study
strongly suggests that the effects of grand maternal (FO) nicotine exposure may be inherited by the
F2, F3, and possibly the F4 generation. Therefore, it is imperative to further explore the effects of
grand maternal nicotine exposure on the lungs of the F2 and subsequent generations as well as the

mechanisms involved in the transfer of premature aging of the lungs.
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