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ABSTRACT

Blood pressure and heart rate is known to increase during smoking. These effects are
specifically associated with nicotine while the other components of tobacco smoke seem to
be of minor importance. It is becoming increasingly clear that fetal nicotine exposure,
through transfer of nicotine via the placenta, has numerous consequences that is detrimental
to the health of the fetus and that these effects may last into adulthood or perhaps even
manifest itself later in life. In this study, we investigated the effects of maternal nicotine
exposure during pregnancy and lactation on the blood pressure of the male offspring. A
preliminary study indicated that the female offspring do not become hypertensive. We were
particularly interested to determine whether hypertension in the offspring could be prevented
or attenuated by vitamin C (an antioxidant) therapy.
When confirmed to be pregnant, female Wistar rats were divided into four groups. The
control group (group 1) received saline (1ml/day, s.c), the animals in group 2 received
nicotine (1mg/kg/day in ml, s.c), group 3 animals received a combination of saline (1 ml/day
s.c.) and vitamin C (1g/l in drinking water) and the animals in group 4 received a
combination of nicotine (1mg/kg/day, s.c) and vitamin C (1g/l in the drinking water) during
pregnancy and lactation. At weaning eight animals from group 2 received vitamin C in the
drinking water (1g/l) until the end of the experiment. Blood pressure and body weight were
measured every two weeks for 5 months. Blood samples were collected, and serum prepared
at 3 weeks and at 5 months for biochemical analysis. Total antioxidant capacity (TAC),
thiobarbituric acid reactive substances (TBARS) and superoxide dismutase (SOD) assays
were determined at 3 weeks; TAC was also measured at five months. After 5 months, the
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animals were sacrificed and abdominal aorta was excised for histological (H and E staining)
and IHC (AGE) evaluation.
From the data generated in this study, it was evident that maternal nicotine exposure during
pregnancy and lactation increased blood pressure of male offspring but not female offspring.
Exposure to nicotine during pregnancy and lactation significantly increased systolic blood
pressure from 115±4.6 mm Hg in the first month to 147±6.1 mm Hg at five months (P<0.05),
diastolic blood pressure was increased from 84±3.4 mm Hg in the first month to 110±7.2 mm
Hg at 5 months (P<0.05) and MAP was increased from 94.8±3.8 mm Hg in the first month to
121±6.4 mm Hg at 5 months. Interestingly the MAP of the nicotine group was normal during
the first two months. HR was similar in all groups at 5 weeks and 5 months. Maternal vitamin
C supplementation in rats exposed to nicotine during pregnancy and lactation did not prevent
development of hypertension of the offspring (MAP=121±6.4 mm Hg in the nicotine group
vs 113.4±1.7 mmHg in the nicotine and vitamin C group, P>0.05). Supplementation with
vitamin C in the drinking water after weaning significantly reduced blood pressure of the
offspring (MAP=121±6.4 mm Hg vs 97.6±2.9 mm Hg respectively, P<0.05). No significant
difference was found in any of the biochemical assays. Maternal nicotine exposure during
pregnancy and lactation leads to alteration in aorta structure as evaluated by H and E staining.
Structural alterations include protrusion of the intima and irregular arrangement of the
vascular smooth muscle cells (VSMC) in the tunica media. Maternal vitamin C
supplementation and vitamin C supplementation after weaning did not prevent the structural
alteration of the aorta. Immunohistochemistry (IHC) indicated that the accumulation of
AGE’s in the nicotine group was stronger than in the control group. In conclusion, we show
for the first time that hypertension induced by maternal nicotine exposure can be reversed
after weaning by supplementation with vitamin C, an antioxidant.
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ABBRIEVIATION, NOTATION AND SYMBOLS

°C

Degree Celsius

µl

Microlitres

Ach

Acetylcholine

AGEs

Advanced Glycation End Products

ANG

Angiotensin

ANOVA

Analysis of Variance

ASVD

Arteriosclerotic Vascular Disease

BP

Blood Pressure

CAD

Coronary Artery Disease

CHD

Coronary Heart Disease

CNS

Central Nervous System

CVD

Cardiovascular Disease

CYPs

Cytochromes P450

DAB

3, 3-Diaminobenzidine

DBP

Diastolic Blood Pressure

DMSO

Dimethyl Sulfoxide

DNA

Deoxyribonucleic Acid

EC

Endothelial Cells

ELISA

Enzyme Linked Immunosorbent Assay

FFA

Free Fatty Acid

HF

Heart Failure

HO2

Hydroxyl Radical
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HPA

Hypothalamic Pituitary Adrenal Axis

HPLC

High Performance Liquid Chromatograph

HR

Heart Rate

IgG

Immunoglobin G

IHC

Immunohistochemistry

IHD

Ischemic Heart Disease

LBW

Low Birth Weight

LDL

Low Density Lipoprotein

LPO

Lipid Peroxidation

MAP

Mean Arterial Pressure

MDA

Malondialdehyde

MI

Myocardial Infarction

nAChRs

Nicotine Acetylcholine Receptors

NAD

Nicotinamide Adenine Dinucleotide

NIDDM

Noninsulin Dependent Diabetes Mellitus

NO

Nitric Oxide

PKA

Protein Kinase A

PNS

Peripheral Nervous System

PVAT

Perivascular Adipose Tissue

RAGE

Receptors for Advanced Glycation End Products

RAS

Renin Angiotensin System

RF

Renal Failure

RNA

Ribonucleic Acid

ROS

Reactive Oxygen Species
ix

SADHS

South Africa Demographic and Health Survey

SBP

Systolic Blood Pressure

SCD

Sudden Cardiac Death

SHR

Spontaneous Hypertension Rate

SMC

Smooth Muscle Cells

SNS

Sympathetic Nervous System

SOD

Superoxide Dismutase

T2D

Type-2 Diabetes

TAC

Total Antioxidant Capacity

TBA

Thiobarbituric Acid

TBARS

Thiobarbituric Acid Reactive Substance

VPR

Volume Pressure Recording

VSMCs

Vascular Smooth Muscle Cells

WHO

Worldwide Health Organization

WKY

Wistar Kyoto Rats
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CHAPTER ONE
INTRODUCTION

The Fetal origin of adult disease theory was first introduced by Barker (1995). It proposes
that alterations in the environment within which the fetus develops, such as nutritional status,
oxygenation status and exposure to toxic substances, may change the structure, physiology
and metabolism of the individual in such a manner that it predisposes the offspring to
cardiovascular, metabolic and endocrine diseases in adult life (Godfrey & Barker, 2000).
Changes in the environment within which the fetus and neonate develop might, therefore,
have a profound effect on the future health of the individual.

Nicotine is the principal alkaloid present in the tobacco plant, which belongs to the
nightshade family, and represents about 0.6-3.0% of the dry weight of tobacco (Tassew and
Chandravanshi, 2015). Neuronal nicotinic acetylcholine receptors are pentamers with a
unique conformation of alpha (α2- α10) and beta (β2-β4) subunits resulting in different
receptor subtypes found throughout the brain, which is cause of nicotine addiction (Jiloha,
2010).In addition to being a stimulant drug, nicotine can also act as an antidepressant and is
highly addictive (Hughes et al., 2014). Its neurochemical and metabolic effects are similar to
those of other drugs such as cocaine, amphetamine and morphine, which have strong
addictive properties (Pontieri et al., 1996).
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Studies have also shown that exposure to nicotine is associated with the development of some
chronic diseases such as, hypertension, obesity and type 2 diabetes (Gao et al., 2005; Gao et
al., 2008). It has been reported that blood pressure increases during smoking, due to the
presence of nicotine in tobacco smoke (Xiao et al., 2014). This because the nicotine affects
the cardiovascular system in two ways: 1) it increases heart rate and 2) it causes narrowing of
arteries which increases risk of developing peripheral artery disease (PAD), affecting the
arteries that supply the kidneys, stomach, arms, legs and feet, and also leads to increases in
blood pressure.

Epidemiological studies have demonstrated that exposure to maternal nicotine is associated
with an increased risk of elevated blood pressure in postnatal life (Xiao et al., 2008). Xiao et
al (2008) reported that, in utero exposure to maternal nicotine (6 mg/kg/day) had no effect on
baseline BP but significantly increased Ang II stimulated BP in male but not female
offspring. On the other hand, Gao et al (2008)has showed that blood pressure was increased
at 14 weeks of age in the nicotine (1 mg/kg/day) exposed male offspring.

Previous studies have reported that the harmful effects of nicotine is due to a disturbance in
the capacities of endogenous antioxidant defences in which the activity of the antioxidant
system is overwhelmed by reactive oxygen species generation (Halliwell and Whiteman,
2004). It has however also been suggested that the toxicity of nicotine induced oxidative
stress can be modulated by antioxidants (McIntyre et al., 1999). Vitamin C is the major
essential water-soluble antioxidant in human serum and is able to reduce the oxidative
properties of toxic substances (Perai et al., 2014). As an antioxidant, vitamin C helps in
2

preventing oxidative stress by directly scavenging oxygen-derived free radicals, such as
superoxide anions or hydroxyl radicals (Nagaraj and Paunipagar, 2014). An in vitro study has
also shown advanced glycation end products (AGE’s) to be part of the complicated
interaction between oxidative stress and vascular damage (Wihler et al., 2005).

1.2. The objectives of this study:
In view of the above the objectives of this study were to determine whether:
1. Low dose (1 mg/kg/day) maternal nicotine exposure during pregnancy and lactation will
induce hypertension in the offspring. We also wanted to determine whether both male and
female offspring are affected.
2. Hypertension induced by maternal nicotine exposure is present at weaning or only
develops later in life.
3. Hypertension induced by maternal nicotine exposure can be prevented or attenuated by
vitamin C supplementation during the perinatal period or after weaning.
4. Low dose maternal nicotine exposure effects serum antioxidant capacity, aorta morphology
and expression of AGE in the aorta.
5. The above can be prevented or reduced by vitamin C supplementation.
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CHAPTER TWO
LITERATURE REVIEW

2.1. Nicotine
Nicotine is the principal alkaloid present in the tobacco plant, which belongs to the
nightshade family, and represents about 0.6-3.0% of the dry weight of tobacco. It is a
hygroscopic, colorless and an oily liquid that is readily soluble in alcohol (Tassew and
Chandravanshi, 2015). Nicotine is a potent parasympathomimetic alkaloid and a stimulant
drug (Zhouet al., 2014). The chemical structure of nicotine is shown in figure 2.1.

Figure 2.1: The structure of nicotine (Seeman et al., 1999).
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When nicotine is exposed to ultraviolet light or other oxidizing agents, it transforms to
nicotinic oxide, nicotine acid (Vitamin B3) and then to methylamine (figure 2.2), which may
cause harm to the body.

Figure 2.2: Illustration of how nicotine transforms to methylamine.

In addition to being a stimulant drug, nicotine can also act as an antidepressant and is highly
addictive (Hughes et al., 2014). Its neurochemical and metabolic effects are similar to those
of other drugs which have strong addictive properties such as cocaine, amphetamine and
morphine (Pontieri et al., 1996). Studies have also shown that exposure to nicotine is
associated with the development of hypertension, obesity and type 2 diabetes (Gao et al.,
2005; Gao et al., 2008).
5

2.1.1-Biosynthesis, metabolism, excretion and therapeutic effects of nicotine

Nicotine biosynthesis from tobacco roots is promoted by cutting or removal of the apex of the
tobacco plant (Xiet al., 2005). The pathway of nicotine biosynthesis in tobacco roots is still
unclear, but some studies have suggested that the biosynthetic pathway of nicotine is through
the interaction between the two cyclic structures that compose nicotine. The pyridine ring of
nicotine is synthesized from niacin (nicotinic acid), while the pyrrolid one is synthesized from
N-methyl-Δ1-pyrrollidium a cation (Shoji and Hashimoto, 2013) through two independent
synthetic pathways, the nicotinamide adenine dinucleotide (NAD) pathway for niacin and the
tropane pathway for N-methyl-Δ1-pyrrollidium cation.

The major organ responsible for the metabolism of nicotine is the liver, mainly by
cytochrome P450 enzymes (CYPs) (Earla et al., 2014). Nicotine metabolism is influenced by
genetic factors, age and sex, use of estrogen-containing hormone preparations, pregnancy,
kidney disease, medications, and smoking itself (Benowitz and Jacob, 1994). The lungs and
kidneys have also been reported to play a part in the chemical breakdown of nicotine. In
humans about 70–80% of nicotine is converted to cotinine through two stages. Firstly,
nicotine is metabolized primarily by CYP2A6 to produce nicotine-Δ1′

(5′)

-iminium, and

secondly, it is the catalysed by a cytoplasmic aldehyde oxidase to produce cotinine (Wong,
2015). Cotinine is the most widely used biomarker of nicotine intake. It may be measured in
blood, urine, saliva, hair, or nails. Only 10-15% of nicotine absorbed by a smoker appears as
unchanged cotinine in the urine. The remainder is converted to metabolites, primarily trans–
3′–hydroxycotinine (33–40%), cotinine glucuronide (12–17%), and trans–3′–hydroxycotinine
glucuronide (7–9%)(Benowitzet al., 1994; Hukkanenet al., 2005). Cotinine can also be
6

determined in the urine of infants whose mothers have been exposed to nicotine during
pregnancy or lactation (Benowitz et al., 2009). Figure 2.3 below shows the transformation of
nicotine in the systemic circulation.

Figure 2.3: Transformation of nicotine into cotinine by cytochrome P 450 (Vellosaet al., 2007).

Since the metabolism of cotinine is much slower than that of nicotine, the rate of metabolism
of nicotine can be determined by measuring blood levels of cotinine after administration of a
known dose of nicotine.

As mentioned earlier, excretion of nicotine could be via urine, feaces, bile, saliva, gastric
juice, sweat and breast fluid (Mishra et al., 2015; Nakajima et al., 2002). When nicotine is
given to animals (like rats), it has been shown that around 55% is excreted in urine. Animal
studies have shown that the pH of urine has an effect on the rate of nicotine excretion. When
the pH of the urine is alkaline, it leads to a decrease in nicotine excretion, and when the pH of
the urine is acidic, it leads to an increase in nicotine excretion (Beckett et al., 1965). Ascorbic
acid or vitamin C may have an influence on urinary excretion and metabolism of nicotine as it
7

was reported by Evans et al. (1999) that ascorbic acid leads to an increase in the urinary
excretion of cotinine and nicotine (Dawson et al., 1999).

Neuronal nicotinic acetylcholine receptors are pentamers with a unique conformation of alpha
(α2- α10) and beta (β2-β4)subunits resulting in different receptor subtypes that are found
throughout the brain, and the main cause of nicotine addiction are mediated via these
receptors (Jiloha, 2010).The different areas in the brain contain different nicotine cholinergic
receptor subtypes, which have different chemical conductance of sodium and calcium, and
also different sensitivity to different nicotine agonists, resulting in correspondingly different
pharmacological actions.

As a therapeutic agent, nicotine can be used as a drug in the treatment of some diseases
(Raupach et al., 2012). It has rewarding psychopharmacologic effects such as tranquilization,
weight loss, decreased irritability, reduction in craving for cigarettes and other tobacco
products, increased alertness, and improved cognitive function (Cary, 2001). A few
experimental systems have established that nicotine causes weight loss via reduced appetite
and increased metabolic rate (Grebenstein et al., 2013). It can encourage the release of
serotonin, which has an important role in reducing body weight. S-nicotine, a product of
nicotine metabolism (Park et al., 1993) has some beneficial effects on the treatment and
protection against a number of diseases such as Parkinson's disease and Alzheimer's disease
(Lopez-Arrieta and Sanz, 2001; Thiriez et al., 2011). Unfortunately, S-nicotine has side
effects on the cardiovascular and digestive system, limiting its use as a therapeutic agent
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(Girard et al., 2000). (R)-nicotine, which is also found in cigarette smoke, has been studied
for its anxiolytic effects (Salas et al., 2003).

2.1.2. Harmful effects of nicotine
It has been reported that blood pressure increases during smoking, as a result of nicotine in
tobacco smoke (Xiao et al., 2014). Nicotine affects the cardiovascular system in two ways: 1)
it increases heart rate and 2) nicotine has effects on arteries by remodelling the artery and this
leads to an increased risk of developing peripheral artery disease (PAD), affecting the arteries
that supply the kidneys, stomach, arms, legs and feet and also leads to increase in blood
pressure. The effect of nicotine on coronary heart disease is via accelerated atherogenesis,
hyperlipidemia and dysfunctional endothelial cells (Benowitz, 1991). Nicotine can also play a
role in stroke by altering the function of the blood-brain barrier and disruption of normal
endothelial cell function (Hawkins et al., 2002). In addition, nicotine increases free fatty acid
(FFA) levels, with some studies showing that people who suffer from heart disease always
have high free fatty acid levels which facilitate the development of coronary heart disease
(Papathanasiou et al., 2014).

In adults, it was shown that the cardio-ankle vascular index (CAVI) was increased by
exposure to nicotine. The CAVI reflects the stiffness of some arteries in the body such as the
aorta, femoral artery, and tibial artery (Noike et al., 2010). The cardio-ankle vascular index is
used as a clinical marker for evaluation of atherosclerosis and arteriosclerosis in patient with
essential hypertension (Okura et al., 2007). In hypertension patient’s aortic stiffness is an
9

independent predictor of cardiovascular mortality, fatal and non-fatal coronary events, and
fatal strokes (Laurent et al., 2001). Nicotine is believed to alter the structural and functional
characteristics of vascular smooth muscle and endothelial cells by enhancing endothelial
proliferation and increased atherosclerotic plaque formation. Neovascularization stimulated
by nicotine has also been suggested to help the progression of atherosclerotic plaque. These
effects lead to myointimal thickening, atherogenic and ischemic changes that increase the
incidence of hypertension (Mishra et al., 2015). It has been reported that atherosclerosis and
related diseases are due to vascular disorders including endothelial dysfunction (Rajendran et
al., 2013). A study has indicated that vascular responses in adult offspring from adverse
intrauterine environments were impaired in a gender-specific and age-dependent manner;
with males more profoundly affected (Hemmings et al., 2005).

In adulthood, the relationship between nicotine and obesity is incompletely understood
(Chioleroet al., 2007). In adults, studies show that nicotine could reduce appetite via increases
energy expenditure (EE) (Hofstetter et al., 1986). Other studies showed that light smokers
have a lower body weight than do heavy smoker (Bamia et al., 2004; Chiolero et al., 2007).

In humans, exposure to nicotine during pregnancy and lactation leads to alteration in
endocrine and glucose homeostasis in the adult offspring, a metabolic change which is
consistent with the disturbed glucose metabolism that may lead to type 2 diabetes (Jiang et
al., 2013).In developed countries, it has been suggested that maternal cigarette smoking
during pregnancy is a significant environmental contributor to fetal growth restriction which
may later in life increase the risk for adult disorders (Reeves and Bernstein, 2014; Wideroe et
al., 2003).Epidemiological studies have demonstrated that exposure to maternal nicotine is
10

associated with an increased risk of elevated blood pressure in postnatal life (Xiao et al.,
2008). Xiao et al (2008) reported that, in utero exposure to maternal nicotine had no effect on
baseline BP but significantly increased Ang II stimulated BP in male but not female
offspring. Gao et al (2008) also showed that blood pressure was increased at 14 weeks of age
in the nicotine exposed offspring. They however did not measure BP in the young animals.

Exposure of the lungs to nicotine via cigarette smoking has been reported to cause cancer of
the lungs (Health and Services, 2004; Warren and Singh, 2013). In adults, exposure to
nicotine is associated with a higher rate of respiratory diseases such as bronchitis,
bronchiolitis, pneumonia, and asthma (Jaakkola and Maritta, 2002; Maritz, 2013), while there
is also an enhancement in the risk of respiratory infections in children who are already
regularly exposed to nicotine (Gurkan et al., 2000). In addition to this, it has also been shown
that in monkeys, nicotine exposure can alter lung development and is associated with
enlargement of airspaces and reduction in alveolar surface area (Sekhon et al., 1999; Sekhon
et al., 2001; Sekhonet al., 2002).

The effects of nicotine in the pathogenesis of hypertension, obesity, type 2 diabetes,
cardiovascular disease, and respiratory diseases as explained in the above paragraphs have
been reported to be mediated by oxidative stress related pathways (Cai and Harrison, 2000).
The mechanism by which nicotine induces such oxidative stress will be discussed later. The
other pathophysiological process by which nicotine induces hypertension includes stimulating
the release of catecholamines (Czernin and Waldherr, 2003; Paton, 2013). A study has shown
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that alteration in central catecholamine metabolism is considered to be causally related to
increased blood pressure (Dev and Philip, 1996).

2.1.3. Nicotine and Fetal programming
Fetal or developmental programming is defined as the concept that a maternal stimulus or
insult at a critical period in fetal development has a long-term impact on the offspring (Barker
et al., 1993; Rabadan-Diehl and Nathanielsz, 2013). In modern paediatrics and developmental
psychobiology, fetal programming is a concept which occurs when important physiological
parameters are reset during intra-uterine development by environmental events. This resetting
can endure into adulthood and affect the following generation to produce a trans-generational
non-genetic disorder (such as Willi syndrome and Angelman syndrome). An example of this
is the impact of changes in local fetal cellular environments on gene expression during the
development of tissues and organs, which can result in long-term consequences for the
function of those tissues and organs during childhood and adulthood (Godfrey et al., 2007).

It is becoming increasingly clear that fetal exposure to nicotine has numerous consequences
that is to the detriment of the health of the fetus, and that these effects may last well into
adulthood. In pregnant women who smoke or use nicotine replacement therapy (NRT),
nicotine crosses the placenta, concentrates in fetal blood and amniotic fluid, and is detectable
in breast milk during lactation (Lambers and Clark, 1996; Mızrak et al., 2012). Exposure to
nicotine during fetal development leads to diseases in adulthood, including obesity,
hypertension, type-two diabetes, cardiovascular diseases (CVD) and some cancers.
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Prenatal exposure to nicotine in rats is associated with increased postnatal body weight and
higher levels of body fat in the fetus at gestational day 20 and during adulthood (Newman et
al; 1999; Gao et al., 2005). Also, prenatal nicotine exposure has been reported to cause
alterations in the central endocrine control of body weight homeostasis, which leads to
increased body weight due to enhanced levels of the adipocyte hormone, leptin (Somm et al.,
2008; Oliveira et al., 2009).On the other hand, a number of other studies have also shown that
the main effect of nicotine during gestation is caused by vasoconstriction of uterine placental
blood vessels, leading to a reduced blood flow to the placenta and a reduction in the delivery
of oxygen and nutrients to the fetus, which leads to a reduction in weight of the fetus
(Cnattingius, 2004).

In rats, exposure to nicotine during pregnancy and lactation has an effect on pancreatic
development and postnatal beta cell survival and function (Bruin et al., 2007; Bruin et al.,
2008; Bruin et al., 2008). Animal studies have demonstrated that fetal and neonatal exposure
to nicotine causes a permanent loss of beta cell mass beginning at birth, and this resulted in
reduced islet size and number, as well as a reduction in beta cell neogenesis.

It has been shown that there is an increased risk of hypertension in children born to women
who smoke during pregnancy, and animal experiments have shown that this risk may be as a
result of exposure to nicotine (Blake et al., 2000; Mund et al., 2013). Animal studies have
also confirmed that exposure to nicotine during pregnancy causes elevated blood pressure in
offspring after birth through dysfunction of endothelial cells and changes in the structure and
function of the kidney (Pausová et al., 2003; Xiao et al., 2007; Mao et al., 2009). It has
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suggested that nicotine has an effect on the regulation of vascular tone through alteration in
per vascular adipose tissue (PVAT) composition and modulator function (Xiao et al., 2008),
and this mechanism is associated with an increase in blood pressure (Gollasch and
Dubrovska, 2004; Gao, 2008).

Some epidemiological studies have shown that exposure to maternal nicotine during
pregnancy also leads to adverse pulmonary functional outcomes in the offspring (Leslie,
2013; England et al., 2015). Nicotine during pregnancy increases the risk of wheezing and
asthma in the children up to 2 years of age (Lannerö et al., 2006; Rehan et al., 2012). Results
from other studies suggest that there is also an impact on lung development and postnatal
lung function as a consequence of maternal nicotine exposure (Hafström et al., 2005; Maritz,
2008; Campos et al., 2009). Accelerated aging of the lung, characterized by microscopic
emphysema, enlarged alveolar volume, increased flattening of alveoli and decreased internal
surface area for gas exchange with increasing age have also been reported by (Maritz and
Windvogel, 2003).

Many studies have shown that fetal exposure to nicotine has an effect on the central nervous
system (CNS) by alterations in cellular growth and activity of the central and peripheral
nervous system (PNS), via cholinergic nicotine receptors (Palmer et al., 1992; Son and
Winzer-Serhan, 2008; Dwyer et al., 2009). Prenatal nicotine exposure has an effect on
neurobehavioral outcomes (such as attention-deficit hyperactivity disorder (ADHD) and
decreased general cognitive functioning) in the offspring of women who were exposed to
nicotine during pregnancy (Santiago and Huffman, 2014).
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Animal models and human epidemiological studies, have reported that some diseases like
dyslipidaemia and dysglycemia associated with disorders of metabolism of fatty liver disease,
have relation to exposure to nicotine alone during fetal and neonatal development (Newman
et al., 1999; Gao et al., 2005; Holloway et al., 2005). Table 2.1 summarized the harmful
effects of nicotine on the body.

15

System/organ name

Side effects

Reference

Cardiovascular system
- Hear rate

Increased heart rate and effect on arteries cause
vasoconstriction.

Maryann and
Gronisch, 2009

- Blood pressure

Increase risk of elevated blood pressure (Hypertension).

Xiao et al.,
2008

- Vascular smooth
muscle

Alter the structural and functional characteristics of
VSMC by enhancing endothelial proliferation and
increased atherosclerotic plaque formation.

Noike et al.,
2010

- Stroke

Altering the function of blood-brain barrier and
disruption of normal endothelial cell function, causing
stroke.

Hawkins et al.,
2002

Respiratory system

Alter the structure and development of respiratory
organs like the lungs.

Sekhon et al.,
2002

Central nervous system

Alteration in cellular growth and activity of the central
and peripheral nervous system via cholinergic nicotine
receptors.

Dwyer et al.,
2009

Body weight

Reduce appetite via increase energy expenditure and
vasoconstriction of uterine placental blood vessels (Low
body weight).

Hofstetter et al.,
1986

Type 2 diabetes

Alteration in endocrine and glucose homeostasis which
lead to disturbed glucose metabolism.

Holloway et al.,
2005

Pancreas

Reduced islet size and number as well as a reduction in
beta cell neogenesis.

Bruinet al.,
2008)

Cancers

Induces a dose-dependent increase in proliferation of
cancer cells (lung cancer and breast cancer).

Dasgupta et al.,
2009

Table 2.1:Summary of the harmful effects of nicotine on body tissue of adult.
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2.2 Oxidative stress
An oxidation reaction can produce free radicals, which can cause damage to the cells (Rahal
etal., 2014). A free radical can be defined as an oxygen containing molecule that has one or
more unpaired electrons, thus making it highly reactive with other molecules. Under normal
physiologic conditions, free radicals are constantly produced as byproducts of mitochondria
electron transport in the cellular respiratory chain, and also are inevitable byproducts of many
cellular and extracellular redox reactions (Droge, 2002; Laloi et al., 2004).

Antioxidants are molecules that prevent the oxidation of other molecules and are hence very
important in the human body (figure 2.5). The antioxidant system can be divided into two
main groups: antioxidant enzymes and non-enzymatic antioxidants. The latter consist of both
endogenous molecules, such as glutathione and nicotinamide adenine dinucleotide phosphate
(NADPH), and exogenous antioxidants, such as ascorbic acid (vitamin C) and tocopheol
(vitamin E) (Schreibelt et al., 2007). Should the concentration of free radicals within the
blood increase greatly because of excessive exposure to harmful factors such as smoking,
then the endogenous antioxidant defence system may be inadequate and hence cannot
neutralize or prevent the accumulation of free radicals which may cause dangerous mutations
that destroy cells and cause chronic diseases.

The antioxidants are distributed throughout the cell and body with only a small proportion
accumulating in mitochondria, the cellular organelles where the generation of ROS may be
high and the principle site of damage in the cells by free radicals. Mitochondria-target
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antioxidants are able to reduce cell death arising from endogenous oxidative stress (Jauslin et
al., 2003; Oyinloye et al., 2015). Research has shown that mitochondria-targeted antioxidants
may be more effective as therapies than untargeted antioxidants. Vitamin C is an example of
an antioxidant which targets the mitochondria (Augustin et al., 1997; Gruber et al., 2013).

Figure 2.4: Antioxidant help by donating free electron and preventing cell damage (http://ins-jerusalem
2014.com/images/Antioxidants).

The term ―oxidative stress‖ refers to the total intracellular and extracellular conditions that
lead to the accumulation of free radicals (e.g. reactive oxygen species (ROS)) in the body,
hence causing damage of cell membranes by peroxidation of membrane lipids, oxidation of
protein, inactivation of enzymes, and damaging to the genetic material in the cell nucleus via
impairment of ribonucleic acid (RNA) synthesis and degradation of deoxyribonucleic acids
(DNA). Certain diseases are the end-results of some pathological process initiated by ROS
such as superoxide, singlet oxygen, hydroxyl radicals, hydrogen and organic peroxides (Lee
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et al., 2012; Chen et al., 2013; Yang et al., 2013). These highly reactive oxygen species are
known to be cytotoxic and often cause tissue injury in diseases such as cardiovascular
diseases (CVD), neurological diseases, malignancies, renal diseases, diabetes, cancer,
rheumatoid arthritis, inflammatory problems, skin diseases, aging, respiratory diseases, liver
diseases and different types of viral infections (Irshad and Chaudhuri, 2002) (see figure 2.5).

Figure 2.5: Oxidative Stress/Antioxidants & Chronic Disease (Rao and Rao, 2013).

Under conditions of oxidative stress, unsaturated fatty acids (UFA) can undergo lipid
peroxidation, one of the biomarkers of oxidative stress, to indicate whether oxidative stress
has a role in damage of cells and tissues (Hong et al., 2014). Other studies determined the
development or presence of lipid peroxidation(LPO) in the serum, some of them based on
production of malondialdehyde by enzymatic processes(Ayala et al., 2014). The
thiobarbituric acid reactive substance (TBARS) is a well-established method for lipid
peroxidation determination in serum and other biological fluids (Yagi, 1979). Superoxide
dismutases (SODs) are metalloenzymes that catalyze the dismutation of the superoxide anion
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to molecular oxygen and hydrogen peroxide and thus form a crucial part of the cellular
antioxidant defence mechanism (Fukai and Ushio-Fukai, 2011). It has an important role to
protect the cells and tissues of the body against ROS and particularly superoxide anion
radicals (Van Raamsdonk and Hekimi, 2012). Total tissue antioxidant capacity (TAC) is an
assay used to measure the ability of endogenous systems to resist oxidative damage and
current research has shown the TAC assay to be a reliable biomarker for many different
pathophysiological conditions like heart and vascular diseases, diabetes mellitus, neurological
and psychiatric disorders, renal disorders and lung diseases (Kusano and Ferrari, 2008).

2.2.1. Oxidative stress and nicotine
Previous studies have reported that the harmful effects of nicotine is due to a disturbance in
the capacities of endogenous antioxidant defences in which the activity of the antioxidant
system is overwhelmed by reactive oxygen species generation (Halliwell and Whiteman,
2004). In nicotine administered rats, an increase in the generation of superoxide anion and
hydrogen peroxide has been shown to lead to a decrease in the activities of the free radical
scavenging enzymes such as SOD, catalase and glutathione peroxidase(Ashakumary and
Vijayammal, 1996). Oxidative stress due to nicotine exposure has been reported in various
tissues, including lung, vasculature and pancreas.

A recent study Dhouib et al (2015) has reported that lung damage in rats that were
chronically exposed to nicotine for 18 weeks was due to oxidative stress. It reported that
chronic nicotine administration caused a significant increase in malondialdehyde (MDA)
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level, SOD activity and catalase (CAT) activity in lung tissue suggesting oxidative damage
(Dhouib et al., 2015). Nicotine induced oxidative stress in pancreatic islet cells has also
recently been reported by Bhattacharjee et al (2016). Oxidative stress in pancreatic tissue is
associated with lipid peroxidation (Chowdhury and Walker, 2008). Research into the
oxidative damage to organs by nicotine has also been reported in a study conducted by
Akkoyun and Karadeniz (2016). The authors reported that neonates exposed to nicotine
intrauterine showed decreased total glutathione (GSH), glutathione peroxidase (GSH-Px) and
SOD antioxidant activities. This may explain why nicotine decreases the capacity of
antioxidant in the tissue and increased MDA levels which is a measure of the oxidation of
lipids by ROS; it suggests that lipid peroxidation participate in the development of damage
due to nicotine (Akkoyun and Karadeniz, 2016).

2.2.2. Oxidative stress and hypertension
Oxidative stress had been suggested to be involved in the pathogenesis of hypertension and
atherosclerosis (Alexander, 1995; Montezano et al., 2015). Laboratory animal studies have
established that angiotensin II (ANG II)-induced hypertension in the rat is accompanied by
oxidative stress in blood vessels (Ishizaka et al., 1997; Ocaranza et al., 2014). Xiao et al
(2011) reported antenatal nicotine exposure to increase the risk of hypertension in adult
offspring as a result of programmed heightened oxidative stress and vascular reactivity via a
Nox2-dependent mechanism. It has been suggested that the toxicity of nicotine induced
oxidative stress can be modulated by antioxidants (McIntyre et al., 1999).
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In the vasculature, the sources of ROS are from an assortment of different cell types including
vascular smooth muscle cells (VSMCs), endothelial cells (EC), macrophages and fibroblasts.
ROS has been shown to be an important factor in the regulation of many biological responses
(Kunsch and Medford, 1999; Higashi et al., 2009), including stretch of the vessel wall in a
pathological process involved in the development of hypertension.

The increase of oxidative stress related to blood pressure is accompanied by a reduction in the
most important antioxidant mechanisms hence antioxidant therapy (such as vitamin C) may
relieve hypertension and invert the compensative up regulation of nitric oxide species
isotypes in spontaneously hypertensive rats (SHR) (Vaziri et al., 2000).

2.3. Vitamin C as an antioxidant
Vitamin C (Vit C), also called ascorbic acid or ascorbate, is a water-soluble vitamin that is
necessary for normal growth and development of the body. Vitamin C is the major essential
water-soluble antioxidant in human serum and is able to reduce the oxidative properties of
toxic substances (Perai et al., 2014). It is not synthesised in human due to a mutation in the
gene coding for L-gulonolactone oxidase, which is necessary for the biosynthesis of vitamin
C via glucuronic acid. It thus has to be supported in the human body via the intake of fruits,
vegetables and vitamin C tablets (Carr and Frei, 1999; Naidu, 2003).
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Some studies have shown that vitamin C acts in a non-enzymatic reaction as an electron
donor to fulfil its role as an antioxidant in the prevention of many diseases. Vitamin C
prevents other compounds from being oxidized by donating two electrons from the double
bonds between the second and third carbon of its 6-carbon structure. As an antioxidant,
vitamin C helps in preventing oxidative stress by directly scavenging oxygen-derived free
radicals, such as superoxide anions or hydroxyl radicals (Nagaraj and Paunipagar, 2014).
After the loss of an electron, the species formed is a free radical called ascorbyl free radical.
Ascorbyl radical is relatively stable and fairly unreactive with a half-life of 10-5seconds,
which is why ascorbate is preferred as an antioxidant (Nagaraj and Paunipagar, 2014). Figure
2.6 below describes the chemical structure of the oxidation products of vitamin C.

Figure 2.6:Vitamin C (ascorbate) and its oxidation products (Goszcz et al., 2015).

It has been demonstrated that vitamin C protects nitric oxide (NO) from oxidation and
increases its synthesis, and by this protection, it increases endothelial NO and ameliorates
endothelial dysfunction (Taddei et al., 1998). Evidence also indicates that vitamin C is
beneficial to healthy subjects and those with cardiovascular disease (CVD) (Brown and Hu,
2001). A decrease in the concentration of vitamin C in plasma has been associated with
hypertension and impaired endothelial function (Moran et al., 1993). Ascorbic acid has
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beneficial effects on endothelium-dependent vasodilatation, and these beneficial effects may
be related to the scavenging of oxygen free radicals (Akpaffiong and Taylor, 1998; Taddeiet
al., 1998). Ascorbate stimulates vasodilatation in the brachial and coronary arteries and by
this dilation, vitamin C protects the body from many arterial diseases(Levine et al., 1996;
Kugiyamaet al., 1997).

2.4. Advanced glycation end products
Advanced glycation end products (AGEs) are proteins and lipid molecules that become nonenzymatically glycated when exposed to aldose sugars. AGEs are a complex and
heterogeneous group of compounds that have been implicated in the pathophysiological
process of some diseases, such as diabetes, renal failure, atherosclerosis and Alzheimer’s
disease (Singh et al., 2002;Goldin et al., 2006; Merhi, 2013), hence, the study of advanced
glycation end products has become one of the most important areas of research today. While
studies on AGEs have only commenced in the last 20 years, the initial chemistry behind their
mode of action has been described since the early 1900s, when it was noted that amino acids
heated in the presence of reducing sugars developed a characteristic yellow-brown color
(Wihler et al., 2005). Endogenous sources of AGEs are usually found in areas of the body
where proteins and lipid glycation occurs, leading to the generation of AGEs. AGEs can also
be derived from exogenous sources such as tobacco and foods (Cerami et al., 1997).

In the body there are many variant receptors for AGEs, called receptors of advanced glycation
end products (RAGEs). RAGE is a member of the immune-globulin superfamily of receptors
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(Neeper et al., 1992; Sugaya et al., 1994)which become up-regulated when AGEs ligands
accumulate in the body in a process of positive feedback activation (Mahajan and Dhawan,
2013). Such up-regulation takes placein endothelial and smooth muscle cells (SMC)
(Schmidtet al., 2001).

Oxidative stress may induce formation of AGEs and AGEs may causes further oxidative
stress (Jakus and Rietbrock, 2004). According to Yamagishi and Matsui (2010), there is
evidence that AGEs and their signal-transducing receptor interaction evokes oxidative stress
(Yamagishi and Matsui, 2010). An in vitro study has also shown AGE to be part of the
complicated interaction between oxidative stress and vascular damage (Wihler et al., 2005). It
has been demonstrated that the connection between AGEs and RAGE of endothelial cells
leads to reduction in the defence mechanisms of the cellular antioxidants (e.g. glutathione and
vitamin C) via generation of ROS, and this leads to further development of cellular oxidative
stress (Basta et al., 2004). Current research has suggested a potential link between AGEsinduced vascular calcification and oxidative stress (Wei et al., 2013).The study used nicotine
to induce the calcification of the aorta resulting in an increase in the expression levels of aorta
AGEs (Wei et al., 2013). It has also been suggested that RAGEs may have a role in stiffening
of the vasculature by forming cross links through the collagen molecule, or by interaction
with their cellular transduction receptors (Geroldi et al., 2005). Katz et al (2005) also
hypothesized that nornicotine, a minor metabolite of nicotine, up regulate the expression of
RAGE in the gingival of smokers and trigger the secretion of cytokines and reactive oxygen
species which directly cause destruction of the tissues.
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CHAPTER THREE
MATERIALS AND METHODS

3.1.Ethical Clearance
Ethical clearance for the study was obtained from the Ethical Committee of the University of
the Western Cape (project no: 10/2/17).

3.2.Materials
The materials that were used in this study are presented in Table 3.1 and 3.2 below.

Table 3.1: Biochemical assay kits and chemicals used in this study

Kits and Chemicals

SUPPLIER

Total antioxidant capacity (TAC) test kit.(Ca.No:MAK187)

Sigma-Aldrich (USA)

Thiobarbituric acid reactive substances (TBARS) test kit (Ca.No:

Cayman-chemical

700870)
Superoxide dismutases (SOD) test kit (Ca.No: 706002)

Cayman-chemical

Vitamin C (ascorbic acid)

Sigma-Aldrich (USA)

Pentobarbitone sodium

Norpham medical (SA)

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich (USA)

High performance liquid chromatography (HPLC) grade water

Kimix (SA)
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Servochem (SA)

Ethanol
Formaldehyde

Merck (Germany

Di-Sodium hydrogen phosphate (anhydrous) (Na2HPO4)

Kimix (SA)

Sodium Di-hydrogen phosphate dehydrate (NaH2PO4.2H2O)

Kimix (SA)

Xylene

Kimix (SA)

Parafine wax

Merck (Germany)

DPX

Kimix (SA)

Haematoxylin and eosin (H& E) stain

Merck (Germany)

Table 3.2: Equipment

Supplier

Product

Automatic tissue processor

Leica, TP 1020 Germany)

Autostainer machine

Leica XL (Germany)

Balance

ae-Adam, Keynes (USA)

Centrifuge

Kent Scientific (USA)

CODA blood pressures monitor

Kent Scientific (USA)

Embedding system

Bobo (China)

27

Doccol Corporation (USA)

Heating pad
Light microscope

Carl Zeiss (Germany)

Microtome

Leica, RM 2125RT (Germany)

POLARstar omega spectrophotometer

BMG Labtech (Germany)

Vortex

Kent Scientific (USA)

Water bath

Electrothermal (England)

Nicotine used for this study was a gift from Dr Windvogel of the Department of Physiology,
Stellenbosch University.

3.3.Protocol for animal experimentation
The animals used in this study were virgin Wistar rats and were bred in the animal facility at
the University of the Stellenbosch. Only animals free from visible signs of diseases and ill
health were used in this study. Animals had free access to food (chow) and tap water. The rats
were kept in a room with controlled temperature (23C°), controlled lighting (lights on at 7
a.m. and off at 7 p.m.) and controlled humidity.
First study
Female Wistar rats were given either saline (1 ml/day, s.c; control group), or nicotine (1
mg/kg/day in 1 ml s.c; the nicotine group), during pregnancy and lactation. The blood
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pressure of both female and male offspring was measured at 6 months of age. The
experimental design of this study is shown in next flow diagram (figure 3.1).

Figure 3.1: Flow diagram showing the experimental design for the first study.

Second study
In the second study, rats confirmed to be pregnant were randomly divided into four
experimental groups. Group one (1) animals served as a control group while groups two to
four (2-4) were treated as indicated below. Eight animals from group 2 received vitamin C
after weaning (group 5).

Group 1:

Saline (1 ml/day, s.c.).
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Group 2:

Nicotine (1mg/kg/day in 1 ml, s.c).

Group 3:

Saline (1ml/day, s.c) and vitamin C (1g/l in the drinking water).

Group 4:

Nicotine (1mg/kg/day in 1 ml, s.c) and vitamin C (1g/l in the drinking water).

Female rats were treated as indicated above from day 3 after mating up to weaning on
postnatal day 21. It is important to note that the offspring in group 1-4 were not treated with
nicotine, saline or vitamin C. The fetuses and neonates were thus exposed to nicotine via the
placenta and mother's milk. Animals in group 5 received vitamin C (1g/l) in the drinking
water from weaning up to 5 months of age. The experimental design is shown in next flow
diagram (figure 3.2).
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Figure 3.2: Flow diagram showing the experimental design for the second study.

Animals from group 1-4 (5 – 8 animals) were weighed (to determine the initial body weight)
and sacrificed by exanguiation at 3 weeks of age, and blood samples were collected, and
serum prepared as described below, for biochemical assays. Blood pressure of animals was
measured every two weeks from 5 weeks of age. The weight of animals was also measured at
two week intervals until 20 weeks (5 months) of age. At the end of the experimental period (5
months) animals were anesthetized with sodium pentabarbital (100 mg/kg i.p.) and killed by
exanguiation (when withdrawal reflex was absent after performing a toe pinch). Blood
samples were again collected, and serum prepared, for further analysis. To prepare serum
blood samples were collected from the thorax by pipette and transferred to Eppendorf tubes
31

and left for 20 minutes to clot. The clear serum separated by centrifugation (3000 x g, 15
min), was transferred to new Eppendorf tubes and stored at -20oC for further use.

After the rats were killed (at 5 months old), the abdominal aorta was removed from 20 rats (4
rats from each group) for histological and histochemical analysis. Aortic samples removed
were fixed in 10% buffered formaldehyde solution (pH 7.2). A 10% buffered formaldehyde
solution was prepared as follows: 4g of di-sodium hydrogen phosphate (anhydrous)
(Na2HOP4) and 6g of sodium di-hydrogen phosphate di-hydrate (NaH2PO4.2H2O) were
dissolved in 900 ml distilled water. Once the chemicals were dissolved in the water, 100 ml
formaldehyde solution was added to make up a 1000 ml buffered formalin solution.

3.3.1. Measurement of blood pressure
Systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP)
and heart rate (HR) were measured in rats by the tail-cuff method with a computerized blood
pressure monitor (CODA blood pressure monitor, Kent Scientific, USA). This system uses a
volume pressure method to determine blood pressure. The animals were put under light
sedation to reduce handling stress, which could influence blood pressure measurement. To
maintain blood flow to the tail, the animals were then placed on a heating pad while
maintaining the ambient temperature at 30°C. The occlusion cuff was placed proximally on
the tail of the animal and allowed to fit loosely for free movement of the tail. A volume
pressure recording (VPR) cuff was placed distally behind the occlusion cuff. After that, about
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three to six stable measurements of blood pressure were taken, and the averages of the
readings were calculated.

3.3.2. Serum biochemical assays
Biochemical estimation of serum antioxidant systems was performed using a thiobarbituric
acid reactive substance (TBARS) assay, superoxide dismutase (SOD) assay and total
antioxidant capacity (TAC) assay.

3.3.2.1.Total antioxidant capacity (TAC) assay
The total antioxidant capacity assay is a spectrophotometric method that is used for
measuring the total antioxidant capacity in human and animal serum. In the total antioxidant
capacity assay kit, either the concentration of the combination of both small molecule and
protein antioxidant, or the concentration of only small molecule antioxidants can be
determined. The TAC assay is based on the reduction of copper (II) to copper (I) by
antioxidants such as uric acid. Upon reduction, the copper (I) ion further reacts with a
coupling chromogenic reagent that produces a color with a maximum absorbance at 570 nm.
The color intensity is proportional to the total antioxidant capacity. In this study the assay was
done with serum collected at five weeks (initial collection of blood) and at five months (final
collection of blood) of age.

In brief, the experimental protocol was as follows. The reagents and samples were allowed to
warm to room temperature (about 30 minutes) prior to running the assay. All samples and
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standards in this assay were run in duplicate on a 96-well plate. A standard curve was
generated by adding different volumes (0, 8, 16, 24, 32, 40, 48 and 56 µl) of trolox standard
to wells to get a different concentration. After that, water was added to each well of standard
to bring the volume to 100 µl. 5 µl of serum was added to each of the sample wells followed
by addition of 95 µl water to bring the final volume of 100 µl. For the assay reaction to
develop, 100 µl of the Cu working solution was added to sample wells. The 96-well plate was
protected from light using a thin foil during the incubation period. It was mixed using a
horizontal shaker and incubated for 90 minutes at room temperature. Finally, the absorbance
of standards and unknown samples was measured at 570 nm using a POLARstar omega
spectrophotometer (BMG Labtech, Ortenberg, Germany). The standard curve generated was
used to calculate sample TAC. The TAC activity of the samples was calculated using the
equation obtained from the linear regression of the standard curve. Since the serum samples
were diluted, values calculated were corrected by multiplying by the dilution factor (5x). The
result was expressed as nmole of TAC per µl of sample volume.

3.3.2.2.Thiobarbituric acid reactive substances (TBARS) assay
The measurement of Thiobarbituric Acid Reactive Substances (TBARS) is a well-established
method for screening and monitoring lipid peroxidation (LPO) (Yagi, 1998). This method
depends on the formation of the lipid peroxidation (LPO) end product, malondialdehyde
(MDA), which reacts with thiobarbituric acid (TBA) to produce a thiobarbituric acid reactive
substance (TBARS), a pink chromogen which can be measured spectophotometrically at 532
nm. Modifications of the thiobarbituric acid reactive substance (TBARS) assay by many
researchers have been used to evaluate several types of samples including human and animal
tissue and fluids, drugs, and foods (Richard et al., 1992).
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The assay protocol of the experiment was as follows: 100 µl of MDA standards
(malondialdehyde) with different concentration (0, 0.0625, 0.125, 0.25, 0.5, 1, 2.5 and 5 µM)
and samples were added to a 5 ml tube, which was appropriately labeled. Thereafter, 100 µl
of SDS solution and 4 ml of the color reagent were added to each tube and tubes were swirled
to mix. The vials were capped and placed in a holder to keep the vials upright during boiling.
The vials were boiled for an hour, after which they were immediately removed and placed in
an ice bath for 10 minutes to stop the reaction. After 10 minutes, the vials were centrifuged
for another 10 minutes at 1600 x g at 4 C°. 150 µl from each vial was loaded in duplicate to a
clear plate (calorimetric version). The absorbance of the standards and unknown samples
were read at 530 nm using a POLARstar omega spectrophotometer (BMG Labtech,
Ortenberg, Germany). The standard curve generated was used to calculate TBARS of the
samples. The result was expressed as nmol of MDA per ml of sample volume.

3.3.2.3. Superoxide dismutase (SODs) assay
Superoxide dismutases are metallo-enzymes that catalyze the dismutation of the superoxide
anion to molecular oxygen and hydrogen peroxide thus forming a crucial part of the cellular
antioxidant defence mechanism (Barik et al., 2005). The superoxide dismutase assay kit
utilizes a tetrazolium salt for detection of superoxide radical generated by xanthine oxidase
and hypoxanthine.

In brief, the experimental protocol was as follows. All samples and standards in this assay
were run in duplicate on a 96-well plate. For SOD standard wells, 200μl of the diluted radical
detector and 10 μl of standards (SOD) with different concentration (1, 1.472, 1.752, 2, 2.89,
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3.9971 and 4.75 U/ml) were added to each of the designated wells on the plate. For sample
wells, 200 μl of the diluted radical detector and 10 μl of the sample were added to the sample
wells. The reaction was initiated by adding 20 μl of diluted xanthine oxidase to all wells. The
96-well plate was covered, carefully shaken for a few seconds to mix, and then the samples
were incubated for 30 minutes at room temperature on a shaker. After 30 minutes, the
absorbance of standards and unknown sample was read at 450 nm using a POLARstar omega
spectrophotometer (BMG Labtech, Ortenberg, Germany). The standard curve generated was
used to calculate sample SOD activity. The SOD activity of the samples was calculated using
the equation obtained from the linear regression of the standard curve. The result was
expressed as U (units) of SOD per ml of sample.

3.3.3. Histology study

3.3.3.1.Tissue Processing
The aortic tissue was carefully removed from the 10 % buffered formaldehyde and placed on
a clean glass tile and cleaned of connective tissue. The tissue was placed in a plastic tissue
processing cassette that was properly labeled, and placed into a tissue processing rack of the
automatic tissue processor (Leica TP 1020). The total duration of secondary fixation and wax
impregnation was programmed for a 22-hour cycle (see table 3.3). Table 3.3 summarizes the
tissue processing protocol.
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3.3.3.2. Embedding
After the 22-hour tissue processing cycle was completed, tissues were manually removed
from cassettes in order to begin the tissue embedding procedure. Tissues were transferred into
a mould in a standing position. Then, slowly a very small volume of warm wax was run into
the mould, to ensure that the tissue sample was fully covered with wax. The mould was then
placed on the refrigerated plate of the embedding system just for a few minutes to permit the
wax to start solidifying.

3.3.3.3. Sectioning
When the tissue had solidified at the end of the embedding phase, the cassettes were removed
from the mould. The tissue blocks were trimmed and cut into 5 μm sections for haematoxylin
and eosin (H & E) staining.
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Table 3.3:Tissue processing procedure for light microscopy.

Step

1

2

3

4

5

6

7

8

9

10

11

Solution

Time (min)

70 % alcohol

1 hr

70 % alcohol

1 hr

80 % ethanol

2 hr

90 % ethanol

2 hr

100 % ethanol

2 hr

100 % ethanol

2 hr

100 % ethanol

2 hr

Xylene

2 hr

Xylene

2 hr

Parafine

2 hr

Parafine

2 hr
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Temperature (ºC)

40

40

40

40

40

40

40

40

58

58

58

3.3.3.4.Mounting
The 5 μm tissue sections were obtained from the embedded tissue and transferred to labelled
microscope slides. This was done by allowing the cut sections of wax ribbon to float in a
warm (60-70˚C) water bath (Electothermal paraffin section mounting bath) allowing the wax
ribbon with the tissue section to flatten for easy picking with the microscope slide. The slides
were left overnight to allow the tissue to be fixed onto the slide. Sections that broke up easily
when placed in the water bath were excluded from the study. The labelled microscope slide
was placed on a slide rack and placed in an incubator (Heraeus) at 80˚C for ± 30 min, to
further fix the tissue and melt the wax, after which they were then stored in microscope slide
boxes until staining was executed.

3.3.3.5.Haematoxylin and Eosin Staining
Standard haematoxylin and eosin (H&E) staining was used to prepare tissues for evaluation
of structure. Standard haematoxylin and eosin (H&E) staining was carried out by an
autostainer machine (Leica Auto Stainer XL) at the University of Stellenbosch, Cape Town,
South Africa. The staining protocol used in this study is explained in the table 3.4 below:
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Table 3-4: Procedure of Haematoxylin and Eosin staining.

Step

Chemical solution

Time

1

Xylene 10 min

5 min

2

Ethanol (99%)

5 min

3

Ethanol (95%)

2 min

4

Ethanol (70%)

2 min

5

Distilled water

5 sec

1

Haematoxylin

8 min

2

Running water

5 min

3

Ethanol (1% acid alcohol)

30 sec

4

Running water

5 min

5

Ammonia (0.2%)

45 sec

6

Running water

5 min

7

Ethanol (95%)

10 dips

Deparaffination and Rehydration

Haematoxylin staining
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Eosin Staining and Dehydration
1

Eosin

45 sec

2

Ethanol (95%)

5 min

3

Xylene

5 min

4

Mount for observation using DPX and
slide cover slips

3.3.3.6.Immunohistochemistry (IHC) staining for receptors of advanced glycation end
products
Tissue sections were prepared and mounted as described earlier. All immunohistochemical
(IHC) staining procedure was performed using an automatic Leica Bond Autostainer with the
Bond Polymer.

Bond polymer detection was performed by incubating the specimen with hydrogen peroxide
to quench endogenous peroxidase activity. The primary antibody was applied and Post
Primary Immunoglobulin G (IgG) linker reagent was used as the postprimary antibody. PolyHRP (Horseradish peroxidase) IgG antibody was used as the second antibody and the
substrate chromogen, 3, 3’-diaminobenzidine tetrahydrochloride (DAB) was used to visualize
the complex as a brown precipitate. Finally, hematoxylin (blue) counterstaining was
performed to allow for visualization of the cell nuclei.
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The method of immunohistochemistry (IHC) applied staining is illustrated in the table 3.5
below.

Table 3-5: IHC staining protocol (standard protocol of the autostainer).

Step

Type

Incubation Time

Temperature

1

Peroxide Block

5 min

Ambient

2

Bond Wash

2 min

Ambient

2 min

Ambient

2 min

Ambient

15 min

Ambient

2 min

Ambient

2 min

Ambient

2 min

Ambient

Solution
3

Bond Wash
Solution

4

Bond Wash
Solution

5

Primary
Antibody

6

Bond Wash
Solution

7

Bond Wash
Solution

8

Bond Wash
Solution

9

Post Primary

8 min

Ambient

10

Bond Wash

2 min

Ambient

Solution
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11

Bond Wash

2 min

Ambient

2 min

Ambient

Solution
12

Bond Wash
Solution

13

Polymer

8 min

Ambient

14

Bond Wash

2 min

Ambient

2 min

Ambient

1 min

Ambient

1 min

Ambient

10 min

Ambient

1 min

Ambient

1 min

Ambient

1 min

Ambient

Solution
15

Bond Wash
Solution

16

Deionized
Water

17

Deionized
Water

18

Mixed DAB
Refine

19

Deionized
Water

20

Deionized
Water

21

Deionized
Water

22

Hematoxylin

5min

Ambient

23

Deionized

1 min

Ambient

Water
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24

Deionized

1 min

Ambient

1 min

Ambient

Water
25

Deionized
Water

After immunohistochemistry (IHC) staining, the tissues were rehydrated and cleared. The
rehydration was done as described in the next protocol (see table 3.6).

Table 3-6: Rehydration protocol.

Step

Solution

Duration

1

70% alcohol

5 dips

2

96% alcohol

5 dips

3

96% alcohol

5 dips

4

99% alcohol

5 dips

5

99% alcohol

5 dips

6

Xylene

Dip for 1 min

7

Xylene

Dip for 1 min

Thereafter, the PDX mounting medium was used to cover the glass slide. The slide was left to
dry at 25 °C. The protein expression in aorta tissue was evaluated by microscopy using a
Zeiss Microscope with objectives at 200 X and 400 X magnification.
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3.4. Statistical analysis
Data generated from this study was analyzed with GraphPad Prism 5.0. Results are shown as
the mean ± SEM. Two groups were compared using a Student’s t-test, whereas multiple
groups were compared by ANOVA (in all cases variances between groups were found to be
equal). P< 0.05 is considered significant.
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CHAPTER FOUR
RESULTS

4.1. Preliminary study

4.1.1. Effect of nicotine exposure during pregnancy and lactation on the blood pressure
of rat pups

In a preliminary experiment, the blood pressure of 6 months old offspring (female and male)
from rat dams exposed to nicotine during gestation and lactation was determined. The blood
pressure of male pups was significantly higher (P<0.01) when compared with the control
group (MAP= 111 ± 11.55 mm Hg vs 129 ± 12.66 mm Hg in control and the nicotine group,
respectively; figure 4.1B), whereas blood pressure of female offspring was not significant
(P>0.05) between the control and nicotine group (figure 4.1A). This could mean that male
rats exposed to nicotine during pregnancy and lactation might be more susceptible to, and
possess a higher risk of hypertension. Because of this observation all subsequent experiments
were performed on male offspring only.
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Figure 4.1: The effect of maternal nicotine exposure during gestation and lactation on the blood pressure of
offspring at 6 months.
Female (A), Male (B), SBP= Systolic blood pressure, DBP= Diastolic blood pressure, MAP= Mean arterial
pressure. Data is presented as the mean ± S.E.M, *P < 0.05.

4.2. Second study
4.2.1. Effect of maternal exposure to nicotine during pregnancy and lactation on the
body weight of the male offspring
Body weight of male offspring was measured at 3 weeks after birth (weaning) and is
considered as the initial body weight, and 5 months after birth (final body weight). The results
show that the initial mean body weights of the four groups were approximately the same at
week 3 (81.50 ± 2.9 g, 74 ± 2.50 g, 72.2 ± 2.40 g and 71.20 ± 4.30 g for saline, nicotine,
saline + vitamin C and nicotine + vitamin C groups respectively; with P >0.05) as shown in
table 4.1.
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On the other hand, the final body weight of animals after 5 months shows that the mean body
weight of the nicotine group (263 ± 6.6 g) and the group that received vitamin C after
weaning (287.3 ± 6.3 g) was significantly reduced (P<0.001 and P<0.05, respectively) when
compared with the control group (317 ± 5.4 g), see figure 4.2B. Animals exposed to nicotine
and vitamin C during gestation and lactation (309.8 ± 5.3 g) and the group that received
saline and vitamin C during pregnancy and lactation (303.5 ± 4.7 g) showed no change in
body weight when compared with the control group (P>0.05; figure 4.2A).
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Figure 4.2: The effect of nicotine and vitamin C on initial (A) and final body weight (B) of male offspring.
Data is presented as mean ± SEM,*P < 0.05, ***P < 0.001 vs control.
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Table: 4.1: Body weight of rats in the different groups at weaning (3 weeks) and at five months.

Variables

Initial BW (g)
N

CN

N

S+C

N+C

81.5±2.9

74±2.5

72.2±2.4

71.2±4.3

8

5

7

5

>...0

>0.05

>0.05

317±5.4

263±6.6

303.5±4.7

309.8±5.3

287±6.3

9

7

10

7

8

<0.001

>0.05

>0.05

<0.01

P (comparison to control)
Final BW (g)
N
P (comparison to control)

CW

CN= Control, N= Nicotine, S+C= Saline+vitamin C, N+S= Nicotine+vitamin C, CW= vitamin C after weaning,
C= vitamin C. P compared with control. N= number of rats. Values are expressed as the mean ± SEM.

4.2.2. Effect of maternal exposure to nicotine during pregnancy and lactation on MAP
and HR of the male offspring.

The blood pressure of the nicotine group (exposed to nicotine during pregnancy and lactation)
and control group was measured over the 5-month period after birth. The results show that the
blood pressure of both groups was similar for the first two months (postnatal day 65) after
which a steady increase in MAP was noticed in the nicotine group up to five months of age.
From 3 months onwards, the blood pressure of the nicotine group was significantly higher (P
< 0.05) when compared with the control group (figure 4.3). In the nicotine group MAP
increased from 94.8±3.8 mm Hg in the 1stmonth to 121 ± 6.4 mm Hg at the 5th month.
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Figure 4.3: Blood pressure (MAP) in offspring over 5month period.
Data is presented as mean ± SEM, *P < 0.05, **P < 0.01.

Measurement of the baseline MAP at 5 weeks showed that the MAP of all groups was similar
(P>0.05) and within the normal range (figure 4.4A and B).
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Figure 4.4: Mean arterial pressure in the different experimental groups at 5 weeks.
(A) Maternal vitamin C administration to the nicotine group during pregnancy and lactation. (B) Vitamin C
administration to the nicotine group after weaning. Data is presented as mean ± SEM.
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After the 5 month period, the MAP was significantly higher in the nicotine group (121±6.4
mm Hg; P<0.01) as well as the nicotine + vitamin C group (113.4±1.7 mm Hg; P<0.05) when
compared with the control group (98.1±2.4 mm Hg; figure 4.5A). The MAP of the group that
received vitamin C after weaning (97.6±2.9 mm Hg; P>...0) was not significantly different
from that of the control group (98.1±2.4 mm Hg), but it was significantly (P<0.01) less than
that of the nicotine group (121±6.4; figure 4.5B). This shows that vitamin C administration
after weaning reduces the nicotine induced increase in MAP.
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Figure 4.5: Mean arterial pressure in the different experimental groups at 5 months.
(A) Maternal vitamin administered to the nicotine group during pregnancy and lactation. (B) Vitamin C
administration to the nicotine group after weaning. Data is presented as mean ± SEM,*P < 0.05, **P < 0.01 vs
control.
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After the 5 month period, both SBP and DBP were significantly higher in the nicotine group
(SP = 147.1±6.1 mm Hg; P<0.001 and DP = 110.2±7.2 mm Hg; P<0.01, respectively) as well
as the nicotine + vitamin C group (SP = 138.2±3.2 mm Hg; P<0.05 and DP = 102.5±3.4 mm
Hg; P<0.01, respectively) when compared with the control group (SP = 121.1±1.7 mm Hg
and DP = 83.9±3.0 mm Hg respectively) (table 4.2).

The SBP and DBP of the group that received vitamin C after weaning (SP = 116.5±3.5 mm
Hg and DP = 88.2±2.7 mm Hg, respectively) was not significantly different (P>...0) from
that of the control group (SP = 121.1±1.7 mm Hg and DP = 83.9±3.0 mm Hg, respectively),
but it was significantly (P<0.05) less than that of the nicotine group. This shows that vitamin
C administration after weaning reduces the nicotine induced increase in SBP and DBP (table
4.2).
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Table 4.2: MAP, SBP and DBP in the different groups at 5 weeks and 5 months of age.

CN

N

S+C

N+C

CW

Initial SBP (mm Hg)

118.5±2.8

115.1±4.6

113 ± 3.0

116.1±3.7

118.9±3.0

N

9

7

10

7

8

>0.05

>0.05

>0.05

>0.05

Variables
Systolic blood pressure (SBP)

P (comparison to control)
Final SBP (mm Hg)

121.1±1.7

147.1±6.1

120.3±3.6

138.2±3.2

116.5±3.5

N

9

7

10

7

8

<0.001

>0.05

<0.05

>0.05

P (comparison to control)
Diastolic blood pressure (DBP)
Initial DBP (mm Hg)

90.8±3.1

84.7±3.4

81.2±4.3

88.0±3.3

89.4±3.3

N

9

7

10

7

8

>0.05

>0.05

>0.05

>0.05

P (comparison to control)
Final DBP (mm Hg)

83.9±3.0

110.2±7.2

95.8±4.2

102.5±3.4

88.2±2.7

N

9

7

10

7

8

<0.01

>0.05

<0.01

>0.05

P (comparison to control)
Mean arterial pressure (MAP)
Initial MAP (mm Hg)

97.8±2.7

94.8±3.8

91.9±3.7

97.4±3.4

99±3.0

N

9

7

10

7

8

>0.05

>0.05

>0.05

>0.05

P (comparison to control)
Final MAP (mm Hg)

98.1±2.4

121±6.4

104.1±4.6

113.4±1.7

97.6±2.9

N

9

7

10

7

8

<0.001

>0.05

<0.01

>0.05

P (comparison to control)

N = number of rats. CN= control, N= nicotine, SC= saline+vit C, NC= nicotine+vit C, CW= nicotine+vit C after
weaning. Values are expressed as the mean ± SEM. P<0.05 is considered significant (compared with control).
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The heart rate was not significantly different (P>0.05) between groups at 5 weeks (figure
4.6A and 4.7A) and 5 months (figure 4.6Band 4.7B).
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Figure 4.6: The effect of maternal nicotine exposure during gestation and lactation, and vitamin C coadministration on HR of the male offspring at five weeks (A) and at five months (B).
Data is presented as mean ± SEM.
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54

C

Table 4.3: The effect of maternal nicotine and vitamin C exposure during gestation and lactation on HR of the
different groups at 5 weeks and 5 months of age.

CN

N

S+C

N+C

CW

Initial HR (bpm)

462±4.7

451.3±3.4

423.5±2.4

432.8±10.5

480±6.1

N

9

7

10

7

8

>0.05

>0.05

>0.05

>0.05

Variables
Heart rate (HR)

P (comparison to control)
Final HR (bpm)

422.4±7.3

421.9±6.1

396.2±11

365.4±11.4

405.1±7.7

N

9

7

10

7

8

>0.05

>0.05

>0.05

>0.05

P (comparison to control)

N= number of rats. CN= control, N= nicotine, SC= saline+vit C, NC= nicotine+vit C, CW= nicotine+vit C after
weaning. Values are expressed as the mean ± SEM. P<0.05 is considered significant (compared with control).

4.2.3. Serum Biochemical Analysis
4.2.3.1. Lipid peroxidation (MDA)
The standard curve generated in the MDA assay shows a linear relation between absorbance
and MDA concentration (figure 4.8). The MDA concentration of the samples was calculated
using the equation (Y= 0.0329x + 0.0183) obtained from the linear regression of the standard
curve.
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Figure 4.8: Standard Curve for the MDA assay.
Values are given as mean ± SEM

The results showed that at 5 weeks, the serum MDA content was not significantly different
between the groups (P>0.05; figure 4.9). The values varied between 5.48 ± 0.6 µM (saline
group) and 3.60 ± 0.6 µM (saline + vitamin C group).
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Figure 4.9: MDA content of different groups in rat serum at 5 weeks.
Values are given as mean ± SEM.
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4.2.3.2 Superoxide dismutase activity (SOD)
The standard curve generated in the SOD assay shows a linear relation between absorbance
and SOD concentration (figure 4.10). The SOD activity of the samples was calculated using
the equation (Y= 0.6209x + 0.0641) obtained from the linear regression of the standard curve.
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Figure 4.10: Standard Curve for the SOD assay.
Values are given as mean ± SEM.

The results showed that at 5 weeks, the serum SOD activity was not significantly
different(P>0.05) between the groups (figure 4.11). The values were varied between 4.03 ±
0.5 U/ml (saline group) and 2.93 ± 0.3 U/ml (nicotine + vitamin C group)
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Figure 4.11: SOD activity of the different groups in male rat serum at 5 weeks.
Values are given as mean ± SEM.

4.2.3.3 Total antioxidant capacity (TAC)
The TAC of serum samples at 5 weeks and at 5 months was calculated using the equations
(Y= 0.0196x + 0.011 and Y= 0.0245x + 0.1244; respectively) obtained from the linear
regression curve generated during the assay (figure 4.12).
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Figure 4.12: Standard Curve of the TAC assay at five weeks (A) and at five months (B).
Values are given as mean ± SEM.
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Total antioxidant capacity levels in the serum of all groups either at five weeks or at five
months showed no significant differences (P>0.05; figure 4.13 and table 4.4). At five weeks,
the values varied between 19.2 ± 0.8 nmol/ml and 15.8 ± 2.6 nmol/ml for the nicotine group
and nicotine + vitamin C group, respectively, whereas at five months the values varied
between 18.3 ± 1.5 nmol/ml and 14.3 ± 1.4 nmol/ml for the saline group and nicotine +
vitamin C after weaning group, respectively.
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Figure 4.13: TAC level of the different groups in rat serum at 5 weeks (A) and at 5 months (B and C).
Values are given as the mean ± SEM.
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Table 4.4: The summary result of biochemical assays done on the serum samples.

Variable

CN

N

SC

NC

LP

5.4±0.6

4.9±0.9

3.6±0.6

4.2±0.2

N

4

4

4

4

>0.05

>0.05

>0.05

CW

Lipid peroxidation (MDA)

P (comparison to control)
Superoxide dismutase (SOD)
SOD

4.0±0.5

3.7±0.2

3.4±0.3

2.9±0.3

N

5

5

5

5

>0.05

>0.05

>0.05

P (comparison to control)
Total antioxidant capacity
(TAC)
TAC (five weeks)

17.5±0.8

19.2±0.8

15.8±2.6

17.2±1.7

N

5

5

5

5

>0.05

>0.05

>0.05

P (comparison to control)
TAC (five months)

18.3±1.5

15.7±1.2

15.0±0.7

14.6±2.3

14.3±1.4

N

7

7

7

7

7

>0.05

>0.05

>0.05

>0.05

P (comparison to control)

N = number of rats. CN= control, N= nicotine, SC= saline+vit C, NC= nicotine+vit C, CW= nicotine+vit C after
weaning. Values are expressed as the mean ± S.E.M. P compared with control. TAC in nmole/ml; SOD in U/ml
and MDA in µM
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4.3.

Histology Results

4.3.1 Haematoxylin and Eosin staining

Representative photomicrographs of transverse sections of the abdominal aorta from all the
groups are shown in (figure 4.14). Sections of the control (saline) and saline + vitamin C
group show regularity of the aorta wall and a normal arrangement of the three layers (tunica
adventitia, tunica media and tunica intima), as well as the normal linear arrangement of
smooth muscle cells (SMC) and endothelial cells (EC) (figure 4.14B and 4.14 D).

Photomicrographs show irregular and abnormal alignment of the aorta wall with an irregular
arrangement of the vascular smooth muscle cells (VSMCs) at the tunica media layers in the
nicotine, nicotine + vitamin C groups, as well as in the group that received vitamin C after
weaning (figure 4.14F, H and K) respectively. In these groups the elastic fibres appear wavy
and intima protrusions are also observed.
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Figure 4.14: Transverse sections of the abdominal aorta stained with hematoxylin and eosin (H and E stain).

Plates A and C are photomicrograph of the transverse sections of saline (control) and saline+vit C groups. Aorta
show regularity in the aortic wall and normal alignment of the three tunics (TA= Tunica adventitia, TM= Tunica
media, TI= Tunica intima). Plates B and D are the higher magnification of plates A and C, and show the intima
(TI), media (TM) and adventitia (TA). Plates E, G and I show photomicrographs of the transverse sections of the
aorta from the nicotine, nicotine+vitamin C and nicotine+vitamin C groups after weaning. Irregular and
abnormal alignment of the aortic wall of the three groups was observed. Plates F, H and K are the higher
magnification plates E, G and I respectively. Blue arrows show the tunica intima (TI), abnormal arrangement of
vascular smooth muscle cells (VSMC) in the media (TM) and adventitia (TA).

The images in plates A, C, E, G and I were taken at 200X magnification, whereas the images in figure B, D, F,
H and K were taken at 400X magnification.

4.3.2 Immunohistochemistry (IHC)
To assess the expression levels of advanced glycation end products (AGEs) in aortic tissue,
immunohistochemistry (IHC) was performed on sections from the abdominal aorta using an
antibody to AGEs. Representative photographs of immunostaining of aortic tissue in all the
groups are shown in images 4.15A - K. In this study, the brown stain represents the presence
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of the AGEs protein. Expression levels of AGEs were observed in all the groups but the
staining intensity differed amongst groups.

The saline and saline + vitamin C groups (figure 4.15 B and D, respectively) showed very
little expression of AGEs, whereas the expression level of AGEs in the nicotine, nicotine +
vitamin C and nicotine + vitamin C after weaning groups (figure 4.15 F, H and J,
respectively) was much stronger.
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Figure 4.15: IHC of AGEs expression in abdominal aortic tissues from the five groups.

Control (plates A&B), normal saline + vitamin C (plates C&D), nicotine (plates E&F), nicotine + vitamin C
(plates G&H) and nicotine + vitamin C after weaning (plates I&J). The expression of AGEs in the all of the
groups was indicated with a blue arrow. (TA= Tunica adventitia, TM= Tunica media, TI= Tunica Intiman).

The images in plates A, C, E, G and I were taken at 200 x magnifications, whereas the images in plates B, D, F,
H and K were taken at 400 x magnifications.
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CHAPTERFIVE
DISCUSSION

5.1. Introduction
Events that occur during fetal development are linked to long-term health in the adult. So for
example, intrauterine growth restriction (IUGR), which sometimes occurs as a result of
inadequacy of nutrients or disruptions in placental structure or function, could lead to a
decrease in the expression of genes that are responsible for nephrogenesis. Survival of the
fetus under these conditions, most times, results in low birth weight (LBW) and a deficit in
nephron number, which are associated with hypertension in adulthood (Jones et al., 2012).
Hypertension is a strong independent risk factor for well-known cardiovascular and
cerebrovascular morbidities that include myocardial infarction, stroke and atherosclerosis
(Staessen et al., 2003).

A previous study has shown that sex hormones play a role in the progression of hypertension
in adults subjected to intra uterine growth restriction(Black et al., 2015). It has been reported
that while both male and female intra uterine growth restriction offspring are hypertensive
early in life, only males remain hypertensive into adulthood (Ojeda et al., 2007).

5.2. Body weight
A strong relationship exists between the maternal nutrient intake during pregnancy and the
body weight of infants (Parlee and MacDougald, 2014). In developing countries, the low birth
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weight infants have been shown to be affected by intrauterine growth restriction during
pregnancy (Ramakrishnan, 2004). In pregnant women the placenta is the organ that transports
nutrients, respiratory gases and wastes between the mother and the fetus (Tarrade et al.,
2015). Placental blood flow is thus essential for the fetus to grow, as well as the removal of
waste products during metabolism. Maternal smoking during gestation was reported to have
an adverse effect on the placenta function as it results in placental vasoconstriction. This
vasoconstriction, in turn leads to a reduction of more than 40% in utero-placental blood flow
(Birnbaum et al., 1994; Anblagan et al., 2013), which will compromise nutrient supply to the
developing fetus ( Larsen et al., 2002).

According to Mothibeli (2013), the body weight of 14 and 21 day-old offspring was not
affected by maternal nicotine exposure during pregnancy. The results of this study concur
with these findings and show that maternal exposure to nicotine had no effect on the body
weight of male offspring at 3 weeks of age. In contrast to our findings after 3 weeks, the body
weight of animals in the nicotine group was significantly lower after 5 months (figure 4.2B).
Previous work has indicated that body weight loss induced by nicotine, probably is due to its
effect on certain neurotransmitters that act in the control and regulation of appetite and satiety
in the hypothalamus (Chatkin and Chatkin, 2007). Mineur et al (2011) also established that
nicotine reduces the food intake and body weight of young offspring by influencing the
hypothalamic melanocortin system and synaptic mechanisms involved in nicotine-induced
decreases in appetite.
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5.3.

Effects of maternal nicotine exposure during pregnancy and lactation on blood
pressure of female and male offspring

Previous studies have indicated that the nicotine present in cigarette smoke has led to an
increase in blood pressure and heart rate during smoking (Middlekauff et al., 2014; Omvik,
1996). Furthermore, it was also established that maternal exposure to nicotine induces
hypertension in male offspring (Gao et al., 2008; Xiao et al., 2014).

My preliminary study demonstrated that maternal nicotine exposure during gestation and
lactation increased blood pressure of male offspring but not of female offspring (figure 4.1);
hence all my subsequent experiments were performed only on male offspring. These results
correspond to studies conducted by Tao et al (2013) and Xiao et al (2008), where that BP was
higher in the adult male offspring than in the female offspring as a result of nicotine exposure
during pregnancy and lactation. This suggests a protective function of female sex hormones,
such as estrogen, on perinatal exposure to nicotine induced hypertension. Xiao et al (2013)
suggested that estrogen has a role in the sex difference of perinatal nicotine-induced
programming of vascular dysfunction. They hypothesized that estrogen may counteract
heightened reactive oxygen species production, resulting in protection of females from
developmental programming of the hypertensive phenotype in adulthood.

The result of this study also indicates that blood pressure in male offspring increased from the
age of 12 weeks onwards for the male offspring of nicotine-exposed animals, this is supported
by Ojeda et al (2007) who reported that while both male and female intra uterine growth
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restriction offspring are hypertensive early in life, only males remain hypertensive into
adulthood.

The systolic blood pressure increased from 115.1±4.6 mm Hg in the first month to 147.1±6.1
mm Hg in the fifth month, diastolic blood pressure increased from 84.7±3.4 mm Hg in the
first month to 110.2±7.2 mm Hg in the fifth month, and mean arterial pressure increased from
94.8±3.8 mm Hg in the first month to 121±6.6 mm Hg in the fifth month. Our results at five
months of age are similar to previous studies which also indicated that the blood pressure of
offspring exposed to nicotine during pregnancy and lactation was increased at 14 weeks of
age (Gao et al., 2008). Gao et al (2008) however, did not measure the blood pressure in the
very young animals.

Nicotine may lead to an increase of blood pressure via nicotine receptors found on peripheral
chemoreceptor cells in the central nervous system. The peripheral chemoreceptor cells are
located near the carotid arteries and aorta and bear a significant stimulatory effect on
ventilation and sympathetic activity (Gonzalez et al., 1994; Ciarka et al., 2005). Ciarkaet al
(2005) hypothesized that nicotine elevates peripheral sympathetic nerve activity to smooth
muscle, causing vasoconstriction. In addition, heart rate is also increased due to sympathetic
nervous system activation (Triposkiadis et al., 2009). Our results show that exposure to
maternal nicotine did not raise HR although an increase in the blood pressure was observed,
suggesting that the observed hypertension is probably not due to activation of the sympathetic
nervous system. This will however require further investigation.
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5.4. Effect of vitamin C supplementation on development of hypertension in animals
exposed to nicotine during gestation and lactation
In human, a decrease in the concentration of Vit C in plasma has been associated with
hypertension as well as impaired endothelial function (Juraschek et al., 2012). Houston
(2005) suggested a dose-dependent relationship between blood pressure and plasma ascorbate
levels. It was also shown that ascorbic acid (2.4 mg/100ml) has beneficial effects on
endothelium-dependent vasodilatation, and these beneficial effects could be related to the
scavenging of oxygen free radicals (Akpaffiong and Taylor, 1998; Taddei et al., 1998).
Administration of 1g of vitamin C per day reduced SBP by 7 mm Hg and DBP by 4 mm Hg
(Bates et al., 1998).

It is possible that the intake of nicotine during gestation and lactation via tobacco smoking or
via nicotine replacement therapy could reduce the blood and tissue vitamin C content of the
neonate, thereby rendering it more vulnerable to oxidant damage. We could also posit that
nicotine intake reduces the vitamin C content of the mother’s blood and thus the potential of
the mother to protect the offspring against the harmful effects resulting from nicotine. Lower
serum vitamin C levels in maternal nicotine exposure could be caused by impaired vitamin C
absorption or increased vitamin C breakdown. Maternal vitamin C supplementation during
gestation and lactation could help prevent the deleterious effect of nicotine as it will ensure
that a reasonable amount of vitamin C is available for development of the fetus and neonate.
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Many studies have also shown the effect of maternal antioxidant therapy on the other body
organs. In the lung, a previous human trial has suggested that maternal intake of antioxidant
(vitamin E) is associated with a reduced risk of respiratory disease (such as wheeze and
asthma) of offspring (Devereux et al., 2006). It has also reported that administration of
vitamin C and E during pregnancy could diminish adiposity in the offspring (Sen and
Simmons, 2010). Damage of the fetal brain caused by cell death via apoptosis is due to
oxidative stress, and can be reduced by using antioxidants during pregnancy and lactation
(Shirpoor et al., 2009).

The results from our study show that maternal vitamin C supplementation in rats exposed to
nicotine during pregnancy and lactation did not prevent development of hypertension of the
male offspring. Contrary to this, vitamin C given to pups after weaning significantly
improved the nicotine induced hypertension of male offspring as it leads to a reduction in the
blood pressure. Our results also show that supplementation with vitamin C after weaning
leads to a reduction of both systolic and diastolic blood pressure (table 4.2). It was observed
that systolic blood pressure was reduced more than diastolic blood pressure 30.6±8.8 mmHg
and 22±10.4 mmHg, respectively, when compare with the nicotine group. To our knowledge
this is the first time that it is shown that hypertension induced by nicotine exposure during
pregnancy and lactation, can be attenuated or even reversed.
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5.5. Effect of vitamin C supplementation on serum oxidative parameters
Oxidative stress is caused by an imbalance between the antioxidants and the reactive oxygen
species, resulting in damage to cells or tissues. Several micronutrients are of vital importance
to health due to its antioxidant properties (Mocchegiani et al., 2014). It is now widely
believed that diet derived antioxidants play a role in the prevention of human disease and
deficiency of the dietary derived antioxidants may prejudice fetal and childhood development
(Evans and Halliwell, 2001).

The measurement of TBARS is well established method for screening and monitoring lipid
peroxidation. MDA is one of the most prevalent byproducts of lipid peroxidation during
oxidative stress (Yagi, 1998). SOD is thought to play a very important role in protecting
living cells against toxic oxygen derivatives. The enzyme catalyzes the dismutation of two
superoxide radicals into O2 and H2O2 (Sun et al., 1988). The TAC assay can measure either
the combination of both small molecule and protein antioxidants or small molecules
antioxidant alone in the presence of protein mask. In this study we thus used a three pronged
approach to evaluate of maternal nicotine exposure and vitamin C (an antioxidant)
supplementation on the antioxidant capacity of the offspring.

Maternal exposure to nicotine during pregnancy and lactation resulted in an increased
oxidative stress in fetal, neonatal, and adult tissues (Wetscher et al., 1995; Crowley-Weber et
al., 2003; Zhao and Reece, 2005). In our result, we did not find any significant difference in
serum activity of MDA, SOD or TAC (figure 4.9, 4.11 and 4.13) among the groups at five
weeks. The difference in the result might be attributed to the difference in the chosen dose of
nicotine in this study compared with other studies where nicotine was proven to induce
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oxidative stress. In this study, the dose of nicotine (1mg/kg/day) was very low compared with
previous studies (>4 mg/kg/day) (Crowley-Weber et al., 2003; Zhao and Reece, 2005). It may
also be due to the fact that the studies by Crowley-Weber et al., (2003) and Zhao and Reece
(2005), evaluated oxidative stress in tissue and not in serum. Our finding however
corresponds with a previous study which concluded that the concentration of vitamin C as
well as total antioxidant status in nicotine treated rats, were not altered amongst groups, but a
significant decrease of vitamin E was observed (Helen et al., 2000).

In this study, we used vitamin C as an antioxidant to determine whether taking vitamin C
supplements will help or prevent the effects of oxidative stress in the serum, induced by
nicotine. Since some offspring received vitamin C during pregnancy and lactation, and others
received vitamin C after weaning, total antioxidant capacity assay was tested at 5 weeks and
at 5 months. The total antioxidant capacity in the serum of animals at 5 weeks and 5 months
of nicotine withdrawal was not significant different between any of the groups. The findings
imply that neither nicotine, nor vitamin C supplementation, prompted any change in the
antioxidant capacity at 5 weeks or at 5 months. Therefore, and due to the cost of these assays,
we did not test the TBARS and SOD assays again at five months. In contrast to this result,
previous research from our laboratory showed that vitamin C decreased oxidative status in
animal tissue (Daramola, 2015) which is more in line with the results of Crowley-Weber et
al., (2003) mentioned earlier.
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5.6. Histology and immunochemistry
5.6.1. Morphology study
A morphometric study on aorta tissue from hypertensive rats has shown alteration in the
architectural layout of the layers (Intengan and Schiffrin, 2001; Zarkovic et al., 2015). In
hypertension, artery structure changes are mainly of two kinds: (1) inward eutrophic
remodelling, in which outer and lumen diameters are decreased, i.e. media/lumen ratio is
increased, and cross-sectional area of the media is unaltered; and (2) hypertrophic
remodelling, in which the media thickens and encroach on the lumen, resulting in increased
media cross-sectional area and media/lumen ratio (Intengan and Schiffrin, 2001).

The results of a study conducted by Intengan and Schiffrin (2001) is in agreement with our
study which indicates that fetus and neonatal nicotine exposure leads to increased blood
pressure and morphological alterations in the layers of the aorta, characterized by irregular
and abnormal alignment of the aortic wall. The alteration in the layers of the aorta tissue in
the group that received the combination of nicotine and vitamin C during pregnancy and
lactation, and the group that received vitamin C after weaning, was similar to the alteration of
the nicotine group (figure 4.14). This indicates that maternal vitamin C supplementation
during gestation and lactation or, treating the offspring after weaning, did not prevent the
effects of maternal nicotine exposure on the aorta tissue of the offspring. In contrast to our
study, Maritz (1993) illustrated that maternal vitamin C supplementation during pregnancy
and lactation prevented the structural changes in the lung of the offspring induced by
maternal nicotine exposure (Maritz, 1993).

75

It is interesting that, although the alteration in aortic structure persisted, supplementation with
vitamin C did reduce nicotine induced hypertension in our study. Grossman et al (2001),
suggested that vitamin C modifies the redox state of soluble guanylyl cyclase, activating
cyclic GMP–dependent K-channels that hyperpolarize VSMC, inducing vasodilation. In view
of the fact that the structure of the aortic wall in the nicotine + vitamin C group resembles that
of the nicotine group, it will be of interest to see how vascular function is affected in the
nicotine + vitamin C group when the animals become older. The vitamin C induced
protection can perhaps be attributed to the fact that vitamin C is water soluble while nicotine
is water as well as lipid soluble (Yildiz, 2004). This may reduce the capacity of vitamin C to
protect the aorta against the oxidant effects of nicotine in aorta wall. Thus, a combination of
vitamin C and fat soluble vitamins with anti-oxidant properties, such as vitamin E or vitamin
A, is recommended.

5.6.2. Immunohistochemistry study
AGEs elicit oxidative stress generation and subsequently cause inflammatory in various types
of cells via interaction with a receptor for AGEs (RAGE), thereby being involved in vascular
complications. In diabetes, it was suggested that pathophysiological crosstalk between the
AGE–RAGE axis and the renin–angiotensin system (RAS) could contribute to the
progression of vascular damage (Yamagishi et al., 2012).

In this study, anti-AGE antibody which is specific for AGE was used for
immunohistochemical staining of the aorta. AGE staining helps to reveal the extracellular
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deposition and intracellular accumulation of AGEs in the atherosclerosis lesions of rat aorta
(Sano et al., 1999).

From our result, it was observed that there was AGE accumulation among the groups treated
with nicotine. Taken together, we could infer that accumulation of AGE which is related to
atherosclerosis progression might be as a result of the relationship between extracellular and
intracellular AGE accumulation and hypertension. These findings correlate to studies
conducted by Treweek et al., (2009) who reported that accumulation of AGE was increased
in nicotine treated rats. Treweek et al., (2009) also hypothesized that nornicotine, a minor
metabolite of nicotine, induces the advanced glycation end products in the serum samples of
smokers.

The accumulation of AGE in nicotine + vitamin C group and the group that received vitamin
C after weaning was similar to nicotine treated rats, and is similar to our morphological
results. As discussed previously, vitamin C may exert its protective effects via modification
of the soluble guanylyl cyclase activity despite the structural alterations, at least in the
beginning. It will thus be of interest to measure blood pressure in the animals at a later age.
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CHAPTER SIX

CONCLUSION

In this project I studied the effect of low dose maternal nicotine exposure on the BP of the
male offspring at five months old. We were particularly interested to determine whether
hypertension induced by maternal nicotine exposure can be prevented or attenuated by
vitamin C (antioxidant) supplementation during the perinatal period or after weaning. Since
we expected the offspring to become hypertensive and hoped that our interventions will
attenuate the hypertension which developed due to maternal nicotine exposure, we also
evaluated the serum antioxidant capacity, aorta morphology and AGE expression in the aorta.

The results show maternal exposure to 1mg/kg/day nicotine during pregnancy and lactation
caused the male, but not the female, offspring to develop hypertension. The male offspring
were not hypertensive at weaning but were hypertensive at three months. Maternal vitamin C
co-administration during pregnancy and lactation did not prevent the male offspring from
becoming hypertensive. If the offspring were however given vitamin C after weaning, they
did not develop hypertension. To our knowledge it is the first time that it has been showed
that hypertension which develops due to maternal nicotine exposure can be reversed. Serum
antioxidant capacity, as evaluated by the TAC, SOD activity and TBARS assay showed no
significant difference between groups. Our results suggests that the stimulus/trigger for
development of hypertensionis probably during pregnancy, and perhaps also lactation, but
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that therapeutic intervention must be when the offspring develops hypertension. Vitamin C
thus did not neutralise the trigger, but prevented development of the disease.
Maternal nicotine exposure induced morphological changes in the structure of the aorta and
increased the expression of AGE, which were not prevented by vitamin C administration.

Future perspectives:
To determine whether hypertension which develops as a result of maternal nicotine exposure
is truly a phenomenon of fetal programming future experiments should include experiments
to determine whether maternal nicotine exposure during pregnancy only, or during lactation
only will cause hypertension in the offspring. It will also be of interest to determine whether
epigenetic changes occurred.

It will be important to establish whether vitamin C administration, when the animals are
already hypertensive (e.g. at 3 or 4 months) will attenuate hypertension. The timing of
vitamin C administration may be crucial.

In order to further investigate the mechanism by which vitamin C prevented development of
hypertension in our study, it will be necessary to evaluate oxidative stress in aortic tissue. It
will also be useful to evaluate the effect of nicotine on vascular reactivity in the presence or
absence of vitamin C.

79

CHAPTER SEVEN

REFERENCES

Akkoyun, H., & Karadeniz, A. (2016). Investigation of the protective effect of ellagic acid for
preventing kidney injury in rats exposed to nicotine during the fetal period. Biotechnic
& Histochemistry, 91(2), 108-115.
Akpaffiong, M., & Taylor, A. A. (1998). Antihypertensive and vasodilator actions of
antioxidants in spontaneously hypertensive rats. American journal of hypertension,
11(12), 1450-1460.
Alexander, R. W. (1995). Hypertension and the pathogenesis of atherosclerosis oxidative
stress and the mediation of arterial inflammatory response: a new perspective.
Hypertension, 25(2), 155-161.
Anblagan, D., Jones, N. W., Costigan, C., Parker, A. J., Allcock, K., Aleong, R., Coyne, L.H.,
Deshpande, R., Raine-Fenning, N., Bugg, G., Roberts, N. (2013). Maternal smoking
during pregnancy and fetal organ growth: a magnetic resonance imaging study. PloS
one, 8(7), e67223.
Ashakumary, L., & Vijayammal, P. (1996). Effect of nicotine on antioxidant defence
mechanisms in rats fed a high-fat diet. Pharmacology, 52(3), 153-158.
Augustin, W., Wiswedel, I., Noack, H., Reinheckel, T., & Reichelt, O. (1997). Role of
endogenous and exogenous antioxidants in the defence against functional damage and
lipid peroxidation in rat liver mitochondria Detection of Mitochondrial Diseases (pp.
199-205): Springer.

80

Ayala, A., Muñoz, M. F., & Argüelles, S. (2014). Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal.
Oxidative medicine and cellular longevity, 2014.
Bamia, C., Trichopoulou, A., Lenas, D., & Trichopoulos, D. (2004). Tobacco smoking in
relation to body fat mass and distribution in a general population sample.
International journal of obesity, 28(8), 1091-1096.
Barik, A., Mishra, B., Shen, L., Mohan, H., Kadam, R., Dutta, S., Zhang, H.Y., &
Priyadarsini, K. I. (2005). Evaluation of a new copper (II)–curcumin complex as
superoxide dismutase mimic and its free radical reactions. Free Radical Biology and
Medicine, 39(6), 811-822.
Barker, D. J., Godfrey, K. M., Gluckman, P. D., Harding, J. E., Owens, J. A., & Robinson, J.
S. (1993). Fetal nutrition and cardiovascular disease in adult life. The Lancet,
341(8850), 938-941.
Barker, D.J. (1995). Intrauterine programming of adult disease. Molecular Medicine Today,
1(9). 418-23.
Basta, G., Schmidt, A. M., & De Caterina, R. (2004). Advanced glycation end products and
vascular inflammation: implications for accelerated atherosclerosis in diabetes.
Cardiovascular research, 63(4), 582-592.
Bates, C. J., Walmsley, C. M., Prentice, A., & Finch, S. (1998). Does vitamin C reduce blood
pressure? Results of a large study of people aged 65 or older. Journal of hypertension,
16(7), 925-932.
Beckett, A. H., Rowland, M., & Triggs, E. J. (1965). Significance of smoking in
investigations of urinary excretion rates of amines in man. Nature, 207(4993), 200-01
Benowitz, N. L. (1991). Nicotine and coronary heart disease. Trends in cardiovascular
medicine, 1(8), 315-321.
81

Benowitz, N. L., & Jacob, P. (1994). Metabolism of nicotine to cotinine studied by a dual
stable isotope method. Clinical Pharmacology & Therapeutics, 56(5), 483-493.
Benowitz, N. L., Jacob, P., Fong, I., & Gupta, S. (1994). Nicotine metabolic profile in man:
comparison of cigarette smoking and transdermal nicotine. Journal of Pharmacology
and Experimental Therapeutics, 268(1), 296-303.
Benowitz, N. L., Hukkanen, J., & Jacob III, P. (2009). Nicotine chemistry, metabolism,
kinetics and biomarkers Nicotine psychopharmacology (pp. 29-60): Springer.
Bhattacharjee, A., Prasad, S. K., Pal, S., Maji, B., Syamal, A. K., & Mukherjee, S. (2016).
Synergistic protective effect of folic acid and vitamin B12 against nicotine-induced
oxidative stress and apoptosis in pancreatic islets of the rat. Pharmaceutical biology,
54(3), 433-444.
Birnbaum, S. C., Kien, N., Martucci, R. W., Gelzleichter, T. R., Witschi, H., Hendrickx, A.
G., & Last, J. A. (1994). Nicotine-or epinephrine-induced uteroplacental
vasoconstriction and fetal growth in the rat. Toxicology, 94(1), 69-80.
Black, M. J., Lim, K., Zimanyi, M. A., Sampson, A. K., Bubb, K. J., Flower, R. L.,
Parkington, H.C., Tare, M., & Denton, K. M. (2015). Accelerated age-related decline
in renal and vascular function in female rats following early-life growth restriction.
American

Journal

of

Physiology-Regulatory,

Integrative

and

Comparative

Physiology, 309(9), R1153-R1161.
Blake, K. V., Gurrin, L. C., Evans, S. F., Beilin, L. J., Landau, L. I., Stanley, F. J., &
Newnham, J. P. (2000). Maternal cigarette smoking during pregnancy, low birth
weight and subsequent blood pressure in early childhood. Early human development,
57(2), 137-147.

82

Brown, A. A., & Hu, F. B. (2001). Dietary modulation of endothelial function: implications
for cardiovascular disease. The American Journal of Clinical Nutrition, 73(4), 673686.
Bruin, J. E., Gerstein, H. C., Morrison, K. M., & Holloway, A. C. (2008). Increased
pancreatic beta-cell apoptosis following fetal and neonatal exposure to nicotine is
mediated via the mitochondria. Toxicological Sciences, 103(2), 362-370.
Bruin, J. E., Kellenberger, L. D., Gerstein, H. C., Morrison, K. M., & Holloway, A. C.
(2007). Fetal and neonatal nicotine exposure and postnatal glucose homeostasis:
identifying critical windows of exposure. Journal of Endocrinology, 194(1), 171-178.
Bruin, J. E., Petre, M. A., Raha, S., Morrison, K. M., Gerstein, H. C., & Holloway, A. C.
(2008). Fetal and neonatal nicotine exposure in Wistar rats causes progressive
pancreatic mitochondrial damage and beta cell dysfunction. PloS one, 3(10), e3371.
Cai, H., & Harrison, D. G. (2000). Endothelial dysfunction in cardiovascular diseases: the
role of oxidant stress. Circulation research, 87(10), 840-844.
Campos, M., Bravo, E., & Eugenín, J. (2009). Respiratory dysfunctions induced by prenatal
nicotine exposure. Clinical and Experimental Pharmacology and Physiology, 36(12),
1205-1217.
Carr, A. C., & Frei, B. (1999). Toward a new recommended dietary allowance for vitamin C
based on antioxidant and health effects in humans. The American Journal of Clinical
Nutrition, 69(6), 1086-1107.
Cary, D. D. (2001). U.S. Patent No. 6,197,827. Washington, DC: U.S. Patent and Trademark
Office.
Cerami, C., Founds, H., Nicholl, I., Mitsuhashi, T., Giordano, D., Vanpatten, S., Lee, A., AlAbed, Y., Vlassara, H., Bucala, R., & Cerami, A. (1997). Tobacco smoke is a source

83

of toxic reactive glycation products. Proceedings of the National Academy of
Sciences, 94(25), 13915-13920.
Chatkin, R., & Chatkin, J. M. (2007). Smoking and changes in body weight: can
physiopathology and genetics explain this association?. Jornal Brasileiro de
Pneumologia, 33(6), 712-719..
Chen, H., Osuna, D., Colville, L., Lorenzo, O., Graeber, K., Küster, H., Leubner-Metzger, G.
and Kranner, I. (2013). Transcriptome-wide mapping of pea seed ageing reveals a
pivotal role for genes related to oxidative stress and programmed cell death. PloS
one. 8: 78471.Chiolero, A., Jacot‐Sadowski, I., Faeh, D., Paccaud, F., & Cornuz, J.
(2007). Association of cigarettes smoked daily with obesity in a general adult
population. Obesity, 15(5), 1311-1318.
Chowdhury, P., & Walker, A. (2008). A cell-based approach to study changes in the pancreas
following nicotine exposure in an animal model of injury. Langenbeck's Archives of
Surgery, 393(4), 547-555.
Ciarka, A., Najem, B., Cuylits, N., Leeman, M., Xhaet, O., Narkiewicz, K., Antoine, M.,
Degaute, J.P., & Van De Borne, P. (2005). Effects of peripheral chemoreceptors
deactivation on sympathetic activity in heart transplant recipients. Hypertension,
45(5), 894-900.
Cnattingius, S. (2004). The epidemiology of smoking during pregnancy: smoking prevalence,
maternal characteristics, and pregnancy outcomes. Nicotine & Tobacco Research,
6(Suppl 2), S125-S140.
Crowley-Weber, C. L., Dvorakova, K., Crowley, C., Bernstein, H., Bernstein, C., Garewal,
H., & Payne, C. M. (2003). Nicotine increases oxidative stress, activates NF-κB and
GRP78, induces apoptosis and sensitizes cells to genotoxic/xenobiotic stresses by a

84

multiple stress inducer, deoxycholate: relevance to colon carcinogenesis. Chemicobiological interactions, 145(1), 53-66.
Czernin, J., & Waldherr, C. (2003). Cigarette smoking and coronary blood flow. Progress in
cardiovascular diseases, 45(5), 395-404.
Daramola, A. (2015). Effect of maternal nicotine exposure on the aorta of the male offspring.
Unpunlished master, University of Western Cape.
Dawson, E. B., Evans, D. R., Harris, W. A., & McGanity, W. J. (1999). The effect of ascorbic
acid supplementation on the nicotine metabolism of smokers. Preventive medicine,
29(6), 451-454.
Dev, B. R., & Philip, L. (1996). Extracellular catechol and indole turnover in the nucleus of
the solitary tract of spontaneously hypertensive and Wistar-Kyoto normotensive rats
in response to drug-induced changes in arterial blood pressure. Brain research
bulletin, 40(2), 111-116.
Devereux, G., Turner, S. W., Craig, L. C., McNeill, G., Martindale, S., Harbour, P. J., Helms,
P.J., & Seaton, A. (2006). Low maternal vitamin E intake during pregnancy is
associated with asthma in 5-year-old children. American journal of respiratory and
critical care medicine, 174(5), 499-507.
Dhouib, H., Jallouli, M., Draief, M., Bouraoui, S., & El-Fazâa, S. (2015). Oxidative damage
and histopathological changes in lung of rat chronically exposed to nicotine alone or
associated to ethanol. Pathologie Biologie, 63(6), 258-267.
Dröge, W. (2002). Free radicals in the physiological control of cell function. Physiological
reviews, 82(1), 47-95.
Dwyer, J. B., McQuown, S. C., & Leslie, F. M. (2009). The dynamic effects of nicotine on
the developing brain. Pharmacology & therapeutics, 122(2), 125-139.

85

Earla, R., Ande, A., McArthur, C., Kumar, A., & Kumar, S. (2014). Enhanced Nicotine
Metabolism in HIV-1–Positive Smokers Compared with HIV-Negative Smokers:
Simultaneous Determination of Nicotine and its Four Metabolites in Their Plasma
Using a Simple and Sensitive Electrospray Ionization Liquid Chromatography–
Tandem Mass Spectrometry Technique. Drug metabolism and disposition, 42(2), 282293.
England, L. J., Bunnell, R. E., Pechacek, T. F., Tong, V. T., & McAfee, T. A. (2015).
Nicotine and the developing human: a neglected element in the electronic cigarette
debate. American journal of preventive medicine, 49(2), 286-293.
Evans, P., & Halliwell, B. (2001). Micronutrients: oxidant/antioxidant status. British Journal
of Nutrition, 85(S2), S67-S74.
Fukai, T., & Ushio-Fukai, M. (2011). Superoxide dismutases: role in redox signaling,
vascular function, and diseases. Antioxidants & redox signaling, 15(6), 1583-1606.
Gao, Y.-J., Holloway, A. C., Su, L.-Y., Takemori, K., Lu, C., & Lee, R. M. (2008). Effects of
fetal and neonatal exposure to nicotine on blood pressure and perivascular adipose
tissue function in adult life. European journal of pharmacology, 590(1), 264-268.
Gao, Y. J., Holloway, A. C., Zeng, Z. H., Lim, G. E., Petrik, J. J., Foster, W. G., & Lee, R. M.
(2005). Prenatal exposure to nicotine causes postnatal obesity and altered perivascular
adipose tissue function. Obesity research, 13(4), 687-692.
Geroldi, D., Falcone, C., Emanuele, E., D'Angelo, A., Calcagnino, M., Buzzi, M. P., Scioli,
G.A., & Fogari, R. (2005). Decreased plasma levels of soluble receptor for advanced
glycation end-products in patients with essential hypertension. Journal of
hypertension, 23(9), 1725-1729.
Girard, S., Robins, R. J., Villiéras, J., & Lebreton, J. (2000). A short and efficient synthesis of
unnatural (R)-nicotine. Tetrahedron Letters, 41(48), 9245-9249.
86

Godfrey, K.M. & Barker, D.J. (2000). Fetal nutrition and adult disease. American Journal of
Clinical Nutrition Supplement, 71(5). 1344-1352.
Godfrey, K. M., Lillycrop, K. A., Burdge, G. C., Gluckman, P. D., & Hanson, M. A. (2007).
Epigenetic mechanisms and the mismatch concept of the developmental origins of
health and disease. Pediatric research, 61, 5R-10R.
Goldin, A., Beckman, J. A., Schmidt, A. M., & Creager, M. A. (2006). Advanced glycation
end products sparking the development of diabetic vascular injury. Circulation,
114(6), 597-605.
Gollasch, M., & Dubrovska, G. (2004). Paracrine role for periadventitial adipose tissue in the
regulation of arterial tone. Trends in pharmacological sciences, 25(12), 647-653.
Gonzalez, C., Almaraz, L., Obeso, A., & Rigual, R. (1994). Carotid body chemoreceptors:
from natural stimuli to sensory discharges. Physiological reviews, 74(4), 829-898.
Goszcz, K., Deakin, S. J., Duthie, G. G., Stewart, D., Leslie, S. J., & Megson, I. L. (2015).
Antioxidants in cardiovascular therapy: panacea or false hope? Frontiers in
cardiovascular medicine, 2.
Grebenstein, P. E., Thompson, I. E., & Rowland, N. E. (2013). The effects of extended
intravenous nicotine administration on body weight and meal patterns in male
Sprague–Dawley rats. Psychopharmacology, 228(3), 359-366.
Grossmann, M., Dobrev, D., Himmel, H. M., Ravens, U., & Kirch, W. (2001). Ascorbic acid–
induced modulation of venous tone in humans. Hypertension, 37(3), 949-954.
Gruber, J., Fong, S., Chen, C.-B., Yoong, S., Pastorin, G., Schaffer, S., Cheah, I., &
Halliwell, B. (2013). Mitochondria-targeted antioxidants and metabolic modulators as
pharmacological interventions to slow ageing. Biotechnology advances, 31(5), 563592.
87

Gürkan, F., Kıral, A., Dağlı, E., & Karakoç, F. (2000). The effect of passive smoking on the
development of respiratory syncytial virus bronchiolitis. European journal of
epidemiology, 16(5), 465-468.
Hafström, O., Milerad, J., Sandberg, K. L., and Sundell, H. W. (2005). Cardiorespiratory
effects of nicotine exposure during development.Respiratory physiology and
neurobiology. 149: 325-341
Halliwell, B., & Whiteman, M. (2004). Measuring reactive species and oxidative damage in
vivo and in cell culture: how should you do it and what do the results mean? British
journal of pharmacology, 142(2), 231-255.
Hawkins, B. T., Brown, R. C., & Davis, T. P. (2002). Smoking and ischemic stroke: a role for
nicotine? Trends in pharmacological sciences, 23(2), 78-82.
Helen, A., Krishnakumar, K., Vijayammal, P., & Augusti, K. (2000). Antioxidant effect of
onion oil (Allium cepa. Linn) on the damages induced by nicotine in rats as compared
to alpha-tocopherol. Toxicology letters, 116(1), 61-68.
Hemmings, D. G., Williams, S. J., & Davidge, S. T. (2005). Increased myogenic tone in 7month-old adult male, but not female offspring from rat dams exposed to hypoxia
during pregnancy. American Journal of Physiology-Heart and Circulatory
Physiology, 289(2), H674-H682.
Higashi, Y., Noma, K., Yoshizumi, M., & Kihara, Y. (2009). Endothelial function and
oxidative stress in cardiovascular diseases. Circulation journal, 73(3), 411-418.
Hofstetter, A., Schutz, Y., Jéquier, E., and Wahren, J. (1986). Increased 24-hour energy
expenditure in cigarette smokers. New England Journal of Medicine. 314: 79-82.
Holloway, A., Lim, G., Petrik, J., Foster, W., Morrison, K., & Gerstein, H. (2005). Fetal and
neonatal exposure to nicotine in Wistar rats results in increased beta cell apoptosis at

88

birth and postnatal endocrine and metabolic changes associated with type 2 diabetes.
Diabetologia, 48(12), 2661-2666.
Hong, I.-S., Lee, H.-Y., & Kim, H.-P. (2014). Anti-oxidative effects of Rooibos tea
(Aspalathus linearis) on immobilization-induced oxidative stress in rat brain. PloS
one, 9(1), e87061.
Houston, M. C. (2005). Nutraceuticals, vitamins, antioxidants, and minerals in the prevention
and treatment of hypertension. Progress in cardiovascular diseases, 47(6), 396-449.
Hughes, J. R., Stead, L. F., Hartmann‐Boyce, J., Cahill, K., & Lancaster, T. (2014).
Antidepressants for smoking cessation. The Cochrane Library.
Hukkanen, J., Jacob, P., & Benowitz, N. L. (2005). Metabolism and disposition kinetics of
nicotine. Pharmacological reviews, 57(1), 79-115.
Intengan, H. D., & Schiffrin, E. L. (2001). Vascular remodeling in hypertension roles of
apoptosis, inflammation, and fibrosis. Hypertension, 38(3), 581-587.
Irshad, M., & Chaudhuri, P. (2002). Oxidant-antioxidant system: role and significance in
human body. Indian journal of experimental biology, 40(11), 1233-1239.
Ishizaka, N., De León, H., Laursen, J. B., Fukui, T., Wilcox, J. N., De Keulenaer, G.,
Griendling, K.K., & Alexander, R. W. (1997). Angiotensin II–induced hypertension
increases heme oxygenase-1 expression in rat aorta. Circulation, 96(6), 1923-1929.
Jaakkola, J. J., & Jaakkola, M. S. (2002). Effects of environmental tobacco smoke on the
respiratory health of children. Scandinavian journal of work, environment & health,
71-83.
Jakuš, V., and Rietbrock, N. (2004). Advanced glycation end-products and the progress of
diabetic vascular complications. Physiological research. 53: 131-142.
Jauslin, M. L., Meier, T., Smith, R. A., & Murphy, M. P. (2003). Mitochondria-targeted
antioxidants protect Friedreich Ataxia fibroblasts from endogenous oxidative stress
89

more effectively than untargeted antioxidants. The FASEB journal, 17(13), 19721974.
Jiang, X., Ma, H., Wang, Y., & Liu, Y. (2013). Early life factors and type 2 diabetes mellitus.
Journal of diabetes research, 2013.
Jiloha, R. (2010). Biological basis of tobacco addiction: Implications for smoking-cessation
treatment. Indian journal of psychiatry, 52(4), 301.
Jones, J. E., Jurgens, J. A., Evans, S. A., Ennis, R. C., Villar, V. A. M., & Jose, P. A. (2012).
Mechanisms of fetal programming in hypertension. International journal of
pediatrics, 2012.
Juraschek, S. P., Guallar, E., Appel, L. J., & Miller, E. R. (2012). Effects of vitamin C
supplementation on blood pressure: a meta-analysis of randomized controlled trials.
The American Journal of Clinical Nutrition, 95(5), 1079-1088.
Katz, J., Caudle, R. M., Bhattacharyya, I., Stewart, C. M., & Cohen, D. M. (2005). Receptor
for advanced glycation end product (RAGE) upregulation in human gingival
fibroblasts incubated with nornicotine. Journal of periodontology, 76(7), 1171-1174.
Kugiyama, K., Ohgushi, M., Motoyama, T., Kawano, H., Nakagawa, O., & Yasue, H. (1997).
Vitamin C improves the abnormal vasomotor reactivity in spasm coronary arteries in
patients with coronary spastic angina. Circulation, 96(8S), 761-I.
Kunsch, C., & Medford, R. M. (1999). Oxidative stress as a regulator of gene expression in
the vasculature. Circulation research, 85(8), 753-766.
Kusano, C., & Ferrari, B. (2008). Total antioxidant capacity: a biomarker in biomedical and
nutritional studies. J Cell Mol Biol, 7(1), 1-15.
Laloi, C., Apel, K., & Danon, A. (2004). Reactive oxygen signalling: the latest news. Current
opinion in plant biology, 7(3), 323-328.

90

Lambers, D. S., & Clark, K. E. (1996). The maternal and fetal physiologic effects of nicotine.
Paper presented at the Seminars in perinatology.
Lannerö, E., Wickman, M., Pershagen, G., & Nordvall, L. (2006). Maternal smoking during
pregnancy increases the risk of recurrent wheezing during the first years of life
(BAMSE). Respiratory research, 7(1), 1.
Larsen, L. G., Clausen, H. V., & Jønsson, L. (2002). Stereologic examination of placentas
from mothers who smoke during pregnancy. American journal of obstetrics and
gynecology, 186(3), 531-537.
Laurent, S., Boutouyrie, P., Asmar, R., Gautier, I., Laloux, B., Guize, L., Ducimetiere, P., &
Benetos, A. (2001). Aortic stiffness is an independent predictor of all-cause and
cardiovascular mortality in hypertensive patients. Hypertension, 37(5), 1236-1241.
Lee, H.-W., Ko, Y.-H., & Lim, S.-B. (2012). Effects of selected plant extracts on antioxidative enzyme activities in rats. Food Chemistry, 132(3), 1276-1280.
Leslie, F. M. (2013). Multigenerational epigenetic effects of nicotine on lung function. BMC
medicine, 11(1), 1.
Levine, G. N., Frei, B., Koulouris, S. N., Gerhard, M. D., Keaney, J. F., & Vita, J. A. (1996).
Ascorbic acid reverses endothelial vasomotor dysfunction in patients with coronary
artery disease. Circulation, 93(6), 1107-1113
López‐Arrieta, J. & F. J. F. Sanz (2001). Nicotine for Alzheimer's disease. The Cochrane
Library.
Mahajan, N., & Dhawan, V. (2013). Receptor for advanced glycation end products (RAGE)
in vascular and inflammatory diseases. International journal of cardiology, 168(3),
1788-1794.

91

Mao, C., Wu, J., Xiao, D., Lv, J., Ding, Y., Xu, Z., & Zhang, L. (2009). The effect of fetal
and neonatal nicotine exposure on renal development of AT 1 and AT 2 receptors.
Reproductive toxicology, 27(2), 149-154.
Maritz, G. (1993). The influence of maternal nicotine exposure on neonatal lung metabolism.
Protective effect of ascorbic acid. Cell biology international, 17(6), 579-585.
Maritz, G., & Windvogel, S. (2003). Chronic maternal nicotine exposure during gestation and
lactation and the development of the lung parenchyma in the offspring: Response to
nicotine withdrawal. Pathophysiology, 10(1), 69-75.
Maritz, G. S. (2008). Nicotine and lung development. Birth Defects Research Part C: Embryo
Today: Reviews, 84(1), 45-53.
Maritz, G. S. (2013). Perinatal exposure to nicotine and implications for subsequent
obstructive lung disease. Paediatric respiratory reviews, 14(1), 3-8.
McIntyre, M., Bohr, D. F., & Dominiczak, A. F. (1999). Endothelial Function in
Hypertension The Role of Superoxide Anion. Hypertension, 34(4), 539-545.
Merhi, Z. (2013). Advanced glycation end products and their relevance in female
reproduction. Human Reproduction, det383.
Mineur, Y. S., Abizaid, A., Rao, Y., Salas, R., DiLeone, R. J., Gündisch, D., Diano, S., De
Biasi, M., Horvth, T.L., Gao, X.B., Picciotto, M.R. (2011). Nicotine decreases food
intake through activation of POMC neurons. Science, 332(6035), 1330-1332.
Mishra, A., Chaturvedi, P., Datta, S., Sinukumar, S., Joshi, P., & Garg, A. (2015). Harmful
effects of nicotine. Indian journal of medical and paediatric oncology: official journal
of Indian Society of Medical & Paediatric Oncology, 36(1), 24.
Mızrak, S., Turan, V., Terek, M. C., & Ercan, G. (2012). The effect of long term nicotine
exposure on nicotine addiction and fetal growth. Journal of the Turkish German
Gynecological Association, 13(4), 237.
92

Mocchegiani, E., Costarelli, L., Giacconi, R., Malavolta, M., Basso, A., Piacenza, F., . . .
Monti, D. (2014). Micronutrient–gene interactions related to inflammatory/immune
response and antioxidant activity in ageing and inflammation. A systematic review.
Mechanisms of ageing and development, 136, 29-49.
Montezano, A. C., Dulak-Lis, M., Tsiropoulou, S., Harvey, A., Briones, A. M., & Touyz, R.
M. (2015). Oxidative stress and human hypertension: vascular mechanisms,
biomarkers, and novel therapies. Canadian Journal of Cardiology, 31(5), 631-641.
Moran, J. P., Cohen, L., Greene, J., Xu, G., Feldman, E., Hames, C., & Feldman, D. (1993).
Plasma ascorbic acid concentrations relate inversely to blood pressure in human
subjects. The American Journal of Clinical Nutrition, 57(2), 213-217.
Mothibeli, K. (2013). The effect of maternal nicotine exposure on cell proliferation on the
lungs of the offspring (Doctoral dissertation, Department of Medical Biosciences,
Faculty of Natural Sciences, University of the Western Cape).
Mund, M., Louwen, F., Klingelhoefer, D., & Gerber, A. (2013). Smoking and pregnancy—a
review on the first major environmental risk factor of the unborn. International journal
of environmental research and public health, 10(12), 6485-6499.
Must, A., Jacques, P. F., Dallal, G. E., Bajema, C. J., & Dietz, W. H. (1992). Long-term
morbidity and mortality of overweight adolescents: a follow-up of the Harvard
Growth Study of 1922 to 1935. New England journal of medicine, 327(19), 13501355.
Nagaraj, S. K. D., & Paunipagar, P. V. (2014). Study of serum malondialdehyde and vitamin
c in smokers. Journal of Scientific and Innovative Research, 3(6), 569-571.
Naidu, K. A. (2003). Vitamin C in human health and disease is still a mystery? An overview.
Nutrition Journal, 2(1), 1.
93

Nakajima, M., Tanaka, E., Kwon, J.-T., & Yokoi, T. (2002). Characterization of Nicotine and
CotinineN-Glucuronidations in Human Liver Microsomes. Drug metabolism and
disposition, 30(12), 1484-1490.
National Center for Health Statistics (US) and National Center for Health Services Research.
(2004). Health, United States... with Adolescent Health Chartbook. National Center
for Health Statistics.
Neeper, M., Schmidt, A., Brett, J., Yan, S., Wang, F., Pan, Y., Elliston, K., Stern, D., &
Shaw, A. (1992). Cloning and expression of a cell surface receptor for advanced
glycosylation end products of proteins. Journal of Biological Chemistry, 267(21),
14998-15004.
Newman, M., Shytle, R., & Sanberg, P. (1999). Locomotor behavioral effects of prenatal and
postnatal nicotine exposure in rat offspring. Behavioural pharmacology, 10(6-7), 699706.
Noike, H., Nakamura, K., Sugiyama, Y., Iizuka, T., Shimizu, K., Takahashi, M., Hirano, K.,
Suzului, M., Mikamo, H., Nakagami, T., & Shirai, K. (2010). Changes in cardio-ankle
vascular index in smoking cessation. Journal of atherosclerosis and thrombosis,
17(5), 517-525.
Ocaranza, M. P., Moya, J., Barrientos, V., Alzamora, R., Hevia, D., Morales, C., Pinto, M.,
Escudero, N., Garcia, L., Novoa, U., & Agala, P. (2014). Angiotensin-(1–9) reverses
experimental hypertension and cardiovascular damage by inhibition of the angiotensin
converting enzyme/Ang II axis. Journal of hypertension, 32(4), 771-783.
Ojeda, N. B., Grigore, D., Robertson, E. B., & Alexander, B. T. (2007). Estrogen protects
against increased blood pressure in postpubertal female growth restricted offspring.
Hypertension, 50(4), 679-685.

94

Okura, T., Watanabe, S., Kurata, M., Manabe, S., Koresawa, M., Irita, J., Enomoto, D.,
Miyoshi, K.I., Fukouoka, T., & Higaki, J. (2007). Relationship between cardio-ankle
vascular index (CAVI) and carotid atherosclerosis in patients with essential
hypertension. Hypertension Research, 30(4), 335.
Oliveira, E., Moura, E., Santos-Silva, A., Fagundes, A., Rios, A., Abreu-Villaca, Y., Neto,
J.N., Passos, M., & Lisboa, P. (2009). Short-and long-term effects of maternal
nicotine exposure during lactation on body adiposity, lipid profile, and thyroid
function of rat offspring. Journal of Endocrinology, 202(3), 397-405.
Omvik, P. (1996). How smoking affects blood pressure. Blood pressure, 5(2), 71-77.
Oyinloye, B. E., Adenowo, A. F., & Kappo, A. P. (2015). Reactive oxygen species, apoptosis,
antimicrobial peptides and human inflammatory diseases. Pharmaceuticals, 8(2), 151175.
Palmer, K. J., Buckley, M. M., & Faulds, D. (1992). Transdermal nicotine. Drugs, 44(3), 498529.
Papathanasiou, G., Mamali, A., Papafloratos, S., & Zerva, E. (2014). Effects of smoking on
cardiovascular function: the role of nicotine and carbon monoxide. Health Sci J, 8(2),
274-290.
Park, S. B., Jacob III, P., Benowitz, N. L., & Cashman, J. R. (1993). Stereoselective
metabolism of (S)-(-)-nicotine in humans: Formation of trans-(S)-(-)-nicotine N-1'oxide. Chemical research in toxicology, 6(6), 880-888.
Parlee, S. D., & MacDougald, O. A. (2014). Maternal nutrition and risk of obesity in
offspring: the Trojan horse of developmental plasticity. Biochimica et Biophysica Acta
(BBA)-Molecular Basis of Disease, 1842(3), 495-506.
Paton, D. M. (2013). The release of catecholamines from adrenergic neurons: Elsevier.
95

Pausová, Z., Paus, T., Šedová, L., & Bérubé, J. (2003). Prenatal exposure to nicotine modifies
kidney weight and blood pressure in genetically susceptible rats: a case of geneenvironment interaction. Kidney international, 64(3), 829-835.
Perai, A., Kermanshahi, H., Moghaddam, H. N., & Zarban, A. (2014). Effects of
supplemental vitamin C and chromium on metabolic and hormonal responses,
antioxidant status, and tonic immobility reactions of transported broiler chickens.
Biological trace element research, 157(3), 224-233.
Pontieri, F. E., Tanda, G., Orzi, F., & Di Chiara, G. (1996). Effects of nicotine on the nucleus
accumbens and similarity to those of addictive drugs. Nature, 382(6588), 255.
Rabadan-Diehl, C., & Nathanielsz, P. (2013). From Mice to Men: research models of
developmental programming. Journal of developmental origins of health and disease,
4(01), 3-9.
Rahal, A., Kumar, A., Singh, V., Yadav, B., Tiwari, R., Chakraborty, S., & Dhama, K.
(2014). Oxidative stress, prooxidants, and antioxidants: the interplay. BioMed
research international, 2014.
Rajendran, P., Rengarajan, T., Thangavel, J., Nishigaki, Y., Sakthisekaran, D., Sethi, G., &
Nishigaki, I. (2013). The vascular endothelium and human diseases. Int J Biol Sci,
9(10), 1057-1069.
Ramakrishnan, U. (2004). Nutrition and low birth weight: from research to practice. The
American Journal of Clinical Nutrition, 79(1), 17-21.
Rao, L., & Rao, A. (2013). Oxidative stress and antioxidants in the risk of osteoporosis—role
of the antioxidants lycopene and polyphenols. Topics in osteoporosis Rijeka, Croatia:
InTech, 117-161.
Raupach, T., Hoogsteder, P. H., & van Schayck, C. P. O. (2012). Nicotine vaccines to assist
with smoking cessation. Drugs, 72(4), e1-e16.
96

Reeves, S., & Bernstein, I. (2008). Effects of maternal tobacco-smoke exposure on fetal
growth and neonatal size. Expert Review of Obstetrics and Gynecology, 3(6), 719.
Rehan, V. K., Liu, J., Naeem, E., Tian, J., Sakurai, R., Kwong, K., Akbari, O., & Torday, J. S.
(2012). Perinatal nicotine exposure induces asthma in second generation offspring.
BMC medicine, 10(1), 1.
Richard, M., Portal, B., Meo, J., Coudray, C., Hadjian, A., & Favier, A. (1992).
alondialdehyde kit evaluated for determining plasma and lipoprotein fractions that
react with thiobarbituric acid. Clinical chemistry, 38(5), 704-709.
Salas, R., Pieri, F., Fung, B., Dani, J. A., & De Biasi, M. (2003). Altered anxiety-related
responses in mutant mice lacking the β4 subunit of the nicotinic receptor. The Journal
of neuroscience, 23(15), 6255-6263.
Sano, H., Nagai, R., Matsumoto, K., & Horiuchi, S. (1999). Receptors for proteins modified
by advanced glycation endproducts (AGE)—their functional role in atherosclerosis.
Mechanisms of ageing and development, 107(3), 333-346.
Santiago, S. E., & Huffman, K. J. (2014). Prenatal nicotine exposure increases anxiety and
modifies sensorimotor integration behaviors in adult female mice. Neuroscience
research, 79, 41-51.
Schreibelt, G., Van Horssen, J., Van Rossum, S., Dijkstra, C. D., Drukarch, B., & de Vries,
H. E. (2007). Therapeutic potential and biological role of endogenous antioxidant
enzymes in multiple sclerosis pathology. Brain research reviews, 56(2), 322-330.
Schmidt, A. M., Du Yan, S., Yan, S. F., & Stern, D. M. (2001). The multiligand receptor
RAGE as a progression factor amplifying immune and inflammatory responses. The
Journal of clinical investigation, 108(7), 949-955.

97

Seeman, J. I., Fournier, J. A., Paine, J. B., & Waymack, B. E. (1999). The form of nicotine in
tobacco. Thermal transfer of nicotine and nicotine acid salts to nicotine in the gas
phase. Journal of agricultural and food chemistry, 47(12), 5133-5145.
Sekhon, H. S., Jia, Y., Raab, R., Kuryatov, A., Pankow, J. F., Whitsett, J. A., Lindstorm, J., &
Spindel, E. R. (1999). Prenatal nicotine increases pulmonary α7 nicotinic receptor
expression and alters fetal lung development in monkeys. The Journal of clinical
investigation, 103(5), 637-647.
Sekhon, H. S., Keller, J. A., Benowitz, N. L., & Spindel, E. R. (2001). Prenatal nicotine
exposure alters pulmonary function in newborn rhesus monkeys. American journal of
respiratory and critical care medicine, 164(6), 989-994.
Sekhon, H. S., Keller, J. A., Proskocil, B. J., Martin, E. L., & Spindel, E. R. (2002). Maternal
Nicotine Exposure Upregulates Collagen Gene Expression in Fetal Monkey Lung:
Association with α 7 Nicotinic Acetylcholine Receptors. American Journal of
Respiratory Cell and Molecular Biology, 26(1), 31-41.
Sen, S., & Simmons, R. A. (2010). Maternal antioxidant supplementation prevents adiposity
in the Offspring of Western Diet–Fed Rats. Diabetes,59(12), 3058-3065.
Shirpoor, A., Minassian, S., Salami, S., Khadem-Ansari, M. H., Ghaderi-Pakdel, F., &
Yeghiazaryan, M. (2009). Vitamin E protects developing rat hippocampus and
cerebellum

against

ethanol-induced

oxidative

stress

and

apoptosis. Food

Chemistry, 113(1), 115-120.
Shoji, T., & Hashimoto, T. (2013). Smoking out the masters: transcriptional regulators for
nicotine biosynthesis in tobacco. Plant Biotechnology, 30(3), 217-224.
Sies, H. (1997). Oxidative stress: oxidants and antioxidants. Experimental physiology, 82(2),
291-295.

98

Singh, R., Barden, A., Mori, T., & Beilin, L. (2002). Advanced glycation end-products: a
review. Diabetologia, 44(2), 129-146.
Somm, E., Schwitzgebel, V. M., Vauthay, D. M., Camm, E. J., Chen, C. Y., Giacobino, J.-P.,
Sizonenko, S.V., Aubert, M.L., & Huppi, P. S. (2008). Prenatal nicotine exposure
alters early pancreatic islet and adipose tissue development with consequences on the
control of body weight and glucose metabolism later in life. Endocrinology, 149(12),
6289-6299.
Son, J. H., & Winzer‐Serhan, U. H. (2008). Expression of neuronal nicotinic acetylcholine
receptor subunit mRNAs in rat hippocampal GABAergic interneurons. Journal of
Comparative Neurology, 511(2), 286-299.
Staessen, J. A., Kuznetsova, T., & Stolarz, K. (2003). Hypertension prevalence and stroke
mortality across populations. Jama, 289 (18), 2420-2422.
Sugaya, K., Fukagawa, T., Matsumoto, K.-i., Mita, K., Takahashi, E.-i., Ando, A Inoko, H.,
& Ikemura, T. (1994). Three genes in the human MHC class III region near the
junction with the class II: gene for receptor of advanced glycosylation end products,
PBX2 homeobox gene and a notch homolog, human counterpart of mouse mammary
tumor gene int-3. Genomics, 23(2), 408-419.
Sun, Y., Oberley, L. W., & Li, Y. (1988). A simple method for clinical assay of superoxide
dismutase. Clinical chemistry, 34(3), 497-500.
Taddei, S., Virdis, A., Ghiadoni, L., Magagna, A., & Salvetti, A. (1998). Vitamin C improves
endothelium-dependent vasodilation by restoring nitric oxide activity in essential
hypertension. Circulation, 97(22), 2222-2229.
Tao, H., Rui, C., Zheng, J., Tang, J., Wu, L., Shi, A., Chen. N., He, R., Wu, C., Li, J., & Yin,
X. (2013). Angiotensin II-mediated vascular changes in aged offspring rats exposed to
perinatal nicotine. Peptides, 44, 111-119.
99

Tarrade, A., Panchenko, P., Junien, C., & Gabory, A. (2015). Placental contribution to
nutritional programming of health and diseases: epigenetics and sexual dimorphism.
Journal of Experimental Biology, 218(1), 50-58.
Tassew, Z., & Chandravanshi, B. S. (2015). Levels of nicotine in Ethiopian tobacco leaves.
SpringerPlus, 4(1), 1.
Thiriez, C., Villafane, G., Grapin, F., Fenelon, G., Remy, P., & Cesaro, P. (2011). Can
nicotine be used medicinally in Parkinson’s disease? Expert review of clinical
pharmacology, 4(4), 429-436.
Treweek, J. B., Dickerson, T. J., & Janda, K. D. (2009). Drugs of abuse that mediate
advanced glycation end product formation: a chemical link to disease pathology.
Accounts of chemical research, 42(5), 659-669.
Triposkiadis, F., Karayannis, G., Giamouzis, G., Skoularigis, J., Louridas, G., & Butler, J.
(2009).

The

sympathetic

nervous

system

in

heart

failure:

physiology,

pathophysiology, and clinical implications. Journal of the American College of
Cardiology, 54(19), 1747-1762.
Van Raamsdonk, J. M., & Hekimi, S. (2012). Superoxide dismutase is dispensable for normal
animal lifespan. Proceedings of the National Academy of Sciences, 109(15), 57855790.
Vaziri, N. D., Ni, Z., Oveisi, F., & Trnavsky-Hobbs, D. L. (2000). Effect of antioxidant
therapy on blood pressure and NO synthase expression in hypertensive rats.
Hypertension, 36(6), 957-964.
Vellosa, J., Khalil, N., Fonseca, L., Brunetti, I. L., & Oliveira, O. M. M. d. F. (2007). Does
cotinine act upon reactive oxygen species and peroxidases? Eclética Química, 32(1),
65-70.

100

Warren, G. W., & Singh, A. K. (2013). Nicotine and lung cancer. Journal of carcinogenesis,
12(1), 1.
Wei, Q., Ren, X., Jiang, Y., Jin, H., Liu, N., & Li, J. (2013). Advanced glycation end products
accelerate rat vascular calcification through RAGE/oxidative stress. BMC
cardiovascular disorders, 13(1), 1.
Wetscher, G. J., Bagchi, M., Bagchi, D., Perdikis, G., Hinder, P. R., Glaser, K., & Hinder, R.
A. (1995). Free radical production in nicotine treated pancreatic tissue. Free Radical
Biology and Medicine, 18(5), 877-882.
Widerøe, M., Vik, T., Jacobsen, G., & Bakketeig, L. S. (2003). Does maternal smoking
during

pregnancy

cause

childhood

overweight?

Paediatric

and

perinatal

epidemiology, 17(2), 171-179.
Wihler, C., Schäfer, S., Schmid, K., Deemer, E., Münch, G., Bleich, M., Busch, A.E.,
Dingermann, T., Somoza, V., Baynes, J., Huber, J. (2005). Renal accumulation and
clearance of advanced glycation end-products in type 2 diabetic nephropathy: effect of
angiotensin-converting enzyme and vasopeptidase inhibition. Diabetologia, 48(8),
1645-1653.
Wong, M. K. C. (2015). Characterization of the nicotine-induced endoplasmic reticulum
stress response in the rat placenta in vivo and in vitro. Electronic Thesis and
Dissertation Repository. 2997. http://ir.lib.uwo.ca/etd/2997
Xi, X., Li, C., & Zhang, F. (2005). Nitrogen supply after removing the shoot apex increases
the nicotine concentration and nitrogen content of tobacco plants. Annals of botany,
96(5), 793-797.
Xiao, D., Huang, X., Lawrence, J., Yang, S., & Zhang, L. (2007). Fetal and neonatal nicotine
exposure differentially regulates vascular contractility in adult male and female
offspring. Journal of Pharmacology and Experimental Therapeutics, 320(2), 654-661.
101

Xiao, D., Huang, X., Yang, S., & Zhang, L. (2013). Estrogen Normalizes Perinatal Nicotine–
Induced Hypertensive Responses in Adult Female Rat Offspring. Hypertension, 61(6),
1246-1254.
Xiao, D., Huang, X., Yang, S., & Zhang, L. (2011). Antenatal nicotine induces heightened
oxidative stress and vascular dysfunction in rat offspring. British journal of
pharmacology, 164(5), 1400-1409.
Xiao, D., Xu, Z., Huang, X., Longo, L. D., Yang, S., & Zhang, L. (2008). Prenatal genderrelated nicotine exposure increases blood pressure response to angiotensin II in adult
offspring. Hypertension, 51(4), 1239-1247.
Xiao, D., Dasgupta, C., Li, Y., Huang, X., & Zhang, L. (2014). Perinatal nicotine exposure
increases angiotensin II receptor-mediated vascular contractility in adult offspring.
PloS one, 9(9), e108161.
Yagi, K. (9191).Simple assay for the level of total lipid peroxidation in serum or
plasma.Analytical Biochemistry, 95(2), 351-358.
Yamagishi, S.-i., & Matsui, T. (2010). Advanced glycation end products, oxidative stress and
diabetic nephropathy. Oxidative medicine and cellular longevity, 3(2), 101-108.
Yamagishi, S.-i., Maeda, S., Matsui, T., Ueda, S., Fukami, K., & Okuda, S. (2012). Role of
advanced glycation end products (AGEs) and oxidative stress in vascular
complications in diabetes. Biochimica et Biophysica Acta (BBA)-General Subjects,
1820(5), 663-671.
Yang, C.-C., Fang, J.-Y., Hong, T.-L., Wang, T.-C., Zhou, Y.-E., & Lin, T.-C. (2013).
Potential antioxidant properties and hepatoprotective effects of an aqueous extract
formula derived from three Chinese medicinal herbs against CCl 4-induced liver
injury in rats. International immunopharmacology, 15(1), 106-113.
102

Yildiz, D. (2004). Nicotine, its metabolism and an overview of its biological effects. Toxicon,
43(6), 619-632.
Zarkovic, K., Larroque-Cardoso, P., Pucelle, M., Salvayre, R., Waeg, G., Nègre-Salvayre, A.,
& Zarkovic, N. (2015). Elastin aging and lipid oxidation products in human aorta.
Redox biology, 4, 109-117.
Zhao, Z., & Reece, E. A. (2005). Nicotine‐induced embryonic malformations mediated by
apoptosis from increasing intracellular calcium and oxidative stress. Birth Defects
Research Part B: Developmental and Reproductive Toxicology, 74(5), 383-391.
Zhou, T., Jørgensen, L., Mattebjerg, M. A., Chronakis, I. S., & Ye, L. (2014). Molecularly
imprinted polymer beads for nicotine recognition prepared by RAFT precipitation
polymerization: a step forward towards multi-functionalities. Rsc Advances, 4(57),
30292-30299.

103

104

105

