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ABSTRACT

Environmental tobacco smoke (ETS) is a complex mixture of chemicals generated during
the burning of tobacco products. The principle contributor to ETS is side-stream cigarette
smoke (SSCS), the material emitted from the smoldering tobacco product between puffs.
The need for research in ETS and health area is evident, especially concerning the
respiratory and cardiovascular systems, since an increased incidence of pulmonary and
cardiovascular disorder associated with tobacco smoke. Cigarette smoking during
pregnancy leads an increased risk of maternal-child HIV transmission. However, research
on health effects of SSCS exposure in AIDS patients themselves is very limited.
Epidemiologic studies with humans and animal studies suggest that micronutrients
derived from fruits and vegetables demonstrate protective effects from tobacco smokeinduced genotoxicity. For many of these nutritional constituents, it is the ability to act as
antioxidants by scavenging free radicals and preventing membrane lipid peroxidation that
has direct impact on tobacco smoking-associated chronic disease risks.
Our hypothesis is that reactive oxygen species from SSCS are playing an essential
role in disease promotion and antioxidant supplementation (a single form of a-tocopherol
or a mixture of mutiple antioxidants) will potentially prevent SSCS associated tissue
damage, pulmonary dysfunction. The specific aims of the present study are to determine
if: I) SSCS would induce tissue lipid peroxidation and proinflammatory responses; 2)
SSCS would provoke puknonary and cardiac fimction changes; 3) SSCS would cause
oxidative stress, reduce nutrient concentrations and suppress immune function in murine
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retrovirus infections; 4) dietary a-tocopherol, specifically, can enhance resistance to
oxidative damage by SSCS and improve lung function; 5) multiple antioxidant
supplementation can modulate proinflammatory cytokine secretion and tissue lipid
peroxidation induced by SSCS exposure in old healthy mice.
SSCS exposure methodology in a murine model was developed to facilitate these
goals. For the first time we established a SSCS model in murine retrovirus infection. Also
we conduced a SSCS dose-response model for a cardiac function study. We found that
SSCS exposure in mice consistently increased oxidation, depleted tissue vitamin E levels,
and promoted inflammatory cytokines production. SSCS exposure at 120-min/day, 5
days/week for 12 weeks decreased heart contractile fUnction and increased vascular
resistance. SSCS induced increased oxidative stress, reduced nutrient concentrations and
suppressed immune function, which could make mice with murine retrovirus more
susceptible to opportunistic infections. Dietary a-tocopherol enhanced resistance against
SSCS-induced oxidation and improved lung function, primarily through the antioxidant
property of a-tocopherol and its modulation of local cytokine production. The multiple
antioxidant with p-carotene, bioflavanoids. Coenzyme QIO, d-a-tocopherol, L-ascorbic
acid, L-camitine, magnesium, N-acetylcysteine, retinol, selenium and zinc given as a
dietary supplemnetation prevented oxidation and IL-6 production in healthy old mice
during SSCS exposure.
The defined mechanisms linking free radicals and other components of SSCS to
cardiovascular and pulmonary disorders remain an intriguing and thus far uiu'esolved
biological puzzle. A more precise quantification of the smoking exposure dose needs to
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be determined by serum nicotine or conitine level. Unanswered questions requiring
further study include clarifications of whether other inflammatory mediators such as
adhesion molecules, chemokines involve in the development of pulmonary and
cardiovascular diseases associated with SSCS; the complex interacting and integrative
roles of antioxidants to ameliorate tobacco smoke-induced oxidative injury.
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INTRODUCTION
l.l EXPLANATION OF THE PROBLEM AND ITS CONTEXT
1.1.1. EPIDEMIOLOGY OF ENVIRONMENTAL TOBACCO SMOKE (ETS)
AND ITS ASSOCIATED HEALTH EFFECTS
Environmental tobacco smoke (ETS) is a complex mixture of chemicals generated
during the burning of tobacco products. The principle contributor to ETS is side-stream
smoke (SS), the material emitted from the smoldering tobacco product between puffs.
When a cigarette is smoked, approximately one-half or more of the smoke generated (by
weight) is sidestream smoke emitted from

the smoldering cigarette. The chemical

composition of mainstream smoke has been more extensively characterized than that of
sidestream smoke, but they are produced by the same fundamental processes, such that
many chemicals are present in both. Over 4000 individual constituents have been
identified in mainstream smoke and approximately 400 compounds have been measured
quatitaively in both mainstream and sidestream smoke. A number of chemicals known or
suspected to contribute to adverse health effects are present in tobacco smoke, including
eye and respiratory irritants, systemic toxicants, mutagens, carcinogens and reproductive
toxicants.
ETS is a major source of indoor air contaminants in environments where smoking
occurs. Although changes in cigarette design (e.g. filters) have had substantial impact on
the composition of mainstream smoke, these changes have had little impact on the
composition of sidestream smoke, the principle contributor to ETS. Over the past several
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years, ETS has come to the forefront of the social debate pitting smokers against
nonsmokers. ETS is probably the most important contamination of indoor air. A
nationally survey reported that 37.4% of adult nonsmokers reported exposure to ETS at
home or in the workplace, and 25% of nonsmoking adults report exposure at work (1 )• A
report released by California Environmental Protection Agency in September of 1997
attributed 35,000-62,000 ischemic heart disease deaths every year in the United States to
ETS. Additionally, over 2,00 childhood deaths from bronchitis and Sudden Infant Death
Syndrome as well as 3,000 lung cancer deaths have been linked to ETS (2). In 1986, the
Surgeon General concluded that ETS can cause lung cancer in adult nonsmokers and that
children of parents who smoke have increased frequency of respiratory symptoms, acute
lower respiratory tract infection, and reduced lung function. In 1992, the office of Health
and Environmental Assessment of U.S. EPA classified ETS as a Group A carcinogen, in
the same group as benzene and vinyl chloride (3). Consequently, there has been a focus
of public concern on the hazards posed by ETS. This concern has been reflected by recent
federal legislation prohibiting smoking on airlines, in public buildings and restaurants.

1.1.2. ETS AND CARDIOVASCULAR DISEASE (CVD)
ETS is an important source of exposure to toxic air contaminants indoors (4).
Virtually everyone in the United States is at risk of exposure and the harm from ETS or
secondhand, or passive smoke. This takes a variety of exposure patterns, including in the
workplace, restaurants, bars, home and fetal exposure via the placenta (5, 6). ETS
represents a major risk factor for the generation of diseases of the respiratory tract and of
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the cardiovascular system. Epidemiological data suggest that exposure to ETS is
associated with high incidence of lung cancer, cardiovascular disease, intrauterine growth
retardation, predisposition to chronic lung disease, and sudden infant death syndrome (7).
Epidemiologic studies and other human data have been reviewed regarding the
relationship between CVD and exposure to ETS by nonsmokers. There is confirmatory
animal evidence as well.
1.2 A REVIEW OF THE LITERATURE
1.2.1. PREVIOUS REVIEWS ON ETS AND CVD
Estimates of the number of deaths in the United States from heart disease
attributable to exposure to ETS range from 32,000 to 40,000 annually, approximately
two-thirds of the estimated 53,000-60,000 deaths from all causes attributed to ETS,
making passive smoking the third leading preventable cause of death, after active
smoking and alcohol (8-10). In addition, these estimates of cardiovascular deaths from
ETS are approximately 20% of the estimated 180,000 cardiovascular deaths from active
smoking, the leading cause of avoidable death in the Unites States (11). Based on pooled
analyses of epidemiologic studies, nonsmokers exposed to ETS in the workplace have an
estimated cardiovascular risk 1.35 times that of those not exposed, whereas those exposed
at home have a cardiovascular risk 1.23 times that of the unexposed (12). Clinical and
epidemiological studies, conducted in a variety of locations, found about a 30% increase
in risk of death from ischemic heart disease or myocardial infarction among nonsmokers
living with smokers (8). The American Heart Association has formally concluded that
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passive smoking is an important risk factor for heart disease in both adults (13) and
children (14).

1.2.2. ANIMAL STUDIES
Experimental studies with passive smoking have successfully duplicated disease
conditions in laboratory animals, particularly the effects of SS on heart disease. Exposure
to ETS increased myocardial infarct size in a rat model of ischemia and reperfusion (IS).
Passive smoking increases experimental atherosclerosis in cholesterol-fed rabbits (16).
Researchers showed increases in plaque development in young cockerels that were
exposed to secondhand smoke (17). SS tobacco smoke exposure produced measurable
oxidative DNA damages in Balb/c mouse heart, liver, and lung tissue (18), such changes
should increase the probability of carcinogenesis and premature apoptosis due to SS
exposure. The availability of animal models opens the way to fruitful experimental
studies on mechanisms to help better understanding of SS-induced CVD.

1.2.3. TOXICITY OF ETS
ETS is a mixture of side-stream and mainstream cigarette smoke (7). Mainstream
smoke constitutes 15% of total ETS. It is smoke first inhaled by an active smoker and
then exhaled while MS is retained for a few moments in the lung; the smoke is scrubbed
of some of its constituents, most notably nicotine and carbon monoxide (CO), as well as
much of the particulate matter. ETS contains about 85% SS, the smoke curling between
puffs off the end of a lit cigarette, generated at low burning temperature. Of the thousands
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of chemicals in MS and SS cigarette smoke, those that contribute to smoking-induced
vascular disease include nicotine, CO, polycyclic aromatic hydrocarbons (PAHs), and
tobacco glycoproteins (19). And most notably, SS is richer in certain carcinogens than is
MS (20-22). Some toxic, carcinogenic, and cocarcinogenic substances such as nicotine,
CO, carbon dioxide, catechol, benzopyrenes, N-nitrosamines [N-nitrosodimethylamine,
N'-nitrosoanabasine, 4-(methylmtrosamino)-l-(3-pyridyl)-l-butanone, and ammonia are
enriched in SS.

1.2.4. MECHANISMS OF CVD DUE TO ETS EXPOSURE
The relationship between active tobacco smoking and increased risk of coronary
artery disease (stable and unstable angina, acute myocardial infarction or sudden death),
cerebrovascular disease (cerebral infarction, and cerebral and subarachnoid hemorrhage),
peripheral arterial disease (large and small vessel) and aortic aneurysm has been well
established in numerous epidemiological and basic science studies (23). More recently,
passive smoking has been shown to represent an important risk factor for cardiovascular
diseases (24). Passive smoke causes heart damage in much the same mechanisms as
active smoking through hematological, neurohormonal, metabolic, hemodynamic,
molecular genetic and biochemical pathways. Many components in tobacco smoke play
important roles in the process of heart function damage. Activities of key toxins are
described below.

1.2.4.1. CARBON MONOXIDE (CO)
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The CO in ETS displaces and competes with oxygen for binding sites on red
blood cells (25). CO causes tissue hypoxia by inhibition of the blood's ability to deliver
oxygen to the myocardium. Subsequently, passive smoking reduces the ability of the
heart muscle to convert oxygen into the adenosine triphosphate (ATP). Various animal
studies have demonstrated that CO interferes with myoglobin, P450, and other enzyme
function. It causes lipid peroxidation through neutrophil activation and produces
oxidative stress manifested by peroxynitrate deposition in endothelium. Finally CO binds
to cytochrome-C oxidase, disrupting ATP production and mitochodrial respiration (26).
In a study in rabbits, the activity of the mitochondrial enzyme cytochrome oxidase, which
is responsible for ATP synthesis, fell 25% after a single 30-minute exposure to
secondhand smoke, and the activity continued to decline with duration of exposure (27).
Additional evidence for limited oxygen utility of passive smoking is that the heart
increasingly relies on anaerobic metabolism during passive smoking, which has been
indicated by significantly increase of the amount of lactate in venous blood (28).

1.2.4.2. FREE RADICALS
The chemical composition of ETS is very complex. More than 3800 compounds
have been identified in cigarette smoke (29). Included in this list of cigarette smoke
compounds, many are capable of generating reactive oxygen species (ROS) during
metabolism. Major sources of reactive oxygen species (ROS) are from both gas and tar
phases of cigarette smoke (Figure I.l). Oxidative damage to cellular components occurs
when the production of ROS overwhelms the cell's antioxidant defenses. This can occur
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when an organism is exposed to xenobiotic compounds such as those found in ETS (18).
The free radicals entering the body are first trapped by serum aqueous and lipophilic
antioxidants, which interact and provide great protection against lipid peroxidation (18)
(30). As a result, the antioxidant enzymes in tissue such as heart, liver and lung will be
activated. Therefore tissue and plasma antioxidants (vitamin A and C) will be sacrificed
against oxidative damage (31, 32). Once the antioxidant barrier is broken, lipid
peroxidation can take place and produce oxidative low-density lipoprotein (Ox-LDL).
Ox-LDL accumulation in macrophages plays a role in atherosclerosis. Such metabolic
changes in lipid profiles due to smoking are generally accepted as a key event of
atherosclerosis plaque

formation (33). On the other hand, passive smoking

inappropriately activates the neutrophils (34). In a group of passive smokers with only 3
hours of side-stream smoke, there were significant increases in the circulating leukocyte
counts and stimulated neutrophil migration. The activated neutrophils can release
oxidants, which may also play a role in tissue damage in passive smokers (34). Free
radicals and oxidants are extremely destructive to the heart muscle cell membrane as well
as other processes within the cell while producing lipid peroxidation. Low exposure to
nicotine or other cigarette smoke constituents significantly worsen reperfusion injury.
Rats exposed to secondhand smoke exhibited severely damaged mitochondrial function
during the reperfusion injury (35, 36). As mentioned above, the ability of cardiac
mitochondrial cells to convert oxygen into ATP was much more compromised upon
oxidative stress (26). Nuclear DNA is one of the cellular targets of ROS. ROS can react
with nuclear DNA resulting in a number of damaged DNA products (18). As DNA
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damage accumulates within a cell, the likelihood of a cytotoxic or mutagenic lesion
increases. This may also become one possible etiology of atherosclerosis and coronary
heart disease.
ROS also can initiate a series of cellular responses, such as activation of nuclear
factor kappa B (NF-kB), which will play an important role in proinflammatory process.
NF-kB can control a number of genes that encode inflammatory mediators, including
interleukin-l beta (IL-IP), platelet-activating factor (PAF) and tumor necrosis factor
alpha (TNF-a) (37). IL-ip is well known an inducer of several other proinflammatory
enzymes such as the inducible cyclooxygenase-2 (COX-2); PAF is shown to benefit
platelet aggregation. These are two factors involved in atherogenesis (38). TNFa may
decrease myocardial contraction through enhancing inducible nitric oxide synthase
(iNOS) and nitric oxide (NO) production or by inducing myocardial apoptosis (39).
Antioxidant nutrients have the potential for modulating inflammatory aspects of immune
function through this NF-kB pathway (37). Thus increasing intake of vegetables, fhiits
and antioxidant vitamin supplements should lower SS damage due to oxidation in certain
degrees.

1.2.4.3. NICOTINE
Previous findings have shown that nicotine causes significant dose-related
myocardial contraction and endothelium-independent vasoconstriction (40). If these
results can be extrapolated to clinical conditions in humans, then increased myocardial
oxygen consimiption secondary to increased contractility and heart rate, and decrease of
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coronary blood flow due to vasoconstriction will cause imbalance between oxygen
demand and supply of the heart and lead to arrhythmia, and myocardial ischemia or
infarction or both.
The mechanism by which nicotine causes myocardial contractility changes was
shown to be mainly due to stimulation of sympathetic neutransmission (41). As nicotine
activates nicotine acetylcholine receptors localized on peripheral postganglionic
sympathetic nerve endings and the adrenal medulla, binding of nicotine to its receptors
leads to a conformational change of the central pore, which results in the influx of sodium
and calcium ions (Figure 1.2). Subsequently, the increase in intracellular Ca^ triggers the
exocytotic release of norepinephrine. Through the release of norepinephrine, nicotine
induces a beta-adrenoceptor-mediated increase in heart rate, blood pressure and
myocardial contractility as well as an alpha-adrenoceptor-mediated increase in coronary
vasomotor tone. The resulting simultaneous increase in oxygen demand and coronary
resistance has a detrimental effect on the oxygen balance of the heart, which may be a
trigger for myocardial infarction. On the other hand, stimulation of norepinephrine can
induce IL-6 synthesis in liver and spleen. IL-6 can induce C-acute phase protein, which is
known to be involved in atherosclerosis (Figure 1.2).
Nicotine is also a potential cause of the observed changes in endothelial cells and
platelet aggregate ratios after smoking tobacco cigarettes, although other components of
cigarette smoke may also be important (6). Activated platelets increase the likelihood of
the formation of a thrombus and can damage the lining of the coronary arteries and
facilitate the development of atherosclerotic lesions (42). Once the platelets are activated
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due to exposure to ETS, their aggregation is increased and the probability that platelets
will adhere at the endothelial injury site will be raised. Long-term exposure to passive
smoking impairs the arterial endothelial function probably through impaired endothelial
nitric oxide activity (43), and increases the thickness of the carotid wall (44). There are
population-based data in humans indicating that passive smokers have significantly
thicker carotid artery walls, in a dose-response pattern, than subjects who never were
exposed to passive smoking (45).

1.2.4.4. CARCINOGENS
The carcinogens in tobacco smoke act as promoters or cofactors, facilitating the
development of vascular plaques (46). Animal studies indicated that polycyclic aromatic
hydrocarbons, 7,12-dimethylbenzanthracene and benzoapyrene, bind preferentially to
both LDL and HDL subfragments of cholesterol. The binding may facilitate
incorporation of the carcinogenic compounds into the cells lining the coronary arteries
and hence contribute to both cell injury and hyperplasia in the process of atherosclerosis
(8).

1.2.5. PREVENTION OF ETS INDUCED CVD
The most effective way to prevent CVD induced by SS would be elimination of
exposure. However, this goal is difficult to achieve because many smokers are addicted
to nicotine, continuing the home and community exposure to ETS. Social support and
skills training to achieve smoking abstinence can be important elements of smoking
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cessation. Though smoking inhibition has been done with great success over many public
places, much more efforts need to be done in the future to save clean and healthy air for
the heart.
Nutritional treatment of people exposed to ETS is theoretically useful as ETS is
highly associated with oxidative stress. The antioxidant, vitamin C, reverses the
impairment in endothelium-mediated vasodilatation (47). High vitamin E consumption
also has protective effects against oxidative stress caused by cigarette smoke (48). From
recent studies (49), an important source of bioflavonoids and related antioxidants are
found in an extract found in a pine tree bark. The extract in tissue cuhure, animals and
human enhanced endogenous antioxidant systems and increased free radical scavenging.
It also showed significantly inhibited tobacco smoke platelet aggregation. Fish oil as a
supplement or in the diet may be another available agent for CVD due to ETS (50).
Omega-3-rich fish oils can compensate for a number the adverse impacts of smoking by
reducing plasma fibrinogen (51, 52), and platelet aggregation (53), as well as by
increasing erythrocyte distensibility (54). The cardio protective benefits of fish oils may
be further complemented by mini-dose aspirin and, in those that have previously
experienced a heart attack, beta-blocker therapy (50). It is universal that healthy eating meaning reducing our fat intake, reducing our cholesterol, and consuming high level of
fhiits and vegetables which are rich in vitamins and minerals, leads to a reduced
incidence of CVD. Although these agents have shown theoretically logical, the role of
antioxidants to lower the moderate damage due to ETS has been poorly studied and
difficult to quantify.
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1.2.6. ETS AND PULMONARY DYSFUNCTION
ETS poses a high health risk to human respiratory system. The studies of passive
smoking and adult asthma and chronic obstructive pubnonary disease (COPD) have been
growing since the mid 1980s (55-58). Substantial evidence has accumulated that ETS
exposure affects passive smokers' lungs directly by irritation and functional impairment
(7, 57, 59-63). Exposure to ambient concentrations of ETS induces a series of respiratory
symptoms such as cough, wheeze, airway inflammation, and airway hyperreactivity. The
most vulnerable subjects are newborns, young children, and possibly the fetus while in
utero. Exposure to the mother's active smoking is a growing health concern with resulting
pulmonary problems in children (64-67). For children under 18 months of age, ETS
exposure is thought to be responsible in the U.S. for up to 300,000 cases annually of
bronchitis, bronchiolitis, and pneumia (57). ETS also contributes overall to chronic
obstructive pulmonary diseases (COPD) (57). The objectives of this review are to
summarise briefly the findings from these earlier reports, to update the literature based on
more recent publications.

1.2.6.1. HUMAN INVESTIGATIONS
The association between ETS exposure and lung dysfimction was investigated by
a number of epidemiological studies from different countries. It has been shown that
people exposed to ETS have an increased frequency of respiratory symptoms and a
reduction in lung function (57, 68-72). The evidence is particularly strong in newboms,
infants, and preschool children. Exposure to ETS causes increased coughing, (73-75)
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wheezing, (74) sputum production, (74) and respiratory ilhiesses (64, 73, 75, 76). A
longitudinal study showed that exposure to ETS had a dose-response relationship on lung
growth (as measured by FEV) in school children (77). Children exposed to ETS in early
life have faster rates of lung function decline in adult life. Also, maternal smoking has
rather larger effects on child lung mechanics than paternal smoking. The maternal-child
effect is due to not only that mothers are physically closer to their children but also that
the growing lung is more vulnerable to ETS challenge. Children whose mothers smoked
during their children's first 2 years of life had lower lung function, possibly characterized
by airway impairment. Hanrahan et al. showed that expiratory flow at PRC was 74.3 ml/s
in 4-week-old infants bom of continuous smokers vs. 150 ml/s in infants bom of
nonsmokers (78). A study done by Cunningham coworkers found that children's lung
function at 8 to 12 years of age was lower if the mother smoked during pregnancy (79),
Current evidence suggests that the development of COPD in adults may result from
impaired lung development and growth, premature onset of decline in lung function,
and/or accelerated decline in lung function (80-82). In utero airway development and
alveolar proliferation to 12 years of age are critical to the mechanical functioning of the
lungs, and impaired lung growth in utero fi'om exposure to matemal smoking may begin
a process that leads to development of COPD. Exposiure to ETS in infancy and childhood
and active smoking during childhood and adolescence contributes to impaired lung
growth, which limits the maximiun level of lung fimction attained (80) and may increase
the risk for developing COPD. These studies suggest that lung function is not only
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compromised by postnatal exposure to ETS, but also constructively damaged by prenatal
exposure to ETS from the mother.
Although it is established that active cigarette smoking in adulthood leads to
accelerated decline in FEVl among susceptible smokers and ultimately to the
development of clinically apparent COPD, the impact of passive smoking during
adulthood on lung function and risk for development of COPD remains controversial.
Jaakkola et al (83) examined the rale of decline of FEVl and FEF25.75 over an eight year
period in a group of 117 non-smokers aged 15-40 years and found no relation between
ETS exposure and change in lung function. However, the age of subjects spanning the
period of lung growth, plateau, and decline may have limited their ability to detect an
adverse effect of ETS. Among 1033 adults aged 40-69 years living in Beijing, China, Xu
et al (84) found significantly lower levels of FEVl and FVC, after controlling for
potential confounders, among subjects exposed to ETS at home or work compared with
subjects not exposed. Frette et al (85) did not find an association between ever living with
a smoker and level of FEVl, E^C, or reF^s-rs among an elderly population aged 51-95
years living in Southern California. However, a difference may not have been detected
because subjects passively exposed were significantly younger than subjects not exposed.

1.2.6.2. ANIMAL STUDIES
There are limited reports of ETS in the toxicology literature on pulmonary
function. Few studies present evidence that exposure to SS adversely affects pulmonary
mechanics and airway responsiveness to pharmacological challenges. In a Duncan-
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Hartley guinea pig model, daily SS exposure (6 h/d, 5 d/week) from day 8 to about day
43 of life, significantly reduced the capsaicin-induced change in pulmonary resistance
(/it) and pulmonary dynamic compliance {Cdyn) and decreased the airway reactivity of
the C-fiber system without changing reactivity to one of its neurotransmitters (86). While
in a rat study, rats were exposed to filtered air or sidestream smoke (SSS) for 6 hr/day, 5
days/week from day 2 to week 8 or week 15 of life, SSS exposure did not change RL and
Cdyn (87). Also rats exposed to SSS developed airway hyporesponsiveness to serotonin
(87).

1.2.7. CONCLUSION
Most studies demonstrate a significant dose-response effect, with greater exposure
to ETS associated with greater risk of death from heart disease. In conclusion, ETS may
increase the risk of CVD by promoting platelet aggregation, oxidative damages to arterial
endothelium and inducing mitochondrial apoptosis. Moreover, ETS, in realistic
exposures, exerts significant adverse effects on heart disease by reducing the body's
ability to deliver and utilize oxygen and via depressing cellular respiration at the level of
mitochondria. The carcinogens in ETS may initiate and accelerate the development of
atherosclerotic plaque. There is evidence that direct and indirect exposure to tobacco
smoke increasing heart rate, blood pressure, rate-pressure product, and cardiac output and
maximal first derivative of left ventricular pressure (88). These effects are probably a
consequence of adrenergic stimulation by nicotine.
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On the other hand, there are multiple mechanisms that have been proposed for the
respiratory effects of passive smoking, including acute respiratory irritation, mucosal
edema, decreased mucociliary clearance, chronic cough, bronchial hyperreactivity, and
lower respiratory infection. ETS-induced pathophysiological responses were also
involved in a number of chemical mediators, including oxidative stress, cytokine,
chemokine, and eicosanoid production. However, an underlying mechanism(s) of action
cannot be quantitatively linked to health effects in humans at plausible levels of exposure.
There is not one chemical mediator responsible for lung dysfunction, but rather a
complex interplay exists among multiple preinflammatory mediators. However, the
effects and action mechanisms of ETS on lung function are not fully understood.
Cessation of all exposure to ETS, achieved by a ban of active smoking, would be
the best way to deal with the human health problem. Even though the actual human
environmental atmospheres are not perfectly available as required for animal
experimentation, we will have to continue to rely on additional animal studies to develop
appropriate therapeutic and preventive strategies that should help to mitigate some of the
serious, widespread, and costly health problems associated with cigarette smoke
exposure. Nutritional treatment would also be advocated as a major health promotion.
Treatment or prevention with agents such as aspirin, pycnogenol can reduce platelet
aggregation. Increased consumption of firuits and vegetables should lower CVD risk in
SS exposed people. As research on ETS inducing cardiovascular and puhnonary diseases
is still very limited, more research is warranted to define risk and to understand the
pathological and molecular mechanisms of ETS exposure related health problems in both
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animal models and human studies. Nutritional supplementation may prove very useful in
eliminating the underlying causes.
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1.2.8. LIST OF nCURES AND TABLES
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Major sources of reactive oxygen species (ROS) are from gas and tar phases of cigarette
smoke. Another important source is derived from activated polymorphonuclear leukocyte
(PMN) and macrophage (M4>) in response to cigarette smoke. ROS produce oxidative
stress. The level of antioxidant enzymes in heart, liver and lung will increase. Finally,
tissue and plasma antioxidants (vitamin A and C) level will reduce. ROS can cause lipid
peroxidation and produce oxidative low-density lipoprotein (Ox-LDL). Ox-LDL
accumulation in macrophages plays a role in atherosclerosis. ROS also can activate
nuclear factor kappa B (NF-kB), which will increase IL-l beta, platelet-activating factor
(PAF) and tumor necrosis factor (TNF). IL-l beta is well-known an inducer of several
other proinflammatory enzymes such as the inducible cyclooxygenase-2 (COX-2); PAF
is shown to benefit platelet aggregation. These are two factors involved in atherogenic
effects of tobacco smoke. TNF may decrease myocardial contraction through enhancing
inducible nitric oxide synthase (iNOS) and nitric oxide (NO) production or by inducing
myocardial apoptosis.
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Nicotine-induced cardiovascular effects are mainly due to stimulation of sympathetic
neurotransmission. As nicotine activates nicotine acetylcholine receptors localized on
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peripheral postganglionic sympathetic nerve endings and the adrenal medulla, binding of
nicotine to its receptors leads to a conformational change of the central pore, which
results in the influx of sodium and calcium ions. Finally, the increase in intracellular Ca^
triggers the exocytotic release of norepinephrine. Through the release of norepinephrine,
nicotine induces a beta-adrenoceptor-mediated increase in heart rate, blood pressure and
myocardial contractility; and an alpha-adrenoceptor-mediated increase in coronary
vasomotor tone. The resulting simultaneous increase in oxygen demand and coronary
resistance has a detrimental effect on the oxygen balance of the heart, which may be a
trigger for myocardial infarction. On the other hand, stimulation of norepinephrine can
induce plasma cytokine IL-6 synthesis in liver
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1.3. EXPLANATION OF DISSERTATION FORMAT

In the following chapters, I present five parts of my doctoral projects (Appendix A to E)
a» my own to demonstrate my original contribution. The Appendix A is a comprehesive
research on antioxidant supplements in reducing the toxicity of environmental tobacco
smoke. The Appendix B summerized major findings of side-stream cigarette smoke
induced dose-response in systemic inflammatory cytokine production and oxidative
stress. The Appendix C Is the study of side-stream cigarette smoke during murine AIDS.
The Appendix D focused on the effect on pulmonary fuction of side-stream cigarette
smoke in mice with dietary a-tocopherol supplementation. The Appendix E is about
antioxidants supplemanetation in prevention against oxidation and immune dysfunction
by side-stream cigarette smoke in old mice
I played a leading role in each of the above projects. And I made major
contribution to the papers.
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PRESENT STUDY

The methods, results, and conclusions of this study are presented in the appended to this
dissertation. The following is a sununary of the most important findings in this paper.
SSCS exposure methodology in a murine model was developed to facilitate these
goals. For the first time we established a SSCS model in murine retrovirus infection. Also
we conduced a SSCS dose-response model for a cardiac function study. We found that
SSCS exposure in mice consistently increased oxidation, depleted tissue vitamin E levels,
and promoted inflammatory cytokines production. SSCS exposure at 120-min/day, 5
days/week for 12 weeks decreased heart contractile function and increased vascular
resistance. SSCS induced increased oxidative stress, reduced nutrient concentrations and
suppressed immune function, which could make mice with murine retrovirus more
susceptible to opportunistic infections. Dietary a-tocopherol enhanced resistance against
SSCS-induced oxidation and improved lung function, primarily through the antioxidant
property of a-tocopherol and its modulation of local cytokine production. The multiple
antioxidant with p-carotene, bioflavanoids. Coenzyme QIO, d-a-tocopherol, L-ascorbic
acid, L-camitine, magnesium, N-acetylcysteine, retinol, selenium and zinc given as a
dietary supplemnetation prevented oxidation and IL-6 production in healthy old mice
during SSCS exposure.
In sum, SSCS exposure in mice consistently increased oxidation, depleted tissue
vitamin E level, and promoted inflammatory cytokine production. SSCS induced
increased oxidative stress, reduced nutrient concentrations and suppressed immune
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function, which could make mice with murine retrovirus more susceptible to
opportunistic infections. SSCS exposure at 120-min/day, 5 days/week for 12 weeks
decreased heart contractile function and increased vascular resistance. The multiple
antioxidant supplemnetation prevented oxidation and IL-6 production in healthy old mice
during SSCS exposure. Dietary a-tocopherol enhanced resistance against SSCS-induced
oxidation and improved lung function, primarily through the antioxidant property of atocopherol and its modulation of local cytokine production.
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APPENDICES

APPENDIX A: ANTIOXIDANT SUPPLEMENTS IN REDUCING THE
TOXICITY OF ENVIRONMENTAL TOBACCO SMOKE

2.1. INTRODUCATION
Exposure to ETS results in oxidative stress and damage (1). Oxidative stress, a
disturbance in the prooxidant-antioxidant balance in favor of the former (2), leads to lipid
peroxidation, alteration of antioxidant enzymes in the heart, liver and lung, as well as
potential damage to DNA. The accumulated oxidative damage is believed to play an
important role in the etiology of a number of chronic diseases induced by tobacco smoke,
such as chronic bronchitis and emphysema, cancer and cardiovascular disease.
Antioxidants are small molecules that act as scavengers of reactive oxygen
species and prevent them from causing further cellular damage. A cell may defend itself
against oxidative stress through the use of antioxidants. Furthermore, antioxidants can
modulate inflammation by interacting with cytokines and reactive oxygen species
biology. With the process of studies on serious of reactive oxygen species in various
kinds of diseases, especially in smoking-related heart and pulmonary dysfunction, the
role of the antioxidants is becoming more and more important. This chapter provides an
overview of possible associations between antioxidant vitamins and toxicity of ETS.
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2.2. TOXICOLOGY OF THE CIGARETTE SMOKE FREE RADICALS
Cigarette smoke contains a large variety of compounds, including many oxidants and free
radicals that are capable of initiating or promoting oxidative damage (3) (Figure2.1). The
gas phase of cigarette smoke contains Ix 10*^ organic radicals per puff, while tar contains
approximately lO'"* free radicals per puff. Firstly, the combustion of cigarette is known to
be a radical process and both oxygen and carbon-centered radicals would be produced in
the cigarette flame, for example smoking promotes the oxidation of polycyclic aromatic
hydrocarbons and generates reactive oxygen metabolites. The other two pathways
involve the formation of the stable free radicals in tar and the oxidation of nitric oxide
(NO) to the much more reactive nitrogen dioxide (NO2) (reaction I). NO2 can undergo
facile reactions with many of the species in smoke such as isoprene (gaseous components
produced in the smoke stream) (reaction 2). These carbon-centered radicals react with
oxygen to become peroxidized (reaction 3). These peroxyl radicals can react with either
NO or NO2 to form either pemitrite or pemitrate esters (reaction 4). The pemitrate esters
are able to inactivate ai-proteinase inhibitor (aiPI), which is a major serum antiprotease
in humans accounting for more that 90% of the functional anti-elastase activity in
bronchoalveolar lavage fluid of normal individuals (4). The peroxyl radicals also undergo
deoxygenation by nitric oxide to produce alkoxyl radicals (reaction 5). Alkoxy radicals
are known to be extremely reactive and would be expected to cause a variety of
pathological changes in the lung. Additionally, tobacco smoke can activate pulmonary
alveolar macrophages, producing superoxide and hydroxyl radicals (reaction 6).
Peroxynitrite results from

the quick reacxtion of nitric oxide and superoxide ions
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(reaction 7). Nitrogen dioxide can also react with hydrogen peroxide to produce species
that inactivate aiPI (reaction 8). Finally, both NO and NO2 can oxidize thiols to
disulfides (reaction 9), and this could oxidize glutathione in the lung, changing the
thiol/disulfide oxidation-reduction balance and causing extra-pulmonary changes in blood
chemistry.
Chemical reactions and consequences of the &ee radicals by tar include at least
two aspects (3). First, tar activates RAM, which produce superoxide and hydrogen
peroxide and, through ironcatalyzed reactions, produce the hydroxyl radical (reaction 10).
The hydroxyl radical can cause biological damage by a number of processes, as is well
known. Second, the principal paramagnetic species in tar, the semiquinone radical,
produces hydrogen peroxide (reaction 11). Again, this could lead to the very damaging
hydroxyl radical. This Q/QH2 radical also appears to bind to DNA. Finally, there are
other possible paramagnetic species present in tar as well (reaction 12). We believe that
all these fi*ee radical processes (reaction 1 to 12) play a significant role in cigarette smoke
toxicology, by initiating and enhancing lipid peroxidation in biological membranes (5-7),
that could be related to the incidence of many chronic diseases (Figure 2.1).

2.3. ETS AND OXIDATIVE STRESS
Exposure to workplace ETS results in increased oxidative stress and damage, as
measured by increased levels of the antioxidant enzymes superoxide dismutase, catalase,
glutathione reductase, and glutathione peroxidase (1). This oxidative damage occurs
when the production of reactive oxygen species in a cell exceeds the cell's natural
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antioxidant defenses. Injury can occur to cellular constituents, membrane lipids, proteins,
DNA, and RNA, leading to cell damage or death (8). The process of cellular oxidative
damage has been linked to the etiology of several chronic degenerative conditions,
including cancer and coronary disease. Those are both closely associated with smoking
and exposure to ETS (9). An increasing oxidative stress in mice resulted from SSCS
exposure. The oxidative stress was indicated by an alteration of antioxidant enzymes in
heart, liver, and lung tissues (8, 10). Exposure to ETS at work increased the level of
certain antioxidant enzymes in the blood of employee (11). Oxidative stress is believed to
play a role in carcinogenesis by oxidative damage to DNA. Nuclear DNA is one of the
cellular targets of reactive oxygen species. Reactive oxygen species can react with
nuclear DNA resulting in a number of damaged DNA products. Many of these DNA
lesions can be repaired. However, both the cellular defense and repair systems can be
overwhelmed to such a degree that the total extent of the damage carmot be repaired,
particularly during exposure to reactive oxygen species-generating xenobiotics. As DNA
damage accumulates within a cell, the likelihood of a cytotoxic or mutagenic event is
believed to be part of the etiology of a number of chronic diseases (10-12), such as
chronic bronchitis and emphysema, cancer and cardiovascular disease.

2.4. OXIDATIVE STRESS AND PULMONARY, HEART DISEASE
As the number of smokers goes up in the United States, ETS is more and more pervasive.
For a non-smoker living with a smoker the exposure is equivalent to about 1% of that
from actively smoking 20 cigarettes a day (based on plasma cotinine) (13). Passive
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smoking is associated with an increase in risk of chronic respiratory disease in adults of
25% (10-43%) and increases the risk of acute respiratory illness in children, by 50-100%.
It is likely that passive smoking increases the risk of ischaemic heart disease, and that
exposure in pregnancy lowers birthweight (13). The most common health risks associated
with cigarette smoke are listed in Table 2.1.
Cigarette smoke is known to contain numerous oxidants and prooxidants that are
capable of producing fi'ee radicals and possibly initiating lipid peroxidation (3). Lung
function can be altered by both free radical and oxidant exposure. Increased lipid
peroxidation, as an indicator of oxidative stress, is associated with pulmonary airway
narrowing in general population (14). On this point, airway thickening and narrowing
with expiratory airflow obstruction can be as a result of oxidative stress in passive
smoking subjects. Nitrogen dioxide (NO2), one of the major oxidant air pollutants present
in environmental smoke, for example, is found as high as 250 ppm in cigarette smoke
(15). NO2 is a common indoor air pollutant that is a proinflammatory air pollutant under
conditions of repeated exposure. The data indicate that four sequential exposures to NO2
result in a persistent neutrophilic inflammation in the airway (16).
The cumulative smoking history is highly correlated with both leukocytosis and
elevation of acute phase reactions (17-20). This reflects a smoking induced inflammatory
response with increasing accumulation of alveolar macrophages and neutrophils in the
lungs. Smoking causes an increase in oxidative metabolism of macrophages and
neutrophils. The increased oxidative metabolism of phagocj/tes is accompanied by
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increased

generation

of

reactive

radicals.

Smokers

have

higher

neutrophil

myeloperoxidase activity than nonsmokers (21).
Also passive smoking is a dominant risk factor for atherosclerotic disease (22-24).
An important pathologic mechanism by which cigarette smoke could potentially induce
the development of vascular disease is by the impaired production of nitric oxide (NO), a
molecule that significantly influences the physiologic balance in the vasculature and
appears to inhibit monocyte adhesion as well as thrombosis (25). Cigarette smoke
contains a large amount of firee radicals and prooxidants, NO, NO2, peroxynitrite, and
nitrosamines (3). The particulate phase of smoke contains high concentrations of
substances leading to the production of O2* and H2O2. These two compounds lead to the
production of OH, which is highly cytotoxic. Furthermore, O2' can reach the vascular
endothelium and reduces vascular NO levels significantly (26). Long-term exposure to
passive smoking impairs the arterial endothelial function probably through impaired
endothelial nitric oxide activity (27), and increases the thickness of the carotid wall (28).
Furthermore, accelerated atherosclerotic plaque development has been found in animals
subjected to cigarette smoking (29). The free radicals entering the body are first trapped
by serum aqueous and lipophilic antioxidants, which interact and provide greater
protection against lipid peroxidation than antioxidant on its own. After a failure of this
antioxidant barrier, LDL lipid peroxidation can take place (30). Oxidized LDL is readily
taken up by scavenger receptors on macrophage. The outcome is LDL cholesterol
accumulation in macrophages.

This is generally accepted as a key event of

atherosclerosis (31). There are ample evidence that oxidative stress is involved in the
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pathogenesis of atherosclerosis, endothelial dysfunction, and platelet aggregation and
heart failure (32).

2.5. ANTIOXIDANT SUPPLEMENTATION AND OXIDATIVE STRESS
As mentioned above, ETS not only produces free radicals and prooxidants, but also
induces oxidative metabolism of inflammatory phagocytes (3, 17-20). Fortunately, a
variety of antioxidant mechanisms have evolved to combat the potential threat of damage
to vital biological structures from the reactive oxygen species sources (Table 2.2) and to
protect the cells from the toxic reactions of these oxygen species (33-36).
A cell may defend itself against oxidative stress through the use of antioxidants.
These antioxidants are consumed in the process of scavenging free radicals before more
important structures are damaged (I). Oxygen free radicals reduce the level of vitamin E
in vascular endothelial cells, which has been shown to be crucial for cellular integrity
(37). Cigarette smoke also has been reported to result in a depletion of antioxidant
vitamins in the body, particularly ascorbic acid and beta-carotene (38, 39).
As smokers are being subjected to oxidative stress resulting from oxidants and
free radicals present in smoke, as well as reactive oxygen species generated by increased
activated phagocytes, their antioxidant status is likely to be adversely affected. Indeed,
decreased plasma and leukocyte concentrations of vitamin E and vitamin C in smokers
are associated with increased numbers and activity of neutrophils. This suggests an
increased consumption of these micronutrients during neutralization of phagocytederived extracellular oxidants (40-42).
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Antioxidants can be conveniently divided into those that are water-soluble and
those that are lipid-soluble and exist in envirorunents such as lipoproteins and cell
membranes to prevent the propagation phase of lipid peroxidation (chain-breaking
antioxidants). Of the aqueous molecules the best known is vitamin C (ascorbate), which
is the most powerful electron donor and is the first plasma antioxidant to be sacrificed
upon exposure to oxidative stress (36). Ascorbate contributes up to 24% of the total
peroxyl radical-trapping antioxidant capacity in the human plasma (43-45). There is
evidence that ascorbic acid inhibits both phagocyte-induced and endothelial cell-induced
and lipid peroxidation processes (46).
Furthermore there are reports that antioxidant protection from vitamin C may
reduce the risk or slow development of certain diseases, including cancer, coronary heart
disease (47, 48). Elevated lipid peroxidation products formed by cigarette smoke
exposure may generate a tissue antioxidant/oxidant imbalance that could represent a
crucial link between smoke and atherosclerosis. Simultaneous administration of a high
dose of vitamin C (200 mg/100 g body weight) during smoking exposure rectified the
oxidant/antioxidant imbalance induced by elevated lipid peroxidation products in rats
(46).
Vitamin E is a lipid-soluble, powerful chain-breaking antioxidant (37). It has a
protective role against the damaging effects of smoke including in the immune cells that
produced large amounts of oxidants (49-51). Vitamin E is incorporated into the
hydrophobic core of lipoprotein, where it plays a role in terminating firee radical-
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mediated reaction

(52). It has been extensively studied in animals as an effective

prophylactic agent that potentially can protect humans firom oxidant activity (45, 53).
Studies in humans have also shown protective effects of vitamin E against
oxidative stress caused by cigarette smoke (54). A study of young adult smokers showed
that the lower respiratory tract fluid of smokers was deficient in vitamin E comparison to
nonsmokers. Vitamin E supplementation (2400 lU per day for three week) resulted in
increased vitamin E concentrations in lower respiratory tract fluid, but levels remained
much lower than baseline levels of nonsmokers. Vitamin E may be an important
antioxidant in the lung's defense against free radical damage due to cigarette smoke (54).
Red blood cells of smokers showed increased peroxidation when incubated with
hydrogen peroxide compared to nonsmokers; this effect was inhibited in smokers
supplemented with vitamin E (1000 lU per day for two weeks) (55).
Consumption of antioxidant vitamins has been associated with a reduced risk of
cardiovascular disease. Antioxidant vitamins, vitamin C and E, inhibit LDL oxidation in
smokers (56). One study provided strong evidence that the increased oxidative damage
that is caused by exposure to ETS in the work place can be largely prevented through
antioxidant supplementation (I). Several studies showed that antioxidant diets improve
endothelium-dependent vasomotion in hypercholesterolemic rabbits and in individuals
who smoke, suggesting a direct protective effect of antioxidants on endothelial cell
function (57).
Phytonutrients such as the natural flavonoids and carotenoids found in fresh fhiits
and vegetables or vitamins C, E, and beta-carotene have powerful antioxidant effects. In
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addition, minerals like selenium and nutrients such as coenzyme QIO (CoQlO) will
minimize free

radical risk and optimize a favorable outcome from

the ubiquitous

presence of oxidative stress on the cardiovascular system (58). From recent review (59),
an important source of bioflavonoids and related compounds as antioxidants are in an
extract found in a pine tree bark. Long-term consumption of the bioflavonoid mixture
extracts reduced platelet aggregation in smokers (60). The extract in tissue culture,
animals and people, increased free radical scavenging, enhancement of endogenous
antioxidant systems and recycling of other antioxidants (59). CoQlO has protective
effects on the left ventricular mitochondria against deleterious oxidative damage by
passive smoke (61). Thus a combination of antioxidants and phytonutrients may be
significantly more effective than individual components, synergism among its
components would account for enhanced antioxidant activity.

2.6. ANTIOXIDANT SUPPLEMENTATION AND IMMUNE RESPONSE
Antioxidant nutrients have a major potential for modulating inflammatory aspects of
immune function by regulating aspects of cytokine and reactive oxygen species biology
(62, 63). The pro-inflammatory cytokines interleukin 1 beta (IL-ip), interleukin 6 (IL-6),
and tumor necrosis factor-alpha (TNF-a), as well as reactive oxygen species play a major
role in inflammatory aspects of immune function (62). Pro-inflammatory cytokines and
oxidants have the ability to stimulate production of each other. The stimulation of
cytokine production by oxidants is due to activation of nuclear factor kappa B (NF-yfcB)
by oxidants. NF-Afl is a multi component protein, present in cytoplasm of a wide range of
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cells, including macrophages, lymphocytes and hepatocytes. In unstimulated cells it is
present as an inactive form due to the presence of the inhibitory sub-unit. Cytokines and
oxidants result in the detachment of the inhibitory component from NF-^B complex. The
activated transcription factor migrates to the nucleus and results in transcription of genes
for the synthesis of a number of molecules associated with immune function, including
acute phase proteins and pro-inflammatory cytokines. The interaction of cytokines and
oxidants with transcription factor leads to enhancement of cytokine production by
oxidants. These effects are opposed by antioxidants (Figure 2.2). A number of studies
have shown that a decrease in antioxidant defense, or an enhanced oxidant concentration
in tissues, increases a number of aspects of inflammatory response (62).
Vitamin E exerts modulatory effects on both inflammatory and immune
components of immune function. In general vitamin E deficiency and low tissue vitamin
E content enhances components of the inflammatory response and suppress components
of the immune response. Dietary vitamin E supplementation brings about the opposite
effect. Studies in animals have demonstrated that vitamin E deficiency impairs cellular
and humoral immunity (62, 64, 65).

In smokers incidence of inflammation inversely

relate to the intakes of vitamins C and E (66,67).

2.7.

SUMMARY

Environmental smoke contains a large variety of compounds, including oxidants and free
radicals that are capable of initiating or promotes oxidative damage. Also, oxidative
damage may result from reactive oxygen species generated by the increased and actived
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neutrophils and macrophages following tobacco smoking (68). Oxidative stress is a major
factor in the etiology of tobacco smoke-related diseases. Antioxidant vitamins could
benefit the prevention of oxidative stress induced by environmental tobacco smoke.
However, several factors affect environmental smoke exposure (67); the degree of
oxidative damage is variant; the dose of antioxidant supplementation is undetermined.
More studies in animal model and human are needed to better understand the role of
antioxidant supplements in the prevention of the diseases related to environment tobacco
smoking in the future.
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2.8.
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Tobacco smoke and oxidative stress
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Table 2.1

Health risks associated with cigarette smoke

Cardiovascular disease
Atherosclerosis
Coronary heart disease
Peripheral vascular occlusive disease
Cerebrovascular disease
Pulmonary disease
Lung cancer
Chronic obstructive lung disease (COLD)
Chronic mucus hypersecretion (cough and phlegm)
Airway thickening and narrowing with expiratory airflow obstruction
Emphysema
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Table 2.2

Antioxidant mechanisms in human biology

"

Antioxidant enzymes
Superoxide dismutase
Caialase
Glutathione peroxidase/ Glutathione reductase

•

Preventative antioxidants
Caeruloplasmin
Transferrin
Albumin

"

Chain-breaking antioxidants
Water-soluble
Urate
Ascorbate
Thiols
Bilirubin
Flavonoids
Lipid-soluble
Tocopherols
Ubiquinol-IO
Beta-carotene

64

Cytokines

+

^ Oxidant

Extracellular
antioxidant
defenses

Glutathione
Vit. C and E
Carotene
Catechine

Molecules

Cell membr

Vitamin E

Intracellular
Antioxidant
defenses
—

DNA transcription

/ \
Acute phase

Cytokine

protein synthesis

synthesis

Figure 2.2

The interaction between pro-inflammatory cytokines, oxidants and anti
oxidants in modulating the inflammatory response
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APPENDIXE B: SIDE-STREAM CIGARETTE SMOKE INDUCES DOSERESPONSE IN SYSTEMIC INFLAMMATORY CYTOKINE PRODUCTION
AND OXIDATIVE STRESS
3.1. ABSTRACT
Side-stream cigarette smoke (SSCS), a major component of secondhand smoke, induces
reactive oxygen species, which promote oxidative damage in tissues and organs.
Inflammatory cytokines play an important role in the pathogenesis of atherosclerosis and
heart failure. The present four-month study examined the effect of various chronic SSCS
exposure levels on splenic inflammatory cytokine secretion, heart contractile function
and pathology at 60 and 120-min per day, five days per week, for a total of 16 weeks.
Tissue vitamin E level and lipid peroxide production were tested as well to estimate the
oxidative stress. The study found that the pro-inflammatory cytokines, IL-6, TNF-a and
IL-ip, significantly increased in 120-min SSCS exposed mice. Decreased stroke volume
and increased peripheral arterial resistance were observed in mice exposed to 120-min
SSCS per day. Heart pathology was only found in 120-min SSCS exposed mice. Cardiac
and hepatic antioxidant vitamin E levels were decreased due to oxidative stress. Hepatic
lipid peroxides were increased upon 60-min SSCS exposure. The data also demonstrated
that the cardiac a-tocopherol level has a strong correlation with stroke volume; splenic
IL-ip has a strong negative correlation with stroke volume; splenic TNF-a has a very
strong negative correlation with stroke volume. In conclusion, SSCS exposure induced
systemic inflammatory responses. SSCS exposure also accentuated systemic lipid
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peroxidation with depletion of cardiac and hepatic antioxidant vitamin E level. Finally,
SSCS exposure at 120-min per day decreased stroke volume and increased vascular
resistance. Systemic IL-ip and TNF-a production are responsible for heart contractile
dysfunction. Free radicals may be responsible for the progression to heart contractile
dysfunction induced, in part, by SSCS. Oxidized lipoprotein could contribute to the
vascular functional changes. Exploring the mechanism of vascular dysfunction is
warranted. A more precise quantification of the smoking exposure dose needs to be
determined as well.
Key^vords:

pro-inflammatory cytokines; cardiac vitamin E; arterial resistance; stroke

volume

3.2. INTRODUCTION
Side-stream cigarette smoke (SSCS) is a major component of second hand smoke, which
contains thousands of different chemical constituents (1). The toxicity of tobacco smoke
is due to nicotine, cadmium, benzapyrene, oxidants, and inducers of reactive oxygen
species (ROS) like NO, NOi, peroxynitrite, and nitrosamines that initiate, promote, or
amplify oxidative damage (2). Free radicals disturb biological systems by reacting with a
variety of their constituent molecules. Lipids are one of the potential targets for the
oxidative attack of radicals. Polyunstaturated fatty acid residues in lipoproteins have a
chemical structure that makes them particularly vulnerable targets for &ee radical
oxidation (or lipid peroxidation) (3). Pregnant women smokers had significantly lower
plasma a-tocopherol levels than nonsmokers (4). Prolonged in vitro exposure of plasma
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to cigarette smoke depletes vitamin E (5). Therefore, tissue vitamin E level and lipid
peroxidation are indicators of oxidative stress induced by tobacco smoke.
Inflammatory cytokines play an important role in the pathogenesis of
atherosclerosis and heart failure. The levels of tumor necrosis factor alpha (TNF-a) and
other cytokines including interleukin-6 (IL-6), interleukin-lbeta (IL-ip), vascular cell
adhesion molecule-1, and ICAM-l have been detected as being elevated in the plasma
and in the myocardium of patients with heart failure. And these elevated levels apparently
to be correlated with the severity of heart failure (6-8). TNF-a is a pleiotropic
proinflammatory cytokine produced mainly by activated macrophages. Its major effects
on the cardiovascular system include increased expression of adhesion molecules and
human leucocyte antigen proteins, release of endothelial cytokines and nitric oxide,
enhanced vascular permeability, negative inotropism, reduced lipoprotein lipase activity,
increased hepatic fatty acid synthesis, involvement in obesity related insulin resistance,
and prothrombotic effects (9). IL-ip, released by macrophages, platelets, and injured
endothelium, promotes the interaction of endothelial cells with circulating leucocytes,
induces the activation and proliferation of monocytes/macrophages, and stimulates
smooth muscle cell mitogenesis and the synthesis of plasminogen activator inhibitor I
(10, II). It is believed to play a key part in atherogenesis and thrombosis. IL-6 is a 26kDa cytokine produced by many different cells in the body, including lymphocytes,
monocytes, fibroblasts and endothelial cells. IL-6 was initially known by a variety of
names reflecting its multimde of actions, including hepatocyte stimulating factor,
cytotoxic T cell differentiation factor, macrophage granulocyte inducing factor 2,
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interferon beta 2, B-cell stimulatory factor 2 and myeloma plasmactyoma growth factor.
Among the spectrum of functions, the most important in the systemic inflanunatory
response and thus probably the most relevant to cardiovascular disease, is its action as a
regulator of the acute phase response. The role of IL-6 in leukocyte recruitment, its
effects on the coagulation cascade, the endothelium, and other components of the
vasculature may also be important. The acute phase proteins are involved in the
inflammatory response (12).
SSCS is a significant risk factor for cardiovascular disease. Epidemiologic studies
demonstrated an increase in coronary artery disease risk and mortality with exposure to
secondhand smoke (13). There is growing concern about the potential impact of
secondhand smoke on cardiovascular disease. However, research on the pathologic
mechanisms that SSCS promote the development of cardiovascular disease is limited.
SSCS increased myocardial infarct size in a rat model of ischemia and reperflision (14). It
also increased experimental atherosclerosis in cholesterol-fed rabbits (15). The present
study examined the effect of various chronic SSCS exposure levels at 60 and 120-min per
day, five days per week, for a total of 16 weeks, on splenic inflammatory cytokine
secretion, heart contractile function and heart pathology. Tissue vitamin E level and lipid
peroxide production were tested as well to estimate the oxidative stress.

3.3. MATERIALS AND METHODS

Animals and study design. All animal studies were performed with approval by
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the University of Arizona animal review committee. C57BL/6 female mice, 4-5 months
old, were purchased from Charles River Laboratories (Wihnington, DE). They were
housed in transparent plastic cages with stainless wire lids (4 mice per cage) in the animal
facility of the Arizona Health Science Center. The housing facility was maintained at 2022°C and 60-80% relative humidity, with a 12-h light-dark cycle. The mice had free
access to water and semipurified feed (4% mouse diet, #7001, Teklad, Madison, WI).
After two weeks of housing, the mice were randomly divided into 3 groups containing 12
mice each: sham control, 60-min SSCS exposure per day; 120-min SSCS exposure per
day. All treatments were performed 5 days per week. By the end of 16 weeks, the heart
contractile function of sham control and those exposed to 60 and 120-min were
investigated. The splenocyte cytokine production and cardiac vitamin E level were
examined in all three groups.

Side-stream cigarette exposures. Standard research cigarettes (IR4F, University
of Kentucky Smoking & Health Effects Laboratory, Lexington, KY) were utilized to
deliver approximately 11 mg of tar and 0.8 mg of nicotine/cigarette smoked. The mice
were exposed to SSCS in an IN-TOX (Albuquerque, NM), vacuum-drawn (15L/min)
exposure system. The methodology for SSCS exposure was adapted from a previous
study with minor modifications (16). Briefly, the SSCS-air mixure was drawn from the
top of a fuimel by a plastic hose connected to an inlet port of the IN-TOX exposure
chamber system. The first four cigarettes were placed upright in a clamp 2.5 cm below
the bottom edge of an inverted 220 cm^ funnel and allowed to bum for 10-min. The
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second four cigarettes were ignited after lO-min to replace the first four cigarettes. This
sequence was repeated until the various times were reached, at which time the exposed
mice were removed. The sham control was treated in a similar marmer except that the
cigarettes were not lit. All the exposures were conducted 5 days a week.

Determination of tissue a-tocopheroi levels, a-tocopherol levels in heart and
liver were measured by HPLC, as described previously, with few modifications (17).
Briefly, 0.1 ~ 0.2 g of wet tissue was homogenized in 1.0 ml of distilled water. Butylated
hydroxytoluene was added to prevent oxidation of a-tocopherol from the homogenate.
Pentane, ethanol and sodium dodecyl sulfate were used to extract a-tocopherol from the
homogenate. Extracts were evaporated under a steady flow of nitrogen gas at 20°C and
then redissolved in 1.0 ml of methanol injection onto a CIS column (3.9x150 mm
NovaPak, Millipore, Bedford, MA). A mobile phase composed of methanol, distilled
water in the ratio of 93: 7 (by volume) with a flow rate of 0.8 ml/min. a-tocopherol,
eluting at 26 min, was monitored by an HP 1046A programmable fluorescence detector
(HP Company, Wilmington, DE) at 290 nm excitation and 340 nm emission wavelengths.
A set of a-tocopherol standard concentrations was analyzed to make a standard curve and
to verify calibration.

Lipid peroxidation assays. Liver tissues were removed gently and stored at 70°C. Quantitative determination of lipid peroxides in liver was done using the LPO-CC
K-ASSAY (Kamiya Biomedical Company, Seattle, WA). Phospholipids were extracted
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from approximately 0.2 g liver in chloroform/methanol (2:1, v/v). After centrifuging, the
chloroform layer was mixed with 0.6 ml saline to separate protein. The chloroform layer
was evaporated in a steady flow of nitrogen gas, and lipid residues were dissolved with
100 ul of isopropanol. Test samples, standards and controls were added in triplicate in the
same 96-well microplate. Lipid peroxides were quantified by colorimetrically measuring
methylene blue at 675 nm wavelength. Lipid peroxide values were calculated by the
following equation. LPO value in nmol/ml = (sample absorbance - blank absorbance) x
50.0 (absorbance of 50 nmol/ml standard - blank absorbance). LPO value was converted
to nmol/g-wet tissue for illustration.

Preparation of splenocytes. Mitogen-stimulated splenocytes were cultured in
triplicate in 96-weIl microtitre plates as described previously (18). Briefly, spleens were
removed and gently teased with cell strainers (Falcon #2340, Lincoln Park, NJ) in culture
medium (RPMI 1640 containing 10 % fetal bovine serum, 2 mmol/L glutamine, I x 10^
units/L of penicillin and streptomycin), producing suspension of spleen cells. Red blood
cells were lyzed by the addition of a lysis buffer (0.16 mol/L ammonia chloride Tris
buffer, pH 7.2) at 37 °C for 3 min. Then the cells were washed twice with culture
medium. Cell viability exceeds 95% by trypan blue exclusion. Splenocyte concentrations
were adjusted to I x 10^ cells /100 ^1. Splenocyte suspension was added 100 (il per well
in triplicate on 96-well flat-bottom culture plates (Falcon #3072, Lincoln Park, NJ) with
culture medium. Splenocytes in 96-well microtitre plates were incubated for 24 h after
addition of lipopolysaccharide (1x10"^ g/L. Gibco, Grand Island, NY) for the induction of
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cytokines. After incubation, the plates were centrifuged for 10 min at 800 xg
Supematants were collected and stored at -70°C until analysis.

Enzyme-Linked Immunosorbent Assays (ELISA). To measure the quantity of
murine IL-6, TNF-a, IL-lp in supematants of splenocyte cultures, a specific solid phase
ELISA assay employing the multiple antibody sandwich principle was used (18). Rat
anti-murine IL-6, TNF-a, IL-ip purified antibodies, rat anti-murine IL-6, TNF-a, IL-ip
biotinylated antibodies, and recombinant murine IL-6, TNF-a and IL-ip were obtained
from Pharmingen (Endogen, Wobum, MA). All tests were performed according to the
manufacturer's instructions. All tests were done in triplicate in 96-well microtitre plates.

Heart contractile function. Mice were tested for heart contractile function as
described by Yang, et al. (19). All mice were anesthetized with urethane in saline (1000
mg/kg, i.p.) and alpha-chloralose in propylene glycol (50 mg/kg i.p.). The mice were
ventilated through a tracheostomy connected to a pressiu'e-controlled respirator (RSP
1002, Kent, CT) at a rate of 120 limes/min, FlOi of l.O. The mice were placed on a
surgical table maintained at 37.5°C. The external jugular vein was cannulated with a #23
gauge butterfly, and volume administration was limited to 300 ul of hetastarch (6%
hetastarch in 0.9% saline) (Abbott Laboratories, N. Chicago, IL). Precise volume
management was adhered to as described in detail by Yang, et al. (19). The apical portion
of the heart and the interior vena cava were exposed through a substemal-transverse
incision. A conductance catheter 1.4 Fr (Millar Corporation, Houston, TX) was inserted
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into the apex of the left ventricle, with the distal electrode in the aortic root and the
proximal electrode in the LV apex. The parameters of contractility were expressed.

Heart histopathology. At the time after operation, hearts of half number of mice
from each group aseptically removed for study. Hearts will be rinsed in saline and will be
immediately placed into Histochoice Tissue Fixative (AMRESCO, Solon, OH, U.S.A.)
and stored at 0°C. Fixated hearts will be sectioned (6 nm) on a Zeiss HM 505 N cryostat
(Carl Zeiss, Thomwood, NY, U.S.A.) and stained with hematoxylin and eosin (H & E)
(20). Grading will be performed in a semiquantitative manner according to the relative
degree (fi-om heart to heart) of mononuclear cell infiltration and the extent of necrosis.
The slides will be evaluated blindly in order to ensure impartiality.

Statistical analysis. Statistical analyses were carried out by using the SAS 8.1
Windows (SAS Institute, Cary, NC, USA) statistical package. All data were reported as
mean ± SE. Variables were compared using a one-way analysis of variance (ANOVA),
followed by a two-tailed Student's r-test for comparison between two groups. Differences
between two groups were considered significant at p<0.05. Pearson correlation was
conducted between tissue vitamin E, lipid peroxide, splenic cytokines and heart function
parameters.
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3.4. RESULTS

Cardiac vitamin E level
Vitamin E level in the heart was significantly reduced 55% by 120-min SSCS
exposure compared to sham control (Figure 3.1, dot line). SSCS exposure of 120-min
further decreased cardiac vitamin E by 47% compared to SSCS exposure of 60-min.
However, there is no significant difference between 60-min SSCS exposure and sham
control.

Hepatic vitamin E level
In contrast, the liver tissue vitamin E level decreased during SSCS exposure
(Figure 3.1, solid line). Vitamin E level in liver was significantly reduced 23% and 35%
respectively by 60 and 120-min SSCS exposure (p< 0.05). Also SSCS exposure of 120min significantly reduced hepatic vitamin E level compared to that of 60-min (p< 0.05).

Hepatic lipid peroxides production
The liver is a major organ for tissue lipid peroxidation. Hepatic lipid peroxides
were significantly increased by 60 and 120-min SSCS-exposure, compared to sham
controls (p<0.05) (Figure 3.2). SSCS exposure of 120-min produced higher hepatic lipid
peroxides than that of 60-rain (p<0.05).

Splenocyte pro-inflammatory cytokines production
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In vitro production of the pro-inflammatory cytokines was stimulated in
splenocytes from

SSCS-exposed mice. IL-ip production was 26.9±5.8 pg/ml and

43.5±4.6 pg/ml, respectively, in cells from mice given 60 and 120-min SSCS exposure,
compared to 20.9±3.6 pg/ml in cells from sham control mice (Figure 3.3). IL-6 was
2126.9±125.5 pg/ml and 2619.1±122.8 pg/ml, respectively, in 60 and 120-min SSCSexposed mice, while it was 1821.9±291.1 pg/ml in sham control mice. TNF-a was
1034.8±57.2 pg/ml and 1453.2±208.6 pg/ml, respectively, in cells from mice given 60
and 120-min SSCS exposure, while it was 855.8±68.5 pg/ml in sham control mice
(Figure 3.4). In 120-min SSCS-exposed mice, IL-ip, IL-6 and TNF-a were more
significantly increased than in both sham control and 60-min SSCS-exposed mice
(p<0.05). TNF-a in 60-min SSCS-exposed mice was more significantly increased than in
sham control mice (p<0.05) while IL-ip and IL-6 in 60-min SSCS-exposed mice did not
show significant difference compared to sham control mice (Figure 3.3 and Figure 3.4).

Heart contractile function
The left ventricle functional parameters, cardiac output index (CI), stroke volume
index (SI), preload recruitable stroke work (PRSW) and derivative of change in systolic
pressure over time (dP/dtmax), showed no significant difference in 60 and 120-min
SSCS-exposed mice compared to sham controls (data not shown). However, stroke
volume (SV) was significantly reduced in 120-min SSCS-exposed mice compared to
sham controls (p<0.05) (Table 3.1). Vascular impedance (aterial elastance, Ea) of smoke-
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exposed mice was significantiy increased in those exposed to 120-min/day for 4 months
(p<0.05) (Table 3.1).

Heart bistopathology
No significant cardiac lesions were found in sham control mice or in those
exposed SSCS 60-min. Only three cases of mild non-suppurative myocarditis were
observed in six mice exposed to SSCS for 120-min. They had one case of mild focal non
suppurative myocarditis (+l degree. Figure 3.5 B) and two cases of mild focal non
suppurative myocarditis with myocardiocyte degeneration and necrosis (+2 degree.
Figure 3.5 C). Figure 3.5 A indicates heart tissue of sham control mice with no cardiac
lesion (0).

Correlation between tissue a-tocopherol, lipid peroxide, splenic cytokines, and heart
function parameters
Results from Table 3.2 show that the cardiac a-tocopherol level has a strong correlation
with stroke volume (P<0.05); splenic IL-ip has a strong negative correlation with stroke
volume (P<0.05); splenic TNF-a has a very strong negative correlation with stroke
volume (P=O.Ol).

3.5. DISCUSSION
Cigarette smoke affects various systems, including immune and cardiovascular systems.
Cigarette smoke contains vast amounts of both carbon- and oxygen-centered free
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radicals, directly or indirectly initiating lipid peroxidation. Lipid-soluble vitamin E (atocopherol), as an integral part of cell membranes, acts as cytosolic antioxidant,
scavenges the free radicals that promote peroxidative chain reactions (21). Thus, reduced
hepatic and cardiac vitamin E levels indicate that vitamin E is involved in antioxidant
defense against oxidative stress. A decrease in antioxidant defense in myocytes can
promote oxidative stress. Dhalla and coworkers found that the production of superoxide
in cardiac tissue is increased as a result of the reduced antoxidant reserve in heart failure
(22). On the other hand, the liver is a major organ subjected to the free radical attack.
Hepatic lipid peroxide production is higher in the SSCS exposure. It has been shown that
antioxidant depletion would initiate and accelerate cytotoxic or mutagenic events during
excessive production of ROS (23).
Increased pro-inflammatory cytokine production was associated with increased
SSCS exposure. ROS can activate redox-sensitive transcription factors, nuclear factorkappa B and activator protein-1, activating the genes of pro-inflammatory mediators
TNF-a, tL-ip, and IL-6 (24, 25). The dosage of 120-min per day is sufficient to
significantly increase pro-inflammatory cytokines. The pro-inflammatory cytokines ILip, IL-6, and TNF-a, are closely linked with pathology in a wide range of diseases and
conditions that have an inflammatory basis. Nicotine can induce IL-6 synthesis in liver
and spleen by the stimulation of norepinephrine. IL-6 can induce C-acute phase protein,
which is known to involve in atherosclerosis (26).
The heart contractile function data showed SV decreased significantly upon 120min SSCS exposure. SV is determined by three parameters: preload, afterload and
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inotropic effects. The correlation analysis indicated that systemic elevated TNF-a and ILIp was associated with decreased SV. TNF-a and IL-ip can both depress myocardial
function (27). Oral and coworkers demonstrated that TNF-a induced an early depression
mediated by sphingosine (28). Sphigosine is rapidly produced via sphingomyelin
degradation after the intermediate formation of ceramide upon cardiomyocyte exposure
to TNF-a (29, 30). Sphingosine decreases calcium transients by blocking the ryanodine
receptor, thereby impeding calcium-induced calcium release from the sarcoplasmic
reticulum. A common pathway that TNF-a and IL-ip can induce myocardial functional
depression is to activate inducible nitric oxide synthase (iNOS) and induce NOdependent myofilament desensitization to calcium (27). IL-ip on the other hand, can also
directly inhibit aerobic energy metabolism and myocardial contractility via a direct
inhibition of the mitochodria enzyme activities. (31). Cardiac vitamin E content was
significantly correlated with SV as indicated in Table 3.2. The beneficial effects if
vitamin E in protection the depression of left ventricular function may be occurring
though the reduction of oxidative stress (32).
The heart function data suggest that 120-min per day of SSCS affects arterial
elastance (Ea). Ea is defined as end-systolic pressure over stroke volume; it is the
diameter of afterload. The augmentation of arterial elastance, reflecting the resistance of
peripheral arteries, suggests that SSCS exposure could induce cellular alterations in the
peripheral arteries. If Ea is high, the resistance is high, and the heart needs to do more
work to pump the same amount of blood. Vascular impedance of smoke-exposed mice
was significantly increased during 120-min SSCS exposure. Cigarette smoking is a
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highly significant risk factor for development of peripheral arterial occlusive disease (33).
SSCS impaired endothelium-dependent relaxation of isolated rabbit arteries (34).
Endothelial dysfunction of the peripheral vasculature contributes to the elevated
peripheral vascular resistance in patients with heart failure (35). Free radical-mediated
oxidative damage can also take place in lipoproteins. Oxidized lipoprotein is an important
factor in predisposing SSCS-exposed mice to uptake foam cells in the vascular wall.
These events have been correlated with the initiation and progression of coronary heart
disease. The most often proposed mechanism for endothelial dysfunction related to ROS
activity in heart failure is the enhanced biodegradationof NO by ROS. Elevated levels of
ROS deplete bioavailable NO and exacerbate local oxidant stress by reacting directly
with NO to form peroxynitrite, which, in turn, imparts further oxidative injury to the
endothelium (36). Free radicals and oxidatized lipids derived firom cigarette smoke can
inhibit endothelium-dependent vasodilation; the antioxidant diet reversed the impairment
of the endothelial function (37, 38).
No significant heart histopathology due to 60-min of SSCS exposure was
detected. Only three cases of mild non-suppurative myocarditis were observed in 3/6
mice exposed to 120-min. The cause of the lesions in these 3 smoking mice is unknown.
Previous research revealed only one report associating myocarditis with tobacco smoke
in a guinea pig model. In that instance there was a significantly increased volume of both
fibrous tissue and inflammatory cells in the subendocardial myocardium after 12 months
but not after 3 or 6 months of cigarette smoke exposure (39). Therefore, the 4 months of
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SSCS exposure in the present study may not have a sufficient effect on pathological
changes in the heart.
Taken together, SSCS exposure at 120-min per day induced systemic
inflammatory responses. SSCS exposure at both 60-min and 120-min per day accentuated
systemic lipid peroxidation with depletion of cardiac and hepatic antioxidant vitamin E
levels. Finally, SSCS exposure at 120-min per day decreased stroke volume and
increased vascular resistance. Systemic IL-ip and TNF-a production are responsible for
heart contractile dysfunction. Free radicals may be responsible for the progression to
heart contractile dysfunction induced, in part, by SSCS. Oxidized lipoprotein could
contribute to the vascular functional changes. Exploring the mechanism of vascular
dysfunction is warranted. A more precise quantification of the smoking exposure dose
needs to be determined so that it can be comparable to human exposure.
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3.6.

LIST OF HGURES AND TABLES

Sham control

60-min

120-min

Figure 3.1 Effects of different doses of side-stream cigarette exposure on tissue vitamin
E levels
Tissue vitamin E level was used as an indicator for oxidative stress. The assay was
performed by HPLC. Solid line represents hepatic vitamin E; dot line represents cardiac
vitamin E. Values were mean ± SE of 10 to 12 mice in each group. Sham control=no
smoke exposure; 60-min=60-min smoke exposure; 120-min=120-min smoke exposure; a,
compared with sham control mice significantly different at p<0.05; b, compared with 60min smoke exposure mice significantly different at p<0.05.
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Figure 3.2 Effect of different doses of side-stream cigarette smoke exposure on hepatic
lipid peroxide production.
Lipid peroxide was determined with 0.2 g of mouse liver tissue. Phospholipids in the
liver tissue were extracted by the CHCb/methanol 2:1, V/V) method. LPO was measured
with a spectrophotometer at 675 nm. Data were presented as mean ± SE of triplicate
wells, 10 to 12 mice in each group. Sham control=no smoke exposure; 60-min=60-min
smoke exposure; 120-min=120-min smoke exposure, a, compared with sham control
mice significantly different at p<0.05; b, compared with 60-min smoking mice
significantly different at p<0.05.
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Sham control

60min
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Figure 3.3 In vitro splenocyte IL-ip production upon different dose of side-stream
cigarette smoke exposure
The assay was conducted by ELISA. Values were mean ± SE of 12 mice in each group.
Sham control=no smoke exposure; 60-min=60-min smoke exposure; l20-min=120-min
smoke exposure; a, compared with sham control mice significantly different at p<0.05; b,
compared with 60-min smoke exposure mice significantly different at p<0.05.
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Figure 3.4 In vitro splenocyte TNF-a and IL-6 production upon different dose of sidestream cigarette smoke exposure
The assay was conducted by ELISA. Solid line represents IL-6; dot line represents TNFa. Values were mean ± SE of 12 mice in each group. Sham control=no smoke exposure;
60-min=60-min smoke exposure; 120-min=120-min smoke exposure; a, compared with
sham control mice significantly different at p<0.05; b, compared with 60-min smoke
exposure mice significantly different at p<0.05.
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Table 3.1

Heart contractile function'

Units
Numbers of mice

Sham control

60-min

120-min

8

9

It

Age of mice

months

9, 10

9, to

9,10

CO

ml/min

6.19±0.6

5.63±0.6

4.77i0.52

sv

ul

11.91x0.98

ll.04±0.99

9.15=0.73*

Pes

mmHg

73.95±3,33

72.43*3.95

71.39±1.83

Ped

mmHg

2.79±0.45

2.38±0.16

2.28±0.2I

Ea

mmHg/ul

6.54±0.S9

6.39±0.57

8.53±0.72*

P value
0vs60

0vsl20

0.042

0.047

' Values were expressed as mean ± SE Sham control=no smoke exposure; 60-min=60min smoke exposure; 120-min=l20-min smoke exposure; ^Compared with nonsmoke
exposure significantly different at p<0.05.
Definitions:
CO

Cardiac output=Heart rate x Stroke volume

SV

Stroke volume=End diastolic volume - End systolic volume

Pes

End-systolic pressure

Ped

End-diastolic pressure

Ea

Effective arterial elastance=End-systolic pressure/Stroke volume
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Figure 3.5

Heart histopathology by H & E staining

A. All six cases of sham control mice have no lesions, pathologic
score 0;

B. One out of six cases from 120-min smoke expsure mice has +l
degree of lesion: mild multifocal nonsuppurative epicarditis to
mild multifocal nonsuppurative myocarditis;

Two out of six cases from 120-min smoke expsure mice have +2
degree of lesion; mild focal nonsuppurative myocarditis with
myocardiocyte degeneration and necrosis to mild multifocal
nonsuppurative myocarditis with myocardiocyte degeneration and
necrosis.
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Table 3.2

Correlation analysis

Parameters

Pearson Correlation

P values

Cardiac vit E vs Ea

-0.95

O.IO

Hepatic vit E vs Ea

-0.73

0.24

Hepatic lipid peroxide vs Ea

0.63

0.28

IL-ip vs Ea

0.97

0.08

TNF-a vs Ea

0.94

0.12

IL-6 vs Ea

0.83

0.18

SV vs Ea

0.92

0.13

Cardiac vit E vs SV

0.99

0.03*

Hepatic vit E vs SV

0.94

O.ll

Hepatic lipid peroxide vs SV

-0.88

0.16

IL-ip vs SV

-0.99

0.04»

TNF-a vs SV

-0.99

0.01

IL-6 vs SV

-0.98

0.06

* Cardiac a-tocopherol level has a strong correlation with stroke volume (P<0.05);
Splenic IL-ip has a strong negative correlation with stroke volume (P<0.05).
** Splenic TNF-a has a very strong negative correlation with stroke volume (P=0.01).

96
3.7. REFERENCES
1. Stedman RL. The chemical composition of tobacco and tobacco smoke.
Chemistry Review 68: 153-207, 1968.
2. Church DF, Pryor WA. Free-radical chemistry of cigarette smoke and its
toxicological implications. Environmental Health Perspectives 64: III-126, 1985.
3. Evstigneeva RP, Volkov IM, Chudinova W. Vitamin E as a universal antioxidant
and stabilizer of biological membranes. Membrane Cell Biology 12; 151-172,
1998.
4. Daube H, Scherer G, Riedel K, Ruppert T, Tricker AR, Rosenbaum P, Adlkofer
F. DNA adducts in human placenta in relation to tobacco smoke exposure and
plasma antioxidant status. Journal of Cancer Research and Clinical Oncology 123:
I4I-I51, 1997.
5. Handelman GJ, Packer L, Cross CE. Destruction of tocopherols, carotenoids, and
retinol in human plasma by cigarette smoke. American Journal of Clinical
Nutrition 63: 559-565, 1996.
6. Deswal A, Peterson NJ, Feldman AM, Young JB, White BG, Mann DL.
Cytokines and cytokine receptors in advanced heart failure: an analysis of the
cytokine database from the Vesnarinone Trial (VEST). Circulation 103: 20552059, 2001.
7. Adamopoulos S, Parissis J, Kroupis C, Georgiadis M, Karatzas D, Karavolias G,
FConiavitou K, Coats AJ, Kremastinos DT. Physical training reduces peripheral
markers of inflammation in patients with chronic heart failure. Eur Heart J 22:
791-797, 2001.
8. Oyama J, Shimokawa H, Morita S, Yasui H, Takeshita A. Elevated interleukinIbeta in pericardial fluid of patients with ischemic heart disease. Coron Artery
Dis 12: 567-571,2001.
9. Azzawi M, Hasleton P. Tumour necrosis factor alpha and the cardiovascular
system: its role in cardiac allograft rejection and heart disease. Cardiovasc Res 43:
850-859, 1999.
10. Dconomidis I, Andreotti F, Economou E, et al. Increased proinflammatory
cytokines in patients with chronic stable angina and their reduction by aspirin.
Circulation 100: 793-798, 1999.

97
11.Dinarello CA. Interleukin I and interleukin 1 receptor antagonism. Blood 77:
1627-1652, 1991.
12. (Cishimoto T. The biology of interleukin-6. Blood 71: 1-10, 1989.
13. Office of Environmental Health Hazard Assessment CEPA. Health Effects of
Exposure to Environmental Tobacco Smoke: Final Draft for Scientific, Public and
SRP Review 8: 71, 1997.
14. Zhu BQ, Sun YP, Sievers RE, Glantz SA, Parmley WW, Wolfe CL. Exposure to
environmental tobacco smoke increases myocardial infarct size in rats.
Circulation 89; 1282-1290, 1994.
15. Zhu BQ, Sun YP, Sievers RE, Isenberg WM, Moorehead TJ, Parmley WW.
Effects of etidronate and lovastatin on the regression of atherosclerosis in
cholesterol-fed rabbits. Cardiology 85: 370-377, 1994.
16. Zhang Z, Araghiniknam M, Inserra P, Jiang S, Lee J, Chow S, Breceda V,
Balagtas M, Witten M, Watson RR. Vitamin E supplementation prevents lung
dysfunction and lipid peroxidation in nude mice exposed to side-stream cigarette
smoke. Nutrition Research 19: 75-84, 1999.
17. Zhang J, Jiang S, Watson RR. Antioxidants prevent oxidation and immune
dysfunction induced by side-stream cigarette smoke in Old Mice. Environmental
Health Perspectives 109; 1007-1009,2001.
18. Chouaib S, Welte K, Mertelsmann R, Dupont T. PGE2 acts at two distinct
pathways of T lymphocyte activation: Inhibition of IL-2 production and down
regulation of transferring expression. Journal of Immunology 135: 1172-1179,
1985.
19. Yang B, Larson DF, Kelley R, Beischel J, Watson RR. Conductivity: An issue for
the application of the conductance catheter system in mice. Cardiovascular
Engineering 5: 57-60, 2000.
20. Dezna C. Sheehan, Barbara B. Hrapchak. Theory and practice of histotechnology.
Second edition, Columbus, Richland: Battelle Press, 1980.
21. Gain C, Socini A. Biological actions and possible uses of vitamin E. Acta.
Vitaminologica et Enzymologica 4: 245-251,1982.
22. Dhalla AK, Singal PK. Antioxidant changes in hypertrophied and failing guinea
pig hearts. Am J Physiol 266: H1280-H1285,1994.

98
23. Pryor WA. Cigarette smoke radicals and the role of free radicals in chemical
carcinogenicity. Environmental Health Perspectives 105: 875-882, 1997.
24. MacNee W. Oxidants/antioxidants and COPD. Chest 117: 303S-317S, 2000.
25. Grimble RF. Modification of inflammation aspects of immune function by
nutrients. Nutrition Research 18: 1297-1317, 1998.
26. Haass M, Kubler W. Nicotine and sympathetic neurotransmission. Cardiovascular
Drugs and Therapy 10: 657-665, 1996.
27. Cain BS, Meldrum DR, Dinarello CA, Meng X, Joo KS, Baneijee A, Harken AH.
Tumor necrosis factor-alpha and interleukin-lbeta synergistically depress
human myocardial function. Crit Care Med 27: 1309-1318, 1999.
28. Oral H, Dom GW 2nd, Mann DL. Sphingosine mediates the immediate negative
inotropic effects of tumor necrosis factor-alpha in the adult mammalian cardiac
myocyte. J Biol Chem 272: 4836-4842, 1997.
29. Meldrum DR. Tumor necrosis factor in the heart. Am J Physiol 274(3 Pt 2):
R577-R595, 1998.
30. Dressier KA, Mathias S, Kolesnick RN. Tumor necrosis factor-alpha activates the
sphingomyelin signal transduction pathway in a cell-free system. Science 255:
1715-1718, 1992.
31. Tatsumi T, Matoba S, Kawahara A, Keira N, Shiraishi J, Akashi K, Kobara M,
Tanaka T, Katamura M, Nakagawa C, Ohta B, Shirayama T, Takeda K, Asayama
J, Fliss H, Nakagawa M. Cytokine-induced nitric oxide production inhibits
mitochondrial energy production and impairs contractile function in rat cardiac
myocytes.: J Am Coll Cardiol 35: 1338-1346,2000.
32. Sethi R, Takeda N, Nagano M, Dhalla NS. Beneficial effects of vitamin E
treatment in acute myocardial infarction. J Cardiovasc Pharmacol Ther 5: 51-58,
2000.

33. Kaimel WB, Shurtleff D. The Framingham Study: cigarettes and the development
of intermittent claudication. Geriatrics 28:61-68, 1973.
34. Torok J, Gvozdjakova A, Kucharska J, Balazoyjech I, Kysela S, Simko F,
Gvozdjak J. Passive smoking impairs endothelium-dependent relaxation of
isolated rabbit arteries. Physiology Research 49: 135-141,2000.

99
35. Lopez Farre A, Casado S. Heart failure, redox alterations, and endothelial
dysfunction. Hypertension 38: 1400-1405,2001.
36. Moncada S, Higgs A. L-Arginine-nitric oxide pathway. N Engl J Med 329: 20022012, 1993.
37. Schwarzacher SP, Hutchison S, Chou TM, Sun YP, Zhu BQ, Chatteijee K, Glantz
SA, Deedwania PC, Parmley WW, Sudhir K. Antioxidant diet preserves
endothelium-dependent
vasodilatation
in
resistance
arteries
of
hypercholesterolemic rabbits exposed to environmental tobacco smoke. J
Cardiovasc Pharmacol 31: 649-653, 1998.
38. Murohara T, Kugiyama K, Ohgushi M, Sugiyama S, Yasue H. Cigarette smoke
extract contracts isolated porcine coronary arteries by superoxide anion-mediated
degradation of EDRF. Am J Physiol 266: H874-H880, 1994.
39. Berry B, Wright JL. Long-term pulmonary hypertension produced by cigarette
smoking is associated with subendocardial fibrosis and inflammation of the right
ventricle: A morphometric analysis in the guinea pig model. Experimental
Pathology 43: 163-172, 1991.

100
APPENDIXE C: SIDE-STREAM CIGARETTE SMOKE ACCENTUATES
IMMUNOMODULATION DURING MURINE AIDS

4.1. ABSTRACT
Side-stream cigarette smoke has become a hotly debated social, political, and
scientific health and safety issue for nonsmokers. The harmful influences of side-stream
cigarette smoke on human health are its adverse effects on the immune system, especially
when already compromised by other agents. Acquired immune deficiency syndrome
(AIDS) is a clinical disorder caused by human inununodeficiency virus (HIV). To
facilitate studies, murine AIDS was induced in C57BL/6 mice by LP-BM5 murine
leukemia virus infection, which mimics human AIDS. After 2 weeks of retroviral
infection, the mice were exposed to side-stream cigarette smoke for 30 minutes, 5
days/week for 12 weeks using an side-stream cigarette smoke exposure system. Murine
retrovirus infection reduced in-vitro proliferation of T lymphocytes stimulated by
concanavalin A, increased release of pro-inflammatory cytokine interleukin-6 (IL-6)
tumor necrosis factor-alpha (TNF-a), increased hepatic lipid peroxidation and decreased
a-tocopherol levels in liver, lung and heart. Concomitant side-stream cigarette smoke
exposure for 12 weeks further inhibited proliferation of T cells, increased release of TNFa, IL-6 cytokines and enhanced hepatic lipid peroxidation from retrovirus infected mice.
The loss of a-tocopherol was also further enhanced by side-stream cigarette smoke
exposure during retrovirus infection. Our conclusions are that side-stream cigarette
smoke induced increasing oxidative stress, reducing nutrient concentrations and
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suppressing immune function could make mice with murine AIDS more susceptible to
opportunistic infections, potentially accelerating murine AIDS progression. Thus,
reduction of side-stream cigarette smoke exposure is an important health issue in AIDS
patients to improve the quality and quantity of their lives.
Keyword: side-stream cigarette smoke; LP-BM5 retrovirus; T cell proliferation; pro
inflammatory cytokines; oxidative stress

4.2. INTRODUCTION
Over the past decade, environmental tobacco smoke or passive smoke, has
become to a hotly debated social, political, and scientific issue regarding the health and
safety of nonsmokers. Side-stream cigarette smoke consists of exhaled tobacco smoke,
which contains many free radicals and redox-active compound (1). Side-stream cigarette
smoke is smoke produced fi-om the lit end of a burning cigarette, accounting for 85% of
ETS. It is known that side-stream cigarette smoke is unfiltered and generated from
tobacco combustion at a lower temperature than mainstream cigarette smoke. These
differences create a smoke whose composition is chemically different from mainstream
cigarette smoke and which is more toxic on an equal molar basis (I, 2). The possibility
that increased prevalence of diseases associated with cigarette smoke may in part be due
to tobacco smoke-induced changes in immune and inflammatory processes was first
recognized in the 1960s (3). Most of available information on the effects of tobacco
smoke on the immune system in animals and humans emphasized on the mainstream
tobacco smoke. Cigarette smoking may cause immunosuppression or immunostimulation
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depending upon the duration and level of exposure (4). It is associated with a number of
alterations in the cellular immune system that include a nonspecific increase in the total
white blood cell count, a decrease in the number and activity of natural killer cells and
reduced serum immunoglobulins (Ig) level except for Ig£ (S, 6). In contrast, the effects of
side-stream cigarette smoke on the immune system have just begun to be investigated and
have not been well defined yet.
Cigarette smoking has adverse effects on health-related quality of life in HIVinfected persons (7). Moreover, cigarette smoking has been associated with impaired
immune defenses and an increased risk of certain infectious and neoplastic diseases in
HIV-l seronegative populations (8-10). Smokers were more likely than nonsmokers to
develop bacterial pneumonia (RH = 1.57; 95% CI 1.14-2.15; p = 0.006), oral candidiasis
(RH = 1.37; 95% CI 1.16-1.62; p =0.0002), and AIDS dementia complex (RH = 1.80;
95% CI 1.11-2.90; p = 0.02) (8). Also cigarette smoking is associated with suppression in
localized lung defenses in in HIV-infected subjects. Smokers had significant depressions
in both the percentage and absolute numbers of CD4+ and CD8+ cells in their
bronchoalveolar lavage fluid (BALF). A decrease in CD4+-/CD8+ cell ratios was also
seen with smoking (11). Mainstream cigarette smoke increases the rate of infection after
exposure to HTV and accelerates the progression to AIDS. Epidemiological data indicate
that among homosexual subjects who were initially seronegative, smokers were more
likely than nonsmokers to become HIV-l seropositive (p = 0.03) (12). Alveolar
macrophages from HIV-infected smokers produce significantly more viruses than nonsmokers (13). Additionally, in humans, the most interesting studies concern the effects of
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passive smoke of infants from smoking mothers. Cigarette smoking during pregnancy
leads an increased risk of maternal-child HTV transmission, adjusting for drug use,
maternal clinical status, and delivery factors (14, 15). However, the molecular
mechanisms involved in mother-to-infant transmission of HIV-l are not understood.
Research on health effects of side-stream cigarette smoke exposure in AIDS patients is
very limited as well.
Murine AIDS induced by LP-BM5 murine leukemia virus can provoke an
enlargement of lymphoid organs, primarily spleen and lymph nodes. Although human
AIDS and murine AIDS have different etiologies, both are very similar in that they cause
profound immunosuppression as well as reduced resisitance to opportunistic pathogens
and neoplasia in their respective hosts, and both induce progressive oxidative stress. The
murine AIDS model has been an effective tool to investigate mechanisms of retrovirustnduced immunodeficiency in evaluation of ethanol as an immune dysfunction
accelerating cofactor (16). Our laboratory has previously shown an increase of oxidative
stress in C57BL/6 mice, resulting from short-term side-stream cigarette smoke exposure
(17). In this paper, we first established a side-stream cigarette smoke model in murine
AIDS. Side-stream cigarette smoke enhanced oxidative stress, reduced antioxidant
nutrient concentrations and suppressed immune function. The data suggest that sidestream cigarette smoke could serve as a cofactor in the development of murine AIDS.
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4.3. MATERIALS AND METHODS

Animals and treatments. Four-week-old female CS7BL/6 mice were obtained
from Charles River Laboratories (Wilmington, DE). They were housed in transparent
plastic cages with stainless wire lids (4 mice per cage) in animal facility of the Arizona
Health Science Center. All animal works were done under approval of the Institutional
Animal Care and Use Committee. The housing facility was maintained at 20-22°C and
60-80% relative humidity, with a 12-h light-dark cycle. The mice had free access to water
and a semipurified diet (4% mouse diet, #7001, Teklad, Madison, Wl). After two weeks
of housing, the mice were randomly assigned to the following treatment with 12 mice in
each group; uninfected control mice; uninfected mice with aide-stream cigarette smoke
exposure; LP-BM5 infected mice without side-stream cigarette smoke exposure; and LPBM5 infected mice with side-stream cigarette smoke exposure.
LP-BM5 leukemia retrovirus was administrated intraperitoneally to mice in 0.1
ml of minimum essential medium with an esotropic titer of 4.5 loglO plaque forming
units xlO'^/L, which induces murine acquired immime deficiency disease with a time
course comparable with that previously published (18). After 2 weeks of retroviral
infection, mice were exposed to side-stream cigarette smoke for 30 min/day, 5 days/week
for 12 weeks utilizing an IN-TOX machine (Albuquerque, NM). The methodology for
side-stream cigarette smoke exposure and aerosol characterization has been reported
previously in detail (17). Briefly, the first two lit cigarettes were placed upright in a
clamp 2.5 cm below the bottom edge of an inverted 220-cm^ ftmnel and allowed to bum
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for 10 minutes. The second two cigarettes were lit at the lO-minute time point of
exposure, replacing the first two cigarettes. Then the third two replaced the second two
until 30-min exposure was complete. The Control group was treated in a similar manner
except that the cigarettes were not lit. 1R4F standard cigarettes were purchased from
Tobacco and Health Research Institute

(Lexington, Kentucky). An IR4F standard

cigarette was designed by NIH Agriculture Research Service-UDSA and the Tobacco and
Health Research Institute to deliver approximately II mg of tar and 0.8 mg of
nicotine/cigarette smoked.
After 12 weeks, 48 mice were killed under ether anesthesia for immune function
and nutritional analyses. Spleens were removed and kept at 4°C. Livers, lungs and hearts
were collected and stored at -70°C until analysis.

ELISA assay for splenocyte cytokines. Pro-inflammatory cytokines (lL-6 and
TNF-a) were measured by ELISA as described previously (18). Briefly, spleens were
gently teased with forceps in culture medium (CM, RPMI 1640 containing 10 % fetal
bovine serum, 2 mmol/L glutamine, I x 10^ units/L of penicillin and streptomycin),
producing suspension of spleen cells. Red blood cells were lysed by the addition of a
lysis buffer (0.16 mol/L ammonia chloride Tris buffer, pH 7.2) at 37 "C for 3 min. Then
the cells were washed twice with CM. Cell concentrations were counted and adjusted to I
X 10^ cells/100 |aI. Splenocyte viability was determined by trypan blue exclusion. 100 ^l
/well of splenocyte suspension was added in triplicate on 96-well flat-bottom culture
plates (Falcon 3072, Lincoln Park, NJ) with CM. Splenocytes were incubated for 24-h
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after the addition ofconcanavalin A (I x 10 " g/liter, Sigma Chemical Co, St. Louis, MO)
for IL-6 and lipopolysaccharide (1 x 10"' g/liter, Gibco, Grand Island, NY) to induce
TNF-a production in a 37 °C, 5 % CO2 incubator. After incubation, supematants were
collected and stored at -70 "C until analysis. The cytokines were determined by sandwich
ELISA. Mouse IL-6 and TNF-a levels were quantified with a commercial ELISA
MiniKit (Endogen, Cambridge, MA) following the manufacturer's instruction. Sensitivity
of the ELISA for IL-6 and TNF were determined to be 200pg and 156pg per ml,
respectively.

Mitogen induced T cell proliferation. Splenic T cell proliferation was determined
by ^H-thymidine incorporation as described previously (18). Briefly, splenocytes in 100
jil of CM per well (1 x 10^ cells/lOO (il) were cultured in triplicate on 96-well flat-bottom
culture plates (Falcon 3072, Lincoln Park, NJ) with CM. Splenocytes were incubated for
20-h after the addition of concanavalin A (10 ug/ml)-induced T cell proliferation, and
then pulsed with [^H] thymidine (0.5 |iCi/well, New England Nuclear, Boston, MA).
After 4 hr, they were harvested by a cell sample harvester (Cambridge Technology,
Cambridge, MA). Radioactivity was determined by a liquid scintillation counter (TriCarb, 2200 CA, Packard, Lagunahills, CA). Data were presented as counts per minute
(cpm).

Determination of tissue a-tocopherol levels, a-tocopherol levels in liver, lung
and heart were measured by HPLC, as described previously, with few modifications (17).
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Briefly, about 0.2 g of wet tissue was homogenized in 1.0 ml of distilled water. Butyiated
hydroxytoluene was added to prevent oxidation of a-tocopherol fi-om the homogenate.
Pentane, ethanol and sodium dodecyl sulfate were used to extract a-tocopherol from the
homogenate. Extracts were evaporated under a steady flow of nitrogen gas at 20°C and
then redissolved in 1.0 ml of methanol injection onto a CI8 column (3.9x150 mm
NovaPak, Millipore, Bedford, MA). A mobile phase composed of methanol, distilled
water in the ratio of 93: 7 (by volume) with a flow rate of 0.8 ml/min was used, atocopherol, eluting at 26 min, was monitored by an HP 1046A programmable
fluorescence detector (HP Company, Wilmington, DE) at 290 nm excitation and 340 nm
emission wavelengths. A set of a-tocopherol standard concentrations was analyzed to
make a standard curve and to verify calibration.

Measurement of hepatic tissue lipid peroxides (LPO). Quantitative determination
of lipid peroxides in hepatic tissue was done by using a quick LPO-CC K-ASSAY
(Kamiya Biomedical Company, Seattle, WA). This method is very sensitive to measure
lipid peroxides with an assay range of the method is 2 ~ 300 nmol/ml (17). Briefly,
mouse liver 0.2 mg was homogenized in I ml of chloroform (CHCl3)/methanol (2:1 v/v).
Next, 0.3 ml of 0.9% NaCl was added to clarify, and the mixture was centrifuged at 3,000
X g for 10 minutes. The supernatant was collected and evaporated under nitrogen gas. 100
|il of isopropanol were added to dissolve the lipid residue. Test samples, standards and
controls were added 20 (il in triplicate in 96-well microplate. Lipid peroxides are
quantified by colorimetrically measuring methylene blue at 675 nm. Lipid peroxide
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values will be calculated by the following equation. LPO value in nmol/ml = (sample
absorbance - blank absorbance) x 50.0 (absorbance of SO nmol/ml standard - blank
absorbance). LPO value was converted to nmol/g-wet tissue for illustration.

Data analysis. Data were expressed as means ± SEM. Statistical analyses were
carried out by using an SAS 8.1 Windows (SAS Institute, Gary, NC) statistical package.
Values were compared using a one-way analysis of variance (ANOVA), followed by a
two-tailed Student's r-test for comparison between any two groups. Differences were
considered significant at p< 0.05.

4.4. RESULTS

Splenic T cell proliferation
The in-vitro proliferation of splenocytes stimulated by concanvanalin A was
significantly decreased 33% by murine retrovirus infection compared with uninfected
control (p< 0.05) (Figure 4.1). Concomitant side-stream cigarette smoke exposure for 12
weeks further irihibited proliferation of T cells firom retrovirus-infected mice by 50%
compared with retrovirus infected nonsmoke-exposed mice as well as by 83.3%
compared with uninfected control mice (p< 0.05). However, side-stream cigarette smoke
alone did not significantly reduce T cell mitogenesis fi-om inmiunologically normal,
uninfected mice.
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Splenocyte cytokine production
Release of TNF-a and IL-6 cytokines stimulated by lipopolysaccharide and
concanvanalin A was significantly (p< 0.05) increased by murine retrovirus infection,
compared with cells from uninfected control mice (Table 4.1). TNF-a production was
further enhanced (p< 0.05) in murine retrovirus-infected mice during side-stream
cigarette smoke exposure, compared with cells from retrovirus infected and nonsmokeexposed mice as well as uninfected and smoke-exposed mice. While IL-6 production has
no significant increase in murine retrovirus-infected mice during side-stream cigarette
smoke exposure, compared with retrovirus infected and nonsmoke-exposed mice, it
significantly increased compared with uninfected and smoke-exposed mice.

Tissue a-tocopiierol (vitamin E) levels
The liver, lung, and heart tissue a-tocopherol levels decreased during side-stream
cigarette smoke exposure and/or murine retrovirus infection (Table 4.2). a-tocopherol
levels in liver, lung, and heart were also significantly reduced by retrovirus infection (p<
0.05). Loss of a-tocopherol was further enhanced by side-stream cigarette smoke
exposure during retrovirus infection. Side-stream cigarette smoke exposure significantly
(p< 0.05) reduced hepatic a-tocopherol levels in infected mice, resulting in increased
hepatic tissue LPO. a-tocopherol levels in the heart and lung of retrovirus infected and
smoke-exposed mice did not show significant change compared with infected and
nonsmoke-exposed mice.
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LPO levels in liver tissue
Retrovirus infection significantly (p< 0.05) increased hepatic LPO (Figure 4.2).
LPO increased by 46% in uninfected and smoke-exposed mice compared to uninfected
controls (29.32±2.53 vs. 20.0l±L22 nmol/g, p< 0.05). Moreover, retrovirus infected
mice with side-stream cigarette smoke exposure exhibits a higher degree of lipid
peroxidation compared with the ones without side-stream cigarette smoke exposure
(64.71±4.19 vs. 4l.27±3.07 nmol/g, P< 0.05). Side-stream cigarette smoke exposure
further exacerbated LPO in murine retrovirus-infected mice by 106%, compared to
uninfected controls (4l.27±3.07 vs. 20.01±1.22 nmol/g, p< 0.05). The results suggest that
side-stream cigarette smoke alone caused oxidative stress but not as significant as it along
with retrovirus infection.

4.5. DISCUSSION
The current study demonstrates that side-stream cigarette smoke exposure for 12 weeks
reduced T cell proliferation significantly beyond immune suppression induced by LPBM5 murine retrovirus infection. We previously reported that retroviral infected mice
had reduced T cell mitogenesis (18, 19). Inhalation of cigarette smoke or nicotine can
suppress the proliferate response of lung lymphocytes to mitogens and antigens (20, 21),
indicating that T cells are anergic (20, 22). Lymphocytes are activated by cross-linking of
receptors by ligands, leading to proliferation and differentiation of these cells (23). The
failure of T lymphocytes from cigarette smoke or nicotine-treated animals to respond to T
cell receptor-mediated stimulation indicates that these T cells fail to transduce signals
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originating from the plasma membrane following the binding of ligand to antigen
receptors. Nicotine is a major immunosuppressive component in cigarette smoke and may
cause T cell anergy through activation of the protein tyrosine kinase and depletion of
inositol-l, 4,5-trisphosphate-sensitive Ca"^ stores in T cells (24). Therefore, the ability of
T lymphocytes to respond to mitogen was markedly suppressed by side-stream cigarette
smoke, reflecting a serious impairment of cellular immunity. These results offer an
explanation for the higher susceptibility to some infectious diseases.
Pro-inflammatory cytokine, IL-6 and TNF-a production by mitogen-stimulated
splenocytes was increased by retrovirus infection as known previously (18, 19). Elevated
secretion of IL-6 and TNF-a occurs through stimulated B cells or macrophages in murine
AIDS (25). The excessive production of IL-6 and TNF-a during murine AIDS was
significantly enhanced further from side-stream cigarette smoke exposure. Thus, sidestream cigarette smoke exposure exacerbates the pro-inflammatory cytokine production
in murine AIDS. Also tobacco glycoprotein can activate the immune system and enhance
the production of inflammatory cytokines (26, 27). Additionally, IL-6 and TNF-a
stimulate retrovirus replication in CD4^ T cells and macrophages (27). Based on the
activation of HIV replication in response to TNF-a, HIV appears to have evolved to take
advantage of host cytokine activation pathways. TNF-a can stimulate NF-tcB
translocation to the nucleus and thereafter stimulate HIV gene expression and replication,
which may promote AIDS progression (28).
Excessive oxidation promotes inflammatory reactions and increases levels of
inflammatory cytokines. Retrovirus infection increased hepatic LPO. Side-stream

112

cigarette smoke exposure significantly exacerbated LPO during retrovirus infection.
Cigarette smoke represents one of the greatest exogenous sources of free radicals, a
complex oxidizing milieu with a vast array of free radical species. The gas phase of
cigarette smoke contains I^IO'^ organic radicals per puff, while tar contains
approximately lO'"* free radicals per puff (28). Nitric oxide (NO) is present in cigarette
smoke in amounts up to SOO ppm and probably represents one of the greatest exogenous
sources of NO to which humans are exposed. The NO reacts quickly with superoxide
radicals to form peroxynitrite (30) and with organic peroxyl radicals to form alkyl
peroxynitrites (31). These reactive nitrogen species increasingly are being recognized as
important mediators of damage in biological systems (32). All the radicals have been
shown to deplete antioxidants; to initiate, promote, and accelerate carcinogenic
transformation; to damage proteins and lipids; and to impair immune function. Apart
from smoke-borne organic radicals, cigarette smoke can also induce endogenous
production of reactive oxygen species (ROS), including superoxide anions, hydrogen
peroxide, and hydroxyl radicals, and thereby increases intracellular oxidative stress in
various tissues (33), which is indicated by increased lipid peroxidation. Sequentially,
ROS can activate the NF-icB pathway, which induces retrovirus replication (28). Thus,
oxidative stress due to side-stream cigarette smoke may become a potent inducer of
murine retrovirus replication. It certainly increases immunosuppressive inflammatory
cytokines, potentially lowering host resistance to LP-BM5 retrovirus and opportunistic
pathogens. Vitamin E (a-tocopherol), as an integral part of cell membranes, scavenges
the free radicals that promote peroxidative chain reactions (34). Thus, reduced tissue a-
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tocopherol level indicates that vitamin E is involved in antioxidant defense against
oxidative stress. Furthermore, reduced levels of potent antioxidants correlated well with
the progression to murine AIDS (35). Increased free radicals during side-stream cigarette
smoke and murine retrovirus infection increase utilization of antioxidants, including
membrane vitamin E. This results in increased tissue LPO production.
In summary, chronic side-stream cigarette smoke exposure accentuated the effects
of the murine retrovirus infection, further reducing T cell proliferation and augmenting
pro-inflammatory cytokine secretion. Oxidative stress due to the retrovirus infection,
indicating by decreased tissue vitamin E levels and increased tissue LPO, was
exacerbated by side-stream cigarette smoke exposure. Therefore, side-stream cigarette
smoke exposure may make mice with murine AIDS more susceptible to opportunistic
infections, potentially accelerating murine AIDS progression. Our data suggest that sidestream cigarette smoke should be brought out as an important health issue in HIV
infected or AIDS patients in order to improve the quality and quantity of their life. Future
investigation should be conducted on if side-stream cigarette smoke exposure will change
the profile of T lymphocyte subsets and if HIV gene expression will be accelerated by
side-stream cigarette smoke exposure.
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4.6.

LIST OF FIGURES AND TABLES

Table 4.1

Effects of side-stream cigarette exposure on IL-6 and TNF-a production
by mitogen-stimulated splenocytes in murine AIDS

Treatment
SSCS

Retrovius

Cytokines (ng/ml)
IL-6

TNF-a

2.5l±0.25
3.40±0.29"
3.22±0.70
3.79±0.05''-''

1.52±0.15
2.39±0.51'
l.91±0.41
3.07±0.08'''''=

Every sample was determined in triplicate. Values are mean ± SD of 6 to 8 mice in each
group. SSCS, side-stream cigarette smoke; IL-6, interleukin 6; TNF-a, tumor necrosis
factor alpha.
^ P < 0.05 compared to control mice;
P < 0.05 compared to SSCS exposed and uninfected mice;
P < 0.05 compared to non-SSCS exposed and infected mice.
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Table 4.2

Effects of side-stream cigarette exposure on tissue a-tocopherol levels in
murine AIDS

Treatment
Exposure

Retrovirus

-

-

-

+

-

+

+

a-tocopherol (nmol/g wet tissue)
Liver
Heart

Lung

16.95±0.68
12.65±0.46'
14.4l±0.49
8.64±0.41''-'''

13.50±0.67
ll.04±0.49''
12.76±1.50
9.75±0.39'-''

14.44±2.76
ll.51±0.46''
13.46±0.48
9.44±0.41''''

Tissue a-tocopherol level was used as an indicator for oxidative stress. The assay was
performed by HPLC. Values were mean ± SEM of 6 to 8 mice in each group. SSCS, sidestream cigarette exposure.
" P < 0.05 compared to control mice;
^ P < 0.05 compared to SSCS exposed and uninfected mice;
P < 0.05 compared to non-SSCS exposed and infected mice.
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Figure 4.1

Infected

Effect of side-stream cigarette smoke exposure on splenic T cell

proliferation in murine AIDS.
Twelve mice per group were tested for proliferate response to concanvanalin A by uptake
of [^H] thymidine into replicated DNA. Each sample was determined in triplicate. Values
were expressed as cpm ± SEM."P< 0.05 compared to control mice; ^P< 0.05 compared
to SSCS exposed and uninfected mice;
infected mice.

P < 0.05 compared to non-SSCS exposed and
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Effect of side-stream cigarette smoke exposure on hepatic LPO production

in murine AIDS.
LPO was determined with 0.2 g of mouse liver tissue. Phospholipids in the liver tissue
were extracted by the CHClj/methanol 2:1, VAO method. LPO was measured with a
spectrophotometer at 675 nm. Data were presented as mean ± SEM of triplicate wells, 6
to 8 mice in each group. " P < 0.05 compared to control mice; ^ P < 0.05 compared to
SSCS exposed and uninfected mice;
infected mice.

P < 0.05 compared to non-SSCS exposed and
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APPENDIXE D: EFFECT ON PULMONARY FUCTION OF SIDE-STREAM
CIGARETTE

SMOKE

IN

MICE

WITH

DIETARY

a-TOCOPHEROL

SUPPLEMENTATION

5.1. ABSTRACT
The effects of side-stream cigarette smoke (SSCS) with dietary a-tocopherol
supplementation were studied on lung function, bronchoalveolar lavage (BAL) fluid
cytokine responses, lung conjugated dienes formation and a-tocopherol levels. Fortyeight C57BL76 mice (half gender, 7 months old) were randomly assigned to four groups;
control (room air) fed with control diet; control (room air) fed with a-tocopherol
supplemented diet; SSCS exposure fed with control diet; and SSCS with a-tocopherol
supplemented diet. Two standard research cigarettes or room air was delivered by the
nose-only exposure system for 45 days. We found SSCS exposure caused lung function
changes as measured by a decrease of pulmonary dynamic compliance and an increase of
pulmonary resistance; SSCS exposure also increased secretion of IL-ip and IL-6 in BAL
fluid. However, there was no demonstrable increase in BAL fluid TNF-a levels after
smoke exposure. Additionally, lung conjugated dienes formation increased upon SSCS
exposure. Supplementation with a-tocopherol restored lung resistance but not lung
dynamic compliance. BAL fluid cytokine IL-ip and IL-6 were reduced by a-tocopherol.
Lung conjugated dienes formation was decreased by a-tocopherol. Lung tissue atocopherol expenditure tends to be greater during SSCS exposure. Our data demonstrated
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that the lung tissue a-tocopherol level has a strong negative correlation with BAL IL-6
secretion; the lung lipid peroxide production has a strong correlation with BAL IL-ip
secretion; BAL IL-6 secretion has a very strong correlation with lung resistance; the lung
lipid peroxide production has a very strong correlation with BAL IL-6 secretion. The
results from our present study suggest that dietary supplementation of a-tocopherol may
enhance resistance against SSCS-induced oxidative damage and improve lung function,
primarily through the antioxidant property of a-tocopherol by attenuating lipid
peroxidation of lung and regulating local cytokine production.
Keywords:

side-stream cigarette smoke (SSCS); lung function; a-tocopherol;

bronchoalveolar lavage fluid; pro-inflammatory cytokines

S.2. INTRODUCTION
The need for research in the area of environmental tobacco smoke (ETS) and health is
obvious, especially concerning the respiratory system, since an increased incidence of
pulmonary disorders is associated with ETS (1). The effects of constant exposure to sidestream cigarette smoke (SSCS), a major component of ETS, are poorly understood.
Ironically, SSCS may be more toxic than inhaled smoke due to its lower combustion
temperature and smaller partcles in SSCS can reach deeper into the lungs (1,2). Tobacco
smoke contains a large variety of oxidants and free radicals. In vitro studies show that
cigarette smoke can promote oxidative damage inducing lipid peroxidation. Free radicalinduced oxidative damage is related to the development of smoking-related disorders
ranging from chronic inflammation to cancer. Numerous studies show that susceptibility
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to lipid peroxidation is greatly influenced by the tissue content ot vitamin E (3).
Depletion of vitamin E and other antioxidants by increased free radical production may
facilitate lipid peroxidation in the lung.
On the other hand, the adverse health effects of SSCS, at least in part, result from
cigarette smoke-induced impairement of the immune system (4, 5). Immunomodulation
properties of mainstream cigarette smoke have been well established in numerous
experimental animal models and human smdies (5, 6). Tobacco smoke contains powerful
oxidants and toxins, stimulating macrophages to produce oxidants which damage lung
cells. Responding to foreign antigens in SSCS, T cell-activated macrophages may also
secrete large quantities of oxidants and free radicals. When free radicals interact with
cellular components, carcinogenesis and cell dysfimction are increased. The a-tocopherol
homologue of vitamin E is the most biologically potent lipophilic antioxidant and
accounts for about 90% of vitamin E in the tissues. It is also reported that smokers had an
increased utilization rate of vitamin E in the lung (7), which may predispose them to
enhanced local oxidant attack on their immune system. Moreover, recent observation
suggests that a-tocopherol has a signaling function that cannot be exerted by other forms
of tocopherol (8). Therefore, a-tocopherol may have other effects beyond its
antioxidantive function.
In this present study, we examined pulmonary resistance, dynamic compliance,
and BAL fluid cytokine responses of C57BL/6 mice subjected to SSCS for 45 days. Lung
conjugated dienes formation and a-tocopherol content were tested as well. Our
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hypothesis is that dietary supplementation of a-tocopherol would improve lung function
and lung local defense against oxidative damage.

5.3. MATERIALS AND METHODS

Animals and treatment. Forty-eight C57BL/6 mice (half gender, 7 months old)
were randomly assigned to four groups: control (room air) fed with control diet; control
(room air) fed with a-tocopherol supplemented diet; BSCS exposure fed with control
diet; and SSCS with a-tocopherol supplemented diet. All mice were housed in the
AAALAC-approved animal facility of the Department of Animal Resources at the
University of Ariozna Health Science Center. They were housed in transparent plastic
cages with stainless steel wire lids (4 mice per cage) as required by the University of
Arizona Animal Care and Use Committee. The housing facility was maintained at 20 °C
and 60-80% relative humidity, with a 12 h light: dark cycle. Diet and water were freely
available. Body weight, food, and water were measured every 3 days.

Diets and vitamin E supplementation. The American Institute of Nutrition (AIN)
93A diet was modulated with a-tocopherol acetate (Sigma Chemical Co, St. Louis, MO)
as vitamin E supplementation. Both control diet (AIN 93 M) and vitamin E-supplemented
diet were prepared by Diets Inc. (Bethlehem, PA). The vitamin E-supplemented diet had
117.70 mg RRR-alpha-tocopherol acetate per kg (176.55 RJ/kg diet), while the control
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diet contained 7.70 mg RRR-alpha-tocopherol per kg (11.55 lU/kg diet). There was a 15fold increase in vitamin E content in vitamin E-supplemented diet compared to the
unsupplemented diet. All diets were started with SSCS exposure, at average intake rate
4.11 g/mouse/day, for 45 days. No significant differences were observed in food
consumption among groups.

Side-stream cigarette smoke exposures. Standard research cigarettes (1R4,
University of Kentucky Smoking & Health Effects Laboratory, Lexington, KY) were
utilized in this study. The mice were exposed to two cigarettes per day over a period of
forty-five days through a 24-port nose-only exposure chamber (IN-TOX, Albuquerque,
NM) using a constant vacuum (15 L/min) exposure system modified for cigarette smoke
exposure. The time-integrated mass of SSCS total particulate matter (TPM) delivered to
the mice was 2.0 mg/exposure averaged, at a concentration of 0.4 mg/m^, as measured by
a seven-stage multi-jet impactor (IN-TOX, Albuquerque, NM). The chosen concentration
of SSCS was referred from realistic measurements of indoor air concentrations of TSPs
(range from 10 to 1000 |ag/m^) in smoker-occupied residences; up to approximately 2 mg
respirable suspended particulates/m^ in restaurants (9, 10). The cigarette was lit by a
modified syringe device and one puff of cigarette smoke was drawn from the lit cigarette.
The lit cigarette was placed upright in a clamp 2.5 cm below the bottom edge of an
inverted 220 cm funnel and allowed to bum for 7.5 minutes. A second cigarette was lit at
the 10 min time point of the 20 min exposure period. The IN-TOX exposure system was
then thoroughly cleaned before the next exposure trial to prevent the accumulation of
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cigarette tars and other material in the exposure ports. Sham control mice were treated in
a similar manner except the cigarettes were not lit before being placed in the clamp.

Pulmonary function test. Pulmonary function was measured as previously
described (10). After the last day of SSCS exposure, the mice were anesthetized with an
intramuscular injection mixture of ketamine HCl (80 mg/kg), xylaxine (10 mg/kg), and
acepromazine maleate (3 mg/kg). A tracheostomy was performed with the insertion of a
Teflon iv catheter (20 G, Critikon, Tampa Bay, FL) serving as an endotracheal tube. The
mice were placed under pressure-controlled respiration (Kent Scientific, Litchfield, CT)
and given an intraperitoneal injection of gallamine triethiodide (8 mg/kg) to suppress
spontaneous breathing. Airflow was measured with a pneumotachograph (Fleisch f^OOOO,
Instrumentation Associates, New York, NY) that was coupled to a differential pressure
transducer (Validyne, Northridge, CA). Airflow and pressure signals were used to
measure pulmonary resistance (Ri) and dynamic compliance (Qyn) using a modified
PEDS-LAB^™' pulmonary function system (Medical Associated Services, Hatfield, PA).
These pulmonary fimction measurements were normalized to individual animal weight.
The lungs of these mice were taken and stored at -70°C until analysis.

Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) was also performed as
previously (10). Briefly, anesthetized animals were euthanized by exsanguination of the
abdominal aorta. The lungs were lavaged in vivo three times with sterile isotonic saline at
a volume of 1 ml/lavage via the cannula. BAL fluid from each mouse was pooled and
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centrifuged at 500><g at 4 °C. The cell-free BAL supernatant was stored at -75 °C for
cytokine measurement.

Cytokines. Cell free BAL fluids were analyzed for the presence of immune
cytokines using commercially available ELISA kits (R&D System, Miimeapolis, MN).
ELISA plates were analyzed on a BIO-TEK Elx808 automated microplates reader
(B10_TEK Instruments Inc., Winooski, VT). The production of TNF-a, IL-ip, lL-6
from BALF was determined with lipopolysaccharide (LPS, I x 10'^ g/L, Gibco,
Grand Island, NY) to determine their production of TNF-a, IL-ip, IL-6 after 24
hours incubation in a 37° C, 5% CO2 incubator. After incubation, the plates were
centrifuged for 10 min at 800 x g. Supematants were collected and stored at -70° C
until analysis. The cytokines were determined by sandwich ELISA as described
previously (11). Rat anti-murine TNF-a, IL-ip and IL-6 purified antibodies, rat antimurine TNF-a, [L-ip and IL-6 biotinylated antibodies, and recombinant murine
TNF-a, IL-ip and IL-6 were obtained from Pharmingen (San Diego, CA).

Measurement of vitamin E. Vitamin E was measiu-ed by HPLC as described
previously (12). Briefly, about 0.2 g of limg or liver tissue was homogenized in l.O ml of
water. Butylated hydroxytoluene was added to prevent oxidation of a-tocopherol.
Pentane, ethanol and sodium dodecyl sulfate was used to extract a-tocopherol from the
homogenate. Extracts were evaporated under steady flow of nitrogen gas at 20°C and
then redissolved in 0.5 ml of methanol injection onto a CIS colunm (3.9x150 mm
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NovaPac, Millipore, Bedford, MA). A mobile phase composed of methamiol: 1 mol/L
sodium acetate in the ratio of 98:2 (by volume) at a flow rate of 1.5 ml/min was used, atocopherol, eluting at 6.5 min, was monitored by a fluorescence detector (Millipore) at
290 nm excitation and 320 nm emission wavelength. A set of a-tocopherol solutions with
different concentrations was analyzed to make a standard curve and to verify calibration.

Determination of conjugated dienes and lipid fluorescence. Approximately 0.2 g
of lung or liver tissue was homogenized in 5.0 ml of Folch solution (2:1 v/v
chloroform:methanol). After protein separation, a 0.1 ml fraction was dried in a steady
flow of nitrogen gas at 55°C and used to determine conjugated dienes as previously
described (13). Conjugated diene fatty acids were determined by obtaining absorbency of
the solution at 237 nm in a Shimdzo UV 160 UV recording spectrophotometer (Tokyo,
Japan) using an appropriate blank. Lipid fluorescence

was measured in an Aminco

Bowman fluorescence spectrophotometer (Rochester, NY). Maximum fluorescence at
470 nm was measured. The activation wavelength was at 395 nm.

Statistical analysis. Mean ±SEM (N) were calculated for each group of mice using
analysis of ANOVA. All statistical significant differences were considered at p<0.05.
Pearson correlation was conducted between lung a-tocopherol, lipid peroxide, BAL
cytokines and lung function parameters.
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5.4. RESULTS

Diet intake and Body weight
The average diet intake was 4.11 g/mouse/day. No significant differences were
observed in food consumption between groups (data not shown). Vitamin E intake in
vitamin E-supplemented mice was 503.17 pg/mouse/day, while in unsupplemented mice
vitamin E consumption was 30.32 pg/mouse/day. SSCS exposure did not affect the
amount of vitamin E consumed in the diet. Body weight was not affected by SSCS
exposure or vitamin E supplementation (data not shown).

Pulmonary function
The lung function was tested by pulmonary resistance and dynamic compliance.
SSCS exposure significantly increased lung resistance by 31% (Figure 5.1A) and
decreased lung dynamic compliance by 20% (Figure 5.IB), a-tocopherol dietary
supplementation restored lung resistance (Figure 5.1A) but not dynamic compliance.

Bronchoalveoiar lavage (BAL) fluid cytokine secretion
SSCS exposure did not affect BAL concentration of TNF-a. The level of IL-ip
from BAL had a 3.5 fold increase in mice exposed to SSCS when compared to the sham
SSCS control group (Table 5.1). The BAL IL-ip value was found to be returned to
control level in mice of the a-tocopherol supplementation group. The BAL IL-6 level
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was also significantly increased 1.5 fold in mice exposed to SSCS when compared to its
control group.

a-tocopherol concentrations of lung
SSCS exposure decreased a-tocopherol levels in the lung in vitamin Esupplemented mice by 40%, but there was no significant change in unsupplemented mice
(Figure 5.2). Vitamin E supplementation caused two-fold significant increase in lung
vitamin E levels of non-smoking mice (p<0.05). In the smoking exposure group, vitamin
E supplementation caused 42 % decrease in lung tissue vitamin E concentration (Figure
5.2). However, no significant different was found between nonsmoking and smoking
exposed mice.

Conjugated diene levels in lung
Conjugated dienes are major products of lipid peroxidation. SSCS exposure did
not

significantly

increase

lung-conjugated

dienes

(Figure

5.3).

Vitamin

E

supplementation significantly (p<0.05) decreased lung conjugated dienes in smoking
mice. Vitamin E supplementation did not significantly decrease lung-conjugated dienes
in nonsmoking ones. However, it attenuated lung-conjugated dienes formation by 40% in
smoking exposed mice.

Correlation between lung a-tocopherol, lipid peroxide, BAL IL-ip, IL-6, and lung
function parameters

132
Results from Table 5.2 show that the lung tissue a-tocopherol level has a strong
negative correlation with BAL IL-6 secretion (P= 0.05); the lung lipid peroxide
production has a strong correlation with BAL EL-lji secretion (P<0.05); BAL IL-6
secretion has a very strong correlation with lung resistance (P=0.01); the lung lipid
peroxide production has a very strong correlation with BAL IL-6 secretion (P<0.01).
However, there is no significant correlation between lung tissue a-tocopherol, lung lipid
peroxide production, BAL cytokines and pulmonary dynamic compliance.

5.5. DISCUSSION
Environmental tobacco smoke is a complex mixture of smokes that include SSCS, smoke
coming through the cigarette (both filtered and unfiltered), and cigarette smoke exhaled
from the smokers' lungs. Cigarette smoke affects various organ systems, especially the
pulmonary system. Our experiment demonstrated that SSCS exposure caused lung
function changes as measured by a decrease of pulmonary dynamic compliance and an
increase of pulmonary resistance; SSCS exposure also increased secretion of IL-lp and
IL-6 in BAL fluid. However, there was no demonstrable increase in BAL fluid TNF-a
levels after smoke exposure. Additionally, lung conjugated dienes formation increased
upon SSCS exposure. Supplementation with a-tocopherol restored lung resistance but not
lung dynamic compliance. BAL fluid cytokine IL-ip and IL-6 were reduced by atocopherol. Lung conjugated dienes formation was decreased by a-tocopherol. Lung
tissue a-tocopherol expenditure tends to be greater during SSCS exposure. Lung tissue
a-tocopherol level had a strong negative correlation with BAL IL-6 and IL-lp secretion;
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it also had a strong negative correlation with lung resistance. BAL IL-6 had a very strong
correlation with lung resistance.
The study observed increased lung resistance and decreased dynamic compliance
by SSCS exposure. Vitamin E supplementation can reduce lung resistance but not cause
apparently changes in lung dynamic compliance. Lung a-tocopherol level has a strong
negative correlation with lung resistance. Perinatal exposure to aged and diluted
sidestream cigarette smoke increased lung resistance by 3-fold in rats (14). Cigarette smoke
reduced pulmonary dynamic compliance in guinea pigs and rabbits (15, 16). It has been
suggested cigarette smoke induced lung resistance is due to effects of free radicals (17). It
has also been reported that lung surfactant can be inactivated and/or altered both by smoke
combustion products, such as nitrogen dioxide, ozone any particulate, and free radicals
from activated pulmonary alveolar macrophages and leukocytes (18, 19). Phospholipids
with polyunsaturated fatty acids, which are important in spreading dipalmitoyl
phosphatidylcholine at the air-liquid inter face, are very susceptible to lipid peroxidation.
Cholesterol which makes up about 8% of surfactant lipid is also subject to alteration by free
radicals (19). Inactivation of lung surfactant by tobacco smoke can induce decreased lung
dynamic compliance. It has been suggested that vitamin E has a potential role in protecting
alveolar surfactant from oxidative damage (20). In contrast, our result suggests that vitamin
E may attenuate the smoke-induced lung injury process, at least in part, by attenuating lung
resistance. The correlation analysis indicated that the lung lipid peroxide production is
closely associated with lung resistance. Reactive oxygen species can cause the activation
of lipid mediators of inflammation such as platelet activating factor (PAF) or leukotriene
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B4 (LTB4), which in turn can interact with receptors on the neutrophils and activate
adhesion molecules. These inflammation processes are related to airway hyperreactivity
and reversible bronchial obstruction (21, 22).
SSCS is also involved in a variety of immunotoxicity, especially cell mediated
immunity. Cytokines are typically of low molecular weight, glycosylated molecules and
capable of effecting local or systemic immune and inflammatory responses. Delineating
cytokine response is fundamental to providing significant mechanistic insights into the
proinflammatory effects of smoking. Activated pulmonary macrophages and netrophils as
well as airway epithelial cells can produce TNF-a, IL-ip and IL-6. Cigarette smoke
exposure recruits neutrophils (23) and macrophages (2) to the lungs. Smoke inhalation
primed alveolar macrophages for release of TNF-a induced by LPS (24). This study
demonstrated that C57BL/6 mice subjected to SSCS for 45 days induced increase of BAL
IL-ip and IL-6. However, there was no demonstrable increase in TNF-a levels after
smoke exposure. Airway epithelial cells have been shown to synthesize a number of
important multifunctional cytokines, including IL-ip (25), IL-6 (26). Furthermore, cell to
cell communication between alveolar macrophages and pulmonary epithelial cells has
been shown to be important in epithelial cell gene expression for proinflammatory
cytokines, underscoring the importance of interaction among different inflammatory cell
types in pulmonary inflammatory responses (27, 28). In this study, SSCS exposure
significantly increased concentrations of

IL-ip and

IL-6 in the pulmonary

microenvironment. Both cytokines play an important role in the cascade that establishes
inflammatory processes and exacerbated oxidant-derived cell injury (29). In the
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pulmonary microenvironment of smokers, an elevated level of IL-ip was associated with
excessive concentrations of macrophages, neutrophils (30). Our data showed a very
strong correlation between BAL IL-6 and lung resistance. The increase of the cytokine
may be due to the increased number and activity of pulmonary alveolar macrophages and
neutrophils and other lung cells. SSCS exposure induced IL-6, which can be detrimental
to the lungs by causing pulmonary edema (31). Maternal cigarette smoking is established
as a major dose-dependent risk factor for sudden infant death syndrome (SIDS). Many
SIDS victims have a slight infection and a triggered release of cytokine IL-ip that
depresses respiration (32). As such, these cytokines may contribute to lung dysfunction
following chronic SSCS exposure.
We speculate that highly reactive oxygen containing molecules; superoxide
radicals, hydrogen peroxide, hydroxyl radicals and their products may also a cofactor of
local immunity dysfunction from exposure to SSCS. The stimulation of cytokine
production is due to oxidants. These oxidant reactions can stimulate pro-inflammatory
cytokine production by activation of nuclear factor kappa B (NF-^B) (33). Under these
circumstances, free radicals may be considered as second messengers. Therefore the pro
inflammatory cytokines IL-lp, IL-6, as well as reactive oxygen species play a major role
in inflammatory aspects of immune function. We observed a strong negative correlation
between a-tocopherol and BAL IL-6 and IL-ip secretion. Dietary a-tocopherol
supplementation significantly reduced these cytokine levels, which can be due to its
modulation of inflammation properties.
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It is well known that the lungs are an important route of exposure to
enviroiunental antigens and pathogens via its airways and systemic exposure to antigens
and pathogens via its vascular system. The success or failure of puknonary defense
mechanisms largely determines the manifestation of clinical lung disease. The lung is
particularly exposed to inhaled tobacco smoke whose toxicity can be partly mediated by
the generation of free radicals (34). An oxidant burden can also result fi-om lung
metabolism of xenobiotics or from the increased number and activity of pulmonary
alveolar macrophages and neutrophils. Oxidative-induced lung injury also results
indirectly from reactive oxygen species generated by cigarette smoke exposure which
recruits neutrophils (23) and macrophages (2) to the lungs. These activated cells release
increased amounts of myeloperoxidase (3S) and superoxide anion (2) causing lung cell
damage. Overproduction of free radicals in the lungs is involved in various clinical
settings such as ischemia reperfusion, exposure to ozone or NO2, acute respiratory
distress syndrome, drug induced lung toxicity, pathogenesis of COPD, asthma, cancer
and aging (37).
Although the antioxidant properties of vitamin E have been documented by
scavenging different free radicals (37, 38), whether and by which mechanisms vitamin E
attenuates smoke-induced acute lung injury are yet to be elucidated. Since oxidative
damage is a major factor involved in the toxicity of cigarette smoke, the amount of
vitamin E in tissue plays a role in the development of smoking-related disorder. In the
highly oxygenated tissues of heart and lung, vitamin E acts as a major cellular antioxidant
against peroxidative damage to microsomes (39). There is increased utilization of vitamin
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E which may be associated with cigarette smoke as we showed here for SSCS. This was
demonstrated by the fact that tissue and serum vitamin E levels were significantly lower
in male (40), and female (41) smokers, as compared to nonsmokers with normal dietary
vitamin E intake. This trend is also associated with higher levels of lipid peroxidation
products. Conjugated dienes and alpha-tocopheryl quinone were significantly higher in
the lung tissues of rats exposed to cigarene smoke (42). These rats had increased
sensitivity to ischemia-reperfusion injury due to the increased levels of fi*ee radicals
generated by cigarette smoke exposure (43). Supplementation with antioxidant vitamin E
resulted in significantly less mitochondrial oxidative damage in rats (44) as well as mice
(45). The protective effect of vitamin E supplementation on mitochondrial activity is a
function of vitamin E's fi-ee radical scavenging ability. However, the exact mechanism of
how vitamin E acts on improving cigarette smoke-induced lung injury is largely
unexplored. The increased antioxidant capacity of the mice tissues in our experiment
seems to be the major effect of supplementation with vitamin E. In contrast, in our
present study, lung tissue vitamin E level was not significantly changed due to SSCS
exposure, whereas SSCS induced increased release of lipid peroxidation product. This
amount of exposure is not sufficient to reduce lung tissue vitamin E because the body has
some defense mechanisms other than vitamin E, such as antioxidant vitamins A, C and
antioxidant enzymes glutathione peroxidase, catalase, superoxide dismutase (46,47). Our
present experiments demonstrated that SSCS exposure significantly decreases vitamin E
level of lung only in vitamin E-supplemented mice but not in unsupplemented mice. This
observation indicates that there is an increased utilization of vitamin E associated with
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cigarette smoke exposure. Pacht et al (48), also showed that vitamin E levels were
significantly lower in alveolar fluid of smokers than in those of nonsmokers. They also
suggested that smokers had a faster rate of vitamin E utilization and smoking might
predispose them to enhanced oxidant attack on their lung parenchymal cells.
Using this model, our current studies have demonstrated that dietary a-tocopherol
supplementation partially attenuates SSCS-induced lipid peroxidation and dysfunction in
the lungs. It appears that the enhanced resistance against SSCS-induced toxicity may be
primarily due to the increased antioxidant property of a-tocopherol. Moreover, dietary atocopherol supplementation significantly prevented the SSCS-induced changes in the
lung cytokine levels (IL-ip and IL-6). The data support our hypothesis that dietary atocopherol may prohibit SSCS-induced lung injury and dysfunction through modulation
of local host defense mechanisms, such as cytokine regulation. However, the exact
mechanisms from a-tocopherol remain to be experimentally tested. High concentration of
a-tocopherol is found in the membranes of immune cells because they are at especially
high risk of oxidative damage (49). Supplementation with a-tocopherol may help to
overcome tissue deficiencies of vitamin E, restore abnormalities of enzymes, and
modulate cytokine release in the lungs of SSCS-exposed mice. Also, a-tocopherol may
directly protect cytokine-producing cells from SSCS-induced disturbance via inhibiting
the actions of agents capable of alkylating or forming adducts with lipids in the surface of
cell membranes. Therefore, it is possible that a pharmacological level of vitamin E is
warranted for passive smokers to achieve an optimal local immune response.
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Figure 5.1

Smoke

Lung function data.

8-10 mice were tested from each group. Values are expressed as the percentage of
control. Letters indicate significant differences at p<0.05: " compared to nonsmokeexposed control;'' compared to smoke exposed fed with control diet.
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Table 5.1

Cytokine in BAL following SSCS and a-tocopherol treatment (Mean±

SEM (N))
Treatment

TNF-a

SSCS a-tocopherol
-

+

-f

IL-lp

IL-6

(pg/ml)
60.8±3.0 (6)

32.2±3.9 (8)

69.6±26.4 (6)

44.9±5.2 (6)='

12.2±2.5 (8)"

35.1 ±7.0 (6)''

75.3±1.8 (6)

102.5±54.9 (8)"

106.4±84.4 (6)"

69.7±2.5 (6)

19.2±2.8 (8)"

57.2±3.7 (6)"

® p<0.05 when compared to nonsmoke-exposed control;'' p<0.05 when compared to
smoke-exposed fed with control diet.
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• Control
• Vitamin E

Nonsmoking

Figure 5.2

Smoke

Effect of SSCS exposure and vitamin E supplementation on lung a-

tocopherol content.
Every sample from each mouse was measured in triplicate. Values are Mean ± SEM
(n=8). Letters indicate significant differences at p<0.05: a, compared with nonsmokeexposed mice fed with control diet; b, compared with smoke-exposed mice fed with
control diet; c, compared with nonsmoke-exposed mice fed with vitamin E
supplementation.
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Figure 5.3

Smoke

Effect of SSCS exposure and vitamin E supplementation on lung

conjugated diene content.
Every sample from each mouse was measured in triplicate. Values are Mean ± SEM
(n=8). Letters indicate significant differences at p<0.05: a, compared with nonsmokeexposed mice fed with control diet; b, compared with smoke-exposed mice fed with
control diet.
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Table 5.2

Correlation analysis

Parameters

Pearson Correlation

P values

a-tocopherol vs lung resistance

-0.87

0.07

Lipid peroxide vs lung resistance

0.97

0.02*

lL-6 vs lung resistance

0.97

0.01*

IL-lp vs lung resistance

0.87

0.07

a-tocopherol vs dynamic compliance

-0.22

0.39

Lipid peroxide vs dynamic compliance

-0.34

0.33

lL-6 vs dynamic compliance

-0.22

0.39

IL-ip vs dynamic compliance

-0.57

0.22

a-tocopherol vs lipid peroxide

-0.84

0.08

a-tocopherol vs IL-6

-0.90

O.OS'*

a-tocopherol vs IL-ip

-0.64

0.18

Lipid peroxide vs IL-6

0.99

0.004*»

Lipid peroxide vs IL-ip

0.95

0.02»

*Lung tissue a-tocopherol level has a strong negative correlation with BAL [L-6
secretion (P= 0.05);
Lipid peroxide production has a strong correlation with BAL IL-ip secretion (P<O.OS).
** BAL IL-6 secretion has a very strong correlation with lung resistance (P=0.01);
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Lipid peroxide production has a very strong correlation with BAL IL-6 secretion
(P<0.01).
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APPENDIXE E; ANTIOXIDANTS PREVENT OXIDATION AND IMMUNE
DYSFUNCTION INDUCED BY SIDE-STREAM CIGARETTE SMOKE IN OLD
MICE

6.1. ABSTRACT
Side-stream cigarette smoke (SSCS) makes up about 85% of significantly toxic
environmental tobacco smoke (ETS). Reactive oxygen species (ROS) in SSCS play an
important role in the pathogenesis of a wide range of diseases. Interleukin-6 is a pro
inflammatory cytokine, which is closely linked with pathology in cardiovascular disease
and conditions that have an inflammatory base. Exposure to SSCS though a burning
cigarette for 30-min/day, 5 days a week for 4 months increased interleukin-6 production
in spleen and lipid peroxide level in mouse liver. Our findings suggest that ROS induced
by SSCS will promote hepatic lipid peroxidation and may also contribute to an increase
of interleukin-6 cytokine production. Multiple antioxidants given as a dietary supplement
significantly normalized interleukin-6 cytokine production and prevented hepatic lipid
peroxidation. We conclude that the SSCS in moderate intake levels increased oxidation,
promoting inflammatory cytokine interleukin-6 production, whereas antioxidants
prevented these changes.
Keywords:
smoke.

antioxidants, interleukin-6, lipid peroxidation, side-stream cigarette
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6.2. INTRODUCTION
Environmental tobacco smoke (ETS), i.e. passive or second-hand smoke, is a pervasive
contaminant in public places. ETS is a mixture of side-stream (SS) and main-stream (MS)
cigarette smoke. SSCS constitutes 85% of ETS. Cigarette smoke is one of the greatest
exogenous sources of free radicals (I). More than 4,000 compounds have been identified
in cigarette smoke (2), many of which are capable of generating reactive oxygen species
(ROS) during metabolism. Major sources of ROS are firom both gas and tar phases of
cigarette smoke. In the tar phase, at least four different free radical species can be
identified. Among them, semiquinone can reduce oxygen to form superoxide (O2") in the
presence of water. Nitric oxide (NO) exists in cigarette smoke up to 500 ppm, which
probably represents one of the greatest exogenous sources of NO to which humans are
exposed. The NO reacts quickly with O2 to form peroxynitrite (ONOO ) and gives rise to
alkyl peroxynitrite (ROONO) if it reacts with organic peroxyl radical (3, 4).
ROS such as NO, ONOO", ROONO have been recognized as important mediators
of damage in biological systems (5). Furthermore, cigarette smoke can also induce
endogenous production of ROS such as superoxide anions, hydrogen peroxide and
hydroxyl radicals, altogether excessive oxidants and free radical formation will increase
intracellular oxidative stress. Oxidative stress was indicated by an alteration of
antioxidant enzymes in heart, liver, and lung tissues (6, 7). Exposure to ETS at work
increased the level of certain antioxidant enzymes in the blood of employees (8).
Oxidative damage to cellular components occurs when the production of ROS
overwhelms the cell's antioxidant defenses and leads to lipid peroxidation and decreased
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tissue antioxidant levels. ROS also can initiate a series of cellular responses, which will
play an important role in the proinflammatory process. Our previous study indicated that
a small amount of SSCS (30 min/day, 5 days/week for 10 days) in immunodeficient mice
caused lung injury and lipid peroxidation in the lung and liver (9). To investigate whether
moderate intake of SSCS initiate proinflammatory response and promotes oxidative
damage in healthy, old mice, we tested hepatic lipid peroxide and vitamin E level and
splenocyte interleukin-6 (IL-6) production in both nonsmoking and smoking mice. Our
hypothesis is that multiple antioxidants may help to prevent oxidation and proinflamatory
response induced by SSCS.

6.3. MATERIALS AND METHODS

Experimental Design. We purchased l3-month-old C57BL/6 female mice from
Charles River Laboratories (Wilmington, DE). They were housed in transparent plastic
cages with stainless wire lids (4 mice per cage) in the animal facility of the Arizona
Health Science Center. The housing facility was maintained at 20-22°C and 60-80%
relative humidity, wiJi a l2-h light-dark cycle. The mice had free access to water and a
semipurified diet (4% mouse diet, #7001, Teklad, Madison, WI). After two weeks of
housing, the mice were randomly divided into 3 groups with 12 mice in each group;
group I, nonsmoking group fed control diet; group Q, nonsmoking group fed multiple
antioxidants diets; group HI, 30-min SS exposure fed control diet; group IV, 30-min SS
exposure fed multiple antioxidants diet. All treatments were performed S days per week.
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The control diet was AIN 93 M synthetics, pelleted diet (Dyets Inc., Bethelehem, PA). It
was supplemented with placebo beadlets. The supplemented diet was AIN 93 M
synthetic, supplemented with beta-carotene (I5mg/gm diet [Hoffinaim-la Roche, Nutley,
NJ]), bioflavanoids (300ug/gm diet). Coenzyme QIO (300ug/gm diet), d-alphatocopherol (10-fold increase over control diet, 1.5 mg/gm diet), L-ascorbic acid (300
2ug/gm diet), L-camitine (300 ug/gm diet), magnesium (5-fold increase over control diet,
4.2 mg/gm diet), N-acetylcystein (300 ug/gm diet), retinol (80 ug/gm diet), selenium (1.8
ug/gm diet), and zinc (289 ug/gm diet, 3-fold increase over control diet).

Side-stream Cigarette Exposures. Standard research cigarettes (1R4, University
of Kentucky Smoking & Health Effects Laboratory, Lexington, KY) were utilized in this
study. The mice were exposed to SSCS by utilizing an IN-TOX vaccum-drawn (15
L/min) exposure system (Albuquerque, NM) modified for cigarette smoke exposure. The
methodology for SSCS exposure and aerosol characterization has been previously
reported (9). The SSCS-exposure mice were placed in the IN-TOX exposure system for a
30-min exposure period. SSCS was generated in the following pattern: the first two lit
cigarettes were placed upright in a clamp 2.5 cm below the bottom edge of an inverted
220-cm^ funnel and allowed to bum for 10 minutes. The second two cigarettes were lit at
the 10 minutes time point of exposure period and replaced the first two cigarettes. Then
the second two were replaced by the third until 30-min exposure was completed. The
Control group was treated in a similar maimer except that the cigarettes were not lit. The
SSCS treatment lasted for 4 months. The animals were killed the day after the last
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exposure. Spleen and liver tissues were then removed for cytokine, lipid peroxidation and
vitamin e assays.

Lipid Peroxidation Assay. Quantitative determination of lipid peroxides in liver
was done by using a quick LPO-CC K-ASSAY (Kamiya Biomedical Company, Seattle,
WA). The range of the method is 2 ~ 300 nmol/ml. Briefly, mouse liver 0.2 mg will be
homogenized in 1 ml of chloroform (CHChymethanol (2:1 v/v). Next, 0.3 ml of 0.9%
NaCl will be added to clarify, and the mixture will be centrifuged at 3,000x g for 10
minutes. The supernatant will be collected and evaporated under nitrogen gas. One
hundred micro-liter of isopropanol will be added to dissolve the lipid residue. Test
sample, standard and control were added 20 ul in triplicate in 96-well microplate. Lipid
peroxides a.e quantitated by colorimetrically measuring methylene blue at 675 nm. Lipid
peroxide values will be calculated following the manufacturer's instructions.

Vitamin E determination. We measured vitamin E by HPLC as described
previously (9). Briefly, about 0.2 g of liver tissue was homogenized in 1.0 ml of water.
Butylated hydroxytoluene was added to prevent oxidation of alpha-tocopherol from the
homogenate. Extracts were evaporated under a steady flow of nitrogen gas at 20°C and
then redissolved in 0.5 ml of methanol injection onto a CI8 column (3.9x150 mm
NovaPak, Millipore, Bedford, MA). A mobile phase composed of methanol: distilled
water in the ratio of 98: 2 (by volume) with a flow rate of 1.2 ml/min. Alpha-tocopherol,
eluting at 6.5 min, was monitored by a fluorescence detector at 290 nm excitation and
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340 nm emission wavelengths. A set of alpha-tocopherol standard concentrations was
analyzed to make a standard curve and to verify calibration.

Cytokine ELISA Asst^. Mitogen-stimulated splenocytes were cultured in
triplicate in 96-well micro-titer plates as described previously (10). Briefly, the spleen
was gently teased with forceps in a culture medium (RPMI 1640 containing 10% fetal
bovine serum, 2 nmol/L giutamine, 1 x 10^ U/L of penicillin and streptomycin),
producing suspension of spleen cells. Red blood cells were lysed by the addition of a
lysis buffer (0.16 mol/L ammonia chloride Tris buffer, pH 7.2) at 37°C for 3 minutes.
Then the cells were washed twice with CM. Cell concentration was adjusted to 1 x 10^
cells/mL (splenocyte viability was determined by trypan blue exclusion). Splenocytes
were cultured in triplicate on 96-well flat-bottom culture plates (Falcon 3072; Becton
Dickerson, Lincoln Park, NJ) with culture medium. Splenocytes were incubated 24 hours
after the addition of lipopolysaccharide (LPS) 1 x 10 " g/L (Gibco, Grand Island, NY) to
induce IL-6 production in 37°C, 5% carbon dioxide incubator. After 24 hours incubation,
supematants were collected and stored at -70®C until analysis. To measure the quantity
of murine IL-6 in supematants of splenocyte cultures, a specific solid phase ELISA
assay, employing the multiple antibody sandwich principle, was used. An IL-6 kit was
obtained from Pharmingen (Endogen, MA). All tests were performed according to the
manufacturer's instructions and were done in triplicate in 96-well micro-titer plates.
Statistical analyses. Statistical analyses were carried out by using an SPSS 10.0
Windows statistical package (SPSS Inc., Chicago, EL). Values were expressed as the
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mean ± SD. Values were compared using a one-way analysis of variance (ANOVA),
followed by a two-tailed Student's Mest for comparison between any two groups. Values
with p < 0.05 were considered significant.

6.4. RESULTS
Figure 6.1 shows the lipid peroxides production in mouse liver. The liver is the
major organ that has been studied for tissue lipid peroxidation. The production of hepatic
lipid peroxides was significantly increased by SSCS exposure (p<0.05). However, the
production of hepatic lipid peroxides was significantly decreased in both nonsmoking and
smoking mice with antioxidant supplementation (p<0.05).
Hepatic vitamin E levels in each group were assessed (Figure 6.2). Hepatic
vitamin E in smoke-exposed mice was significantly decreased compared to mice not
exposed to smoke (p<0.05). Hepatic vitamin E in both exposed and control groups fed
multiple antioxidants was significantly higher than in smoke-exposed mice fed a control
diet (p<0.05).
We determined the production of IL-6 in splenocytes in each group (Figure 6.3).
Over-production of IL-6 in the spleen was shown in smoke-exposed mice compared to
control mice (p<0.05). IL-6 production in spleen was significantly reduced in smokeexposed mice with antioxidant supplementation compared to smoke-exposed mice on the
control diet (p<0.05).
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6.5. DISCUSSION
Cigarette smoke contains large amounts of both carbon- and oxygen-centered free
radicals, which can directly or indirectly initiate and propagate the process of lipid
peroxidation The results of the present study suggest that SSCS-induced lipid
peroxidation was increased in the liver. A cell may defend itself against oxidative stress
through the use of antioxidants. These antioxidants are consumed in the process of
scavenging free radicals before more important structures are damaged. Antioxidants can
be conveniently divided into water-soluble and lipid-soluble, and exist in environments
such as lipoproteins and cell membranes to prevent the propagation phase of lipid
peroxidation (chain-breaking antioxidants). Of the aqueous molecules the best known is
vitamin C (ascorbate), which is the most powerful electron donor and the first plasma
antioxidant to be sacrificed upon exposure to oxidative stress (11). There is evidence that
ascorbate contributes up to 24% of the total peroxyl radical-trapping antioxidant capacity
in the human plasma (12-14). Evidences exists that ascorbic acid inhibits both phagocyteinduced and endothelial cell-induced and lipid peroxidation processes (15). Valkonen et
al found vitamin C protected nonsmoker against the LDL oxidation from free radicals
during exposure to secondhand smoke (16). Vitamin E is a lipid-soluble, powerful chainbreaking antioxidant (17). It has a protective role against the damaging effects of smoke,
including in the immune cells that produced large amounts of oxidants (18-20). Our data
indicated that the tissue antioxidant (e.g., vitamin E in SSCS mice liver) was depleted.
The result is consistent with other research findings that smokers had decreased serum
levels of fat-soluble essential antioxidants (beta-carotene, alpha-tocopherol, gamma-
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tocopherol and retinal) (21). Tissue vitamin C level, however, was not determined in this
experiment. It has been reported that plasma levels of ascorbic acid, the reduced form of
vitamin C, were significantly lower in active smokers and adults as well as children
exposed to environmentl tobacco smoke (22, 23). These results suggest that the ceil
antioxidant defense system is affected by SSCS exposure.
Proinflammatory cytokine IL-6 is closely linked with pathology in a wide range
of diseases and condition, which have an inflammatory basis. Our data suggested that
SSCS stimulated [L-6 production in the spleen while antioxidant vitamins reduced it.
Oxidants stimulate proinflanunatory cytokine production though activation of nuclear
factor kappa B (NF-^B). Antioxidant nutrients have the potential for modulating
inflammatory aspects of immune function by disrupting the NF-A:B pathway (25).
Another study shows that nicotine stimulates the release of norepinephrine, which can
induce IL-6 synthesis in the liver and spleen (25). There is also evidence that tobacco
glycoprotein stimulates the immune system and induces IL-6 mRNA systhesis in spleen
ceils (26). Serum levels of nicotine and tobacco glycoprotein were not determined in the
present study, so we cannot exclude the possibility of nicotine or tobacco glycoprotein on
IL-6 production in the spleen.
Overall, we observed that moderate levels of SSCS exposure induced oxidation
and promoted inflammatory cytokines and loss of immune function. Multiple antioxidant
supplementations could attenuate lipid peroxidation and proinflanunatory response.
Nevertheless, further studies need to be conducted to explore the most plausible pathway
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of inflammatory immune responses upon exposure to SSCS. The antioxidant enzyme
activities and other antioxidant levels of tissue or serum should be tested as well.
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Figure 6.1

Hepatic lipid peroxide production

a, compared to nonsmoking control (p<0.05)

b, compared to control diet (p<0.05)
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Figure 6.2

Hepatic vitamin E level

a, compared to nonsmoking control (p<0.05)

b, compared to control diet (p<0.05)
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Figure 6.3

Splenocyte IL-6 production in mouse splenocytes

a, compared to nonsmoking control (p<0.05)

b, compared to control diet (p<0.05)
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