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Abstract:

Exposure to tobacco smoke impairs the antioxidant defense mechanisms. In female Wistar rats fed on regular rodent chow and

supplemented with a flavonoids rutin, Trolox Equivalent Antioxidant Capacity (TEAC) was measured as an ABTS-radical cation

reduction power in plasma, lungs, liver, brain and kidneys. Exposure to smoke reduced the TEAC values in the liver, brain and

kidneys and enhanced antioxidant potential in lungs in comparison to control animals. In plasma no change of TEAC value was

observed. Supplementation with rutin increased antioxidant status of plasma, but TEAC was reduced in kidneys, brain and liver of

smoke-exposed animals when compared to the matched controls. In lung no change in TEAC was found. The results suggest

a complex pattern of influence of tobacco smoke on blood and tissue antioxidant mechanisms. The enrichment of diet with

non-nutrient antioxidant rutin did not result in direct improvement of tissue TEAC with the exception of blood plasma.
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Introduction

Inhalation of cigarette smoke exposes lungs to reac-

tive oxygen species (ROS) and other damaging xeno-

biotics – heavy metals and polycyclic aromatic hydro-

carbons [35]. Free radicals easily react with macro-

molecules of crucial biological significance (DNA,

lipids, protein) and destroy their structure and func-

tion what accelerates ageing and might lead to degen-

erative diseases, including cancer [24, 25]. Certain

portion of ROS is generated in normal human me-

tabolism and the production rate is precisely con-

trolled by specialized system of antioxidant defence

[23]. This well-balanced ROS synthesis is impaired by

inflammatory events, where activated macrophages and

neutrophils upon contact with pro-inflammatory stimuli,

84 �����������	��� 
������ ����� ��� �����

�����������	��� 
�����

����� ��� �����

	

� ��������

��������� � ����

�� 	�������� �� �� �! "�#���

��#��� $" %�!� �� 
"���"��



release substantial amounts of aggressive oxygen- and

nitrogen-centered radicals [15].

Natural antioxidant defence system involves en-

zymes (superoxide dismutase, catalase, glutathione

peroxidase), other proteins (albumin, ferritin, cerulo-

plasmin) and numerous smaller molecules (e.g. re-

duced glutathione, �-tocopherol, �-carotene, biliru-

bin, uric acid) of various modes of action. Antioxidant

molecules counteract ROS and diminish their delete-

rious effects [16, 43]. This protective barrier can be

enhanced by the use of antioxidant micronutrient (vi-

tamins C, E, �-carotene) and non-nutrient ingredients

of edible plants, like polyphenols. Polyphenol sub-

group of chemicals, flavonoids, is the extensively ex-

amined group of antioxidants [7, 8, 26, 30, 36, 44,

45]. The protective role of flavonoids involves several

mechanisms of action: direct antioxidant effect, inhi-

bition of enzymes of oxygen-reduction pathways and

sequestration of transient metal cations [8, 36, 37].

Epidemiologic and experimental data support the hy-

pothesis on cancer prevention via interference with

the biochemical and molecular basis of carcinogene-

sis with functional food components [21]. Valuable

chemopreventive features of non-nutrients have been

ascribed to diversified activities of flavonoids [33,

39].

Rutin is a flavonol glycoside composed of the fla-

vonol quercetin and disaccharide rutinose. Possible

activities of rutin can be mostly accounted for by the

above described mechanisms, common to the fla-

vonoid group of chemicals [8, 36]. Antioxidant power

of rutin was corroborated by several studies [7, 32],

however, some studies report its pro-oxidant activity

and the ability to generate ROS, ascribed to aglycon

quercetin [8, 28, 40, 42].

The aim of our study was the assessment of total

antioxidant status of plasma and tissues of rats ex-

posed to cigarette smoke and in animals fed on fla-

vonoid rutin.

Materials and Methods

Animals

Female Wistar rats (150 ± 10 g) bread at the Depart-

ment of Toxicology, University of Medical Sciences,

were housed in polycarbonate cages containing hard-

wood chip bedding. A standard pellet diet and water

were available ad libitum. The 12/12 h light/dark cy-

cle was maintained throughout the study. After 14 days

of acclimatization, the rats were randomized and di-

vided to four groups of 8 animals each: controls, rutin

receiving group (control/rutin), animals exposed to to-

bacco smoke, and group exposed to tobacco smoke

and receiving rutin (tobacco/rutin).

Cigarette smoke exposure

Animals in the tobacco smoke and tobacco/rutin

groups were exposed in the dynamic toxicological

chamber [11] to the smoke generated from Polish

brand of cigarettes without a filter tip. The concentra-

tion of the tobacco smoke inside a chamber was con-

tinuously monitored as the CO concentration and was

maintained at the level of 1500 mg CO/m� of air. The

oxygen concentration was kept at the level of 20 ± 0.5%

of the air volume. In the chamber, the air was ex-

changed 10 times per hour and the temperature and

humidity were maintained at the standard level. Ani-

mals were exposed to tobacco smoke for 6 h per day,

for 5 days a week during 3 weeks.

Rutin administration

Aqueous solution of rutin was daily given by a gavage

to control/rutin and tobacco/rutin groups at a dose of

40 mg/kg. The rutin administration started 2 weeks

before smoke exposure and was maintained during

the smoke exposure period. Rats in control and to-

bacco smoke-exposed groups were given by a gavage

equal amounts of distilled water.

After the last day of exposure, the animals were

separately placed in metabolic cages where the urine

was collected over the period of 24 h for the determi-

nation of cotinine, the biomarker of nicotine metabo-

lism. Then all the animals were killed by decapitation.

Blood was collected by heart puncture for the serum

separation, and lungs, kidneys, brains and livers were

removed, rinsed with 0.9% NaCl, suspended in 0.5 M

potassium phosphate buffer (pH 7.5) and homoge-

nized in a Potter-Elvehjem homogenizer with a Teflon

pestle. The homogenates were frozen at –80°C until

analysis.

The protocol of animal experiment was approved

by the Local Ethics Commission for Animal Studies

in Poznañ.
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Chemicals

Rutin was a generous gift from GlaxoSmithKline

Pharmaceuticals S.A. (Poznañ, Poland), ABTS – 2,2’-

azinobis(3-ethylbenzothiazoline-6-sulfonate), sodium

persulfate were purchased from Sigma-Aldrich (St.

Louis, MO, USA), Trolox (water-soluble vitamin E

analogue) – 6-hydroxy-2,5,7,8-tetramethylchroman

2-carboxylic acid was from Randox (Crumlin, Great

Britain) and all other chemicals were supplied by

standard chemical suppliers.

Analytical methods

Cotinine content in the urine was quantified by HPLC

method as previously described [12]. Total antioxi-

dant status was measured in serum and tissue ho-

mogenates as Trolox Equivalent Antioxidant Capacity

(TEAC), with the modification of ABTS-cation-

radical method [1]. In plasma and tissue samples, pro-

tein was determined according to the Lowry et al.

method [29]. The obtained results were expressed as

mmol TEAC/mg of protein and data were statistically

assessed with the ANOVA and chi� test.

Results and Discussion

Much epidemiologic data focus on links between en-

vironmental toxins, antioxidant status and risk of

chronic diseases. In humans, cigarette smoking has

long been known to be a major risk factor for cardio-

vascular disease, obstructive pulmonary diseases and

carcinogenesis [18, 20]. In recent years, many experi-

mental studies have used the animal model of ciga-

rette smoke exposure for the assessment of toxic ef-

fects and impairment of antioxidant/pro-oxidant bal-

ance and its impact on health status [4–6, 22, 24, 27,

41].

In our study, exposure of rats to the tobacco smoke

at 1500 mg CO/m� of air corresponds to heavy rate of

exposure, as carboxyhemoglobin concentration in

blood reached approximately 1/3 of total hemoglobin

content [14]. The degree of exposure was also con-

firmed by the cotinine excretion as the smoke-treated

animals excreted cotinine, the major nicotine metabo-

lite, at the concentration of 8.5 ± 3.6 �g/ml of urine

(tobacco/rutin) and 13.2 ± 5.7 �g/ml of urine (tobacco

smoke-exposed animals) against 0 �g/ml measured in

control and control/rutin groups. The mean values of

cotinine concentration in both groups did not differ

statistically, suggesting that rutin does not affect the

inhaled nicotine metabolism.

Figure 1, panels from A to E present the values of

initial total antioxidant status in tissues and blood

plasma. In control rats, these results form a complex

and heterogeneous pattern. Lung tissue TEAC (panel B)

in controls was relatively low (0.0304 ± 0.0019 mmol/mg

of protein) in relation to liver (panel C) and brain,

panel E (0.0746 ± 0.0159 and 0.0771 ± 0.0198 mmol/mg

of protein, respectively). Plasma (panel A) revealed

slightly lower TEAC than lungs (0.0236 ± 0.0030

mmol/mg of protein) and in kidneys (panel D), 0.0447

± 0.0091 mmol/mg of protein.

In our experiments, the exposure of rats to cigarette

smoke increased the TEAC (a summarized antioxi-

dant potential) in lungs in comparison to control ani-

mals (Fig. 1, panel B). Lungs are an area of the first
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contact with the inhaled toxins and ROS, where the

supposed mobilization of defence mechanisms oc-

curs. Thus, lung tissue is exposed to free radical at-

tack emerging from the exogenous source and from

phagocytes, which normally reside in lungs, yet ciga-

rette smoke inhalation causes recruitment of further

cell populations and their pro-inflammatory activation

[22]. Lung tissue possesses an efficient antioxidant

defence system against environmental free radicals

and other chemical and particulate toxins and against

ROS. This organ is rich in low molecular weight anti-

oxidants: uric acid, ascorbic acid and glutathione [24].

Due to variations in the exposure protocols and the as-

sessments of particular antioxidants in tissues, the re-

sults obtained in several studies are not quite conclu-

sive [4, 5, 22, 24, 41]. Würzel et al. found no differ-

ence in the lung content of vitamin E, ascorbic acid,

GSH, malondialdehyde (MDA) and protein carbonyls

in rats exposed to cigarette smoke in comparison to

the matched controls, however, the concentration of

�-tocopheryl quinone was elevated in the smoke-

exposed animals [41]. Chow reported on the rise in

the superoxide dismutase activity and accumulation

of vitamin E in lungs of rats chronically exposed to

smoke which was probably caused by the mobiliza-

tion of tocopherol from other tissues and organs [6].

This antioxidant and lipophilic molecule can be stored

in lung tissue rich in phospholipid membranes. These

data suggest a metabolic adaptation of the antioxidant

defence mechanisms to stress evoked with the ciga-

rette smoke exposure. Vitamin E shift may be respon-

sible for the elevated lung tissue TEAC of the smoke-

exposed rats, and significant diminishment of total

antioxidant status, measured in kidneys, livers and

brains of these animals may result from vitamin E

depletion in their organs (Fig. 1, panels C, D, E). The

involvement of other antioxidant molecules cannot be

excluded, as in animal tissues uric acid is predomi-

nantly responsible for the total antioxidant status

measured as ABTS-radical cation reduction and glu-

tathione also contributes to this reaction [3, 35].

Toxins and ROS, inhaled into lungs, reach other or-

gans via blood plasma, where antioxdant uric acid, al-

bumin and bilirubin are the main contributors to the

TEAC [3, 31, 35]. Low plasma TEAC measured in

controls did not seem to depend on higher levels ob-

served in liver and did not differ from the level ob-

tained in the smoke-exposed group of animals (Fig. 1,

panels A,B, C, D, E). As uric acid is supposed to pro-

vide 1/3 of plasma reduction potential towards

ABTS-radical cation, a low TEAC value found in

plasma may result from its transformation into alan-

toin which is common pathway in rodents. Rats are

capable of synthesizing ascorbic acid, but this hydro-

philic antioxidant has little contribution to the reduc-

tion of ABTS-radical cation [3, 35], and our earlier

studies did not show clear differences in the plasma

vitamin C content in rats exposed to smoke and con-

trol animals [13]. Edes et al. [10] found no change in

a vitamin A level in plasma of rats exposed to ciga-

rette smoke, however, in tissues of these animals

a significant vitamin A depletion was found. Authors

hypothesize that metabolism of carcinogenic ben-

zopyrene, present in cigarette smoke, accelerates en-

zymatic degradation of vitamin A in tissues, despite

proper dietary supplementation and plasma level.

This hypothesis may partially explain the lower

TEAC value in kidneys, brains and livers from the

animals exposed to smoke when compared to the rate

measured in controls and found in lungs (Fig. 1, panels B,

C, D, E). However, Helen and Vijayammal report on vita-

min A and GSH enhancement in livers of smoke-exposed

rats, although they measured a significant decrease in he-

patic vitamins E and C contents and diminishment of su-

peroxide dismutase and catalase activities [17].

The pro-oxidant signals and toxins reach other

body organs after partial inactivation and transforma-

tion in lungs. Probably, these other organs express

smaller antioxidant potential, which undergoes deple-

tion upon chronic contact with cigarette smoke toxins

and ROS, and is not so efficiently rebuilt as in lungs,

or antioxidants from these tissues are rapidly moved

to lungs, to provide enhanced antioxidant protection

upon contact with smoke [6]. Moreover, some toxins

may be metabolically activated by isoforms of cyto-

chrome P450 present in lungs, to more aggressive me-

tabolites, which overcome the individual antioxidant

potential.

Our results showed that significantly higher TEAC

of plasma of smoke-exposed rats receiving rutin when

compared to group of animals exposed to tobacco

smoke alone may reflect the influence of dietary anti-

oxidant non-nutrient supplementation on total antioxi-

dant status, but in matched controls no difference was

found (control animals vs. control/rutin group). Rutin

is slowly absorbed from the small intestine [40]. Its

activity is mainly due to its aglycone quercetin to

which it is metabolized following ingestion, and after

hepatic turnover of this molecule, in plasma beside

rutin some its water-soluble forms (sulfates, glucu-
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ronides) appear [19, 34]. Thus, the elevated plasma

TEAC in rutin and smoke-exposed rats may indicate

that the rate of metabolism of rutin glycoside is a meta-

bolic adaptation to oxidative stress.

The TEAC values in tissues of control rats receiv-

ing rutin (control/rutin group) were very diverse (Fig. 1,

panels B, C, D, E). In kidneys only the dietary anti-

oxidant augmented the total antioxidant status and in

livers TEAC was greatly reduced. There was no dif-

ference in pulmonary TEAC between control and

control/rutin groups of rats and in the brains, a slight

diminishment of TEAC was observed. Moreover,

contrary to expectations, the rutin impact on tissue an-

tioxidant status showed significant diminishment in

TEAC values measured in lungs, kidneys and brains

of smoke-exposed animals, in comparison to the

matched controls (Fig. 1, panels B, D, E). Most stud-

ies on dietary antioxidant supplementation in smoke-

exposed rats focuses on antioxidant vitamins, and the

enhanced protection against oxidative stress upon ad-

ministration of L-ascorbate, �-tocopherol and �-car-

otene was reported [4, 5, 10, 17, 27, 38 ]. The ob-

served effect may result from metabolic reaction to

this flavonoid and its aglycone, quercetin in the ciga-

rette smoke-exposed animals. Under some circum-

stances, rutin was reported to be a pro-oxidant agent:

in the presence of oxygen it was capable of reducing

Fe (III) to Fe (II) and Cu (II) to Cu (I) and to generate

hydrogen peroxide, superoxide radical and singlet

oxygen [40, 42]. The examined animal tissues contain

transient metal cations and can create the environment

facilitating production of ROS.

In summary, we conclude that total antioxidant

status is strongly dependent on the exposure to ciga-

rette smoke. The results from animal studies of rate of

exposure, should be carefully extrapolated to humans,

as animals are passive-smokers only. The increased

�-carotene consumption increased cancer incidence in

smoking humans indicating that antioxidant dietary

supplementation is sometimes not so beneficial as

supposed [2]. Greater attention should be focused on

plant non-nutrients and their complex roles in healthy

and intoxicated living organisms.
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