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Abstract

Objective Reactive oxygen species (ROS) induced by

exogenous toxicants are suggested to be involved in car-

cinogenesis by oxidative modification of DNA. 8-Hy-

droxyl-2-deoxyguanosine (8-OHdG) has been considered

as a reliable biomarker for oxidative DNA damage both

in vivo and in vitro studies. But the effect of smoking on

oxidative damage has not yet been fully elucidated.

Methods Wistar rats were exposed to cigarette smoke at

concentrations of 20 and 60 % for 30 min, twice/day for

45 weeks. Then the histopathology of lung tissues, levels

of ROS, 8-OHdG, and total antioxidant (T-AOC), expres-

sion of DNA repair enzymes, e.g. 8-oxyguaine DNA gly-

cosylase (OGG1), and MutThomolog 1 (Oxidized Purine

Nucleoside Triphosphatase, MTH1) were determined in

urine, peripheral blood lymphocytes, and lung tissue.

Results The results showed that long-term cigarette

smoke exposure can cause obvious damages of lung tissue

in rats. In addition, a significant and cigarette smoke con-

centration-dependent increase in ROS and 8-OHdG were

observed compared with the non-exposed control rats. In

contrast, the expression of OGG1 and MTH1, and T-AOC

levels were obviously decreased after long-term exposure

to cigarette smoke.

Conclusion These findings indicate that long-term expo-

sure to cigarette smoker increases ROS levels, decreases

total antioxidant capacity, and interferes DNA repair ca-

pacity that eventually induces oxidative DNA damage,

which appears to play an important role in cigarette smoke-

induced lung injury in rats, and determination of 8-OHdG

levels might be a useful method for monitoring oxidative

damage in cigarette smokers.

Keywords Cigarette smoke � Rats � 8-Hydroxy-
deoxyguanosine � Reactive oxygen species � Oxidative
stress

Introduction

Cigarette smoking has been identified as the second leading

risk factor for death from any cause of the world [1]. It is

widely acknowledged that cigarette smoking is also the

most important risk factor for lung cancer which is con-

sidered as one of the most malignant tumors with the

highest incidence and mortality among others [2]. How-

ever, the mechanism of carcinogenesis by cigarette smok-

ing is still not fully understood. It is well known that

cigarette smoke contains large amounts of reactive oxygen

species (ROS) [3, 4], and ROS-induced oxidative DNA

damage has been reported to play a major role in lung

cancer [5].

8-Hydroxyl-2-deoxyguanosine (8-OHdG), a major by-

product of hydroxyl radical attack on DNA, is considered

as a reliable biomarker for oxidative damage, because it

can be quantitated with high sensitivity [6–10]. Besides,

numerous studies provide evidence showing that 8-OHdG

is also a key biomarker relevant to carcinogenesis [11–13].

More importantly, significantly increased levels of
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8-OHdG were observed in the urine of smokers [14]. But

the relationship between 8-OHdG level and lung damage

induced by cigarette smoke inhalation remains to be further

investigated.

In the present study, rats were exposed to different

concentrations of cigarette smoke and the levels of reactive

oxygen species (ROS), 8-OHdG, expression of DNA repair

enzymes, viz., 8-oxyguaine DNA glycosylase (OGG1), and

Mut Thomolog 1 (MTHa), as well as total antioxidant (T-

AOC) levels were determined in the urine, peripheral blood

lymphocytes, and lung tissue to assess the extent of ox-

idative damage induced by long-term cigarette smoke

exposure.

Materials and methods

Animals and chemicals

All animal handling procedures were reviewed and ap-

proved by the animal care/user ethical committee of Soo-

chow University, Suzhou City, PR China. 8-week-old

Wistar rats weighing 100 ± 10 g were (obtained from the

Shanghai Laboratory Animal Center of the Chinese

Academy of Medical Sciences, Shanghai, China) housed in

a facility which maintained 22 ± 1 �C, 50 ± 5 % relative

humidity and a 12 h light–dark cycle. All animals were

provided with food and water ad libitum during the course

of the experiment.

Cigarette smoke and exposure

A smoking apparatus (Model BT00-300; Changhe pump;

China dynamic inhalation contamination equipment, Chi-

nese Academy of Military Medical Sciences, Beijing,

China) and commercially available cigarettes made by

‘Great Gate’ in China were used to generate the smoke

which was pumped into the inhalation chambers (Chinese

Academy of Military Medical Sciences, Beijing, China).

The exposure method was performed as described previ-

ously [15]. Briefly, a smoke sensor was set inside the

chamber to detect the smoke concentration and to transmit

it through a computer. The rats were exposed inside the

chamber twice daily for 30 min each with a 4-h interval

between exposures, and each time, 4–5 cigarettes (low

concentration group) or 9–10 cigarettes (high concentration

group) with a declared content of 13 mg tar, 1.4 mg ni-

cotine, and 14 mg CO were consumed. The smoke con-

centration in the chamber was controlled using computer

software (Kingview 6.03, China) at 20 and 60 % (the ratio

of smoke volume to whole air volume in the chamber) for

the two smoking groups defined as the low- and high-

concentration group. The oxygen ratio in the chamber was

set as 21 %. The exposures were conducted from Monday

to Friday every week and lasted for 45 weeks. The control

animals were exposed in the same exposure setup for the

same time but without smoke.

Sample collection

For each rat, 24-h urine samples were collected on the fifth

day of 5, 15, 25, and 45 weeks using metabolic cages. At

the end of exposure, all animals were euthanized using

chloral hydrate (1 ml/100 g body weight), peripheral blood

was collected, lymphocytes separated using Ficoll regent,

and serum was separated from whole blood by centrifu-

gation at 3000g for 5 min. The left lung was removed and

lavaged thrice with 0.9 % NaCl. The obtained bron-

choalveolar lavage fluid cells (BALF cells) were cen-

trifuged at 800g for 5 min. The right lung was excised for

pathological examination. All samples were stored at

-80 �C until detection.

Histopathology of lung tissues

The right lung was excised and fixed in 4 % phosphate-

buffered paraformaldehyde, embedded in paraffin wax, 10

micron sections were stained with hematoxylin and eosin

(H&E) for pathological observation, and a modified ver-

sion of Masson trichrome stain was used to assess the de-

gree of fibrosis.

ROS detection

The ROS levels in BALF cells were determined by confocal

laser scanning microscopy (CLSM) using 10 lmol/l 20,70-
dichlorofluorescein-diacetate (DCFH-DA). In brief, cells

were incubated at 37 �C with DCFH-DA for 90 min and

washed with phosphate-buffered saline. Two hundred mi-

croliters of the cell suspension was used to determine ROS.

The mean fluorescence intensity indicated the ROS levels.

Antioxidant capacity measurement

The total antioxidant capacity (T-AOC) in serum and

BALF cells was determined using commercial T-AOC kits

(Nanjing Jiancheng Biotechnology Inc., China) according

to the manufacturer’s protocol.

Measurement of 8-OHdG in urine, lymphocytes,

and lung tissue

For urine samples, a part of each urine samplewas centrifuged

at 4000 rpm for 20 min, the supernatants of urine samples

were collected and examined for their concentration of

8-OHdG. For lymphocytes and lung tissue samples, whole
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DNA was extracted from 106 lymphocytes and from 100 mg

of lung tissue. Approximately 500 ng of extracted DNA was

digested with nuclease P1 (1 U) and acid phosphatase (1 U) in

a 10-mM sodium acetate solution. After incubation at 37 �C
for 90 min, the mixture was centrifuged twice at 10,000g for

15 min and the supernatant collected. All supernatants were

used to measure the 8-OHdG level using 8-OHdG ELISA kit

(Uscnlife Life Sciences, Inc.) according to the manufacturer’s

protocols. The sensitivity limit of this ELISA system was

46.875 pg/ml of 8-OHdG, and its determination ranged from

78.125 to 5000 pg/ml. The creatinine level in urine samples

was measured by a two-point assay and used for 8-OHdG

correction. Each sample was measured in duplicate and the

level of 8-OHdG in lymphocytes and lung tissue samples was

represented in pg/mg DNA and ng/mg DNA, respectively.

OGG1 and MTH1 detection

Approximately 100 mg of left lung tissue was used for total

RNA extraction following the instructions in a commercial

kit (Trizol�, Invitrogen). The extracted RNA was recovered

by isopropyl alcohol precipitation and resuspended in di-

ethyl pyrocarbonate water (OD260/280, 1.75–1.8). The ex-

pression levels of OGG1 and MTH1 were determined from

50 ng total RNA using RT-PCR technique (MyCyclerTM

Thermal cycler; Bio-RadInc., USA). b-actin was used as the
standard control. The sequences of the oligonucleotide

primers used were as follows:

OGG1 (356bp),

Sense: AACATTGCTCGCATCACTGGC,

Antisense: GATGTCCACAGGCACAGCCTG;

MTH1 (165bp),

Sense: AGCACCTCCAGGCTTTATAC,

Antisense:ACTGAGGGCGCATTTCTTCA;

b-actin (405bp),

Sense: TCAGGTCATCACTATCGGCAAT,

Antisense: AAAGAAAGGGTGTAAAACGCA

OGG1 RT-PCR was conducted for 5 min at 94 �C for

reverse transcription, 35 cycles of 1 min at 94 �C, 1 min

at 60 �C, and 1 min at 72 �C. MTH1 RT-PCR was con-

ducted at 5 min at 94 �C for reverse transcription, fol-

lowed by 30 cycles, for each cycle, 30 s at 94 �C, 1 min

at 55 �C, and 2 min at 72 �C. b-actin RT-PCR was am-

plified as follows: 3 min at 94 �C for reverse transcrip-

tion, 30 cycles of 30 s at 94 �C, 30 s at 55 �C, and 1 min

at 72 �C. The amplified PCR products were visualized by

Fig. 1 Photomicrographs of the lung tissues of the control rats (a, b) and those exposed to cigarette smoke (c–f). The tissue sections were stained
with hematoxylin and eosin (H&E). a, c, e: magnification 9100; b, d f: magnification 9400
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GelRed staining and quantified with a gray scale scanner

linked to software (Bandleader3.0, Magnitec Co.). The

values were normalized against the b-actin standard, and

the relative expression levels were calculated.

Statistical analysis

The t test and one-way ANOVA were performed using

SPSS software (version 11.0, SPSS Inc., Chicago, IL,

USA) to test the difference of the results among groups.

The figures were constructed using GraphPad Prism 5

software (GraphPad Software, San Diego, CA, USA).

Results

Pathological observation of lung tissue in rats

after exposure to cigarette smoke

Photomicrographs of lung tissue sections of un-exposed

control animals and rats exposed to low (20 %) and high

(60 %) cigarette smoke concentrations stained using H&E

and Masson trichrome are presented in Figs. 1 and 2. In

H&E stained sections, large amount of vacuoles, goblet

cell hyperplasia, mucus secretion, inter alveolar septum

breakage, and inflamed lymphocytes in the alveolus

interval were observed in lung tissue of rats exposed to low

(20 %) concentrations of cigarette smoke (Fig. 1c, d). In

lung tissue of rats exposed to high (60 %) concentrations of

cigarette smoke, large amounts of inflammatory cells and

vacuoles could be seen with enlarged and irregular cell

nucleoli and collagen fibers filled in the interstitium of the

alveolus. In addition, hyperemia in the alveolus interval

and pulmonary edema were apparent, and the alveolar in-

terstitium also became thicker (Fig. 1e, f). In Masson tri-

chrome staining sections, compared with the control group,

rats exposed to 20 and 60 % concentrations of cigarette

smoke showed excessive collagen fibers (blue staining),

filling in the alveolar interstitium, septal thickening, and

peribronchial edema (Fig. 2c–f, respectively).

Changes of ROS and T-AOC in rats after exposure

to cigarette smoke

As shown in Fig. 3a, there was an obvious concentration-

dependent increase in ROS levels (indicated by increased

fluorescence intensity) in BALF cells of rats exposed to

cigarette smoke compared with controls. On the contrary,

the T-AOC activity showed a concentration-dependent

decrease both in serum and BALF cells of rats exposed to

low (20 %) and high (60 %) concentration of cigarette

smoke compared with control group (Fig. 3b).

Fig. 2 Histomorphology of the lung tissues of the control rats (a, b) and those exposed to cigarette smoke samples (c–f). Tissue sections were

stained with Masson trichrome. a, c, e: magnification 9100; b, d, f: magnification 9400
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8-OHdG levels in the urine, lymphocyte, and lung

tissue

The results obtained on the 8-OHdG levels in the urine of

rats exposed to low (20 %) and high (60 %) cigarette

smoke concentrations are presented in Fig. 4a. Compared

with un-exposed control rats, a significant and cigarette

smoke concentration-dependent increase in 8-OHdG levels

was observed after exposure for 5, 15, 25, and 45 weeks;

however, no obvious time-dependent changes of 8-OHdG

were found in rats after cigarette smoke exposure. Similar

to urine results, the 8-OHdG levels in peripheral blood

lymphocytes and lung tissue were also increased in a

concentration-dependent manner after 45 weeks exposure

to cigarette smoke (Fig. 4b).

OGG1 and MTH1 mRNA expression in lung tissue

The expression levels of OGG1 and MTH1 measured by

RT-PCR are presented in Fig. 5. The data indicated a

significant down-regulation of OGG1 and MTH1 in rats

exposed to low (20 %) and high (60 %) concentrations of

cigarette smoke compared with unexposed control rats. The

change of OGG1 was insignificantly different between low

and high smoke concentration groups, whereas the MTH1

expression was significantly lower in high smoke concen-

tration group (60 %) compared with low smoke concen-

tration group (20 %).

Discussion

It is well known that cigarette smoke contains thousands of

different toxic substances such as free radicals, polycyclic

aromatic hydrocarbons, aromatic amines, and tobacco-

specific nitrosamines, etc., which are mainly metabolized

in the lung and bronchus epithelium cells as an important

step of lung carcinogenesis [16–18]. Epithelial cells in

airway passage are directly exposed to cigarette smoke and

hence are targets for cigarette smoke-induced damage. The

pathological examination of right-lung tissue in rats

Fig. 3 ROS levels a in broncho alveolar lavage fluid (BALF) cells in

lung and T-AOC activity, b in broncho alveolar lavage fluid (BALF)

cells in lung and serum of rats after exposure to cigarette smoke.

*p\ 0.05, compared with control group

Fig. 4 Changes of 8-OHdG levels in rats after exposure to cigarette

smoke. a 8-OHdG levels in urine of rats after exposure to cigarette

smoke for different weeks. b 8-OHdG levels in lymphocytes and lung

tissue of rats exposed to cigarette smoke. *p\ 0.05, compared with

control group
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exposed to cigarette smoke showed several abnormalities

indicating smoke-induced lung injury.

Reactive oxygen species (ROS) generated in the smoke

play an important role in carcinogenesis in lung cancer

patients [5]. Carcinogenesis is a multi-step process in-

volving initiation, promotion, and progression. Initiation is

a step where increased ROS are produced exogenously by

exposure to toxic chemicals/agents (or endogenously in

normal physiological processes) which induces DNA ox-

idative damage in a normal cell, resulting in chromosome

instability, mutations in critical genes, and ultimately car-

cinogenesis [19]. In the present study, ROS in the BALF

cells of rats exposed to low and high concentrations of

cigarette smoke were increased significantly with a corre-

sponding decrease in T-AOC compared to that in un-ex-

posed control rats. These results suggested that ROS in

cigarette smoke might disturb the balance between oxidant

and antioxidant status resulting in decreased anti-oxidative

capability and eventually inducing DNA oxidative damage

in cigarette smoke-exposed rats.

The relevance of 8-OHdG is considered as the best

characterized oxidatively damaged DNA lesions and a re-

liable biomarker for oxidative stress. Over 100 of such

adducts have been identified in an oxidatively stressed cell

[20, 21]. Increased levels of 8-OHdG levels in blood and

various tumor tissues have been reported in several animal

carcinogenic studies [22, 23]. In the current study, when

rats were exposed to low (20 %) and high (60 %) con-

centrations of cigarette smoke for 45 weeks, a significant

and cigarette smoke concentration-dependent increase in

8-OHdG levels was observed in peripheral blood and lung

tissues compared to those in unexposed control rats, which

was consistent with those earlier reports [22, 23]. In ad-

dition, the same trend of variability was also found be-

tween 8-OHdG levels and ROS levels in serum and lung

tissue of cigarette smoke-exposed rats. These observations

further confirmed that oxidative DNA damage occurred in

rats after long-term cigarette smoke exposure. It is worth

mentioning that the 8-OHdG level in lung tissue was sig-

nificantly higher than that in urine and peripheral blood

lymphocytes, which may be due to that lung is a direct

target organ for cigarettes smoke inhalation while urine and

peripheral blood lymphocytes are exposed to cigarette

smoke in an indirect way. It has been reported that most of

the effects of smoking were observed in tissue or blood but

poorly in urine. In those studies, little difference was found

in urinary 8-OHdG between smokers and normal indi-

viduals [24]. Our studies demonstrated that 8-OHdG levels

in urine showed cigarette smoke concentration-dependent

increase but not a time-dependent manner, which indicated

that the concentration of 8-OHdG in urine might have been

saturated after continuous exposure to cigarette smoke for

5 weeks; therefore, urinary 8-OHdG may be a useful

biomarker for short-term cigarette smoke exposure but not

for long-term exposure. And this result suggested a new

view in exploring smoke exposure.

DNA damage induced by exogenous toxicants could

alter signaling pathways, leading to up- and/or down-

regulation of several genes which encode key DNA repair

proteins which maintain the integrity of DNA, such as

OGG1, MTH1, and APE1. These genes are also reported to

be associated with the carcinogenesis process [25–27]. In

mammals, OGG1 is responsible for the removal of

8-OHdG adducts. Human mutT homologue (hMTH1),

8-hydroxy-20-deoxyguanosine-50-triphosphate pyrophos

phohydrolase (8-OH-dGTPase) degrades 8-OH-dGTP to

8-OH-dGMP and pyrophosphate. 8-OH-dGTP can be

formed from the direct oxidation of dGTP or the phos-

phorylation of 8-OH-dGDP [28]. 8-OH-dGTP can then be

used as a substrate by DNA polymerases, which can pair

with adenine and cytosine with equal efficiency to induce

transversion mutations [28–31]. 8-OHdG accumulation in

mammalian cells is prevented by the base excision repair

enzymes OGG1, MYH and NEIL1, and by MTH1, an

enzyme that removes 8-hydroxy-dGTP from the intracel-

lular nucleotide pool [32]. In the present study, rats ex-

posed to cigarette smoke had decreased levels of OGG1

and MTHa, indicating that cigarette smoke exposure may

Fig. 5 mRNA levels of OGG1 and MTH1 in rats after exposure to

cigarette smoke detected by RT-PCR. *p\ 0.05, compared with

control group
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further enhance oxidative damage by interfering with DNA

repair capacity.

In conclusion, the present study provides evidence

suggesting that long-term exposure to cigarette smoke in-

creases ROS levels, decreases total antioxidant capacity,

and interferes DNA repair capacity that eventually induces

oxidative DNA damage, which appears to play an impor-

tant role in cigarette smoke-induced lung injury in rats, and

determination of 8-OHdG levels might be a useful method

for monitoring oxidative damage in cigarette smokers.
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