
INTRODUCTION

More than 4000 constituents have been identified in 
tobacco smoke (Dube and Green, 1982). Also, the 
addition of ingredients, which are often complex 
chemical mixtures themselves, can either cause an 
increase or decrease in content of one or more of 
the smoke’s constituents (Rustemeier et al., 2002) 
or else result in the formation of new constituents 
(Kapfe et al., 1989). This raises questions of toxic-
ity control. The main toxicity of tobacco products 
and nicotine is through vast production of reactive 
oxygen species (ROS) in humans. Reactive oxygen 
species have been found to increase in mainstream 
smoke (Huang et al., 2005; Ou et al., 2006) and 
may produce inflammatory mediators (Facchinetti 
et al., 2007). Tobacco smoke contains free radicals 
and some published data indicate that their amount 
in one puff of smoke could be as high as 1017. 

Among those in the gas phase, there are at least 10 
low-molecular-weight carbon- and oxygen-centered 
radicals, plus nitric oxide (NO) and nitric dioxide 
(NO2). Tar contains a semiquinone radical that can 
reduce oxygen to superoxide and hence hydrogen 
peroxide and the hydroxyl radical (Pryor, 1997).

All aerobic biological systems produce free radi-
cals, predominantly superoxide formed as a byprod-
uct of electron transport in the mitochondria dur-
ing the reduction of molecular oxygen. It has been 
estimated that 1% of respired oxygen will form O2

-. 
Based on the average daily cell utilization of O2

-, it 
has been estimated that approximately 1011 super-
oxide radicals are produced each day in a cell. The 
production of radicals is heightened in the brain due 
to high oxygen metabolism in the neurons. While 
most of these radicals are sequestered in the mito-
chondria, oxidative insult can be exacerbated by age, 
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metabolic demand, and disease (Smith et al., 1992; 
Manton et al., 2004). The principal metalloenzymes 
responsible for cellular regulation of reactive oxygen 
are the Mn and CuZn superoxide dismutases (SOD2 
and SOD1, respectively), which remove superoxide 
by converting it to hydrogen peroxide. Removal of 
ROS such as hydrogen peroxide in mitochondria 
requires removal of electrons by a functional Krebs 
tricarboxylic acid cycle. Superoxide dismutase (SOD) 
is therefore considered the primary defense against 
the buildup of reactive oxygen because it removes 
O2

-, the initial form of metabolically produced reac-
tive oxygen (Smith et al., 1992). Antioxidants and 
antioxidant enzymes present in the human body can 
be successful in preventing the toxic effects of free 
radicals, provided the number of cigarettes smoked 
per day is not too high. So how can we reduce the 
load of ROS in order to simulate lower consump-
tion of cigarettes? We here present a patented, novel 
method of tobacco treatment by the use of specific 
pulse electromagnetic waves (PEW). The biomark-
ers of oxidative stress analyzed in this study are the 
activities of superoxide dismutase and glutathione 
peroxidase, which represent the first line of cellu-
lar defense against free radicals. Assessment of the 
concentration of malondialdehyde (as an index of 
lipid peroxidation) in rat plasma, which indicates 
the amount of tissue damage, is also included. In 
addition, a variety of biomarkers of tobacco smoke 
exposure were evaluated. Thiocyanate and carboxy-
hemoglobin (CHb) in blood, urine, and saliva have 
been used to distinguish smokers from nonsmokers 
(Jarvis et al., 1983, 1987; Benowitz, 1999). In this 
study, we assayed the concentration of thiocyanates 
and carboxyhemoglobin in blood as biomarkers of 
exposure to tobacco smoke. To establish possible 
correlation with SOD activity, CHb levels, and thio-
cyanate concentrations, samples of the heart, aorta, 
liver, lung and respiratory tissues, and peripheral 
nerves were evaluated for pathohistological changes 
caused by exposure to cigarette smoke.

Even after 90 days of being exposed to PEW-
treated smoke, rats showed no differential expres-
sion of SOD, malondialdehyde, and glutathione per-
oxidase when compared to the control. These find-
ings were also in concordance with the biomarkers 

of exposure, i. e., there were no increased levels of 
thiocyanate and carboxyhemoglobin from treated 
smoke or any pathohistological findings. However, 
in the group of animals exposed to smoke from 
untreated cigarettes, we found a decrease to 81% of 
control levels of our main antioxidant (SOD), which 
shows that the animals are very vulnerable to the 
effects of smoke and suffer a decrease in their ability 
to cope with reactive oxygen species. This vulner-
ability was clearly emphasized by the presence of 
tissue changes in the lungs, showing initial phases of 
emphysema. We here demonstrate for the first time 
that a novel method using specific pulse electromag-
netic radiation can induce an anti-oxidant effect in 
tobacco.

MATERIAL AND METHODS

1. Test and control article and vehicle information

Whole cigarette smoke was produced from treated 
versus untreated cigarettes. Storage: cigarettes were 
kept at room temperature, protected from direct 
light and humidity. Dosing was prepared by a stan-
dard protocol using an appropriate cigarette smok-
ing machine. Cigarettes were a Macedonian brand 
of middle quality with 13 mg of tar and 2 mg of 
nicotine.

2. Brief description of the method

Patent No. 1092354 (EU patent), USA patent No. 
20040206366, Canada patent No. 2 388 627 (http://
patents.ic.gc.ca/cipo/cpd/welcome.html).

2.1. Brief description

The method belongs to the field of electronic sci-
ence and is applied to the field of the manufacture 
of products deriving from the tobacco plant, such as 
cigarettes, cigars, pipe tobacco, and tobacco in gen-
eral and achieves their qualitative improvement. The 
qualitative improvement is realized through the pul-
satory emission of electromagnetic waves  towards 
the tobacco products. The waves are produced by 
electromechanical or electronic devices (3), are pre-
programmed, and cover wide ranges of wavelengths 
from 1 mm to 11,000 Km, together with their har-
monic frequencies, which are generated by the de-
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vice and emitted either at all wavelengths from 1 mm 
to 11,000 Km or at one or more parts of particular 
areas with controlled potency, controlled application 
time, and controlled application result. The method 
is applied in industries and commercial enterprises 
manufacturing final or intermediate tobacco prod-
ucts, either at the processing stage, after the comple-
tion of their manufacture, or during their storage, 
regardless of the way the materials are packaged. 

2.2. Description of the device

Emission of electromagnetic waves is pro-
grammed not as continual, but in an impulse mode. 
Programmed impulse emission of electromagnetic 
waves towards the treated matter has a constant 
intermittent mode. 

2.3. Description of the emitter and its characteristics

Voltage for the emitter passes through a grid of 
110/240 V. 

Composition:

•	 Stable source of voltage

•	 Main oscillator

•	 Impulse-broad range modulator

•	 Frequency generator

•	 Broad-band amplifier 

•	 Cable

•	 Output antenna

A stable source of 30V/10A voltage on its output 
supplies  a constant output of voltage in conditions 
of  changes in the voltage grid.

The main oscillator determines a working regime 
with very strict and defined conditions and accuracy 
of the frequency signal. The modulator makes possi-
ble suitable coordination of the working regime with 
needs of the output signal.

A well defined and accurate signal provides the 
basis of the working regime of the frequency genera-
tor and is introduced to the broad-band amplifier. 

The broad band is realized in a way to ensure 
unaltered frequency and amplitude of the output 
signal.

The antenna of the emitter is connected with a 
high-quality coaxial cable. The emitter works in a 
regime of from - 40 to 60ºC.

This emitter is adapted for treating tobacco, 
which means it has a frequency range of from 100 
Hz to 2.5 GHz. The output power of the emitted 
signal is 5 W.

3. Experimental animals

The rat is used as a generally accepted rodent species 
for toxicity studies.

We used 100 adult Wistar rats (obtained from 
the animal facility of Galenika Pharmaceuticals, 
Belgrade) of both sexes, aged 10 to 12 weeks and 
with body weights ranging between 180 and 250 
g at the beginning of the study. All animals were 
kept in a ventilated (artificial ventilation with 16 
air changes per hour) room specially designed for 
work with small rodents. The room was not air-
conditioned and had temperatures of from 20 to 
26°C and relative humidity of 55-75%. Animals were 
kept in macrolone cages, five animals per cage, in 
compliance with accepted standards for animal cag-
ing. Sterile woodchips were used for bedding and 
changed twice a week. All animals were fed a stan-
dard pelleted diet for rats, supplied by Vet. Zavod 
Subotica, Serbia. This food was available ad libitum 
throughout the study. Animals were supplied with  
tap water in standard bottles, also available ad libi-
tum throughout the study. Precautions were taken to 
eliminate any possible sources of contamination of 
the food, water, and housing by physico-chemical or 
biological factors that might interfere with the con-
duct of the experiment and its results. All animals 
were observed during a routine veterinary check-up 
prior to their selection and allocation to groups. 

3.1. Animal welfare provisions

This study was conducted in accordance with cur-
rent guidelines for animal welfare. The protocol was 
reviewed by the Institutional Animal Care and Use 
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Committee and complies with accepted standards of 
animal welfare and humane care.

3.2. Experiment design

Allocation to treatment groups:

Animals were randomly allocated to test and 
control groups. The animals were exposed to smoke 
generated from one cigarette at a time. The cigarettes 
were burned one after another, the total number of 
cigarettes per day being 16 or 32, depending on the 
dose group. The exposure period was 90 days. This 
dosing regimen was chosen in order to imitate the 
real situation of human smokers, who are repeatedly 
exposed to the smoke produced from one cigarette at 
a time for several hours a day.

Mean corpuscular hemoglobin concentration 
(MCHC)

Hematocrit (HCT)

Red blood cell count and morphology (RBC)

Mean corpuscular volume (MCV)

White blood cell count (WBC)

Platelet count (PLT)

Hematology analysis was performed at the 
Center for Biomedical Research in a GLP hema-
tological laboratory using an ACTDIFF automatic 
analyzer from Beckmann Coulter.

3.4. Biomarkers of exposure to tobacco smoke

Thiocyanate and carboxyhemoglobin in blood, urine, 
and saliva have been used to distinguish smokers 
from nonsmokers (Jarvis et al., 1987; Benowitz, 
1999). Thiocyanate concentration in blood was 
determined according to the spectrophotometric 
method of Elkins (1951).

The concentration of carboxyhemoglobin in 
blood was determined according to the method of 
Stankovic and Milic (1970).

3.5. Status of biomarkers of oxidative stress

Blood samples were centrifuged at 3000 rpm for 
15 min to remove the plasma and buffy coat (con-
sisting of leukocytes and platelets). Erythrocytes 
were washed three times in buffered saline (0.9% 
saline in 0.01 M phosphate buffer, pH 7.4), and the 
packed cells were suspended in an equal volume of 
buffered saline. The methods used for antioxidant 
status determination were described elsewhere, i. e., 
malondialdehyde (MDA) (Ohkawa et al., 1979) and 
glutathione (GSH) (Beutler et al., 1963) levels, along 
with glutathione peroxidase (GSH-Px) (Paglia and 
Valentine, 1967) and superoxide dismutase (SOD) 
(Beaunchamp and Fridovich, 1971) activities. The 
antioxidant activities of the mentioned enzymes 
were estimated in red cell lyzates. These parameters 
was assayed in blood of control rats and animals 
exposed to cigarette smoke. Blood samples were 
taken at the end of the study on day 90.

Group
Treatment
Number of 
cigarettes

No. of animals per 
dose group

I Control 0 10 ♂ + 10 ♀
II Normal cigarettes 16   10 ♂ + 10 ♀
III Normal cigarettes 32 10 ♂+ 10 ♀
IV Treated cigarettes 16 10 ♂ + 10 ♀
V Treated cigarettes 32  10 ♂ + 10 ♀

During exposure, two groups of cages (four for 
males and four for females) were placed in a gas-tight 
glass exposure chamber with dimensions of 60 x 80 
x 50 cm. A special smoking device was then used to 
introduce the smoke from one cigarette at the time 
(16 or 32 cigarettes per day, one after another) into 
the chamber. After the last cigarette from the test 
groups was burned, the rats were kept in a closed 
inhalation chamber for an additional 15 minutes.

3.3. Blood collection

Blood samples for analysis of biochemical 
parameters were collected on day 90 of the experi-
ment approximately 15 minutes after termination of 
exposure.

3.3.1. Hematology

Values of the following indexes were determined:

Hemoglobin (HGB)

Mean corpuscular hemoglobin (MCH)
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3.6. Sacrifice and post-mortem sampling

All animals were sacrificed by cervical dislocation 
and subjected to standard necropsy procedures. 
The appearance and macroscopic changes of in 
situ organs, mucoses, and serose membranes were 
observed.

3.6.1. Histopathological evaluation

Samples of the heart, aorta, liver, lung, and respira-
tory tissues and peripheral nerves were taken for 
pathohistological evaluation of possible changes 
caused by exposure to cigarette smoke. All samples 
were preserved in 4% aqueous paraformaldehyde 
solution. 

Elastine breakdown/emphysema in smoke-
exposed rats was quantitively measured by mor-
phometric analysis of alveolar mean intercepts and 
alveolar tissue density in fixed lungs.

Briefly, 5-µm sections were cut from midsagit-
tal blocks of paraffin-embedded fixed left and right 
lungs and stained with hematoxylin and eosin, after 
which 10 randomly selected fields were sampled by 
projecting a microscope image of the lung section 
onto a screen. The images were analyzed using the 
Image-Pro Plus for Windows program. Pictures 
were taken with an Olympus dp 12 microscope 
digital camera system. The mean linear intercept, 
as a measure of interalveolar wall distance, and the 
alveolar tissue density were measured as previously 
described (Thurlbeck, 1967a) with slight modifica-
tions as described by Kawakami et al. (1984) and 
Niewoehner (1988). The number of intersections 
of alveolar walls with test lines were counted and 
used to quantitate the mean linear intercept (the 
average distance between alveolar walls). Increased 
average distance was taken as evidence of air space 
enlargement (Thurlbeck, 1967b; Wright and Churg, 
1990; Escolar et al., 1995). The number of test points 
falling on alveolar wall tissue in relation to the refer-
ence lattice was also counted and used to determine 

alveolar wall tissue volume density (% P). Decreas-
ing % P was taken as evidence of lung parenchyma 
destruction (Escolar, 1995). All quantitations were 

corrected for tissue shrinkage during processing.

3.7. Statistics

Data from concurrent controls were used for evalu-
ation of the effects of cigarette smoke exposure. 
Arithmetic means and standard deviations of bio-
metric parameters were calculated for each group 
where appropriate. On the basis of the type of 
distribution for each biometric parameter, appro-
priate statistical tests for significance of differences 
between means such as the Tukey HSD test were 
applied.

RESULTS

There were no mortalities or signs of morbidity, even 
though the animals had been under constant stress 
for 90 days. Animals experienced signs of hyper-sal-
ivation during and/or immediately after exposure. 
This effect has been described in the literature and 
is thought to be a reflex produced by irritation of the 
upper respiratory tract by smoke, rather than a sys-
temic effect of nicotine (Taylor, 1996). There were 
no differences between the effects of normal and 
treated cigarettes in relation to salivation. The data 
presented in Fig. 1 show the weights of male animals 
included in the study. In the group of animals treat-
ed with smoke generated from normal cigarettes, the 
rats gradually lost weight and this effect apparently 
was not dose-related. In the group of rats exposed 
to smoke from 16 treated cigarettes, the animals did 
not lose any weight, which was similar to that of 
control animals. This difference in weight between 
groups of rats treated with 16 normal and 16 PEW-
treated cigarettes was statistically significant (p < 
0.05), indicating only that the rats exposed to smoke 
generated from treated cigarettes resembled control 
animals, while those exposed to 16 and 32 normal 
cigarettes displayed some unspecific signs of toxic-
ity. This effect was observed in both male and female 
rats (data not shown for female rats). Although the 
data were collected individually, for print purposes 
we used average body weight to show changes in 
treated versus untreated groups (Fig. 1). 

The results presented in Table 1 show the hema-
tology data for male and female rat blood samples 
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Fig. 1. Average body weights of male rats during the study. Comparison between experimental groups (16 
cigarettes) shows a statistical difference (p < 0.05) according to the Tukey HSD test.

collected after termination of the experiment on 
day 90. In male rats, exposure to smoke generated 
from normal cigarettes reduced the number of white 
blood cells to about 43% of the control (Table 1). In 
male rats exposed to smoke from treated cigarettes, 

this decrease was to about 60% of the control. These 
results indicate that, owing to their reduced white 
blood cell count, male rats exposed to smoke from 
normal cigarettes could be much more susceptible to 
the influence of environmental factors such as infec-

Table 1. Summary of mean values of hematology data in male rat blood samples collected after completion of the experiment (on day 
90). The numbers represent the mean value derived from 10 animals from the same experimental group. (WBC - white blood cells, 
RBC - red blood cells, HGB - hemoglobin, HCT - hematocrit, MCV - mean corpuscle volume, MCH - mean corpuscular hemoglo-
bin, MCHC - mean corpuscular hemoglobin concentration, PLT - platelets). Units: WBC (109/L), RBC (1012/L), HGB (g/dL), MCV 
(fl), MCH (pg), MCHC (g/dL), PLT (109/L). ap < 0.05 compared to control according to Tukey HSD test, bp < 0.05 compared to 16 
normal cigarettes according to Tukey HSD test.

Group/Males WBC RBC HGB HCT MCV MCH MCHC PLT
Control 9.2 7.67 140 0.410 53.4 18.2 341 640
16 normal cigarettes 4.0a 7.00a 137 0.392 56.0 19.6 350 668
16 treated cigarettes 5.2a 6.11b 129 0.362 59.3 21.1 357 678
32 normal cigarettes 4.2a 7.58 146 0.418 55.2 19.3 350 671
32 treated cigarettes 5.4a 6.5 132 0.371 57.1 20.3 355 683
Group/Females WBC RBC HGB HCT MCV MCH MCHC PLT
Control 8.0 7.05 131 0.381 54.1 18.6 343 718
16 normal cigarettes 6.0 7.48 139 0.393 54.5 18.7 346 656
16 treated cigarettes 5.2 6.39 135 0.376 58.8 21.1 359 696
32 normal cigarettes 6.2 6.50 133 0.374 57.6 20.5 356 719
32 treated cigarettes 6.2 6.56 137 0.379 57.7 20.8 361 675
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Fig. 2. Histological analysis of the lungs from the rats included in the study. A - control animals, B - slight emphysema, C - moderate 
emphysema, D - severe emphysema.

Table 2. Summary of thiocyanates and carboxyhemoglobin in rat blood samples collected after completion of the experiment (on 
day 90). The numbers represent the mean value derived from 10 animals from the same experimental group. SCN# (thiocyanates), 
COHb* (carboxyhemoglobin), ap < 0.05 compared to control according to Tukey HSD test, bp < 0.05 between 32 normal and 16 
normal or 32 treated and 16 treated cigarettes according to Tukey HSD test, cp < 0.05 between 32 treated and 32 normal or 16 treated 
and 16 normal cigarettes according to Tukey HSD test.

Group
Male rats Female rats
SCN#

(µM)
% of
control

SCN
(µM)

% of
control

Control 21.15 100.0 21.22 100.0
16 normal cigarettes 28.54a 134.9 34.78a 163.9
16 treated cigarettes 20.38c 96.4 19.43c 91.6
32 normal cigarettes 33.85a 160.0 34.46a 162.4
32 treated cigarettes 22.59c 106.8 21.28c 100.0

Group
Male rats Female rats
COHb* % COHb* %

Control 2.06 100 1.98 100
16 normal cigarettes 12.30a 597 14.16a 715
16 treated cigarettes 10.40a 504 11.10a, b, c 560
32 normal cigarettes 28.29a, b, c 1373 31.32a 1582
32 treated cigarettes 24.96a, b, c 1211 24.36a, c 1230



V. BAJIĆ et al.360

tions, toxic agents, microorganisms, etc. They also 
indicate that the rats exposed to smoke from treated 
cigarettes could be more resistant to environmental 
factors and in better health than those exposed to 
smoke from normal cigarettes. In female rats, the 
reduction of white blood cell count was about 25% 
in all experimental groups, and there were no dif-
ferences among them that could be attributed to 
dosing regimen (Table 1). There were no differences 
of other hematological parameters (red blood cells, 
hemoglobin, hematocrit, mean corpuscle volume, 
mean corpuscular hemoglobin, mean corpuscu-
lar hemoglobin concentration, and platelets) in 
experimental groups compared to untreated control 
groups of male or female rats.

Biomarkers of exposure to tobacco smoke

Thiocyanates

The results shown in this section represent the most 
important findings in this study. It is well known 
from the literature that thiocyanates and carboxy-
hemoglobin can be regarded as biomarkers of expo-
sure to tobacco smoke (Jarvis et al.,1987; Benowitz, 
1999). In human studies, thiocyanates are one of 
the most important biomarkers for inhalation of 
tobacco smoke (Table 2). 

Rats exposed to smoke generated from normal 
cigarettes showed a dose-dependent increase of 
thiocyanate concentration in blood, and these dif-
ferences were statistically significant compared to 
the control values (i. e., thiocyanate concentration 

in blood of rats not exposed to tobacco smoke). 
However, in rats exposed to smoke generated from 
either 16 or 32 PEW-treated cigarettes, no differenc-
es of thiocyanate concentration in blood were found 
compared to the control animals. These results indi-
cate, at least in relation to this specific biomarker, 
that the rats exposed to smoke from treated ciga-
rettes for 90 days resembled the control animals and 
showed no signs of toxicity and exposure to tobacco 
smoke. This effect was observed in both male and 
female rats to a similar extent.

Carboxyhemoglobin (COHb)

Exposure of rats to smoke generated from both 
normal and treated cigarettes resulted in a dose-
dependent increase of carboxyhemoglobin content 
in blood, and the differences were statistically sig-
nificant compared to the control values (Table 2). 
However, in rats exposed to smoke generated from 
16 or 32 treated cigarettes, the carboxyhemoglobin 
content in blood was significantly lower than in the 
group of animals exposed to smoke from normal 
cigarettes. These results possibly indicate that treat-
ed cigarettes produce less carbon monoxide than 
normal cigarettes. It should be noted that, accord-
ing to published data, after cessation of exposure 
to carbon monoxide, carboxyhemoglobin is rapidly 
converted to normal hemoglobin (oxyhemoglobin) 
within several hours (Klaassen, 1996).

Status of biomarkers of oxidative stress

The results presented in Table 3 show the activi-
ties of superoxide dismutase (SOD) and glutath-

Table 3. Summary of superoxide dismutase (SOD) (U/gHb), glutathione peroxydase (GPx) (U/gHb), and malondialdehyde (MDA, 
µmoles/mg of protein) in rat blood samples collected after completion of the experiment (on day 90). The numbers represent the 
mean value derived from 10 animals from the same experimental group. ap < 0.05 compared to control according to Tukey HSD test, 
bp < 0.05 between 32 treated and 32 normal or 16 treated and 16 normal cigarettes according to Tukey HSD test.

Group 
Male rats Female rats
SOD % GPx % MDA % SOD % GPx % MDA %

Control 1678 100 604 100 115 100 2040 100 602 100 181 100

16 normal cigarettes 1526 90.9  511a 84.6 158 137.4 1563a 76.6 548 91.0 143 79.0

16 treated cigarettes  1363b 81.1 539 89.3 159 138.3 1334a, b 65.4 516a 85.7 167 92.3

32 normal cigarettes  1362b 81.1 512a 84.8 130 113.0   1556a 76.3 548 91.0 162 89.5

32 treated cigarettes 1854 110 540 89.4 147 127.8  2015 98.8 495a 82.2 151 83.4
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ione peroxidase (GPx) and the concentration of 
malondialdehyde (MDA) in blood of rats included 
in the study. Activity of SOD in male rats exposed 
to smoke from normal cigarettes was decreased in a 
dose-dependent manner to 81.1% of control levels. 
However, in animals exposed to smoke from PEW-
treated cigarettes, there were no differences of SOD 
activity in rats exposed to even 32 cigarettes/day 
compared to the controls, and concentrations of 
the superoxide radical in the experimental group 
exposed to 32 treated cigarettes were similar to those 
recorded in the controls. This pattern was also seen 
in female rats.

The slightly decreased activity of glutathione 
peroxidase found in male and female rats in all 
experimental groups, but without any statistical sig-
nificance compared to the controls, indicated that 
there were still some reactive oxygen species (such 
as hydrogen peroxide) that react with GPx, while 
probably not inducing any damage in the tissues. 
A slight and statistically insignificant change of the 
MDA level in animals exposed to cigarette smoke 
also indicated that there was no lipid peroxidation 
in the tissues.

Pathohistological results

There were no differences in the heart, aorta, liver, 
and peripheral nerves between experimental groups 
exposed to tobacco smoke and controls that could 
be attributed to treatment, indicating that exposure 
to tobacco smoke did not induce any change in these 
tissues. 

Morphometric analysis of lung tissue

Repeated exposure to cigarette smoke can induce 
lung elastine breakdown and thus emphysema. 
Elastine breakdown/emphysema in smoke exposed 
rats was quantitively measured by morphometric 
analysis of alveolar mean intercepts and alveolar tis-
sue density in fixed lungs.

The data presented in Table 4 show the results of 
morphometric analysis of the lungs from rats includ-
ed in the study in either control or smoke-exposed 
experimental groups. Two typical parameters were 
studied: the percentage of lung parenchyma in total 
surface of the lungs (% P) and mean circumference 
of alveoles (MCA).

In male rats exposed to smoke generated from 
normal cigarettes, we observed a 20-23% decrease 
in involvement of lung parenchyma in total surface 
of the lungs compared to the controls. This effect 
could be related to emphysema induced by tobacco 
smoke from normal cigarettes. In male rats exposed 
to smoke generated from treated cigarettes, there 
were no such changes and this parameter was the 
same as in the control animals. In female rats, how-
ever, there were no changes induced by exposure to 
smoke from normal cigarettes that would have any 
biological significance. We also observed an up to 
20% increase in the mean circumference of alveoli in 
male rats exposed to smoke generated from normal 
cigarettes. As in the case of % P, this effect could be 
related to emphysema induced by tobacco smoke 
from normal cigarettes. In male rats exposed to 

Table 4. Summary of mean values of morphometric parameters in rat lungs at the end of the experiment (on day 90). The numbers 
represent the mean value derived from 10 animals from the same experimental group. % P = percentage of lung tissue in total surface 
of the lungs, MCA = mean circumference of alveoles (in μm).

Group Male rats Female rats

% P % MCA % % P % MCA %

Control 0.470 100 303.24 100 0.388 100 312.84 100

16 normal cigarettes 0.366 77.6 363.86 120 0.376 96.9 344.87 110.2

16 treated cigarettes 0.418 88.9 331.93 109.4 0.392 101.3 320.84 102.5

32 normal cigarettes 0.376 80 354.00 116.7 0.369 95.1 335.53 107.3

32 treated cigarettes 0.465 98.9 310.23 102.3 0.391 100.8 306.44 98.0
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smoke generated from treated cigarettes, there were 
no such changes and this parameter was similar to 
that in the control animals. In female rats, there 
was a slight increase of MCA in animals exposed to 
smoke from normal cigarettes. However, there were 
no differences of MCA in rats exposed to smoke 
from treated cigarettes compared to the control ani-
mals. Taken together, the results of morphometric 
analysis of lung tissue indicate that exposure of rats 
to smoke generated from normal cigarettes for 90 
days induced changes characteristic of emphysema 
that were mainly at the initial stage. But in rats 
exposed to smoke generated from treated cigarettes, 
such changes were not observed.

DISCUSSION

A novel method of utilizing PEW has shown that 
it can induce changes in the response of animals to 
exposure to cigarette smoke from treated tobacco. 
Generally, the changes involved different levels of 
antioxidant enzymes due to ROS from cigarette 
smoke and pathological changes in the lungs or the 
occurrence of emphysema in animals exposed to 
smoke from untreated cigarettes.

During the 90-day exposure to cigarette smoke, 
there were neither mortalities nor significant signs 
of acute toxic exposure to cigarette smoke. In the 
group of animals treated with smoke generated from 
normal cigarettes, rats gradually lost weight and this 
effect apparently was not dose-related. In the group 
of rats exposed to smoke from 16 treated cigarettes, 
the animals did not lose any weight, which was simi-
lar to that of the control animals.

Results of our investigation of hematological 
parameters showed a significantly decreased white 
blood cell count (by 57%) in male rats exposed to 
normal smoke and a less pronounced decrease (up 
to 40%) in animals exposed to smoke from PEW-
treated cigarettes. This indicates better health of 
male animals exposed to smoke from treated ciga-
rettes compared to normal cigarettes and possibly 
a lower susceptibility to the influence of environ-
mental factors. In female rats, the differences were 
within 25% of the control. There were no significant 
differences of clinical chemistry data within the 

studied groups (data not shown). Specific biomark-
ers of exposure to tobacco smoke (thiocyanates and 
carboxyhemoglobin) were highly positively cor-
related with antioxidant biomarkers in the group of 
animals exposed to smoke from cigarettes treated by 
specific pulse electromagnetic radiation. 

Exposure of rats to smoke generated from nor-
mal cigarettes resulted in a dose-dependent increase 
of thiocyanate concentration in blood, and these 
differences were statistically significant compared 
to the control values (i. e., thiocyanate concentra-
tion in blood of rats not exposed to tobacco smoke). 
However, in rats exposed to smoke generated from 
either 16 or 32 treated cigarettes per day, there were 
no differences in the concentration of thiocyanates in 
blood compared to the control animals. These results 
indicate, at least in relation to this specific biomark-
er, that the rats exposed to smoke from treated ciga-
rettes for 90 days resembled the control animals and 
showed no signs of toxicity and exposure to tobacco 
smoke. This effect was observed in both male and 
female rats to a similar extent. Exposure of rats to  
smoke generated from both normal and treated 
cigarettes resulted in a dose-dependent increase 
of carboxyhemoglobin content in blood, and the 
differences were statistically significant compared 
to the control values. However, in rats exposed to 
smoke generated from 16 or 32 PEW-treated ciga-
rettes per day, the carboxyhemoglobin content in 
blood was significantly lower than in the group of 
animals exposed to smoke from normal cigarettes. 
It has been questioned if food can enhance the levels 
of thiocyanate. In human studies, caution is taken in 
interpretation of data on thiocyanate, since its levels 
can be influenced by variations in food consump-
tion, especially if onions or cyanogenic glycosides 
(such as those in fruit seeds) are frequently eaten, it 
being known that glycosides can be metabolized in 
the body to thiocyanates. However, the rats in our 
study were fed the same food and such variations of 
this parameter were thereby avoided. Interestingly, 
the results on the thiocyanate biomarker correspond 
to normal SOD activity in the control and the group 
exposed to smoke from treated cigarettes, but not 
in the experimental group exposed to smoke from 
normal cigarettes. Superoxide dismutase is the main 
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scavenger for ROS. It is very important that we have 
no increase or decrease in levels of SOD. Decreased 
SOD levels in red blood cells indicate decreased abil-
ity of the tissues to handle O2

- radicals (Patel et al., 
1998). Similar findings on SOD have been reported 
in the tissues of mice exposed to high fluoride intake 
(Shivarajashankara et al., 2001, 2002). Increased lev-
els of oxidative radicals have been found in diseases 
such as Alzheimer’s (Smith, 1998; Ouri et al., 2002; 
Roizen, 2005), COPD, and emphysema (Kasahara 
et al., 2000; Yoshida et al., 2007). Our results clearly 
show that PEW-treated tobacco does not impair 
the SOD activity in rats exposed to smoke from it. 
The status of biomarkers of oxidative stress in male 
rats, specifically SOD activity, in rats exposed to 
smoke from normal cigarettes was decreased in a 
dose-dependent manner to 81% compared to the 
controls. However, in animals exposed to smoke 
from treated cigarettes, there were no differences of 
SOD activity even in rats exposed to smoke from 32 
cigarettes/day compared to the controls, indicating 
similar concentrations of superoxide radical acti-
vation. This pattern was also discernible in female 
rats. Slightly decreased activity of glutathione per-
oxidase (GPx) in male and female rats was found in 
all experimental groups, but without any statistical 
significance compared to the controls, indicating 
that there were still some reactive oxygen species 
that react with GPx, while probably not inducing 
any damage in the tissues. A slight, but statistically 
insignificant change of the malondialdehyde level in 
animals exposed to cigarette smoke also indicated 
that there was no lipid peroxidation in the tissues.

Previous results and research show that homeos-
tasis of SOD activity must be maintained, and that 
only normal levels of SOD indicate good health. 
Increased levels like those recorded in AD and 
Down’s syndrome point to increased oxidation on 
the levels of protein, RNA, and DNA (Roizen et al., 
2005) and enhanced expression of heme oxygeniza-
tion (Müller et al., 1994, 1998; Müller and Gebel, 
1997). 

This 90-day study corroborates some previous 
work in our lab indicating that exposure to smoke 
can induce emphysema. Emphysema induced by 
tobacco smoke is a subject that has been thoroughly 

explored in the tobacco research community, and 
tobacco smoke is known to be an agent of toxic-
ity in humans (Niewoehner, 1988; Ofulue and Ko, 
1999; Kasahara et al., 2000; Yoshida and Tuder, 
2007). Some latest research (Banerjee et al., 2007) 
has shown that by using high levels of antioxidants 
from black tea, apoptosis and lung damage can be 
prevented in an animal model. Many strategies over 
the years have been employed to lower the oxida-
tive load from cigarettes, from using pycnogenol in 
filters (Zhang et al., 2002) to using antioxidants as 
supplements (De Waart et al., 2000). The possibil-
ity of an economical and effective way to directly 
reduce toxicity of tobacco products by using PEW is 
here explored. Morphological analysis of the lungs 
revealed that in male rats exposed to smoke gener-
ated from normal cigarettes, there was about a 20-
23% decrease in involvement of lung parenchyma in 
total surface of the lungs compared to the controls. 
We also observed an up to 20% increase in the 
mean circumference of alveoli in male rats exposed 
to smoke generated from normal cigarettes. These 
effects could be related to emphysema induced by 
tobacco smoke from normal cigarettes. In male rats 
exposed to smoke generated from PEW-treated 
cigarettes, there were no such changes and this 
parameter was similar to that in the control animals. 
In female rats, there was a slight increase of MCA in 
animals exposed to smoke from normal cigarettes. 
However, there were no differences of MCA in rats 
exposed to smoke from treated cigarettes compared 
to the control animals. 

We found that emphysema in animals exposed 
to smoke from untreated cigarettes increased from 
day 70 and corresponds to the oxidative status in 
animals of that group. The antioxidant properties of 
treated tobacco versus untreated tobacco were cor-
related with the onset of emphysema. The results of 
morphometric analysis of lung tissue indicate that 
exposure of rats to the smoke generated from normal 
cigarettes for 90 days induced changes characteristic 
of emphysema that are mainly at the initial stage. But 
in rats exposed to the smoke generated from treated 
cigarettes, such changes were not observed. Even 
though these results of using PEW in treatment of 
tobacco products are promising, we need to further 
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expand these findings by using more species (such 
as hamsters) (Banerjee, 2007) and eventually test the 
oxidative status in humans smoking PEW-treated 
cigarettes. In mice (data not published), the content 
of antioxidant enzymes showed a lower level of oxi-
dative stress when exposed to smoke from treated 
cigarettes, but the difference was not statistically sig-
nificant. Still, mice exhibited significant changes of 
behavior, i. e., a significantly lower stress response 
was observed in mice that were exposed to smoke 
from treated cigarettes. In the present study, no dif-
ference of behavior was seen. In toxicology, a differ-
ence of responses in different species is not uncom-
mon, so more research needs to be done before our 
data can be extrapolated to humans, especially since 
these are the first data showing that PEW can induce 
lower toxicity in such a complex compound as to-
bacco.

CONCLUSION

On the basis of the results obtained in this study, it 
can be concluded that smoke generated from ciga-
rettes exposed to a specific pulsed electromagnetic 
field is significantly less toxic than smoke generated 
from normal cigarettes, which caused significant 
toxic effects such as emphysema in the lungs and de-
creased levels of SOD.
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Оксидативни стрес је редукован у Wistar пацова који су експонирани 
диму из дувана претходно третираног специфичним широко

појасним електромагнетним пољем
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Током деведесeтодневног експеримента респи
раторне токсичности, пацови Wistar соја су били 
из­ложени дуванском диму који је настао од саго
ревања цигарета претходно процесираних специ
фичним ултра-широкопојасним пулсним електро
магнетним пољем vs. нетретираним цигаретама. 
У оквиру експеримента пратила се активност 
антиоксидативних ензима супероксид дисмутазе 
(SOD); глутатион пероксидазе (GPx) и малон
диалдехида (MDA), маркера из­ложености диму 
(тиоцијанате и карбоксихемоглобин), хематоло
шких параметара и на крају патоморфолошка 
анализа плућа. Резултати су показали да постоје 
статистички значајне раз­лике у вредности SOD, 
тиоцијаната и карбоксихемоглобина из­међу групе 
пацова која је била из­ложена дуванском диму који 
је настао од третираних (процесираних) цигаре
та од групе где цигарете нису биле процесиране. 
Резултати третиране групе (процесиране) су пока

зале да се вредности приказаних параметара могу 
поредити са контролном групом. Такође, добије
ни резултати су били у кореспонденцији са пато
морфолошком анализом плућа која је указала на 
појаву почетка емфизема код пацова из­ложених 
диму нетретираних цигарета. Емфизем је из­остао 
у експерименталној групи пацова који су били 
из­ложени диму третираних (процесираних) и код 
пацова који уопште нису били из­ложени диму 
(контролна група). Укупни резултати указују на 
појаву смањења оксидативног стреса код пацова 
који су из­ложени диму третираних цигарета спе
цифичним електромагнетним пољем. Могућност 
да се направе промене у метаболичком одговору 
биолошких система у смислу смањења окидатив
ног стреса приликом из­ложености токсичних 
материја из дима добијеног од цигарета процеси
раних ЕМ пољем јесте важан правац за будућа 
истраживања.


