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Abstract
Paraquat (PQ) overdose can cause acute lung injury and death. Ozone therapy (OT) was previously demonstrated to alleviate

inflammation and necrosis in various pathologies. We therefore hypothesized that OT has ameliorative and preventive effects on

PQ-induced lung damage due to anti-inflammatory and antioxidants properties. Sprague-Dawley rats (n¼ 24) were separated into

three groups: sham, PQ, and PQþOT groups. 15 mg/kg PQ was administered intraperitoneally in PQ and PQþOT groups to induce

experimental lung injury. One hour after PQ treatment, PQþOT group was administered a single dose of ozone–oxygen mixture

(1 mg/kg/day) by intraperitoneal route for four consecutive days. The animals were sacrificed on fifth day after PQ administration.

Blood samples and lung tissues were collected to evaluate the inflammatory processes, antioxidant defense and pulmonary

damage. Serum lactate dehydrogenase (LDH) and neopterin levels, tissue oxidative stress parameters, total TGF-b1 levels, and

histological injury scores in PQþOT group were significantly lower than PQ group (P<0.05, PQ vs. PQþOT). Total antioxidant

capacity in PQþOT group was significantly higher than PQ group (P< 0.05, PQþOT vs. PQ). These findings suggest that outcome

in PQ-induced lung injury may be improved by using OT as an adjuvant therapy.
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Introduction

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride; PQ)
is one of the most frequently used bipyridylium quaternary
ammonium herbicides.1 When ingested accidentally, PQ
produces extensive damage in kidneys, liver, and especially
in lungs.2 PQ lung toxicity occurs due to damage to type I
and II pneumocytes in alveolar epithelium and bronchiolar
cells. Eventually, clinical signs such as edema, inflamma-
tion, hemorrhage, hypoxemia, fibrosis, and disseminated
intravascular coagulation may be seen.3

The first report on PQ poisoning in a human was
presented in 1960s.4 Later, a number of deaths due to
PQ poisoning have been reported. These deaths were
due to accidental ingestion of PQ or suicide attempts.
Although hepatotoxicity, cardiotoxicity, and neurotoxicity
are prominent in cases of PQ poisoning, respiratory arrest
due to irreversible lung damage is the main cause of
mortality.5,6

The specific feature of lung damage in PQ poisoning is
fibrosis of the lungs that becomes symptomatic nearly
5 days after PQ exposure.6 The pathology in PQ toxicity
results from excessive formation of reactive oxygen species
such as superoxide anion.7 To date, a large amount of thera-
peutic agents have been used in order to treat or alleviate
PQ toxicity.8,9 Since one of the main mechanisms of PQ tox-
icity is excessive production of reactive oxygen species,
novel therapeutic approaches aim to halt the process of
oxygen radical formation. Our group had previously
reported the beneficial effects of medical ozone therapy
(OT) in caustic esophageal burn, necrotizing enterocolitis,
paracetamol-induced renal injury, acute necrotizing pan-
creatitis, and methotrexate-induced intestinal injury
in experimental rat model.10–14 Also, beneficial effects of
OT in various diseases such as chronic skin ulcers, initial
gangrene, burns, infected wounds, peritonitis, and
advanced ischemic diseases were previously reported.15
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Ozone–oxygen gas mixture has also been shown to modu-
late the phagocytic activity of peritoneal and alveolar
macrophages.16–19 Additionally, OT demonstrated benefi-
cial effects against hepatic and renal ischemia-reperfusion
injury in experimental studies.20,21 It was also shown that
OT raised the antioxidant defense supplied by the activities
of glutathione peroxidase (GSH-Px), superoxide dismutase
(SOD), and catalase (CAT). OT helps to eliminate deleteri-
ous effects of reactive oxygen species produced in various
pathologies by increasing the antioxidant defense.19,22

However, OT has not been previously evaluated for its
effects in PQ toxicity. Under the light of previous reports,
we considered that OT may have potentially beneficial
effects against the lung injury due to PQ toxicity. We there-
fore hypothesized that OT has ameliorative and preventive
effects on PQ-induced lung damage due to anti-inflamma-
tory and antioxidant properties. So, we aimed to observe
the outcome of OT in a rat model of PQ toxicity.

Materials and methods
Experimental design

All procedures were approved by the Institutional
Committee on the Care and Use of Animals (Issue; 13/48,
8 March 2013). Twenty-four female Sprague-Dawley rats
(200–250 g in weight) were randomly split into three
groups (sham, PQ, and PQþOT) involving eight animals
per group. Animals were fed standard rat chow and
water ad libitum and housed in cages with controlled tem-
perature and 12-h light/dark cycle for at least one week
before the experiment.

Induction of lung injury

PQ (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
was administered intraperitoneally to rats at a single dose
of 15 mg/kg in 1 mL saline. The animals were kept in their
cages during the recovery period. Water and food were
available ad libitum.

Ozone treatment

The rats in the PQþOT group were administered ozone–
oxygen mixture at a dose of 1 mg/kg daily via intraperito-
neal route by means of a syringe resistant to ozone; the first
dose beginning 1 h after the administration of PQ. Ozone
(O3) was produced by an O3 generator (OZONOSAN
Photonik 1014, Hansler GmbH, Nordring 8, Iffezheim,
Germany). The flow-rate of the oxygen entering to O3 gen-
erator was kept constant at 3 L/min to generate a concen-
tration of 60 mg/mL of ozone. The concentration of ozone in
gas mixture produced by generator was monitored in real
time by a built-in UV spectrometer. The ozone gas mixture
was composed of 97% O2 þ 3% O3.

Sample collection

All animals were anesthetized with ketamine (85 mg/kg)
and xylazine (12.5 mg/kg) on fifth day after induction
and their thoracic cavities were opened. Blood samples and
lung tissues were collected for laboratory analysis.

Blood samples were centrifuged, and serum was separated
and stored at �80�C until laboratory analysis. Harvested
lung tissue samples were portioned into two; one was
immediately stored at �80�C for biochemical analysis of
antioxidant enzyme activity and tissue lipid peroxidation
levels. The rest was immersed in formalin solution for histo-
logical evaluation. All animals were killed via decapitation
at the end of the sample collection.

Biochemical analysis of serum samples

Lactate dehydrogenase (LDH) was measured by
Olympus AU-2700 autoanalyzer using commercial kits
(Olympus, Hamburg, Germany) and was expressed as
units per liter (U/L).

Total antioxidant capacity (TAC) assays were performed
by the method defined by Celik et al.23 Serum TAC levels
were given as mmol Trolox Equivalent/L.

Serum neopterin concentrations were measured by
a high-pressure liquid chromatography (Agilent
Technologies 1200 Series System, Santa Clara, CA, USA)
system with a fluorescence detector as described
previously.24

Biochemical analysis of lung tissues

The tissues were homogenized in phosphate buffer (pH 7.4)
on ice by a homogenizator (Heidolph Diax 900; Heidolph
Elektro GmbH, Kelhaim, Germany). The supernatant was
separated for biochemical assays. The protein amount in the
tissue homogenates was determined by the Lowry
method.25 The below mentioned biochemical assays were
analyzed by the ELISA plate reader, (BioTek, FLx800)
spectrophotometrically.

Malondialdehyde (MDA) as an indicator of lipid perox-
idation was measured by the thiobarbituric acid (TBA) reac-
tion method.26 The color produced after the reaction to TBA
with malondialdehyde (MDA) was measured at 535 nm
and MDA levels were expressed as nanomole per milligram
of protein (nmol/mg protein).

SOD activity was determined by the nitroblue tetrazo-
lium (NBT) method.27 In this method, NBT was reduced to
blue formazan by O2

�, and the color was measured at
560 nm. One unit (U) of SOD is defined as the amount of
protein that inhibits the rate of NBT reduction by 50%. The
SOD activity was expressed as units per gram of protein
(U/g protein).

GSH-Px activity was measured by coupling GSH-Px
activity to the oxidation of NADPH by glutathione
reductase.28 The oxidation of NADPH was followed at
340 nm at 37�C by a spectrophotometer for 5 min. The activ-
ity was the slope of the curve formed by mmol of NADPH
oxidized per minute. GSH-Px activity was presented as
U/g protein.

Total TGF-b levels in lung tissue were measured by
enzyme-linked immunosorbent assay (ELISA) kit according
to the manufacturer’s instructions (Bender MedSystems
GmbH, Vienna, Austria). Lung total TGF-b1 levels were
expressed as picogram per gram of protein (pg/g protein).

TGF-b1 immunoassay kit has the minimum detectable
dose of <15.6 pg/mL.
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Histological analysis of lung tissues

Tissue specimens were fixed in formalin for 24 h, then
embedded in paraffin and cut into 5mm sections. Slides
were stained with hematoxylin and eosin (H&E) and exam-
ined under a light microscope. Each slide was evaluated by
an expert investigator blinded to the experiment. Injury in
lung tissue sections was scored according to the following
histological parameters: alveolar epithelial injury, edema,
hemorrhage, and inflammation as previously described.29

Histological parameters were graded according to 4-grade
scale quantitatively as follows. Grade 0: no changes; Grade
1: minimal to mild change; Grade 2: moderate change;
Grade 3: severe change. Mean injury scores were calculated
for each parameter. The extension of histological changes
was assessed as focal or diffuse (Figure 1).

Statistical analysis

Results were expressed as median� standard deviation
(SD). Differences among the groups were evaluated by
Kruskal–Wallis test. Dual comparisons among groups
were done by Mann-Whitney U test. P< 0.05 was con-
sidered statistically significant. All analyses were per-
formed by the Statistical Package for the Social Sciences
(SPSS) (Software version 11.0, SPSS Inc. Chicago, IL, USA).

Results
Animals

In the study, all animals in the groups survived until the end
of the experiment.

Biochemical analysis of serum samples

Serum LDH levels. These LDH levels in the PQ group
were significantly higher than those of the sham and the
PQþOT groups (P< 0.05 PQ vs. the other groups) indicat-
ing lung damage. In PQþOT group, LDH values were
decreased when compared with the PQ group. But there
was statistically significant difference when compared
with sham group (Table 1).

Total antioxidant capacity. Serum TAC values in the PQ
and PQþOT groups were significantly lower than the sham
group (P< 0.05). TAC values in PQþOT group were signifi-
cantly higher than PQ group, but lower than the sham
group (P< 0.05) (Table 2).

TGF-� levels. Lung tissue total TGF-b levels in the PQ
group were significantly higher when compared with the
other groups (P< 0.05). The TGF-b levels were significantly
decreased in the PQþOT group compared with PQ group
(P< 0.05). But, there was statistically significant difference
compared to sham group (Table 1).

Serum neopterin levels. These levels were significantly
increased in the PQ group (P< 0.05). PQþOT group had
significantly decreased levels when compared with the
PQ group (P< 0.01) (Table 1).

Tissue lipid peroxidation levels. PQ group had signifi-
cantly higher mean MDA levels when compared with that
of other groups (P< 0.05). The MDA levels were signifi-
cantly lower in PQþOT group compared with PQ group
(P< 0.05) (Table 2).

Tissue antioxidant enzyme activities. Tissue SOD activity
in the PQ and PQþOT groups were significantly lower than
the sham group (P< 0.05, PQ). The tissue SOD activities in
the PQþOT group were significantly higher than the
PQ group (P< 0.05) (Table 2).

Mean tissue GSH-Px activities were significantly lower
in the PQ and PQþOT groups compared to the sham group
(P< 0.05). The GSH-Px activity was significantly higher in
the PTþOT group than the PQ group, but still lower than
the sham group (P< 0.05) (Table 2).

Histological Analysis of Lung Tissues. In histological ana-
lysis, there were no changes indicating lung injury in
the sham-operated group, while all animals in the PQ
group showed severe degree of lung injury with marked
mesothelial proliferation, hemorrhage, and leukocyte infil-
tration. Lung injury parameters such as hemorrhage,
edema, leukocyte infiltration, and especially mesothelial
proliferation in PQþOT group were less than the PQ
group (P< 0.05) (Table 3).

Discussion

This study is the first report on administration of ozone in
PQ-induced experimental lung injury. In this study, OT had
an ameliorative effect on oxidative stress parameters in the
lung tissue and normalized the serum LDH levels in correl-
ation with histological tissue injury findings. In addition,
OT modulated the serum neopterin levels. All these find-
ings demonstrated that OT had a beneficial effect against
PQ-induced lung injury.

The decrease in tissue MDA and GSH-Px levels, and
increase in SOD levels revealed that OT significantly ame-
liorated oxidative stress as strengthening the antioxidant
defense. Previous studies have shown that ozone increased
activities of antioxidant enzymes such as GSH-Px, SOD,
and CAT which help the organism fight against destructive
effects of reactive oxygen species.19,22 GSH-Px values were
expected to be increased in terms of a strong antioxidant
defense, but our values were decreased. Normally GSH-Px
is activated by the presence of H2O2, which is a product of
SOD enzyme and the substrate of GSH-Px.30 We think that

Table 1 Biochemical parameters and TGF-b levels (median�SD)

Groups

Neopterin

(nmol/L) LDH (U/L)

TGF-b (pg/g

protein)

Sham 5.48�2.11 167.00�107.93 35.81� 6.62

PQ 14.99�5.53* 579.00�274.24* 268.71� 77.08*

PQþOT 4.38�2.44y 332.00�164.41*y 178.88� 61.47*,y

Data are expressed as median�SD. PQ: paraquat; OT: ozone therapy.

*P<0.05 Statistically significant from sham group.

yP<0.05 Statistically significant from PQ group.
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the levels of H2O2 may have been insufficient to activate
GSH-Px, which may be the main reason of the decrease in
GSH-Px levels.

Bocci et al.31 previously showed the increase of glutathi-
one levels in erythrocytes due to ozone and declared the
possibility of similar action in hepatocytes to increase the
detoxification capacity of these cells. Also, it has been
shown that OT demonstrates beneficial effects against
free radicals released after experimental hepatic ischemia-
reperfusion injury.20,21

Neopterin is a catabolic product of monocytes/macro-
phages upon stimulation with interferon-g and serves as
a cellular immunity marker.32 It has been shown that
neopterin levels provide information about the state of
cell-mediated immunity as well as monitoring the disease
progression.32 In our study, neopterin values of PQþOT
group were decreased, when compared with PQ group.
This result implies that OT decreased monocyte/macro-
phage recruitment and/or activation in lung and/or other
target tissues by preventing target tissue injury. That is to
say, the decrease of the neopterin levels is not a cause, but
likely a result of the reduction in monocyte/macrophage
recruitment to necrotic tissue. Also, these actions of OT
are supported by the results of pathological scoring, indi-
cating decreased leukocyte infiltration into lung tissue.

Intracellular enzymes such as LDH may leak into the
bloodstream and then be detected in serum in pathological
conditions involving cellular injury and necrosis. Serum
levels of these enzymes may also be used to predict the
extent of tissue injury. OT significantly prevented lung
injury, as evidenced by reduction in LDH levels in animals
in PQþOT group. It seems likely that OT achieves this by
preventing pneumocyte necrosis, thus reducing plasma
membrane leakage of LDH into the bloodstream.

When compared to lung tissue in PQ group, OT demon-
strated amelioration of injury and inflammation processes
in PQþOT group. OT probably prevented lung injury by
modulating the antioxidant defense system, improving O2

delivery and increasing release of vascular nitric oxide.33

It was previously reported that ozone exposure altered
the levels of cytokines like TNF-a, TGF-b, IFN-c, and IL-8
involving the inflammatory processes.34–37 In our study, we
found decreased TGF-b cytokine levels similar to the results
of these studies mentioned above. We think that OT may be
altering the expression pattern of TGF-b. Also, decrease of
neopterin values may be related to the altered levels of these
same cytokines, especially interferon. Previously, it has
been shown that there is a correlation between neopterin
and TGF-b levels in various pathological conditions.38 Also,
it has been shown that TGF- b is a potent neutrophil chemo-
attractant that is released in several lung diseases, along
with interleukin-8 (IL-8) and leukotrienes.39,40

Further studies are needed to explain the possible mech-
anisms of action of OT in PQ toxicity. OT may presumably
show some of its beneficial effects in injured lung tissue by
modulating inflammatory pathways via altering the expres-
sion pattern of genes encoding cytokines, antioxidant
enzymes, etc.

In conclusion, OT may have possible ameliorative effects
by decreasing oxidative stress and improving antioxidant
mechanisms. These findings encourage for the future inclu-
sion of OT in the management schemes of PQ-induced lung
injury.

Limitations of the study

One of the important limitations of our study is lack of
molecular analyses such as immunohistochemical staining
and western blotting analyses, and another limitation was
that we could not study the enzymes or isoenzymes specific
to lung tissue.

Author contributions: UK, RY, SKT, and SA conducted the
experiments. BU performed ozone treatment, the produc-
tion of ozone, and ELISA analysis. EM supplied critical
reagents. YEE and IA performed the English redaction of
the article. MT homogenized the tissue samples and con-
ducted daily animal care. IA and YO analyzed the biochem-
ical parameters. YK analyzed the histopathological changes
and provided photos. TT performed statistical analyses and
photoshop study for the histopathological figure.

Table 3 Histological injury scores for the lung tissue of the groups

(median [min�max])

Groups Edema

Focal

hemorrhage

Extensive

hemorrhage

Mezothelial

reaction

Sham 0 (0�1) 0 (0�0) 0 (0�0) 0 (0�0)

PQ 3 (2�3)* 3 (2�3)* 3 (2�3)* 3 (2�3)*

PQ þ OT 1 (0�2)*y 1 (1�2)*y 1 (0�1)y 1 (0�1)y

*P<0.05 Statistically significant from sham group.

yP<0.05 Statistically significant from PQ group.

Table 2 Tissue lipid peroxidation and antioxidant enzyme levels (median�SD)

Groups MDA (mmol/mg protein) SOD (U/g protein) GSH-Px (U/g protein)

TAC (mmol Trolox

Equivalent/L)

Sham 0.21� 0.04 610.22� 185.55 62.46� 12.26 2,07� 0.28

PQ 0.32� 0.03* 272.48� 79.30* 20.77� 4.86* 0.89� 0.31*

PQþOT 0.26� 0.04*y 367.45� 80.36*y 32.36� 4.12*y 1.62� 0.16y

Data are expressed as median�SD. PQ: paraquat; OT: ozone therapy.

*P< 0.05 Statistically significant from sham group.

yP< 0.05 Statistically significant from PQ group.
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