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The potential preventive and therapeutic effects of thymoquinone (TQ) and its molecular mechanism
were evaluated in paraquat (PQ)-induced pulmonary fibrosis in mice. TQ was administered orally at the
doses of 20 and 40 mg/kg during the course and after development of fibrosis. Pathological changes,
expressions of genes involved in fibrogenesis, hydroxyproline (HP) and oxidative stress parameters were
determined in the lung tissues. TQ dose-dependently recovered the pathological changes induced by
PQ. TQ decreased hydroxyproline content, lipid peroxidation and restored the antioxidant enzymes to
the normal values. In molecular level, expressions of TGF-31, a-SMA, collagen 1al and collagen 4al
genes were also returned to the control level by TQ. This study indicated that TQ has the preventive
and therapeutic potentials for the treatment of lung fibrosis by inhibition of oxidative stress and down-
regulation of profibrotic genes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Pulmonary fibrosis (PF) also known as interstitial lung dis-
eases results from accumulation of excess fibrous connective tissue
and lung scarring. Exposure to some xenobiotics such as silica,
paraquat and bleomycin is one of the causes of PF. However, most
cases of pulmonary fibrosis have no known cause is called idio-
pathic pulmonary fibrosis (IPF). PF is a progressive and often lethal

Abbreviations: TQ, thymoquinone; PQ, paraquat; SOD, superoxide dismutase;
MDA, malondialdehyde.
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interstitial lung disorder characterized by destruction of alveolar
structures with an abnormal formation of fibroblasts or myofi-
broblasts and exaggerated synthesis and deposition of extracellular
matrix (Noble et al., 2012; Todd et al., 2012). Even though the
precise mechanisms of PF are uncertain, three main mechanisms
of inflammation and immune mechanisms, oxidative stress and
oxidative signaling, and procoagulant mechanisms have been the
main culprits of PF (Todd et al., 2012).

Paraquat (PQ), a bipyridyl and non-selective quaternary nitro-
gen herbicide, is a highly toxic herbicide causing fatal pulmonary
damage. Because of selective accumulation in the lung, pulmonary
effects represent the most lethal and least treatable manifestations
of PQ toxicity. PQ-induced lung fibrosis is a well-established animal
model of pulmonary fibrosis and can be used to study and evaluate
anti-fibrotic and modulating agents (Dong et al.,2016; Tomitaetal.,
2007). Although the exact mechanism of PQ toxicity has not been
fully understood, it is demonstrated that the primary mechanism is
related to the chemical cascades leading to the reduction of PQ, the
generation of free radicals and lipid peroxidation creating lethal
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Scheme 1. Schematic diagram showing TQ treatment schedules.

lesions associated with lung fibrosis and failure (Dinis-Oliveira
etal., 2008; Khalighi et al., 2015; Mohammadi-Bardbori and Ghazi-
Khansari, 2008).

There are many obstacles in the treatment of PQ poisoning,
and there are no broadly accepted procedures for treatment of PQ
poisoned patients (Gawarammana and Buckley, 2011). Currently
available therapies for the PQ-induced lung fibrosis consist of anti-
inflammatory (glucocorticoids) and immunosuppressive/cytotoxic
(azathioprine, cyclophosphamide) agents (Dinis-Oliveira et al.,
2008; Gawarammana and Buckley, 2011). Treatment protocol is
based on the rationale that the inflammation initiates the injury
thereby results in scarring of the body. Moreover, many reports
show the oxidant/antioxidant balance plays a major role in pro-
cesses of lung fibrosis (Todd et al., 2012). The fibrosis may be
alleviated and/or prevented by targeting the inflammatory and
oxidative responses.

Thymoquinone (TQ) the predominant bioactive constituent of
Nigella sativa seeds is a pharmacologically active quinone that has
been found to exhibit strong antioxidant, anti-inflammatory and
antiapoptotic properties (Ali and Blunden, 2003; Khader and Eckl,
2014a; Woo et al., 2012). Recently, El-Khouly et al. (2012) have
shown the antifibrotic effects of a single dose of TQ in a bleomycin-
induced lung fibrosis in rats. There are also reports of antifibrotic
activity of TQ in animal models of liver fibrosis (Bai et al., 2014).

In light of the above reports and lack of effective treatment for
PQ-induced lung fibrosis, the present study was designed to evalu-
ate the preventive and therapeutic activity of TQ against PQ induced
lung fibrosis in mice. Meanwhile, for determining the underly-
ing mechanisms, tissue oxidative stress parameters as well as the
expression of profibrotic genes including TGF-31, a-SMA, collagen
1al and collagen 4a1 were investigated in the mice lung tissues.

2. Materials and methods
2.1. Materials

Thymoquinone, hydroxyproline, 4-
dimethylaminobenzaldehyde, chloramine T, malondialdehyde
(MDA) and paraquat were purchased from Sigma-Aldrich Chem-
ical Co. (USA). TRIzol® RNA isolation reagent and HyperScript™
first strand cDNA synthesis kit were purchased from Invitrogen
(Germany). SYBR Green Master Mix was obtained from Takara

(Japan).

2.2. Animals

Male NMRI mice weighing 18-25 g were housed in normal labo-
ratory conditions at 21 +2°Cunder a 12 h/12 h light-dark cycle. All
the mice had free access to water and standard laboratory food and
were keptin standard cages. All the animals were treated humanely
according to the guideline on ethics standard for investigation of
experimental pain in animals approved by the Animal Experimen-

tation Ethics Committee of Kerman Neuroscience Research Center
(EC/KNRC/90).

2.3. PQ-induced lung fibrosis in mice

Pulmonary fibrosis was induced by intraperitoneal (i.p.) admin-
istration of a single dose of 20mg/kg PQ. Three days after the
induction of fibrosis, the animals were divided randomly in four
experimental groups each having eight animals. Pulmonary fibro-
sis developed in 2 weeks (Day14), confirmed by morphological
changes in the lungs and excessive accumulation of interstitial col-
lagen (Hubner et al., 2008). The groups receiving TQ during the
course of fibrosis development (Days 1-28 after PQ administration)
were considered as prophylactic or preventive, and those receiving
TQ after fibrosis development (Days 14-28) were considered ther-
apeutic in the present protocol (see Scheme 1).The experiment was
performed in the mice divided into four groups: PQ-induced fibro-
sis rats (PQ group), low-dose TQ treatment (TQ1; 20 mg/kg body
weight), high-dose TQ treatment (TQ2; 40 mg/kg body weight), and
normal animals receiving vehicle (olive oil) as sham control.

2.4. Sample collection and analytical procedures

Atthe end of the treatment period (28 days), the mice were anes-
thetized by injecting intraperitoneally by 20% Ketamine/Xylazine
(10ml/kg body weight). The lungs were promptly removed and
divided into two halves. The right lung was stored at —70°C
for analysis of oxidative stress, hydroxyproline content and gene
expression. The left lung was immersed in 10% buffered formalin
for histological examination.

2.5. Histopathological analysis

After embedding the fixed lung tissues into liquid paraffin, 5 pm
thick tissue sections were prepared. The sections were stained by
hematoxylin and eosin (H & E) and Masson’s trichrome staining
methods as follows: Lung specimens were fixed in 10% forma-
lin solution and embedded in paraffin wax blocks. Afterwards,
3 wm sections were stained with haematoxylin and eosin (H&E)
and Masson’s trichrome for collagen fibers. Masson’s trichrome
staining was done by deparaffinization and rehydration of slides
through 100%, 95% and 70% alcohols, washing in distilled water,
rinsing in running tap water for 5-10 min, staining in Weigert’s
iron hematoxylin working solution for 10 min, rinsing in running
warm tap water for 10 min, washing in distilled water, staining
in Biebrich scarlet-acid fuchsin solution for 10-15min, differ-
entiating in phosphomolybdic-phosphotungstic acid solution for
10-15 min, transferring the sections directly to aniline blue solu-
tion and staining for 5-10 min, rinsing briefly in distilled water and
differentiation in 1% acetic acid solution for 2-5 min, washing in
distilled water, dehydration through 95% and absolute ethyl alco-
hol and clearing in xylene, respectively. The presence and grading
of inflammation and fibrosis were evaluated in the stained sections
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based on the scoring indicated in previous studies (Hubner et al.,
2008).

2.6. Oxidative stress determination

The right lung tissues of the control and experimental groups
were homogenized with 0.1 M Tris—HCl buffer (pH 7.4) at 4 °C using
a tissue homogenizer. The resulting tissue homogenate was used
for biochemical measurements. The lipid peroxidation level was
measured on the basis of reaction of malondialdehyde and other
lipid peroxides in the lung tissue with 2-thiobarbituric acid (TBA)
in the acidic and hot conditions, thereby the resulting product was
measured at 532 nm (Mandegary et al., 2012) The activities of two
important antioxidant enzymes, SOD and CAT, were determined
in the lung homogenate according to the standard colorimetric
methods.

2.7. Collagen measurement

Hydroxyproline, as an index of collagen deposited in the lung
tissue and fibrosis, was measured using method of Reddy &
Enwemeka (Reddy and Enwemeka, 1996) with minor modifi-
cations (Ghazi-Khansari et al., 2007). Briefly, hydroxyproline in
the lung tissue homogenate was hydrolyzed with 1M acetate
buffer and oxidized with 1.4% chloramine T; then a reddish
purple complex was formed using 1M Ehrlich’s reagent (4-
dimethylaminobenzaldehyde). Finally, the mixture was incubated
for 20 min at 65° C resulting in formation of chromophore which
measured at 550 nm.

2.8. Determination of fibrotic genes expression by real-time
RT-PCR

The total RNA was extracted from pulmonary tissues using
TRIzol® reagent according to the manufacturer’s protocol. The sam-
ples (2 wg RNA) were reverse-transcribed using a HyperScript™
first strand cDNA synthesis kit. The synthesized cDNA was used in
real-time RT-PCR (lightcycler® 96 Roche, Germany) experiments
using SYBR GREEN Supermix and analyzed with lightcycler® 96
Software. Specificity was confirmed by electrophoretic analysis of
the reaction products and by inclusion of template- or reverse
transcriptase-free controls. To normalize the amount of total RNA
presentin eachreaction, 3-actin cDNA was used as an internal stan-
dard. The primers used were TGF-31: forward- 5'-CGC CAT CTATGA
GAA AAC C-3, reverse-5'-GTA ACG CCA GGA ATT GT-3' (Ruiz et al.,
2005); alpha smooth muscle actin (a-SMA): forward-5'-TGAC GCT
GAA GTA TCC GAT AGA-3/, reverse-5- CGA AGC TCG TTA TAG AAA
GAG TGG-3' (Li et al., 2011); collagen type 1 (Col 1al): forward-
5'-CTG CTG GCA AAG ATG GAG A-3/, reverse-5'-ACC AGG AAG ACC
CTG GAA TC-3'(Li et al., 2011); collagen type 4 (Col 4a1): forward-
5-AGC TGC TAA AGG TGA CAT TCC T-3/, reverse-5'-GGA GGC CCA
GGT ACT CCT-3’ (Li et al., 2011);and B-actin: forward-5-CCA ACC
GTG AAA AGA TGA CC-3’, reverse-5-CCA GAG GCA TAC AGG GAC
AG-3' (Lietal., 2011).

2.9. Statistical analysis

Data were presented as mean =+ standard deviation (SD). The dif-
ferences among the means were analyzed using one-way analysis
of variance (ANOVA) followed with Tukey HSD post-hoc test. For
all the experiments, p <0.05 was considered as significance level.
The data were analyzed using SPSS 18.0.

A) PQ 20 mg/kg

Masson

H&E

B)

Masson

H&E

Fig. 1. Histopathological changes in the lungs of the mice. A: Lung fibrosis was
induced in the lungs of the mice by injection of PQ (20 mg/kg, i.p.). B: Mice were then
treated with olive oil, TQ 20 mg/kg/day, and TQ 40 mg/kg/day for 28 days. The mor-
phopathological changes in the lung tissues were analyzed by hematoxylin and eosin
(H&E), and Masson'’s trichrome staining. PQ: paraquat; TQ: Thymoquinone; F: Fibro-
sis, PF: Peribronchial fibrosis, H: Hemosiderin deposit, M: Alveolar macrophages, N:
Interstitial inflammation (Neutrophil).

3. Results
3.1. Histopathology

The histopathological changes in the test and control groups are
shown in Fig. 1 and Table 1. The histological evaluation of lung sec-
tions four weeks after the PQ injection revealed evidence of obvious
interstitial inflammation, macrophages infiltration, local alveolar
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Table 1
Effect of TQ on PQ-induced lung fibrosis on histological lesions.
Sham PQ PQ+14d TQ 20 PQ+28d TQ 20 PQ+14d TQ 40 PQ+28d TQ 40
Alveolar hemorrhage absent focal mild absent mild absent
Hemosiderin deposit absent present absent absent absent absent
Alveolar macrophages absent present mild absent absent absent
Interstitial inflammation absent moderate mild mild mild absent
Peribronchial fibrosis absent present mild absent absent absent
Mice were treated with 20 and 40 mg/kg TQ for 14 days (Therapeutic) and 28 days (Preventive) after i.p. injection of single dose of PQ.
PQ: Paraquat 20 mg/kg; TQ: Thymoquinone.
18 - Hith A) Lipid Peroxidation
16 4 s 6.0 -
°
~ 14 A K = 5.0 4
S 12 155 T a0
: & . £
8 10 :?g " OTheraputic g 50| I
E’ s E:i:i dakk st B Preventive % b O Theraputic
5 K ok ventiv 5 291 ® Preventive
2 6 s =
~ [o5] = 1.0
) 155
= 4 k5
i 00
2 4 £ Sham PQ + 0il PQ+sTQ1  PQsTQ2
0 ':’:‘ Groups
Sham PQ+0il PQ+TQ1 PQ+TQ2 ®)
Treatment Superoxide Dismutase activity
0.18 -
Fig. 2. Effect of TQ on the lung collagen contents. The doses of 20 and 40 mg/kg 0.16 o
of TQ were administered orally to the mice for 14 days (therapeutic) and 28 days = 0.14 - i .
(preventive) after i.p. injection of PQ (20 mg/kg). The content of hydroxyproline, as g 0.12 hche
the marker of collagen accumulation, was determined in lung tissues of the treated & 0.10 -
mice at day 28. The values are the means of 8 replicates + SD. 2 o0.08 - O Theraputic
Sham: (no treatment); Negative control: PQ+Olive Oil; TQ 1: Thymoquinone 2 0.06 - @ Preventive
20 mg/kg; TQ 2: Thymoquinone 40 mg/kg; HP: Hydroxyproline. § 0.04
***p<0.001 in comparison with the negative control group. 002
###p <0.001 in comparison with the sham group. 0.00
PQ+Oil PQ+TQ1 PQ+TQ 2
Groups
hemorrhage, hemosiderin deposit, and peribronchial fibrosis. Pre-
treatment and treatment with both.concentratlon.s of TQ cau§ed ((9)) Catalase activity
a noticeable less lung damage and improvement in pathological 54:00
changes produced by PQ. The sections of the sham group showed 12.00
structural integrity without inflammation or fibrosis development. 10.00 #
There were no observable differences in the pathological changes £
. . i T
between the high (40 mg/kg) and low (20 mg/kg) concentrations of £ B =
88 6.00 b
TQ. =] b3y OTheraputic
= a.00 o .
5 b ® Preventive
. . 2.00 =
3.2. Effect of TQ on the lung collagen contents in PQ-induced lung i
; 0.00 .
fibrosis Sham PQ + 0il Pa+TQ1 PQ+TQ 2
Groups

As shown in Fig. 2, the hydroxyproline content in the lung of PQ-
treated mice significantly increased compared to the sham group.
Administration of TQ (20 and 40 mg/kg) dose-dependently reduced
the content of hydroxyproline in the lung tissue (p <0.001). These
findings were consistent with the histological results.

3.3. Effect of TQ on the oxidative stress parameters in PQ-induced
lung fibrosis

The levels of lipid peroxidation and the antioxidant activities
of SOD and CAT were determined in the lung tissue of the con-
trol and experimental mice (Fig. 3). A significant rise in the levels
of lipid peroxidation in the lung tissue was observed in the PQ
treated animals (p <0.05). This effect was followed by a decrease
in the enzymatic activities of SOD and CAT. The administration of
TQ significantly decreased lipid peroxidation in a dose dependent
manner and restored the SOD activity to near normal (p<0.05).
There were no remarkable differences in catalase activity between
the TQ treated groups and the PQ group.

Fig. 3. Effect of TQ on the oxidative stress parameters in the lung. The doses of 20
and 40 mg/kg of TQ were administered orally to the mice for 14 days (therapeutic)
and 28 days (preventive) after i.p. injection of PQ (20 mg/kg). The oxidative stress
parameters including MDA levels (A), SOD (B) and CAT (C) activities were deter-
mined in the lung tissues of the treated mice at day 28. Values are the means of 8

replicates + SD.

Sham: (no treatment); Negative control: PQ+Olive Qil; TQ 1: Thymoquinone
20 mg/kg; TQ 2: Thymoquinone 40 mg/kg.

***p<0.001 and **p<0.01 in comparison with the negative control group.
#p<0.05 and *#*# p<0.001 in comparison with the sham group.

3.4. Expression of collagen 1al, collagen 4al, «-SMA and TGF-B1
genes

The mRNA expression of collagenlal, collagen 4al and a-SMA
were significantly increased in the PQ group compared to sham
group. In a dose and time dependent manner, the mRNA expres-
sion of collagenlal, collagen 4al and a-SMA were decreased in
TQ treated mice compared to PQ group which suggested that TQ
could inhibit the activation of profibrotic genes and ECM deposi-
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Fig. 4. The effect of TQ on the expression of fibrotic genes in PQ-induced lung fibrosis. The doses of 20 and 40 mg/kg of TQ were administered orally to the mice for 14 days
(therapeutic) and 28 days (preventive) after i.p. injection of PQ (20 mg/kg). The expressions of a-SMA, TGF-31, collagen 1a1, and collagen 4a1 mRNA were determined in the
lung of the mice by real-time RT-PCR. The data are means + SD (two replicates in each assay) for 8 mice.

**p<0.001 and **p<0.01 in comparison with the negative control group (Olive oil).

###p<0.001 in comparison with the sham group.

tion (Fig. 4). Meanwhile, TQ treatment in a dose-dependent manner
inhibited the mRNA expression of TGF[3-1 in contrast to PQ group.

4. Discussion

PQ either in respiratory or systemic exposure makes an exten-
sive and irreversible lung damage followed by fibrosis which
resembles the toxicity of some other pulmonary toxicants like
bleomycin (Dong et al., 2016). In the PQ toxicity, the production
of free radicals and depletion of antioxidants both contribute to
the oxidative stress in the pulmonary cells, especially the alveolar
type I and type Il epithelial cells, and their damage and destruction
(Destructive Phase). When the overproduction of reactive oxy-
gen species exceeds antioxidant capacity of the lung, oxidative
stress results in cell and tissue damage. Free radicals accumulation
leads to lipid peroxidation and production of oxidation markers
such as MDA. SOD and CAT are two important enzymatic defense
complexes that protect cells against oxidative damage, and their
activities can indirectly represent the levels of lipid peroxidation.
Destroying the pulmonary cells induces extensive alveolitis and
pulmonary edema which lead to the widespread fibrosis in the
lung (Proliferative Phase) (Dinis-Oliveira et al., 2008). Our results
showed the prominent fibrogenetic effect of PQ in the lung tissue of
the mice and a significant increase in the hydroxyproline content
after PQ intoxication. Meanwhile, the oxidative stress parameters
including an increase in the lipid peroxidation level and decrease
in the SOD activity were seen in the PQ treated group.

Moreover, the results of our study demonstrated that treat-
ment with TQ protected the mice lung against fibrosis induced
by PQ. The results also indicated that treatment with TQ signif-
icantly decreased MDA level and increased SOD activity. TQ is a

potent free radical and superoxide radical scavenger while preserv-
ing the activity of various antioxidant enzymes (Woo et al., 2012).
Our results are in agreement with the recent studies that reported
the protective effect of TQ against lung toxicity induced by other
agents like bleomycin and toluene (El-Khouly et al., 2012; Kanter,
2011).

Several studies suggest that TGF-31, a multifunctional cytokine,
is the main cytokine involved in the process of fibrosis via the
conversion of fibroblasts to myofibroblasts and collagen synthesis
(Meng et al., 2016). It is demonstrated that the elevated produc-
tion of TGF-B1 in human and laboratory animals is associated
with PQ-induced lung fibrosis and other chronic inflammatory
and fibrotic diseases (Cheresh et al., 2013). Much of the recent
mechanistic work regarding oxidative mechanisms in pulmonary
fibrosis has been based on the two-way interplay between TGF-31
and ROS mediated processes (Cheresh et al., 2013). ROS has been
shown to activate latent TGF-31, and TGF-31 increases the pro-
duction of ROS in human lung fibroblasts. Exposure of epithelial
cells and fibroblasts to TGF-31 decreases the levels of the antioxi-
dant enzymes and increases cell cytotoxicity mediated by oxidative
stress as well as collagen production. In other words, the emergence
of fibroblasts is associated with increased TGF-31, which stimu-
late a-SMA actin expression in isolated fibroblasts (Zhang et al.,
1996). Fibroblasts exist in a collagen-rich lattice in vivo. The inter-
action of these cells with the surrounding collagen fibrils results
in a more dense and compact organization of the matrix. Ultra
structural and histochemical studies have shown that the num-
ber of myofibroblasts, characterized by a-SMA actin expression,
increases progressively in the lung fibrosis. These cell types are
responsible for the increase in lung type collagen expression which
plays an important role in the pathogenesis of pulmonary fibro-
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sis. Their presence may contribute to the increased extracellular
matrix deposition and contractility of lung tissue in this disease.
Our findings seems to show that administration of TQ blocked TGF-
B1-augmented collagen gel contraction, expression of a-SMA and
collagen. As anticipated, the data were consistent with the results
of the hydroxyproline content and observation under light micro-
scope. In line of our results, Bai et al. (2014) showed the inhibitory
role of TQ in hepatic fibroblast proliferation and myofibroblast for-
mation by reducing a-SMA and collagen expression. TQ is also
reported to alleviate bleomycin- induced pulmonary fibrosis (El-
Khouly et al,, 2012). It is interesting to know that TQ not only
down-regulates profibrotic factors such as TGF-1, a-SMA and col-
lagen, as observed in our study, but also suppresses nuclear factor
kappa-B (El-Khouly et al., 2012) and inflammatory cytokines (TNF-
a, IL-4 and IFN-vy) (Keyhanmanesh et al., 2010; Khader and Eckl,
2014b). Such a wide range of activities warrants further investiga-
tion for the potential development of TQ as a treatment agent for
lung fibrosis.

5. Conclusion

In conclusion, our present study demonstrates that administra-
tion of TQ can reduce lung fibrosis induced by PQ herbicide. The
anti-fibrotic effect of TQ may be due to the down regulation of
profibrotic genes and inhibition of oxidative stress.
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