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Combination Therapy with Pirfenidone plus Prednisolone
Ameliorates Paraquat-Induced Pulmonary Fibrosis

Rokhsana Rasooli,1 Fatemeh Pourgholamhosein,2 Younes Kamali,3 Fatemeh Nabipour,4 and
Ali Mandegary5,6

Abstract— Pirfenidone is known to slow the decline in vital capacity and increase survival
in idiopathic pulmonary fibrosis (IPF). Besides, administration of glucocorticoids, e.g., pred-
nisolone has been the conventional strategy to the treatment of patients with this disease, alth-
ough their efficacy is under debate. Since multiple coactivated pathways are involved in the
pathogenesis of IPF, combination therapy is a foundation strategy to cover many more syner-
getic mechanisms and increase response. The aim of the present study was to compare the th-
erapeutic efficacy of prednisolone plus pirfenidone with pirfenidone alone in PQ-induced lung
fibrosis. After development of PQ-induced lung fibrosis, pirfenidone, prednisolone, and their
combination were administered for 14 consecutive days. Lung pathological lesions, along with
increased hydroxyproline were determined in the paraquat group. Paraquat also caused oxida-
tive stress and increasing the proinflammatory and profibrotic gene expression. Pirfenidone
attenuated the PQ-induced pulmonary fibrosis from the analysis of antioxidant enzymes but
prednisolone had no such effect. Co-treatment with pirfenidone and prednisolone suppressed
lung hydroxyproline content, TGF-β1, and TNF-α; however, prednisolone alone could not
suppress pulmonary fibrosis which was significantly suppressed only by pirfenidone.
Pirfenidone also suppressed the increase in MMP-2 and TIMP-1 induced by PQ. All of these
effects were exaggerated when pirfenidone coadministered with prednisolone. These findings
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suggest that pirfenidone exerts its antifibrotic effect through regulation of hydroxyproline
content, oxidative stress and proinflammatory and profibrotic gene expression during the
development of PQ-induced pulmonary fibrosis in rats and combination therapy with prednis-
olone can represent more potent therapeutic effects.

KEYWORDS: combination therapy; paraquat-induced pulmonary fibrosis; pirfenidone; prednisolone.

INTRODUCTION

Combination therapy is one of the rationale strategies
is proposed to cover many more synergetic mechanisms
and increase response. In interstitial lung diseases, such as
idiopathic pulmonary fibrosis (IPF) combination therapy is
concluded to be attractive in principle, both to deal with
diagnostic uncertainty and to suppress proinflammatory
and profibrotic pathways [1]. Administration of glucocor-
ticoids or immunosuppressive agents has been the conven-
tional strategy to the treatment of patients with this disease,
although their efficacy is under debate. It is found that
when prednisolone combines with cyclophosphamide or
with azathioprine, its potency exaggerates and a significant
advantage in survival achieve [2, 3]. In this regard, we tried
to compare the therapeutic efficacy of prednisolone plus
pirfenidone with pirfenidone and prednisolone alone in
PQ-induced pulmonary fibrosis. This protocol of treatment
is guided by the pathogenesis of fibrosis and documented
preclinical data which proved that inflammation plays a
major role in the pathogenesis of PQ toxicity. The present
study evaluates the therapeutic efficacy of PF plus PR
combination and compares with each one lonely in PQ-
induced lung fibrosis as an IPF model. This comparison
was performed by evaluating histopathologic changes, hy-
droxyproline content, tissue oxidative stress parameters,
inflammatory and fibrotic genes expression including
TGF-β1, TNF-α, TIMP-1, and MMP-2 genes in the lung
tissues.

MATERIALS AND METHODS

Chemicals

Paraquat, pirfenidone, prednisolone, hydroxyproline,
4-dimethyl aminobenzaldehyde, chloramine T, and
malondialdehyde (MDA) were purchased from Sigma-
Aldrich Chemical 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). All
other chemicals were bought from Merck (Germany).

Animals and Treatments

Male Sprague-Dawley rats of 8–12 weeks old
weighing 200–220 g were housed in a room with a 12-h
light/dark cycle and allowed to ad libitum food and water.
Pulmonary fibrosis was induced by intraperitoneal (i.p.)
administration of a single dose of 20 mg/kg PQ [4, 5] and
developed in 2 weeks (day 14), confirmed by morpholog-
ical changes in the lungs and an accumulation of excessive
interstitial collagen [6]. Then, experiment was performed
in rats were equally and randomly divided into five groups,
namely PQ-induced fibrosis rats (PQ group), PF treatment,
PR treatment, PF plus PR treatment, and normal animals
receiving vehicle (water) as the negative control. PF
(200 mg/kg/day body weight) and PR (3 mg/kg/day body
weight) administered by gavage. Selecting the dose of PF
and PR was according to clinical trial in patients with
idiopathic pulmonary fibrosis and experimental researches
[7, 8].

All animals were treated humanely according to the
guidelines on ethics standard for investigation of experi-
mental pain in animals and approved by the Animal Ex-
perimentation Ethics Committee of Kerman Neuroscience
Research Center (EC/KNRC/90).

Sample Collection and Analytical Procedures

At the end of the treatment period (28 days), the rats
were anesthetized by intraperitoneally injection with
100mg/kg ketamine and 10mg/kg xylazine. Lung prompt-
ly removed and divided into two halves. The right lungwas
stored at − 80 °C for analysis of oxidative stress, hydroxy-
proline content, and gene expression. The left lung was
immersed in 10% buffered formalin for histological
examination.

Histopathological Analysis

After embedding the fixed lung tissues into liquid
paraffin, 5-μm-thick sections were prepared. The sections
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were stained with hematoxylin and eosin (H & E) for
histopathological examination and Masson’s trichrome
staining for evaluation of collagen deposition. All histo-
pathologic sections were blindly evaluated by the two
experienced pathologists. For fibrotic/reparative changes,
lung sections were assessed qualitatively from normal
(absent) to severe according to the scale defined by Ash-
croft et al. [6] as follows: normal lung; mild: minimal
fibrous thickening of alveolar or bronchiolar vessels; mod-
erate: moderate thickening of walls without obvious dam-
age to lung architecture; severe: increased fibrosis with
definite damage to lung structure and formation of fibrous
bands or large fibrous areas. A simpler grading system
(absent, present, focal) was also used to evaluate the other
pathologic lesions [9, 10].

Determination of Oxidative Stress Parameters

Preliminary preparation of lung tissue samples for
biochemical evaluation was done with 0.1 M Tris-HCl
buffer (pH 7.4) at 4 °C using a tissue homogenizer. The
resulting tissue homogenates were used for biochemical
measurements. The malondialdehyde in the lung tissue
was measured using thiobarbituric acid at 532 nm. Differ-
ent concentrations of tetrabutylammonium prepared as a
standard solution. The activities of SOD was measured
according to the method of Beyer and Fridovich [11] and
CAT activity was determined using the method of Aebi
[12].

Measurement of Collagen

Hydroxyproline, as a measure of collagen deposition
in the lung tissue and fibrosis, was assessed using the
method of Reddy and Enwemeka [13] with minor modifi-
cation [14]. Briefly, hydroxyproline in the homogenated
lung tissue was hydrolyzed with 1 M acetate buffer and
oxidized with 1.4% chloramine T, and was formed the
reddish purple complex with 1 M Ehrlich’s reagent (4-
dimethylaminobenzaldehyde) and the chromophore was
developed at 65 °C for 20 min and measured at 550 nm.

Determination of Fibrotic Genes Expression by Real-
Time RT-PCR

Total RNA was extracted from pulmonary tissues
using TRIzol® reagent according to the manufacturer’s
protocol. Samples (2 μg RNA) were reverse-transcribed
using a HyperScript™ first-strand cDNA synthesis kit.
Synthesized cDNA was used in real-time RT-PCR
(lightcycler® 96 Roche, Germany) experiments using

SYBR GREEN Supermix and analyzed with lightcycler®
96 Software. The sequences of primes were as follows: All
the real-time PCR primers used in this study are listed: rat
TGF-β1 (forward: 5′-GCT CGC TTT GTA CAA CAG
CA-3′ and reverse: 5′-GAG TTC TAC GTG TTG CTC
CA-3′), rat TNF-α (forward: 5′-CCC ACG TCG TAG
CAA ACC ACC AA-3′ and reverse: 5′-ACG TAG TCG
GGG CAG CCT TGT-3′), rat MMP-2 (forward: 5′-CTG
GGC AAC AAG TAT GAG AG-3′ and reverse: 5’-GTG
TAG GTG TAG ATA GGG GC-3′), rat TIMP-1 (forward:
5′-GCC TCTGGCATCCTCTTG-3′ and reverse: 5′-TGC
GGT TCT GGG ACT TGT-3′). Specificity was confirmed
by electrophoretic analysis of the reaction products and by
the inclusion of template- or reverse transcriptase-free con-
trols. To normalize the amount of total RNA present in
each reaction, β-actin cDNA was used as an internal
standard.

Statistical Analysis

The quantitative data were presented as mean ± SEM.
Differences between the means were analyzed using one-
way analysis of variance (ANOVA) followed by the Tukey
HSD post hoc test. The differences are considered statisti-
cally significant when p < 0.05. The data were analyzed
using SPSS 18.0.

RESULTS

Effect of Pirfenidone, Prednisolone, and Pirfenidone-
Prednisolone Coadministration on Histopathological
Changes of Lung Tissues

The lungs of the negative control group showed a
normal alveolar pattern with broncheoli surrounded by
alveolar sacs and alveoli separated by alveolar septa. PQ
exposure induced a marked inflammatory response char-
acterized by inflammatory cell aggregation and infiltration
in the alveolar space and septum, substantially thickening
and degrading normal alveolar structure. Masson’s
trichrome staining revealed markedly increased collagen
deposition, predominately in the thickened alveolar regions
and small bronchioles (Fig. 1). PF and PR treatment atten-
uated the interstitial thickening, inflammatory responses,
and collagen accumulation induced by PQ; however, it
seems that their combination more than each of them
separately, alleviated the inflammatory and fibrotic lesions.
All the lesions are depicted in Fig. 1 and Table 1.
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Effect of Pirfenidone, Prednisolone, and Pirfenidone-
Prednisolone Coadministration on the Hydroxyproline
Content

As shown in Fig. 2, the hydroxyproline content in the
lung of the PQ-treated rats significantly increased com-
pared with the control group. Administration of PF
(p < 0.05) and PR could reduce the content of hydroxy-
proline in lung tissues. These findings were more typical in
combined therapy with PF-PR (p < 0.01) which all were
consistent with the histopathological results.

Effect of Pirfenidone, Prednisolone, and Pirfenidone-
Prednisolone Coadministration on the Oxidative Stress

A significant rise in the levels of lipid peroxidation in
the lung tissue was observed in the PQ-treated animals.
This effect was accompanied by a decrease in the enzy-
matic activities of SOD and CAT. Administration of PF
alone or in combination with PR significantly decreased
lipid peroxidation in lung samples and restored the SOD
and CAT activity to near normal. Significance levels are
separately depicted in Fig. 2.

Effect of Pirfenidone, Prednisolone, and Pirfenidone-
Prednisolone Coadministration on the Expression of
TGF-β1 and TNF-α in PQ-Induced Pulmonary
Fibrosis

To quantify the changes of profibrogenic and proin-
flammatory genes after treatment by PF and PR and

comparing to their combination therapy, total RNAs were
collected for measurement by quantitative real-time RT-
PCR. The results suggested a 5-fold increase of TGF-β1 in
lung tissues of PQ-rats, which was gradually reduced to
about 2-fold after PF plus PR treatment.

We also analyzed the TNF-α which plays an impor-
tant role in PQ-induced pulmonary inflammation. As ex-
pected, PQ increased lung TNF-α expression, which was
significantly inhibited by both PF (p < 0.001) and PR
(p < 0.001) treatments (Fig. 3). Similar suppression of
TGF-β1, TNF-α gene expression reduced after treatment
by PF plus PR, indicating more potent proinflammatory
effects of combination therapy.

Effect of Pirfenidone, Prednisolone, and Pirfenidone-
Prednisolone Coadministration on the Expression of
TIMP-1 and MMP-2 in PQ-Induced Lung Fibrosis

The mRNA expression of TIMP-1 andMMP-2 genes
was increased in the PQ group. PF and PR solely decreased
the expression of the TIMP-1 and MMP-2 genes. As a
combination therapy by PF-PR, rats obviously decreased
the mRNA expression of the TIMP-1 and MMP-2
(p < 0.01) which suggested its more ability to inhibit the
activation of ECM deposition and the progression of
fibrosis.

DISCUSSION

Intoxication with PQ as a quaternary ammonium
herbicide can lead to severe fibrotic lung damage [15].
The pulmonary response to stimulation of PQ ismanifested
by excessive scarring and architectural restructuring [16].
The pathologic characteristics of PQ-induced pulmonary
fibrosis in primary stage are alveolitis, pulmonary edema,
and infiltration of inflammatory cells. Finally, the changes
are followed by stimulating fibroblast proliferation and

Table 1. Histopathological Lesions of the Lung Tissue Subsequent to Paraquat Toxicity and Therapeutic Effects of Pirfenidone, Prednisolone, and
Pirfenidone-Prednisolone Combination

Groups Negative control PQ PQ + PF PQ + PR PQ + PF + PR

Alveolar hemorrhage No Focal Rare Focal No
Hemosidrin deposition No Focal Rare Focal No
Alveolar macrophages Absent Present Focal Focal Absent
Interstitial inflammation Absent Moderate Mild Mild Mild
Type 2 pneumocyte Absent Present Absent Focal Absent
Mucosal lymphoid tissue Absent Moderate Mild Mild Mild
Peribronchial fibrosis Absent Moderate Absent Moderate Absent
Interstitial fibrosis Absent Severe Mild Moderate Mild

Fig. 1. Photomicrographs of hematoxylin and eosin and Masson’s trich-
rome stained lung tissues. a PQ group: Received PQ without treatment
shows the highest level of fibrosis. b PQ + prednisolone group: Received
PQ and prednisolone (3 mg/kg) for 14 days as a treatment. c PQ + PF g-
roup: Received PQ and PF (200 mg/kg) for 14 days as a treatment. d PQ +
PF + prednisolone group: Received PQ and PF (200 mg/kg) plus prednis-
olone (3 mg/kg) for 14 days as a treatment (magnification × 40).

R
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collagen deposition. First of all, a fibrogenic effect of PQ in
lung tissue of the rats was proved by a significant increas-
ing in hydroxyproline content after PQ intoxication. The
results showed that prednisolone alone could not effective-
ly decrease the hydroxyproline content. The effect of
pirfenidone in reducing hydroxyproline level was more
than prednisolone. Besides, a combination of pirfenidone
and prednisolonewas more effective than each agent alone.
This effect could be explained with possible mechanisms
including inhibition of free oxygen radical production and
subsequent inflammatory cell accumulation which is gen-
erated by PQ, and thus inhibition of fibroblast proliferation.
Consistent with hydroxyproline, the results suggested that
the PQ poisoning model was also successful histologically.
In general, the histopathological lesions for IPF are those of

usual interstitial pneumonia (UIP) [17, 18]. A combination
of fibrosis, scarring, and honeycombing prominently in the
subpleural and paraseptal regions of parenchyma were also
observed in the present study.

The highly developed polyamine uptake system fol-
lowing initial accumulating PQ in the lungs leads to over-
production of free radicals and dysregulation of redox
signaling as well as a reduction in the antioxidant capabil-
ity of the cell that ultimately results in acute tissue oxida-
tive damage [19]. Free radicals activate the lipid peroxida-
tion process in the cellular level. An increase in the free
radicals gives rise to overproduction of MDA that is one of
the final products of polyunsaturated fatty acid peroxida-
tion in the cells [20]. PQ exposure caused a significant
reduction in the enzymatic activities of SOD and CAT
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Fig. 2. Influence of PQ toxicity and therapeutic effects of pirfenidone, prednisolone, and pirfenidone-prednisolone combination on oxidative stress
parameters and hydroxyproline content. Data are expressed as the mean ± SEM. Two replicates in each assay, n = 8. *p < 0.05, **p < 0.01, and
***p < 0.001 in comparison with PQ group.
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along with an increase in the tissue levels of LPO com-
pared to control rats. Our results are in accordance with
other studies in PQ-induced lung toxicity [5, 21]. In the
present study, the effect of pirfenidone alone in reducing
SOD and CAT activity was similar to the combination
therapy with prednisolone. Also, there was no significant
difference in the enzymatic activity of SOD and CAT or
LPO between the groups receiving prednisolone versus
that receiving PQ. Based on the previous studies, this effect
can be attributed to the antioxidant property of pirfenidone
and lack of this trait in prednisolone [22]. In this regards,
the efficacy of pirfenidone could be partially related to its
antioxidant properties.

It has been documented that proinflammatory and
profibrogenic cytokines play an important role in both
initiation and progression of PQ-induced pulmonary fibro-
sis [23]. Alveolar macrophages and other cell types in the

early inflammatory and late fibrotic phases of lung injury
produce TNF-α. TNF-α, in turn, causes proliferation of
fibroblasts, expression of cellular matrix metalloprotein-
ases (MMPs), and the release of other proinflammatory
cytokines [24].

In mammals, three different forms of TGF-β exist of
which TGF-β1 is considered as a principal profibrotic
agent upregulated in areas of regeneration and remodeling
foci in lung fibrosis. Some of its activities include synthesis
promotion and deposition of collagen, extracellular matrix
production, differentiation of fibroblasts to myofibroblasts,
and inhibition of fibroblast autophagy [25–27]. In contrast
to a study conducted by a Japanese group [8], in our study
after PQ intoxication, both pirfenidone and prednisolone
attenuated the increases in TGF-β1 levels in the lung
tissue, suggesting that the antifibrotic effects could be
partly explained as a result of the suppression of TGF-β1

Fig. 3. Influence of therapeutic effects of pirfenidone, prednisolone, and pirfenidone-prednisolone combination on the expression of fibrotic genes in PQ-
induced lung fibrosis. The rats treated for 14 days after development of fibrosis. The expressions of TGF-β, TNF-α, TIMP-1, and MMP-2 mRNA were
determined in the lung of the rats by real-time RT-PCR. The data are means ± SE (two replicates in each assay) for eight rats. *p < 0.05, ***p < 0.001, and
**p < 0.01 in comparison with the PQ group.
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signalling. Besides, consistent with other studies, the au-
thors found that pirfenidone has a preventive effect on
TGF-β1 elevation, and inhibits the progression of fibrosis
[8, 28].

In some reports, TNF-α expression in the early in-
flammatory and late fibrotic phases of lung injury has been
documented [29]. In the present study, PQ caused a signif-
icant elevation of TNF-α in lung tissue level compared
with that in the control group. Treatment of rats with both
pirfenidone and prednisolone significantly reduced the
lung TNF-α level compared with the PQ group. Following
combination therapy, the elevated level of TNF-α induced
by PQ arrived at the same production level of this cytokine
in the control group. The anti-inflammatory property of
both drugs could also be considered for the effect on TNF-
α level.

Inflammatory responses and the fibroblast to
myofibroblast conversion are intensified with releasing
the inflammatory cytokines, chemokines, or growth fac-
tors, e.g., TNF-α, TGF-β1, MMP 2, and TIMP-1 by alve-
olar macrophages along with epithelial and endothelial
cells of the lung [30]. The proteases such as MMP2 and
TIMP-1 partially regulate the renewing of the extracellular
matrix. The MMP family and tissue inhibitors of MMPS
certainly have a key role in pathological conditions by
degrading matrix proteins and connective tissues. The pre-
cise pathophysiological mechanisms of the pathologic
wound healing in PQ-induced lung fibrosis are not clear.
However, a large collection of knowledge strongly sug-
gests that imbalance expression/activity of MMPs and
TIMPs play a fundamental role in this process [31–34].
Consistent with previous studies, in the present study,
overexpression of MMP2 and TIMP1 was seen in rats
poisoned by PQ. Pirfenidone in the regulation of the
MMP2 and TIMP1 expression showed a more potent
therapeutic effect in comparison to prednisolone.

The present study indicates that pirfenidone plus
prednisolone might be considered as a combination thera-
peutic regimen for the treatment of pulmonary fibrosis
induced by PQ intoxication. At least based on the findings
of the present study, we can say that the proven therapeutic
effect of pirfenidone on PQ-induced pulmonary fibrosis
can be amplified when coadministrated with prednisolone.

Our study should also be evaluated based on its
weaknesses. Using many different doses, investigation of
molecular mechanism on the in vitro models (cell lines)
and also larger clinical trials in animals and humans, eval-
uation of more genes especially those involved in EMT,
and investigation of the protein level using western blotting
seem to be considered in future studies.
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