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Abstract

Background: Pulmonary fibrosis is an idiopathic and chronic in [U+FB0O2] ammatory interstitial lung disease, with a negligible
response to available medical therapies and potentially fatal prognosis. Statins (3-hydroxy-3-methylglutaryl-coenzyme A [HMG CoA]
reductase inhibitors) have broad pleiotropic properties and are used to treat multiple diseases.

Objectives: The purpose of this study was to investigate the effect of different doses of atorvastatin (10, 20, and 40 mg/kg) on
bleomycin (BLM)-induced pulmonary fibrosis in rats.

Methods: Thirty female 8-wk-old Sprague Dawley rats, weighing 200 £ 20 g, were randomly divided into five experimental groups.
Group 1 (control) received saline intratracheally (IT), group 2 received a single dose of BLM (7.5 Ul/kg/mL, IT) on day 7 and no treat-
ment, and groups 3 - 5 received atorvastatin orally at doses of 10, 20, and 40 mg/kg, respectively, one week before and again three
weeks after BLM administration. The rats were sacrificed 21 days after the administration of BLM. Blood and lungs were collected for
plasma malondialdehyde (MDA), lung hydroxyproline, and histopathological examination.

Results: The results showed that lung hydroxyproline and plasma MDA levels were significantly reduced in the atorvastatin-treated
groups, especially the 40 mg/kg group, compared to the BLM untreated group (P < 0.05). Furthermore, atorvastatin prevented
infiltration of inflammatory cells, proliferation of fibroblasts, and alveolar thickening due to BLM.

Conclusions: Atorvastatin may play a protective role in pulmonary fibrosis, with its effects mediated via the station’s antioxidant

and anti-inflammatory properties. Atorvastatin may be a potential agent for the treatment of lung injury and fibrosis.
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1. Background

Pulmonary fibrosis is an idiopathic and chronic
in [U+FBO2] ammatory interstitial lung disease, with a
negligible response to available medical therapies and
potentially fatal prognosis (1). Although the pathophysi-
ology of pulmonary fibrosis remains unclear, the release
of harmful amounts of reactive oxygen species (ROS) by
activated in [U+FB02] ammatory cells, which accumulate
in the lower airways, is thought to result in lung injury
due to an increase in fibroblasts in the alveolar walls. The
activated fibroblasts lead to an increase in the content
of extracellular matrix proteins and the destruction of
normal lung structure, thereby damaging the vital gas
exchange role of the lungs (2, 3).

Bleomycin (BLM) is commonly used in the cytostatic
treatment of several types of tumors, such as germ-cell tu-
mors, lymphomas, and Kaposi's squamous cell carcinomas
of the head and neck. However, BLM may be associated

with fatal side effects, of which pulmonary toxicity is the
most serious. BLM-induced lung toxicity involves inflam-
mation and fibrosis. Experimental BLM-induced lung fi-
brosis is a well-studied and accepted model of fibrogenesis
(4-7). As this model of pulmonary fibrosis resembles that
seen in humans, it has been used to assess the effects of po-
tential therapeutic agents.

By blocking the conversion of 3-hydroxy-3-methyl glu-
taryl coenzyme A (HMG CoA) to mevalonate, HMG CoA
reductase inhibitors (statins) act as potent inhibitors of
cholesterol and isoprenoid biosynthesis (8, 9). Recent
experimental and clinical evidence indicate that the ef-
fects of statins may extend beyond their ability to reduce
serum cholesterol levels (10). Cholesterol-independent
and pleiotropic effects of statins include improved en-
dothelial function and reduction of oxidative stress and
vascular inflammation (11-13).

Several recent studies showed that the aforemen-
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tioned positive effects of statins were due both to their
lipid-lowering and anti-inflammatory effects. Research
also demonstrated that the anti-inflammatory effects of
statins could be seen as early as two weeks after start-
ing statin treatment. Statins decreased the release of
proin [U+FB0O2] ammatory mediators, such as C-reactive
protein, by hepatocytes (14). Atorvastatin, a widely used
statin, reduced the activation of NF-kB and expression of
chemokines induced by angiotensin II in vascular smooth
muscle cells (15), as well as decreasing free radical produc-
tion (16). Studies also demonstrated that metabolites of
atorvastatin possessed potent antioxidative properties (17,
18) and protected very low-density lipoproteins (VLDLs),
low-density lipoproteins (LDLs), and high-density lipopro-
teins (HDLs) from oxidation (19).

Besides being a potent HMG-CoA reductase inhibitor,
atorvastatin has the longest half-life among the available
statins, which contributes to its high efficacy. The ben-
eficial effects of atorvastatin on BLM-induced pulmonary
fibrosis were previously confirmed (20). In view of its
long half-life and conflicting reports about its antioxidant
characteristics, atorvastatin was chosen from the available
statins for this study.

2. Objectives

The aim of this study was to confirm the beneficial ef-
fects of atorvastatin on BLM-induced lung injury and fibro-
sis and explore the dose dependency of atorvastatin.

3. Methods

3.1. Chemicals

Atorvastatin calcium was obtained from Exir phar-
maceutical manufacturing company (Borujerd, Iran).
BLM was purchased from Nippon Kayaku (Tokyo, Japan).
Trichloroacetic acid, thiobarbituric acid (TBA), chloramine
T, dimethyl benzaldehyde, and L-hydroxyproline were
purchased from the Sigma-Aldrich Chemical Company (St.
Louis, MO, U.S.). All chemicals and reagents used were of
analytical grade.

3.2. Animals

Thirty female 8-wk-old Sprague Dawley rats, weighing
200 £20 g, were obtained from Ahvaz Jundishapur Univer-
sity of Medical Sciences animal house. The rats were keptin
polypropylene cages and given standard rat chow, with ac-
cess to drinking water ad libitum. The animals were main-
tained under controlled conditions at a temperature of 20
=+ 2°C and a 12-h light: 12-h dark cycle. The study was per-
formed according to the animal ethics committee guide-
lines for the use of experimental animals.

3.3. Experimental Design

The rats were randomly divided into five experimental
groups (six animals in each group) and treated according
to the following protocol. Group 1 (control), received nor-
mal saline intratracheally (IT, 1 mL/kg), group 2 received a
single dose of BLM (7.5 Ul/kg/mL in normal saline, IT) on
day 7 and no treatment, and groups 3 - 5 received atorvas-
tatin orally at doses of 10, 20, and 40 mg/kg, respectively,
one week before and three weeks after BLM administration
(21,22).

3.4. Sample Collection

At the end of the experimental period (28" day), the
animals were anesthetized with ketamine/xylazine, and
blood samples were collected. The plasma was separated
by centrifugation for 10 minutes at 3000 rpm and stored
at-80°C until the analysis. The lungs were quickly isolated,
weighed, and washed with saline.

3.5. Histopathological Examination

Sections of the lung were dissected and fixed imme-
diately in 10% phosphate-buffered formaldehyde. The sec-
tions (3 pm) were stained with hematoxylin and eosin
(H&E) for histological examination.

The Ashcroft score was used for a semi-quantitative as-
sessment of fibrotic changes. The mean score in 25 micro-
scopic fields in each rat histological lung section was used
to classify the severity of fibrotic changes. The mean of the
scores from all the fields in each section was considered
the fibrotic score. The entire lung section was reviewed at
a magnification of X 100. A score ranging from 0 (normal
lung) to 8 (total fibrosis) was assigned. The mean score of
all the fields was taken as the fibrosis score of that lung
section. The criteria for grading pulmonary fibrosis were
as follows: 0 denoted a normal lung; 1 denoted minimal
fibrosis thickening of the alveolar or bronchial walls; 2 -
3 denoted moderate thickening of the walls, without ob-
vious damage to the lung architecture; 4 - 5 denoted in-
creased fibrosis, with definite damage to the lung archi-
tecture and formation of fibrotic bands or small fibrotic
masses; 6 -7 denoted severe distortion of the structure and
large fibrotic areas (“honeycomb lung” was placed in this
category); and 8 denoted fibrotic changes in all the fields.
The mean score of all the fields was taken as the fibrosis
score of that lung section (23).

3.6. Hydroxyproline Assay

The total collagen content of the left lung was mea-
sured using a colorimetric assay to determine the lung hy-
droxyproline content (24, 25). In brief, the left lung lobes
were minced and homogenized in 6 M HCl and hydrolyzed
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for 5 h at130°C. The pH was adjusted to 6.5 - 7.0 with NaOH,
and the sample volume was adjusted to 30 mL with dis-
tilled water. The sample solution (1.0 mL) was mixed with
1.0 mL of chloramine T solution (0.05 mol/L), and the mix-
ture was then incubated at room temperature for 20 min-
utes. After the addition of 1.0 mL of 20% dimethyl benzalde-
hyde solution, the mixture was incubated at 60°C for 20
minutes. The absorbance of each sample at 550 nm was
measured. The results are expressed in milligrams of hy-
droxyproline per gram of wet lung weight using hydrox-
yproline standards (Sigma).

3.7. Lipid Peroxidation Assay

Lipid peroxidation was assessed by measuring the
amounts of malondialdehyde (MDA) via the TBA color re-
action using the method described by Buege and Aust
(26). Briefly, 0.5 mL of plasma was mixed with 2.5 mL of
trichloroacetic acid (10%, w/v). The samples were then cen-
trifuged at 3000 rpm for 10 min, and 2 mL of each sam-
ple supernatant were transferred to a test tube contain-
ing 1 ml of TBA solution (0.67%, w|v). The mixture was
kept in boiling water for 10 minutes, producing a pink
colored solution. The mixture was then cooled immedi-
ately, and the absorbance was measured at 532 nm us-
ing a spectrophotometer (UV-1650 PC, Shimadzu, Japan).
Tetraethoxypropane was used as a standard, and the MDA
content was expressed as gmol/L plasma.

3.8. Statistical Analysis

The results were expressed as the mean = SD, and all
statistical comparisons were made by means of a one-way
ANOVA test, followed by Tukey’s post hoc analysis. AP value
less than 0.05 was considered significant.

4. Results

4.1. Atorvastatin Inhibited Collagen Deposition and Hydrox-
yproline Content

The lung hydroxyproline content to collagen accumu-
lation ratio in the control and BLM groups was 1.77 & 0.09
and 6.01 £+ 0.14 mg(g tissue, respectively (Figure 1). The
treatment with atorvastatin at all doses (10, 20, and 40
mg/kg) significantly reduced the lung hydroxyproline con-
tent as compared to that of the BLM group (P < 0.05).

4.2. Suppressive Effects of Atorvastatin on Lipid Peroxidation

A significant rise was observed in the plasma MDA lev-
els (an index of lipid peroxidation) of the rats exposed to
BLM when compared with those of the control group (P <
0.05). The plasma MDA level in the control and BLM groups
was 1.25 £ 0.15 and 2.97 £ 0.09 pumol/L, respectively. As
shown in Figure 2, the MDA level decreased in the rats pre-
treated with atorvastatin (P < 0.05).
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Figure 1. Effect of Pretreatment With Atorvastatin at Doses of 10, 20, and 40 mg/kg
on the Hydroxyproline Content in the Lungs of Rats With Pulmonary Fibrosis

Hydroxyproline, mg/g Lung Tissue
(Mean £ SD)
S

Control BLM 10 20 40

BLM+Atorvastatin, mg/kg

The values are expressed as the mean % SD (n = 6). *P < 0.05, significant difference
vs. the control group. #P < 0.05, significant difference vs. the BLM group.

Figure 2. Effect of Pretreatment With Atorvastatin at Doses of 10, 20, and 40 mg/kg
on Plasma MDA Levels in Rats With Pulmonary Fibrosis

MDA, pmol/lit Plasma
(Mean +SD)

Control BLM 10 20 40

BLM+Atorvastatin, mg/kg

The values are expressed as the mean =+ SD (n = 6). *P < 0.05, significant difference
vs. the control group. #P < 0.05, significant difference vs. the BLM group.

4.3.  Atorvastatin Attenuated BLM-Mediated Histological
Changes

Pulmonary fibrosis revealed infiltration of inflamma-
tory cells, proliferation of fibroblasts, and extracellular
matrix deposition. As described in section 3.5, a normal
lung was assigned a score of 0, and total fibrosis was as-
signed a score of 8. As shown in the lung photomicro-
graphs (Figure 3), the lung sections of the rats pretreated
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with 10 mg/kg of atorvastatin (group 3) had a score of 5- 6,
whereas those treated with doses of 20 and 40 mg/kg had
a score of 4 - 5 (groups 4 and 5, respectively).

5. Discussion

The anti-inflammatory properties of statins are nu-
merous and complex. Although incompletely understood,
there is tantalizing evidence that they might prove to be
of clinical benefit in the treatment of a range of inflamma-
tory lung diseases. To clarify this issue, evidence is needed
on the efficacy of statins in different inflammatory lung
diseases. The results of this study demonstrate the suc-
cess of atorvastatin in the treatment of BLM-induced pul-
monary fibrosis.

The molecular structure of atorvastatin hydroxyl
metabolites enables them to act as electron donors and,
hence, as potent antioxidants (19). Therefore, even if
the parent drug does not show antioxidant properties,
its metabolites may have antioxidant activity in vivo.
Kiener et al. (27) showed that lipophilic statins, such as
atorvastatin and simvastatin, had a much greater effect
on inflammatory responses in human and mouse mod-
els than hydrophilic pravastatin. As inflammation and
fibrosis are the two determinants of the progression of
pulmonary fibrosis, the potential beneficial effects of
atorvastatin on BLM-induced pulmonary fibrosis can be
measured in the early inflammatory and late fibrotic
phases. Singh et al. (28) reported that atorvastatin therapy
had a dose-response effect with regard to decreasing oxi-
dized LDL. They also reported other pleiotropic effects of
the drug, evidenced by a significant decrease in related in-
flammatory markers, including high sensitivity C-reactive
protein, matrix metalloproteinase-9, and NF-xB activity,
especially at high doses (i.e., 80 mg/d).

There is an ongoing debate about the widespread use
of statins and at what point their use is essential. The
present study showed that atorvastatin had a dramatic an-
tifibrotic effect and that part of this effect seemed to be due
to the antioxidant properties of the parent drug and|or its
metabolites. The results point to inhibition of LDL oxida-
tion by atorvastatin, in addition to its other pleiotropic ef-
fects.

The potential of antioxidant treatments in human IPF
and BLM-induced lung fibrosis, a popular rat model of
human pulmonary fibrosis, has been extensively investi-
gated. The use of such treatments is based on the pre-
sumption that chronic persistent in [U+FB02] ammation
precedes IPF and that aggressive suppression of this
in [U+FBO2] ammation will block subsequent scar for-
mation and disease progression (29). BLM-induced pul-
monary injury initially results in the generation of oxidant

species by an iron-dependent mechanism (30). Further
damage is thought to be elicited by the production of in-
creased amounts of ROS and reactive nitrogen species by
activated in [U+FBO2]ammatory cells recruited into the
damaged lung following BLM exposure (31). The observed
protective effects of atorvastatin in the present study were
associated with diminished accumulation of collagen, as
assessed by the lung hydroxyproline content, as well as
an improved pathological grading. BLM-induced lung
injury also probably involved the generation of ROS by
an iron-dependent mechanism. These ROS damage lung
cells and activate in [U+FB02] ammatory cells, which pro-
duce additional ROS in the pulmonary space. Both drugs
showed significant free radical scavenging activity in this
experiment, as shown by the reduction in MDA levels of
lung tissue lesions and additional lung tissue damage.
In the present study, the histology of the lung tissue of
the rats pretreated with atorvastatin suggested that the
drug may exert antioxidant activity by decreasing MDA
levels in the lung. Studies have shown that statins ex-
erted anti-inflammatory effects in numerous tissues via
the activation of peroxisome proliferator-activated recep-
tors, which regulate important cellular functions, such as
glucose and lipid catabolism and cellular differentiation,
proliferation, and survival (32-34), and that these recep-
tors were promising therapeutic targets in bladder can-
cer (35). Furthermore, research demonstrated that the ef-
fects of statins, namely atorvastatin, seemed to be synergis-
tically increased by cycloxygenase 2 inhibitors (36), These
data reinforce the role played by inflammation in lung fi-
brosis and the importance of preventive strategies based
on anti-inflammatory activity, such as that demonstrated
by atorvastatin in the present study. The beneficial roles
of atorvastatin in the treatment of lung injury and pul-
monary fibrosis are represented graphically in Figure 4 (37,
38).

In conclusion, the findings of the current study illus-
trate that BLM administration resulted in lung fibrosis in
rats via increased oxidative stress and fibrotic events and
that the antioxidant and anti-inflammatory properties of
atorvastatin dose dependently prevented oxidative stress
and fibrosis.
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Figure 3. Histological Specimens of Lung Tissue From the Animals in Each Treatment Group

Lung tissues were obtained 21days after instillation of BLM and stained with H&E. Appearance of rat lungs in the different groups: (A) control, (B) BLM, (C) BLM and pretreatment
with 10 mg/kg of atorvastatin, (D) BLM and pretreatment with 20 mg/kg of atorvastatin, and (E) BLM and pretreatment with 40 mg/kg of atorvastatin. The lung parenchyma of
the control was well preserved and intact. Extensive interstitial infiltration and fibrosis was visible in the BLM group (B). There was a marked lack of BLM-induced histological
changes in the rat lungs in the BLM + 20 mg/kg atorvastatin group (D) and BLM + 40 mg/kg atorvastatin group (E).
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Cells Present in the Lungs
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