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Abstract Pulmonary fibrosis is a progressive lung disorder
with high mortality rate and limited successful treatment. This
study was designed to assess the potential anti-oxidant and
anti-fibrotic effects of aliskiren (Alsk) during bleomycin
(BLM)-induced pulmonary fibrosis. Male Wistar rats were
used as control untreated or treated with the following: a sin-
gle dose of 2.5 mg/kg of BLM endotracheally and BLM and
Alsk (either low dose 30 mg/kg/day or high dose 60 mg/kg/
day), and another group was given Alsk 60 mg/kg/day alone.
Alsk was given by gavage. Alsk anti-oxidant and anti-fibrotic
effects were assessed. BLM significantly increased relative
lung weight and the levels of lactate dehydrogenase and total
and differential leucocytic count in bronchoalveolar lavage
that was significantly ameliorated by high-dose Alsk treat-
ment. As markers of oxidative stress, BLM caused a signifi-
cant increase in the levels of lipid peroxides and nitric oxide
accompanied with a significant decrease of superoxide dis-
mutase and glutathione transferase enzymes. High-dose Alsk
treatment restored these markers toward normal values. Alsk
counteracted the overexpression of advanced glycation end
products, matrix metalloproteinase-9 (MMP-9), and tissue in-
hibitor of metalloproteinases-1 in lung tissue induced by
BLM. Fibrosis assessed by measuring hydroxyproline con-
tent, which markedly increased in the BLM group, was also
significantly reduced by Alsk. These were confirmed by his-
topathological and immunohistochemical examination which

revealed that Alsk attenuates signs of pulmonary fibrosis and
decreased the overexpressed MMP-9 and transforming
growth factor β1. Collectively, these findings indicate that
Alsk has a potential anti-fibrotic effect beside its anti-oxidant
activity.
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Introduction

Pulmonary fibrosis is a chronic progressive lung disease. It is
distinguished pathologically by deposition of extracellular
matrix (ECM) with lung architectural remodeling (Todd et
al. 2012). It is a deleterious sequel of discrete pulmonary syn-
dromes as acute respiratory distress syndrome, idiopathic pul-
monary fibrosis (IPF), occupational and environmental expo-
sures, and drug reactions (Raghu et al. 2011).

Bleomycin (BLM) administration is a widely used model
for understanding fibrotic lung remodeling (Latta et al. 2015).
BLM, beside its anti-neoplastic properties, induces pulmonary
fibrosis in experimental animals that resemble chronic fibrotic
lung disease in human (Snider et al. 1978).

The oxidant/anti-oxidant imbalance (Daniil et al. 2008) and
the dysregulated fibrogenesis (Selman et al. 2001) have
emerged as critical components of the BLM-induced pulmo-
nary fibrosis. Ample evidence pointed that reactive oxygen
species (ROS) generated internally or exogenously by envi-
ronmental exposure promoted the development of pulmonary
fibrotic diseases (Kliment and Oury 2010; Faner et al. 2012;
Liu et al. 2012; Liu et al. 2013). These oxidants can stimulate
genes regulating cell growth, cell death, and fibroblast
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proliferation (Kinnula and Crapo 2003; Halliwell 2011) and
thereby promote pulmonary fibrosis.

The advanced glycation end products (AGEs), the irre-
versible products of non-enzymatic glycation of proteins,
nucleic acids, and lipids, are elevated during oxidative
stress (Bohlender et al. 2005). Thus, AGEs are considered
as a biomarker for local endogenous oxidative stress
(Hudson et al. 2003). Literature demonstrated that AGEs
contribute to the pathogenesis of different disorders
(Ramasamy et al. 2005) including pulmonary fibrosis
(Englert et al. 2008). Matsuse and his colleagues were the
first to document the accumulation of enhanced AGE-
modified proteins in alveolar macrophages in patients with
IPF (Matsuse et al. 1998). Others have reported that AGEs
can induce excessive ECM accumulation and pro-fibrotic
cytokine expression, such as transforming growth factor
β1 (TGF-β1) (Ohashi et al. 2004).

TGF-β1 is thought to be involved in the initiation and
progression of fibrosis (Gauldie 2002; Keane and Strieter
2002). TGF-β1 is elevated in tissue samples of IPF seen in
animal models (Coker et al. 1997) and patients (Coker et al.
2001). The three isoforms of TGF-β are inactive and attached
to a latency association protein (LAP). ROS promotes TGF-β-
induced fibrosis either by direct activating of latent TGF-β via
oxidation of LAP with subsequent release of TGF-β or indi-
rectly by ROS up-regulation of matrix metalloproteinases
(MMPs) that eventually cleave LAP liberating active TGF-β
(Liu and Gaston Pravia 2010; Cheresh et al. 2013).

MMPs, the mediators of matrix degradation, are a family of
zinc endopeptidase. Different MMPs are activated in the IPF
lungs. They contribute to remodeling of ECM and disruption
of basement membrane seen in the disease pathogenesis
(Pardo and Selman 2012). MMP-9 protein and gene expres-
sions are up-regulated in both animal models and patients with
lung fibrosis (Lemjabbar et al. 1999; Perez-Ramos et al.
1999). High levels of MMP-9 were observed in fibroblasts
and alveolar macrophages isolated from lungs of IPF patient
(Montano et al. 1989; Lemjabbar et al. 1999). Interestingly,
MMP-9 was able to augment TGF-β promoting the increase
of active TGF-β (Yu and Stamenkovic 2000).

Tissue inhibitors of metalloproteinases (TIMPs) inhibit
MMP activities in vivo. However, disruption of the balance
betweenMMPs and TIMPmay evoke pathological processes,
including pulmonary fibrosis. This was evidenced in fibro-
blasts derived from human fibrotic lung (Pardo et al. 1992).

Renin is a protease that cleaves angiotensinogen to form
angiotensin I, which successively converted to angiotensin II
by angiotensin-converting enzyme (Rokhsara et al. 2013).
The tissue renin–angiotensin system (RAS) modulates the
structure and function of different organs and systems via its
autocrine and paracrine activities (Cooper et al. 2007).

Different studies revealed that RAS exerts a crucial role in
fibrogenesis primarily through the actions of angiotensin II in

different organs, including the lung (Li et al. 2003; Marshall et
al. 2004; Bataller et al. 2005; Hartner et al. 2006).

Later, renin has been pointed to be a pro-fibrotic mediator
of lung fibrosis functioning independently from angiotensin
II. Its effects in human IPF lungs and fibroblasts resulted in
overexpression of TGF-β and collagen. Renin gene silencing
resulted in reduced expression of collagen and TGF-β1 in
vitro (Montes et al. 2012).

Aliskiren (Alsk), a direct inhibitor of renin, has been shown
in different studies to be effective in lowering blood pressure
and to hold considerable potential for organ protection beyond
blood pressure reduction. Alsk exhibited beneficial anti-
fibrotic effects in different fibrotic models including peritone-
al, renal, and cardiac fibrosis (Ke et al. 2010; Gross et al. 2011;
Zhi et al. 2013).

Therefore, the present study aims to explore the potential
anti-fibrotic and anti-oxidant effects of Alsk and try to eluci-
date the underlying mechanisms for modulating lung fibrosis
induced by BLM.

Materials and methods

Drugs and chemicals

Aliskiren (Alsk) was supplied as formulated drug product
manufactured by Novartis Pharma AG, Basel, Switzerland.
Bleomycin (BLM) was supplied as ampoules (Bleocin)
(Nippon Kayaku Co. Ltd., Tokyo, Japan). Each ampoule con-
tains 15 mg BLM-HCl as lyophilized powder. Both dissolved
in normal saline. Other chemicals and reagents were of ana-
lytical grade.

Animals

Sixty male Wistar rats weighing 200–250 g were purchased
from the Egyptian Organization for Biological Products and
Vaccines (VACSERA, Helwan, Egypt). The rats were housed
at room temperature 24 ± 1 °C with 12-h light–dark cycle and
allowed free access to food and water. The rats were acclimat-
ed for 1 week before the start of experiment. All animal pro-
cedures complied with the criteria outlined in European
Directive 2010/63/EU and guidelines of Ethical Committee,
Faculty of Medicine, Ain Shams University.

Experimental design

Animals were classified into five groups (12 animals per
group). To induce pulmonary fibrosis, animals received
endotracheally, a single sublethal dose of 2.5 mg /kg of
BLM dissolved in 0.25 ml saline (0.9 % NaCl) (Boyaci et
al. 2006). Control animals received the same volume of endo-
tracheal saline instead of BLM. Tracheal instillation was

898 Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:897–909



carried out under halothane (1–2 %) anesthesia. The third and
fourth groups were given both of BLM and Alsk (either low
dose 30 mg/kg/day or high dose 60 mg/kg/day, respectively).
The fifth group was given Alsk 60 mg/kg/day alone (Alsk was
given by gavage) (Zhang et al. 2014). Fourteen days after
endotracheal instillation of BLM, the body weights of animals
were recorded and then sacrificed by a lethal injection of so-
dium pentobarbital (100 mg/kg ip). The lung weights were
weighed. Both lungs were rapidly dissected out and washed
with ice-cold saline. For six animals, one of two lungs was
used for biochemical assessment of oxidative stress markers
including lipid peroxidation; nitric oxide (NO) and the anti-
oxidant enzyme activity of superoxide dismutase (SOD) and
glutathione transferase (GST); and analysis of collagen, ad-
vanced glyca t ion end produc ts (AGEs) , ma t r ix
metalloproteinase-9 (MMP-9), and tissue inhibitor of
metalloproteinase-1 (TIMP-1), while the other lung was used
for histopathological examination and immunohistochemical
detection of MMP-9 and transforming growth factor β1
(TGF-β1). For the other six animals, the lung was used for
the assessment of lung injury markers in bronchoalveolar la-
vage fluid (BALF) including lactate dehydrogenase (LDH)
and total and differential leucocytic count.

Assessment of lung injury markers

After dissection of the lung and trachea, three successive 5-ml
0.9 % saline solutions were infused and slowly withdrawn
from the lungs through a cannula inserted into the trachea
for three successive times. Recovered BALF volumes were
collected. BALF was centrifuged at 500×g for 10 min at 4 °C.
The supernatant was collected and stored at −80 °C for assay
of LDH. The cell pellets were resuspended in saline, and total
cell count was counted with a hemocytometer. Differential
leukocyte cell counts were obtained by preparing smear slides
and staining them with Giemsa solution. Differential leuko-
cyte cell counts were obtained from a count of 300 cells per
smear.

LDH was determined using a commercial kit (Stanbio
Laboratory, Inc., San Antonio, TX, USA) in accordance with
the manufacturer’s instructions. Relative lung weight was cal-
culated: lung weight / body weight.

Assessment of lipid peroxides and NO levels as well
as the anti-oxidant enzyme activities of SOD and GST
in the lung

Lipid peroxidation, measured as malondialdehyde (MDA),
was assayed using the thiobarbituric acid test as described
by Cragg (1998). SOD activity was determined in lung ho-
mogenate in accordance to the method of El-Dakhakhny
(1965). Total NO content was determined in lung homogenate
in accordance to the method of Paino et al. (2011). GST

activity was determined in lung homogenate in accordance
to the method of Gilani et al. (2001).

Assessment of lung fibrosis

Assessment of lung hydroxyproline and AGEs
Hydroxyproline content, as an index of collagen, was assayed
in the lung homogenate according to the method described by
Ramadan et al. (2003). AGE level in the lung homogenate was
determined using rat AGE ELISA kit (Cusabio Biotech Co.,
Ltd) in accordance with the manufacturer’s instructions.

Assessment of lung MMP-9 level Lung levels of MMP-9, as
well as that of TIMP-1, were measured in lung tissue homog-
enates using MMP-9 ELISA kit (Cusabio Biotech Co., Ltd)
and TIMP-1 ELISA kit (Ray Biotech, Inc.), respectively, ac-
cording to the manufacturer’s instructions.

Microscopic examination For microscopic examination, the
lungs from the rats were fixed in 10 % formalin for 8 h, proc-
essed as usual, and embedded in paraffin. Three-micrometer
serial sections were stained with hematoxylin-eosin (H&E).
The extent of the fibrotic pathology was assessed using the
Ashcroft scoring system (Ashcroft et al. 1988). The fibrotic
pathology, as determined byMasson’s trichrome stain for col-
lagen, consists of highly cellular interstitial infiltrates with
areas of diffuse fibrosis, adjacent to areas of unaffected tissue.
For histological analysis of the inflammation using a modified
semiquantitative method, a scale from 1 to 5 (0 = absent,
1 = minimal, 2 = less than 25 %, 3 = 25 to 49 %, 4 = 50 to
75 %, and 5 = greater than 75 %) was applied to measure the
extent and intensity of cellularity in the (interstitial) alveolar
wall (Cherniack et al. 1991).

Immunohistochemical examination Four-micrometer sec-
tions of formalin-fixed and paraffin-embedded samples of
all lung specimens were prepared. Immunohistochemical
staining was performed using primary antibodies: MMP-9
(ready to use, CLG4B, 82 kDa MMP-9, collagenase type 4
beta, GELB, macrophage gelatinase, MANDP2, type V
collagenase, antibody, biotin conjugate (167599); US
Biological Life Sciences Inc., Fremont, CA) and mouse
monoclonal antibody against TGF-β1 (ready to use, TGF
β-1 polyclonal antibody; Catalog Number PA1-9574;
Thermo Fisher Scientific Inc., Fremont, CA). Avidin-
biotin immune-peroxidase complex technique was used
by applying the super sensitive detection kit (Biogenex,
CA, USA). The prepared tissue sections were fixed on
poly-L-lysine-coated slides overnight at 37 °C. They were
deparaffinized and rehydrated through graded alcohol se-
ries. Then, the sections were heated in a microwave oven in
10 mM citrate buffer (pH 6.0) for 10 min. After the
blocking of endogenous peroxidase and incubation in
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Protein Block Serum-Free Solution (DakoCytomation) for
20 min, the sections were incubated with MMP-9 antibody
and with TGF-β1 according to the manufacturer’s instruc-
tions. Biotinylated anti-mouse immunoglobulin and
streptavidin conjugated to horseradish peroxidase were
then added. Finally 3, 3′-diaminobenzidine as the substrate
or chromogen was used to form an insoluble brown prod-
uct. Finally, the sections were counterstained with hema-
toxylin and mounted. Sections of ulcerative colitis and
breast carcinoma were used as positive control for MMP-
9 and TGF-β1, respectively. Negative control sections
were incubated with normal mouse or rabbit serum instead
of the primary antibody.

The expression of the MMP-9 antibodies was semiquanti-
tatively evaluated through the Allred score, modified as fol-
lows: Grade 0, 1, 2, and 3 were determined according to the
numbers of the positive cells (0 = <50 positive cells; 1 = 50–
100 positive cells; 2 = 101–200 positive cells; 3 = >200 pos-
itive cells), and the intensity was evaluated as 1, 2, and 3
(1 = weakly positive; 2 = moderately positive; 3 = strongly
positive). Immunohistochemical score was obtained by mul-
tiplying these two indices. All these examinations were done
on five different high-power fields (×400) (Allred et al. 1993).
The intensity of immune-staining of TGF-β1 was graded from
− (absent) to +++ (strongly positive) (Bergeron et al. 2003).

All the histopathological steps, including the microscop-
ic examination, special stain results, and subsequent immu-
nohistochemical scoring, were performed in a blinded man-
ner; i.e., the pathologist was unaware of the different groups
in the current experimental work; including the study group.

Data analysis Biochemical data were presented as
mean ± SD. Multiple comparisons were performed using
one-way ANOVA followed by Bonferroni’s multiple com-
parison test as a post hoc test. A significance level of
P < 0.05 was used in all tests. Statistical analyses were
performed using GraphPad Prism version 5.00 for
Windows 7 (GraphPad Software, San Diego, CA, USA).
Variables of histopathological examinations were
expressed as mean ± SD and median and interquartile
range. Kruskal-Wallis and Mann-Whitney tests were used
to compare non-parametric data. A significance level of
P < 0.05 was used in all tests. Statistical procedures were
carried out using SPSS version 15 for Windows (SPSS
Inc., Chicago, IL, USA). The interpreted data of BLM
and the Alsk-alone groups were always in comparison to
the control group where the treated groups (Alsk-H and
Alsk-L groups) were always in comparison to the BLM
group. Sample size is determined by using GraphPad
StatMate, software program, Version 1.01i Jan. 16, 1998.
Sample size was kept at the minimum required to provide
the power sufficient for statistical comparisons.

Results

Lung injury markers

As shown in Table 1, the relative lung weight was significant-
ly (P < 0.05) increased and body weight was significantly
(P < 0.05) decreased in BLM group compared to the control
group. Concurrent treatment of animals with Alsk high dose
(Alsk-H) and BLM significantly (P < 0.05) counteracted the
effect of BLM on relative lung weight and final body weight
near the normal level. BALF assessment revealed that BLM
induced a significant (P < 0.05) increase in the total leucocytic
count and differential cell counts compared to the control
group. Furthermore, BLM induced a significant increase
(P < 0.05) in LDH activity as compared to the control group.
The BLM-induced changes on total and differential cells were
significantly (P < 0.05) reversed by concurrent Alsk-H. Alsk-
H effect was more obvious on some parameters as the total
cell count, neutrophils, and eosinophils. Alsk low-dose (Alsk-
L) concurrent treatment compared to the BLM group and
Alsk-alone treatment compared to control group did not show
any significant changes in all markers. Non-significant
(P < 0.05) change was found between all compared groups
in lung weight.

Oxidative stress markers

BLM-induced oxidative stress was evaluated by assessing lip-
id peroxides and NO levels as well as the anti-oxidant enzyme
activity of SOD and GST. As shown in Table 2, BLM induced
a significant (P < 0.05) increase in lung lipid peroxides and
NO levels as compared to the control values. On the other
hand, BLM significantly (P < 0.05) decreased the anti-
oxidant enzyme activity of GST and SOD as compared to
the control values.

Only treatment of animals with Alsk-H concomitantly with
BLM significantly (P < 0.05) restored levels of anti-oxidant
enzyme activities, NO and lipid peroxides close to levels of
control group. Concurrent Alsk-L treatment showed non-
significant changes compared to BLM group. Moreover, ani-
mals treated with Alsk alone did not show any significant
changes in the oxidative stress markers as compared to the
control group (Table 2).

Hydroxyproline content and AGE level of lung
homogenates

Both lung hydroxyproline content and AGE level were signif-
icantly (P < 0.05) increased in BLM group compared to the
control group. Treatment with concurrent Alsk-H but not
Alsk-L significantly (P < 0.05) reduced the hydroxyproline
content and AGE level compared to BLM group. Alsk-alone
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treatment did not significantly alter the lung hydroxyproline
content or AGE level compared to the control group (Fig. 1).

MMP-9 and TIMP-1 levels of lung homogenates

ELISA analysis of the lung homogenates in BLM-treated
rats revealed significantly (P < 0.05) higher MMP-9 and
TIMP-1 levels than that of the control group. Both lung
MMP-9 and TIMP-1 overexpressions were significantly
(P < 0.05) decreased by concurrent Alsk-H treatment com-
pared to the BLM group, whereas the effect of concurrent
Alsk-L treatment on both of these was non-significant.
Alsk-alone treatment showed no significant change in the
lung MMP-9 and TIMP-1 levels compared to the control
group (Fig. 2).

Histopathological examination and lung fibrosis markers

Hematoxylin-eosin and Masson’s trichrome stains findings

In control and Alsk-alone-treated groups (Table 3 and Figs.
3a, b and 4a, b), only focal mild lymphocytic infiltration
around the small vessels was detected with a mean inflamma-
tory score of the control group 1.5 ± 0.5 and that of Alsk-
alone-treated group was 1.3 ± 0.5 with non-significant differ-
ence among both groups. Fibrosis was scarce. The mean fi-
brosis score of the control group was 1.3 ± 0.8 and that of
Alsk-alone-treated group was 1.3 ± 0.8 with non-significant
difference among both groups.

On the other hand, in the BLM group (Table 3 and
Figs. 3c, d and 4c, d), prominent inflammation was detected
in the lung parenchyma. Septal inflammatory infiltrate was
specifically prominent with a characteristic feature so-
called Bbronchiolization,^ the ingrowth of cuboidal cells
from adjacent bronchioles to alveoli, forming a tubular
structure. Inflammatory score in this group was 4.8 ± 0.4.
In regard to fibrosis, immature-appearing collagen fibers
were variably deposited around the arterioles, bronchioles,
and alveolar septae where the inflammatory changes were
present. Intra-alveolar fibrosis was apparent, with multiple
fibrotic foci and mature collagen deposition. The mean fi-
brosis score was 7.2 ± 1.2. These were stained deep blue on
Masson trichrome. A significant (P < 0.05) difference in
inflammation and fibrosis between the control and BLM
groups was detected.

The treatment effect was evident in concurrent Alsk-H-
treated group (Table 3 and Figs. 3e, f and 4e, f) in the form
of significant (P < 0.05) decrease in inflammation and fibrosis
scores (median = 1.5 and 1, respectively) with near basal
scores as seen in control group. Concurrent Alsk-L treatment
led to mild decrease in scores of inflammation and fibrosis
(median 4 and 5, respectively).T
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Immunohistochemical stain findings

In control and Alsk-alone-treated groups (Table 3 and Fig. 5a),
MMP-9 was expressed in mild degrees in smooth muscle cells
in the arteriolar wall and weakly expressed in a few alveolar
macrophages and in some lymphocytes around the arterioles
and bronchioles. The mean score of MMP-9 expression was
1.5 ± 0.5 each.

TGF-β1 labeling (Table 3 and Fig. 5e) was also seen in the
layer of fibrous connective tissue surrounding bronchi and
bronchioles and vascular smooth muscle with negative ex-
pression in bronchial/bronchiolar epithelial cells. The mean
score of TGF-β1 in control and Alsk alone-treated group ex-
pression was 1.3 ± 0.5 and 1.2 ± 0.4, respectively. The mean
combined expression of both markers was 2.8 ± 0.8 and
2.5 ± 0.8, respectively.

In the BLM group, the cells exhibiting features of cel-
lular injury, activation, and/or repair particularly showed
more prominent expression of both MMP-9 and TGF-β1.
The inflammatory cells were also strongly positive. The
MMP-9 was also expressed in the intra-alveolar edema,
the pneumocytes, and the macrophages and at the fibrotic
foci. The mean score of MMP-9 was 5.5 ± 0.8 which was
significantly (P < 0.05) higher compared to the control
group (mean 1.5 ± 0.5) (Table 3 and Fig. 5b).

TGF-β1 was expressed at higher levels in the fibroblastic
foci. In addition, interstitial fibroblasts were present in the
areas of parenchymal destruction. In those sections of lungs
in BLM group in which there was a concurrent inflammatory
response, there was a weak expression of TGF-β1 by macro-
phages or neutrophils. The mean score of TGF-β1 was
1.3 ± 0.8 significantly (P < 0.05) higher compared to the
control groups (mean 1.3 ± 0.5 and 1.2 ± 0.4). The mean
combined expression of both markers was 8.3 ± 0.8 (Table3
and Fig. 5f).

By estimating the changes of the expression of MMP-9 and
TGF-β1 at different doses in concurrent Alsk-treated groups, a
gradual decrease of both marker expression scores compared to
the BLM group with a significant (P < 0.05) change in Alsk-H
treatment was found (median = 1.5, IQR = 1–2 andmedian = 1,
IQR = 1–2). The mean combined expression of both markers in
Alsk-H group was 3.5 ± 1.2. While in the Alsk-L group, the
mean combined expression of both markers was 6 ± 1.1
(Table 3 and Fig. 5c, d, g, h, respectively).

Discussion

In the present study, an experimental model of BLM-induced
lung fibrosis was used to assess two aims: first, the potential

Table 2 Effect of Alsk on oxidative stress markers in rats treated with BLM

Groups MDA (nmol/g wet tissue) NO (μmol nitrite/g wet tissue) SOD (U/g protein) GST (nmol/min/mg protein)

Control 13.38 ± 1.29 10.7 8 ± 1.10 104.80 ± 7.94 0.45 ± 0.02

BLM 23.58* ± 1.22 18.34* ± 1.21 15.71* ± 1.31 0.3* ± 0.01

BLM + Alsk-L 21.88 ± 1.81 16.60 ± 1.76 21.04 ± 2.88 0.32 ± 0.02

BLM + Alsk-H 16.22# ± 2.20 12.61# ± 1.04 93.38# ± 6.60 0.44# ± 0.01

Alsk 12.92 ± 1.11 11.68 ± 1.22 99.80 ± 8.52 0.48 ± 0.01

Alsk-H (60 mg kg−1 day−1 ); Alsk-L (30 mg kg−1 day−1 ). Data represent means ± SD of six rats

GST glutathione-s-transferase, MDA malondialdehyde, NO nitric oxide, SOD superoxide dismutase

*P < 0.05 compared with control group; #P < 0.05 compared with BLM using one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test as a post hoc test

Fig. 1 Effects of Alsk on a hydroxyproline content expressed as
milligram per gram of lung homogenates in rats induced by BLM and b
AGE expressed as microgram per milligram protein of lung homogenates
in rats induced by BLM. Alsk-H (60 mg kg−1 day−1); Alsk-L

(30 mg kg−1 day−1). Data represent means ± SD of six rats. *P < 0.05
compared with control group; #P < 0.05 compared with BLM group
using one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test as a post hoc test
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anti-fibrotic effects of the direct renin inhibitor Alsk in this
model and, second, trying to elucidate the underlying mecha-
nisms by studying the effect of Alsk on oxidative stress and
lung fibrosis markers as well as the expression of AGEs,
MMP- 9, TIMP-1, and TGF-β1.

BLM-induced pulmonary fibrosis has been documented in
studies (Wang et al. 1991; Tzurel et al. 2002). BLM causes
lung injury and lead to oxidant-induced inflammatory and
fibrotic lesions (Hay et al. 1991). BLM selectively affects
the lung, as it lacks an enzyme that hydrolyzes BLM
(Filderman et al. 1988). This animal model of pulmonary fi-
brosis resembles that seen in humans (Hyde and Giri 1990)
and so has been widely used for studying the mechanisms
involved in the progression of pulmonary fibrosis (Yara et
al. 2001; El-Khatib 2002). It was suggested that the most
suitable time point for assessing lung fibrosis in this model
is 14 days after intra-tracheal instillation of BLM, as animals
developed extensive fibrosis, with less mortality rates (Izbicki
et al. 2002).

In order to detect the anti-fibrotic effect of Alsk, its effects
on different biochemical and histological changes triggered in
lung tissue in cases of pulmonary fibrosis induced by BLM
were assessed. As expected, BLM caused a significant

elevation of lung injury markers measured in BALF including
LDH and total and differential leucocytic count in addition to
a significant elevation in the relative lung weight compared to
the control group; all these effects confirm the induction of
lung injury. Concurrent treatment of animals with high-dose
Alsk significantly counteracted the deleterious effects of
BLM.

Hydroxyproline is the collagen precursor; it is considered a
good biochemical index of collagen content (Ali and Mann
2004). Compared to the control group, the BLM group exhib-
ited a significant increase in lung hydroxyproline content.
This result is in accordance with previous studies, which also
reported remarkable increase in lung hydroxyproline content
in BLM-induced pulmonary fibrosis models (El-Medany et al.
2005; Gazdhar et al. 2007; Zhao et al. 2010). Excess or ab-
normal collagen deposition is a characteristic of lung fibrosis
as reported by many while trying to elucidate the mechanisms
behind BLM-induced lung fibrosis (Daba et al. 2002; Serrano-
Mollar et al. 2003; Pardo et al. 2003). Similarly, the present
biochemical indication of BLM-induced lung fibrosis was
further confirmed histopathologically. Sections from BLM-
induced lung fibrosis revealed multifocal areas of accentuated
peribronchiolar fibrosis with bronchiolization and occasional
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Fig. 2 a Effects of Alsk onMMP-9 expressed as picogram per milligram
protein of lung homogenates in rats induced by BLM. b Effects of Alsk
on TIMP-1 expressed as nanogram per milligram protein of lung homog-
enates in rats induced by BLM. Alsk-H (60 mg kg−1 day−1); Alsk-L

(30 mg kg−1 day−1). Data represent means ± SD of six rats. *P < 0.05
compared with control group; #P < 0.05 compared with BLM group
using one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test as a post hoc test

Table 3 Different inflammation, fibrosis, MMP-9 expression, and TGF-β1 expression scores among different studied groups

Fibrosis Inflammation MMP-9 TGF-β1 Combined

Med IQR Med IQR Med IQR Med IQR Med IQR

Control 1.0 1.0 1.5 1.0 2 1.5 1.0 2 1.0 1.0 2 3.0 2.0 3

BLM* 7.5 7.0 5.0 5.0 5 6.0 5.0 6 3.0 3.0 3 8.5 8.0 9

BLM + Alsk-L 5.0 3.0 4.0 3.0 4 3.5 3.0 4 2.5 2.0 3 6.0 5.0 7

BLM + Alsk-H# 1.0 1.0 1.5 1.0 2 1.5 1.0 2 1.0 1.0 2 3.0 2.0 3

Alsk 1.0 1.0 1.0 1.0 2 1.0 1.0 2 1.0 1.0 1 2.0 2.0 3

Alsk-H (60 mg kg−1 day−1 ); Alsk-L (30 mg kg−1 day−1 ). Kruskal-Wallis test (comparative analysis revealed significant difference of inflammation,
fibrosis, MMP-9 expression, and β1-TGF expression scores among different studied groups)

Significant *P < 0.05 in BLM-induced IPF compared with control group; significant #P < 0.05 BLM + Alsk-H compared with BLM group
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honeycombing. Inflammatory changes are in the form ofmod-
erate interstitial mixed inflammatory infiltration. The micro-
scopic observation of the Masson’s trichrome-stained histo-
logical sections confirmed collagen accumulation and deposi-
tion in peribronchial and perialveolar tissues that obliterated
alveolar spaces as tiny fibrils. However, the lung tissues from
high-dose Alsk-concurrent-treated rats showed significantly
ameliorated histopathological characteristics for lung fibrosis
induced by BLM observed by H&E and Masson’s trichrome
stain with near normal collagen deposition, indicating that
Alsk’s ameliorative role against BLM induced pulmonary
fibrosis.

These results confirming the anti-fibrotic effect of Alsk are
supported by the results of previous studies in which Alsk was
able to ameliorate signs of fibrosis in different animal models
including peritoneal, renal, and cardiac fibrosis (Ke et al.
2010; Gross et al. 2011; Zhi et al. 2013).

Although low-dose Alsk was able to exhibit some benefi-
cial modulation regarding BLM-induced pulmonary fibrosis,
these effects were not statistically enough to lead to a signif-
icant change compared to the BLM-induced pulmonary fibro-
sis group. Results of different studies showed that lower doses
of Alsk were able to ameliorate many diseases in different

animal models, however, the needed doses of Alsk to do so
may change from one disease to another (Ke et al. 2010; Asker
et al. 2015). The variation in the results of our study compared
to those results may be due to the difference in duration of
administration (acute or chronic) and the change in the effica-
cy of Alsk in different diseases or reflect the differences in the
inhibitory activity of human renin inhibitors between species
(Jensen et al. 2008).

The second aim of the study was to try to elucidate the
underlying mechanisms by which Alsk was able to exhibit
some anti-fibrotic potential by studying the effect of Alsk on
oxidative stress and lung fibrosis markers.

It is known that ROS play an important role in the devel-
opment of fibrotic responses in the lung upon BLM challenge.
BLM catalyzes the formation of ROS (Sriram et al. 2009)
which target different biomacromolecules leading to damage
of the lung (Liang et al. 2011). In the results of our study, signs
of oxidative stress were observed as exemplified by a signif-
icant increase of lipid peroxides and NO associated with a
significant decrease in the activities of anti-oxidant enzymes
GSTand SOD compared to the control group. High-dose Alsk
concurrent treatment significantly ameliorates these changes.
These results supported the previous studies that described the

Fig. 3 Photomicrographs of lung
sections stained by H&E (×200).
a Control group: showing normal
architecture, b Alsk group, and c,
d BLM group: showing variable
inflammation and fibrosis scores.
Tissue sections display signs of
acute lung injury, edema fluid,
and inflammation in the alveolar
spaces. Marked alveolar epithelial
injury and formation of cyst-like
structures (arrows). The inset
showed bronchiolization with
nearby mature collagen (arrow
and chevron inside inset, respec-
tively). e BLM + Alsk-L group:
showing decreased fibrosis and
inflammation score. f BLM +
Alsk-H group: showing highly
significant decrease of inflamma-
tion and fibrosis score
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crucial role of oxidative stress in BLM-induced pulmonary
fibrosis and the beneficial effects of anti-oxidant drugs in
treating pulmonary fibrosis (Oury et al. 2001; El-Demerdash
2011). Additionally, it supported the anti-oxidant effect of
Alsk (Virdis et al. 2012; Santuzzi et al. 2015) which so can
guard against the effects of oxidative stress that result in initi-
ation of fibrosis.

The pathologic effects of AGEs are correlated to their abil-
ity to promote inflammation and oxidative stress by binding to
its receptor (Schmidt et al. 1999). Results of many experimen-
tal studies indicate AGEs as an effective stimulator in
fibrogenesis (Zhou et al. 2004; Lohwasser et al. 2006).
Blockade of AGE formation attenuates BLM-induced pulmo-
nary fibrosis in rats, and this was found to be implicated in
inhibition of TGF-β expression (Chen et al. 2009). The cur-
rent results found that BLM caused a significant elevation of
AGEs compared to the control group. Concurrent treatment of
animals with high-dose Alsk significantly reduced AGE level.

Another target for ROS generated by BLM are the MMPs.
Different studies revealed that enhanced oxidative stress acti-
vates MMPs and increases their transcription (Nelson and

Melendez 2004; Kinnula et al. 2005). MMPs are matrix-
degrading proteinases involved in the pathophysiological pro-
cess of pulmonary fibrosis and are implicated in the abnormal
remodeling of the ECM (Kunugi et al. 2001; Pardo and
Selman 2012). A growing body of evidence supports the role
of MMP-9, in particular, in pulmonary fibrosis. McKeown
and his colleagues (2009) report an increase in MMP-9 in
BALF from IPF patients. Moreover, animal studies show sim-
ilar results with increases in MMP-9 in the fibrotic phase of
BLM-induced fibrosis (Tan et al. 2006). The catalytic activity
of MMPs is accomplished primarily by a specific family of
inhibitors named TIMPs. An imbalance of MMPs and TIMPs
plays a pivotal role in fibrogenesis (Woessner 1994). In the
present study, it was found that BLM caused a significant
increase in lung MMP-9 and TIMP-1 compared to the control
group. Concurrent treatment of animals with Alsk significant-
ly reduced the overexpressed MMP-9 and TIMP-1. Similar
observations made by others give credence to the present no-
tion (Zhang et al. 2014).

Recent studies have shown that the release and activation
of several key growth factors involved in pulmonary fibrosis

Fig. 4 Photomicrographs of lung
sections stained by Masson’s
trichrome stain. a Control group
(×100), b Alsk group (×100), c, d
BLM group: showing positive
staining of the fibroblasts is
clearly visible within areas of
increased cellularity and focal
diffuse collagen fiber deposition
(×200) (inset ×400), e BLM +
Alsk-L group, and f BLM +Alsk-
H group

Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:897–909 905



occur through the action of MMPs; these include TGF-β
(Bhattacharyya et al. 2007). Yu and Stamenkovic (2000) dem-
onstrated that MMP-9 is involved in the activation of TGF-β
complexes.

In the current study, immunohistochemical detection of
MMP-9 was detected in the parenchymal cells, such as bron-
chiolar epithelial cells and type II pneumocytes mainly the
ones surrounding the fibrotic foci, in addition to the inflam-
matory cells. Additionally, it is detected in the alveolar epithe-
lial cells, alveolar fibroblasts, and alveolar macrophages.
These findings are in concordance with previous studies
(Sasaki et al. 2000; John et al. 2002; Chung 2005; Kim et al.
2009).

On the other hand, the examined lung specimens demon-
strated that TGF-β1 was expressed in the alveolar epithelial
cells, myofibroblastic foci, alveolar macrophages, and epithe-
lial cells. TGF-β1, the most potent fibrogenic cytokine, has
been reported to increase in pulmonary fibrosis and to be
expressed in higher levels even in later phase of pulmonary
fibrosis (Broekelmann et al. 1991; Bonniaud et al. 2005).

The overexpression of bothMMP-9 and TGF-β1 proved in
previous studies was supported in our study by the concomi-
tant increase of both markers’ scores and the positive

correlation of both with the experimental fibrosis and inflam-
matory scores.

The different expression of bothMMPs and TGF-β1 in the
studied experimental groups was observed. In contrast to the
BLM group, in Alsk high-dose-treated group, the typical
patchy areas of fibrosis and structural remodeling were less
frequent, where MMP and TGF-β1 immunoreactivities were
near to that of normal lung parenchyma of control tissue sam-
ples. Our data indicate that Alsk is capable of abrogating the
effects of both MMP-9 and, consequently, TGF-β1, key me-
diators in lung fibrogenesis. This agrees with the results of
study done by Asker et al. (2015) which reported that renin
inhibition by Alsk attenuated pulmonary fibrosis through de-
creasing TGF-β1.

These results support the beneficial anti-fibrotic effect of
Alsk in ameliorating pulmonary fibrosis. Interestingly, com-
paring these effects with the effects of both pirfenidone and
nintedanib, recently approved to be used in current practice for
treatment of pulmonary fibrosis, may highlight and support
the potential beneficial effects of Alsk in pulmonary fibrosis.
These two drugs were recommended to be used in pulmonary
fibrosis depending on the results of studies which pointed to
their anti-inflammatory activity, demonstrated by reduced

Fig. 5 Immunostaining. a–d
Representative sections of the
MMP immunostaining in the
following: a control group:
negative immunostaining (×100);
b BLM group: positive
immunostaining in bronchial
epithelium (inset), in the fibrous
tissue, and in the inflammatory
score (IHC, ×200); c BLM +
Alsk-L group: decreased immu-
nostaining score (×200); and d
BLM + Alsk-H group: highly
significant decrease of the MMP
score (×200). e–h Representative
section of the TGF-β1 immuno-
staining in the following: e con-
trol group: focal positivity around
the bronchioles and blood vessel
wall (×200); f BLM group: posi-
tive immunostaining in the alve-
olar pneumocytes, fibrous tissue,
and occasional inflammatory cells
(IHC, ×200); g BLM + Alsk-L
group: decreased immunostaining
score (×200); and h BLM + Alsk-
H group: highly significant weak
immunostaining (×200)
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lymphocyte and neutrophil counts in the BALF, in addition to
their anti-fibrotic activity, demonstrated by reduced fibrosis in
the histologic analysis and by diminished lung collagen,
reflecting reduced ECM production and deposition, and also
their ability to reduce TIMP-1, a key factor in the fibrogenic
response to BLM in addition to their ability improve in forced
vital capacity (FVC) compared with placebo (Wollin et al.
2014; Inomata et al. 2015).

Using BLMmodel led to a pulmonary injury characterized
by an inflammatory response followed by fibrosis resembling
what is happening in humans. It has been suggested that if the
test compounds work by merely inhibiting the initial inflam-
mation, they should prove active when given over the whole
period, whereas drugs with anti-fibrotic activity should exhibit
effectiveness irrespective of the treatment mode (Chaudhary
et al. 2006). Although the results obtained in this study con-
firm the potential anti-fibrotic beneficial effect of Alsk in the
reduction of the BLM-induced pulmonary fibrosis and its re-
flection on the markers of oxidative stress, inflammation, and
fibrosis, this needs further investigation especially regarding
timing of administration.

In conclusion, it seems that Alsk, by attenuating oxidative
stress, may consequently decrease the associated inflamma-
tion and also decrease the activation of TGF-β1 either directly
or indirectly by decreasing AGEs and MMP-9 in the BLM-
induced pulmonary fibrosis model. Additional investigations
are necessary to elucidate Alsk full anti-fibrotic potentials,
especially with regard to timing of Alsk administration in
addition to the potential for Alsk administration as a concom-
itant therapy for patients with lung fibrosis, including that
produced during BLM treatment.
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