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Objective(s): The role of N-acetylcysteine (NAC) as an anti-oxidant in attenuating bleomycin-induced
pulmonary fibrosis has been reported. However, its effect on parenchymal remodeling via regulating
the protease-antiprotease balance is not fully defined. Therefore, the present study was designed to
explore the possible role of matrix metalloproteinases (MMP), tissue inhibitors of metalloproteinases
(TIMP) and transforming growth factor-f1 (TGF-B1) pathway and their modulation by NAC in
attenuating bleomycin-induced pulmonary fibrosis in rats.

Materials and Methods: Bleomycin sulphate (7 units/kg) was instilled inside the trachea to induce
pulmonary fibrosis. The time course of TGF-f1, MMP-9, TIMP-1,3 mRNA and protein expression,
TGF-B1 and hydroxyproline levels were evaluated on days 7, 14, and 28. NAC (0.3 mmol/kg and 3
mmol/kg) was administered in bleomycin-instilled animals.

Results: NAC treatment significantly attenuated bleomycin-induced histopathological changes by
decreasing interstitial inflammation and reducing the deposition of extracellular matrix proteins such
as collagen. Moreover, it increased the mRNA and protein expression of MMP-9 and decreased the
expression of TIMP-1,3 in alveolar epithelial cells (AECs), interstitial macrophages and inflammatory
cells. Indeed, there was decrease in the MMP-9 /TIMP ratio in bleomycin-instilled rats, which increased
with NAC treatment. Moreover, NAC attenuated bleomycin-induced increased expression of TGF-1
and total lung collagen levels.

Conclusion: NAC attenuates bleomycin-induced pulmonary fibrosis by normalizing the protease-

antiprotease balance and favoring the degradation of collegen to reduce fibrosis.
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Introduction

N-acetylcysteine (NAC), a glutathione precursor, is an
antioxidant and it is clinically employed in paracetamol
toxicity, cystic fibrosis and chronic obstructive
pulmonary diseases. A number of preclinical studies
have shown the expanding therapeutic potential of NAC
(1, 2). Moreover, its usefulness in attenuating bleomycin-
induced pulmonary fibrosis has also been documented
(3, 4). Nevertheless, the precise mechanisms involved
in inducing its beneficial effects in bleomycin-induced
pulmonary fibrosis are not precisely known.

Pulmonary fibrosis is a heterogenous group of lung
disorders characterized by chronic inflammation,
epithelial mesenchymal transition, aberrant remodeling
and irreversible destruction of the lung architecture
that ultimately leads to disruption of gas exchange
and death from respiratory failure (5). Pathogenesis
of pulmonary fibrosis is ill-defined and is linked to
abnormal fibroblast response mechanisms. Matrix
metalloproteinases (MMPs)-2, 7, 8, and 9, are
increasingly implicated in lung tissues that are inflamed
and/or undergoing repair and remodeling (6). In
addition to direct proteolysis of the extracellular matrix
(ECM), these MMPs play a significant role in leukocyte

activation, chemokine processing and cell migration
during the immunopathogenesis and repair processes
(7, 8). The tissue inhibitors of metalloproteinases
(TIMPs) naturally inhibit the MMPs, and favor local
ECM accumulation by playing a role in cell proliferation,
migration, invasion, and apoptosis. Of the four TIMPs,
TIMP-3 has the broadest inhibition spectrum (9).
Resolution of inflammation is associated with enhanced
TIMP expression; however, restoration of normal tissue
architecture does not always necessarily follow. In
idiopathic pulmonary fibrosis (IPF) tissues, increased
TIMP-3 expression has been observed in fibroblastic
foci and ECM (10). Dysregulation of the proteolytic-
antiproteolytic system is observed in asthma, chronic
obstructive pulmonary disease, pulmonary fibrosis and
lung cancer (11-13). The role of protease-antiprotease
balance at different phases of lung injury and repair
during the development of lung fibrosis remains to be
elaborated.

Transforming growth factor-f1 (TGF-B1) signaling
is an important inducer of fibroblast proliferation,
epithelial myoepithelial transition (EMT) (14, 15) and
ECM accumulation (16, 17)the pulmonary content of
mRNAs encoding fibronectin, alpha 2I procollagen and
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alpha 1III procollagen was increased. The increases
were greater and occurred earlier in C57Bl/6 mice
compared to BALB/c mice. Fibronectin mRNA increased
12-fold in C57Bl/6 mice and only 3-fold in BALB/c mice,
whereas alpha 1III procollagen mRNA increased 4-fold
in C57Bl/6 mice and 2-fold in BALB/c mice. alpha 2I
procollagen mRNA was increased only in C57Bl/6 mice
(2-fold. TGF-B1 is activated by MMP in both physiological
and pathological situations (18). Activated TGF-$1 in
turn inhibits MMP-9 and activates TIMP-1,3 (10, 19) to
reduce matrix degradation and collagen accumulation.
The present study was aimed to evaluate the convergence
of the TGF-B1 and protease-antiprotease signaling
pathways and their modulation by NAC treatment. The
study was designed to evaluate the time course of MMP-
9, TIMP-1 and TIMP-3, TGF-B1 expression and collagen
deposition in bleomycin-instilled lungs in the presence
and absence of NAC treatment.

Materials and Methods

Chemicals and reagents

In the present study, bleocip (bleomycin sulphate,
Cipla Ltd), N-acetyl-cysteine (Mucinac, Cipla Ltd),
ketamine hydrochloride (Neon India Ltd), anti-TGF-B1
(SAB 4502954, Sigma Life Sciences, USA), MMP-9 (Sc-
8848, SantaCruz Biotechnology, USA), TIMP-1 (Sc-5538,
SantaCruz Biotechnology, USA), TIMP-3 (ab155749
Abcam, USA), anti-goat IgG (SAB3700288, Sigma Life
Sciences), mouse and rabbit ExtrAvidin® Peroxidase
staining Kit (EXTRA2, EXTRA3) Sigma Life Sciences,
USA), NovaRED substrate kit (SK-4800 Vector labs,
USA), Meyer’s Hematoxylin, Ambion TRIzol® (Invitrogen
15596018), MMLV (M0253S, New England Biolabs),
primers (Sigma-Aldrich, India, Table 1), RNase (M0314,
New England Biolabs), dNTPs (N0447S, New England
Biolabs), random primers (S1330S, New England
Biolabs), SyBr Green (S4438 Jumpstart®Taq Ready Mix,
Sigma Life Sciences), Quantikine TGF-f1 (MB100B,
R&D systems), and protease inhibitor cocktail (Sigma
Life Sciences) were employed. All chemicals used were
of the highest commercial grade available. Bleomycin
sulphate was dissolved in sterile 0.9% saline solution
and NAC was dissolved in the distilled water.

Animals

Adult male Wistar rats (200-250 g) were obtained
from the animal house of V.P. Chest Institute New
Delhi. All the animals were maintained in the standard
husbandry conditions and were provided with food and
water ad libitum. The study was approved by the Institute
animal ethical committee (VPCI/IAEC/2015/03), and

Table 1. Forward and Reverse primer sequences for PCR analysis

experiments were performed according to National
guidelines on the care and use of laboratory animals,
India.

Rat model of fibrosis

Bleomycin sulphate was employed to induce lung
fibrosis in rats as per reported method (20,21). In
brief, animals were anesthetized using ketamine
hydrochloride (50 mg/kg IM) and 1% xylocaine was
used to induce local anesthesia. Thereafter, the trachea
was exposed and 100 pl of bleomycin sulphate (7 units/
kg) was instilled inside the trachea using 24G needle.
The animals were sacrificed on 7%, 14" and 28% day
after bleomycin instillation in the trachea.

Histopathology

Five pm sections of the formalin fixed, paraffin
embedded lung portions were stained with hematoxylin
and eosin for histopathological study. The severity of
lung inflammation and fibrosis was semi-quantitatively
assessed and graded (scale 0 to 8) (22). The major
histopathological features examined included the
degree of inflammatory cell infiltration, thickening of
alveolar interstitium and alveolar architectural changes.

Quantification of collagen content in the lungs

The extent of collagen deposition in the lungs was
quantified by assaying the lung hydroxyproline content
colorimetrically using p-dimethylbenzaldehyde. The
absorbance was measured at 550 nm and values were
expressed as mg of collagen/total lung weight (23)
sodium hydroxide, p-dimethylaminobenzaldehyde, pH
of the reaction buffer, and length of oxidation time were
examined to obtain satisfactory results. The method
has been applied to samples of tissue homogenate and
purified acid soluble collagen, with recovery of added
hydroxyproline of 101 +/- 6.5 and 104 +/- 6.0 (SD.

Immunohistochemistry

The lung tissue sections were deparaffinised and
antigen retrieval was performed in the microwave
using 10 mM sodium citrate buffer, pH 6.0. Endogenous
peroxidase quenching and blocking of non-specific
antigens was performed using 3% H,0, and 4% bovine
serum albumin (BSA). The sections were incubated
overnight at 4 °C with primary antibodies (1:100) for
MMP-9, TGF-B1, TIMP-1 and TIMP-3. The sections were
reacted with biotinylated secondary antibody (anti-
goat, anti-mouse, anti-rabbit) and extravidin. NovaRED
substrate was added. The sections were counterstained
with Mayer’'s hematoxylin. Immunostaining was

Gene Forward Primer (5’-3") Reverse Primer (5’-3")
TGF-B1 (133bp) TTTGGAGCCTGGACACACAG TTGCGACCCACGTAGTAGAC
MMP-9 (105bp) CTCGGATGGTTATCGCTGGT AGTTGCCCCCAGTTACAGTG
TIMP-1 (156bp) TTTCCCTGTTCAGCCATCCC ACCCCAAGGTATTGCCAGG
TIMP-3 (155bp) GCCTCAATTACCGCTACCA ATGCAGGCGTAGTGTTTGGA
fB-actin (110bp) GACCTTAACACCCCAGCCA GTCACGCACGATTTCCCTCTC
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Table 2. Semiquantitative grading of parenchymal inflammation, vascular smooth muscle cell hypertrophy (VSMCH) and Ashcroft’s grade of

fibrosis (1) after bleomycin instillation

Semiquantitative grading of histopathological Group | Group II (Bleomycin)
changes

Control Day 0 Day7  Day14  Day28
Interstitial inflammation -/+ 4 e +
Peribronchiolar/Perivascular inflammation +/- ++ +++ +
Interstitial fibrosis t +t HH
VSMCH + ++ ++
Vasoconstriction -/+ + +

VSMCH: Vascular smooth muscle cell hypertrophy

quantified using Nikon 90i Eclipse microscope, Japan
and NIS-Ar elements image analysis software (24).
Briefly, 10 fields (40x) were randomly selected and the
intensity of chromogen-positive cells was measured.
The maximum intensity of the red/green/blue (RGB)
image analyzed was 250. An inverse correlation exists
between the pigmentation (amount of antigen) and its
numerical value (darker RGB areas have lower intensity
values). The reciprocal intensity (RI) was calculated by
subtracting the intensity of positively stained cells from
250. The protease-antiprotease balance was calculated
as the ratio of mean expression of MMP-9 protein to
the TIMP-1,3 by the alveolar epithelial cells (AECs) and
interstitial macrophages.

Quantitative real time PCR (qRT-PCR)

The total RNA was extracted from the lung tissue
homogenates using TRIzol and chloroform. Thereafter,
RNA was precipitated with isopropanol and reverse
transcribed to cDNA using MMLV-RT enzyme. qRT-PCR
was performed on Mastercycler RealPlex 2.0, Eppendorf:
PCR activation (95 °C for 5 min), denaturation (35
cycles, 95 °C for 30 sec), annealing (60°C for 35 sec) and
extension (72°C for 30 sec). The relative gene expression
(fold change) was calculated using 2*Ct method (25).

Quantification of TGF-f1 protein levels in the lungs
using ELISA

The lung tissue was homogenized in the lysis buffer
(0.5% TritonX-100, 150 mM NaCl, 15 mM Tris, 1 mM
CaCl,, 1 mM MgCl, (pH 7.4), and the levels of TGF-$1
protein were estimated using TGF-f1 ELISA kit as per
manufacturer’s protocol.

Experimental protocol
Seventy two animals were employed in the present
study and these were divided into four groups

Group I (Saline control, n=18)

In this group, normal saline was instilled in the
trachea and animals were sacrificed on 7", 14" and
28" days. The lungs were isolated for histopathological,
immunohistochemical, biochemical and ELISA as
described above. The time course of mRNA and cellular
protein expression of MMP-9, TIMP-1,3, TGF-B1 and
hydroxyproline were evaluated in the lung tissues.

Group I (Bleomycin control, 7 U/kg, n=18)

In this group, bleomycin sulphate (7 U/kg) was
instilled in the trachea and six animals were sacrificed
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on 7%, 14" and 28% days. The lungs were isolated for
histopathological, immunohistochemical, biochemical
and ELISA as described in group L.

Group III (NAC, 0.3 mmol/kg in bleomycin control, n=18)

The treatment with NAC (0.3 mmol/kg/day PO) was
started 7 days before bleomycin instillation and the
animals were sacrificed on days 7, 14 and 28 (n=6 on
respective days). The lungs were isolated and analysed
as described in group 1.

Group IV (NAC, 3 mmol/kg in bleomycin control, n=18)

The treatment with NAC (3 mmol/kg/day PO) was
started 7 days before bleomycin instillation and the
animals were sacrificed on days 7, 14 and 28 (n=6 on
respective days). The lungs were isolated and analysed
as described in group L.

Statistical analysis

The GraphPad prism 5.0 software was used for
statistical analysis. The results were expressed as
Means*SEM (Standard error of mean) and analysed
using one way ANOVA followed by Newman Keule’s post
hoc test. P value of <0.05 was considered significant.

Results
Histopathological alterations in the lungs following
bleomycin instillation and NAC treatment
Intratracheal instillation of bleomycin resulted in
significant development of histopathological alterations
in the lungs on the 7 day assessed in terms of increase
in parenchymal, peribronchiolar and perivascular
inflammation and remodeling corresponding to
grade 1 fibrosis (Ashcroft’'s grade, Table 2). This stage
corresponded to early cellular phase of injury. A further
increase in interstitial inflammation along with the
loss of AECs, increase in the number of fibroblasts,
and deposition of ECM proteins including collagen
corresponding to grade 3 fibrosis was observed on 14®
day. This stage corresponded to mid-cellular phase of
injury. On day 28, parenchymal and bronchovascular
fibrosis corresponding to grade 5 fibrosis was
observed along with reduction in inflammation,
which represented the fibrotic phase. Treatment
with NAC completely reversed bleomycin-induced
interstitial inflammation and fibrosis on day 7 (Table
3). It also reduced parenchymal collagen deposition
and attenuated interstitial fibrosis to grade 2 on day 14.
On day 28, further reduction in parenchymal collagen
deposition and decrease in interstitial fibrosis to grade
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Table 3. Effect of N-acetylcysteine (NAC) on bleomycin induced lung parenchymal and vascular histopathological changes

Effect of NAC Group III Group III Group III
Day 7 Day 14 Day 28

Sub-group 1A 1B 1A 1B 1A 1B
Interstitial inflammation -/+ - + -/+ - -
Peribronchiolar/ Perivascular inflammation -/+ - + -/+ - -
Interstitial fibrosis -/t - 1 +t + +
VSMCH + + ++ ++ ++ ++
Vasoconstriction -/+ -/+ + + + +

+: Grade of inflammation and Vascular smooth muscle cell hypertrophy (VSMCH)

t: Ashcrofts grade of fibrosis

1 was observed in response to NAC therapy. The effects
of different doses of NAC were not significantly different
and produced equivalent degree of efficacy in reversing
parenchymal fibrosis from day 14 onwards (Figure 1,
Table 3).

Effect of bleomycin installation and NAC treatment on
the hydroxyproline content in the lungs
Bleomycin instillation led to significant rise of

Bleomycin control

Parenchymal
inflammation and
remodeling

Bronchovascular
remodeling

NAC, 0.3 mmol/kgin
bleomycin

Parenchymal
inflammation and
remodeling

Bronchovascular
remodeling

NAC, 3 mmol/kg in
bleomycin

Parenchymal
inflammation and
remodeling

Bronchovascular
remodeling

Saline Control

Figure 1. Lung histopathology to assess parenchymal inflammation
and remodelling along with bronchovascular remodelling after
bleomycin instillation and N-acetylcysteine therapy (hematoxylin
and eosin stain). Progressive increase in interstitial, peribronchiolar/
perivascular inflammation along with increase in fibrosis was
observed on day 7, 14 and 28 in bleomycin instilled rats. Normal
lung parenchymal architecture and bronchovascular bundles in
saline control groups at all time intervals i.e. 7%, 14" and 28" days.
Bleomycin-induced parenchymal inflammation and remodelling was
significantly reduced on different days in NAC-treated rats
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Figure 2. Total lung collagen content in bleomycin instilled animals
before and after treatment with N-acetylcysteine. “"P<0.001 vs control
group; ***P<0.001 vs bleomycin group on 14" day and on 28" day

hydroxyproline levels in the lungs (***P <0.001, Figure
2,) indicating the rise in the collagen levels on different
days ie. 7% 14" and 28" days in comparison with
saline-treated animals. However, treatment with both
doses of NAC was effective in significantly reducing the
parenchymal collagen on days 14 and 28 (P <0.001,
Figure 2).

Effect of bleomycin instillation and NAC treatment on
mRNA and protein expression of MMP-9

There was an increase in the MMP-9 mRNA
expression (about 1.4 fold increase, P=ns) on 7% day
after bleomycin instillation as compared to normal
control (Figure 3). Moreover, there was weak MMP-9
expression in AECs, perivascular inflammatory cells and
interstitial macrophages on 7% day (Figure 4A). There
was a significant increase in the mRNA (about 4.3 fold,™
P<0.001) (Figure 3) and protein expression of MMP-9
(Figure 4B) on 14* day of bleomycin instillation. MMP-

67 oS E=2 Control Group
B3 Bleomycin Group
En 4- = Bleomycin + NAC (0.3mmol)
é B3 Bleomycin+tNAC (3mmol)
=
Z 2
0

Control 7 14 28

Figure 3. The changes in the mRNA expression of MMP-9 in bleomycin
instilled and NAC treated animals. “"P<0.001 vs control group; **P<0.01
vs bleomycin group on day 28; ***P<0.001 vs bleomycin group on day 28
MMP-9: matrix metalloproteinase-9; NAC: N-acetylcysteine
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A)

Bleomycin control

Alveolar Epithelial Cells

Macrophages

NAC, 0.3 mmol /kg in
bleomycin

Alveolar Epithelial Cells

Macrophages

NAC, 3 mmol/kg in
bleomycin

Alveolar Epithelial Cells

Macrophages

Saline Control

(B)

A.200' ** o * .- == Control Group
El
é N\ = Bleomycin Group
£;150' § E= Bleomycin+NAC (0.3mmol)
H § = Bleomycin+NAC(3mmol)
z N\
£ 100 §
3 N\
£ 50 §
: \
: \
&~ 0- N

Control

Figure 4. The changes in MMP-9 protein expression in alveolar
epithelial cells and macrophages following bleomycin instillation
and N-acetylcysteine treatment. MMP-9 is maximally expressed in
the inflammatory cells in the interstitium and perivascular region on
14% day. Treatment with NAC attenuated interstitial fibrosis to grade
2 and reduced parenchymal collagen deposition. The MMP-9 protein
expression was persistent in the interstitial macrophages, while
it was reduced in the perivascular inflammatory cells on 28" day.
Treatment with NAC reduced parenchymal collagen deposition The
quantification of MMP-9 protein expression in the lung parenchyma
of bleomycin instilled and NAC treated animals. “"P<0.001 vs control
group; **P<0.001 vs bleomycin on day 7; *P<0.01 vs bleomycin on day
14 and 28 (4B)

9 was strongly expressed in the inflammatory cells of
the interstitium and in the perivascular region (Figure
4A). Interestingly, the mRNA (about 1.01 fold increase)
and protein expression of MMP-9 gene was normalized
on the 28" day. Moreover, the expression of MMP-9 was
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2.0+ [ E= Bleomycin Group
& E= Bleomycin+NAC (0.3mmol)
E 1.5+ B3 Bleomycin+NAC (3mmol)
Q
= 1.0+
)
o

0.5+

0.0+

Control

Figure 5. The changes in the Tissue inhibitor of Matrix
metalloproteinase-1 (TIMP-1) mRNA expression in bleomycin
instilled animals. ***P<0.001 vs bleomycin

reduced in AECs, perivascular inflammatory cells and in
interstitial macrophages (Figure 4A). The reduction in
MMP-9 expression was correlated with the reduction
of inflammation on 28" day. Treatment with NAC (3
mmol/kg) significantly increased the mRNA levels of
MMP-9 on days 14 and 28. However, NAC treatment
(0.3 mmol/kg) significantly increased the mRNA levels
of MMP-9 only on day 28 (fold change 2.17, *** P<0.001)
(Figure 3). There was significant upregulation of protein
expression of MMP-9 in bleomycin-instilled animals
(Figure 4A). NAC treatment increased the MMP-9 protein
expression in AECs and alveolar macrophages on all days
of assessment (#eeP<0.001 vs bleomycin on day 7; ee
P<0.01 vs bleomycin on days 14 and 28, Figure 4B).

Effect of bleomycin instillation and NAC treatment on
mRNA and protein expression of TIMP-1

Bleomycin instillation led to increase in mRNA
(Figure 5; Fold change: 2.62) and protein expression
of TIMP-1 in AECs and interstitial macrophages on 7%
day (Figure 6A) as compared to normal control group.
However, mRNA expression of TIMP-1 returned to
baseline level on days 14 and 28 (Fold change of 1.04
and 0.78, respectively) (Figure 5), while TIMP-1 protein
expression in AECs and interstitial macrophages
remained persistently elevated (Figure 6A). The mRNA
ratio of MMP-9/TIMP-1 was approximately ~1 in the
control group. After bleomycin instillation, due to rise in
the TIMP-1 mRNA levels, there was reversal of MMP-9/
TIMP-1 mRNA ratio (<1) on 7" day (Figure 7A). On days
14 and 28, the TIMP-1 mRNA levels returned to baseline
with MMP-9/TIMP-1 mRNA ratio of >1. However, the
TIMP-1 protein levels were persistently elevated up
to 28% day with MMP-9/TIMP-1 protein ratio of ~1
(Figure 7B). Treatment with NAC reduced the TIMP-1
mRNA expression on day 7 (*P<0.001, Figure 5), and
resulted in significant increase in the MMP-9/TIMP-1
mRNA ratio>1 (day 7 to 28, Figure 7A). NAC treatment
also reduced the TIMP-1 protein expression in the AECs
and in alveolar macrophages (Figure 6A). It resulted in
increase in the MMP-9/TIMP-1 protein ratio>1 (Figure
7B), which shifted the balance between the enzyme and
inhibitor and resulted in increase in proteolysis. This
correlated with the reduction in the lung parenchymal
collagen deposition from day 7 to day 28 (Figure 2).
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A) A)
Bleomycin control
Alveolar Epithelial Cells 8 o
= Day 7
Bronchiolar epithelial 6 = Day 14
B Day 28
4
2-
Macrophages
ARV TIA RN TR Q
; R N\ N NP RN
R S SRR TR SRR
Alveolar Epithelial Cells
(B)
Brﬁnchiular epithelial
cells 1.54
= Day 7
_ = Day 14

Macrophages 1.04 B Day 28
NAC, 3 mmol/kg in

bleomycin 0.5

Alveolar Epithelial Cells

0.0- T

Macrophages

Saline Control

Alveolar Epithelial Cells Bronchiolar epithelial cells

(B)

=3 Control Group
B3 Bleomycin Group
B3 Bleomycin+NAC (0.3mmol)

= Bleomycin+NAC (3mmol)

Reciprocal intensity (a.u.)

Control 7 14 28

Figure 6. The changesin tissue inhibitor of matrix metalloproteinase-1
(TIMP-1) expression in saline control lungs and after bleomycin
instillation in alveolar epithelial cells and bronchial epithelial cells
(6A). Quantification of the intensity of TIMP-1 expression in the
lung parenchyma. "*P<0.001 vs control, **P<0.001 and *P<0.01 vs
bleomycin (6B)

Effect of bleomycin instillation and NAC treatment on
mRNA and protein expression of TIMP-3

In the present study, a progressive increase in TIMP-
3 mRNA and protein expression in AECs, bronchial
epithelial cells (BECs) and interstitial macrophages
were observed from day 7 onwards up to day 28 after
bleomycin instillation (""P<0.001, Figure 8 and 9A).
Bleomycin injury reversed the protease-antiprotease
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Figure 7. Ratio of mean MMP-9/TIMP-1mRNA (7A) and ratio of
mean MMP-9/TIMP-1 protein balance (7B) after bleomycin and NAC
treatment in male Wistar rat

balance, MMP-9/TIMP-3 mRNA ratio<1, (Group 1V,
Figure 10A) and MMP-9 /TIMP-3 protein ratio <1, Figure
10B. NAC therapy increased the mRNA and protein
expression of TIMP-3 ("™ P<0.001, Figure 8, 9B) as well
as of MMP-9; therefore, the MMP-9/TIMP-3 balance was
unaltered in the presence of NAC (Figures 8, 9B, 10A
and 10B). In other words, treatment with NAC increased
the expression of both MMP-9 and TIMP-3 to correct
bleomycin-induced alteration in MMP-9/TIMP-3 ratio,
which eventually prevented aberrant parenchymal
remodeling.

6

E3 Control Group

& 44 3 Bleomycin Group

§ EZ Bleomycin+NAC (0.3mmol)
6 Bleomycin+NAC (3mmol)
=

€2

0-
Control 7 14 28

Figure 8. The changes in the tissue inhibitor of matrix
metalloproteinase-3 (TIMP-3) mRNA levels in the lung after bleomycin
instillation and NAC treatment

"P<0.001 vs normal control
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Effect of bleomycin instillation and NAC treatment on
mRNA and protein expression of TGF-1

In response to bleomycin instillation, a significant
increase in the mRNA, and protein expression of TGF-1

(A)

Bleomycin control

Alveolar Epithelial Cells

Bronchiolar epithelial
cells

Macrophages

NAC, 0.3 mmol/kg in
bleomycin

Alveolar Epithelial Cells

Bronchiolar epithelial
cells

Macrophages

NAC, 3 mmol/kg in
bleomycin

Alveolar Epithelial Cells

Bronchiolar epithelial
cells

Macrophages

Saline Control

Bronchiolar epithelial cells

Control Group

Bleomycin Group
Bleomycin+NAC (0.3mmol)
Bleomycin+NAC (3mmol)

Reciprocal intensity (a.u.)

Control 7 14 28

Figure 9. The changes in the TIMP-3 protein expression in saline
control lungs and after bleomycin instillation (N=6 in each group) in
wistar rat (9A). Quantification of the intensity of TIMP-3 expression
in saline control lungs and after bleomycin instillation. ***P<0.001 vs
control, **P<0.001, **P<0.01 vs bleomycin (9B)
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= Day7 15
Day 14
4 =3 Day 28

=3 Day7

B3 Day 14
B3 Day 28
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SN QDO D WA N
S Ffe® %R

h
S R S e

Figure 10. Ratio of mean MMP-9/TIMP-3mRNA (Figure 10A) and
ratio of mean MMP-9/TIMP-3 protein balance (10B) after bleomycin
and NAC treatment in wistar rat

was noted as compared to the control group (Figure
114, 11B). On day 14, the lung TGF-f1 mRNA
significantly increased and returned to baseline on
day 28 (***P<0.001, Figure 11A). Progressive increase
in the TGF-B1 protein expression was noted in AECs,
BECs, and interstitial macrophages on days 14 and 28
("™P<0.001, Figure 12A and 12B). Treatment with NAC
significantly reduced the TGF-B1 mRNA expression at
all time intervals (Figure 11A), which was correlated
with reduction in cellular protein expression from day
7 onwards up to day 28 (**P<0.001 Figure 11B, 12A and
12B).

Discussion

In the present study, bleomycin instillation in
the trachea resulted in significant histopathological
changes in the lungs of the rats assessed in terms of
progressive increase in parenchymal, peribronchiolar
and perivascular inflammation along with fibrosis
from day 7 to day 28. Moreover, there was an increase
in the collagen content in the lung parenchyma again
suggesting the development of fibrosis in bleomycin-

(A)
5
g Control Group
% Bleomycin Group
gm 882 Bleomycin+NAC (0.3mmol)
2 ggg Bleomycin+NAC (3mmol)
2 oot
= 0.0004
0.0003
0.0002
0.0001 4 4
Control 7 14 28
(B)
10000+
== Control
_ ok == Bleomycin
= 8000 E= Bleomycin + NAC (0.3mmol)
6 = 60004 =3 BleomycintNAC (3mmol)
E
)
£ £ 40004
2
<
2000
0

Control 7 14 28

Figure 11. The changes in TGF-B1 mRNA levels ""P<0.001 vs normal
control in wistar rat; *"P<0.001, *P<0.05 vs bleomycin. (11A) and
active TGF-B1 protein levels after bleomycin and NAC treatment
**P<0.01 vs bleomycin, “"P<0.001 vs normal control, **P<0.001 vs
bleomycin (11B)

Iran ] Basic Med Sci, Vol. 23, No. 3, Mar 2020



NAC effects MMP-9/TIMP and TGF-p1 in lung fibrosis

137 MS

Kulshrestha et al.

@A)

Bleomycin control

Alveolar Epithelial Cells

Bronchiolar epithelial

Macrophages

NAC, 0.3 mmol/kgin
bleomycin

Alveolar Epithelial Cells

Bronchiolar epithelial
cells

Macrophages

NAC, 3 mmol/kg in
bleomycin

Alveolar Epithelial Cells

Bronchiolar epithelial
cells

Macrophages

Figure 12. Changes in the transforming Growth factor-g1 (TGF-$1)
protein expression in saline control lungs and after bleomycin
instillation in wistar rat (12A). Quantification of the intensity of
TGF-B1 protein expression in the lung parenchyma. “"P<0.001 vs
control, **P<0.001 vs bleomycin (12B)

exposed animals. Indeed, the development of
pneumonitis (26) and pulmonary fibrosis (27) are
major causes of pulmonary toxicity in patients with

Iran ] Basic Med Sci, Vol. 23, No. 3, Mar 2020

cancer undergoing chemotherapy with bleomycin.
Experimentally, bleomycin-induced fibrosis in rodents
has been a well-documented model of pulmonary
fibrosis (28). In the present study, administration of
NAC in bleomycin-instilled animals led to significant
improvementin the architecture of lungs and bleomycin-
induced histopathological changes, i.e.inflammation and
fibrosis, were significantly attenuated. These beneficial
effects of NAC in bleomycin-induced pulmonary
observed in this study are consistent with the previous
studies documenting the decrease in fibrosis and
collagen deposition in lungs during bleomycin exposure
(3, 4).

In order to understand the mechanisms involved
in imparting beneficial mesenchymal effects of NAC
in bleomycin-induced fibrosis, the changes in the
expression of proteolytic and anti-proteolytic enzymes
were assessed. In the present study, bleomycin
instillation increased the MMP-9 protein expression
in the inflammatory cells and AECs from days 7 to
14, which was returned to normal on the day 28.
Bleomycin instillation also increased the mRNA and
protein expression of TIMP-1 in AECs and interstitial
macrophages on 7% day. The TIMP-1 protein expression
remained elevated up to 28" day, while expression
of MMP-9 decreased, resulting in MMP-9/TIMP-1
protein ratio of less than 1. In other words, bleomycin-
induced pulmonary fibrosis on 28" day was associated
with a significant decrease in MMP-9/TIMP-1 ratio,
signifying decrease in MMP-9 activity and increase in
TIMP-1 activity. MMP-9 is a proteolytic enzyme and
its overexpression in macrophages has been shown to
attenuate pulmonary fibrosis induced by bleomycin
(29). TIMP-1 is an inhibitor of MMP, which inhibits
the activation of MMP9 from pro-MMP9 by forming
a pro-MMP9-TIMP1 complex (30, 31). An increase in
the TIMP expression is also associated with decreased
collagenase activity (32). Thus, the higher expression
of TIMPs inhibits the degradation of fibrillar collagen
leading to development of lung fibrosis (33). Thus, a
ratio of MMP-9/TIMP-1 becomes critical in determining
the development of fibrosis or degradation of collagen
to inhibit fibrosis. Earlier studies have shown that
the reduction in MMP-9/TIMP-1 ratio is important
in promoting bleomycin-induced pulmonary fibrosis
(34), which is well-supported by the results of present
study showing decrease in MMP-9/TIMP-1 ratio during
bleomycin-induced pulmonary fibrosis.

Similar to the effects on the TIMP-1, NAC treatment
also increased the expression of another inhibitor
of MMP i.e. TIMP-3 in the present study. TIMP-3 is a
potent inhibitor of MMPs (35) and is crucial for the
resolution of chronic lung inflammation and injury
(36). TIMP-1 is a secreted protein, while TIMP-3 is a
membrane bound protein and is restricted to the ECM
(37). Bleomycin instillation led to decrease in MMP-9/
TIMP-3 ratio, and NAC treatment reversed the effects
of bleomycin by normalizing the ratio of MMP-9/TIMP-
3 to 1. Accordingly, it is proposed that NAC may inhibit
bleomycin-induced development of pulmonary fibrosis
by increasing the MMP-9/TIMP-1 and MMP-9/TIMP-3
ratios, which eventually increases the degradation of
collagen in the lungs to prevent its excessive deposition
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in the form of fibrosis.

Moreover in the present study, there was a marked
increase in the mRNA expression of TGF-f3 and intense
immunostaining of reactive AECs, BECs, alveolar
macrophages and ECM following belomycin instillation.
The increased activation and function of the TGF-B1
complex may possibly occur via MMP-dependent
mechanism (38). In present study, a significant increase
in MMP-9 mRNA levels was associated with increase in
TGF-B1 mRNA expression suggesting the role of MMP-9
in activating the TGF-B1. The activated form of TGF-$1
in turn inhibits the expression of MMP-9 and stimulates
the TIMP-1 mRNA expression, shifting the parenchymal
remodeling from cellular to fibrotic phase (19).
Moreover, TGF-f1 is shown to upregulate the TIMP-3
levels in the primary fibroblast cultures from IPF patients
(10). These findings were also observed in this present
study, where an increase in the TGF-B1 levels were
associated with the concurrent upregulation of TIMP-
1 and 3 levels and shifting the ratio of MMP-9/TIMP to
<1. Therefore, it may be suggested that TGF-1 may play
an important role in altering the MMP-9/TIMP balance
towards TIMPs, thereby creating a microenvironment
that favors ECM deposition. Moreover in the present
study, treatment with NAC suppressed the production of
TGF-B1 and increased the MMP-9/TIMP ratio favoring
the degradation of collagen and inhibition of fibrosis.
An earlier in vitro study has shown that NAC suppresses
the production of TGF-B1 by alveolar macrophages
in IPF (39). To best of our knowledge, it is the first
study documenting that NAC treatment ameliorates
bleomycin-induced pulmonary fibrosis by increasing
the MMP-9/TIMP ratio and decreasing the production
of TGF-f1 in rats.

Conclusion

NAC may directly attenuate mesenchymal remodeling
by normalizing the protease-antiprotease balance and
favoring the degradation of collegen to reduce fibrosis. In
addition to antioxidant effects, NAC-induced lowering of
TGF-B1 may also contribute significantly in attenuating
bleomycin-induced pulmonary fibrosis, especially when
initiated in early cellular phase of disease manifestation.

Acknowledgment

The authors gratefully acknowledge the financial
grant given by Department of Science and Technology,
India and the Fellowship given by University Grants
Commission, India for carrying out the above research
work. The results described in this paper were part of
Student thesis.

Conflicts of Interest
The authors declare that there are no conflicts of
interest.

References

1. Shahidi S, Zargooshnia S, Asl SS, Komaki A, Sarihi A. Influence
of N-acetyl cysteine on beta-amyloid-induced Alzheimer’s
disease in a rat model: A behavioural and electrophysiological
study. Brain Res Bull 2017;131:142-149.

2. Rapado-Castro M, Dodd S, Bush Al, Malhi GS, Skvarc DR, On
ZX, et al. Cognitive effects of adjunctive N-acetyl cysteine in

404

psychosis. Psychol Med 2017;47:866-76.

3. Yu WC, Tian LY, Cheng W. Efficacy study of edaravone and
acetylcysteine towards bleomycin-induced rat pulmonary
fibrosis. Int ] Clin Exp Med 2015 15;8:8730-8739.

4.Li S, Yang X, Li W, Li ], Su X, Chen L, et al. N-acetylcysteine
downregulation of lysyl oxidase activity alleviating bleomycin-
induced pulmonary fibrosis in rats. Respiration 2012;84:509-
517.

5. Wynn TA. Integrating mechanisms of pulmonary fibrosis. ]
Exp Med 2011; 208:1339-1506.

6. Lanchou ], Corbel M, Tanguy M, Germain N, Boichot E, Theret
N, et al. Imbalance between matrix metalloproteinases (MMP-
9 and MMP-2) and tissue inhibitors of metalloproteinases
(TIMP-1 and TIMP-2) in acute respiratory distress syndrome
patients. Crit Care Med 2003; 31:536-542.

7. Talmi-Frank D, Altboum Z, Solomonov I, Udi Y, Jaitin DA,
Klepfish M, et al. Extracellular matrix proteolysis by MT1-MMP
contributes to influenza-related tissue damage and mortality.
Cell Host Microbe 2016 ;20:458-470.

8. Wang Y, Yamamoto Y, Kuninaka Y, Kondo T, Furukawa F.
Forensic potential of MMPs and CC chemokines for wound age
determination. | Forensic Sci 2015; 60:1511-1515.
9.Hayakawa T, Yamashita K, OhuchiE, Shinagawa A. Cell growth-
promoting activity of tissue inhibitor of metalloproteinases-2
(TIMP-2).] Cell Sci 1994; 2373-2379.

10. Garcia-Alvarez ], Ramirez R, Checa M, Nuttall RK, Sampieri
CL, Edwards DR, et al. Tissue inhibitor of metalloproteinase-3
is up-regulated by transforming growth factor-betal in
vitro and expressed in fibroblastic foci in vivo in idiopathic
pulmonary fibrosis. Exp Lung Res 2006; 32:201-214.

11. Lu P, Takai K, Weaver VM, Werb Z. Extracellular matrix
degradation and remodeling in development and disease. Cold
Spring Harb. Perspect Biol 2011; 3:a005058-a005058.

12. Fukuda Y, Ishizaki M, Kudoh S, Kitaichi M, Yamanaka N.
Localization of matrix metalloproteinases-1, -2, and -9 and
tissue inhibitor of metalloproteinase-2 in interstitial lung
diseases. Lab Invest 1998; 78, 687-698.

13. Hayashi T, Stetler-Stevenson WG, Fleming MV, Fishback
N, Koss MN, Liotta LA, et al. Immunohistochemical study of
metalloproteinases and their tissue inhibitors in the lungs
of patients with diffuse alveolar damage and idiopathic
pulmonary fibrosis. Am ] Pathol 1996;149, 1241-1256.

14. Border WA, N.N,, Transforming growth factor beta in tissue
fibrosis. N Engl ] Med 1994.

15. Feige, J], Quirin N, Souchelnitskiy S. TGF-beta, un peptide
biologique sous contrdle: formes latentes et mécanismes
d’activation. M/S Med Sci 1996; 12:929-939.

16. Hoyt, DG, Lazo, JS. Alterations in pulmonary mRNA
encoding procollagens, fibronectin and transforming growth
factor-beta precede bleomycin-induced pulmonary fibrosis in
mice. ] Pharmacol Exp Ther 1988; 246, 765-771.

17.Khalil N, Bereznay O, Sporn M., Greenberg AH. Macrophage
production of transforming growth factor beta and fibroblast
collagen synthesis in chronic pulmonary inflammation. ] Exp
Med 1989; 170:727-737.

18. Yu Q, Stamenkovic I. Cell surface-localized matrix
metalloproteinase-9 proteolytically activates TGF-beta and
promotes tumor invasion and angiogenesis. Genes Dev.
2000;14: 163-176.

19.Kang HR,, Soo JC, Chun GL, Homer R}, Elias JA. Transforming
growth factor (TGF)-??1 stimulates pulmonary fibrosis and
inflammation via a Bax-dependent, Bid-activated pathway that
involves matrix metalloproteinase-12. | Biol Chem 2007;282:
7723-7732.

20. Gurujeyalakshmi G, Wang Y, Giri SN. Taurine and Niacin
block lung injury and fibrosis bydown regulating bleomycin
induced activation of transcription nuclear factor-kB in mice.
JPET 2000; 293: 82-90.

21. Oury TD, Thakker K, Menache M, Chang LY, Crapo ]D, Day
BJ. Attenuation of bleomycin-induced pulmonary fibrosis by a

Iran ] Basic Med Sci, Vol. 23, No. 3, Mar 2020



NAC effects MMP-9/TIMP and TGF-p1 in lung fibrosis

1J7"MS

Kulshrestha et al.

catalytic antioxidant metalloporphyrin. Am ] Respir Cell Mol
Biol 2001; 25:164-169.

22. Ashcroft T, Simpson JM, Timbrell V. Simple method of
estimating severity of pulmonary fibrosis on a numerical
scale. ] Clin Pathol 1988; 41: 467-470.

23. Reddy GK, Enwemeka CS. A simplified method for the
analysis of hydroxyproline in biological tissues. Clin. Biochem.
1996; 29: 225-229.

24. Nguyen DH, Zhou T, Shu ], and Mao JH. “Quantifying
chromogen intensity in immunohistochemistry via reciprocal
intensity.” Cancer InCytes 2013; 2:e.

25. Yang HK, Jeong KC, Kim YK, Jung ST. Role of matrix
Metalloproteinase (MMP) 2 and MMP-9 in Soft tissue sarcoma.
Clin Orthop Surg. 2014; 6: 443-454

26. Reinert T, Serodio C, Arthur F, Nunes P, Alves A, Scheliga DS.
Bleomycin-induced lung injury. ] Cancer Res. 2013; 1-9.

27. Mata M, Ruiz A, Cerdd M, Martinez-Losa M, Cortijo ],
Santangelo F, Serrano-Mollar A, Llombart-Bosch A, Morcillo
EJ. Oral N-acetylcysteine reduces bleomycin-induced lung
damage and mucin Mucbac expression in rats. Eur Respir ]
2003;22:900-905

28. Liu T, De Los Santos FG, Phan SH. The bleomycin model of
pulmonary fibrosis. Methods Mol Biol. 2017;1627:27-42.

29. Cabrera S, Gaxiola M, Arreola JL, et al. Overexpression of
MMP9 in macrophages attenuates pulmonary fibrosis induced
by bleomycin. Int ] Biochem Cell Biol 2007; 39: 2324-2338.
30. Shapiro, S.D,, Fliszar, C.J., Broekelmann, T.J., Mecham, R.P,
Senior, R.M., Welgus, H.G. Activation of the 92-kDa gelatinase by
stromelysin and 4-aminophenylmercuric acetate. Differential
processing and stabilization of the carboxyl-terminal domain
by tissue inhibitor of metalloproteinases (TIMP). ] Biol Chem
1995; 270:6351-6356.

31. Watanabe, H., Nakanishi, I., Yamashita, K., Hayakawa, T,

Iran ] Basic Med Sci, Vol. 23, No. 3, Mar 2020

Okada, Y. Matrix metalloproteinase-9 (92 kDa gelatinase/type
IV collagenase) from U937 monoblastoid cells: correlation
with cellular invasion. ] Cell Sci 1993;104: 991-9.

32. Reichenstein M, Reich R, LeHoux, ]G, Hanukoglu I. ACTH
induces TIMP-1 expression and inhibits collagenase in adrenal
cortex cells. Mol. Cell. Endocrinol. 2004; 215, 109-114.

33. Selman M, Ruiz V, Cabrera S, Segura L, Barrios R, Pardo
A. TIMP-1,-2,-3, and -4 in idiopathic pulmonary fibrosis. A
prevailing nondegradative lung microenvironment? Am ]
Physiol Lung Cell Mol Physiol 2000; 279, 562-574.

34. Zuo WL, Zhao M, Huang JX, Zhou W, Lei ZH, Huang YM,
Huang YF, Li HG. Effect of bosentan is correlated with MMP-
9/TIMP-1 ratio in bleomycin-induced pulmonary fibrosis.
Biomed Rep. 2017; 6:201-205.

35. Brew K, Nagase H. The tissue inhibitors of
metalloproteinases (TIMPs): An ancient family with structural
and functional diversity. Biochim. Biophys. Acta Mol Cell Res
2010;1803:55-71.

36. Gill SE, Huizar I, Bench EM, Sussman SW, Wang Y, Khokha R,
Parks WC. Tissue inhibitor of metalloproteinases 3 regulates
resolution of inflammation following acute lung injury. Am ]
Pathol 2010;176:64-73.

37. Anadén A, Castellano V, Rosa Martinez-Larrafiaga M.
Biomarkers of drug toxicity. Biomarkers Toxicol. 2014;593-607.
38. Bonnans C, Chou ], Werb Z. Remodelling the extracellular
matrix in development and disease. Nat Rev Mol Cell Biol
2014;15:786-801.

39. Cu A, Ye Q, Sarria R, Nakamura S, Guzman ], Costabel U.
N-acetylcysteine inhibits TNF-alpha, sTNFR, and TGF-betal
release by alveolar macrophages in idiopathic pulmonary
fibrosis in vitro. Sarcoidosis Vasc Diffus Lung Dis 2009;
26:147-154.

405



	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgment
	Conflicts of Interest
	References

