European Review for Medical and Pharmacological Sciences 2023; 27: 11383-11401

Bone marrow-derived mesenchymal stem
cells abate CClI4-induced lung damage via their
modulatory effects on inflammation, oxidative

stress and apoptosis

A. ADEL', M. ABDUL-HAMID', S.H. ABDEL-KAWF, L.O. MALLASIY?,

N.S. ABD EL-GAWAAD*, O.M. AHMED>

'Histology and Cell Biology Division, Zoology Department, Faculty of Science, Beni-Suef University,

Beni-Suef, Egypt

2Medical Histology & Cell Biology Department, Faculty of Medicine, Beni-Suef University,

Beni-Suef, Egypt

3Faculty of Science and Arts in Tihama, King Khalid University, Muhayil Asir, Saudi Arabia
*Faculty of Science, King Khalid University, Abha, Saudi Arabia
>Physiology Division, Zoology Department, Faculty of Science, Beni-Suef University, Beni-Suef, Egypt

Abstract. - OBJECTIVE: The aim of this
study was to assess and compare the therapeu-
tic effects of allogenic and xenogeneic bone mar-
row-derived mesenchymal stem cells (BM-MSCs)
on a rat model for treating experimental lung in-
flammation, oxidative stress, and apoptosis.

MATERIALS AND METHODS: Male Wistar
rats were randomly divided into four groups.
Group 1 received an intraperitoneal injection
of olive oil vehicle (2 mL/kg body weight) for 8
weeks. Group 2 received an intraperitoneal in-
jection of carbon tetrachloride (CCI4) (0.5 mL/kg
body weight, twice/week) dissolved in olive oil
for 8 weeks. Groups 3 and 4 received the CCl4
similar to group 2, followed by the intravenous
injection of rat and mouse BM-MSCs (1 x 10°¢
cells/rat twice/week into a lateral tail vein), re-
spectively, for 4 weeks. Subsequently, the rats
were sacrificed, and lung tissues were excised
for molecular, histological, and ultrastructural
investigations.

RESULTS: Fibrosis, interstitial bleeding, dil-
atation and congestion of blood vessels, in-
tra-alveolar edema, damaged alveoli, scattered
mononuclear leucocytic infiltrates, and an in-
creased number of apoptotic cells and apoptotic
remnants were observed in the lungs of rats ex-
posed to CCl4; the treatment with rat and mouse
BM-MSCs attenuated these changes. The ef-
fects of CCl4 on the increase in collagen fibers
in the lungs and the expression levels of cycloo-
xygenase-2, tumor necrosis factor-a, and apop-
totic protein p53 were considerably reduced fol-
lowing treatment with the BM-MSCs. The higher
levels of lipid peroxidation, the lower-level gluta-
thione content, and the activities of superoxide
dismutase, glutathione peroxidase, and gluta-
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thione-S-transferase in CCl4-injected rats were
significantly improved by treatments with rat
and mouse BM-MSCs.

CONCLUSIONS: These findings indicate that
mouse and rat BM-MSCs, which were more
potent, can protect against CCl4-induced lung
damage and fibrosis by reducing inflammation,
apoptosis, and oxidative stress and boosting
the antioxidant defense system.
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Introduction

The industrial chemical carbon tetrachloride
(CCH4) is used frequently to produce free radical
toxicity in a range of experimental animal tissues,
including the kidneys, heart, liver, lung, testis,
brain, and blood'. After being absorbed by the skin,
respiratory system, and digestive tract, it is broken
down by cytochrome P-450 in the liver. Through
its metabolites, the trichloromethyl free radical
(CClL) and the trichloromethyl peroxyl radical
(CCLO,), it causes injury. Free radical generation
in a number of organs, including the liver, kidneys,
heart, lungs, brain, and blood, has been linked?*?
to CCl4 poisoning. Lipid peroxidation (LPO) and
deoxynucleic deoxyribonucleic acid (DNA) frag-
mentation are the results of interactions between
free radicals and lipids in the lung cell membrane.
A complicated interaction of oxidative stress, ne-
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crosis, and apoptosis is involved in the pathophys-
iology*®. In association, glutathione reduced form
(GSH) as a nonenzymatic antioxidant as well as
catalase, superoxide dismutase (SOD), glutathione
reductase (GR), glutathione-S-transferase (GST),
and glutathione peroxide (GPx) as antioxidant en-
zymes are repressed®®. In spite of the fact that
hepatic cytochrome P450 primarily metabolizes
CCH4, it caused systemic inflammation and certain
organ fibrosis, including lung fibrosis in rats’. The
lung fibrosis in rats was preceded by CCl4-induced
chronic and diffuse alveolar damage and inflam-
mation'®!", Thus, the CCl4-treated model was use-
ful for the study of clinical interstitial pulmonary
fibrosis accompanied by chronic inflammation’.

Mesenchymal stem cells (MSCs) are the most
thoroughly studied cells among the various stem
cell groups and are widely used in regenerative
medicine'”>. MSCs have many advantages since
they can be obtained from a variety of sources;
they can engraft and home to wounded tissues;
they have a high proliferative capacity and can
develop into a wide range of cell types; they have
low immunogenicity and may thus be transplant-
ed effectively across immunological barriers; and
there is no ethical debate regarding the use of
these cells in patients!*-'5,

MSCs have been used to treat various ailments,
including those that impact the neurological sys-
tem, heart, liver, intestines, and lungs. MSCs can
also be obtained from medical waste such as den-
tal pulp, adipose tissue, amniotic tissue, and bone
marrow'®, MSC-based therapy is a new treatment
option for lung disease. These cells colonize at
the sites of lung injury, restrict the production
of pro-inflammatory mediators, reduce extracel-
lular matrix collagen deposition, and contribute
to tissue repair'™!®. Additionally, they produce
paracrine factors that exhibit anti-inflammatory,
anti-apoptotic, and anti-fibrotic properties***'.

The aim of the present study was to evaluate
and compare the therapeutic effects of allogenic
(rat) and and xenogenic (mice) bone marrow-de-
rived mesenchymal stem cells (BM-MSCs) in a
rat model of CCl4-induced lung injury targeting
inflammation, oxidative stress, antioxidant de-
fense system and apoptosis.

Materials and Methods
Drugs and Chemicals

CCl4 solution 99.0% was purchased from lab-
oratory chemical trading company for laboratory

fine chemicals (Cairo, Egypt). Dulbecco’s mod-
ified Eagle’s medium (DEMEM) was obtained
from Lonza, Verviers, Belgium.

Experimental Animals

Twenty-four male adult Wistar rats weighing
120-150 g (age, 9-11 weeks) were obtained from
VACSERA (Egyptian Organization for Biologi-
cal Products and Vaccines), Helwan, Egypt, and
fed a regular pellet diet with unlimited access to
water. The animals were kept in a climate-con-
trolled setting with a 12-hour light/dark cycle,
constant temperature, and humidity. The ethical
guidelines for the animal procedures were deter-
mined by the Experimental Animal Ethics Com-
mittee of the Faculty of Science at Beni-Suef Uni-
versity in Egypt (Ethical Approval Number BSU/
FS/2019-73). Every attempt was made to limit
the number of animals in this study to the bare
minimum and to alleviate their misery during the
experiments.

Animal Grouping
The isolation, culture, and harvesting of BM-

MSCs were carried out based on the methods

described by Ahmed et al***, and Chaudhary

and Rath?*. BM-MSCs of rats and mice were
intravenously infused into the lateral tail vein at

a dose of 1 million cells/rat. The animals were

randomly divided into four groups, each with six

individuals (Figure 1):

Group 1 received only olive oil vehicle [2 mL/kg
body weight (bw)] twice/week for 8 weeks via
intraperitoneal injection followed by the injec-
tion of Dulbecco’s Modified Eagle’s Medium
(DMEM) into the lateral tail vein once a week
for 4 weeks.

Group 2 received CCl4 (0.5 mL/kg bw)* in olive
oil (1.5 mL/kg; twice a week for 8 weeks) via
intraperitoneal injection, followed by the injec-
tion of DMEM into the lateral tail vein once a
week for 4 weeks.

Group 3 received CCl4 (0.5 mL/kg) dissolved
in olive oil (1.5 mL/kg bw) twice/week for 8
weeks, followed by the injection of rat BM-
MSCs (1 million cells/rat)* into the lateral tail
vein (once a week for 4 weeks).

Group 4 received CCl4 (0.5 mL/kg) dissolved in
olive oil (1.5 mL/kg) twice a week for 8 weeks,
followed by the injection of mouse BM-MSCs
(1 million cells/rat)* into the lateral tail veins
(once a week for 4 weeks).
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Figure 1. Schematic diagram illustrating the grouping of the animals and the experimental design.

Blood and Lung Sampling

At the end of the experiment, the rats were
anesthetized by diethyl ether, and blood samples
were obtained from the jugular vein. After de-
capitation and dissection, the lung was excised
for biochemical and molecular analysis as well
as for histopathological and ultrastructural in-
vestigations. One portion underwent histological
analysis after being fixed in neutral buffered for-
malin for 24 hours, trimmed, and then transferred
into 70% alcohol. Sera were rapidly separated for
each individual animal and stored at -30°C until
use by centrifuging at 3,000 rpm for 15 minutes
to separate the serum. One gram of frozen lung
tissue was homogenized in 10 ml ice-cold saline
[0.9% NaCl (sodium chloride)] to yield 1% ho-
mogenate weight/volume (w/v). The supernatants
were preserved at -30°C for subsequent analysis
of lung antioxidant defense and oxidative stress
biomarkers.

Determination of Lung Oxidative Stress
and Antioxidant Biomarkers

The quantity of thiobarbituric acid reactive
compounds in the lungs was measured using the

Preuss et al*”” and Yagi*® methods to determine
the degree of LPO. The activities of GPx and
SOD were determined based on the studies by
Matkovics et al?* and Marklund and Marklund?®,
respectively. The GSH content was determined as
described by Beutler et al*!, and GSH S-transfer-
ase (GST) activities were measured photometri-
cally in the presence of GSH and 1-chloro-2,4 di-
nitrobenzene (CDNB), as revealed by Mannervik
and Guthenberg?.

Histological and
Immunohistochemical Preparation

By the end of the experiment, the rats were
euthanized by diethyl ether inhalation anesthesia
and tissue samples of the lungs were excised for
histopathological studies. Pieces of lungs from
each animal were kept in a 10% buffered forma-
lin solution for 48 hours before being embedded
in paraffin. Following that, hematoxylin and eo-
sin (H&E) staining of 5-p thick sections of the
paraffin-embedded lung tissues was performed.
Masson’s trichrome (MT) staining method was
applied in lung sections to detect collagen fi-
bers**3**, Immunolocalization for the detection of
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cyclooxygenase (COX)-2 and apoptotic protein
p53 was performed on 5-um thick sections of the
lung by the staining procedure using streptavi-
din-biotin-peroxidase®. After being deparaffin-
ized in xylene and rehydrated in progressively
stronger alcohols, the paraffin-embedded sections
were rehydrated. The endogenous peroxidase and
non-specific antibody binding sites were blocked
by 0.3% H,0O, for 20 minutes and 5% normal bo-
vine serum (1:5 diluted in TRIS solution) for 20
minutes at room temperature. Normal goat serum
(10%) was applied and allowed to sit on the sec-
tions for 30 minutes to reduce non-specific bind-
ing after phosphate-buffered saline washing. The
sections were incubated with anti-sera containing
primary antibodies for rat tumor necrosis factor-o
(TNF-0) for 1 hour (Bio Genex; Santa Cruz,
CA, USA), and then for 30 min with streptavi-
din horseradish peroxidase (Dako-K0690, Dako
Universal LSAB Kit, Dako Corporation, Carpin-
teria, CA, USA) and a biotinylated secondary
antibody (Dako-K0690; Dako Universal LSAB
Kit, Dako Corporation, Carpinteria, CA, USA).
Subsequently, the sections were immunolabelled
with 3, 30-diaminobenzidine tetrahydrochloride
(DAB; Sigma-D5905; Sigma-Aldrich Company
Ltd., Gillingham, UK) for 10 min. After that,
the nuclei were stained with Harry’s hematoxy-
lin stain and the sections were dried in graded
alcohol, cleaned in xylene, and mounted. For
comparisons between the various experimental
groups, all sections were incubated simultane-
ously, at the same temperature, and with the same
antibody concentration. The immunohistochem-
ically stained sections were examined under a
light microscope and photographed. The micro-
photographs were subjected to image analysis by
Imagel software to detect the percent area and
intensity of stained areas.

The stained lung sections were evaluated for
the purpose of finding histological lesions. Le-
sions or injuries were rated as absent (0), mild
(), moderate (I1), and severe (I11) for alterations,
in three randomly chosen fields of each section
(x100)*°. Necrosis, thickening of the interalveo-
lar septum, apoptosis, and collagen fibers were
among the graded lesions.

Electron Microscopy

The lung samples were divided into pieces
measuring about 1 mm?® and preserved in fresh
glutaraldehyde-formaldehyde solution at a con-
centration of 3% for 18 to 24 hours at 4°C. They
were then post-fixed for an hour at 4°C in osmium

tetroxide after being washed in phosphate buffer
(pH 7.4). The specimens were then dehydrated in
ascending concentrations of ethanol. After that,
the samples were submerged in propylene oxide
solution twice for 10 minutes each. The spec-
imens were transferred to capsules containing
fresh resin the next day and polymerized for one
day in a 60°C oven, resulting in hard blocks. The
ultra-microtome glass knives were then used to
cut ultrathin sections that were colored with ura-
nyl acetate and lead citrate and inspected using
a Joel CX 100 transmission electron microscope
(Joel, Tokyo, Japan) with a 60 kV accelerating
voltage®”.

Evaluation of Immunohistochemical
Staining Intensity

The percentages of COX-2, TNF-a, and p53
immuno-reactive cells in the sections were cal-
culated using the “Leica Quin 500C” image an-
alyzer computer system (Leica Imaging System
Ltd., Cambridge, England); three images were
examined from each group. The Imagel software
is beneficial for evaluating immunohistochem-
ically stained specimens because the method is
more accurate and repeatable than the tradition-
al counting method. The total positively-stained
(brown) and negatively-stained (blue) areas can
be picked using the thresholding tool and the “ar-
ea technique.” The positive immunohistochemis-
try index can be calculated using this data.

Statistical Analysis

For the statistical analysis, the Statistical Pack-
age of Social Sciences (SPSS) program version
21 (IBM Corp., Armonk, NY, USA) was utilized.
The mean and standard error (SE) are used to
express all values. To identify significant differ-
ences between the groups, a one-way analysis of
variance and Duncan’s multiple-range test were
employed®®. Values of p < 0.05 were regarded as
significant.

Results

Effects on Lung Oxidative Stress and An-
tioxidant Defense System

The treatment of CCl4-induced rats produced a
significant decrease in the formation of malond-
ialdehyde (MDA) in the lungs by rat and mouse
BM-MSCs, as indicated in Table I. The activity
of lung SOD was significantly decreased in the
CCl4-treated animals when compared to that in
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Table I. Effects on lung SOD activity and LPO.

SOD LPO
Groups (U/mg tissue) % change (nmol/100 mg tissue) % change
Control group 126.23 £ 0.77¢ 11.81 £ 0.31°
CCl4 group 61.68 £ 1.58° -51.14 26.13 + 1.57¢ 121.25
CCl4 + rat BM-MSCs 102.45 £ 3.54¢ 66.09 14.62 £ 0.12° -44.05
CCl4 + mouse BM-MSCs 78.85+3.03° 27.84 17.78 + 0.36¢ -31.96
F-probability p>0.05

Results are displayed as mean + SE. There are six animals in each group. Mean values with different superscript letters are
significantly different at p < 0.05. *>“{Indicated the similarity or difference between groups. Lipid peroxidation (LPO), bone
marrow-derived mesenchymal stem cells (BM-MSCs), superoxide dismutase (SOD).

the control group (Group 1). However, treatment
with BM-MSCs resulted in a significant increase
in SOD activity (Table I).

Table II shows the concentrations of GSH in
the lung homogenates. A significant (p < 0.05)
depletion in the concentration of GSH was no-
ticed in the CCl4-treated rats in comparison with
the control group. Furthermore, the GST activity
was significantly decreased in the lung tissue ho-
mogenates of the CCl4-treated rats compared to
those of the control rats; the activity was restored
following treatment with the rat and mouse BM-
MSCs (Table II). Likewise, the GPx activity was
significantly diminished in the CCl4-injected rats
in comparison with the control rats. Treatment
with BM-MSCs significantly reduced the en-
zyme activity in the lung tissue homogenates;
furthermore, treatment with rat BM-MSCs was
more effective than that with mouse BM-MSCs
(Table II).

Lung Histological Changes
Staining with H&E revealed the normal ar-
chitectural appearance of the lung tissues in the

Group 1 rats, with normal clear alveoli that were
separated by thin inter-alveolar septa (Figure
2a). After injection with CCl4, alveolar edema
with thickening of the alveolar walls (Figure 2b-
¢), hemorrhage, cellular mononuclear leucocytic
infiltration, damaged alveoli (Figure 2c-¢), and
fibrosis (Figure 1d-e) in addition to many apop-
totic cells and apoptotic bodies or remnants and
necrosis (Figure 2b-e) were observed in the rats
in Group 2. The sections from Group 3 (treated
with rat BM-MSCs) showed restoration of the
lung structure (Figure 2f), whereas those from
Group 4 (treated with mouse BM-MSCs) showed
a rupture of the alveolar walls (Figure 2g). The
severity of tissue damage in Group 4 was high-
er than that in Group 3, suggesting that rat
BM-MSCs provide higher protection than mouse
BM-MSCs. Few apoptotic cells were noticed in
Groups 3 and 4.

MT staining of the lung sections was per-
formed to assess the extracellular matrix depo-
sitions (Figure 3). All control animals revealed
a normal distribution of blue-stained collagen
fibers in the lung tissues (Figure 3a), whereas

Table II. Eftects on lung GSH content and GST and GPx activities.

GSH GST GPx
(nmol/100 mg % (U100 % (mU/100 mg %
Groups tissue) change mg tissue) change tissue) change

Normal group 18.85 + 0.48¢ 93.49 £ 0.79¢ 138.07 + 0.35¢

CCl4 group 10.37 £0.27° -44.99 53.48 +1.542 -42.79 99.16 + 3.68¢ -28.18
CCl4 + rat BM-MSCs 15.02 + 0.47¢ 44.84 85.05 + 1.22¢ 59.03 123.95 £ 0.62¢ 25.00
CCl4 + mouse BM-MSCs 12.55+041° 21.02 64.33 +£0.43° 20.29 113.19 + 0.66° 14.15
F-probability p>0.05

Results are displayed as mean + SE. There are six animals in each group. Mean values with different superscript letters are
significantly different at p < 0.05. *>*4Indicated the similarity or difference between groups. Bone marrow-derived mesenchymal
stem cells (BM-MSCs), glutathione reduced form (GSH), glutathione-S-transferase (GST), and glutathione peroxide (GPx).
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Figure 2. Photomicrographs of lung section of rats showing (a): the normal architecture of the lung tissue, normal clear
alveoli (A), and thin inter-alveolar septa (Jong arrow) (Scale bars of a = 50 um). b-¢, CCl4-treated group shows loss of
normal architecture of the lung tissue, with diffused mononuclear leucocytic infiltration (IF) associated with necrotic areas
(blue arrows) appearing within the inter-alveolar septa, extensive thickening of interalveolar septa (bifid arrow) and dilated
congested pulmonary blood vessels (arrowhead) in addition to the presence of many apoptotic cells (red arrows) and apoptotic
bodies or remnants (green arrows) (Scale bars of b-¢ = 50 um). d-e, Lung section of the CCl4-treated group shows diffused
inflammatory mononuclear leucocytic infiltration (IF) associated with necrotic areas (blue arrows), collapsed alveoli (wave
arrow), while the neighboring ones are irregularly dilated (d) and dilated congested blood vessels (arrowhead) (Scale bars of
d-e =100 um). Many apoptotic cells (red arrows) and apoptotic bodies or remnants (green arrows) were also observed. f, Lung
section of CCl4-treated group showing CCI4 + rat BM-MSCs and (g): CCl4 + mouse BM-MSCs showing rupture of alveolar
walls (long black arrow), somewhat thin inter-alveolar septa (arrowhead) and amelioration of structure pulmonary tissue. Few
apoptotic cells (red arrows) and apoptotic bodies or remnants (green arrows) were also observed. (H&E stain; Scale bars of
f-g = 100 pm).
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Figure 3. Photomicrographs of lung section of rats showing (a): normal distribution of little collagen fibers in control lung
tissues. b, CCl4-treated group showing significantly increased stained blue collagen fibers in lung tissues. ¢, CCl4 + rat BM-
MSCs and (d): CCI4 + mouse BM-MSCs showing significantly decreased stained blue collagen fibers compared with group

CCl4. [Masson’s trichrome stain; Scale bars of (a-d) = 100 um].

the CCl4-treated rat lungs showed a significant
increase in collagen fibers (Figure 3b). The ex-
tent of staining of the collagen fibers in Groups
3 and 4 was significantly lower than that in
Group 2 (Figure 3c-d). Histopathological change
scores of different groups are represented in Ta-
ble III. The normal control lung section showed
no histological lesions, as shown by a zero score.
CCl4-treated rats demonstrated different grades
of histopathological alterations scores of lungs
ranging from grade III to grade 0. The treatments
of the CCl4-injected group with mice BM-MSCs
and rats’ BM-MSCs illustrated marked amelio-
ration in histological lesions, including necrosis,
thickening of interalveolar septa, apoptosis, and
collagen fibers as compared with the CCl4-in-
jected group.

Effects on Lung COX-2, TNF-o. and
P53 Protein Expressions

Negative immunoreaction for COX-2 was ob-
served in the control group (Figure 4a), whereas
in group 2, the pulmonary cells were positively
stained (Figure 4b). Weak immunoreactions were
observed in the lungs of rats in groups 3 and 4
(Figure 4c-d).

Negative immunoreaction for TNF-a in pul-
monary cells was noticed in the control group
(Figure 5a); however, it was strongly positive
in hyperplastic alveolar or bronchial epithelial
cells (Figure 5b) in the CCl4 group. On the oth-
er hand, weak immunoreactions for TNF-a in
pulmonary cells were depicted in CCIl4 groups
treated with rat and mouse BM-MSCs (Figure
Sc-d).

11389
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Table Ill. Histopathological scores of lung lesions in normal control, CCl4, CCl4/rat BM-MSCs, CCl4/mouse BM-MSCs groups.

Normal CCl4/rat CCl4/mouse
Histopathological changes Score control CcCi4 BM-MSCs BM-MSCs
Necrosis 0 6 (100%) 1 (16.7%) 6 (100%) 5(83.3%)
I — 1 (16.7%) — 1 (16.7%)
11 — 1(16.7) — —
il — 3 (50%) — —
Thickening of interalveolar septa 0 6 (100%) — 5 (83.3%) 4 (66.7%)
I — 1 (16.7%) 1 (16.7%) 1 (16.7%)
11 — 2 (33.3%) — 1 (16.7%)
111 — 3 (50.0%) — —
Mononuclear leucocytic infiltration 0 6 (100%) — 6 (100%) 6 (100%)
(Inflammation) I — — — —
11 — 2 (33.3%) — —
111 — 4 (66.7%) — —
Apoptosis 0 6 (100%) — 5(83.3%) 5(83.3%)
I — 1 (16.7%) 1 (16.7%) —
11 — 2 (33.3%) — 1 (16.7%)
1T — 3 (50.0%) — —
Collagen fibers 0 6 (100%) — 4 (66.7%) 4 (66.7%)
I — — 1 (16.7%) —
11 — 2 (33.3%) 1 (16.7%) 2 (33.3%)
111 — 4 (66.7%) — —

Histopathological lesions were rated as absent (0), mild (I), moderate (II), and severe (III).
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Figure 4. Photomicrographs
of lung section of rats showing
(a): normal control group with
the negative immune reaction
for COX-2 in pulmonary cells.
b, Group CCl4 showing strong
brown positive immune reac-
tion for COX-2 in the bronchi-
olar epithelial cells and alveo-
lar septum. ¢, CCl4 + rat BM-
MSCs and (d): CCl4 + mouse
BM-MSCs showing few im-
mune reactions for COX-2 in
the bronchiolar epithelial cells
and alveolar septum. [Immu-
nostaining for COX-2; Scale
bars of (a-d) = 100 um].
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Figure 5. Photomicrographs
of lung section of (a): rats of
control group showing neg-
ative reaction for TNF-a in
pulmonary cells. b, Group
CCl4 showing intense positive
immune reaction for TNF-a
in pulmonary cells. ¢, CCl4 +
rat BM-MSCs and (d): CCl4
+ mouse BM-MSCs showing
weak immunoexpression for
TNF-a in pulmonary cells.
[Immunostaining for TNF-a;
Scale bars of (a-d) = 50 pm)].

Similar to COX2 and TNF-a, negative im-
munoreaction for p53 in pulmonary cells was
shown in the control group (Figure 6a), whereas,
in group 2, the hyperplastic alveolar or bronchi-
al epithelial cells were positively stained (Figure
6b). Weak staining was observed in the lung
cells of animals in groups 3 and 4 (Figure 6¢ &
d). The data obtained by immunohistochemical
investigation in Table IV showed a significant
increase (p < 0.05) in the expression levels of
COX-2, TNF-a, and p53, observed after CCl4
injection. Treatment of the CCl4-injected rats
with rat and mouse BM-MSCs produced a sig-
nificant decrease (p < 0.05) in these proteins.
Treatment with rat BM-MSCs was more effec-

tive than that with mouse BM-MSCs. The image
and statistical analysis of COX-2, TNF-a, and
p53 indicated a significant increase in the brown
color intensity in the CCl4 group compared to
CCl4 groups treated with rat and mouse BM-
MSCs (Table IV).

Ultrastructural Changes

Transmission electron microscopy (TEM) of
the lung tissue from the control group (Figure
7a-b) revealed normal alveolar structures with
type Il pneumocytes consisting of a large, round-
ed nucleus and numerous cytoplasmic organelles,
including lamellar inclusion bodies and microvilli
on the free border facing the alveolar space. The
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Figure 6. Photomicrographs of lung section of (a): rats of control group showing normal negative immune reaction for p53
in pulmonary cells. b, Group CCl4 showing intense positive immunoreaction for p53 in pulmonary cells. ¢, CCl4 + rat BM-
MSCs and (d): CCl4 + mouse BM-MSCs showing weak immunoexpression for p53 in pulmonary cells. [[mmunostaining for

p53; Scale bars of (a-d) = 100 um].

lung tissues from group 2 showed type 11 pneumo-
cytes, which had vacuolated lamellar bodies and a
shrunken, black, eccentric nucleus. The capillary
basement membrane seemed uneven and disrupt-
ed, and the interstitial space was expanded by
many collagen bundles and macrophages (Figure

7c-¢). TEM of lung tissues of rats from groups 3
and 4 showed amelioration in type Il pneumocytes
and normal alveolar septum (Figure 8a-d). Type 11
pneumocytes with apical short microvilli showed
improvement in the cytoplasm and lamellar bodies
in group 3 (Figure 8a). In addition, a normal thin

Table IV. Changes in the area percentage of COX-2, TNF-a, and p53 immunopositivity in all studied groups.

Groups COX-2 Area %
Normal control 5.10+£0.75*
CCl4 32.79 + 1.834
CCl4 + rat BM-MSCs 991 £0.97°
CCl4 + mouse BM-MSCs 17.63 £ 1.26¢

F-probability

TNF-a Area % p53 Area %
1.77£0.22* 2.10+0.18°
30.02 + 1.16¢ 31.75 £ 1.10¢
2.98 £ 0.56° 4.00+0.61*
6.35+0.15° 11.33£0.12°
p<0.05

Results are displayed as mean + SE. There are six animals in each group. Mean values with different superscript letters are
significantly different at p < 0.05. *>“Indicated the similarity or difference between groups. Bone marrow-derived mesenchymal
stem cells (BM-MSCs), cyclooxygenase (COX)-2, tumor necrosis factor-o (TNF-a).
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part of the inter-alveolar septum was observed Discussion

(Figure 8b). In group 4, the amelioration of type II

pneumocytes with a nucleus and lamellar bodies The present study evaluated the protective
and the thick part of the inter-alveolar septum were effect of rat or mouse BM-MSCs against CCl4-in-
depicted (Figure 8c-d). duced oxidative stress in rat lung tissues. CCl4 is

Figure 7. The lung of a healthy rat is depicted in an electron micrograph (a) with Type II pneumocytes (II) with nuclei (N),
lamellar bodies (LB), and the free surface coated with short microvilli (arrow curved). b, Notice the thin part of the inter-
alveolar septum (arrowhead) (Scale bar of a =2 pm, Scale bar of b =500 nm. c-e, CCl4 group showing Type Il pneumocytes
with vacuolated lamellar bodies (LB). Notice marked thickening of the interalveolar septum (arrowhead) that contains bundles
of collagen fibers (arrow long) [Scale bar of (c-d) =2 pm, Scale bar of (e) = 500 nm].
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a poisonous chemical found in numerous tissues,
including the lungs. It is broken down into two
metabolites (CCl, and CCl,0,) by the cytochrome
P450 enzyme; CCI, reacts quickly with O, and
produces reactive free radicals®.

As aresult of the action of the phase 1 enzyme
that is mediated by mitochondrial cytochrome
P-450, CCl4 is bio-catabolized into free radicals,
CCl, and CCLO,. Normally, the free radicals
are subjected to detoxification and neutralization
by the phase 2 enzymes (GST) and antioxidant
enzymes (SOD, GPx and catalase). The exacer-
bated production of the free radicals and ROS
activates the process of LPO and depletes GSH,
which is replenished by glutathione reductase and

is used as a substrate for GST and GPx. Thus,
CCl4 exposure results in an increase in oxidative
stress and exhaustion of the antioxidant defense
system**-42,

In the current study, rats treated with CCl4 had
significantly lower levels of SOD, GSH, GPx, and
GST in their lung tissues than rats in the normal
control group, but their LPO product levels were
significantly increased. These findings concur
with those published by Ganie et al*® in 2010. The
elevated LPO and the decrease in the antioxidant
defense system may be due to the inactivation of
the anti-oxidative enzymes such as SOD, GPx,
GR, and GST, as well as the depletion in the GSH
content in the lung tissues of the CCl4-treated

Figure 8. Electron micrograph of a section of lung of CCl4 + rat BM-MSCs treated groups (a) showing marked improvement
of Type Il pneumocytes (II) lamellar bodies (LB), and free surface with short microvilli (curved arrow). b, Normal thin part of
inter-alveolar septum (long arrow) [Scale bar of (a) = 2 um, Scale bar of (b) = 500 n]. ¢-d, CCl4 + mouse BM-MSCs showing
amelioration of Type II pneumocytes (I1I) with nucleus (N) and mild thick part of interalveolar septum (long arrow) [Scale bar

of (¢) =2 um, Scale bar of (d) = 500 nm
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rats*®*##. In the present study, the treatment
with rat and mouse BM-MSCs significantly de-
creased the lung LPO and restored the SOD,
GPx, and GST activities and GSH content in
the CCl4-treated rats. Furthermore, the treatment
with rat BM-MSCs was more effective in reduc-
ing oxidative stress and enhancing the antioxi-
dant defense system when compared to that with
mouse BM-MSCs.

It is worth mentioning that the excess production
of ROS from mitochondria activates the intrinsic
pathway of apoptosis through an increase in the
expression of the proapoptotic protein, p53, which
leads to the activation of caspase-3 and apoptosis.
The increased oxidative stress in CCl4-injected
rats in the present study may activate the apoptotic
process through stimulation of this pathway in ad-
dition to the extrinsic signaling pathway triggered
by binding TNF-a to its receptor, tumor necrosis
factor receptor (TNFR) (Figure 9).

In the present study, the intravenous infu-
sion of BM-MSCs to CCl4-intoxicated rats sig-
nificantly decreased the elevated expression of
inflammatory mediators COX-2 and TNF-a in
lung tissue; the effect of rat BM-MSCs was
more potent. The anti-inflammatory effects of
BM-MSCs may be secondary to the suppression
of oxidative stress and enhancement of the anti-
oxidant defense system (Figure 9), as evidenced
in the results of the present investigation. These
results are in accordance with Thum et al**, who
suggested that MSCs have anti-inflammatory and
immunomodulatory capabilities. The antioxidant
and anti-inflammatory effects of MSCs may play
some crucial roles in the protection and treatment
of organs from various toxicological causes such
as CCl4-intoxication, preserving organ function
in the process.

Light microscopic examinations of the H&E-
stained sections of the lungs in Group 2 revealed
the presence of hemorrhage, damaged alveoli,
alveolar edema, and inflammatory cells. These
findings are in accordance with another study’,
which showed that alveolar septa degeneration,
connective tissue and elastic fiber disruption, and
capillary congestion were all brought on by CCl4.
The rupture of the alveolar walls and bronchioles,
the aggregation of fibroblasts, and the disarray of
Clara cells, among other traumas, were some of
the histological abnormalities in the lung tissues
of CCl4-treated rats, according to Naz et al*®. The
present study also revealed that sections from rats
in Group 3 displayed a normal histological archi-
tecture of the lung, whereas those from Group 4

showed rupture of the alveolar walls. The sever-
ity of tissue damage in Group 4 was higher than
that in Group 3, suggesting that rat BM-MSCs
provide higher protection than mouse BM-MSCs.
In concordance with the present study, Gao et
al*’ reported decreases in several pulmonary his-
topathological changes following treatment with
MSCs in a bleomycin-induced acute lung injury
rat model. Moreover, Lai et al*®* demonstrated the
protective effect of MSC in a rat model of venti-
lator-induced lung injury via the suppression of
the polymorphonuclear neutrophil activation. It
is worth mentioning that reactive oxygen species
(ROS) generated from CCl4 are said to cause
oxidative damage in the lungs of rats (Figure
9), perhaps through changing the status of the
antioxidant enzymes, according to El-Aarag et
al’. Catalase, peroxidase, and SOD are a few ex-
amples of antioxidant enzymes that are crucial in
preventing free radical damage to lung tissues®.
In accordance with these publications, the present
study revealed a significant decrease in lung LPO
and a significant elevation of lung GSH content
and SOD, GST and GPx activities by treatment
with allogenic and xenogenic BM-MSCs in as-
sociation with the improvement of lung structur-
al and histological integrity; the treatment with
allogenic (rat) BM-MSCs was more effective.
Thus, it can be elucidated that the improvements
in the lung histopathological lesions could be at-
tributed to the suppression of oxidative stress and
enhancement of the antioxidant defense system.

Numerous animal studies*>' have thoroughly
examined the physiological roles of MSCs, in
particular chemotaxis. MSCs can go to areas of
tissue damage and release angiogenic, anti-apop-
totic, and anti-inflammatory substances such as
stromal-derived factor-1 (SDF-1), transforming
growth factor (TGF), vascular endothelial growth
factor (VEGF), platelet-derived growth factor
(PDGF), and hepatocyte growth factor (HGF) to
inhibit the immune system. This promotes an-
giogenesis, which creates a safe environment for
host cell repair and allows the wounded tissue to
be preserved or restored after destruction.

In the current study, minimal collagen depo-
sition was observed in sections from the control
group; the lungs from Group 2 displayed exten-
sive collagen deposition, whereas those from
Groups 3 and 4 displayed reduced collagen depo-
sition compared to those in Group 2. The results
of the morphometrical and statistical analyses
supported these conclusions. The % area of colla-
gen stained with trichrome was found to rise sig-
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nificantly in Group 2, with remarkable improve-
ments in Groups 3 and 4 compared to Group
2. Similar findings were reported by Paikko et
al®, wherein acute and chronic CCl4 intoxication
caused increased collagen deposition in the lungs
due to free radical-mediated LPO.

Although the exact mechanism by which CCl4
causes fibrosis is still unclear, numerous types of
pulmonary fibrosis, such as bronchiolitis obliter-
ans, radiation, particulate matter, drugs (such as
bleomycin), and chronic graft-versus-host-induced
pulmonary fibrosis, have been successfully mod-
eled and studied in rodents. In some circumstanc-
es, inflammatory mediators seem to be involved
in the beginning and development of pulmonary
fibrosis®. In mice, pulmonary fibrosis develops
when the cytokine TNF-a is overexpressed**. Mac-
rophages and other cell types release TNF-a in the
lungs after exposure to pollutants such as asbestos
and antibiotics such as bleomycin®. According to
one study®, the injection of MSCs decreased the
amount of bleomycin-induced inflammation and
collagen deposition within the lung tissue. MSCs
can secrete a wide range of arteriogenic cytokines
and contribute to reducing fibrosis through para-
crine pathways”".

Sections from rats in the control group dis-
played negative immunoreactivity, whereas those
in Group 2 showed strong positive immunore-
activity for COX-2 and TNF-o in the current
study. Treatment with rat and mouse BM-MSCs
resulted in significant decreases in the levels of
these markers when compared to those observed
in Group 2. Furthermore, treatment with rat
BM-MSCs was more effective in decreasing the
expression levels of COX-2 and TNF-a when
compared to that with mouse BM-MSCs. Similar
findings were reported by Aslan et al®®, wherein
increased expression levels of nuclear factor kap-
pa B (NF-xB), COX-2, COX-1, and MDA were
observed in CCl4-induced rats.

TNF-a causes tissue injury by enhancing the
migration of neutrophils to the site of injury, in-
creasing the production of proteolytic enzymes,
and causing the generation of ROS*. Addition-
ally, TNF-a induces apoptosis through extrinsic
pathway (Figure 9) and causes tissue damage
by directly stimulating the caspase pathway®. It
is known to cause lung toxicity due to inflam-
mation and via medications or other chemical
compounds. In the present study, the treatment
of CCl4-intoxicated rats with rat and mouse BM-
MSCs produced a significant decrease in the
elevated TNF-o; the treatment with rat BM-
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MSCs was more effective. These results are in
concurrence with Xiao and Xie®, who reported
that MSCs can suppress the release of pro-inflam-
matory factors and reduce inflammatory injury. It
was also revealed by a past publication® that the
treatments of rats with MSCs and MSC-derived
exosomes provide protection against intestinal
ischemia-reperfusion acute lung injury, and the
expression levels of TNF-a were substantially
lower. Furthermore, Song et al® demonstrated
that MSCs and MSCs-derived exosome treatment
effectively inhibits chronic allergic airway in-
flammation.

The transcriptional factor p53 is the key sub-
unit of the p53 signaling pathway and is report-
ed® to be involved in lung apoptosis (Figure
9). The current study showed that p53 was
significantly upregulated in the lungs of the
CCl4-treated rats. Treatment with BM-MSCs
restored these aberrant parameters, suggesting
that MSCs mediated the attenuation of apop-
tosis against CCl4-induced lung injury (Figure
9). Treatment of CCl4-injected rats with rat and
mouse BM-MSCs resulted in a significant de-
crease in the apoptotic protein, p53, when com-
pared to that observed in Group 2. In support of
these results, the histological investigations of
lungs in the current study indicated a decrease
in the number of apoptotic cells and the score
of apoptosis in groups 3 and 4 when compared
to group 2. The lungs of CCl4-injected rats de-
picted the presence of many apoptotic cells and
apoptotic bodies and remnants, while CCl4-in-
jected rats treated with rat and mouse BM-MSCs
showed a reduced number.

Lung sections from patients with idiopathic
pulmonary fibrosis were positively stained for
p53, whereas those from normal subjects did
not demonstrate any immunoreactivity®. This
is in agreement with the results of the current
study, wherein lung sections from Group 2
showed strong positive immunoreaction for p53,
whereas those from Group 1 (control) did not
show any reaction. Treatment with BM-MSCs
improved the level of immunoreaction in the
pulmonary cells.

The fibrotic changes that occurred in the
CCl4-treated rats were confirmed by electron
microscopic examinations of the lung sections,
which revealed the thickening of the inter-alve-
olar septum and the presence of bundles of col-
lagen fibers. Fewer lamellar bodies were noted,
which emphasized the disruption of surfactant
synthesis. Although details about the process-
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ing of the surfactant remain poorly understood,
a decrease in the number of mature lamellar
bodies indicates disruption of the process.

In the current study, BM-MSCs derived from
rats were more effective than those derived from
mice. This may be attributed to the fact that xeno-
geneic MSCs are associated with inferior results
compared to autogenous MSCs. Niemeyer et al®®
reported that the application of xenogeneic MSCs
to a critical-size bone defect model resulted in a
significant decrease in bone formation compared
to that observed after the application of autoge-
nous MSCs. According to this last publication,
while the autogenous MSCs led to increased
healing of critical-size bone defects, it was not
possible to demonstrate analogous effects for the
xenogeneic transplantation of MSCs.

In humans, idiopathic pulmonary fibrosis has
been demonstrated®”® to be caused by damage to
alveolar epithelial cells due to genetic, environ-
mental and immunological factors. This damage

in epithelial cells results in the formation of
profibrotic factors, which then cause migration,
proliferation, differentiation of fibroblasts and
myofibroblasts, and the accumulation of extra-
cellular matrix, thereby resulting in pulmonary
fibrosis. Several factors, including exposures
to toxic chemicals such as CCl4 and others,
contribute to the development of idiopathic pul-
monary fibrosis®”. The present study provides
evidence for the potential effects of allogeneic
(rats) MSCs and xenogeneic (mice) MSCs to
prevent rat lung damage and fibrosis; allogeneic
or autogenous MSCs were more potent. These
experimental results may help to predict similar
effects of MSCs on the progress of pulmonary
fibrosis in humans. However, further clinical
studies on human beings are required to confirm
these predictions. This experimental study may
also help to suggest the mechanisms of actions
of MSCs that prevent and cure lung damage and
fibrosis (Figure 9).
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Conclusions

The findings of this study indicate that CCl4
induced oxidation stress, which activated the
intrinsic apoptosis via the increased expression
of p53 and stimulated the inflammatory process
through the NF-kB pathway. The activation of
NF-kB resulted in an increase in the production
of inflammatory cytokines such as TNF-a and
COX-2. Increased levels of TNF-a can activate
apoptosis through an extrinsic pathway by bind-
ing to the TNF receptor. Elevations in TNF-a
levels and LPO can lead to cell necrosis (Figure
9). Treatment with both rat and mouse BM-MSCs
improved CCl4-induced lung dysfunction and
injury by targeting the mediators of oxidative
stress, apoptosis, necrosis, and inflammation, as
indicated in Figure 9.
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