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Abstract

Background: This study was designed to investigate bone marrow mesenchymal stem/stromal cells (BM-MSCs)
and cobalt protoporphyrin (CoPP) curable effects on HCl-induced acute lung injury (ALI) and its underlying
mechanisms hoping this might aid to offer a therapeutic opportunity for ALI.

Results: Forty male Sprague Dawley rats were randomly allocated into four groups; normal (normal rats), ALI (rats
injected with 2 ml hydrochloric acid (HCl)/kg via trachea), ALI + BM-MSCs (ALI rats intravenously injected twice with
1 × 106 BM-MSCs/rat/week), and ALI + CoPP (ALI rats intraperitoneally injected twice with CoPP (0.5 mg/100 g/
week)). White blood cells (WBCs), red blood cells (RBCs), hemoglobin (Hb), serum tumor necrosis factor-alpha (TNF-
α), lung histopathology, apoptosis markers (caspase-3 and Bcl2), and oxidative stress markers (malondialdehyde
(MDA), superoxide dismutase (SOD), and catalase (CAT)) were measured. ALI caused increases in WBCs, TNF-α,
caspase-3, and MDA, and morphological damage score of lungs with decreases in RBCs, Hb, Bcl2, SOD, and CAT (p
< 0.05). BM-MSCs or CoPP treatment reversed these ALI-induced changes (p < 0.05) towards normal.

Conclusions: BM-MSCs and CoPP could attenuate ALI by modulation of inflammation, oxidative stress, and
apoptosis. Curative roles of BM-MSCs were more effective than those of CoPP. This highlights BM-MSCs as a potent
therapy for HCl-associated ALI.
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Background
Acute lung injury (ALI) is a disease associated with vig-
orous inflammatory response resulting in deterioration
of gas exchange [1], and until this moment, there is no
successful treatment for it. Lung edema is one of ALI
manifestations that might advance to hypoxemia and
may lead finally to acute respiratory distress syndrome
(ARDS) [2]. Novel coronavirus disease 2019 (COVID-
19) is one of the acute respiratory diseases that initially
cause lung damage [3]. In the intensive care unit (ICU),
nearly one third (30%) from COVID-19 patients showed
development of severe lung edema, dyspnea, hypoxemia,

or ARDS. Among ICU and non-ICU COVID-19 pa-
tients, nearly 65% of those who developed ARDS died
[2]. Thus, ALI represents the most severe form of the
viral infection sustained by the pandemic COVID-19 [4]
and ARDS, as one of the severe complications of ALI,
remains a major cause of morbidity and mortality in
critically ill patients with ALI. Since acute pulmonary in-
flammatory response is a criterion of ALI/ARDS, exces-
sive pulmonary inflammation is involved in ALI/ARDS
pathogenesis that finally results in alveolar-capillary bar-
rier impairment and gas exchange deterioration [5].
Therefore, a therapy or an add-on therapy that has po-
tent anti-inflammatory influence in lung injury along
with the drugs already clinically used could introduce a
better therapeutic outcome for patients.
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Gastric aspiration, materials inhalation from the stom-
ach into the airways beyond the vocal cords, frequently
arises in patients in the ICU. Depending on the aspirate
volume, gastric aspiration has the ability to injure lungs
starting from subclinical pneumonitis to advanced re-
spiratory failure. Aspirate content may include particles
of food, gastric acid (HCl; hydrochloric acid), blood, or
bacteria. Among these contents, HCl has the greatest in-
fluence on the lung injury [6].
Stem cells are clonogenic cells that have an excep-

tional fit of self-renewal and multilineage differentiation.
They have been isolated from a great group of tissues
[7]. Accordingly, they have manifold applications in tis-
sue engineering, regenerative medicine, cell therapy, and
gene therapy as they have a high differentiating capacity
[8]. Mesenchymal stem/stromal cells (MSCs) are multi-
potent cells that are able to form fibroblast-like colonies.
MSCs could be isolated from diverse sources like pla-
centa, bone marrow, adipose tissue, etc. Therefore, they
offer an attractive cell source for co-transplantation with
hematopoietic stem cells and replacement therapy for
injured tissues in many patients [9, 10].
Cobalt protoporphyrin (CoPP) is a powerful heme

oxygenase-1 (HO-1) inducer. HO-1, a cytoprotective en-
zyme, catalyzes the rate-limiting step in heme breaking
down and degrades the heme into carbon monoxide (CO),
biliverdin and iron. HO-1 exhibits a protective action ver-
sus oxidative stress. Owing to HO-1 anti-inflammatory
and anti-oxidant effects, it is doing a significant part in the
maintenance of cellular homeostasis [11].
Therefore, the present study was carried out to isolate

adult bone marrow MSCs and to test their ability to
treat HCl-induced ALI versus to CoPP in experimental
rats. This might aid in offering a therapeutic opportunity
for HCl-associated ALI.

Methods
Chemical agents
Cobalt protoporphyrin (CoPP) was obtained from
Sigma Chemical Company (St. Louis, MO, USA) and
dissolved in distilled water in dark tubes. Hydro-
chloric acid (HCl) was purchased from Sigma Aldrich
fine chemicals (Cat #, H1758).

Animals
Male Sprague Dawley rats (16 weeks old) weighing be-
tween 180 and 200 g acquired from Animal House of
Nile Center for Experimental Researches, Mansoura,
Egypt, were used. They were housed according to the
National Institutes of Health guide for the care and use
of Laboratory animals (NIH Publications No. 8023, re-
vised 1978) in stainless steel cages in an artificially illu-
minated and thermally controlled room (22–25 °C and
12-h light/dark cycle). Rats were fed on a normal

laboratory rodent diet, and given water ad libitum for 1
week of acclimation prior to the experimental work. All
animals were received human care in compliance with
the guidelines of the Animal Care and Use Committee
of Damietta University. The experimental protocol was
approved by Chemistry Department, Faculty of Science,
Damietta University, Egypt.

Operation for induction of HCl-induced acute lung injury
(ALI)
In brief, under anesthesia (ketamine (75 mg/kg) and
xylazine (10 mg/kg)), the rat was placed in a supine pos-
ition with the extremities pulled caudally to facilitate
exposure of the trachea. Then, trachea was exposed
through an anterior neck incision and a direct puncture
with a 24-gauge needle on a 1-ml tuberculin syringe is
performed two to four tracheal rings below the larynx.
HCl was injected into the lung in a volume of 2 ml/kg.
After instillation of HCl, the tuberculin syringe was re-
moved. The neck was then repaired with sutures. After 7
days, samples from the lungs were taken, and ALI induc-
tion was confirmed.

Isolation and culture of MSCs from bone marrow
In short, the rats were anesthetized using halothane,
then the skin was sterilized by ethyl alcohol 70%, and
rats’ femurs and tibia were cautiously excised from ad-
herent soft tissues (Fig. 1a–c). After this, bones were
kept in 70% ethyl alcohol for 1–2 min, then dipped in a
petri dish containing phosphate-buffered saline (Cat no.
BE17-516F, Lonza, USA) for washing. Bone ends were
cut by sterile scissors with flushing of the bone marrow
with Dulbecco’s modified Eagles medium (DMEM) (Cat
no. BE12-719F, Lonza, Belgium) enriched with fetal bo-
vine serum (FBS) 10% (Cat no.10270, Gibco, USA) and
1% penicillin strips (10.000 U penicillin–10.000 μg
streptomycin/ml) (Cat no. DE17-602E, Lonza, USA).
Cells were seeded in 20 ml complete media and incu-
bated at 37 °C in a 5% humidified CO2 incubator (Shel
lab, USA) (Fig. 1d–i). One day later, the media were dis-
carded to get rid of the unattached cells. MSCs were dif-
ferentiated from bone marrow cells by their ability to
attach to tissue culture polystyrene flask (75 cm2,
Greiner Bio-One). Cells were sub-cultured with using
0.25% trypsin/ethylenediamine-tetraacetic acid (Cat no.
BE17-161E, Lonza, Belgium).

Experimental groups
Forty rats were randomly divided into 4 groups of 10
rats in each group:

1. Group I (Control): served as normal control;
aspirate normal saline injected into the lung in a
volume of 2 ml/kg (negative control).
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2. Group II (ALI): aspirate HCl (0.1 N, pH 1.25)
injected into the lungs in a volume of 2 ml/kg for
one time (positive control).

3. Group III (ALI + BM-MSCs): aspirate HCl, and 1
week later, they were injected intravenously
through penile vein with 1 × 106 BM-MSCs/rat for
two times; after 1 week of the first dose (1 × 106

BM-MSCs/rat) in 0.2 ml of Dulbecco’s modified Ea-
gles medium (DMEM), rats received the second
dose (1 x 106 BM-MSCs/rat) in 0.2 ml DMEM.

4. Group IV (ALI + CoPP): aspirate HCl (0.1 N, pH
1.25), and 1 week later, they were injected
intraperitoneally with CoPP (0.5 mg/100 g of body
weight) for two times; after 1 week of the first dose
(0.5 mg/100 g of body weight), rats received the
second dose (0.5 mg/100 g of body weight).

One week later of the last treatment dose, rats in all
groups were sacrificed, and the samples were collected.

Collection of blood samples and harvesting of lung
tissues
At the end of the experiment, all alive rats were sacri-
ficed after anesthesia (ketamine and xylazine), and blood
samples were withdrawn in the EDTA-containing tube
for blood cell count and in dry tubes to obtain serum.
As well, lung tissues were rapidly harvested, and divided
into two parts: one part was placed in formalin (10%) for
histopathological examination, and the second part was
placed in liquid nitrogen for biochemical analyses of
markers of oxidative stress, and for molecular study of
the expression of caspase-3 and Bcl2.

Assay of TNF-α in serum
Serum TNF-α was measured via Enzyme-Linked Im-
munosorbent Assay technique with rat TNF-α kit
(eBioscience, Austria) as stated by the instructions of the
manufacturer.

Fig. 1 Isolation and culture of bone marrow mesenchymal stem cells (BM-MSCs). a Exposure of penile vein. b Handling of penile vein. c Isolation
of bones in petri dish. d Cleaning of the bone shaft. e Removing of the joints. f Flushing of bone marrow. g Soaking of the bone marrow by
complete media. h Transport to the flask. i Transport of the flask to CO2 incubator
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Measurement of oxidative stress markers (MDA, SOD, and
CAT)
The lung tissues were excised, washed with 0.9% NaCl
solution, and some parts were homogenized for assay of
catalase (CAT), malondialdehyde (MDA) and superoxide
dismutase (SOD) using their kits (Biodiagnostic, Giza,
Egypt), and the assay methods were done according to
the manufacturer’s instructions. In brief, for determin-
ation of MDA level, thiobarbituric acid was used to react
with MDA under acidic conditions at 95 °C for 30 min
and the absorbance of the developed pink product was
measured at 534 nm. Regarding the colorimetric estima-
tion of SOD activity, the test was based on the ability of
SOD to inhibit phenazine methosulfate-mediated reduc-
tion of nitro blue tetrazolium dye. While, the test for de-
termination of CAT activity was based on that, each unit
of CAT decomposes 1 μM of hydrogen peroxide per mi-
nute at 25 °C and pH 7. The reaction was stopped after
60 s using CAT inhibitor, and the remaining hydrogen
peroxide gave a colored product by reaction with 3,5-
Dichloro-2-hydroxybenzene sulfonic acid and 4-
aminophenazone in presence of peroxidase. Color inten-
sity was read at 510 nm, and it was inversely propor-
tional to the amount of CAT in the original sample.

Real-time (RT)-PCR for caspase-3 and Bcl2
From 30 mg of lung tissues, total RNA was extracted
using the RNeasy® Mini Kit (Cat no. 74106). One micro-
gram of the total RNA was reverse transcribed into
cDNA with RT2SensiFAST™ cDNA synthesis kit (Cat.
No. BIO-65053). RT-PCR with SYBR Green was used to
detect the gene expression of caspase-3 and Bcl2 using
the SensiFAST SYBR® No-ROX Kit (Cat. #BIO-65053).
Primer sequences of the tested genes are; Bcl2, F: GTAC
CTGAACCGGCATCT, R: ATCAAACAGAGGTCGCA,
caspase-3, F: GGCCGACTTCCTGTATGCTT, F:
GGCCGACTTCCTGTATGCTT; R: CGTACAGTTT
CAGCATGGCG and housekeeping gene GAPDH; F:
TTGTGCAGTGCCAGCCTCGT, R: TGCCGTTGAA
CTTGCCGTGG. Gene amplification was carried out
with an initial denaturation at 95 °C for 2 min, denatur-
ation at 95 °C for 5 s, annealing at 60 °C for 10 s and ex-
tension at 72 °C for 5–20 s, and 40 cycles. By the end of
the last cycle, temperature was increased to 95 °C to
produce a melt curve. The samples were exposed to
PIKOREAL96 Real-time thermal cycler (Thermo Fisher,
USA); the relative expressions of the target genes were
normalized with GAPDH, and calculated by applying the
2−ΔΔCt method.

Histopathological examination
Ordinarily, fixed lung tissues in 10% neutral buffered
formalin were processed into paraffin blocks, 3–5 μm
sections were made on slides, stained with hematoxylin

and eosin dye, and examined under a microscope, and
the degree of fibrosis, necrosis, leucocytic infiltration,
and alveolar collapse were scored into four grades: no
(-), mild (+), moderate (++), and severe (+++).

Statistical analysis
The study results were analyzed using the statistical
package for social science, version 17 (SPSS Software,
SPSS Inc., Chicago, USA), and expressed as means ±
standard deviation (SD). For data with Gaussian distri-
bution, statistical analysis was performed using analysis
of variance (One-way ANOVA) followed by Tukey’s
multiple-comparison test. For parameters with non-
Gaussian distribution, Kruskal–Wallis test was employed
followed by Dunnett’s test for multiple comparison. Dif-
ferences considered significant at p ˂ 0.05.

Results
Morphological characterization of cultured BM-MSCs
The cultured BM-MSCs were photographed to follow-
up their growth in culture on days 7, 10, 14, 21, and 30
as illustrated in Fig. 2a–e. With time, the cultured BM-
MSCs showed increases in their number indicating high
proliferation ability. They seemed as homogenous
spindle-shaped fibroblast-like cells. The cells showed
confluence of 40–50% on day 7 (Fig. 2a), 50–60% on day
10 (Fig. 2b), 60–70% on day 14 (Fig. 2c), and 70–80% on
day 21 (Fig. 2d). BM-MSCs 1 month after isolation
showing confluence of 80–90% (Fig. 2e) were harvested
and passaged up to passage 4. Cells of passage 3 and
passage 4 were used for treatment of rats with HCl-
induced ALI in this study.

Animal survival
As illustrated in the survival curve (Fig. 3), only one rat
(10%) died from the healthy control group due to un-
known reason. Four rats (40%) died from the ALI group
due to respiratory collapse in the same day of the oper-
ation. Two rats (20%) died from the ALI + BM-MSCs
group directly after injection with stem cells, and three
rats (30%) died from the ALI + CoPP group directly after
injection with CoPP.

Effects of BM-MSCs and CoPP on hematological
parameters in HCl-induced ALI rat model
Administration of HCl to rats of the positive control
group caused an increase (p < 0.001) in the WBCs count
with decreases in RBCs count (p < 0.05) and in Hb levels
(p < 0.001) when compared with the negative control
group. However, treatment of ALI rats with either BM-
MSCs or CoPP did not cause significant changes (p >
0.05) in all these hematological parameters when com-
pared with untreated ALI rats (Table 1).
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Effects of BM-MSCs and CoPP on oxidative stress markers
and TNF-α in HCl-induced ALI rat model
The injection of HCl to rats caused increases (p < 0.001)
in levels of MDA (Fig. 4a) with decreases (p < 0.001) in
the activities of SOD (Fig. 4b) and CAT (Fig. 4c) en-
zymes compared with the negative control group. Treat-
ment with either BM-MSCs or CoPP to HCl-treated rats
caused a significant reduction in the level of MDA and
increases in SOD and CAT activities. Moreover, the
BM-MSCs-treated group showed significant improve-
ments in markers of oxidative stress than the CoPP-
treated group. Also, injection of HCl to rats caused in-
creases (p < 0.001) in levels of TNF-α compared with
negative control rats (Fig. 4d). Treatment with either
BM-MSCs or CoPP to HCl-treated rats caused a reduc-
tion in the level of TNF-α (p < 0.001). Moreover, the
BM-MSCs-treated group showed more improvement in
TNF-α than the CoPP-treated group.

Effects of BM-MSCs and CoPP on apoptotic markers
(caspase-3 and Bcl2) in HCl-induced ALI rat model
There was upregulation (p < 0.001) in the expression of
caspase-3 associated with down-regulation (p < 0.001) in
the expression of Bcl2 in the positive control group
when compared with the negative control group. This
situation was reversed (p < 0.001) in the diseased-rats
following their treatment with either BM-MSCs or CoPP
compared with the untreated diseased-rats. However, by
comparison, there was a noteworthy difference (p <
0.001) between the ALI + BM-MSCs and the ALI +
CoPP groups; BM-MSCs ameliorative effect was superior
to CoPP effect (Fig. 5).

Effects of BM-MSCs and CoPP on lung morphology in
HCl-induced ALI rat model
Well-defined external lung morphology after 1 week
from induction of ALI using HCl; enlarged lungs show-
ing edema containing water, pus cells, and inflammatory
cells were observed. Semi-quantitative assessment of
pulmonary lesions in lung tissues of different rat groups
showed great increase in necrosis with severe alveolar
collapse, and severe fibrosis in the ALI group compared
with the negative control rats. However, treatment with
CoPP or with BM-MSCs showed good improvements in
these lesions compared with the positive control. In

Fig. 2 Photomicrograph of bone marrow mesenchymal stem cells
(BM-MSCs). a Seven days after isolation & culturing showing
confluence of 40–50%, b 10 days after isolation & culturing showing
confluence of 50–60%, c 14 days after isolation & culturing showing
confluence of 60–70%, d 21 days after isolation & culturing showing
confluence of 70–80%, and e 30 days after isolation & culturing
showing confluence of 80–90% (X 100)
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addition, the lesions were less in the ALI + BM-MSCs
group than in the ALI + CoPP group (Table 2). Figure
6a–e shows lung histopathology from different rat
groups. Figure 6a depicts the normal lung architecture
of the control group. Lungs of positive control animal
(animal with HCl-induced ALI) showed many patho-
logical changes including marked perivascular mono-
nuclear cell infiltration, epithelization of the lining
epithelium of the alveoli, heavily serofibrinous exudation
within the alveolar lumen in addition to multifocal nec-
rotic areas filled with neutrophilic infiltration (Fig. 6b).
Evidences of complete collapse of the alveoli associated
with heavy interstitial infiltration of inflammatory cells
mainly septal cells with active fibroplastic cell prolifera-
tion were also obvious in the examined lung sections
(Fig. 6c). Lungs of rats with HCl-induced ALI that
treated with BM-MSCs showed good improvements; de-
creases in perivascular lymphocytic infiltration and in
interstitial tissue thickening associated with decreases in
septal cell proliferation with increases in the alveolar
spaces (Fig. 6d). Figure 6e showed mild improvements of
lung tissues of animals with HCl-induced ALI treated
with CoPP; sections still show pronounced interstitial
thickening and perivascular inflammatory cell
infiltration.

Discussion
The observed animal loss in the HCl-induced ALI-
treated groups, in the current study, may be attributed
to animal sensitivity. On contrary to our expectations,
that loss was not high however it was higher in the ALI
+ CoPP group than in ALI + BM-MSCs suggesting the
protective effect for both lines of treatment with the
upper hand for BM-MSCs over CoPP. In a study on the
H9N2 avian influenza virus-induced ALI, treatment by
MSCs resulted in improved mice survival rate along with
reductions in lung tissue injury and edema [12].
Since our hematological parameters showed a signifi-

cant increase in WBCs in the ALI group, this confirmed
the development of an acute pulmonary inflammatory
reaction which causes migration of WBCs and damage
of tissues [13]. Imam et al. [14] demonstrated a similar
finding and attributed this WBCs increase to the acute
inflammation. In agreement with this study and others,
we found a significant increase in inflammatory cell infil-
tration in lung tissues by the histopathological examin-
ation of the ALI group lungs. Moreover, we found a
significant increase in TNF-α level in the sera of the ALI
group. It is a pro-inflammatory cytokine involved in ALI
and its complicated formula ARDS [15], and it was re-
ported in the study of Chen et al. [16] as one of the

Fig. 3 Survival rate in different study groups. ALI acute lung injury, BM-MSCs bone marrow mesenchymal stem cells, CoPP cobalt protoporphyrin

Table 1 Hematological parameters in different treated groups

Group Control ALI ALI + BM-MSCs ALI + CoPP

WBCs (103/μl) 8.88 ± 1.20 13.22 ± 1.54*** 12.51 ± 0.65*** 11.76 ± 1.26**

RBCs (106/μl) 7.88 ± 0.42 7.09 ± 0.55* 7.37 ± 0.07* 7.5 ± 0.74

Hb (g/dl) 12.95 ± 0.51 11.35 ± 0.32*** 11.43 ± 0.45*** 11.78 ± 0.60**

Results are expressed as mean ± SD. (n = 10). ALI acute lung injury, WBCs white blood cells, RBCs red blood cells, Hb hemoglobin, BM-MSCs bone marrow
mesenchymal stem cells, CoPP cobalt protoporphyrin. **p < 0.01, ***p < 0.001, compared with control.
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potential therapeutic targets for lung injury treatment in
COVID-19 pneumonia since it showed significant in-
creases with COVID-19 severity. The TNF-α increase is
another indication of induction of the acute inflamma-
tory reaction in lung tissues of the ALI group in our
study. On the other hand, treatment with either BM-
MSCs or CoPP lowered WBCs count. Previous studies
demonstrated significant anti-inflammatory action for
MSCs in ALI [14, 17]. The current study revealed a sig-
nificant reduction in inflammatory cell infiltration in
lung tissues of the BM-MSC- and CoPP-treated groups
in the histopathological examination. This anti-
inflammatory action probably due to inhibition of migra-
tion and infiltration of leukocytes in lung tissues or to
inhibition of inflammatory cytokine secretions (e.g.,
TNF-α as shown in this study). Also, Seo et al. [18] re-
ported anti-inflammatory action of CoPP by inhibiting
the inflammatory mediators such as cyclooxygenase-2
and inducible nitric oxide synthase expression.
In the current study, we found significant decreases in

RBCs count and Hb content in the ALI group suggesting
a reduction of RBCs production by the induction of lung
injury due to severe hypoxemia. Thus, the observed

decreases in RBCs count and Hb content here may be
explained by a suppressive effect on bone marrow
erythropoiesis [19] that is potentially due to impairment
in iron regulation due to inflammation. Besides, free rad-
ical intermediates may further speed up RBCs damage
and disturb the erythropoiesis process. On the other
hand, treatment with either BM-MSCs or CoPP resulted
in significant increments in RBCs and Hb content. These
increments could be explained by BM-MSC/CoPP anti-
inflammatory and antioxidant impact as well as upregu-
lation of heme oxygenase enzyme that may together
improve RBCs production. The relation between heme
oxygenase and MSCs will be explained later on.
Reactive oxygen species (ROS) and oxidative stress

have an important role in the development and patho-
genesis of a huge number of diseases and disorders in-
cluding ALI [20, 21]. In the current study, we found that
ALI was associated with reduced levels of SOD and
CAT along with increased level of the marker of lipid
peroxidation (MDA) in lung tissues suggesting enhanced
oxidative stress. In agreement with these findings, previ-
ous studies reported significant decreases in the antioxi-
dant parameters with an increase in lipid peroxidation

Fig. 4 Makers of oxidative stress (a–c) and serum tumor necrosis factor-α (TNF-α) (d) in control and treated groups. Results are expressed as
mean ± SD. (n = 10). MDA malondialdehyde, SOD superoxide dismutase, CAT catalase, ALI acute lung injury, BM-MSCs bone marrow mesenchymal
stem cells, CoPP cobalt protoporphyrin. **p < 0.01 and ***p < 0.001, compared with control. !, !!, and !!!: p < 0.05, p < 0.01 and p < 0.001,
respectively, compared with ALI
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(MDA) in induced lung injury [22]. On the other hand,
treatment with either BM-MSCs or CoPP was linked to
a reduction in MDA level with significant increases in
the activities of SOD and CAT suggesting antioxidant
activities of stem cells and CoPP. These findings might
be due to the attenuation of oxidative stress by scaven-
ging of ROS or enhancing the activity of antioxidant en-
zymes such as SOD and CAT by CoPP or BM-MSCs
[23, 24]. Furthermore, MSCs were reported to improve
the level of total antioxidant capacity [25]. This gives
emphasis to the relevance of restoring antioxidant levels
in the effort to safeguard the most vulnerable people
from severe symptoms. In a previous study, we investi-
gated the expression of heme oxygenase-1 (HO-1) which
is induced by CoPP, and it is a key player in the cellular
antioxidant system in HCl-induced lung injury leading

to a decrease in inflammation and in ROS production [6,
11]. We demonstrated that the induced lung injury
caused significant reduction in the expression of HO-1
at the level of mRNA, and it was upregulated by MSCs.
Therefore, we can hypothesize that upregulation of HO-
1 by CoPP and MSCs might be an indirect mechanism,
which could explain the protective action of BM-MSCs
or CoPP against ALI. This is in consistence with Zhang
et al. [26].
Apoptosis or programmed cell death is another mech-

anism, which is involved in the pathogenesis of the in-
duced lung injury. The regulatory proteins of apoptosis
include anti-apoptotic protein (Bcl2) and apoptotic pro-
teins (caspase-3) [27]. In the current study, we found an
upregulation of caspase-3 with downregulation of Bcl2
in lung tissues at the levels of mRNA suggesting

Fig. 5 Relative expression of caspase-3 and Bcl2 genes in control and treated groups. Results are expressed as mean ± SD. (n = 10). ALI acute
lung injury, BM-MSCs bone marrow mesenchymal stem cells, CoPP cobalt protoporphyrin. ** p < 0.01, ***p < 0.001, respectively, compared with
control. !!!: p < 0.001 compared with ALI. ###: p < 0.001 compared with ALI + CoPP
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activation of the apoptotic process in the induced lung
injury. By treatment with either CoPP or BM-MSCs, ex-
pression of Bcl2 was upregulated and that of caspase-3
was downregulated. However, BM-MSCs’ influence on
caspase-3 and Bcl2 expressions was more superior. The
detected high decrease in caspase-3 by BM-MSCs might
be due to their ability to secret growth factors such as
hepatocyte growth factor (HGF). The latter can stimu-
late angiogenesis and impair apoptosis via enhancement
of Bcl2 expression and depressing of caspase-3 expres-
sion [28]. Other studies also established that MSCs were
able to decrease the lung injury via the downregulation
of caspase-3 expression [29] leading to the protection of
alveolar epithelial cells from apoptosis.
As presented, our study findings highlight BM-MSCs

as a potential therapy for lung injury treatment.

Conclusions
Upon the present work results, it can be concluded that
treatment of ALI with BM-MSCs or CoPP resulted in sig-
nificant reductions in lung tissue damage score, MDA,
caspase-3, and serum TNF-α levels with significant eleva-
tions in Bcl2, SOD, CAT, and Hb contents. The present
study suggests that BM-MSCs and CoPP could attenuate
HCl-induced ALI via modulation of inflammation, oxida-
tive stress, and apoptosis. BM-MSCs curative action was

Fig. 6 Lung specimen histopathology. a Normal pulmonary alveoli
(PA) lined with alveolar epithelial cells (arrow) and normal bronchi
(NB) lined with pseudostratified columnar cell (normal control group,
H&E, X200), b epithelization of the lining epithelium of the alveoli
(arrowhead), heavily serofibrinous exudation within the alveolar
lumen (arrow) in addition to multifocal necrotic area filled with
neutrophilic infiltration (tailed-arrow) (ALI group, H&E, X200), c
complete collapse of the alveoli (arrow) associated with heavy
interstitial infiltration of inflammatory cells mainly septal cells with
active fibroplastic cell proliferation (arrowhead) (ALI group, H&E,
X200), d decrease in interstitial tissue thickening associated with
decrease septal cell proliferation (arrow) with increase in the alveolar
spaces (AS), (ALI + BM-MSCs group, X200 H&E), and e moderate
degree of interstitial tissue thickening (arrow) (ALI + CoPP group,
H&E, X200)

Table 2 Semi-quantitative estimation of pulmonary lesions in
lung tissues within the control group and in different treated
groups

Group Necrosis Leucocytic infiltration Alveolar
collapse

Fibrosis

Peribronchial Interstitial

Control - - - - -

ALI +++ +++ +++ +++ +++

ALI + BM-
MSCs

+ + + + +

ALI + CoPP ++ ++ ++ ++ ++

+++, ++, +, and - indicate severe, moderate, mild, and normal
conditions, respectively.
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more effective than that of CoPP. Therefore, BM-MSCs
may be considered as one of the potent alternative treat-
ment strategies for HCl- induced ALI.

Abbreviations
BM-MSCs: Bone marrow mesenchymal stem/stromal cells; CoPP: Cobalt
protoporphyrin; ALI: Acute lung injury; HCl: Hydrochloric acid; WBCs: White
blood cells; RBCs: Red blood cells; Hb: Hemoglobin; TNF-α: Tumor necrosis
factor-alpha; MDA: Malondialdehyde; SOD: Superoxide dismutase;
CAT: Catalase; ARDS: Acute respiratory distress syndrome; COVID-
19: Coronavirus disease 2019; ICU: Intensive care unit; HO-1: Heme
oxygenase-1; CO: Carbon monoxide; DMEM: Dulbecco's modified Eagles
medium; FBS: Fetal bovine serum; RT-PCR: Real-time-PCR; SD: Standard
deviation; ROS: Reactive oxygen species

Acknowledgements
Authors like to thank all who kindly gave them a hand to accomplish this
work.

Authors’ contributions
RE performed the experiments, reviewed literature, collected and analyzed
data, and wrote the initial draft. RE, EE, and ES designed and supervised the
work. RE participated in performing the experiments and preparing the initial
draft. ES reviewed literature, interpreted data, edited, and prepared the final
manuscript. All authors approved the final manuscript.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials
All data are included in this published article.

Declarations

Ethics approval and consent to participate
The study protocol was approved by Chemistry Department, Faculty of
Science, Damietta University, Egypt (Department Board No. 157).

Consent for publication
All authors have approved the manuscript and agreed with its submission to
this journal. This manuscript has not been published elsewhere and is not
under consideration by another journal.

Competing interests
The authors declare that they have no competing interests.

Author details
1Chemistry Department, Faculty of Science, Damietta University, Damietta,
Egypt. 2Urology & Nephrology Center, Faculty of Medicine, Mansoura
University, Mansoura, Egypt. 3Biochemistry and Chemistry of Nutrition,
Faculty of Veterinary Medicine, Mansoura University, Mansoura, Egypt.

Received: 26 December 2020 Accepted: 2 March 2021

References
1. Meng X, Hu L, Li W (2019) Baicalin ameliorates lipopolysaccharide-induced

acute lung injury in mice by suppressing oxidative stress and inflammation
via the activation of the Nrf2-mediated HO-1 signaling pathway. Naunyn
Schmiedeberg's Arch Pharmacol 392(11):1421–1433

2. Gallelli L, Zhang L, Wang T, Fu F (2020) Severe acute lung injury related to
COVID-19 infection: a review and the possible role for escin. J Clin
Pharmacol 60(7):815–825. https://doi.org/10.1002/jcph.1644

3. Aleebrahim-Dehkordi E, Reyhanian A, Saberianpour S, Hasanpour-Dehkordi
A (2020) Acute kidney injury in COVID-19; a review on current knowledge. J
Nephropathol 9(4):e31. https://doi.org/10.34172/jnp.2020.31

4. Li L, Huang Q, Wang DC, Ingbar DH, Wang X (2020) Acute lung injury in
patients with COVID-19 infection. Clin Transl Med 10(1):20–27. https://doi.
org/10.1002/ctm2.16

5. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat
A, Herridge M, Randolph AG, Calfee CS (2019) Acute respiratory distress
syndrome. Nat Rev Dis Primers 5(1):18. https://doi.org/10.1038/s41572-01
9-0069-0

6. El-Metwaly S, El-Senduny FF, El-Demerdash RS, Abdel-Aziz AF (2019)
Mesenchymal stem cells alleviate hydrochloric acid-induced lung injury
through suppression of inflammation, oxidative stress and apoptosis in
comparison to moxifloxacin and sildenafil. Heliyon 5(12):e02710

7. Kumar P, Sah AK, Tripathi G, Kashyap A, Tripathi A, Rao R, Mishra PC, Mallick
K, Husain A, Kashyap MK (2020) Role of ACE2 receptor and the landscape of
treatment options from convalescent plasma therapy to the drug
repurposing in COVID-19. Mol Cell Biochem 7:1–22. https://doi.org/10.1007/
s11010-020-03924-2 Epub ahead of print

8. Saad EA, Marei HES, El-Magd MA, El-Fatiry HM (2018) Molecular
characterization of olfactory bulb neural stem cells during proliferation
and differentiation. J Appl Pharm Sci 8:087–092. https://doi.org/10.7324/
JAPS.2018.8113

9. Saad EA, El-Demerdash RS, Abd EI-Fattah EM (2019) Mesenchymal stem cells
are more effective than captopril in reverting cisplatin-induced
nephropathy. Biocell 43(2):73–79. https://doi.org/10.32604/biocell.2019.07020

10. Xiao K, Hou F, Huang X, Li B, Qian ZR, Xie L (2020) Mesenchymal stem
cells: current clinical progress in ARDS and COVID-19. Stem Cell Res
Ther 11:305–312

11. Zhang A, Wan B, Jiang D, Wu Y, Ji P, Du Y, Zhang G (2020) The
Cytoprotective enzyme heme oOxygenase-1 suppresses pseudorabies
virus replication in vitro. Front Microbiol 11:412. https://doi.org/10.3389/
fmicb.2020.00412

12. Li Y, Xu J, Shi W, Chen C, Shao Y, Zhu L, Lu W, Han X (2016) Mesenchymal
stromal cell treatment prevents H9N2 avian influenza virus-induced acute
lung injury in mice. Stem Cell Research Ther 7(1):159

13. Saad EA, Habib SA, Eltabeey MS (2017) Diagnostic performance of AFP,
autotoxin and collagen IV and their combinations for non-invasive
assessment of hepatic fibrosis staging in liver fibrosis patients
associated with chronic HCV. IJPQA 8:165–173. https://doi.org/10.25258/
ijpqa.v8i04.10542

14. Imam F, Al-Harbi NO, Al-Harbi MM, Ansari MA, Zoheir KMA, Iqbal M, Ahmad
SF (2015) Diosmin downregulates the expression of T cell receptors, pro-
inflammatory cytokines and NF-κB activation against LPS-induced acute
lung injury in mice. Pharmacol Res 102:1–11

15. Mukhopadhyay S, Hoidal JR, Mukherjee TK (2006) Role of TNFalpha in
pulmonary pathophysiology. Respir Res 7:125

16. Chen L, Zhang Z, Wei X et al (2020) Association between cytokine profiles
and lung injury in COVID-19 pneumonia. Respir Res 21:201. https://doi.org/1
0.1186/s12931-020-01465-2

17. Hao Q, Zhu YG, Monsel A, Gennai S, Lee T, Xu F, Lee JW (2015) Study of
bone marrow and embryonic stem cell-derived human mesenchymal stem
cells for treatment of Escherichia coli endotoxin-induced acute lung injury
in mice. Stem Cells Transl Med 4(7):832–840

18. Seo IY, Jeong CS, Rim JS (2006) The anti-inflammatory effect of cobalt-
protoporphyrin for rats with epididymitis induced by Escherichia coli
infection. Korean J Urol 47(6):656–660

19. Saad EA, Hassanien MM, El-Mezayen HA, ELmenawy NM (2017) Regression
of murine Ehrlich ascites carcinoma using synthesized cobalt complex. Med
Chem Commun 8(5):1103–1111. https://doi.org/10.1039/C6MD00618C

20. Choi AM, Alam J (1996) Heme oxygenase-1: function, regulation, and
implication of a novel stress-inducible protein in oxidant-induced lung
injury. Am J Respir Cell Mol Biol 15(1):9–19

21. Toson EA, Habib SA, Saad EA, Harraz NH (2014) Toxic and anti-fertility
effects of Alocasia macrorrhiza and Calotropis procera ethanolic extracts on
male mice. Int J Biochem Photon 195:328–338 Available from: https://sites.
google.com/site/topmostphotonjournals/home/international-journal-of-
biochemistry

22. Sun C, Wu Q, Zhang X, He Q, Zhao H (2017) Mechanistic evaluation of the
protective effect of carnosine on acute lung injury in sepsis rats.
Pharmacology 100(5-6):292–300

23. Shen Y, Jiang X, Meng L, Xia C, Zhang L, Xin Y (2018) Transplantation of
bone marrow mesenchymal stem cells prevents radiation-induced artery
injury by suppressing oxidative stress and inflammation. Oxidative Med Cell
Longev 2018:5942916

24. Habib SA, Saad EA, Al-Mutairi FM, Alalawy AI, Sayed MH, El-Sadda RR (2020)
Up-regulation of antioxidant status in chronic renal failure rats treated with

EL-Shahat et al. Journal of Genetic Engineering and Biotechnology           (2021) 19:41 Page 10 of 11

https://doi.org/10.1002/jcph.1644
https://doi.org/10.34172/jnp.2020.31
https://doi.org/10.1002/ctm2.16
https://doi.org/10.1002/ctm2.16
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1038/s41572-019-0069-0
https://doi.org/10.1007/s11010-020-03924-2
https://doi.org/10.1007/s11010-020-03924-2
https://doi.org/10.7324/JAPS.2018.8113
https://doi.org/10.7324/JAPS.2018.8113
https://doi.org/10.32604/biocell.2019.07020
https://doi.org/10.3389/fmicb.2020.00412
https://doi.org/10.3389/fmicb.2020.00412
https://doi.org/10.25258/ijpqa.v8i04.10542
https://doi.org/10.25258/ijpqa.v8i04.10542
https://doi.org/10.1186/s12931-020-01465-2
https://doi.org/10.1186/s12931-020-01465-2
https://doi.org/10.1039/C6MD00618C
https://sites.google.com/site/topmostphotonjournals/home/international-journal-of-biochemistry
https://sites.google.com/site/topmostphotonjournals/home/international-journal-of-biochemistry
https://sites.google.com/site/topmostphotonjournals/home/international-journal-of-biochemistry


mesenchymal stem cells and hematopoietic stem cells. Pak J Biol Sci 23(6):
820–828. https://doi.org/10.3923/pjbs.2020.820.828

25. Stavely R, Nurgali K (2020) The emerging antioxidant paradigm of
mesenchymal stem cell therapy. Stem Cells Transl Med 9(9):985–1006

26. Zhang L, Li Q, Liu W, Liu Z, Shen H, Zhao M (2019) Mesenchymal stem cells
alleviate acute lung injury and inflammatory responses induced by paraquat
poisoning. Med Sci Monit: Int Med J Exp Clin Res 25:2623–2632

27. Saad EA, Elsayed SA, Hassanien MM, AL-Adl MS (2020) The new iron(III) 3-
oxo-N(pyridin-2-yl)butanamide complex promotes Ehrlich solid tumor
regression in mice via induction of apoptosis. Appl Organomet Chem 34(1):
e5282. https://doi.org/10.1002/aoc.5282

28. Jiang K, Zhang T, Yin N, Ma X, Zhao G, Wu H, Qiu C, Deng G (2017) Geraniol
alleviates LPS-induced acute lung injury in mice via inhibiting inflammation
and apoptosis. Oncotarget 8(41):71038–71053

29. Zhang L, Li Q, Liu Z, Wang Y, Zhao M (2019) The protective effects of bone
mesenchymal stem cells on paraquat-induced acute lung injury via the
muc5b and ERK/MAPK signaling pathways. Am J Transl Res 11(6):3707–3721

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

EL-Shahat et al. Journal of Genetic Engineering and Biotechnology           (2021) 19:41 Page 11 of 11

https://doi.org/10.3923/pjbs.2020.820.828
https://doi.org/10.1002/aoc.5282

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Chemical agents
	Animals
	Operation for induction of HCl-induced acute lung injury (ALI)
	Isolation and culture of MSCs from bone marrow
	Experimental groups
	Collection of blood samples and harvesting of lung tissues
	Assay of TNF-α in serum
	Measurement of oxidative stress markers (MDA, SOD, and CAT)
	Real-time (RT)-PCR for caspase-3 and Bcl2
	Histopathological examination
	Statistical analysis

	Results
	Morphological characterization of cultured BM-MSCs
	Animal survival
	Effects of BM-MSCs and CoPP on hematological parameters in HCl-induced ALI rat model
	Effects of BM-MSCs and CoPP on oxidative stress markers and TNF-α in HCl-induced ALI rat model
	Effects of BM-MSCs and CoPP on apoptotic markers (caspase-3 and Bcl2) in HCl-induced ALI rat model
	Effects of BM-MSCs and CoPP on lung morphology in HCl-induced ALI rat model

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

