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Asthma is a complicated lung disease, which has increased morbidity and mortality rates in worldwide.
There is an overlap between asthma pathophysiology and mitochondrial dysfunction and MSCs may have
regulatory effect on mitochondrial dysfunction and treats asthma. Therefore, immune-modulatory effect
of MSCs and mitochondrial signaling pathways in asthma was studied.
After culturing of MSCs and producing asthma animal model, the mice were treated with MSCs via IV

via IT. BALf’s eosinophil Counting, The levels of IL-4, �5, �13, �25, –33, INF-c, Cys-LT, LTB4, LTC4, mito-
chondria genes expression of COX-1, COX-2, ND1, Nrf2, Cytb were measured and lung histopathological
study were done.
BALf’s eosinophils, the levels of IL-4, �5, �13, �25, –33, LTB4, LTC4, Cys-LT, the mitochondria genes

expression (COX-1, COX-2, Cytb and ND-1), perivascular and peribronchial inflammation, mucus
hyper-production and hyperplasia of the goblet cell in pathological study were significantly decreased
in MSCs-treated asthma mice and reverse trend was found about Nrf-2 gene expression, IFN-c level
and ratio of the INF-c/IL-4.
MSC therapy can control inflammation, immune-inflammatory factors in asthma and mitochondrial

related genes, and prevent asthma immune-pathology.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Asthma is a complicated bronchial disease, which characterized
by AHR, eosiniphilic inflammation, mucus hyper-production and
airway remodeling. The morbidity and mortality rates of asthma
have increased worldwide, and understanding and identification
of the molecular mechanisms underlying immune-inflammatory
progression of the asthma is necessary to develop new anti-
asthma drugs (Athari et al., 2017; Masoume Athari et al., 2018;
Mehrabi Nasaba et al., 2020).

There is a considerable overlap between asthma pathophysiol-
ogy and mitochondrial dysfunction in the aspects of ROS produc-
tion, oxidative stress, ATP synthase, apoptosis, and calcium
homeostasis. Mitochondria are powerhouse organelle in the cells
and severely involved into the cell signaling pathways. Mitochon-
drial regulate cell growth, differentiation, death, autophagy, apop-
tosis, hypoxic stress responses especially in the signaling of the
innate and acquired immune system’s cells and therefore, have
relation with the various diseases pathophysiology and one of
these diseases is allergic asthma. The lung is an oxygen-rich envi-
ronment and mitochondria are O2 sensor, and generating ROS and
also participating in pro-inflammatory signaling pathways. Mito-
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chondrial defects play an important role in the pro-remodeling
mechanisms of lung fibrosis and apoptosis of the airway cells.
(Lin et al., 2009; Cho et al., 2012).

The MSCs regulate cell function and may have regulatory effect
on mitochondrial dysfunction and can transfer and increase
healthy mitochondria to the inflamed tissue that treats pathology
aspects and structural remodeling of the lung in asthma. MSCs
have attracted much attention because of their immune-
regulation capacity that aroused to the treatment of asthma. Fur-
thermore, clinical trials have indicated that MSCs have low
immunogenicity and can be safe in clinical application. MSCs mod-
ulate T-regs proliferation and function by secreting molecules,
such as TGF-b1, IL-10, HGF, PGE2, HO-1, IDO, NO, and HLA-G
(Ogulur et al., 2014; Yan et al., 2014; Jian-guo et al., 2013). There-
fore, study the relationship between immune-modulatory effect of
MSCs and mitochondrial signaling pathways in asthma is neces-
sary that the effect of MSCs on the mitochondria signaling path-
ways in asthma was studied.
2. Material and methods

2.1. BM-MSCs culture

For isolation BM-MSCs, in mice, four claws were dissected at the
ankle and carpal joints, and then incisions were made around the
connection between hind-limbs and trunk, forelimbs, and trunk.
Tibias and femurs are dissected by cutting at the joints and
scrubbed to remove the residual tissues and transferred to com-
plete a-MEM medium (10 ml) on ice. After flushing bone marrow
out of the cavity, that was cultured in a 5% CO2 incubator (at
37 �C) for 5 days. The initial spindle-shaped cells were appeared
on day 3. The cells were re-suspended in a cell culture flask. Pas-
saging was performed every 4e6 days. BM-MSCs for CD44 and
CD90, were positive, and for CD45 and CD31 were negative
(Ogulur et al., 2014; Huang et al., 2015).
2.2. Animal treatment schedule

40 BALB/c mice (male; 6–8 week-old) were kept 1 week under
standard conditions. The mice were divided into 4 groups (n = 10)
that include: control group, which was sensitized and challenged
with PBS; the three remained groups were sensitized and chal-
lenged with OVA to produce asthma model and that received no
treatment, and were treated with MSCs via bronchial (MSC/BI)
and MSCs via intravenous (MSC/IV). To produce an allergic asthma
mouse model, the animal were sensitized by 20 lg OVA plus 50 lL
alum on days 1 and 14 (via IP injection) and then were challenged
by OVA (1% solution) using a nebulizer (via IT; 30 min/day) on days
24, 26, 28, and 30. One of the asthma groups received MSCs by BI
administration (2.5 � 105 cells) on day 25, and the second asthma
group received MSCs by IV administration (2.5 � 105 cells) on day
25. In day 31, the blood and BALf were taken after anesthetization
of the mice. For BALf sample collection, anesthetized mice were
tracheastomized and the lung was lavaged by PBS.Then, the mice
were euthanized by CO2 and lung tissue samples were taken.
2.3. Balf’s cell Counting

After anesthesia, BALf was collected via intubation, then cen-
trifuged and the supernatant collected for biofactors levels analysis
and the cells were fixed to the slide and stained (with Giemsa) to
determine the eosinophil percentage.
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2.4. Cytokines

The levels of INF-c, IL-4, �5, �13, �25, and –33 were assayed in
BALf by specific ELISA kits according to the manufacturer’s
instructions.
2.5. Eicosanoid levels

Cys-LT, LTB4 and LTC4 were measured in BALf using specific
ELISA kits.
2.6. Mitochondria isolation and genes expression

The lung tissue was placed in ice-cold homogenization buffer
containing 70 mM sucrose (pH 7.4), 10 mM HEPES, 200 mM man-
nitol, 2% fatty acid-free BSA, 1 mM EGTA, and 50 lL/g tissue pro-
tease inhibitor cocktail Set III, and then minced over ice. After
homogenizing lung tissue, that was centrifuged at 2,000 � g for
15 min at 4 �C. The supernatant was centrifuged (at 17,800 � g)
for 15 min at 4 �C and then re-suspended in ice-cold homogeniza-
tion solution (5 ml) and centrifuged at (17,800 � g) for 15 min at
4 �C. The resulting supernatant was discarded and re-suspended
in ice-cold buffer (2 ml homogenization buffer without BSA) and
stored (Zhang et al., 2018). The cDNA of the mitochondrial was
synthesized and expression of main mitochondrial genes were
measured with specific sequences primers that include; COX-1
5‘-3‘F: ATCACTACCAGTGCTAGCCG and 5‘-3‘R: CCTCCAGCGGGAT-
CAAAGAA, COX-2 5‘-3‘F: ACCAGCAGTTCCAGTATCAGA and 5‘-3‘R:
CAGGAGGATGGAGTTGTTGTAG, ND1 5‘-3‘F: ATTACTTCTGC-
CAGCCTGACC and 5‘-3‘R: GGCCCGGTTTGTTTCTGCTA, Nrf2 5‘-3‘F:
TCTCCTCGCTGGAAAAAGAA and 5‘-3‘R: AATGTGCTGGCTGTGCTT
TA, Cytb 5‘-3‘F: GGCTACGTCCTTCCATGAGG and 5‘-3‘R: TGGGATG
GCTGATAGGAGGT, and Actb as internal reference gene 5‘-3‘F:
AGAAGCTGTGCTATGTTGCTCTA and 5‘-3‘R: TCAGGCAGCTCATAGCT
CTTC.
2.7. Lung histological

Lung tissues of the mice were taken and fixed with formalin
solution, and after histological sections preparation, were stained
with H&E and PAS. The Histopathological slides were evaluated
under the light microscopy for Peri-bronchiolar and perivascular
eosinophil inflammation, mucus hypersecretion and hyperplasia
of goblet cell, using a point scoring system [as described before
(Masoume Athari et al., 2018; Mehrabi Nasaba et al., 2020)].
2.8. Statistical analysis

The version 19 SPSS was performed for statistical analyses. All
data were shown as the mean ± SD (of at least three independent
experiments). Data were analyzed using ANOVA test and Dunnett
post hoc tests. P value <0.05 was considered as the significant.
The graphs were drawn in GraphPad prism (ver. 5.0).
3. Results

3.1. Balf’s eosinophils

The eosinophils percentage was counted in the BALf and asthma
group had increased eosinophils percentage in the BALf (71 ± 5%)
compared to healthy group on days 31 (3 ± 2 %). Treatment with
MSCs could significantly decrease eosinophil percentage (IT:
33 ± 4% and IV: 28 ± 3%) on day 31 (P < 0.05) (Fig. 1).



Fig. 1. Eosinophils in BALf. Slides of the BALf were prepared and stained. Then,
eosinophil percentage in BALf slides was determined.

Fig. 3. IFN-c/IL-4 ratio. After sampling of BALf, the levels of IL-4 and IFN-c were
measured in BALf.Then the ratio of IFN-c/IL-4 was calculated.
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3.2. Cytokines

The levels of IL-4, �5, �13, �25 and –33 were significantly
increased in the asthma group compared with healthy animals
and a reverse trend was found in IFN-c (P < 0.05). MSC/BI and
MSC/IV treatments significantly decreased IL-4 (89.5 ± 8.0 and
90.4 ± 8.4 pg/mL respectively), IL-5 (65.4 ± 7. 9 and 68.4 ± 6.3 pg/
mL respectively), IL-13 (84.5 ± 11.7 and 79.5 ± 9.9 pg/mL respec-
tively), IL-25 (47.4 ± 6.8 and 44.9 ± 5.6 pg/mL respectively), and
IL-33 (94.6 ± 6.2 and 101.3 ± 5.3 pg/mL respectively) levels in BALf
(P < 0.05) and significantly (P < 0.05) increased IFN-c level
(47.9 ± 4.6 and 49.3 ± 5.2 pg/mL respectively) (Fig. 2). Also, the
decreased INF-c/IL-4 ratio in asthma group, was increased by
MSC/BI and MSC/IV treatments (Fig. 3).

3.3. Eicosanoid

The levels of LTB4, LTC4 and Cys-LT were significantly increased
in asthma mice compared too healthy mice (p < 0.05). Treatment
with MSC/BI and MSC/IV significantly decreased the levels of
Fig. 2. Cytokines. After sampling of BALf, the levels of IL-4, �5, �13, �25, –33, and
IFN-c were measured in BALf of the mice.

6959
LTB4 (73.5 ± 5.9 and 77.4 ± 8.0 pg/ml respectively), LTC4
(87.5 ± 22.5 and 91.2 ± 28.1 pg/ml respectively) and Cys-LT (298.
5 ± 11.3 and 270.6 ± 14.3 pg/ml respectively). There was no signif-
icant difference (p > 0.05) between MSC/BI and MSC/IV treatments
in the amount of LTB4, LTC4 and Cys-LT (Fig. 4).

3.4. Gene expression

Mitochondria genes have important role in the asthma pathol-
ogy, and the main mitochondria genes were evaluated in this
study. The expression of COX-1, COX-2, Cytb and ND-1 genes were
increased in asthma compared to healthy mice and reverse trend
was found about Nrf-2. Treatment with MSCs via IT and IV could
significantly (p < 0.05) decrease gene expression of COX-1
(1.4 ± 0.3 and 1.3 ± 0.2 respectively), COX-2 (7.5 ± 1.5 and
7.7 ± 1.4 respectively), Cytb (1.8 ± 0.2 and 1.5 ± 0.3 respectively)
and ND-1 (1.2 ± 0.2 and 1.4 ± 0.1 respectively) and increase Nrf-
2 (0.7 ± 0.2 and 0.7 ± 0.2 respectively) but no significantly
(p > 0.05) (Fig. 5).

3.5. Histopathology

Eosinophilic inflammation in perivascular and peribronchial,
hyper-production of mucus and hyperplasia of the goblet cell were
significantly increased in non-treated asthma mice compared with
Fig. 4. Leukotrienes. The levels of LTB4, LTC4, and Cys-LT were measured in all
studied groups.



Fig. 5. Mitochondrial Gene expression. The gene expressions of ND-1, Nrf-2, COX-1
and �2 and Cytb were assessed in all groups by real-time PCR.
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healthy mice (p < 0.05). Perivascular and peribronchial eosinophilic
inflammation, mucus over-production and goblet cell hyperplasia
were significantly decreased (p < 0.05) in MSCs treatment via IT
(1.7 ± 0.3, 1.6 ± 0.4, 2.9 ± 0.1, 2.7 ± 0.3, respectively) and IV
(1.9 ± 0.2, 1.5 ± 0.5, 2.6 ± 0.3, 3.0 ± 0.1, respectively) (Fig. 6).
3.6. Discussion

Asthma is a chronic lung disease with airway obstruction,
inflammation and remodeling. Although current anti-asthma ther-
apies are poorly effective in reducing inflammation. New therapeu-
tic options for asthma with fewer side effects, stable therapeutic
and inhibited pathological changes in the lungs are required. MSCs
are promising for the novel therapies development in regenerative
medicine and therapeutic modality in inflammatory diseases.
Fig. 6. Lung histopathology. Lung sections were stained with H&E and PAS and then
hyperplasia, and mucus secretion were studied in the lung and were shown with yellow
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MSCs have more plasticity and can able to differentiate into bron-
chial, alveolar, vascular and interstitial cell types (Firinci et al.,
2011; Parekkadan et al., 2008). Since, there were no enough studies
about the effect of MSCs on the asthma, thus, we aimed to investi-
gate the efficacy of MSCs especially on remodeling in murine
model of chronic asthma.

MSCs play more relevant role in modulating of local inflamma-
tion in lung and help to repair the lung tissue and also intra-
tracheal administration of MSCs decrease lung injury. It can also
decrease pulmonary edema TNF-a and MIP-1b in the bronchoalve-
olar lavage. When MSCs are administrated systemic rout MSCs
reduce the pro-inflammatory cytokines MMP-2 and �9 levels in
the lungs [1113]. In our study systemic and intra-tracheal admin-
istration of MSCs could significantly reduce the levels of IL-33 25–
13 �5 and reverse trend about INF-c. But there was no significant
difference between systemic and intra-tracheal administration of
MSCs in reduction of IL-33 25–13 �5 levels or increasing of INF-
c level. INF-c/IL-4 ratio shows the Th1/Th2 balance and when
INF-c/IL-4 is high Th1/Th2 is balance and main response is Th1
dominant. Therefore Th2 response was suppressed and allegro-
inflammatory output was controlled. In this study increased INF-
c/IL-4 ratio by MSCs therapy showed that treatment had effect
on control of Th2 responses. Also there was no significant differ-
ence in ratio INF-c/IL-4 between systemic and intra-tracheal
administration of MSCs

MSCs as self-renewing and multi-potent progenitor cells have
more plasticity and the immune-modulatory potentially
approaches for the control of allergic asthma and airways inflam-
mation in the lung. Although MSCs have beneficial effect on the
lung regeneration and repair. It was showed that IV administration
of MSCs contributed to migration of fibroblasts and myofibroblasts
in damaged lung [61114]. Systemic administration of MSCs sup-
press airway remodelling reduce goblet cells number collagen
, the infiltration of eosinophils around perivascular and peribronchial, goblet cell
arrow, red arrow, black arrow and blue arrow respectively.
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deposition the response of airway to methacholine. The MSCs can
suppress Th2-driven allergic immune responses in ragweed-
induced asthma (Ogulur et al., 2014). In this study IV and IT admin-
istration of MSCs could harness eosinophilic infiltration in BALf and
also these treatment could decrease eosinophilic inflammation
around bronchi and vessels of the asthmatic lung. IV and IT admin-
istration of MSCs reduced producing of mucus and hyperplasia of
goblet cells in asthmatic mice. Producing of mucus was reduced
better in IV than IT administration of MSCs and reduction of the
goblet cells hyperplasia was controlled better in IT than IV admin-
istration of MSCs. Moreover any adverse effects were not observed
in histopathological sections of the MSCs administration groups

Recent studies have suggested that in asthma, the immune-
modulatory effect of MSCs is attributed to the soluble agents’
secretion rather than their differentiation potential (Zachar et al.,
2016; Zhang et al., 2014; Kapoor et al., 2012). (Lin et al., 2018)
study showed that MSCs-derived from iPSCs modulate the Th2-
mediated immune response in asthma. It ables to suppress allergic
inflammation via Th2 cells and eosinophils modulating, and
reversed the T-reg cells reduction. Immunomodulation by MSC is
regarded as a novel therapeutic approach for a variety of
immuno-allergic diseases due to their anti-inflammatory and also
immune-privileged potential. The iPSC-MSCs with immune-
modulatory effects treat the allergic airway inflammation with
inhibition of inflammatory cell infiltration, Th2 cytokines, and IgE
levels. Moreover, MSCs exert the immunomodulation via the secre-
tion and inhibition of the soluble molecules including prostaglan-
dins, CCL11, IL-33 and etc. (Lin et al., 2018; Uccelli et al., 2008;
Park et al., 2010). MSCs therapy via intra-venus and intra-trachea
could decrease main leukotrienes LTB4, LTC4 and Cys-LT that have
important role in allergic asthma pathophysiology and airway
inflammation. Both IV than IT administration of MSCs had similar
effect in reduction of LTB4, LTC4 and Cys-LT and decreasing of
allegro-inflammatory response in lung.

Mitochondria is important organelles in oxidative stress and
mitochondrial dysfunction, genes encoding mitochondrial dynam-
ics, Cytochrome oxidase activity and ATP production are linked to
inflammatory lung disease. Mitochondria are the critical sites of
energy and oxidative phosphorylation are regulated by nucleus
genes and also mitochondrial genes for example Nrf1 and 2, TFAM,
MFN1 and 2, OPA1, FIS1, ND1, Drp1, COX-1 and 2, Cytb and c. Mito-
chondrial dynamics and biogenesis directly impact function,
resulting in an expression of related genes, alter mitochondrial
enzymatic activities and control energy metabolism. In addition,
mitochondrial biogenesis is strongly controlled by PGC1a, TFAM,
Nrf1 and 2 and the function is introduced by COX-1 and 2, Ctyb
and c (Chung et al., 2017; Trevisan et al., 2018). The Nrf2 has a piv-
otal role in the oxidative stress response and Nrf2 involves in the
pathogenesis of the respiratory diseases. Nrf2 activation is a poten-
tial therapeutic strategy for allergic asthma and can suppress lung
inflammation caused by eosinophils (Nagashima et al., 2019; Liu
et al., 2019). Furthermore, we found that IV and IT administration
of MSCs regulated the expression of COX-1 and 2, Cytb and ND1
and also increased the expression of Nrf2 as protective factor
against inflammation and asthma. The mitochondrial biogenesis
and dynamics regulation occurred at transcriptional levels. MSCs
interference the expression of key genes of the mitochondria and
with managing of these genes, have main force in control of gene
expression and inflammatory response in injured airway.

MSC /BI and MSC/IV treatments significantly decreased BALf’s
eosinophils the levels of allergo-inflammatory cytokines (IL-4–5
�13–25 –33) leukotrienes (LTB4 LTC4 Cys-LT) the mitochondria
genes expression (COX-1 COX-2 Cytb and ND-1) perivascular and
peribronchial inflammation mucus hyper-production and hyper-
plasia of the goblet cell in pathological sections and reverse trend
was found about Nrf-2 gene expression IFN-c level and ratio of
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the INF-c/IL-4. There was no significant difference between MSC/
BI and MSC/IV treatments in the changing of these bio-factors
and both treatments (MSC/BI and MSC/IV) had similar effect on
control of allergic asthma pathophysiology. It may be observed
that the rout of MSCs administration is not very important and
the efficacy of MScs is notable. Also effecting time of MSCs in
two routs (BI and IV) may be different that was not evaluated in
this study. Interestingly we found that the MSCs therapy can con-
trol inflammation and immune-inflammatory factors in asthmatic
lung and with controlling of mitochondrial signaling pathways and
related genes prevent lung damage and asthma immune-
pathology. Our results corroborated immune-regulatory and
immune-modulatory effect of MSCs on the allegro-inflammatory
immune response in airway of the asthmatic lung.

There were some limitations. Staining of histophatological sec-
tion for collagen precipitation study and also, remodeling related
bio-factors were not done. The effect of MSCs on chronic form of
airway inflammation and asthma was not studied.
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