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Aim. To investigate the therapeutic effect of allogeneic mesenchymal stem cells (MSC) derived from bone marrow 
on the restoration experimentally damaged lung tissue in rats with induced pulmonary fi brosis. Methods. Female 
Wistar rats were utilized in the study. Pulmonary fi brosis was induced experimentally in the animals by administer-
ing bleomycin hydrochloride via transthoracic injection during a 45-day preparatory period. At the end of this period, 
all animals exhibited clinically manifested symptoms of pulmonary fi brosis. To assess the changes in the organism 
due to pulmonary fi brosis, blood samples, bronchoalveolar lavage samples, and lung tissue were randomly collected 
from fi ve affected animals. The remaining animals were divided into four experimental groups, each consisting of fi ve 
animals. In the fi rst experimental group, allogeneic MSC were administered intrathoracically. In the second experi-
mental group, allogeneic MSC were administered intravenously. The third experimental group received conventional 
treatment using medication, while the fourth experimental group (control) received placebo intrathoracically, without 
any active agents. Additionally, a separate fi fth experimental group comprised intact (healthy) animals. The stem cells 
used in the experiments were obtained from the bone marrow samples of young, clinically healthy donor rats’ tibia, 
humerus, or femur (Mazurkevych et al, 2014). Throughout the 45-day experiment, the animals in all experimental 
groups were monitored using clinical examination indices. At the end of the testing period, the animals were eutha-
nized, and blood, bronchoalveolar lavage, and lung tissue samples were collected for laboratory analyses. The analysis 
of bronchoalveolar lavage involved microscopic examination of the collected fl uid to determine cell composition, 
while hematological analysis encompassed the quantifi cation of erythrocyte and leukocyte counts. Histological ex-
amination of lung tissue samples involved microscopic analysis of the lung tissue histostructure. Results. Following 
the implementation of the proposed treatment methods, it was observed on day 45 of the experiment that transplanted 
allogeneic MSC facilitated an increased activity in the restoration of pathologically altered lung parenchyma. The 
effectiveness of this process varied depending on the method of MSC application. Notably, animals in the fi rst experi-
mental group exhibited the absence of symptoms such as coughing and hypoxia by day 45. Furthermore, a signifi cant 
decrease was observed in the indices of erythrocyte count to 7.18 ± 0.05 t/l (р < 0.001) and total leukocyte count to 
10.6 ± 0.92 g/l (р < 0.05). Histological analysis revealed a complete restoration of lung tissue structure, reaching 90 % 
when compared to the control group. In the second experimental group, a signifi cant  decrease was noted in the total 
leukocyte count to 11.32 ± 0.48 g/l (р < 0.01) and erythrocyte count to 6.87 ± 0.18 t/l (р < 0.001). Histologically, the 
regenerative processes exhibited lower activity, reaching 70–80 % compared to the animals in the fi rst group. Fibrous 
areas were observed but of smaller size than those in the conventional treatment group. In the third experimental 
group, despite the normalization of laboratory testing indices, namely a decrease in erythrocyte count to 7.62 ± 0.11 
t/l (р < 0.001) and leukocyte count to 9.46 ± 0.54 g/l (р < 0.001), occasional fi brosis areas and thicker alveolar walls 
were still present in the histological structure of the lungs. The fi brosis areas decreased by only 20–30 %. Conclu-
sions. Our fi ndings demonstrate that the application of mesenchymal stem cells is a more effective approach to cell 
therapy for the restoration of pathologically altered lung tissue in rats with experimentally induced pulmonary fi brosis 
compared to conventional treatment. Traditional medication-based treatment over the 45-day experiment led to the 
normalization of clinical indices and laboratory tests but did not result in complete restoration of the damaged lung tis-
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INTRODUCTION

Pulmonary fi brosis belongs to the group of chronic 
fi brous diseases, characterized by a sharp decrease in 
lung function and poor prognosis (Raghu et al, 2011). 
It develops as a progressive pathological process in the 
lung tissue, manifested as interstitial pneumonia with 
the corresponding pathohistological picture. Thoracic 
societies and associations in America, Europe, and Ja-
pan recommend diagnostics based on the foundations 
of the multidisciplinary evaluation of clinical signs, X-
ray, and histological examinations (Raghu et al, 2022).

The scientists state that the triggering mechanism for 
this disease is constant and long-term damage to the 
epithelial cells in the lungs which, in its turn, induces 
the impairment of regeneration processes. Under these 
conditions, fi broblasts get activated and transit to the 
interstitial space, where they get differentiated into 
phenotypes of myofi broblasts, resistant to apoptosis 
processes, which start laying the extracellular matrix 
(Yount et al, 2016).

According to the more current data, it is possible to 
consider several pathogenic factors which impact the 
development of pulmonary fi brosis. Among these, the 
main factor is the imbalance of oxidative stress (Fois 
et al, 2018), which occurs due to excessive produc-
tion of free radicals and insuffi cient activity of anti-
oxidant systems and infl ammation processes (Desai 
et al, 2018). After the damage to the lung tissue, the 
infl ammatory process develops, during which different 
infl ammatory cytokines (TNF-α, IL-1β, and IL-17) get 
activated and accumulated in its epicenter, which pro-
motes the proliferation and transformation of alveolar 
fi broblasts and induces the laying of the extracellular 
matrix (Bolourani et al, 2021).

Recent experimental and pre-clinical studies of the 
restorative ability of transplanted mesenchymal stem 
cells (MSC) demonstrate astonishing results of their 
high effi ciency in restoring the cellular composition 
of damaged/pathologically changed tissues of differ-
ent organs.

MSCs are known as a population of fi broblast-like 
multipotent stromal cells. They have the potential for 

cloning, self-restoration, and trans-differentiation in vi-
tro and manifest different actions, including homing, 
epithelial restoration, bactericide activity, immuno-
simulation and secretion of growth factors, anti-infl am-
matory factors (Srour et al, 2015).

The most studied source of MSC is bone marrow 
which serves as a great place to obtain different lines of 
stem cells, including the ones with the ability to protect 
against pulmonary fi brosis. 

It was experimentally proven that after the release 
from the bone marrow into the bloodstream, MSCs 
passed from the latter into the areas of experimentally 
damaged tissues rather easily, promoted the tissue res-
toration by secreting different paracrine factors and get-
ting directly differentiated into the specialized cells of 
that particular place (Deng et al, 2011.) They released a 
wide spectrum of biologically active substances, which 
may regulate the local immune response for the cre-
ation of a regenerative microenvironment and inhibit 
infl ammation, facilitating the restoration processes (Li 
et al, 2017).

Therefore, in modern regenerative cell therapy, trans-
planted stem cells are considered to be the most effec-
tive, ecological, and safe biopharmacological means to 
be used in human and veterinary medicine, due to their 
highly benefi cial impact on the restoration of the struc-
ture of damaged tissues, fi lling this defect with full-
fl edged specialized cells. According to the estimates of 
many researchers and clinicians, in the nearest future, 
this will be the promising means in the treatment of 
chronic and acute lung diseases via decreasing the ac-
tivity of pulmonary fi brosis and improving lung func-
tion due to their anti-infl ammatory, antioxidant, regen-
erative and immunomodulating properties (Stavely and 
Nurgali, 2020; Xia et al, 2021).

The working idea of our experiment was to consider 
the main purpose of stem cells in the activity of the 
integral organism – to maintain the stability of the cell 
composition in the organism tissues (cell homeostasis) 
throughout its entire life. 

There are no cells that live as long as the entire ani-
mal (human) organism does. The life cycle of cells of 

sue structure. These results underscore the advantages of employing allogeneic mesenchymal stem cells in the therapy 
of pulmonary fi brosis, indicating their potential for further investigation and clinical application.
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each type (and there are more than 350 types) is differ-
ent: epidermis cells live fi ve days, erythrocytes – 120 
days. A cell dies due to apoptosis (programmed death). 
Its residues are consumed by ubiquitous phagocytes, 
and its place is taken by a young specialized cell, which 
originated in a stem cell. Prior to becoming this spe-
cialized cell, under the effect of the local environment, 
a stem cell goes through several stages of division and 
differentiation into the corresponding mature special-
ized cell with the genotype of the same tissue in which 
it lingered (Wong et al, 2021).

It is known that the duration of restorative processes 
depends on the method of applying MSC and on the 
type of damaged tissue. For instance, regeneration is 
completed sooner in skin, muscles, eyes, myocardium, 
cartilage, and bone tissues, and longer – in the liver, 
kidneys, thyroid gland, and pancreas (Mazurkevych et 
al, 2017).

The experiments involving the transplantation of 
stem cells for rats with the purpose of treating pulmo-
nary fi brosis demonstrated a considerable improvement 
regarding the disease symptoms via implantation to the 
damaged tissue and promotion of its regeneration, thus 
restoring the gas exchange ability of the lungs (Mitra 
et al, 2023).

It was determined that the therapy which involved 
the application of bone marrow stem cells reduced the 
infl ammatory process and regulated the remodeling of 
fi brous changes in the lung tissue. For instance, stem 
cells administered into the blood fl ow immediately af-
ter the simulation of pulmonary fi brosis (after the ad-
ministration of the bleomycin solution) reduced fi brous 
phenomena in the lung tissue even right after the ad-
ministration (Ortiz et al, 2003; Zhao et al, 2008).

The antifi brous effects of stem cells were also con-
fi rmed by other researchers (Choi et al, 2014; Glassberg 
et al, 2017). It was proven that mesenchymal stem cells 
inhibit infl ammatory reactions by the secretion of anti-
infl ammatory mediators (Prockop and Oh, 2012). It was 
also reported that up to 80 % of therapeutic effects of 
stem cells, obtained from the adult organism tissues, 
took place using the secretions, obtained from the stem 
cells, which is a promising method in the treatment of 
chronic diseases of the lung tissue (Hu et al, 2023). 

The period of wide application of stem cells has not 
come yet. At present, the application of stem cells in 
regenerative cell therapy is used for trials, for the ac-
cumulation of objective results for further scientifi cally 
substantiated use of cells and their products in regen-
erative therapy. 

The aim of the study was to determine the impact of 
transplanted mesenchymal stem cells on the activity of 
regenerative processes in the lung tissue of laboratory 
rats with experimentally induced pulmonary fi brosis.

MATERIALS AND METHODS

The experimental study was conducted at the edu-
cational and scientifi c laboratory, the Center for Cel-
lular Technologies in Veterinary Medicine, at the 
Department of Surgery and Pathophysiology named 
after Acad. I. O. Povazhenko, NULES of Ukraine. 
Female rats of the Wistar line, 4 months old, an av-
erage bodyweight of 277.0 ± 4.6 g, were used in the 
experiments.

The experiment animals were kept and used in the 
experiments under the requirements of the effective 
Law of Ukraine “On Protection of Animals from Cruel 
Treatment” No. 3447-IV dated 21.02.2006 with recent 
amendments dated 08.04.2017 and other regulations, 
and the Directive of the European Union 2010/63/EU. 

The permission for conducting the experiments ac-
cording to the topic of the dissertation, which involved 
the use of animals, was received from the local bioeth-
ics commission of the NULES of Ukraine, minutes No. 
80-1 dated 27.10.2020.

Thirty rats of the Wistar line were used in the study. 
During the preparatory period of 45 days, pulmonary 
fi brosis was experimentally induced in 25 rats using a 
single instillation of 0.3 ml of bleomycin hydrochloride 
solution (Bleomycin, Nippon Kayak Co., Ltd., Taka-
saki Plant, Japan) into the lungs with the estimation of 
1.0 mg/100 g of bodyweight of the animal in 0.3 ml 
sterile physiological solution of sodium chloride 0.9 % 
of room temperature. The solution was administered 
once into the thoracic cavity (Boiko et al, 2013). 

In the initial state (day 45 of pulmonary fi brosis 
simulation), fi ve animals were selected from the total 
number of sick animals and removed from the experi-
ment. The samples of blood, bronchoalveolar lavage, 
and the pieces of lung tissue were taken for laboratory 
testing to determine the nature of changes induced by 
pulmonary fi brosis. Other 20 animals with expressed 
symptoms of pulmonary fi brosis were divided into 
four experimental groups, fi ve animals in each. There 
was a separate fi fth experimental group – fi ve intact 
animals.

The animals of the fi rst experimental group had a 
single transthoracic administration of the investigated 
preparation (mesenchymal stem cells) in the dose of 2 
mln/animal into the right side. 
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The animals of the second experimental group had an 
intravenous administration of the investigated prepara-
tion (mesenchymal stem cells) in the same dose. The 
animals of the third experimental group were pre-
scribed the traditional method of treatment – the solu-
tion of dexamethasone (4 mg/ml, KRKA, Slovenia) in 
the dose of 0.08 mg/kg of the bodyweight, intramus-
cular administration for three weeks with the interval 
of two days and gradual decrease in the dose, the solu-
tion of hyaluronidase, 64 units (Lidasa-Biofarma, PP 
BIOFARMA, Ukraine) in the dose of 0.85 units/kg, 
intramuscular administration for three weeks with the 
interval of two days (Boiko et al, 2013).

The control group animals were subjected to the 
transthoracic administration of 0.3 ml phosphate buffer 
solution (Sigma, USA) into the thoracic cavity, into the 
right side.

The fi fth experimental group – intact (healthy) ani-
mals. 

The allogeneic mesenchymal stem cells to be used 
in this study were obtained from the bone marrow of 
the tibia, humerus, or femur of clinically healthy four-
day-old rats-donors (10 animals), after washing using 
the methods, developed by the Department specialists 
(Mazurkevych et al, 2014). The cells were cultivated 
in the disposable Petri dishes, containing the following 
media: DMEM – Dulbecco’s Modifi ed Eagle Medium 
(Sigma, USA) – 80 %; FBS – Fetal Bovine Serum (Sig-
ma, USA) – 20 % and 10 mcl/cc − antibiotic-antimy-
cotic (Sigma, USA). The cultivation was performed in 
СО2 incubator at 37 ºС and 5 % concentration of СО2 
until the 90–100 % formation of the monolayer. The 
attached cells were removed using the 0.25 % solution 
of trypsin/ethylenediaminetetraacetic acid (EDTA) 
(Sigma, USA) (Mazurkevych et al, 2014). During the 
cell cultivation, the requirements of ensuring optimal 
conditions of temperature, humidity, pH, and nutrients 
in the media were met. The passaging and reproduction 
of cells with the purpose of preserving their stability 
and viability were conducted according to the relevant 
protocol (Kovpak et al, 2020).

Taking into consideration the specifi cities of changes 
in the organism of animals under pulmonary fi brosis 
which did not allow for setting an accurate diagnosis 
by the indices of clinical observations and laboratory 
analyses, we used the method of histological examina-
tion of structural changes in the lung tissue to evaluate 
the nature of the disease.

The objects of the study were the samples of blood 
and lung tissue, randomly taken in the initial state from 

fi ve animals with experimentally induced fi brosis, and 
the ones, taken on days 7, 14, 30, and 45 of the ex-
periment from fi ve animals in each group, after the 
suggested treatment methods. This article presents the 
study results, obtained in the initial state and on day 45 
after the application of the experimental and conven-
tional methods of treatment.

Then the animals were removed from the experi-
ment by euthanasia via the intracranial administration 
(Shoyaib et al, 2020) of the lethal dose of thiopental 
sodium (Tiopenat, Brovafarma, Ukraine) in the dose of 
40 mg/kg of the bodyweight (Plumb, 2008).

The obtained blood samples were transferred into 
special tubes with K3 EDTA (AQUISEL, Italy) to pre-
vent the formation of the blood clot and further used for 
the morphological study.

The pieces of lungs for histological studies were 
taken at the end of the experiment (on day 45 of the 
study). The obtained pieces were fi xed in the 10 % 
neutral aqueous solution of formalin, dehydrated in 
ethanols of increasing concentration, and poured into 
paraffi n through chloroform. The cuts of 8–10 mcm 
were obtained by the sledge microtome and dyed with 
Carazzi’s hematoxylin and eosin (Horalskyi, 2011). 

The statistical processing of the obtained results 
was conducted in Statistica 8.0 (StatSoft Inc., USA, 
2012). The experimental data are presented as М ± m 
(М – mean arithmetic value; ± – mean error of aver-
age value). The differences between the parameters of 
the control and experimental groups were determined 
by the dispersion analysis (ANOVA), where the differ-
ences were deemed reliable at P < 0.05. 

RESULTS OF INVESTIGATIONS

In the initial state (prior to the prescription of the treat-
ment), pulmonary fi brosis with its characteristic symp-
toms was confi rmed in the animals of all four experi-
mental groups (Tanabe et al, 2020): shortness of breath, 
hypoxia, tachycardia. The corresponding changes in he-
matologic indices are presented in Table 1.

The presented results demonstrated that the groups 
with experimentally induced pulmonary fi brosis had a 
reliably increased number of erythrocytes up to 8.61 ± 
0.20 t/l (Р < 0.01) and the total number of leukocytes 
of 12.70 ± 0.15 g/l (Р < 0.01). Obviously, the develop-
ment of erythrocytosis in the experimental animals was 
a result of breathing hypoxia, which developed under 
the pathological process in the lung tissue; moderate 
leukocytosis demonstrated the pathological process in 
the lungs (Surtaieva and Mazurkevych, 2022). 
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Acute lung infl ammation, induced by the injection of 
bleomycin, is known to gradually pass into the chronic 
form. With the increasing level of breathing hypox-
emia, there is a higher activity of erythropoiesis which 
is seen in a gradual increase in the number of eryth-
rocytes in the blood even regardless of higher activity 
of the processes of erythrocyte destruction. In its turn, 
higher activity of red bone marrow functioning causes 
the occurrence of erythrocytes with smaller and larger 
average volume of erythrocytes in blood (anisocytosis) 
when erythrocytes of different sizes are observed in the 
fi eld of vision of the blood smear under the microscope 
(Surtaieva and Mazurkevych, 2022). 

The animals with experimentally induced pulmonary 
fi brosis had leukocytosis which demonstrated the in-
fl ammatory process in the chronic form. 

Histological studies revealed considerable structural 
changes in the lung tissue (Fig. 1).

As seen in Figure 1, in the histostructure of lung pa-
renchyma under experimentally induced pulmonary 
fi brosis (а) there was a considerable thickening of al-
veolar walls (1) and considerable areas of fi brotically 
changed lung tissue (2) as compared to the intact ani-
mals (b). Large cavities were formed in some places, 

which corresponded to several alveoli, located nearby. 
In the fi brosis areas, there was also either complete 
closure or absence of blood vessels and some accumu-
lations of hemosiderin (4) which, in our opinion, oc-
curred due to the destruction of erythrocytes remaining 
in the lung tissue. On day 45 of the study, the intact 
rats had a typical microscopic structure for this species 
of animals. Each part consisted of bronchs of differ-
ent caliber (5) and alveoli (6, 7). In the plane of the 
histologic preparation, alveoli had different sizes and 
forms, as the three-dimensional form of these bags was 
irregular and different parts from each alveolar bag got 
into the plane of the cut.

On day 45 after the prescription of the correspond-
ing treatment, the animals of the fi rst, second, and third 
experimental groups had positive changes in the indi-
ces of their clinical and laboratory testing: the animals 
did not have shortness of breath and hypoxia symptoms 
anymore, there was an improvement in hematologic 
indices, and the results of the analysis of bronchoal-
veolar lavage. At the same time, the histostructure of 
the experimentally damaged lung tissue of the animals 
from each experimental group had its specifi cities. The 
results of hematologic examinations are presented in 
Table 2.

Table 1. Hematologic indices of rats in the initial period, (М ± m, n = 5)

Indices Intact animals Animals with experimentally induced 
pulmonary fi brosis

Number of erythrocytes, t/l
Total number of leukocytes, g/l

7.84 ± 0.08
10.0 ± 0.75

8.61 ± 0.20 **
12.7 ± 0.15 **

Note: * – р<0.05; ** – р<0.01; *** – р<0.001; reliable data as compared to the same values for the intact animals.

Fig. 1. The histostructure of the lung of the rat with experimentally induced fi brosis (a); of the intact animal (b): 1 – thickened 
alveolar wall; 2 – fi brous area; 3 – large cavity of an irregular form; 4 – hemosiderin; 5 – bronchus; 6 – a wall of alveolus; 
7 – an alveolar lumen. Carazzi’s hematoxylin and eosin, ×50
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As seen in Table 2, in animals of the fi rst experi-
mental group, the administration of MSC directly into 
the thoracic cavity promoted a reliable decrease in the 
number of erythrocytes down to 7.18 ± 0.05 t/l (Р <
< 0.001) and the decrease in the total number of leuko-
cytes down to 10.6 ± 0.92 g/l (Р < 0.05) as compared
to the indices of the control group animals.

In the bronchoalveolar lavage, the number of mac-
rophages reliably increased 1.5 times (P < 0.001), and 
the number of lymphocytes decreased 2.8 times (P <
< 0.001). 

The activity of erythropoiesis in the animals of 
the second experimental group, which were ad-
ministered MSC directly in blood, decreased even 
more, which must be the consequence of the direct 
impact of transplanted MSC on the activity of the 
bone marrow. 

There was a reliable decrease in the total number of 
leukocytes down to 11.32 ± 0.48 g/l (Р < 0.01) and the 
number of erythrocytes – down to 6.87 ± 0.18 t/l (Р <
< 0.001) as compared to the control group, which was 

within the physiological parameters for this species of 
animals. 

In the bronchoalveolar lavage, the number of mac-
rophages reliably increased 1.5 times (P < 0.001), and 
simultaneously the number of lymphocytes decreased 
2.7 times (P < 0.001). 

In the animals of the third experimental group, the 
changes in indices towards normalization of both 
erythropoiesis and leukopoiesis may be conditioned 
by the use of glucocorticoid hormone in the treatment 
scheme, which is known for its considerable impact on 
the hemopoiesis activity.

An increase in the number of macrophages (P < 0.05) 
and a decrease in the number of lymphocytes were found 
in the cytological smears from the bronchoalveolar la-
vage. There was also a reliable decrease in the number 
of erythrocytes down to 7.62 ± 0.11 t/l (Р < 0.001) and 
in the total number of leukocytes down to 9.46 ± 0.54 g/l 
(Р < 0.001) as compared to the control group. 

The results of histologic changes in the regenerating 
lung tissue are presented in Fig. 2.

Table 2. The dynamics of hematologic indices in the rats on day 45 after the application of different treatment methods,
(М ± m, n = 5)

Treatment method Number of erythrocytes, t/l Total number of leukocytes, g/l

1. Administration of MSC into the thoracic cavity
2. Intravenous administration of MSC
3. Conventional treatment
4. Control:
5. Intact animals

7.18 ± 0.05***
6.87 ± 0.18***
7.62 ± 0.11***

9.32 ± 0.26
8.10 ± 0.11

10.60 ± 0.92*
11.32 ± 0.48**
9.46 ± 0.54***

13.1 ± 0.10
9.7 ± 0.40

Note: * – р<0.05; ** – р<0.01; *** – р<0.001; reliable data as compared to the same values for the control group animals; 
MSC – mesenchymal stem cells.

Fig. 2. The histostructure of the lung tissue of the rat on day 45 after the administration of MSC into the thoracic cavity (a); 
control group (b): 1 – bronchiole; 2 – a lumen of alveolus; 3 – an alveolar wall; 4 – a thickened alveolar wall; 5 – fi brous area; 
6 – a large cavity of an irregular form; 7 – hemosiderin. Carazzi’s hematoxylin and eosin, ×50
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As seen in Figure 2, on day 45 after the transplanta-
tion of the allogeneic MSC into the thoracic cavity, the 
lung histostructure of the animals of the fi rst experi-
mental group acquired the microscopic composition, 
typical for this species of animals, and was within the 
physiological norm. Each part consisted of bronchi of 
different caliber (1) and alveoli (2), the thickness of al-
veolar walls did not differ from the one under normal 
conditions (3) as compared to the control group (b). 

Therefore, 45 days after the transplantation of allo-
geneic MSC by the method of intrathoracic injection, 
there was a complete restoration of the lung tissue 
structure (up to 90 %) and these tissues had the histos-
tructure of intact animals (Fig. 1, b). 

On day 45 after the transplantation of the allogeneic 
MSC via their intravenous administration, the lungs 
of the rats of the second experimental group still had 
rare fi brous areas (1), but they were three times smaller 

(which was 70–80 % of the restored structure of the 
lung tissue) than in the animals from the group under 
the conventional treatment. The alveolar walls were 
not visibly thickened (2), but different alveoli had walls 
of different thickness (3) (Fig. 3). 

On day 45, after the application of conventional 
methods of treating experimental fi brosis, the fi brous 
areas (2) were still visible in the lungs of the rats from 
the third experimental group. The alveoli had different 
sizes, and their walls were visibly thicker (1). A con-
siderable number of newly formed alveoli were found 
(3). Under the conventional treatment, the fi brous areas 
decreased only by 20–30 % (Fig. 4 ).

DISCUSSION

The application of stem cell transplantation by dif-
ferent administration methods for the purpose of treat-
ing pulmonary fi brosis in rats, a practically incurable 
disease, may be used as a promising method of cell 

Fig. 3. The histostructure of the lung tissue of the rat on day 45 after the intravenous administration of MSC (a); control 
group (b): 1 – residues of the fi brous area; 2 – different thickness of alveolar walls; 3 – a thickened alveolar wall; 4 – 
fi brous area; 5 – a large cavity of an irregular form; 6 – hemosiderin. Carazzi’s hematoxylin and eosin, ×50

Fig. 4. The histostructure of the lung tissue of the rat on day 45 after the conventional treatment (a); control group (b): 1 – a 
thickened wall of the alveolus; 2 – a small fi brous area; 3 – newly formed alveoli; 4 – a thickened alveolar wall; 5 – a fi brous 
area; 6 – a large cavity of an irregular form; 7 – hemosiderin. Carazzi’s hematoxylin and eosin, ×50
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therapy, as it allows for restoring the structure of the 
damaged areas, and thus the function of the pathologi-
cally changed lung tissues almost to the physiological 
parameters.

The application of stem cells is currently widely used 
as an experimental method of regenerative medicine, 
which is confi rmed by the literature data regarding var-
ious pathologies (Lee et al, 2009; Wang et al, 2013). 
Therefore, we decided to use stem cells for the experi-
mental pathology of the lung tissue, namely, experi-
mentally induced fi brous lung disease in rats, to study 
the regenerative possibilities of MSC as an effi cient 
method of treatment. The promising results of pre-clin-
ical trials involving stem cells demonstrate that they 
can be a potential therapeutic variant for the treatment 
of chronic lung diseases, including pulmonary fi brosis 
(Tzouvelekis et al, 2018; Zhao et al, 2021).

While administering stem cells into the thoracic cav-
ity under experimentally induced pulmonary fi brosis in 
rats, we noted histologic restoration of the lung tissue 
structure, and it was similar to the structure of intact 
group animals. After the transthoracic administration 
of stem cells into the thoracic cavity, the cells pene-
trate the lung tissue directly, because a large area of the 
lungs is intensely vascularized and has high tissue per-
meability, which, in its turn, facilitates fast and targeted 
penetration of the cells into the pathological process 
zone, getting accumulated in the tissue in a much larger 
amount than after the intravenous administration (Agu 
et al, 2001). 

The researchers have also demonstrated that after the 
intramuscular administration, most stem cells penetrate 
the lung tissue, which is an effi cient method of cell 
transplantation in the lungs due to passing through the 
lung tissue (Fischer et al, 2019; Harting et al, 2019). 
After the intravenous administration of stem cells, we 
detected rare fi brous areas, which allows for assump-
tions that some systemically administered stem cells 
fi rst penetrate the lungs and then can migrate into the 
liver and spleen, which was confi rmed by the scientists 
(Rustad and Gurtner, 2012; Mezey, 2022).

A relevant criterion in the evaluation of the changes 
in the animal organism after the application of different 
methods of restoring the pathologically changed lung 
tissue after the experimentally induced pulmonary fi -
brosis was the study of histologic changes in the lungs, 
which clearly demonstrated the specifi cities of restor-
ing the lung tissue structure in the animals of each 
experimental group. Tanabe et al (2020) recommend 
conducting the histologic examination of the lung tis-

sue as one of the main methods of detecting pulmonary 
fi brosis.

Our results coincide with the results of other re-
searchers (Hu et al, 2023) and confi rm the decrease in 
the number of fi brous areas in the lung tissue due to the 
ability of stem cells to migrate to the damaged tissues, 
to get proliferated and differentiated into target tissues, 
replacing and regenerating the damaged tissues (Qin 
et al, 2023)

Thus, the application of the histologic examination 
method in the differential diagnostics of pulmonary fi -
brosis in animals should be considered the defi nitive 
method which allows for determining the specifi cities 
of structural changes in the lung parenchyma on the 
cellular and subcellular level to single out the pulmo-
nary fi brosis proper out of dozens of other kinds of lung 
damage, known as interstitial lung diseases (ILDs), 
which currently cover several dozens of nosological 
forms (pulmonary fi brosis, interstitial pneumonias, 
pneumoconiosis, pulmonary hyalinosis, and histio-
cytosis, etc. (Reinero, 2019)) that differ in their etiol-
ogy, pathogenetic specifi cities, histologic picture and 
have different clinical courses and prognoses (Serrano 
et al, 2022; Morrow et al, 2022). 

During the examination of histologic material of pul-
monary fi brosis, a remarkable weakening of alveolar 
epithelium was detected, which then causes the ab-
normal activation of fi broblasts and collagen deposi-
tion (Adamson et al, 1988; Bagnato and Harari, 2015) 
that was not observed by us in the groups of animals 
with the application of mesenchymal stem cells. Our 
results of histologic examination demonstrated positive 
outcomes of treatment after the application of mesen-
chymal stem cells, which was characterized by the de-
crease of fi brous areas in the lung tissue down to 70–80 
% after intravenous administration of stem cells. While 
transthoracically administering mesenchymal stem 
cells into the thoracic cavity, we noted histologic resto-
ration of the lung structure (Fig. 2), and it was similar 
to the structure of intact group animals.

Therefore, the application of stem cells promotes the 
reliable elimination of fi brous changes in the lung tis-
sue under pulmonary fi brosis, experimentally induced 
by bleomycin. It is known that under the effect of bleo-
mycin, oxidative stress develops in the lungs, which 
plays a relevant role in damaging the lung tissue due to 
its toxic impact and activation of NADP-oxidase (Jun 
et al, 2011). In its turn, it causes infl ammatory reac-
tions and the development of pulmonary fi brosis (Bale 
et al, 2016). 
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The application of stem cells may decrease the oxi-
dative stress related to the infl ammation, and thus di-
minish the development of pulmonary fi brosis (Hecker 
et al, 2009; He et al, 2011; Murthy et al, 2009; Hecker 
et al, 2012; Osborn-Heaford et al, 2012). These argu-
ments may have decisive consequences for further de-
velopment of regenerative treatment methods with the 
application of stem cells as an alternative to the con-
ventional protocols of treatment in order to reduce in-
fl ammatory and fi brous processes in the lungs.

CONCLUSIONS

The application of mesenchymal stem cells to elimi-
nate structural changes in the lungs under the experi-
mentally induced fi brosis in laboratory animals (rats) 
resulted in effective restoration of the morphofunction-
al state of the pathologically changed lung tissue: on 
day 45 after the transplantation of allogeneic MSC into 
the thoracic cavity, the animals of the fi rst experimental 
group had almost complete (up to 90 %) restoration of 
the lung tissue structure, and thus the normalization of 
laboratory testing indices to the physiological param-
eters for this species.

After the intravenous administration of stem cells, 
the animals had 70–80 % restored structure of the lung 
tissue; there were rare fi brous areas of insignifi cant 
sizes which was accompanied by the normalization of 
hematologic indices. 

In the animals of the third experimental group, 
against the background of the normalization of labo-
ratory testing indices, namely, a decrease in the num-
ber of erythrocytes down to 7.62 ± 0.11 t/l (Р < 0.001) 
and a decrease in the number of leukocytes – to 9.46 ± 
± 0.54 g/l (Р < 0.001), the histological structure of the 
lungs still had the occasional fi brosis areas and the al-
veolar walls were much thicker, the fi brosis areas de-
creased only by 20–30 %.

Further pre-clinical and clinical trials should give 
answers to the questions about the similarity between 
the pathogenesis of experimentally induced pulmonary 
fi brosis and its spontaneous form for the application 
of transplanted MSC in the treatment of spontaneous 
forms of pulmonary fi brosis and to fi nd out the differ-
ence in the treatment impact of pharmacological prepa-
rations and transplanted stem cells. 
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Мета. З’ясувати вплив трансплантованих алогенних ме-
зенхімальних стовбурових клітин (МСК) кісткового 
мозку на активність відновлення експериментально уш-
кодженої легеневої тканини у щурів із експерименталь-
ним фіброзом (легеневий фіброзу. Методи. В дослід-
женні використовували щурів-самиць породи Wistar. У
підготовчий період тривалістю 45 діб у тварин моде-
лювали легеневий фіброз шляхом одноразового транс-
торакального введення гідрохлориду блеоміцину. В кін-
ці підготовчого періоду у всіх тварин клінічно виявлені 
виражені симптоми легеневого фіброзу. Рандомізова-
но у 5 хворих тварин були відібрані зразки крові, 
бронхоальвеолярного лаважу та легеневої тканини для 
оцінки змін в організмі за легеневого фіброзу. Інших 
тварин розділяли на 4 дослідні групи по 5 голів у 
кожній. У вихідному стані тваринам першої дослідної 
групи вводили алогенні МСК у грудну порожнину, 
тваринам другої дослідної групи – алогенні МСК 
внутрішньовенно; тваринам третьої дослідної групи 
застосували медикаментозне лікування за традиційним 
методом, тваринам четвертої  дослідної групи (контроль) 
уводили внутріторакально плацебо без активних за-
собів. Окремо була п’ята дослідна група – інтактні 
(здорові) тварини. Стовбурові клітини для використан-
ні в дослідах отримували із зразків кісткового мозку 
великогомілкової, плечової або стегнової кістки від мо-
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лодих клінічно здорових щурів-донорів (Mazurkevych 
та ін, 2014). Впродовж дослідного періоду, який тривав 
також 45 діб, контролювали зміни в організмі тварин 
всіх дослідних груп за показниками клінічного огляду. 
В кінці дослідного періоду тварин виводили із досліду, 
відбирали зразки крові, бронхоальвеолярний лаваж та 
легеневої тканини для лабораторних аналізів. Аналіз 
бронхоальвеолярного лаважу включав мікроскопічне до-
слідження отриманої рідини для визначення клітинного 
складу. Гематологічний аналіз включав встановлення 
кількості еритроцитів і загальної кількості лейкоцитів. 
Гістологічними дослідженнями зразків легеневої тка-
нини передбачалось мікроскопічне дослідження гісто-
структури легеневої тканини. Результати. Після засто-
сування запропонованих методів лікування на 45 добу 
експерименту було встановлено, що трансплантовані 
алогенні МСК сприяють підвищенню активності від-
новлення патологічно зміненої паренхіми легень. Ефек-
тивність цього процесу залежить від способу засто-
сування МСК. Так, у тварин  першої дослідної групи 
на 45-й день експерименту зникли симптоми, такі як 
кашель і гіпоксія. Достовірно знизилися показники кіль-
кості еритроцитів до 7,18 ± 0,05 Т/л (Р < 0,001) та 
загальної кількості лейкоцитів 10,6 ± 0,92 Г/л (Р < 0,05).  
Гістологічна структура легеневої тканини повністю від-
новилась, до 90 % порівняно контрольної групи. У 
тварин другої дослідної групи відмічали достовірне 
зменшення загальної кількості лейкоцитів до 11,32 ± 
± 0,48 Г/л (Р < 0,01) та кількості еритроцитів до 6,87 ± 
± 0,18 Т/л (Р < 0,001). Гістологічно підтверджено, що 
активність  регенеративних процесів була меншою до 70–
80 %, ніж у тварин першої групи;  виявлялись поодинокі 
фіброзні поля, але вони були набагато менших розмірів, 
ніж у тварин у групі за медикаментозного лікування. 
У тварин третьої дослідної групи, незважаючи на нор-
малізацію показників лабораторних досліджень, а саме 
зниження кількості еритроцитів до 7,62 ± 0,11 Т/л (Р <
< 0,001) та зменшення кількості лейкоцитів 9,46 ±
± 0,54 Г/л (Р < 0,001), гістологічна структура легень 
залишалась із острівками фіброзу та стінки альвеол 
були виразно потовщені, фіброзні ділянки зменшилися 
лише на 20–30 %. Висновки. Отримані нами результати 
демонструють, що застосування мезенхімальних стов-
бурових клітин виявилося кращим методом клітинної 
терапії для відновлення патологічно зміненої легеневої 
тканини у щурів з експериментальним легеневим фі-
брозом порівняно з медикаментозним лікуванням. Ліку-
вання тварин медикаментозним методом упродовж 45 
днів експерименту призвело до нормалізації клінічних 
показників і лабораторних досліджень, але не при-
звело до повного відновлення структури пошкодженої 
легеневої тканини. Ці результати свідчать про переваги 
використання алогенних мезенхімальних стовбурових 
клітин у терапії легеневого фіброзу та можуть вказува-
ти на їхній потенціал для подальшого дослідження та 
використання у клінічній практиці.

Ключові слова: щурі, легені, фіброз, регенеративна те-
рапія, стовбурові клітини, еритроцити, лейкоцити, брон-
хоальвеолярний лаваж.

REFERENCES
Adamson I, Young L, Bowden D (1998) Relationship of 

alveolar epithelial injury and repair to the induction of 
pulmonary fi brosis. Am J Pathol 130:377–383. 

Agu R, Ugwoke M, Armand M, Kinget R, Verbeke N (2001) 
The lung as a route for systemic delivery of therapeutic 
proteins and peptides. Respir Res 2(4):198–209. https://
doi.org/10.1186/rr58. 

Bagnato G, Harari S (2015) Cellular interactions in the
pathogenesis of interstitial lung diseases. Eur Respir
Rev 24(135):102–114. https://doi.org/10.1183/09059180.
00003214. 

Bale S, Sunkoju M, Reddy S et al (2016) Oropharyngeal 
aspiration of bleomycin: an alternative experimental 
model of pulmonary fi brosis developed in Swiss 
mice. Indian J Pharmacol 48(6):643–648. https://doi.
org/10.4103/0253-7613.194859. 

Boiko D, Boiko H, Boiko OA (2013) Metod modelyuvannya 
fi brozu legen u shchuriv. [Method of modeling lung 
fi brosis in rats]. Patent 79901: A61D 99/00, G09B 23/00 
(in Ukrainian).

Bolourani S, Brenner M, Wang P (2021) The interplay of 
DAMPs, TLR4, and proinfl ammatory cytokines in pul-
monary fi brosis. J Mol Med 99:1373–1384. https://doi.
org/10.1007/s00109-021-02113-y.

Choi M, Ban T, Rhim T (2014) Therapeutic use of stem cell 
transplantation for cell replacement or cytoprotective 
effect of microvesicle released from mesenchymal stem 
cell. Mol Cells 37(2):133–139. https://doi.org/10.14348/
molcells.2014.2317.

Deng J, Zou Z, Zhou T et al (2011) Bone marrow 
mesenchymal stem cells can be mobilized into peripheral 
blood by G-CSF in vivo and integrate into traumatically 
injured cerebral tissue. Neurological Sciences 32(4):641–
651. https://doi.org/10.1007/s10072-011-0608-2. 

Desai O, Winkler J, Minasyan M, Herzog E (2018) The 
role of immune and infl ammatory cells in idiopathic 
pulmonary fi brosis. Front Med 20(5):2296-858X. https://
doi.org/10.3389/fmed.2018.00043.  

 Directives of the European Union 2010/63/EU URL:
https://eur-lex.europa.eu/legal-content/EN/TXT/?
uri=celex:32010L0063 (date of application: 02.12.2022).

Fischer U, Harting M, Jimenez et al (2019) Pulmonary 
passage is a major obstacle for intravenous stem cell 
delivery: The pulmonary fi rst-pass effect. Stem Cells Dev 
18(5):683–691. https://doi.org/10.1089/scd.2008.0253.

Fois A, Paliogianni P, Sotgia , et al (2018) Evaluation of 
oxidative stress biomarkers in idiopathic pulmonary fi brosis 
and therapeutic applications: a systematic review. Respir 
Res 19:51. https://doi.org/10.1186/s12931-018-0754-7.

Glassberg M, Minkiewicz J, Toonkel R et al (2017) Alloge-
neic human mesenchymal stem cells in patients with 



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 10   No. 1   202322

MAZURKEVYCH et al.

idiopathic pulmonary fi brosis via intravenous delivery 
(AETHER): a phase I safety clinical trial. Chest 151(5):
971–981. https://doi.org/10.1016/j.chest.2016.10.061. 

Harting M, Jimenez F, Xue et al (2019) Intravenous me-
senchymal stem cell therapy for traumatic brain injury: 
Laboratory investigation. J Neurosurg 110(6):1189–
1197. https://doi.org/10.3171/2008.9.JNS08158.

He C, Murthy S, McCormick M et al (2011) Mitochondrial 
Cu, Zn-superoxide dismutase mediates pulmonary fi b-
rosis by augmenting H2O2 generation. J Biol Chem 286
(17):15597–15607. https://doi.org/10.1074/jbc.m110.18
7377.

Hecker L, Cheng J, Thannickal V (2012) Targeting NOX 
enzymes in pulmonary fi brosis. Cell Mol Life Sci 
69(14):2365–2371. https://doi.org/10.1007/s00018-012-
1012-7.  

Hecker L, Vittal R, Jones T et al (2009) NADPH oxidase-4 
mediates myofi broblast activation and fi brogenic 
responses to lung injury. Nat Med 15(9):1077–1081. 
https://doi.org/10.1038/nm.2005.

Hu W, Yang J, XueJ, et al (2023) Secretome of hESC-
Derived MSC-like immune and matrix regulatory cells 
mitigate pulmonary fi brosis through antioxidant and anti-
infl ammatory effects. Biomedicines 11(2):463. https://
doi.org/10.3390/biomedicines11020463.

Jun D, Garat C, West J et al (2011) The pathology of 
bleomycin-induced fi brosis is associated with loss of 
resident lung mesenchymal stem cells that regulate 
effector T-cell proliferation. Stem Cells 29(4):725–735. 
https://doi.org/10.1002/stem.604. 

Kovpak V, Mazurkevych A, Kharkovych Y (2020) 
Biolohichni vlastyvosti stovburovykh kletyn ta yikh 
zastosuvannia za tsukrovoho diabetu u tvaryn. [Biological 
properties of stem cells and their application for diabetes 
mellitus in animals]. Kyiv: NUBiP Ukrain. 62–70 p (in 
Ukrainian).

Lee J, Fang X, Gupta N, Serikov V, Matthay M (2009) 
Allogeneic human mesenchymal stem cells for treatment 
of E. coli endotoxin-induced acute lung injury in the ex 
vivo perfused human lung. PNS 106(38):16357–16362. 
https://doi.org/10.1073/pnas.0907996106. 

Li X, Yue S, Luo Z (2017) Mesenchymal stem cells in 
idiopathic pulmonary fi brosis. Oncotarget 8(60):102600–
102616. https://doi.org/10.18632/oncotarget.18126.

Mazurkevich A, Kladnytska L, Kolpak V (2013) Optimalni 
umovi vidilennya ta kultivuvannya adhezyvnoyi fraktsii. 
[Optimal conditions of isolation and cultivation of 
fraction adhesion of mononuclear bone marrow cells of 
mouse]. Vet med 9(33):142–145.

Mezey Е (2022) Human Mesenchymal Stem/Stromal Cells in 
Immune Regulation and Therapy. Stem Cells Transl Med 
11(2):114–134. https://doi.org/10.1093/stcltm/szab020. 

Mitra S, Banerjee E (2023) Pre-differentiation of KIND1 
human embryonic stem cell line into type I alveolar 
epithelial cells alleviates symptoms of idiopathic pul-

monary fi brosis in mice. Proc Zool Soc 1.15(2):73–90. 
https://doi.org/10.1007/s12595-023-00469-2.

Morrow L, Hilleman D, Malesker M (2022) Management 
of patients with fi brosing interstitial lung diseases. 
Am J Health-Syst Pharm 79(3:129-–139. https://doi.
org/10.1093/ajhp/zxab375.

Murthy S, Adamcakova-Dodd A, Perry S et al (2009) 
Modulation of reactive oxygen species by Rac1 or catalase 
prevents asbestos-induced pulmonary fi brosis. Am J 
Physiol Lung Cell Mol Physiol 297(5): L846–L855. 
https://doi.org/10.1152/ajplung.9059.2008.

Ortiz L, Gambelli F, McBride C et al (2003) Mesenchymal 
stem cell engraftment in lung is enhanced in response to 
bleomycin exposure and ameliorates its fi brotic effects. 
Proc Natl Acad Sci 100(14):8407–8411. https://doi.
org/10.1073/pnas.1432929100.  

Osborn-Heaford H, Ryan A, Murthy S et al (2012) 
Mitochondrial Rac1 GTPase import and electron transfer 
from cytochrome c are required for pulmonary fi brosis. J 
Biol Chem 287(5):3301–3312. https://doi.org/10.1074/
jbc.m111.308387.  

Patent 79901, Metod modelyuvannya fi brozu legen u 
shchuriv. Boiko D, Boiko H, Boiko O, A61D 99/00, 
G09B 23/00, 13.05.2013, 7. [Method of modeling lung 
fi brosis in rats] (in Ukrainian). 

Plumb D (200 8) Plumb’s Veterinary Drug Handbook. Sixth 
Edition. Blackwell Publ 2008., Stockm, P. 1120 p. 

Prockop D, Oh J (2012) Mesenchymal stem/stromal cells 
(MSCs): role as guardians of infl ammation. Mol Ther 
20(1):14–20. https://doi.org/10.1038/mt.2011.211. 

Qin L, Liu N, Bao C et al (2023) Mesenchymal stem cells 
in fi brotic diseases – the two sides of the same coin. Acta 
Pharmacol Sin 44:268–287. https://doi.org/10.1038/
s41401-022-00952-0. 

Raghu G, Collard H, Egan J et al rosis: An offi cial ATS/
ERS/JRS/ALAT statement: idiopathic pulmonary fi bro-
sis: evidence-based guidelines for diagnosis and mana-
gement. Am J Respir Crit Cre Med. 183(6):788–82 4. 
https://doi.org/10.1164/rccm.200-040GL.

Raghu G, Remy-Ja, Myers Riheldi LJal (2022) Idiopathic 
Pulmonary Fibrosis (an Update) and Progressive Pulmonary 
Fibrosis in Adults: An Offi cial ATS/ERS/JRS/ALAT Clinical 
Practice Guuideline. Am J Respir Crit are Med. 205(9):e18–
e47. https://doi.org/10.1164/rccm.202202-0399ST.

Reinero C (2019) Interstitial lung diseases in dogs and 
cats, part II: known cause and other discrete forms. Vet  
243:55–64. https://doi.org/10.1016/j.tvjl.2018.11.011.

Rustad K, Gurtner G (2012) Mesenchymal Stem Cells 
Home to Sites of Injury and Infl ammation. Advan 
Wound Care 1(4):147–152. https://doi.org/10.1089/wound.
2011.0314.  

Serrano M, Bobillo J, Oriol A (2022) Interstitial lung disea-
ses. Med, 13(64):3759–3768. https://doi.org/10.1016/j.
med.2022.09.010.

Shoyaib A, Archie S, Karamyan V (2020) Intraperitoneal 



AGRICULTURAL SCIENCE AND PRACTICE   Vol. 10   No. 1   2023 23

RESTORATION OF THE MORPHOFUNCTIONAL STATE OF RATS LUNGS WITH EXPERIMENTAL FIBROSIS  

route of drug administration: should it be used in 
experimental animal studies? Phar Res 37(1):12. https://
doi.org/10.1007/s11095-019-2745-x.

Srour N, Thébaud B (2015) Mesenchymal stromal cells 
in animal bleomycin pulmonary fi brosis models: a 
systematic review. Stem Cells Transl Med 4(12):1500–
1510. https://doi.org/10.5966/sctm.2015-0121.

Stavely R, Nurgali K (2020) The emerging antioxidant 
paradigm of mesenchymal stem cell therapy. Stem Cells 
Transl Med 9(9):985–1006. https://doi.org/10.1002/sctm.
19-0446. 

Surtaieva Y, Mazurkevich A, Bokotko R (2022) Effects 
of transplanted mesenchymal stem cells on repair of 
the lung tissue of rats with experimental pulmonary 
fi brosis. Reg Mec in Bios 13(3):308–316 https://doi.
org/10.15421/022240.

Surtaieva Y, Mazurkevych A (2022) To the pathogenesis 
of experimental lung fi brosis in animals (clinical and 
hematological research). Bull Poltava State Agrar of
PDAA (3):144–149. https://doi.org/10.31210/visnyk2022.
03.19 (in Ukrainian). 

Tanabe N, McDonough J, Vasilescu D et al (2020) Pathology 
of Idiopathic Pulmonary Fibrosis Assessed by a Com-
bination of Microcomputed Tomography, Histology, 
and Immunohistochemistry. Am J of Pat 190(12):2427–
2435. https://doi.org/10.1016/j.ajpath.2020.09.001.  

Tanabe N, McDonough J, Vasilescu D, Ikezoe K, Verleden 
S, Xu F, et al (2020) Pathology of Idiopathic Pulmonary 
Fibrosis Assessed by a Combination of Microcomputed 
Tomography, Histology, and Immunohistochemistry.
Am J Path 190(12):2427–2435. https://doi.org/10.1016/j.
ajpath.2020.09.001. 

Tzouvelekis A, Toonkel R, Karampitsakos T, Medapalli K, 
Ninou I, Adinis V, et al (2018) Mesenchymal stem cells 
for the treatment of idiopathic pulmonary fi brosis. Fron 
Med 5:142. https://doi.org/10.3389/fmed.2018.00142.

Wang Z, Zhang X, Kang Y et al (2013) Stem cell therapy 
for idiopathic pulmonary fi brosis: How far are we from 
the bench to the bedside? J Biomed Sci Eng 6(8):24–31. 
https://doi.org/10.4236/jbise.2013.68A2004. 

Wong S, Tamatam C, Cho I (2021) Inhibition of aberrant tis-
sue remodelling by mesenchymal stromal cells sing-
ly coated with soft gels presenting defi ned chemome-
chanical cues. Nat Biomed Eng6(1):54–66. https://doi.
org/10.1038/s41551-021-00740-x. 

Xia C, Dai Z, Jin Y, Chen P (2021) Emerging antioxidant 
paradigm of mesenchymal stem cell-derived exosome 
therapy. Front Endocrinol 12:727272. https://doi.org/10.
3389/fendo.2021.727272.  

Yount S, Beaumont J, Chen S, Kaiser K, Wortman K, Van 
Brunt D, Swigris J, Cella D (2016) Health-related quality 
of life in patients with idiopathic pulmonary fi brosis. 
Lung 19(2):227–234. https://doi.org/10.1007/s00408-
016-9850-y.

Zhao F, Zhang Y, Liu Y, Zhou J, Li Z, Wu C, Qi H (2008) 
Therapeutic effects of bone marrow-derived mesenchymal 
stem cells engraftment on bleomycin-induced lung injury 
in rats. Transplant Proc 40(5):1700–1705. https://doi.
org/10.1016/j.transproceed.2008.01.080. 

Zhao Y, Yan Z, Liu Y, Zhang Y, Shi J, i J, Ji, F (2021) Effectivity 
of mesenchymal stem cells for bleomycin-induced 
pulmonary fi brosis: a systematic review and implication 
for clinical application. Stem Cell Res and Ther 12:470. 
https://doi.org/10.1186/s13287-021-02551-y.


