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Abstract We hypothesized that bone marrow-derived mes-
enchymal stem cells (BM-MSCs) would have a possible
role in the treatment of acute respiratory distress syndrome
(ARDS). ARDS disease model was developed in Wistar
albino male rats by intratracheal instillation of physiological
saline solution. Anesthezied and tracheotomized rats (n08)

with ARDS were pressure-controlled ventilated. Isolated
and characterized rat (r-) BM-MSCs were labeled with
GFP gene, and introduced in the lungs of the ARDS rat-
model. After applying of MSCs, the life span of each rat was
recorded. When rats died, their lung tissues were removed
for histopathological examination. Also the tissue sections
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were analyzed for GFP labeled rBM-MSCs and stained for
vimentin, CK19, proinflammatory (MPO, IL-1β, IL-6 and
MIP-2) and anti-inflammatory [IL-1ra and prostaglandin E2
receptor (EP3)] cytokines. The histopathological signs of
rat-model ARDS were similar to the acute phase of ARDS
in humans. rBM-MSCs were observed to home in lung
paranchyma. Although the infiltration of neutrophils slightly
decreased in the interalveolar, peribronchial and perivascu-
lar area, a notable improvement was determined in the
degree of hemorrhage, edema and hyaline membrane for-
mation in rats treated with rBM-MSCs. Also decreased
proinflammatory cytokines levels and increased the intensi-
ty of anti-inflammatory cytokines were established. There-
fore MSCs could promote alveoar epithelial repair by
mediating of cytokines from a proinflammatory to an anti-
inflammatory response. As a novel therapeutic approach,
mesenchymal stem cell treatment with intratracheal injec-
tion could be helpful in the management of critically ill
patients with ARDS.
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Introduction

The acute respiratory distress syndrome (ARDS) is charac-
terized by diffuse inflammation of the lung’s alveolar-
capillary membrane in response to various pulmonary and
extrapulmonary insults [1]. Pulmonary injury is occured by
directly gastric aspiration, pneumonia, inhalational injury,
pulmonary contusion or indirectly sepsis, trauma, pancrea-
titis, multiple transfusions of blood products mechanisms
[2]. The pathologic features of ARDS, infiltration of poly-
morphonuclear neutrophil leukocytes (PMNL) into the lung
alveoli, interstitial/intraalveolar edema, perivascular and/or
intraalveolar hemorrhage and hyaline membrane (HM) for-
mation are consistent with the effects of the complex inter-
action of inflammatory mediators on alveolar epithelial and
capillary endothelial cells [3].

A recent systematic review suggests that the mortality for
ARDS is ranging from 36 to 44 %. The current treatment
modalities and new therapeutic approaches primarily fo-
cused on the resolution of pathologic features in ARDS.
These treatments include glucocorticoids, surfactants, in-
haled nitric oxide, antioxidants, protease inhibitors, and a
variety of other antiinflammatory treatments. Unfortunately,
to date none of these pharmacologic treatments has proven
to be effective [4–7]. Recent experimental studies have
demonstrated that rat bone marrow-derived mesenchymal
stem cells (rBM-MSC) have the ability to participate in the
repair of lung injury [8]. Mesenchymal stem cells, also

called multi-potent mesenchymal stromal cells, can be iso-
lated from a variety of human tissues including the bone
marrow, adipose tissue and placenta. BM-MSCs are adult
stem cells that are capable of differentiating into mesenchy-
mal lineages including chondroblasts, osteoblasts, adipo-
cytes, fibroblasts, and myofibroblasts [9]. BM-MSCs have
been detected as type I and type II in alveolar epithelial
cells, endothelial cells, fibroblasts, and bronchial epithelial
cells [10]. Mesenchymal stem cells must express certain cell
surface markers such as CD73, CD90, and CD105, but not
express other markers including CD45, CD34, CD14, or
CD11b [11].

In this study, we examined the effects of intratracheal
delivery of rat bone marrow-derived MSCs on histology and
lung inflammation in a rat model of ARDS with induced by
intratracheal instillation of saline solution. We hypothesized
that the administration of BM-MSCs might have beneficial
functional effects related to the immunomodulatory proper-
ties of mesenchymal stem cells. Histological injury scores
and proinflammatory cytokines included interleukin 6 (IL-
6), macrophage inflammatory protein (MIP-2), MPO, IL-1β
and antiinflammatory cytokines included IL-1ra and EP3, a
prostoglandin E2 receptör, activity in lung homogenates
were evaluated. The intratracheally route of administration
was used to maximize the efficiency of delivery of rBM-
MSC to the damaged lung tissue. The present results indi-
cated that intrapulmonary treatment with MSC conferred a
functional advantage in the rat model of ARDS, and the
protective mechanism might be primarily mediated by anti-
inflammatory effects.

Material and Methods

Animals

Wistar albino male rats, weighing 250–300 g, were obtained
from the Experimental Animal Research Center, Cukurova
University Medical Faculty. The animals were kept in a tem-
perature (21±2 °C) and humidity (60±5 %) controlled room
in which a 12–12 h light–dark cycle was maintained. Animals
were fed a standard rat chow diet, had access to water ad
libitum, and were synchronized by the maintenance of con-
trolled environmental conditions (light, temperature, feeding
time, etc.). The experiments were performed in accordance
with the guidelines for Animal Research from the National
Institute of Health and were approved by the Committee on
Animal Research at Cukurova University, Turkey.

Isolation and Culture of Mesenchymal Stem Cells

BM-MSC were generated from both femurs and tibiae of
sacrificed rats under anesthesia. A 21-gauge needle inserted
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into the shaft of the bone and marrow was extruded by flush-
ing with Dulbecco’s modified Eagle’s medium, DMEM (Bio-
chrom, Berlin, Germany), supplemented with 10 % fetal
bovine serum (GIBCO, Life Technologies, Paisley, UK), as
well as 100 IU/ml penicilin and 100 μg/ml streptomycin
(GIBCO, Life Technologies). The marrow suspension was
dispersed by pipetting, successively filtered with a 70-μm
mesh nylon filter (BD Biosciences, Bedford, MA, USA),
and centrifuged at 200×g for 10 min. The supernatant con-
taining thrombocytes and erythrocytes was removed, and the
cell pellet was resuspended in the medium. The cells from one
rat were seeded onto two 25-cm2 plastic tissue culture flasks
(BD Biosciences) and incubated at 37 °C in a humidified
atmosphere containing 5 % CO2 for 3 days.

The mesenchymal stem cells were isolated on the basis of
their ability to adhere to the culture plates. On the third day,
red blood cells and other non-adherent cells were removed
and fresh medium was added to allow further growth. The
adherent cells were grown to 70 % confluency and were
defined as passage zero (P0) cells. The P0 MSCs were
washed with Ca2+–Mg2+ free phosphate-buffered saline
(PBS) (GIBCO, Life Technologies) and detached by incu-
bating with 0.25 % trypsin-EDTA solution (GIBCO, Life
Technologies) for 5–10 min at 37 °C. Complete medium
was added to inactivate the trypsin. The cells were centri-
fuged at 200×g for 10 min, resuspended in 1 ml complete
medium, counted manually in duplicate using a Thoma
chamber, then plated as P1 in 75-cm2 flasks (BD Bioscien-
ces) at a density of 1×106 cells/flask. Complete medium
was replaced every third day over a 10–14-day period. For
each passage, the cells were plated similarly and grown to
70 % confluency.

Flow Cytometry

Undifferentiated rBM-MSCs were subjected to flow cytom-
etry analysis. After 3rd passage (P3), stem cells were har-
vested. Flow cytometry was performed using a
FACSCalibur (BD Biosciences, San Jose, CA). Immuno-
phenotyping of rBMDMSCs was performed with antibodies
against rat antigens CD29, CD45 and CD90 (BD Bioscien-
ces, San Diego, USA).

GFP Labeling of rBM-MSCs

The plasmid was supplied from Clontech (Palo Alto, CA),
amplified in E.coli strain XL-1 and purified by endotoxin
free plasmid isolation kit (Qiagen Endofree Plasmid Maxi
kit, Hilden, Germany). On plasmid GFP coding gene was
inserted downstream of the CMV (murine leukaemia virus)
constitutive promoter.

The plasmid was transfected by Neon Transfection Sys-
tem (Invitrogen/Life Technologies). 2×105 cells were mixed

with 1 μg plasmid DNA in 10 μl transfer buffer. Following
transfection parameters were used: 990 V, 40 ms, 2 pulse. The
transformed cells were cultured in DMEM-medium supplied
with 10 % FBS. After 48 h, the cells were selected according
to their resistance toward G418 (400μg/ml) for 6 weeks. After
that the cells were observed for their GFP stability by contin-
uous culturing for 4 passages, and the number of GFP+ cells
was counted in flow cytometer. The integration of GFP gene
into genome was checked by Real-Time PCR, and copy
number of GFP in genome was determined.

In Vivo Experimental Design and Cell Transplantation

Rats were anesthezied with 1.25 mg/kg body weight xylazine
(Rompum, Bayer, Brazil, 2 % solution) and 80 mg/kg body
weight ketamine (Ketalar, Pfizer, Luleburgaz, Turkey, 50 mg/
ml) intraperitoneally and instrumented in a manner previously
described by German and Häfner et al. [12, 13]. A catheter was
placed into one carotid artery for blood gas parameters, partial
arterial oxygen pressure (PaO2) and partial arterial carbon
dioxide pressure (PaCO2). A tracheostomy was performed,
and the trachea was canullated with polyethylene tubing, ID
1.5 mm. They were pressure-controlled ventilated (Evita 4
Neoflow, Dräger, Germany) with 100% oxygen at a respiratory
rate of 30 breaths/min, inspiration–expiration ratio of 1:2, peak
inspiratory pressure of 15 cmH2O at positive end-expiratory
pressure (PEEP) of 2 cmH2O. At the starting of the experiment,
PaO2 and PaCO2 were evaluated under the described ventila-
tory settings. Before lavage, the peak inspiration pressure (PIP)
was raised to 28 cmH2O and PEEP to 8cmH2O. Rat lung
parenchyma lavage was applied with 5×6 ml of physiological
saline solution per animal every half an hour through 210 min
(10,11). The ventilation setting was not changed during the
whole experimental period. After the development of the dis-
ease model, the animals were rested for 2 h more at room
temperature while they were still connected to ventilator. All
rats with ARDS were assigned to two groups: Group 1 (n010)
control group: Given no treatment, group 2 (n08): rBM-MSCs
group. 750,000 cells in 0.2 ml of DMEM (without phenol red,
FBS, or any antibiotics) were transplanted intratracheally. Rats
were kept on the ventilator as long as they survived and the life
span of each rat was recorded.When they died, their both lungs
were excised and examined histopathologically.

Light Microscopic Examination

Lung tissues were fixed in 10 % neutral buffered formalin and
embedded in paraffin. Sections of tissue were cut at 5 μm,
mounted on slides, stained with hematoxylin-eosin (H-E). The
sections were examined by Olympus conventional CX21 light
microscope. Grading was performed with respect to the se-
verity of the histopathological features as grade 0 (clear lung
paranchyma), grade 1 (25 % of lung paranchyma), grade 2
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(50 % of lung paranchyma), grade 3 (75 % of lung para-
nchyma) and grade 4 (100 % of lung paranchyma) [12]:
Hyaline membrane (HM) formation, margination and infiltra-
tion of polymorphonuclear neutrophil leukocytes (PMNL)
into the lung alveoli, interstitial/intraalveolar edema and peri-
vascular and/or intraalveolar hemorrhage. Slides were coded
and evaluated without any knowledge of the sacrifice time.

Immunohistochemical Examination

To localize the GFP labeled rBM-MSCs after injection, immu-
nofluorescence double staining protocol was performed on the
paraffin-embedded tissues. Slides were deparaffinized with two
changes of xylene for 5 min each and rehydrated in a series of
graded alcohol solutions. Endogenous peroxidases were
inhibited by incubation with fresh 3 % H2O2 in PBS buffer.
The sections were then treated with a trypsin solution in a moist
chamber at 37 °C for 10min.DNAwas denatured by incubation
with the denaturing solution. Nonspecific staining was blocked
withthemixtureof twodifferentseraat1.5%inPBSfor30minat
room temperature (RT).Afterwards, the sectionswere incubated
in amixture of two primary antibodies in a pairwise fashion. For
the immunostaining, the following antibodies were supplied
from Santa Cruz Biotechnology (Heidelberg, Germany): GFP
(sc-9996), Vimentin (sc-7557), CK19 (sc-33119), EP3 (sc-
16019), MPO (sc-34161), IL1ra (sc-25444), IL1b (sc-23460),
IL6 (sc-1265) andMIP2 (sc-1388). After 2 h of incubation with
antibody mixture at RT, the sections were later incubated with
appropriate secondary antibodies for 30 min at RT and were
mounted with mounting medium containing DAPI (Santa Cruz
Biotechnology). The cells were investigated under fluoresans
microscope (Leica DMI 4000B, Wetzlar, Germany). The num-
ber of positive cells in sampleswere determined by counting the
stained cells per area (294 mm2 each) in 5 randomly selected
sections on slide and normalized to total area.

Electron Microscopic Examination

The tissues of 1 mm3 thickness were immediately placed in
5 % glutaraldehyde buffered at pH 7.4 with Millonig phos-
phate buffer for 4 h. Samples were subsequently fixed in
1 % osmic acid for 2 h. After dehydration in acetone, they
were embedded in araldite. Ultrathin sections were stained
with uranyl acetate and lead citrate and were examined in a
Jeol JEM 1400 electron microscope.

Statistical Analysis

A computer program (SPSS 11.0) was used for statistical
analysis. Histopathological grading were expressed as
means ± standard deviation (SD). While differences among
the groups were detected, group means were compared with
the using of the Mann–WhitneyU-test. The statistical analysis

of cells expressing proinflammatory cytokines was performed
using paired t-test. Differences between the experimental and
control groups were regarded as statistically significant when
p<0.05 and highly significant when p<0.01.

Results

Culture of rBM-MSC

MSCs attached to the culture flasks sparsely and displayed a
fibroblast-like, spindle-shaped morphology during the initial
days of incubation. Following 3–4 days of incubation, prolif-
eration started and the cells gradually grew into small colonies
(Fig. 1a). During culture, adjacent colonies interconnected
with each other, and a monolayer confluence was obtained
after 12–15 days of incubation. In later passages, MSCs
exhibited large, flattened or fibroblast-like morphology
(Fig. 1b–d) and did not change throughout 25 passages. Tests
for bacterial and mycoplasm contamination were negative and
the viability was higher than 95 %. rBM-MSCs expressed
CD29, CD54 and CD90, but not CD45, CD106 (Fig. 1e)
and maintained their phenotype in the following passages.

Functionality Tests

At the beginning of the experiment, the mean blood PaO2 and
PaCO2 levels were 350.34±75.69 and 52.16±5.89 mmHg
before lavage, respectively. Directly after lavage (210 min
after lavage), PaO2 decreased to 57.55±12.10 mmHg and
PaCO2 increased to 73.27±5.60 mmHg (Table 1).

Histological Examination

In light microscopic examination, control group had similar
histopathological variables as infiltration of polymorphonu-
clear neutrophil leukocytes, interstitial/intraalveolar edema,
perivascular and/or intraalveolar hemorrhage and hyaline
membrane formation which is occuring during the acute
phase of ARDS in humans (Fig. 2, control group). Electron
microscope (EM) examination depicted thick basal lamina
and increased intracytoplasmic vacualization of type II
pneumocyte (Fig. 3). The grading of histopathological var-
iables, median and means ± standard deviation (SD) values
were presented in Table 2.

The life spans of rats were 3, 4, 5, 12 and 24 h in 2, 2,
one, one and 2 rats, respectively in rBM-MSCs group.
Histopathologic examinations showed that rBM-MSCs-
treated rats had significantly less injury compared with
control group. Although the mean severity of infiltration
of PMNL in rats received rBM-MSCs was lower than that
of control group, we did not found significant difference
between control and rBM-MSCs group according to the
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infiltration of PMNL (p00.766). Rats injected with
rBM-MSCs also had a significant improvement in the
degree of hemorrhage and edema as assessed by the
grading of lung injury. The mean severity of interstitial/
intraalveolar edema (1.5±0.8) decreased in cell treated
rats statistically. There was a significant difference in rats
with rBM-MSCs according to the interstitial/intra-alveolar
edema (p<0.001). The disappearing of hemorrhage was
noticed in MSCs group. The perivascular and/or intra-
alveolar hemorrhage were not detected in this group

(p<0.001). In addition, the mean severity of hyaline mem-
brane formation was decreased from 3.1±0.7 to 2.0±0.9 in
group 2 (Table 2). After administration of rBM-MSCs, we
found a noticable difference between control and mesenchy-
mal stem cell injected group for decreasing of HM (p00.002)
(Fig. 2, rBM-MSCs group).

Detection of GFP+ Cells in Lung Parenchyma

In the delivery of stem cells, the intratracheal route was of
choice due to the lung’s unique accessibility via the airways.
This method provided piovital advantage of local adminis-
tration, enhancing the number of cells that reach the target
site. Tissues were subsequently screened for the presence of
GFP+ MSCs focusing on the homing and differentiation
events by immunohistochemistry. MSCs expressing GFP
were seen scattered through the lungs of all rats treated with
MSCs, and the cells were discovered in interalveolar, peri-
bronchial and perivascular area (Fig. 4, upper). Additionaly
the localization of rBM-MSCs of different rats was seen in

Fig. 1 Morphological and phenotypic characteristics of rBM-MSCs.
The cells isolated from rat bone-marrow exhibited large, flat fibroblast-
like morphology during the onset of culture: a (P0)—7th day, b P1—
3rd day, c P2—4th day and d P3—5th day. A representative flow

cytometric analysis of cell-surface markers of rBM-MSCs at P3; e cells
were labeled with antibodies against hematopoietic (CD45) and MSC
markers (CD29, CD90). (Green line: histogram of isotype control
immunoglobulin)

Table 1 Arterial blood gas parameters of control group

Before beginning of the
experiment

210 min after lavage

PaO2/PaCO2 PaO2/PaCO2

Minimum 255.40/40.80 35.40/62.70

Maximum 515.80/59.60 71.20/78.90

Mean ±
SD

350.34±75.69/52.16±5.89 57.55±12.10/73.27±5.60
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the interalveolar septae (Fig. 4, middle). We also detected
GFP-expressing cells with epithelial morphology in the lung
of recipient animals, which are expressing CK19 (Fig. 4,
bottom).

Protective Effects of rBM-MSC In Vivo

Because of the discrepancy between the therapeutic benefit
and the low rate of MSC engraftment and accumulating

a
H&E, X100

H&E, X100 H&E, X200

H&E, X200
b

c d

d

a

Erythrocytes

Edema

c

b

Control Group

rBM-MSCs Group

Fig. 2 Light misroscopic
examination. Control Group
(H&E ×200): a Infiltration of
polymorphonuclear neutrophil
leukocytes into the lung alveoli.
b Interstitial and intraalveolar
edema. c Perivascular and/or
intraalveolar hemorrhage. d
Hyaline membrane formation.
rBM-MSCs Group: a, c (H&E
×100); b, d (H&E ×200),
showing histopathological signs
as prominently decreased inter-
stitial/intra-alveolar edema,
perivascular and/or intra-
alveolar hemorrhage and hya-
line membrane formation. In
contrast, the infiltration of
PMNL was slightly diminished
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evidence in the literature suggesting a paracrine activity of
MSCs, we explored the potential protective effect of rBM-
MSCs in in vivo assays. After rBM-MSC transplantation
into the tissue, the reduction in the immune response was
observed, assesed by the immunofluoresence staining. For
these purpose, the lung paraffin sections were analyzed for
the expression of anti-inflammatory (EP3, IL1ra) and

proinflammatory (ILβ1, IL-6, MIP-2, and MPO) cytokines.
The expression EP3 and IL1ra were significantly increased
in the tissue of MSCs injected group, whereas the same
expression in control group was weak. The level of these
membrane proteins was assessed by the staining intensity of
the MSCs. The immune regulation of rBM-MSC was not
limited with the expression of anti-inflammatory cytokines,

Fig. 3 Electron microscopic examination: in control group: a Granular
and fibrous dens stractures are seen in alvoalar space (black arrow).
Notice thick basal lamina on blood–air barrier area (white arrow) and
increased intracytoplasmic vacualization of type II pneumocyte (thick
white arrow). In rBM-MSCs study group: (b, c, d). b Electron dense
lameller bodies in alveolar space (black arrow). Short and thick mi-
crovilli (Mv) on the apical surface of type II pneumocyte, fibroblast
(Fb), type I capillary (CAP), increased lymphocytes (white arrows) and

edema (black arrow head) in the interalveolar septum are displayed. c
The normal structure of type I (black arrow) and type II pneumocyte
(white arrow). d Thick basal lamina (white arrow). Macrophage in the
alveolar space located nearby the alveolar wall (black arrow). Hyaline
membrane (HM), Alveolar space (A), Erytrocyte (E), Nucleus (N),
Granular Endoplasmic Reticulum (GER), Mitocondrium (M), Lyso-
some (Ly), Vesicule (V), Lipid droplets (L)

Table 2 Median, mean ± SD values and scores of histopatological signs in acute phase of ARDS

Groups Grading Median (range) Mean ± SD

0 (right/left) 1 (right/left) 2 (right/left) 3 (right/left) 4 (right/left) n

Control group

PMNL −/− −/− 2/1 6/7 2/2 10/10 3.0 3.0±0.6

Edema −/− −/− 0/1 8/4 2/5 10/10 3.0 3.3±0.5

Hemorrhage −/− −/− −/− 4/5 6/5 10/10 4.0 3.5±0.5

HM −/− −/− 2/3 5/3 3/4 10/10 3.0 3.1±0.7

Group 2

PMNL 0/0 1/0 2/0 4/6 1/2 8/8 3.0 2.9±0.7

Edema 1/2 1/1 5/5 1/0 0/0 8/8 2.0 1.5±0.8a

Hemorrhage 8/8 0/0 0/0 0/0 0/0 8/8 0.0 0.0±0.0a

HM 1/0 1/1 5/5 0/1 1/1 8/8 2.0 2.0±0.9b

a p<0.001 compared to control group
b p00.002 compared to control group
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but also the proinflammatory cytokines’ expression was also
suppressed by the activity of rBM-MSC. The reduction in
ILβ1, IL-6, MIP-2 and MPO expressions was analyzed by
counting the positive cells on the randomly selected sections
on paraffin sections. Increased cytokine levels in rats with

ARDS were significantly attenuated by MSCs administra-
tion (Fig. 5, a). The average ratios of proinflammatory
cytokines, IL-1β and IL-6, positive cells were increased
considerably in ARDS rat-models, 61.3 % and 31.3 % re-
spectively. After the administration of MSCs, those ratios
were significantly decreased in both left (26.3 % and 5.6 %,
respectively) and right (12.6 % and 6.6 %, respectively)
lungs. The production of MIP-2 and MPO was observed to
increase in the sections of rat-models without cell injection,
41.6 % and 78.6 % respectively. Those levels were reduced
after treatment with MSCs to 13.6 % & 15 % for left lungs
and 5 % & 10.6 % for right lungs, respectively (Fig. 5, b).

Discussion

ARDS is a clinically important complication of severe acute
lung injury (ALI) and a significant cause of morbidity and
mortality in critically ill patients. Previous studies indicated
that MSCs may be valuable as a new and investigational
therapy in the treating of acute lung injury [8–15]. Our aim
was to investigate the effects of MSCs in rat-model ARDS. In

Fig. 4 Upper: GFP labeled rBM-MSCs in rat lung tissue after trans-
plantation. Immunofluorescence of paraffin lung sections examined by
flouresans microscopy revealing colocalization of BM-MSCs (green)
and the MSCs marker vimentin (red) together with nuclear staining
(4′,6-diamidino-2-phenylindole [DAPI], blue). GFP+ MSCs (green)
were located in perivascular, peribronchial and interalveolar area (in-
dicated by arrows) (A4–C4). Those cells were also positive for MSC
marker, vimentin (red) (Scale Bars: 100 μm). Middle: Localization of
GFP + rBM-MSCs in lung tissue samples of different rats. GFP+ cells
(white arrows; green fluorescence) could be observed in the interal-
veolar septae (A2, B2, C2, A4, B4, C4). The labeled cells (white
arrows) could also be located in both peribronchial and perivascular
areas of the lung. (Scale bars: 100 μm). Bottom: Immunocytochemical
expression patterns for GFP (green) and CK19 (red) were colocalized
in the cytoplasm of epithelial cells (visualized as orange/yellow fluo-
rescence in merge panel). These GFP+ cells had not only acquired
proper epithelial morphology, but it also stained positive for specific
antigens such as CK19. In addition, specific GFP+ cells were observed
within bronchiolar epithelial cells (Scale bars: 100 μm)

R

a

b

Fig. 5 a: The expression of anti-inflammatory (EP3, IL-1ra) and
proinflammatory (IL-1β, IL-6, MIP-2, and MPO) cytokines in control
and MSCs transplanted lung parafin sections. The expression levels of
EP3 and IL1ra (membranous) were increased in the tissues of rBM-
MSCs group with respect to those of the control group. In contrast, the

expressions of proinflammatory cytokins, IL-1β, IL-6, MIP-2 and
MPO were reduced in rBM-MSCs group. b: The number of cells
expressing proinflammatory cytokines (IL6, MIP-2, MPO and IL-1β)
decreased in the group transferred with MSCs compared with control
group (*p<0.05, **p<0.01)
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our rat-model ARDS performed by instillation of saline solu-
tion into rat lungs, the severity of inflammatory responses
presented with the infiltration of polymorphonuclear neutro-
phil leukocytes (PMNL) into the lung alveoli, interstitial/intra-
alveolar edema, perivascular and/or intraalveolar hemorrhage
and hyaline membrane (HM) formation was similar to that of
human ARDS. We found two remakable findings related to
the beneficial effect of MSC delivered by intratracheally. One
important finding of our study was that the reduced intensity
of pathological findings was observed with histopathologic
examination.

The releasing of cytokines caused by neutrophils contrib-
utes to alveolar capillary endothelial injury resulted in the
leakage of fluid and macromolecules. Therefore increased
vascular permeability is the most important initial cause of
ALI/ARDS and related to the outcome [4, 16]. The infiltra-
tion of neutrophils into the lung alveoli was slightly de-
creased in rBM-MSC group compare with rats given any
treatment in our study. But we focused on rat-model of
ARDS that intratracheal administration of rBM-MSCs was
effective at reducing alveolar edema. Gupta et al. reported
that MSCs improved significantly alveolar edema and hem-
orrhage in mice with ALI [14]. Moreover, we found that
rBM-MSCs attenuated prominently perivascular and/or
intraalveolar hemorrhage. Xu et al. found that intravenous
administration of syngeneic MSC prevented endotoxin-
induced pulmonary inflammation, injury and edema as well
as the influx of neutrophils into the injured alveoli [17].
Another study showed that MSCs blocked the recruitment
of lymphocytes and neutrophils into the injured lung [10].
Although reduced alveolar edema and erythrocyte extrava-
sation to perivascular and/or intraalveolar area were seen in
rats with different life spans, the prominent reduction of
alveolar edema and hemorrhage was found mostly in rats
survived 12 and 24 h after delivering of MSC intratra-
cheally. Attenuated alveolar edema could be explained that
the epithelial sodium channel and Na-K ATPase in type II
pneumocytes as candidate formations for endothelial per-
meability were modulated with keratinocyte growth factor
secreted by MSCs [18]. The certain function of MSCs on
alveolar barrier integrity needs to be further investigated.

Despite MSCs engraftment had a high opinion of impor-
tance in the past, the growth factors and antimicrobial pep-
tides secreted by MSC have been emphasizing as the
modulating of immune responses in the injuried endotheli-
um or epithelium in recent studies [10, 15, 19]. In our
observation, different engraftment levels of rBM-MSCs pro-
vided the same favorable result in the decreasing of alveolar
edema and hemorrhage. In different studies, the significant
histological improvement was found following MSC admin-
istration in mice with ALI despite a level of <5 % of MSC
engraftment [10, 14]. It could be thought that the engraft-
ment level of MSCs might be independent of their ability to

have an influence in damaged alveolar area. In acute phase
of ARDS, prominent hyaline membranes caused by dysre-
gulation of surfactant production is occured in the alveoli as
well as alveolar edema [1, 4]. After applying of MSCs, the
ameliorating of lung injury in terms of diminished hyaline
membrane formation was noteworthy in our study. Taken
together, these published findings supported our current
findings that MSCs led to an affirmative result with the
reduction of alveolar edema, hemorrhage and hyaline mem-
brane formation in rBM-MSCs group.

The second finding of our investigation was that rBM-
MSCs could be effective in the modulating of inflammatory
conditions. Various studies demonstrated that MSC dis-
played their therapeutic benefits by paracrine regulation
with growth factors and cytokines for promoting of vascular
repair in the disease-associated situation [20–24]. Two hours
after the performing of ARDS, the injection of MSCs was
likely to prevent immune cell activation and in particular, to
reduce the secretion of proinflammatory cytokines included
IL-6, MIP-2, MPO and IL-1β as possible direct markers of
lung inflammation in our study. IL-6 induced by PGE2 has a
major role in the inflammatory conditions [25]. The present
study notified that the levels of pro-inflammatory cytokines
including IL-6 and MIP-2 were consistently attenuated by
rBM-MSCs transplantation in rats with ARDS. Here, we
also demonstrated reduced lung MPO activity, which is an
indicator of neutrophil accumulation or activity, resulting
from intratracheal rBM-MSCs transplantation into rats with
ARDS. Our results clearly stated an association between the
attenuation of pathological findings and anti-inflammatory
effects of rBM-MSCs. It was shown that MSCs administra-
tion significantly normalized lung edema, the levels of TNF-
α, IL-6, IL-1β, MIP-2 and neutrophil count in the bron-
choalveolar lavage and MPO content in the lung tissue in
rats treated with MSCs given by intravenously or intratra-
cheally [27–29]. In addition we found that the number of
cells expressing IL-1β was decreased prominently in rats
given MSCs compare with those of receiving any treatment.
Geiser et al. stated that IL-1β is one of the major inflam-
matory cytokines in pulmonary edema fluid in patients with
ALI/ARDS [26]. In a model of endotoxin induced lung
injury, the study indicated that intrapulmonary MSC im-
proved survival and lung injury in association with a de-
crease in MIP-2 and TNFα levels in the bronchoalveolar
lavage fluid [14, 17]. Despite lower levels of MIP-2 in the
rBM-MSCs treated rats, the infiltration of neutrophils in the
interalveolar, peribronchial and perivascular area was not
attenuated byMSCs in our investigation. It could be explained
that MSCs was not dependent on the reduction in neutrophil
migration to the lung. Moreover rBM-MSCs delivered 2 h
after the occurence of ARDS model could not affect the
neutrophil movement. In our investigation, rats survived in a
different period of time showed that rBM-MSCs lessened
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apparently the levels of IL-6, MIP-2, MPO and IL-1β in the
lung tissue. These findings indicated that MSCs could be a
therapeutic approach as a potent immunosuppressive for the
attenuating of histopathological signs of ARDS.

In the guiding of these results, it could be made a sensation
whether MSCs led to increase the anti-inflammatory cyto-
kines. Nemeth et al. demonstrated that anti-inflammatory
mediators like IL-10, IL-1ra and IL-13 increased after MSC
treatment [30]. IL-1ra inhibits IL-1 that attracts neutrophils,
macrophages, and lymphocytes resulting in tissue inflamma-
tion [31] and directly enhances epithelial cell survival [32].
Our results showed that rBM-MSCs administration was found
to be effective for reducing of the intensity of IL-1ra compare
with rats did not have any treatment. Ortiz et al. found that a
subpopulation of mouse MSC produced IL-1ra that was ca-
pable of attenuating the severity of bleomycin-induced lung
injury [10]. It was recently found that MSCs constitutively
produce prostoglandin E2 (PGE2). PGE-2 is synthesized from
arachidonic acid by cyclooxygenase (COX) enzymes COX-1
and COX-2. Four different PGE2 receptors exist, EP1, EP2,
EP3 and EP4 [33, 34]. Bouffi et al. demonstrated that IL-6-
dependent PGE2 might act locally by inhibiting the prolifer-
ation of immune cells in the synovium thereby reducing local
inflammation [23]. In a different study performed on motor
neurons, Lu et al. found that EP3 protected motor neurons
from chronic glutamate toxicity [35]. In rats received MSCs,
we demonstrated that the increased intensity of EP3 was
correlated with the immunosuppressive activity of MSCs.
Our results were consistent with resent investigations reported
that MSCs induced anti-inflammatory effect. MSC-derived
PGE2 was reported to act on macrophages, increasing their
IL-10 secretion and reducing inflammation. IL-10 seemed to
prevent neutrophils from migrating into tissues and causing
oxidative damage, thus mitigating multiorgan damage [33].
Attenuated pathological signs of ARDS could be attributed to
this immunosuppressive effect of MSCs in our study. Results
from our analysis presented that hyaline membrane formation
was decreased by MSCs transplantation. Recent data from
both animal and human studies suggest that the reduced levels
of critical surfactant apoproteins are present in the lung with
ARDS. Surfactant protein A levels were decreased by inflam-
matory reaction in the injured animals and the pulmonary
COX-2 expression is increased. Although our available data
do not allow for a complete understanding of how hyaline
membrane formation was attenuated by rBM-MSCs, it could
be explained that increased of EP3 receptor expression caused
by MSCs had a beneficial effect in the injured lung tissue.
Also PGE2 has been shown to inhibit fibroblast proliferation
and collagen secretion [36]. Also it could be inferred from
latter study that MSCs might be effective in chronic phase of
ARDS. Taken all together, the anti-inflammatory effect of
MSCs should be pointed out by potential decrease of proin-
flammatory and increase of anti-inflammatory cytokines.

The different routes of MSC administration were pre-
sented in various studies. A beneficial effect of local admin-
istration of stem cells has been shown in a study of
myocardial infarction [37]. A study performed in mice with
endotoxin-induced ALI reported that intrapulmonary (via
the trachea) treatment with MSCs improved survival and
reduced pulmonary edema formation, although the exact
mechanisms of benefit were not identified in the study
[17]. In other studies, it was shown that the intravenous
administration of MSC ameliorated the lung inflammation
in a mouse model of bleomycin-induced lung injury and
fibrosis [10, 11]. In our study, the intratraceal administration
of rBM-MSCs was found a promising alternative treatment
in ARDS. Although the underlying mechanisms need to be
investigated, a growing body of data suggests that systemic
infusion of MSCs may be used as an immunosuppressive
treatment in inflammatory diseases.

Our study has some limitations. The present experiment
could not be designed to test the efficacy of MSCs with
considering of the dose, administration time and underlying
pulmonary or extrapulmonary insults in the inflammatory
lung tissue. Also the difference between intravenous and
intratracheally routes could not be addressed in our study.
In addition, since all tracheotomized rats had to be on
ventilator to survive during the whole experimental period,
rats with ARDS could not be followed in their natural
environmental conditions after MSCs transplantation.

Conclusion

The result achieved from our study demonstrated a signifi-
cant beneficial effect of intratracheal delivery of MSCs by
mediating of cytokines from a proinflammatory to an anti-
inflammatory response in spite of different life spans of rats
and engraftment levels of MSCs. Even though many ques-
tions remain to be addressed, MSCs could provide better
ways to control and optimize the immune response for
inflammation-induced injuries. Therefore MSCs could per-
mit the good clinical management in the acute phase of
ARDS and probably could improve outcome. Moreover
MSC therapy may potentially increase the quality of life in
terms of decreasing the duration of mechanical ventilation
and hospitalization in critically ill patients with ARDS. To
confirm this hypothesis, there is a need to provide further
study for the interpretation of results and the manner in
which research should be conducted in clinical practice.
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