
Intrapleural delivery of MSCs attenuates acute lung injury by

paracrine/endocrine mechanism

Zhao-hui Qin a, #, ##, Jin-fu Xu b, #, Jie-ming Qu a, *, Jing Zhang c, Yin Sai d, Chun-mei Chen d,
Lian Wu e, Long Yu d

a Department of Pulmonary Medicine, Huadong Hospital, Shanghai Medical College, Fudan University, Shanghai, China
b Department of Pulmonary Medicine, Shanghai Pulmonary Hospital, Tongji University, Shanghai, China

c Department of Pulmonary Medicine, Zhongshan Hospital, Shanghai Medical College, Fudan University, Shanghai, China
d State Key Laboratory of Genetic Engineering, Institute of Genetics, School of Life Sciences, Fudan University, Shanghai, China

e Department of Pharmacology & Clinical Pharmacology, University of Auckland, New Zealand

Received: January 29, 2012; Accepted: June 11, 2012

Abstract

Two different repair mechanisms of mesenchymal stem cells (MSCs) are suggested to participate in the repair of acute lung injury (ALI): (i) Cell
engraftment mechanism, (ii) Paracrine/endocrine mechanism. However, the exact roles they play in the repair remain unclear. The aim of the
study was to evaluate the role of paracrine/endocrine mechanism using a novel intrapleural delivery method of MSCs. Either 1 9 106 MSCs in
300 ll of PBS or 300 ll PBS alone were intrapleurally injected into rats with endotoxin-induced ALI. On days 1, 3 or 7 after injections, samples
of lung tissues and bronchoalveolar lavage fluid (BALF) were collected from each rat for assessment of lung injury, biochemical analysis and
histology. The distribution of MSCs was also traced by labelling the cells with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). MSCs in-
trapleural injection significantly improved LPS-induced lung histopathology compared with PBS-treated group at day 3. There was also a signifi-
cant decrease in total cell counts and protein concentration in BALF at day 7 in the MSCs -treated rats compared to PBS control group. Tracking
the DAPI-marked MSCs showed that there were no exotic MSCs in the lung parenchyma. MSCs administration resulted in a down-regulation of
pro-inflammatory response to endotoxin by reducing TNF-a both in the BALF and in the lung, while up-regulating the anti-inflammatory cytokine
IL-10 in the lung. In conclusion, treatment with intrapleural MSCs administration markedly attenuates the severity of endotoxin-induced ALI.
This role is mediated by paracrine/endocrine repair mechanism of MSCs rather than by the cell engraftment mechanism.
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Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) are major causes of acute respiratory failure with high mor-
bidity and mortality in critically ill patients [1–4]. Despite improve-
ments in supportive care, the mortality rate is still at 43% [2]. Our
previous studies and other reports have demonstrated that bone mar-

row-derived mesenchymal stem cells (MSCs) participate in the repair
of experimental ALI [5–13]. Although the mechanisms for MSCs on
ALI were various in different studies, two main mechanisms of MSCs
were suggested to be involved in it: (i) Cell engraftment mechanism,
(ii) Paracrine/endocrine mechanism. However, the exact roles they
play in the repair of ALI remain largely unknown. Several studies have
demonstrated that the actual levels of MSC incorporation into the lung
after intravenous injection were found very low in vivo. Therefore, the
protective role of MSCs does not match with the rare account of them
in the organ, indicating that paracrine/endocrine mechanism repair
mechanism might play a more important role in the lung repair [5–8,
14–22]. This hypothesis remains unproved because either classical
intravenous (IV) or intratracheal (IT) delivery methods used in these
studies cannot separate apart one mechanism from another.

Recently we have developed a novel intrapleural delivery method
[23]. The MSCs delivered by this method can survive at least 1 month
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in vivo and their distribution was found to be limited to the surface of
pleurae and in the pleural cavity, forming a ‘MSCs repository’ in vivo.
As no MSCs were detected in the lung parenchyma, the cell repair
mechanism by MSCs engraftment into the lung tissue cannot be sup-
ported.

For ALI model, we hypothesized that once we observed protective
role of intrapleural injected MSCs to ALI, that role should be the result
of the paracrine/endocrine repair mechanism. On the basis of this
hypothesis, we delivered MSCs into pleural cavity in rats with endo-
toxin-induced ALI. The distribution of MSCs, the lung injury and his-
topathology with or without MSCs injection were compared. The aim
of this study was to confirm that paracrine/endocrine mechanism of
MSCs plays a role alone in the repair of ALI model.

Materials and methods

Animal care

The animals used in this study were specific pathogen-free male Spra-
gue–Dawley rats (6–8 weeks old; Slac Laboratory Animal Co Ltd,

Shanghai, China). The rats received humane care in compliance with

the NIH principles of laboratory animal care and the Chinese national

regulations for experimental animal care. All protocols were approved
by the Animal Care and Use Committee of Fudan University.

Experimental design

Specific pathogen-free male Sprague–Dawley rats (250 ± 30 g) were

first anaesthetized with diethyl ether inhalation combined with pentobar-

bital sodium (60 mg/kg) intraperitoneally (i.p.) ALI was then induced by
the instillation of LPS from Escherichia coli O55:B5 (Sigma-Aldrich, St.

Louis, MO, USA) at 7 mg/kg intratracheally (i.t.). Immediately after LPS

administration, rats were given either MSCs (1 9 106 cells in 300 ll of
PBS, MSCs treatment group) or 300 ll of PBS (PBS treatment group)
intrapleurally as described below. The animals were anaesthetized and

killed by incision of the abdominal aorta on days 1, 3 and 7 after trans-

plantation (n = 6 rats per time-point per group) to harvest lung tissue
samples and bronchoalveolar lavage fluid (BALF), which were stored at

�80°C prior to analyses. Samples from naı̈ve rats were also collected

(n = 6 rats, normal control group) in the same way.

Additional four rats with ALI were intrapleurally injected with DAPI-
marked MSCs [23]. They were used for tracking the DAPI-marked cells.

Samples of pleurae and lungs were collected from them at day 3 and

observed under a fluorescent microscope [23]. Frozen sections of lung

tissues were prepared to see if there were DAPI-marked MSCs pene-
trated into the lung parenchyma.

Rat MSCs culture

Mesenchymal stem cells were isolated from rat bone marrow as

described in our previous studies [10, 23]. In brief, whole marrow was

flushed from the tibias and femurs of Sprague–Dawley rats (4 weeks
old, male) with ice-cold Dulbecco’s modified Eagle’s medium/F12

(DMEM/F12; Gibco, Carlsbad, CA, USA). The cells were washed and pla-
ted in plastic flasks at 2 9 106 cells/mL in DMEM/F12 containing 10%

foetal bovine serum, 100 units/mL penicillin and 100 lg/ml streptomy-

cin (Gibco). The cell suspension was incubated at 37°C with 5% CO2;

non-adherent cells were discarded 48 hrs later. For routine mainte-
nance, the medium was replaced twice weekly and cells were subcul-

tured at a one-to-three split ratio by trypsinization (0.25% trypsin/

1 mmol/L EDTA; Gibco). More purified MSCs were obtained after pas-
sages.

ALI model and intropleural delivery of MSCs

For establishment of ALI model, rats were anaesthetized with diethyl

ether inhalation and pentobarbital podium. The trachea was exposed

after a 1 cm midline cervical incision and then the rat was fixed at a

60° angle. A dose of 7 mg/kg body weight of LPS in 0.3 ml of LPS-
free saline (0.9% NaCl) was intratracheally injected slowly using a 1 ml

syringe. The needle was bent at a 90° angle so as to be injected into

and fixed in the trachea easily and safely. LPS administration was
immediately followed by rotating the animals to attempt to homoge-

neously distribute LPS in the lungs, and then the incision was closed

with sutures [24].

For intropleural delivery, a 5-mm incision was made on the right
chest through the skin and the subcutaneous soft tissues. PBS with

or without MSCs was then injected into the pleural cavity using a

20 ll plastic pipette tip, instead of a needle, connected to a 1 ml syr-

inge, so as to avoid possible pneumothorax or lung injury that could
have been caused by a needle. After injection, the incision was closed

with sutures [23].

Lung wet/dry ratio and myeloperoxidase (MPO)
activity

The superior and middle lobes of right lung were collected from each

rat for assessment of the lung W/D ratio. Samples were weighed imme-

diately after collection and then placed in a drying oven at 60°C for

48 hrs, and the dry weights were subsequently determined. The lung
W/D ratio was calculated by dividing the wet weight by the dry weight.

Myeloperoxidase activity was measured and normalized by wet lung

weight according to the manufacturers’ instructions (Nanjing Jiancheng
Biological Engineering Institute, Jiangsu, China). One MPO activity unit

is named as 1 lmol hydrogen peroxide (H2O2) decomposed by 1 g

lung tissue in the reaction system at 37°C.

Total cell and neutrophil cell counts and protein
concentration in BALF

Rats were anaesthetized with diethyl ether inhalation and pentobarbital

podium (i.p.) and then killed by incision of the abdominal aorta. The tra-

chea was cannulated and the right lung bronchus was tied. The left lung
was lavaged three times with 3 ml cold saline each time (total volume

was 9 ml). BALF was collected for total cell and neutrophil counts and

centrifuged at 4°C and 1000 9 g, the supernatant was collected in

tubes and stored at �80°C for further analysis of total protein and cyto-
kine levels. Total cell count was determined with the use of a counter.
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A cell smear was made using cytospin (Thermo Shandon, Inc., Pitts-
burgh, PA, USA), and the cells were visualized using Wright-Giemsa

staining. A differential of the white blood cells was then obtained by

counting 200 cells from a representative portion of the slide. The con-

centration of total protein in BALF was determined using BCATM Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA).

Cytokine protein and mRNA measurements in
BALF and/or lung homogenates

TNF-a and IL-10 were measured in both the BALF and lung homogenate
samples with ELISA kits (rat TNF-a, DAKEWE; rat IL-10, Shanghai ExCell

Biology, Inc., Shanghai, China). A quantity of 100 mg of tissue from the

inferior lobe of right lung per sample was homogenated. The superna-

tant was collected and the cytokine and protein measurements were
performed according to the manufacturers’ instructions. The cytokine

levels in lung homogenates were normalized to individual protein con-

centrations measured as described above. TNF-a and IL-10 mRNA lev-
els in lung homogenates were measured using quantitative real-time

SYBR Green RT-PCR using ABI-7500 (ABI, Carlsbad, CA, USA). Primers

used were: TNF-a, sense 5′-AGCGGAGGAGCAGCTGGAGT -3′; and anti-

sense 5′-CGGGGCAGCCTTGTCCCTTG -3′; IL-10, sense 5′-AGCCAGACC
CACATGCTCCGA-3′; and antisense 5′-AGGCTTGGCAACCCAAGTAACCCT-
3′; GAPDH, sense 5′-AGAACATCATCCCTGCATCC-3′; and antisense 5′-
TGGATACATTGGGGGTAGGA-3′. The PCR conditions for amplification of

TNF-a, IL-10 and GAPDH were initially denatured at 95°C for 5 min.,
then subjected to 40 cycles at 94°C for 15 sec., 60°C for 45 sec. Reac-

tions were performed in duplicate for each sample.

Lung morphology

Lung tissues from right lower lobe were fixed in 4% paraformaldehyde,

embedded in paraffin and cut into 5 lm thick sections. Sections were
stained with haematoxylin and eosin. Lung pathology was evaluated

blindly by a pathologist using a light microscope, according to four cri-

teria: alveolar congestion, haemorrhage, infiltration or aggregation of

neutrophils in airspaces or vessel walls and thickness of alveolar wall/
hyaline membrane formation. Each criterion was graded according to a

5-point scale, as previously reported [25]. A total lung injury score was

calculated as the sum of the four criteria.

Immunohistochemical staining

Sections were deparaffinized in xylene and rehydrated in alcohol.
Endogenous peroxidase activity was blocked by 3% H2O2 for 10 min.

incubation. Antigen retrieval was achieved by microwave heating

twice in a citrate acid buffer (pH 6.0), and sections were blocked in

3% goat serum (Boster, Wuhan, China) at 37°C for 15 min. Slices
were incubated with a primary antibody (anti- TNF-a and anti-IL-4

both at 1:100 dilution, Beijing Biosynthesis Biotechnology Co., Ltd,

Beijing, China) at 4°C overnight, and washed three times in PBS,
then the slices were incubated with a biotin-labelled secondary anti-

body (goat anti-rabbit IgG at 1:100 dilution) for 30 min., washed

three times in PBS, and incubated with an SABC (streptavidin–bioti-
nylated complex) complex for 25 min. Immunostaining was achieved

using 3,3′-diaminobenzidine tetra hydrochloride (DAB). All slides were
counterstained with Haematoxylin. Immunostaining was evaluated

using a light microscope according to staining levels. The brown col-

our of staining was graded according to a 5-point scale: 0 = non-

staining, 1 = weak, 2 = moderate, 3 = strong, 4 = very strong. Both
staining levels of bronchioles and small vessels were scored for

TNF-a, the total score was calculated as the sum of these two

items. For IL-4, only bronchioles were selected for scoring.

Statistical analysis

Data are shown as mean ± SD. Differences between groups were
assessed using one-way analysis of variance, followed by SNK-q post

hoc tests. Non-paired t-test was used to compare the means of lung

injury scorings between MSCs treatment group and PBS control group.

A value of P < 0.05 was considered statistically significant. Analyses
were performed using SPSS 11.5 software (SPSS Inc., Chicago, IL, USA).

Results

Intrapleural administrated MSCs were limited to
pleural cavity in rats with ALI

The distribution of intrapleural administrated DAPI-marked MSCs in
rats with ALI was found to be limited to the surface of pleurae and in
the pleural cavity, no fluorescent cells were found in the lung paren-
chyma (Fig. 1), similar to the results observed with healthy rats in
our previous study [23].

A B

C D

Fig. 1 No MSCs were found in the lung parenchyma of rats with LPS-

induced ALI after cells were injected intrapleurally. (A) Surface of right

lung. (B) Surface of mediastinal pleura. (C, D) Frozen sections of lung
tissue. DAPI-marked MSCs masses were found on the surfaces of pleu-

rae and the lung, whereas no fluorescent cells were found in the lung

parenchyma (white arrows). All images, 9200 magnification.
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Intrapleural MSCs treatment improved
LPS-induced lung injury

In the PBS treatment group, LPS induced marked inflammatory reac-
tion and lung injury in lung tissue, which appeared as inflammatory
infiltration, interalveolar septal thickening and alveolar congestion and
haemorrhage in lung. The most severe lung injury induced by LPS
was observed at day 3 after treatment with PBS (Fig. 2). Intrapleural
administration of MSCs significantly improved the lung injury caused
by LPS (Fig. 3). Compared with the PBS treatment group, the total
severity scores of lung injury were significantly reduced at day 3
because of the intrapleural MSCs treatment (P < 0.01) (Fig. 2), sug-
gesting that intrapleural MSCs therapy has a beneficial role in alleviat-
ing LPS-induced lung injury. Consistent with the improvement in the
lung histopathology, macroscopic observation of the whole right lung
specimens at day 3 also showed less severe lung injury in the MSCs
treatment group (Fig. 4).

Intrapleural administrated MSCs decreased
protein concentration and cell count in BALF

Total protein concentration in the BALF, which reflects the extent of
endothelial/epithelial permeability of the lung, was significantly
increased in all rats even 7 days after LPS challenge. A significant
decrease was observed at day 7 in MSCs treatment group compared
with PBS treatment group (P < 0.05) (Fig. 5A). LPS challenge also
significantly increased total cell count in BALF, including large num-

Fig. 2 Intrapleural transplantation of MSCs improved lung injury as

assessed by histological method. LPS-induced increase in lung injury
score was significantly reduced at day 3 in the MSCs treatment group,

and the peak of lung injury found at this time-point in the PBS treat-

ment control group disappeared. Data are expressed as mean ± SD,

n = 6 per group per time-point. **P < 0.01 versus the PBS treatment
group at the same time-point. Data were analysed using non-paired t-

test.

A B

C D

E F

Fig. 3 Haematoxylin and eosin staining of lung sections demonstrated
attenuated lung injury in the MSCs treatment group at day 3 after instil-

lation of endotoxin. (A, B) PBS-treated group. (C, D) MSCs-treated

group. (E, F) Normal control. Histopathological changes in the lungs are

shown at low (9100 for A, C, E) and high (9400 for B, D, F) magnifi-
cation of the black boxed area on the left.

A B C

D E F

G H I

J K L

Fig. 4Macroscopic observation of the whole right lung specimens

showed a decreased LPS-induced lung injury at day 3 in the MSCs

treatment group. (A–F) Six specimens collected from PBS treatment

group at day 3. (G–L) Six specimens collected from MSCs treatment
group at day 3. The degree of haemorrhage showed on the surfaces of

three lung specimens (B, C and F) collected in the PBS control group

were more severe than that of any six specimens collected in MSCs

treatment group.
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ber of red cells due to alveolar haemorrhage and neutrophils in the
early day 1 and day 3 time-points. Total cell number in BALF was
decreased due to MSCs treatment at day 7, compared with PBS treat-
ment (P < 0.01) (Fig. 5B). The neutrophil counts between both
groups were not significantly different at all three time-points
(Fig. 5C). Macroscopic observation of the BALF at day 3 also
suggested an attenuated haemorrhage induced by LPS in the MSCs
treatment group (Fig. 6).

Effect of intrapleural administrated MSCs on
lung W/D ratio and lung MPO activity

LPS challenge caused significant lung oedema at day 1, as shown by
the increased lung W/D ratio compared with normal rats (P < 0.01)
(Fig. 5D). Then the W/D ratio gradually decreased to nearly normal at
day 7, suggesting lung oedema could recover spontaneously within

7 days. MSCs treatment showed a trend towards reduction in lung
W/D ratio at day 1 and day 3 compared with PBS treatment group,
although the difference was not significant between the two groups.
Lung MPO activity was determined as an index of neutrophil seques-
tration. However, the difference of MPO activity was not significant
between the MSCs- and PBS- treatment groups at all three time-
points (Fig. 7).

Effect on pro-inflammatory and anti-inflammatory
cytokines in lung tissue and BALF following
endotoxin injury

We detected the levels of pro-inflammatory cytokine TNF-a and
anti-inflammatory cytokine IL-10 in lung tissue and BALF by
ELISA. The mRNA levels of these cytokines in lung tissue were
also examined by real-time RT-PCR. At day 3, TNF-a in BALF was

A B

C D

Fig. 5MSCs significantly improved endo-

thelial/epithelial permeability of the lung.

(A) BALF protein was significantly reduced

in the MSCs treatment group compared
with the PBS treatment group at day 7.

(B) Similarly, total cell count in BALF was

also significantly reduced in the MSCs
treatment group at day 7.(C, D) Both neu-

trophil count in BALF and W/D of lung

were not significantly different between

MSCs- and PBS- treatment groups at the
three time-points. Data are expressed as

mean ± SD, n = 6 per group per time-

point. *P < 0.05 versus the PBS treat-

ment group at the same time-point,
#P < 0.05 versus normal group,
##P < 0.01 versus normal group. Data

were assessed using one-way analysis of
variance with SNK-q post hoc tests.

A B

Fig. 6Macroscopic observation of the

BALF suggested an attenuated haemor-

rhage induced by LPS at day 3 in the MSCs

treatment group. (A) Six specimens col-
lected from PBS treatment group at day 3.

(B) Six specimens collected from MSCs

treatment group at day 3. Obviously, the
two reddest BALF samples (black arrows)

were from the PBS control group rather

than from the MSCs treatment group.
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significantly reduced in the MSCs treatment group compared with
that in PBS treatment group (P < 0.05) (Fig. 8). Similar results of
TNF-a protein were observed in lung tissue. TNF-amRNA expres-
sion in lung tissue increased 3 days after LPS exposure, although
no significant difference between the MSCs- and PBS- treatment
groups was observed at all time-points. At day 1, the level of IL-
10 in lung tissue was significantly higher in the MSCs treatment
group than that in the PBS treatment group (P < 0.05) (Fig. 8),
same with the results of IL-10 mRNA expression (P < 0.05)
(Fig. 8). LPS induced a significant increase of IL-10 in BALF at
day 1, then gradually decreased to the normal levels at day 7.
The levels of IL-10 protein in BALF showed no difference between
the MSCs group and the PBS group.

The levels of TNF-a and another anti-inflammatory cytokine IL-
4 in lung tissue were also analysed using immunostaining method.
Only weak TNF-a staining was detected in bronchial ciliated colum-
nar epithelial cells in normal lung (Fig. 9A). LPS induced a high
level of TNF-a staining in bronchial ciliated columnar epithelial
cells at day 1, which gradually decreased but did not reach normal
level even at day 7 (Fig. 9A). Furthermore, strong staining of TNF-
a located at the tunica adventitia of small vessels was also
observed at day 1. However, the staining disappeared at day 7
(Fig. 9A). This finding indicated that the recovery of small vessel
injury may be faster than that of bronchioles. MSCs treatment
showed a trend towards reduction in TNF-a staining at day 3 and
day 7 compared with PBS treatment group, although the difference
was not significant between the two groups (Fig. 9C). Moderate
staining of IL-4 located at bronchial ciliated columnar epithelial
cells was detected in normal lung (Fig. 9B). After LPS challenge,
the staining level of IL-4 did not change at day 1 (Fig. 9B). How-

ever, it increased rapidly from day 3 to day 7 (Fig. 9B). This result
indicated that IL-4 may play a role in the repair of lung injury in a
late phase rather than in an early phase. The difference of IL-4
was not significant between the MSCs- and PBS- treatment groups
at all three time-points (Fig. 9D).

Discussion

Recently we reported that when MSCs, labelled with either DAPI
or GFP using a lentiviral vector, were delivered to the pleural cav-
ity, they were found to present only on the surface of pleurae and
in the pleural cavity. Also none of the MSCs was found to migrate
into the lung parenchyma by intrapleural delivery method in nor-
mal rats. Both DAPI and GFP labelling methods showed similar
results. Although DAPI decreased the proliferation rate of MSCs
and may have the possibility of diffusion from the death cells, this
labelling method is simple and relatively reliable [23]. In this
study, the results of MSCs distribution in ALI model were similar
to that of healthy rats previously described [23]. We found that in-
trapleural delivery of MSCs demonstrated both functional and his-
tological benefit in the rat model of LPS-induced ALI, and there
was no evidence of MSCs engraftment to the lung tissue. MSCs
significantly alleviated LPS-induced lung histopathology, protein
concentration and cell count in BALF. MSCs intrapleural delivery
also shifts the increase of pro-inflammatory cytokines to anti-
inflammatory cytokines response to LPS. This phenomenon
showed that MSCs intrapleural delivery likely contributes to lung
protection and repair via paracrine/endocrine mechanisms.

Acute lung injury is characterized by extensive damage to the
barrier of the lung epithelium and endothelium, neutrophil influx
into the lung and an imbalance between pro-inflammatory and
anti-inflammatory mediators. Previous studies showed that MSCs,
which were delivered either by IV or IT method, ameliorate the
severity of lung injury despite the low engraftment levels been seen
[5–8, 14–18]. This beneficial effect was primarily demonstrated by
significant survival advantage, improvement in histology and
down-regulation of the acute inflammatory response to endotoxin [7].

In this study, experimental ALI was induced by LPS, which is a
glycolipid of the outermost membrane of gram-negative bacteria. The
optimal dose of LPS was determined as 7 mg/kg by our preliminary
study. The dosage we selected in this study could lead to enough
severe lung injury for the study although not causing the death of
rats.

The first major finding of this study was that intrapleural MSCs
administration led to a significant histological improvement at day
3, when the peak of the lung injury observed in the PBS treatment
group. The improvement in histology was assessed quantitatively
by the use of a lung injury score described previously [25]. Con-
sistent with the improvement in histology, macroscopic observa-
tion of lung specimens and BALF at day 3 also showed a
decreased LPS-induced lung injury and an attenuated haemorrhage
in the MSCs treatment group. In addition, BALF protein, a marker
of endothelial and epithelial permeability was significantly reduced
in the rats treated with MSCs at day 7 time-points. The total cell

Fig. 7 Intrapleural administration of MSCs did not affect the lung MPO
activity after endotoxin-induced ALI, which is an index of neutrophil

sequestration. No significant difference was detected between MSCs-

and PBS- treatment groups at day 1, 3 or 7 after injury (n = 6 per

group per time-point). Data are expressed as mean ± SD. #P < 0.05
versus normal group. Data were assessed using one-way analysis of

variance with SNK-q post hoc tests.
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count in BALF also displayed a tendency similar to BALF protein.
However, in accordance with the report of Gupta et al. [7], the
absolute neutrophil counts in BALF and the MPO activity in the
lung tissue were not different between the PBS- and MSCs- treat-
ment groups at any time-point. This suggests that the protection
provided by MSCs is not dependent on the reduction of neutrophil
recruitment to the lung. The exact effects of MSCs on neutrophil
function and activity remain to be described.

The second major finding of this study was that the beneficial
effects with MSCs appear to be mediated by a down-regulation of the
acute inflammatory response to endotoxin. The pro-inflammatory
cytokine TNF-a and anti-inflammatory cytokine IL-10 were assessed
both in BALF and lung tissues. The data demonstrated that MSCs
therapy significantly reduced the LPS-induced increase of TNF-a lev-
els in BALF at day 3, similar results were observed in lung tissue. On
the other hand, the levels of IL-10 were significantly higher in the lung
tissue at day 1 in MSCs treatment group and consistent with up-regu-
lation of IL-10 mRNA expression. The levels of another important
anti-inflammatory cytokine IL-4 in lung tissue were also analysed

using immunostaining method. LPS challenge did not change the
staining of IL-4 at day 1. However, the staining level increased rapidly
from day 3 to day 7, suggesting that IL-4 may play a protective role at
late time. These results are consistent with previous study [7] which
indicated that the beneficial effects of MSCs treatment contributed to
the shift from a pro-inflammatory to an anti-inflammatory response
to endotoxin.

According to previous reports, two different mechanisms of MSCs
participate in the repair of lung injury. Firstly, the implanted MSCs can
engraft as type I and II epithelial cells, endothelial cells and fibroblasts
[13, 26–28], thereby leading regeneration to repair the damaged tis-
sue (i.e., cell engraftment mechanism). Secondly, transplanted MSCs
secrete large quantities of various soluble mediators such as
anti-inflammatory factors and growth factors by paracrine/endo-
crine manner [29–36]. These bioactive factors have both immuno-
modulatory and trophic properties, and modulate the repair process
through either protecting the undamaged cells or activating resident
stem cells to form new tissues [31]. As more and more reports dem-
onstrated that the levels of MSCs engraftment in the target organs

A B

C D

E F

Fig. 8 Levels of pro- and anti-inflamma-

tory cytokines. LPS-induced increase of

TNF-a in BALF was significantly reduced

in the MSCs treatment group at day 3,
whereas IL-10 in lung tissue was signifi-

cantly increased at day 1 at both protein

and at mRNA levels with MSCs therapy.

(A, C, E) Levels of TNF-a in BALF, lung
tissue and in mRNA respectively. (B, D, F)
Levels of IL-10 in BALF, lung tissue and

in mRNA respectively. Data are expressed
as mean ± SD, n = 6 per group per time-

point. *P < 0.05 versus the PBS treat-

ment group at the same time-point,
#P < 0.05 versus normal group,
##P < 0.01 versus normal group. Data

were assessed using one-way analysis of

variance with SNK-q post hoc tests.
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were too low to explain the entire beneficial effects [5–7, 14–18],
recently some scholars suggest that paracrine/endocrine mechanism
might play a more important role in the lung repair. However, this
concept remains unproved. Previous studies could not analyse the
two repair mechanisms of MSCs, respectively, neither by IV nor by IT
as delivery method. In this study, intrapleurally delivered MSCs atten-
uate endotoxin-induced ALI, which could only attribute to the para-
crine/endocrine mechanism of MSCs, without the evidence of cell
engraftment.

Of note, the dose of MSCs used in this study was 1 9 106

cells per rat. The advantage of pleural cavity for MSCs delivery is
that it is a large potential compartment that can receive larger
dose of MSCs without restriction. Whether larger dose would lead
to more effectiveness or which is the optimal dose still needs to
be explored.

In summary, in this study we demonstrated that intrapleural deliv-
ery of MSCs attenuates endotoxin-induced ALI in the rat model of
LPS-induced ALI, without the evidence of MSCs engraftment to the
lung tissue. MSCs intrapleural delivery shifts the increase of pro-
inflammatory cytokines to anti-inflammatory cytokines response to
LPS. MSCs intrapleural delivery contributes to lung injury repairment
via paracrine/endocrine mechanisms rather than the cell engraftment
mechanism.
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Fig. 9 Immunostaining levels of TNF-a
and IL-4. (A) and (C) LPS induced high

levels of TNF-a staining in bronchial cili-

ated columnar epithelial cells (red arrows)

as well as in the tunica adventitia of small
vessels (green arrows). MSCs treatment

showed a trend towards reduction in TNF-

a staining at day 3 and day 7 compared

with PBS treatment group, though the dif-
ference was not significant between the

two groups. (B) and (D) LPS challenge

did not change the staining level of IL-4
in bronchial ciliated columnar epithelial

cells (black arrows) at day 1. However, it

increased significantly from day 3 to day

7. The levels of IL-4 showed no difference
between the MSCs group and the PBS

group. All images, 9200 magnification.

Data are expressed as mean ± SD, n = 6

per group per time-point. #P < 0.05 ver-
sus normal group, ##P < 0.01 versus nor-

mal group. Data were assessed using

one-way analysis of variance with SNK-q
post hoc tests.
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