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Abstract

Cigarette smoke has been shown to cause chronic infl ammation of the lungs, 

eventually leading to chronic obstructive pulmonary disease (COPD). Additionally, 

recent studies have suggested that mesenchymal stem cells (MSCs) can mediate 

local infl ammatory responses in the lungs. Thus, the aim of the present study 

was to test the effects of rat MSCs (rMSCs) on infl ammation of the lungs and 

destructive pulmonary function induced by cigarette smoke in rats. Rats were 

exposed to cigarette smoke for 7 weeks. rMSCs were cultured in vitro and infused 

intratracheally into cigarette smoke-exposed rats. The total and differential cell 

counts in the bronchoalveolar lavage fl uid (BALF), histological changes, pro-

infl ammatory cytokines, transforming growth factor-�1 (TGF-�1) expression, 

and pulmonary function were evaluated. Additionally, human peripheral blood 

mononuclear cells and human MSCs were cocultured in vitro to detect cytokines 

and TGF-�1 levels. We found that rMSC administration resulted in downregulation 

of pro-infl ammatory cytokines in the lungs while increasing TGF-�1 expression, 

reducing total infl ammatory cell numbers in the BALF, and improving pulmonary 

histopathology and airfl ow obstruction. Coculture revealed that human MSCs 

mediated an anti-infl ammatory effect partly via upregulation of TGF-�1. These 

fi ndings suggested that MSCs may have therapeutic potential in cigarette smoke-

induced infl ammation and airfl ow obstruction, partly via upregulation of TGF-�1.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a chronic respiratory dis-
ease characterized by an abnormal infl ammatory response of the lungs to 
noxious particles and gases (1). Cigarette smoke (CS) is the major risk factor 
for the development of COPD, and smoking has been shown to lead to airway 
infl ammation with an increase of infl ammatory cells from both the innate 
and adaptive immune system (2–4). Upregulation of infl ammatory processes 
leads to irreversible events such as apoptosis of epithelial cells, proteolysis of 
the terminal air-space and lung extracellular matrix components. Th erefore, 
the development of novel, eff ective therapeutic approaches based on reduc-
ing chronic infl ammation and airfl ow limitation is critical.

Mesenchymal stem cells (MSCs) are multipotent stem cells capable of dif-
ferentiating into mesenchymal and nonmesenchymal lineages, including airway 
and alveolar epithelial cells (5–7). Experimental studies have provided evidence 
indicating that mesenchymal stem cells (MSCs) may be useful for the treatment 
of a variety of clinical disorders, including sepsis,  acute lung injury (ALI) (8,9). 
MSCs protect lung tissue through suppression of proinfl ammatory cytokines, 
and through triggering production of reparative growth factors (10–14). 
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In murine models of acute lung injury (ALI), MSCs 
suppress local lung infl ammation by paracrine protec-
tive factors including angiopoietin-1, vascular endothe-
lial growth factor, keratinocyte growth factor (KGF), 
and hepatocyte growth factor (15,16). Recent study in 
double-blind, placebo controlled study using allogeneic 
hMSCs in patients with moderate-severe COPD has 
demonstrated an early, signifi cant decrease in levels of 
circulating C-reactive protein (CRP) in patients treated 
with MSCs who had elevated CRP levels at study 
entry (17,18). Although the mechanism of MSCs anti-
infl ammatory eff ect in chronic pulmonary and systemic 
infl ammation of COPD is still unknown.

Th e transforming growth factor (TGF)-β superfamily 
comprises more than 40 members, which are essential 
during organ development, a process often recapitulated 
in chronic diseases. Recently, researchers have become 
interested in the role of TGF-β signaling in the patho-
genesis of COPD. Airway remodeling is one of the most 
important mechanisms in the pathogenesis of COPD 
and is triggered by chronic infl ammation mediated by 
angiopoietin-1 (Ang-1), interleukin-8 (IL-8) and trans-
forming growth factor-β1 (TGF-β1)(18). Königshoff  
et al. described the 2 main features of COPD as small 
airway disease (SAD), which includes airway infl amma-
tion and remodeling and emphysema which is character-
ized by airspace enlargement (19). Although increased 
TGF-β signaling clearly triggers the development of 
SAD and decreased TGF-β signaling in emphysema 
may lead to increased expression of matrix metallopro-
teinases (MMPs) and subsequent extracellular matrix 
degradation, which may contribute to existing genetic 
or acquired susceptibility to emphysema (19–22).

Although the recent studies have shown that MSCs 
can restore alveolar architecture and emphysema induced 
by papain (23), elastase (24), and CS (25), the eff ects of 
MSCs on pulmonary infl ammation induced by subacute 
CS exposure have not been elucidated. Here, we hypoth-
esized that administration of rat MSCs (rMSCs) may 
reduce lung infl ammation and destructive pulmonary 
function resulting from CS exposure in rats. Furthermore, 
we sought to explore the possible paracrine mechanisms 
mediating this process, including TGF-β1 signaling, by 
coculturing human peripheral blood mononuclear cells 
(PBMCs) and human MSCs (hMSCs) in vitro. 

Materials and methods

MSC culture and characterization  
rMSCs were isolated from the bone marrow of tibias and 
femurs from male Sprague-Dawley rats (Chinese Acad-
emy of Sciences, Shanghai, China) weighing 140–160 g, 
as previously reported, with slight modifi cations (16, 26). 
Th e experimental protocol was approved by the Commit-
tee of Animal Care and Use of Shanghai Jiaotong Univer-
sity, according to National Institutes of Health guidelines. 
Briefl y, adherent bone marrow cells were incubated for a 
week until colony-forming units (CFUs) were established. 

Th e rMSCs of these CFUs were subcultured in 
 Dulbecco’s modifi ed Eagle medium (DMEM)/F12 con-
taining 10% fetal bovine serum (FBS). Passage 2 rMSCs 
were subjected to adipogenic, osteogenic, and chondro-
genic diff erentiation assays, fl ow cytometry for the cell 
surface markers CD11b/c, CD45 (Invitrogen, Carlsbad, 
CA, USA), CD29 (eBioscience, San Diego, CA, USA), 
and CD90 (Biolegend, San Diego, CA, USA). Similar to 
rMSC cultures, hMSCs were isolated from bone  marrow 
aspirates taken from the iliac crest of a healthy adult 
 volunteer with informed consent and subsequently cul-
tured in DMEM/F12 containing 20% FBS. hMSCs were 
stained with antibodies targeting CD11b/c, CD19, CD34, 
CD44, CD90, and CD105 (Becton, Dickinson, Franklin, 
NJ, USA). Passage 2 rMSCs and hMSCs were used in 
in vivo and in vitro experiments, respectively. 

CS exposure and experimental protocol
Sprague–Dawley (SD) rats weighing 250–280 g each 
were divided into 3 groups: the sham-exposed group (rats 
were exposed to air), smoke-exposed group, and smoke-
exposed group with rMSC treatment. Th e rats were 
placed in 6-L perspex chambers (5 rats/chamber) and 
exposed to CS generated from commercial cigarettes (“Da 
Qianmen,” Shanghai, China, 1.25 mg nicotine and 12 mg 
tar oil per cigarette) with fresh air being pumped in for the 
remaining time. CS was collected by burning 18 cigarettes 
per day, 5 days a week for 7 weeks. On the eighth week, 
rats in the rMSC treatment group were anesthetized and 
infused with 6 × 106 MSCs via the trachea, while rats in the 
smoke-only group were treated with 0.15 mL PBS. At the 
12th week, 4 weeks after the MSCs infusion, pulmonary 
function was evaluated and samples of serum, BALF, and 
lung tissues were collected. 

Evaluation of pulmonary function 
At the endpoint of the experiment, pulmonary func-
tion was evaluated using an invasive pulmonary function 
device (Buxco Research Systems, Wilmington, NC, USA), 
as previously described with slight modifi cations (27). 
Briefl y, rats were anesthetized, trachea-intubated, and 
placed (whole body) in a forced pulmonary maneuver 
system. An average breathing frequency of 50 breaths 
per min was imposed. Th e following parameters were 
recorded by the software: functional residual capacity 
(FRC), total lung capacity (TLC), forced vital capacity 
(FVC), forced expiratory fl ows (FEVs), such as FEV in 
100 ms (FEV100) and 200 ms (FEV200), maximal expi-
ratory fl ow at 25% vital capacity (FEF25), maximal expi-
ratory fl ow at 50% vital capacity (FEF50), and maximal 
expiratory fl ow at 75% vital capacity (FEF75). 

Infl ammatory cell counts in bronchoalveolar lavage
Th e left lungs were lavaged 3 times with 2 mL ice-cold 
PBS each time, and the recovery ratio was above 90%. Th e 
total and diff erential cell counts in the bronchoalveolar 
lavage fl uid (BALF) were determined by globulimeter and 
Wright’s staining, respectively.
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Measurement of pro-infl ammatory cytokines by 
enzyme-linked immunosorbent assay (ELISA) 
Th e bronchi were extracted from the right lung and 
the lungs were homogenized in RIPA buff er (Beyotime, 
 Shanghai, China). Interleukin (IL)-1β, IL-6, tumor 
necrosis factor (TNF)-α, monocytes chemotactic pro-
tein (MCP)-1, and TGF-β1 levels in lung homogenates 
(pg/mg protein) and IL-1β, IL-6, and TNF-α in the serum 
(pg/mL) were measured with ELISA kits (eBioscience 
Inc. and Genetimes Inc., Shanghai, China). All proce-
dures were performed in accordance with the manufac-
turer’s instructions. Th e cytokine concentration in the 
lungs was normalized to the total protein concentration 
of the homogenate as measured by bicinchoninic acid 
protein assay (Pierce, Rockford, USA). 

Assessment of lipid peroxidation products in lung 
homogenates
Th e levels of the lipid peroxidation product malo-
ndialdehyde (MDA) in the lungs were estimated using 
the thiobarbituric acid reaction (Beyotime, China) in 
accordance with the manufacturer’s instructions, as 
previously described (28). Th e concentration of MDA 
(nM/mg protein) was calculated by standard curve and 
normalized to the total protein concentration.

Pulmonary histopathology
Th e right inferior lobe lungs were harvested and fi xed 
in 10% neutral formalin for 48 h. Th e lung tissues were 
then embedded in paraffi  n and cut into 4-μm-thick sec-
tions. Hematoxylin-eosin staining was performed using 
standard protocols for histological analysis.  

Coculture of cigarette smoke extract (CSE)-stimulated 
human PBMCs with hMSCs
Human PBMCs were isolated from 50 mL peripheral 
venous blood of a healthy volunteer by a density gradi-
ent centrifugation method. Briefl y, heparinized blood 
(20 U/mL) was layered onto lymphoprep (Axis-Shield, 
Norway) and centrifuged at 2500 rpm for 30 min. Th e 
layer of mononuclear cells was aspirated, washed 2 times 
with PBS, and suspended in RPMI-1640 medium for 
further experiments. In order to confi rm whether MSCs 
have anti-infl ammatory properties due to paracrine 
mechanisms, 6-well Transwell chambers (0.4-μm pore, 
Costar, Corning, NY, USA) were used, with PBMCs 
(1.5 × 106) suspended in 1.5 mL medium in the lower 
chambers and hMSCs (2 × 105) suspended in 0.5 mL 
medium in the upper chambers. Th e optimal ratio 
of PBMCs to MSCs was identifi ed by a preliminary 
 experiment. CSE was prepared at a concentration of 1 
cigarette/40 mL in serum-free DMEM. Th is medium 
was defined as 100% CSE and was used after adjusting 
the pH to 7.4 and fi ltering the extract through a 0.22-μm
fi lter.

First, we confi rmed that 5% CSE did not aff ect the 
viability of PBMCs or hMSCs. Subsequently, cells sus-
pended in serum-free RPMI-1640 were subjected to the 

following conditions for 12 h: PBMCs (1.5 × 106) were 
cultured alone with or without 5% CSE, human recom-
binant TGF-β1 (40 ng/mL, Peprotech, Rocky Point, NJ, 
USA) was added to cultured PBMCs exposed to 5% CSE, 
PBMCs exposed to 5% CSE were cocultured with hMSCs, 
or anti-TGF-β1 neutralizing antibody (500 ng/mL, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) was added 
into the MSC-PBMC coculture system. Th e conditioned 
medium was collected for the evaluation of TGF-β1 and 
TNF-α (pg/mL) by ELISA, using the same protocol as 
described above without normalization. Tgf-β1 mRNA 
levels in cultured PBMCs exposed to 5% CSE and the 
mRNA levels of Tgf-β1 and Tnf-α in PBMCs and hMSCs 
in the coculture system were analyzed by real-time 
quantitative PCR using SYBR Green PCR Mix (Takara, 
Dalian, China).

PCR was performed using the following conditions: 
initial incubation at 95°C for 30 seconds, followed 
by 40  cycles of 95°C for 5 seconds and 64°C for 34 
 seconds. Th e mRNA abundances of various cytokines 
were quantifi ed as the ΔCt values. Th e following prim-
ers were used: TGF-β1, 5′-AGCGACTCGCCAGAGTG
GTTA-3′, 5′-GCAGTGTGTTATCCCTGCTGTCA-3′; 
TNF-α, 5′-GTGACAAGCCTGTAGCCCATGTT-3′, 
5′-TTATCTCTCAGCTCCACGCCATT-3′; GAPDH, 
5′-GCACCGTCAAGGCTGAGAAC-3′, 5′-TGGTGAA
GACGCCAGTGGA-3′.

Statistical analyses
Data are shown as the mean ± SD and were analyzed 
using SPSS11.5 software. Analysis between the diff erent 
groups was performed using one-way analysis of vari-
ance followed by the LSD signifi cant diff erence test in 
the case of equal variances and Dunnet’s post hoc test 
in the case of unequal variances. A value of p < 0.05 was 
considered statistically signifi cant.

Results

Identifi cation of cultured rMSCs and hMSCs
After 2 weeks of culture, primary fi broblast-like rMSCs 
(Figure 1a) and hMSCs (Figure 1c) were observed.  Dif-
ferentiation assays demonstrated that rMSCs had the 
ability to form adipocytes, osteoblasts, and chondrocytes 
(Figure 1a). Flow cytometry analysis showed that rMSCs 
did not express CD11b/c or CD45, but did express CD29 
and CD90 (Figure 1b). hMSCs did not express CD11b/c, 
CD19, or CD34, but did express CD44, CD90, and CD105 
(Figure 1c). Th ese results indicated that cultured rMSCs 
and hMSCs exhibited phenotypes consistent with 
 international standards of MSCs (29).

Administration of rMSCs reduced the expression of 
pro-infl ammatory cytokines and MDA and increased 
the expression of TGF-�1 in the lungs 
In order to evaluate the anti-infl ammatory eff ects 
of rMSCs, we measured levels of pro-infl ammatory 
 mediators in lung homogenates and serum. Subacute 
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CS exposure upregulated the levels of IL-1β, IL-6, and 
TNF-α in the lungs, and infusion of rMSCs signifi cantly 
reduced the levels of these cytokines (Figure 2).

Similarly, in lung homogenates, MCP-1 showed a 
tendency to increase in smoke-exposed rats and exhib-
ited a reduction after the administration of rMSCs; 
however, the diff erences were not statistically signifi cant 
(Figure 2). Given the low level of MCP-1 in the lungs, 
we evaluated only IL-1β, IL-6, and TNF-α levels in the 
serum. We found that the levels of these cytokines were 
higher in smoke-exposed rats than in sham-exposed 
rats and tended to be lower after infusion of rMSCs; 
however, again, the diff erences were not statistically 
 signifi cant (Figure 2). 

We hypothesize that 7 weeks of exposure to CS may 
be too short, not causing the induction of obvious 
systemic inflammation. In addition to measurement 
of the above cytokines, we also measured TGF-β1 
levels in lung homogenates. Smoke-exposed rats had 
significantly lower TGF-β1 levels than sham-exposed 
rats, whereas rats treated with rMSCs had signifi-
cantly higher TGF-β1 levels than smoke-exposed rats 
(Figure 2).

Because CS-induced oxidative stress has been strongly 
implicated in the infl ammatory response (3, 30), MDA 
levels in diff erent groups were evaluated. In response to 
CS, signifi cantly higher MDA levels were observed in 
smoke-exposed lungs as compared with sham-exposed 
lungs (1.5 ± 0.3 vs. 0.8 ± 0.2 nM/mg protein, respectively), 
while infusion of rMSCs resulted in a dramatic decrease 
in MDA in the lungs (1.0 ± 0.2 nM/mg protein).

Infusion of rMSCs reduced smoke-induced infl ammation 
in the BALF and in histopathological samples
In order to further confi rm the anti-infl ammation 
eff ects of rMSCs, total and diff erentiated cell counts in 
the BALF and pathological changes in the lungs were 
analyzed. Compared with sham-exposed rats, total 
infl ammatory cells and percentages of neutrophils and 
lymphocytes in the BALF were signifi cantly increased 
in smoke-exposed rats. In contrast, infusion of rMSCs 
signifi cantly reduced the total numbers of infl ammatory 
cells (Table 1). Histological analysis revealed infi ltra-
tion of infl ammatory cells in the airways and lungs in 
smoke-exposed rats, while administration of rMSCs 
reduced these changes, resulting in the observation of 

Figure 1. Characterization of MSCs. (a) Primary fi broblast-like rMSCs was observed. The multipotential differentiation of rMSCs was verifi ed via Oil Red staining for 
adipocytes, Alizarin S staining for osteoblasts, and toluidine blue staining for chondrocytes. (b) The rMSCs did not express CD11b or CD45, but expressed CD29 and CD90, as 
measured by fl ow cytometry. (c) Primary fi broblast-like hMSCs were observed. The hMSCs did not express CD11b/c, CD19, or CD34, but expressed CD44, CD90, and CD105.
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fewer infl ammatory cells in peribronchial and alveolar 
structures (Figure 3). 

Infusion of rMSCs reduced airfl ow obstruction
Table 2 shows the results of pulmonary function tests. 
A statistically signifi cant increase in FVC and TLC was 
found in smoke-exposed rats as compared with sham-
exposed rats. Th ere were no diff erences in FEV100, 
FEV200, or FEF25 among experimental rats. However, 
markers for airfl ow obstruction, i.e., FEV100/FVC, 
FEV200/FVC, FEF50, and FEF75, exhibited a statistically 
signifi cant reduction in smoke-exposed rats. Impor-
tantly, administration of rMSCs administration signifi -
cantly reduced airfl ow obstruction, as demonstrated by 
statistically higher FEV100/FVC, FEV200/FVC, FEF50, 
and FEF75, with nonstatistically signifi cant reductions 
in FRC and FRC/TLC.

Coculture with hMSCs reduced TNF-� production from 
PBMCs via TGF-�1 
Our in vivo results revealed that rMSC transplantation 
reduced pro-infl ammatory cytokines and local infl am-

mation in the lungs, with a concomitant increase in 
TGF-β1 expression. In addition, the anti-infl ammatory 
capacity of TGF-β1 has been previously suggested in 
a report demonstrating that TGF-β1-null mice died of 
overwhelming infl ammation within 1 month of birth 
(31). To further confi rm whether MSCs exerted an 
anti-infl ammatory role via paracrine TGF-β1 signaling, 
in vitro coculture experiments were performed. We 
cocultured PBMCs and hMSCs with CSE stimulation 
using Transwell system, which physically separated the 
2 cell types and thereby inhibited cell-cell contact. 

We observed that CSE stimulation reduced TGF-β1 
levels in cell conditioned media of cultured PBMCs 
(p < 0.01); in contrast, TGF-β1 increased dramatically in 

Figure 2. rMSC infusion downregulated pro-infl ammatory cytokines levels, while increasing TGF-β1 expression. The levels of IL-1β, IL-6, MCP-1, TNF-α, and TGFβ-1 in 
lung homogenates and serum were measured by ELISA. Data are shown as the mean ± SD (n = 6). ∗p < 0.05, ∗∗p < 0.01 vs. sham exposed group; #p < 0.05, ##p < 0.01 vs. 
smoke-exposed group.

Table 1. The total and differential cell counts of leukocytes in BALF (1 × 108/L)

Groups
Total cell 

count Macrophage Neutrophil Lymphocyte

Sham-exposed 3.2 ± 0.4 2.16 ± 0.30 0.55 ± 0.14 0.43 ± 0.08

Smoke-exposed 9.6 ± 1.9∗∗ 4.15 ± 0.46∗∗ 2.95 ± 0.31∗∗ 2.07 ± 0.27∗

rMSCs treatment 7.4 ± 0.9## 3.45 ± 0.51## 2.12 ± 0.34## 1.76 ± 0.25#

∗p < 0.05, ∗∗p < 0.01 versus sham exposed; #P < 0.05, ##P < 0.01 versus smoke exposed.

Table 2. rMSC administration reduced airway obstruction

Parameter Sham-exposed Smoke-exposed rMSC treatment

FVC (mL) 13.8 ± 1.2 16.3 ± 0.7∗∗ 15.0 ± 0.5

TLC (mL) 17.6 ± 1.0 19.6 ± 0.5∗∗ 18.7 ± 0.5

FRC (mL) 4.9 ± 0.4 5.4 ± 0.4 4.8 ± 0.3

FEV100 (mL) 7.4 ± 0.2 7.1 ± 0.5 7.2 ± 0.3

FEV200 (mL) 13.0 ± 1.0 14.0 ± 0.7 13.8 ± 0.6

FEV100/FVC (%) 54.0 ± 3.5 40.3 ± 3.1∗∗ 49.3 ± 1.5#

FEV200/FVC (%) 94.7 ± 1.2 74.8 ± 4.3∗∗ 87.3 ± 2.1#

FEF25 (mL/s) 70.1 ± 4.1 58.4 ± 3.5 68.9 ± 2.2

FEF50 (mL/s) 76.7 ± 2.8 59.9 ± 2.6∗ 75.6 ± 2.4#

FEF75 (mL/s) 79.7 ± 2.8 62.8 ± 2.9∗ 70.8 ± 1.9#

∗p < 0.05, ∗∗p < 0.01 vs. sham-exposed group; #p < 0.01 vs. smoke-exposed group.
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cell suspensions of CSE-stimulated PBMCs cocultured 
with hMSCs (Table 3). Next, we evaluated the expression 
of the pro-infl ammatory factor TNF-α in cell superna-
tants. CSE stimulation inhibited the release of TNF-α
from PBMCs. Recombinant TGF-β1 further suppressed 
the production of TNF-α by CSE-stimulated PBMCs 
(Figure 4).  Furthermore, a dramatic reduction in TNF-α
was detected when hMSCs were added; in contrast, the 
inhibitory eff ect on TNF-α in the coculture system was 
partly blocked by the addition of an anti-TGFβ-1 neu-
tralizing antibody (Figure 4). Th e above results indicated 
that cocultured hMSCs suppressed TNF-α production 
from PBMCs partly via TGF-β1 (Figure 4).

Discussion

In general, MSCs secrete soluble factors that are thought 
to play a significant role in tissue repair rather than 
transdifferentiation (32,33). In the present study, MSCs 
were administered in the treatment of CS-exposed rats. 
Th e results demonstrated that MSCs have therapeutic 
potential in cigarette smoke-induced infl ammation and 
airfl ow obstruction. Up-regulation of TGF-β1 by MSCs 

administration may play an important role in ameliorat-
ing chronic infl ammation.

Exposure to CS has been shown to cause progressive 
chronic infl ammation of airway and lung parenchyma, 
characterized by increased numbers of neutrophils, 
activated macrophages, and T-lymphocytes. In the 
infl ammatory response, CS-induced pro-infl ammatory 
cytokines and chemokines, such as TNF-α, IL-1β, 
MIP-1α, IL-6, c-x-c motif chemokine ligand (CXCL) 8 
(IL-8), and MCP-1 by airway epithelial cells and alveolar 

Figure 3. rMSC infusion reduced infl ammation of peribronchial and alveolar structures. Pulmonary histopathological changes were observed by hematoxylin and eosin 
staining. The arrows indicate airway and lung infl ammation in smoke-exposed rats and reduced infl ammatory cells in peribronchial and alveolar structures after rMSC 
administration.

Table 3. TGF-β1 levels in different groups

Group
TGF-β1 levels in cell 
suspensions (pg/mL)

PBMCs without CSE stimulation 51.8 ± 5.9

PBMCs with CSE stimulation 24.6 ± 7.7∗∗

CSE-stimulated PBMCs cocultured with hMSCs 133.9 ± 12.8##

∗∗p < 0.01 vs. control PBMCs; ##p < 0.01 vs. CSE-treated PBMCs.

Figure 4. Evaluation of pro-infl ammatory cytokine levels in cell supernatants. 
Human PBMCs were cultured alone without 5% CSE (control group) or with 5% 
CSE stimulation (5% CSE group).  Recombinant TGFβ-1 (40 ng/mL) was added into 
cultured PBMCs exposed to 5% CSE(TGFβ-1 group). In addition, PBMCs exposed to 
5% CSE were cocultured with hMSCs using a transwell system (hMSCs group) and 
an anti-TGFβ-1 neutralizing antibody (500 ng/mL) was added into the coculture 
system (anti-TGFβ-1 group). The cell supernatant was collected to evaluate TNF-α 
levels (pg/mL) by ELISA. ∗p < 0.05, ∗∗p < 0.01 vs. cultured PBMCs without CSE; 
##p < 0.01 vs. cultured PBMCs with CSE; ++p < 0.01 vs. cocultured PBMCs with 
hMSCs without anti-TGFβ-1 antibody.
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macrophages elicits the recruitment of neutrophils and 
infl ammatory monocytes to the lungs (34-36). Th ere-
fore, the main focus of our work was to determine 
whether rMSCs could reduce CS-induced sub-acute 
infl ammation. We found that rMSCs had the capacity 
to suppress IL-1β, IL-6, and TNF-α expression, with a 
tendency to reduce MCP-1 expression, in the lungs of 
smoke-exposed rats. In our animal model, we observed 
that serum IL-1β, IL-6, and TNF-α were increased after 
CS exposure and that infusion of rMSCs reduced the 
levels of these cytokines, although these diff erences 
were not statistically signifi cance. 

Furthermore, we observed that rMSC transplanta-
tion reduced the number of total infl ammatory cells in 
the BALF and decreased infi ltration of infl ammatory 
cells in peribronchial and alveolar structures, indicating 
that rMSCs improved CS-induced local infl ammation in 
the lungs. A similar study showed that systemic admin-
istration of MSCs weakened the systemic infl ammatory 
response (decreased IL-1β, IL-6, MIP-1α, and IL-8 in 
serum) of endotoxin-induced ALI in mice, but these pro-
infl ammatory cytokines were not statistically reduced 
in the BALF after MSC administration (16). Diff erent 
approaches to the administration of MSCs may result 
in disparate eff ects on local and systemic infl ammation. 

Th e excessive exogenous oxidative stress derived from 
the increased burden of inhaled oxidants, such as CS, 
together with the increased endogenous reactive oxygen 
species generated by several infl ammatory cells, immune 
cells, and structural airways cells, have been implicated 
in the progression of CS-induced diseases and can be 
refl ected by increased markers of oxidative stress, includ-
ing H2O2, MDA, and 4-hydroxy-2-nonenal in the sputum, 
airways, and blood (37, 38). Th erefore, when evaluating 
MDA levels in lung homogenates, we found that rMSC 
infusion signifi cantly reduced the increased MDA levels 
induced by CS.

Among infl ammatory and extracellular matrix regula-
tory cytokines, transforming growth factor-beta (TGF-β) 
stands central, as it possesses both important immuno-
modulatory and fi brogenic activities, and should be con-
sidered a key for understanding infl ammation and remod-
eling processes. TGF-β is involved in the pathogenesis of 
several diseases, including COPD (39, 40). Th e expression 
of TGF-β1, type I TGF-β1 receptor (41), and type II TGF-
β1 receptor (42) in the lungs was signifi cantly decreased 
in emphysema. Th e balanced TGF-β signaling is not only 
important for regulation of extracellular matrix turnover, 
but also for alveolar cell homeostasis. In line with the above 
reports, we observed that CS exposure reduced TGF-β1 
levels in the lungs, and importantly, rMSCs administra-
tion signifi cantly upregulated TGF-β1 levels. 

Notably, TGF-β1-null mice have an excessive infl am-
matory response and develop multifocal infl ammatory 
diseases that are ultimately lethal, involving massive 
infi ltration of lymphocytes and macrophages accompa-
nied with increased TNF-α and MIP-1 levels primarily 
in the lungs (43). Mice defi cient in β6 integrin, failing to 

activate latent TGF-β within lung, also develop macro-
phage-rich infl ammation (44). Th erefore, we proposed 
that increased TGF-β1 may contribute to the decline in 
pro-infl ammatory cytokines and subsequent improve-
ment of infl ammation in rMSC-treated lungs. To verify 
this hypothesis, we cocultured PBMCs and hMSCs, 
added recombinant TGF-β1 to cultures of PBMCs 
alone, and added anti-TGF-β1 neutralizing antibodies 
to the coculture system. 

Th e results showed that coculture with hMSCs inhib-
ited TNF-α release from PBMCs in part via TGF-β1 
signaling. Interestingly, CSE stimulation unexpectedly 
inhibited TNF-α production from PBMCs in the current 
study, which is inconsistent with a report demonstrat-
ing that CSE promoted type II pneumocytes to release 
TNF-α (45). Th is disparity may be due to variations 
in the nature of cells, culture/stimulation conditions, 
and duration of stimulation, and the complex regula-
tion events involved need to be studied further before 
 conclusions are drawn.

We also focused on pulmonary function loss and 
airflow limitation, which is relevant to infl ammation. 
Th e pulmonary function of subacute smoke-exposed 
rats was evaluated. Administration of rMSCs signifi -
cantly increased markers for airfl ow obstruction during 
expiration (FEV100/FVC, FEV200/FVC, FEF50, and 
FEF75), while FVC, TLC, FRC, and FEF25 parameters 
did not diff er signifi cantly. Th ese results indicated that 
administration of MSCs improved pulmonary function 
in CS-exposed rats.

Importantly, it should be emphasized that the 
diverse mechanisms involved do not operate sepa-
rately, but are strongly interrelated. For example, 
alveolar macrophages, epithelial cells, and recruited 
infl ammatory cells are the principal sources of endog-
enous oxidants (34). Excessive oxidative stress ampli-
fi es airway infl ammation, induces lung structural 
cell death, and contributes to proteinase and anti-
proteinase imbalance (46). TGF-β1 can inhibit MMP9 
and MMP12 expression in alveolar macrophages 
and monocytes, whereas the inhibitory signaling of 
TGF-β1 leads to increased MMP12 expression and 
subsequent extracellular matrix degradation, contrib-
uting to the development of emphysema (41). Here, 
we speculated that reduced infl ammation and oxida-
tive stress and upregulated TGF-β1 exerted benefi cial 
eff ects on each other and contributed to the rMSC-
mediated reduction in airfl ow obstruction.

Speculations

Th e current study has shown that the administration 
of rMSCs downregulated IL-1β and IL-6, with a trend 
toward reductions in MCP-1 and TNF-α, alleviated 
oxidative stress and lung infl ammation, and upregulated 
TGF-β1 levels, thereby reducing airfl ow obstruction. 
In vitro coculture studies provided further evidence 
that hMSCs suppressed TNF-α release from PBMCs, 
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depending, at least in part, on the upregulation of TGF-
β1. Th us, our data demonstrated that MSCs can sense 
the local microenvironment and upregulate the produc-
tion of soluble factors and growth factors, such as TGF-
β1, resulting in anti-infl ammatory eff ects, which may 
facilitate the use of MSCs in the treatment of chronic 
infl ammatory diseases such as COPD.
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