
eISSN 2005-5447

International Journal of Stem Cells Vol. 15, No. 4, 2022 https://doi.org/10.15283/ijsc21149

ORIGINAL ARTICLE

395

Received: September 2, 2021, Revised: January 19, 2022, 
Accepted: January 24, 2022, Published online: February 28, 2022
Correspondence to Wei Qian

Department of Otolaryngology-Head and Neck Surgery, Affiliated 
People’s Hospital of Jiangsu University, Dianli RD. 8, Zhenjiang 
212002, China
Tel: +86-511-88917833, Fax: +86-511-85234387 
E-mail: dwqian@yahoo.com 

 This is an open-access article distributed under the terms of the Creative 
Commons Attribution Non-Commercial License (http://creativecommons.org/ 
licenses/by-nc/4.0/), which permits unrestricted non-commercial use, dis-
tribution, and reproduction in any medium, provided the original work is 
properly cited.

Copyright ⓒ 2022 by the Korean Society for Stem Cell Research

Human Umbilical Cord-Derived Mesenchymal Stem Cells Repair 
SU5416-Injured Emphysema by Inhibiting Apoptosis via 

Rescuing VEGF-VEGFR2-AKT Pathway in Rats

Qin Chen1, Lu Lv2, Chujie Zheng3, Huiwen Pan2, Jili Xu3, Jiang Lin1, Zhaoqun Deng1, Wei Qian3 

1Laboratory Center, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China 
2Department of Cardiothoracic Surgery, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China 

3Department of Otolaryngology-Head and Neck Surgery, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China

Background and Objectives: Chronic obstructive pulmonary disease (COPD) is a common, frequently-occurring disease 
and poses a major health concern. Unfortunately, there is current no effective treatment for COPD, particularly 
emphysema. Recently, experimental treatment of COPD using mesenchymal stem cells (MSCs) mainly focused on bone 
marrow-derived MSCs (BM-MSCs). Human umbilical cord-derived MSCs (hUC-MSCs) have more advantages compared 
to BM-MSCs. However, studies on the role of hUC-MSCs in management of COPD are limited. This study sought 
to explore the role of hUC-MSCs and its action mechanisms in a rat model of VEGF receptor blocker SU5416-injured 
emphysema.
Methods and Results: hUC-MSCs were characterized by immunophenotype and differentiation analysis. Rats were div-
ided into four groups: Control, Control＋MSC, SU5416 and SU5416＋MSC. Rats in model group were administered 
with SU5416 for three weeks. At the end of the second week after SU5416 administration, model group were infused 
with 3×106 hUC-MSCs through tail vein. After 14 days from hUC-MSCs transplantation, rats were euthanized and 
data were analyzed. HE staining and mean linear intercepts showed that SU5416-treated rats exhibited typical emphyse-
ma while emphysematous changes in model rats after hUC-MSCs transplantation disappeared completely and were 
restored to normal phenotype. Furthermore, hUC-MSCs inhibited apoptosis as shown by TUNEL and Western blotting. 
ELISA and Western blotting showed hUC-MSCs rescued VEGF-VEGFR2-AKT pathway in emphysematous lungs.
Conclusions: The findings show that hUC-MSCs effectively repair the emphysema injury. This study provides the first 
evidence that hUC-MSCs inhibit apoptosis via rescuing VEGF- VEGFR2-AKT pathway in a rat model of emphysema.

Keywords: COPD, Emphysema, SU5416, hUC-MSCs, VEGF-VEGFR2-AKT pathway, Apoptosis

Introduction 

  Chronic obstructive pulmonary disease (COPD) is char-
acterized by incompletely reversible airflow limitation. In 
addition, the characteristic pathological changes in COPD 
include small airway lesions and emphysema change. 
COPD is a common disease and is currently one of the 
leading causes of death globally (1). Patients with COPD 
usually suffer from complications such as muscle wasting, 
cardiovascular disease, depression, osteoporosis, and lung 
cancer (1). These complications result in high medical 
cost and social burden. Unfortunately, currently, there is 
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no effective therapeutic approach for preventing develop-
ment or for treatment of COPD, particularly emphysema. 
Therefore, there is an urgent need to seek a new and effec-
tive treatment approach to decrease the heavy burden and 
high mortality of patients due to this disease. 
  Mesenchymal stem cells (MSCs) occur in various tissues 
including bone marrow, umbilical cord blood, umbilical 
cord tissue, placental tissue, and adipose tissue. Recent an-
imal experiments and few clinical studies report that lung 
injury diseases including acute lung injury, broncho-
pulmonary dysplasia, pulmonary hypertension, asthma 
and COPD can effectively be treated by administration 
with MSCs (2-4). Currently, experimental treatment of 
MSCs for COPD and emphysema mainly focuses on bone 
marrow-derived MSCs (BM-MSCs). Although BM-MSCs 
are effective in emphysema models (5-7), the clinical ap-
plication of BM-MSCs may be limited due to the high in-
vasiveness and the fact that the function of MSCs declines 
with increase in the donors age (8). Therefore, it is im-
portant to explore activity of MSCs from other origins. 
Human umbilical cord-derived MSCs (hUC-MSCs) have 
more advantages in clinical application compared to 
BM-MSCs. For example, hUC-MSCs are easier to access 
without any invasiveness, can be efficiently expanded in 
labs, have lower immunogenicity, grow more rapidly, have 
faster doubling times and show a lower risk of infection 
(9-13), implying that hUC-MSCs are a better alternative 
for stem cell-based therapy. Several studies report that 
hUC-MSCs are effective in treatment of lung diseases 
such as radiation-induced lung injury, lung fibrosis, neo-
natal lung injury and severe COVID-19 (10-13). However, 
currently only a few papers report that hUC-MSCs are ef-
fective in treatment of COPD. A recent clinical study re-
ported that UC-MSCs were safe and effective in improving 
the quality of life and clinical conditions of COPD pa-
tients (14). Findings from an animal experiment showed 
that hUC-MSCs had pulmonary regenerative effects in a 
COPD mouse model (15). Ridzuan et al. (16) reported 
that hUC-MSCs ameliorated airway inflammation in a 
COPD model of rats. Therefore, more studies should ex-
plore the effect and mechanisms of action of hUC-MSCs 
in treatment of this COPD to provide more experimental 
basis. The aim of this study was to explore the role of 
hUC-MSCs and its mechanisms of action in a rat model 
of SU5416-induced emphysema. 

Materials and Methods

hUC-MSCs isolation and culture 
  The experimental protocol used in this study was ap-

proved by the Institutional Ethics Committee of the 
Affiliated People’s Hospital of Jiangsu University (No. 
K-20210144-W). Fresh umbilical cords were obtained from 
healthy mothers attending the Affiliated People’s Hospital 
of Jiangsu University. All the mothers that participated in 
this study signed written informed consent prior to the 
study. Umbilical cords were processed immediately after 
harvesting. Cords were washed twice with phosphate-buf-
fered saline (PBS) in 1% penicillin and streptomycin and 
all blood vessels were removed before slicing them into 
1-mm3 pieces. Small pieces of cords were placed on petri 
dishes and human umbilical cord mesenchymal stem cells 
complete medium (Cyagen, Guangzhou, China) was added 
to the samples. All tissues were maintained at 37℃ with 
5% CO2 in a humidified incubator. The medium was re-
placed every 3 days and nonadherent cells were removed. 
When fibroblast-like cells reached about 80% confluence, 
they were detached from petri dishes using 0.25% trypsin 
(Gibco, USA) and passaged into new flasks for further 
expansion. Cells from the 3rd passage were used in sub-
sequent experiments. 

Characterization of hUC-MSCs
  Immunophenotype and differentiation assay in vitro 
were carried out to characterize hUC-MSCs. Surface 
markers of hUC-MSCs were analyzed by flow cytometry 
(Aria II, Becton Dickson, USA). After the third passage, 
cells were treated with 0.25% trypsin and washed twice 
with PBS. Cells were then subjected to mouse anti-human 
monoclonal antibodies including three negative markers 
PE-CD11b, PE-CD19, PE-CD34 and three positive mark-
ers of PE-CD29, PE-CD73, PE-CD90 (BD, USA). Mouse 
PE-IgG was used as isotype control.
  Osteogenic or adipogenic differentiation assay of hUC- 
MSCs was performed using the third passage cells. In 
brief, cells were cultured in a specific medium containing 
osteogenic (Cyagen) or adipogenic (STEMCELL, Canada) 
materials. The medium was changed every three days. 
After culturing for three to four weeks, osteogenic and adi-
pogenic differentiation were determined by Alizarin Red 
staining and Oil Red O staining, respectively. 

Animal studies
  The experimental procedures were conducted under EC 
Directive 86/609/EEC for animal experiments and ap-
proved by the Institutional Animal Care and Use Committee 
of Jiangsu University (No. UJS-IACUC-2019040901). Our 
experiments conformed to the effective laws and ethical 
recommendations currently in China. Male Sprague- 
Dawley (SD) rats were purchased from Jiangsu University 
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and kept in the Laboratory Animal Research Center of 
Jiangsu University. Emphysema models were established 
using the VEGF receptor blocker, SU5416 as described 
previously (17). Rats were divided randomly into four 
groups: (A) Control group (CON, n=9), (B) Control＋
MSC group (CON＋MSC, n=9), (C) SU5416 (SU, n=9) 
and (D) SU5416＋MSC group (SU＋MSC, n=9). Rats in 
group C and D were administered with SU5416 (Abcam, 
Cambridge, UK) subcutaneously at a dosage of 20 mg/kg 
body weight, three times a week for 3 weeks. SU5416 was 
dissolved in diluents containing 0.5% carboxymethyl-
cellulose sodium, 0.9% sodium chloride, 0.4% polysorbate 
80, and 0.9% benzyl alcohol in deionized water (17). Rats 
in group A and B only received the diluents administered 
subcutaneously. At the end of the second week after ad-
ministration of SU5416 or diluents, 3×106 hUC-MSCs 
were administered into groups B and D, at the third pas-
sage resuspended in 0.3 ml PBS through the tail vein, 
whereas groups A and C received only 0.3 ml PBS. 

Lung tissues and bronchoalveolar lavage fluid (BALF) 
processing
  After 14 days from hUC-MSCs transplantation, rats 
were sacrificed. BALF and lung tissues were harvested. 
After cross-clamping the left lung, BALF was obtained by 
intratracheal insertion of a catheter and lavage with 1 ml 
of cold saline two times (final volume 2 ml) in the right 
lung. The left lungs were then harvested. The upper lobes 
of the left lungs were fixed in 4% paraformaldehyde for 
histological analysis and apoptosis assay, whereas the re-
maining left lungs were kept at −80℃ for expression 
analysis. BALF was centrifuged at 2,000 rpm for 10 min 
and the supernatant was used for ELISA analysis. 

Histological analysis of lung tissues 
  Paraformaldehyde-fixed lungs were paraffin-embedded, 
sectioned into 4 um slices and stained with hematoxylin 
and eosin (HE) for histological analysis. Mean linear in-
tercept (MLI) was calculated to determine the extent of 
emphysematous changes and the repair ability of hUC- 
MSCs in emphysema. Two random slices from each speci-
men were selected to determine the MLI. In brief, the sli-
ces were observed at original magnification of ×100, and 
five fields of each slice avoiding large blood vessels and 
bronchial were used. A cross was drawn at the center of 
each field of vision, and the total number of alveolar septa 
(NS) encountered in all lines were counted. In addition, 
the total length of the crosshairs (L) was measured. MLI 
was calculated using the formula MLI=L/NS. The MLI 
value represented the average alveoli diameter.

TUNEL analysis
  Apoptosis assay of lung tissues was performed using 
TUNEL method using paraffin sections. TUNEL assay was 
carried out with commercially available kit (Sigma-Aldrich, 
QIA33) following the manufacturer’s instructions. Briefly, 
paraffin sections were deparaffinizated and rehydrated. The 
slides were then digested with proteinase K (20 ug/ml) for 
20 minutes and the digestion was stopped by addition of 
3% H2O2 for 5 minutes. Sections were then covered with 
Equilibration Buffer for 30 minutes. Subsequently, sec-
tions were incubated with TdT Labeling Reaction Mixture 
in a humid atmosphere at 37℃ for 90 minutes. Stop sol-
ution was added to the sections for 5 minutes to stop the 
reaction. Slides were then washed three times with TBS 
and incubated with conjugate for 30 minutes. After rins-
ing with TBS, sections were covered with DAB solution 
for 10 minutes. Slides were counterstained with hema-
toxylin. Apoptosis index was calculated by dividing the 
number of TUNEL-positive cells to the total cell number 
in randomly selected 10 fields at ×400 magnification, and 
the result was multiplied by 100. 

VEGF ELISA analysis 
  VEGF level in BALF was evaluated using the Rat 
VEGF Quantikine ELISA Kit (R&D, USA). 50 ul BALF 
was examined following the manufacturer’s instructions. 
All standards and specimens were measured in duplicate. 
Analysed proteins included human and rat VEGF. The re-
sults were expressed as pg/ml. 

Western blot analysis
  Left lung tissues were lysed in RIPA lysis buffer (Beyotime, 
Shanghai, China). For detection of phosphorylated VEGF re-
ceptor 2 (p-VEGFR2) and phosphorylated AKT (p-AKT), 
phosphatase inhibitor (Biosharp) was also added in the ly-
sis buffer to protect the phosphorylated groups. Protein 
concentration of each sample was determined using BCA 
protein assay kit (Beyotime, Shanghai, China). Total pro-
teins were separated through a 12% sodium dodecyl sulfa-
tepolyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes. The membranes were 
then blocked in 5% bovine serum albumin for 2 h at room 
temperature and incubated with primary antibodies 
against caspase-3 (rabbit polyclonal IgG, 1：2,000) 
(Proteintech), PCNA (rabbit polyclonal IgG, 1：2,000) 
(Proteintech), VEGF (mouse monoclonal IgG2B, 1：1,000) 
(R&D), p-VEGFR2 (rabbit polyclonal IgG, 1：1,000) 
(Millipore), VEGFR2 (rabbit polyclonal IgG, 1：1,000) 
(Abcam), p-AKT (rabbit polyclonal IgG, 1：1,000) 
(Affinity), AKT (rabbit polyclonal IgG, 1：1,000) (Affinity) 
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Fig. 1. Characterization of hUC-MSCs. 
(A) Flow cytometry analysis of surface 
antigens of hUC-MSCs. hUC-MSCs 
were negative for CD11b, CD19 
and CD34, but positive for CD29, 
CD73 and CD90. (B) Differentiation 
potential of hUC-MSCs. (a) Osteogenic 
differentiation results using Alizarin 
Red staining, numerous cells be-
came Alizarin Red positive. (b) 
Adipogenic differentiation results us-
ing Oil Red O staining, some of the 
cells contained numerous Oil Red 
O-positive lipid droplets. (c) Non-sti-
mulated control cells grown in regu-
lar medium. (a∼c) Magnification, 
×100; scale bar, 200 μm.

and β-actin (rabbit polyclonal IgG, 1：1,000) (Abcam) 
overnight at 4℃. After washing three times with 0.1% 
PBST, the membranes were incubated with the appro-
priate horseradish peroxidase (HRP)-conjugated anti-mouse 
or anti-rabbit secondary antibody. Finally, the membranes 
were detected with enhanced chemiluminescence (Millipore, 
MA, USA). β-actin was used as the internal control for 
protein loading. 

Measurement of pro-inflammatory cytokines by 
real-time PCR and ELISA
  Real-time quantitative PCR (RQ-PCR) was performed 
on a 7500 Thermo cycler (Applied Biosystems, CA, USA). 
The primer sequences of expression were IL-1β, 5’-GCTG 
TGGCAGCTACCTATGTCTTG-3’ (forward), 5’-AGGTC 
GTCATCATCCCACGAG-3’ (reverse); IL-6, 5’-CCACTTC 
ACAAGTCGGAGGCTTA-3’ (Forward), 5’-GTGCATCAT 
CGCTGTTCATACAATC-3’ (Reverse); TNFα, 5’-ATACA 
CTGGCCCGAGGCAAC-3’ (Forward), 5’-CCACATCTCG 
GATCATGCTTTC-3’(Reverse) and β-ACTIN, 5’-AAGG 
CCAACCGTGAAAAGAT-3’ (forward), 5’-GCTCGAAGT 
CTAGGGCAACA-3’ (reverse). The housekeeping gene β- 
ACTIN was used as reference sequence to calculate the 
abundance of target mRNA. Relative expression levels 
were determined by using the 2−ΔΔCt method using β- 
ACTIN levels for normalization.
  The rats IL-1β, IL-6 and TNFα protein level in BALF 
was evaluated by the Quantikine ELISA Kit (R&D, USA) 
according to the manufacturer’s manual.

Statistical analysis
  GraphPad Prism 5.0 (GraphPad software, USA) was 
used for statistical analysis and for generation of figures. 
Data were presented as mean±SEM. Unpaired t test and 
one-way analysis of variance were performed to compare 
the difference among two or multiple groups, respectively. 
The level of statistical significance was set at p＜0.05 for 
all tests. 

Results 

Isolation and characterization of hUC-MSCs 
  After the first 3∼5 days of initial culture, hUC-MSCs 
adhered to plastic surface, and presented a spindle fibro-
blast-like appearance. hUC-MSCs reached 80%∼90% 
confluence approximately 15 days later. In vitro im-
munophenotype and differentiation assay of hUC-MSCs 
were carried out prior to experimental use. Flow cy-
tometry analysis showed that hUC-MSCs were negative for 
CD11b, CD19, and CD34, but positive for CD29, CD73, 
and CD90 (Fig. 1A). Differentiation assays showed that 
hUC-MSCs retained the ability to differentiate into osteo-
blasts and adipocytes as shown by positive staining with 
Alizarin Red (Fig. 1Ba) and Oil Red O (Fig. 1Bb). 
Notably, the non-differentiated control did not show pos-
itive staining (Fig. 1Bc). 
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Fig. 2. hUC-MSCs repaired SU5416-induced emphysema. (A) 
Representative results of HE staining in lung sections chosen from 
each group. There was no significant difference between the 
Control group (CON) and the Control＋MSC group (CON＋MSC). 
Emphysematous changes were observed in the group treated with 
SU5416 (SU). hUC-MSCs transplantation repaired SU5416-induced 
emphysema (SU＋MSC). Magnification, ×100; scale bar, 200 μm. 
(B) Morphometric analysis of the mean linear intercept (MLI). 
Values of MLI are presented as mean±SEM. *p＜0.05 compared 
with the Control group. #p＜0.05 compared with the SU5416 (SU) 
group. n=9.

hUC-MSCs repaired lung injury in SU5416-induced 
emphysema 
  Emphysema models were established by administration 
of SU5416 into SD rats three times per week for 3 weeks. 
After 14 days from the first administration with SU5416 
or diluents, each rat in group B and D were administered 
with 3×106 hUC-MSCs through the tail vein. On day 28, 
rats were euthanized and tissues were harvested for fur-
ther analysis. HE staining results indicated that rats in the 
SU5416 group had severe alveolar destruction and enlarge-
ment of the alveolar spaces compared with the control. 
This finding implies that the lungs had become emphy-
sematous. However, emphysematous changes disappeared 
completely and were restored to the normal phenotype in 
SU5416-treated rats that received hUC-MSCs infusion. 
Notably, no difference in morphology was observed be-
tween samples from the rats in the Control＋MSC group 
and those in the Control group (Fig. 2A). MLI was de-
termined to quantify enlargement of the alveolar spaces. 
MLI was significantly higher in the SU5416 group 
(94.46±6.60 μm) compared with that in the Control 
group (73.99±2.03 μm, p＜0.05). However, MLI was re-
stored to the normal level in the SU5416＋MSC group 
(74.65±3.69 μm). This finding shows that hUC-MSCs 
transplantation can repair SU5416-induced emphysema 
completely. The Control group and the Control group 
with hUC-MSCs treatment showed no significant differ-
ences in MLI values, their MLI were 73.99±2.03 μm and 
72.75±3.06 μm, respectively (Fig. 2B). 

hUC-MSCs inhibited apoptosis in SU5416-induced 
emphysema
  To analyze the apoptosis of lung tissues, TUNEL stain-
ing and western blot for active caspase-3 were performed. 
TUNEL results showed that the apoptosis index of SU5416 
group (35.65±1.48%) was significantly higher compared 
with that of the Control group (0.74±0.24%, p＜0.0001). 
However, the apoptosis index in the SU5416＋MSC group 
(0.96±0.43%) was significantly lower compared with that 
of the SU5416 group (35.65±1.48%) (p＜0.0001) and re-
turned to the normal level after administration of 
hUC-MSCs (Fig. 3A and 3B). Western blotting analysis 
showed that active caspase-3 was significantly higher in 
the SU5416 group compared with the Control group and 
it was significantly decreased in the SU5416＋MSC group. 
No significant difference in caspase-3 activity was ob-
served between the Control＋MSC group and the Control 
group. Proliferation was not significantly changed for 
PCNA levels were similar in four groups (Fig. 3C).

hUC-MSCs rescued VEGF expression in 
SU5416-induced emphysema
  To elucidate the mechanisms of action of hUC-MSCs 
in repairing lung injury in SU5416-induced emphysema, 
expression of VEGF protein in BALF and lung tissues 
were determined by ELISA and western blotting, 
respectively. Analysis showed that expression of VEGF 
was significantly decreased in SU5416-treated lungs com-
pared with that in the Control group. Notably, expression 
of VEGF was significantly increased and restored to the 
normal level in the SU5416＋MSC group (Fig. 4A and 
4B). There was no significant difference in VEGF ex-
pression between the Control＋MSC group and the 
Control group.
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Fig. 3. hUC-MSCs inhibited apopto-
sis of SU5416-treated lungs. (A) Re-
presentative results of TUNEL assay 
using lung sections chosen from 
each group. There was no significant 
difference between the Control (CON) 
group and the Control＋MSC (CON＋
MSC) group. Increased TUNEL-pos-
itive cells were observed in the 
group treated with SU5416 (SU). 
hUC-MSCs reduced TUNEL-positive 
cells (SU＋MSC). Magnification, ×400;
scale bar, 50 μm. (B) Quantitative re-
sults of TUNEL assay showing apop-
tosis index of the four groups. Data 
are presented as mean±SEM. ****p
＜0.0001 compared with the Control 
(CON) group, ####p＜0.0001 com-
pared with the SU5416 (SU) group. 
n=3. (C) Representative results of 
active caspase-3 and PCNA as de-
termined by western blotting. hUC- 
MSCs inhibited increased levels of 
active caspase-3 but not affect pro-
liferation in the SU5416-treated 
models.

Fig. 4. hUC-MSCs rescued VEGF expression in SU5416-induced 
emphysema. (A) VEGF protein level in BALF was determined by 
ELISA. Data are presented as mean±SEM. **p＜0.01 compared 
with the Control (CON) group, ##p＜0.01 compared with the 
SU5416 (SU) group. n=9. (B) VEGF protein level in lungs as de-
termined by western blotting. 

hUC-MSCs activated VEGFR2 and AKT in 
SU5416-induced emphysema
  The AKT survival signal mediated by VEGF and VEGF 
receptor 2 (VEGFR2) is essential for the survival of endo-
thelial cells. We detected the expressions of VEGFR2, 

AKT and their active forms p-VEGFR2, p-AKT by west-
ern blot to determine whether VEGF-VEGFR2-AKT path-
way-related molecules have changed in the hUC-MSCs 
transplantation group so further affect cell survival and 
apoptosis. The results showed that, compared with the 
SU5416 group, p-VEGFR2 and p-AKT were significantly 
increased in the SU5416＋MSC group, which was com-
parable to the Control group (Fig. 5), indicating that 
hUC-MSCs intervention could activate the VEGF-VEGFR2- 
AKT pathway to induce the survival of lung cells and in-
hibit apoptosis.

Expression of pro-inflammatory cytokines in lungs of 
experimental rats
  We examined the mRNA and protein expression of 
pro-inflammatory cytokines using RQ-PCR and ELISA. 
There was no significant difference in IL-1β, IL-6 or 
TNFα expression in both mRNA and protein levels 
among four groups (Fig. 6). 

Discussion

  So far, various animal models have been established to 
try to replicate human COPD. However, based on ex-
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Fig. 5. hUC-MSCs rescued the expression of p-VEGFR2 and p-AKT 
in emphysema induced by SU5416. The protein expressions of 
p-VEGFR2, VEGFR2, p-AKT and AKT in the lungs were determined 
by western blotting. Compared with the control group (CON), 
p-VEGFR2 and p-AKT in the model group (SU) were significantly 
reduced, but both of them in the hUC-MSCs transplantation group 
(SU＋MSC) returned to the level of the Control group. There was 
no significant change in the expression of VEGFR2 and AKT in 
each group.

Fig. 6. hUC-MSCs did not alter the expression of pro-inflammatory cytokines in SU5416-induced emphysema. (A∼C) RQ-PCR detect IL-1β, 
IL-6 and TNFα mRNA expression in lungs, respectively. (D∼F) ELISA detect IL-1β, IL-6 and TNFα protein expression in BALF, respectively. 
hUC-MSCs had no significant effect on inflammatory response in normal or damaged lung tissues.

tensive literature reviews, there is currently no available 
model that can fully mimic the characteristics of human 
COPD (18). Therefore, it is necessary to establish specific 
models to mimic different subtypes of human COPD. 

Until now, four models have been established that con-
firmed the development of emphysema in mice/rats lack 
of significant inflammatory response (17-20). The first 
model was induced by subcutaneous administration of 
SU5416 (17), the second model used a single intratracheal 
injection of active caspase-3 (19), the third model was re-
produced with intra-tracheal instillation of ceramide (20), 
a recent model was induced by NO2 chronic exposure (18), 
all the four models caused non-inflammatory emphysema, 
and the first three models also caused lung cell apoptosis. 
Inflammation is one of the important mechanisms in-
volved in COPD. However, because many patients with se-
vere inflammatory lung diseases such as pneumonia and 
adult respiratory distress syndrome do not develop sig-
nificant emphysema, inflammation cannot fully explain 
the loss of alveolar septa in emphysema. Apoptosis can di-
rectly cause emphysema, at least in animal models. In or-
der to better study the anti-apoptotic effect of hUC-MSCs 
in emphysema, we used the first model by SU5416. We 
detected the gene level and protein level of pro-in-
flammatory factors. Compared with the Control group, we 
did not observe the significant change of pro-in-
flammatory cytokines (IL-1β, IL-6 or TNFα) with 
SU5416 administration in model group. Similarly, 
hUC-MSCs had no significant effect on inflammatory re-
sponse in normal or damaged lung tissues. These evi-
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dences further showed that hUC-MSCs alleviated SU5416- 
induced emphysema by inhibiting apoptotic pathway rath-
er than inflammatory pathway. This phenomenon that 
SU5416 induced emphysema may be directly caused by 
apoptosis. After apoptosis, due to the limited release of in-
tracellular contents, it is not expected to lead to immune 
responses. 
  MSCs infused through the veins are mainly retained in 
the lungs, which provides an effective rationale for treat-
ment of lung diseases including COPD and emphysema. 
hUC-MSCs have several attractive advantages for clinical 
use including they can be obtained without any invasive-
ness, can be efficiently expanded in labs, have lower im-
munogenicity, grow more rapidly, have faster doubling 
times and show a lower risk of infection. Moreover, 
hUC-MSCs have stronger effects in secretion of growth 
factor, immune regulation and anti-inflammation activity 
(21-24). However, only a few studies have explored appli-
cation of hUC-MSCs in COPD. Notably, these studies did 
not explore the role of hUC-MSCs in opposing apoptosis 
in COPD or emphysema. The present study provides the 
first evidence that hUC-MSCs transplantation could re-
pair the SU5416-induced emphysema by inhibiting apop-
tosis via rescuing VEGF-VEGFR2-AKT pathway. 
  Apoptosis of pulmonary parenchymal cells is implicated 
in pathogenesis of pulmonary emphysema both in human 
patients and animal models. Increased apoptosis and in-
creased activity of caspase-3 have been reported in lungs 
of emphysema patients (25, 26). More directly, in animal 
models, intratracheal administration of active caspase-3 
could cause lung cell apoptosis and emphysema (19), and 
treatment with caspase inhibitor reduced the SU5416-in-
duced apoptosis-dependent emphysema (17). These find-
ings show that lung cell apoptosis plays a critical role in 
pathogenesis of emphysema. In the SU5416-induced em-
physema models used in this study, increased apoptosis 
was observed by TUNEL assay and active caspases-3 
activity. After infusing hUC-MSCs, excessive apoptosis 
and increased active caspase-3 were reduced to the normal 
level, suggesting hUC-MSCs have great ability of opposing 
apoptosis. 
  We further studied the mechanism of hUC-MSCs in-
hibiting apoptosis, and found that the VEGF-dependent 
signaling pathway plays a key role in inhibiting apoptosis. 
The survival signal mediated by VEGF and its receptor 
VEGFR2 is essential for the survival of endothelial cells 
and the maintenance of the vascular system. Decreased ex-
pression of VEGF and VEGFR2 in emphysematous lungs 
are related to increased endothelial cell death. Damage of 
pulmonary vascular bed is a key feature in emphysema. 

VEGF is a main and effective modulator of angiogenesis 
and a trophic factor required for survival of endothelial 
cells (27). The lung contains the highest level of VEGF 
expression among normal organs. VEGF in lung plays a 
key role in maintaining homeostasis of alveolar compartment. 
Recent studies involving emphysema patients and animal 
experiments reported that the damage of VEGF signaling 
was associated with pathogenesis of emphysema. Kasahara 
et al. and Kanazawa et al. reported that the expression of 
VEGF in lungs and induced sputum were significantly 
low in patients with emphysema (25, 28). Animal experi-
ments showed that lung-targeted VEGF reduction led to 
increased alveolar cell apoptosis and emphysema (29, 30). 
VEGF is a well characterized anti-apoptotic growth factor. 
Some studies have reported that VEGF inhibits endothe-
lial cell apoptosis in vitro (31, 32). VEGF specifically binds 
to VEGFR2 receptor (Flk-1/KDR) and subsequently acti-
vates PI3-kinase/Akt pathway (33). As a result, Akt in-
hibits caspase-9 and BAD expression (34, 35). In the 
VEGF-mediated signaling pathway, AKT acts as a key reg-
ulator, regulating cell survival, proliferation, and angio-
genesis (36). In the lung, the induction of Akt expression 
have a variety of beneficial effects on cells, especially for 
the survival of alveolar cells (37). The reduction of 
VEGF/VEGFR2 expression can lead to endothelial cell 
apoptosis, which leads to emphysema changes (29, 38, 39). 
In this study, we used SU5416 to specifically inhibit 
VEGFR2 and block VEGF-VEGFR2 signal transduction, 
which resulted in emphysema changes. Compared with 
the Control group, VEGF, p-VEGFR2, and p-AKT were 
significantly reduced, accompanied by increased active 
caspase-3 and increased TUNEL-positive cells in the lungs 
of the emphysema, indicating that inhibition of VEGFR2 
by SU5416 would lead to weakening of the VEGF-VEGFR2- 
AKT cascade, and further lead to the weakening of 
AKT-mediated survival signals and the increase of 
apoptosis. Studies have shown that VEGF can up-regulate 
the expression of VEGFR2 (40), which may promote the 
positive feedback of the VEGF-VEGFR2 signaling 
pathway. In this study, hUC-MSCs transplantation could 
rescue the expression of VEGF in the lung and restore it 
to the healthy level. At the same time, the levels of 
p-VEGFR2, p-Akt proteins involved in the VEGF signal-
ing cascade were up-regulated to control levels, and cell 
apoptosis was effectively suppressed accompanied by em-
physema damage was repaired, as seen in healthy lungs.
  In summary, this study reports the role of hUC-MSCs 
in repairing of emphysema by inhibiting apoptosis via res-
cuing VEGF-VEGFR2-AKT pathway, for the first time. 
This study provides a basis for application of hUC-MSCs 
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in repairing emphysema and COPD. 
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