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induction by resveratrol alleviates elastase-induced emphysema
in a mouse model
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Abstract Chronic obstructive pulmonary disease (COPD) is
a sustained blockage of the airways due to lung inflammation
occurring with chronic bronchitis and/or emphysema.
Progression of emphysema may be slowed by vascular endo-
thelial growth factor A (VEGFA), which reduces apoptotic
tissue depletion. Previously, authors of the present report dem-
onstrated that cis-resveratrol (c-RSV)-induced heat-shock
protein 70 (HSP70) promoter-regulated VEGFA expression
promoted neovascularization of genetically modified mesen-
chymal stem cells (HSP-VEGFA-MSC) in a mouse model of
ischemic disease. Here, this same stem cell line was evaluated
for its protective capacity to alleviate elastase-induced pulmo-
nary emphysema in mice. Results of this study showed
that c-RSV-treatment of HSP-VEGFA-MSC exhibited
synergy between HSP70 transcription activity and induced
expression of anti-oxidant-related genes when challenged by

cigarette smoke extracts. Eight weeks after jugular vein injec-
tion of HSP-VEGFA-MSC into mice with elastase-induced
pulmonary emphysema followed by c-RSV treatment to
induce transgene expression, significant improvement was
observed in respiratory functions. Expression of VEGFA,
endogenous nuclear factor erythroid 2-related factor (Nrf 2),
and manganese superoxide dismutase (MnSOD) was sig-
nificantly increased in the lung tissues of the c-RSV-treat-
ed mice. Histopathologic examination of treated mice re-
vealed gradual but significant abatement of emphysema
and restoration of airspace volume. In conclusion, the
present investigation demonstrates that c-RSV-regulated
VEGFA expression in HSP-VEGFA-MSC significantly im-
proved the therapeutic effects on the treatment of COPD
in the mouse, possibly avoiding side effects associated
with constitutive VEGFA expression.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a progres-
sively severe inflammation-associated airway blockage, often
associated with bronchitis and/or emphysema (Vestbo et al.
2013). Reports have demonstrated that cigarette smoke acti-
vates neutrophils and macrophages and produces proteases
and oxidants resulting in lung damage (Barnes 2004). The
destruction of air space (alveolar) walls in the alveoli reduces
available surface area leading to loss of capillary endothelial
and alveolar epithelial cells through apoptosis (Chung and
Adcock 2008; Crosby and Waters 2010). A previous study
reported that in patients with severe COPD, total lung tissue
extracts showed lower levels of vascular endothelial growth
factor A (VEGFA) compared with healthy subjects (Henson
et al. 2006). Alveolar septum thickness in COPD patients was
significantly thinner, with diminished number of small cap-
illaries relative to healthy tissue, features that contribute to
reduced alveolar functional efficiency. Thus, all evidence
supports a Bvascular hypothesis^ as a major feature of
COPD pathophysiology (Henson et al. 2006). Moreover,
VEGFA may be partially cleaved by neutrophil elastase
(NE), generating a VEGFA fragment with altered activities
(Kurtagic et al. 2009). The resulting binding by the altered
receptor is translated to a loss of signaling potentials in endo-
thelial cells and hinders lung vascular functions (Kurtagic
et al. 2009). Moreover, intratracheal adenovirus-mediated
VEGFA gene therapy has been shown to improve survival,
formation of lung capillaries, and restoration of irreversible
lung injuries in a hyperoxia model of alveolar development
of bronchopulmonary dysplasia (Thébaud et al. 2005).

Reports have demonstrated increased concentrations of se-
rum levels of heat-shock protein 70 (HSP70) in patients in
early and late stages of COPD, and a four-fold increase in
the COPD-II group compared to non-symptomatic smokers
(Hacker et al. 2009). Thus, the serum contents of HSP70 are
associated with the stage of COPD. Resveratrol (RSV) is a
phytochemical inducer of heat-shock factor protein 1 (HSF-1)
that activates HSP70 promoter activities (Putics et al. 2008).
Our other study demonstrated that resveratrol-induced and
HSP70 promoter-regulated VEGFA expression enhanced tube
formation of human umbilical vein endothelial cell line
(HUVEC) (Chen et al. 2015).

Trans-resveratrol (t-RSV) activation of nuclear factor ery-
throid 2-related factor (Nrf2) protects against oxidative stress
induced by cigarette smoke extract (CSE)-mediated reduction
of glutathione levels in lung epithelial cells (Kode et al. 2008).
Studies have also indicated that t-RSV inhibits cytokines re-
leases from both smokers and COPD patients via actions of

anti-inflammatory and anti-oxidant properties (Culpitt et al.
2003). In contrast, there are few studies on the biological
effects of cis-resveratrol (c-RSV) on anti-cancer and anti-
platelet aggregation activities (Pettit et al. 2002; Bertelli
et al. 1996). In a previous report, we showed that c-RSV
reduced, whereas t-RSV increased, IL-1β secretion, and that
the anti-inflammatory actions of c-RSVin human acute mono-
cytic leukemia cells (THP-1)-differentiated macrophages
could be associated with inhibition of the non-canonical
inflammasome pathway (Huang et al. 2014).

Evidences have also shown that lung exposure to CSE
could activate nuclear factor erythroid-2-related factor
(Nrf2)-dependent anti-oxidant- and cytoprotective-related
genes, contributing to resistance to CSE-induced emphysema
by upregulating anti-oxidant defense systems, inhibition of
lung inflammation, and alveolar cell apoptosis (Tuder et al.
2006; Rangasamy et al. 2004). Other evidences include obser-
vations that Nrf2-knockout mice were highly susceptible to
risks of emphysema on CSE exposure, lack of Nrf2/anti-
oxidant response element (ARE)-regulated anti-oxidant/anti-
inflammatory responses, and maintenance of protease/anti-
protease balance protecting against the development of
pulmonary emphysema (Iizuka et al. 2005).

Several studies have demonstrated that mesenchymal stem
cell (MSC)-based cell therapy results in improvement in the
treatment of emphysema in rat models (Zhen et al. 2008;
van Haaften et al., 2009). Furthermore, MSCs secrete anti-
apoptotic and anti-inflammatory paracrine factors (Meirelles
Lda et al. 2009; Akram et al. 2013), and reduce lung inju-
ries (Katsha et al. 2011). Despite reported successes, the
amount of engrafted MSCs decreased dramatically 24 h
post-transplantation most likely due to exposure to toxic
and oxidative microenvironments (Leblond et al. 2009;
Lan et al. 2015). We have previously demonstrated in a
mouse angiogenesis model that genetically modified MSCs
that were conditionally expressing VEGFA under the con-
trol of a RSV-inducible HSP70 promoter showed maxi-
mized efficacy by spatial and temporal control of angiogen-
ic abilities (Chen et al. 2015). In this study, we further
investigated the protective effects of inducible expression
of stem cell-based VEGFA gene therapy approach against
elastase-induced pulmonary emphysema in a mouse model.

Materials and methods

Cell culture

Mouse bone marrow mesenchymal stem cells (MSC) were iso-
lated from bone marrow of C57BL/6 female mice at ≤8 weeks
after gestation. MSCs were purchased from Life Technologies
(Carlsbad, CA) and stably HSP-VEGFA-transduced MSC
(HSP-VEGFA-MSC) cells were cultured and prepared as
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previously described (Chen et al. 2015). Cells were maintained
in Dulbecco’s modified Eagle’s Medium/Ham’s Nutrient
Mixture F-12 (DMEM/F12; Life Technologies) supplemented
with 10 % fetal bovine serum (FBS; Life Technologies),
2 mM L-glutamine (Life Technologies), and 1 % penicillin/
streptomycin (Life Technologies).

Preparation of cigarette smoke extract

Cigarette smoke extract (CSE) was prepared as described
(Cheng et al. 2009). Quality of the CSE solution was assessed
based on absorbance at 302 nm, which is the specific
absorption spectrum of peroxynitrite. The CSE was pre-
pared as a stock solution (20 mg/ml of CSE containing
0.36 mg/ml of nicotine).

MTT cell viability assay

MSC cells were plated at a density of 1×105 cells/well in a 12-
well culture plate (BD Biosciences) and were treated with CSE
in the presence of mock or t-RSVor c-RSV (Cayman) for 48 h.
Cell viability was detected using the MTT method at 540 nm
by VersaMax spectrophotometry (Molecular Devices).

Luciferase activity assay

Luciferase activity was assayed using a Promega assay kit
according to the manufacturer’s instructions. Cells were plated
at a density of 1×105 in a 24-well plate, lysed with passive
lysis buffer and assayed by the dual-luciferase reporter assay
system (Hung et al. 2014a).

Quantitative real-time RT-PCR

Total RNA was prepared from the cell lines and was treated
with DNase I (New England BioLabs, Ipswich, MA). RNAs
were reverse transcribed into complementary DNAs (cDNAs)
at 42 °C for 60 min using Moloney murine leukemia
virus reverse transcriptase (Life Technologies). After the
oligo (dT)-primed reverse transcription reaction, quantita-
tive real-time RT-PCR was performed using LightCycler
480 SyberGreen I Master Mix and LightCycler® 480
Instrument (Roche, Mannheim, Germany) as previously
described (Chong et al. 2015). Sequences of the mouse and
human gene-specific primers used are listed in Table 1. For
normalization, Gadph messenger RNA (mRNA) levels of
each RNA preparation were determined. Relative gene ex-
pression was determined by the △△Ct method, where Ct is
threshold cycle (Livak and Schmittgen 2001). The relative
mRNA levels were normalized to the mRNA level of the
reference Gadph gene. The melting curve of the amplification
product was always checked to ensure a single clean peak that
represented good quality quantitative real-time RT-PCR data.

Western blot analysis

Total cellular proteins were isolated from cell lines by
the PRO-PREP™ Protein Extraction Solution (Intron
Biotechnology, Kyonggi-do, Korea) and Western blot analysis
was performed as described previously (Hung et al. 2014b). In
brief, an amount of 25 or 50μg of total proteins from cell lysates
or conditionedmediawas loaded onto each lane and the proteins
were separated in sodium dodecyl sulfate polyacrylamide elec-
trophoresis (SDS-PAGE; Bio-Rad Laboratories, Hercules, CA).
After electrophoresis, the resolved proteins were transferred to
PVDF membrane (EMD Millipore, Billerica, MA). The mem-
branes were blocked with 5 % skimmed milk powder (Anchor,
Kowloon, Hong Kong) in phosphate-buffered saline-Tween
(PBS-T): phosphate-buffered saline (PBS, Sigma-Aldrich) con-
taining 0.1 % Tween-20 in (Sigma-Aldrich) for 1 h and probed
overnight with the following antisera at appropriate dilutions:
1:1000 dilution of the anti-heme oxygenase 1 (HO-1) (MBL
International, Woburn, MA), a 1:1000 dilution of the anti-Nrf2
(Santa Cruz Biotechnology Inc., Dallas, TX), and a 1:10,000
dilution of the anti β-actin (EMD Millipore) antisera in PBS-T.
Identification of each protein was achieved with the Western
Lighting Plus Reagent (PerkinElmer, Waltham, MA) using an
appropriate horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Jackson Immuno Research Laboratories, West
Grove, PA). Protein levels in the Western blot analysis were
detected and quantified by the LAS-3000 chemiluminescence
detection device (Fujifilm, Valhalla, NY). To adjust for loading
differences, the optical density of each protein was normalized
to that of the β-actin band.

Construction of lentiviral vector and transduction
into MSCs

The 8XARE sequence was composed of eight copies of the
oligonucleotide sequence 5 -GTGACAAAGCA-3 ; the mini-
mal functional enhancer was assembled by PCR synthesis and
cloning into pLenti-LT-hyg, resulting in p8XARE-Luc
(Fig. 1a). Virus stocks were prepared by co-transfecting the
p8XARE-Luc or pHSP-Luc (Fig. 1a) construct with three
packaging plasmids, pMDLg/pRRE, CMV-VSVG, and
RSV-Rev, into 293 T cells. The viral supernatants were
harvested 36–48 h later, filtered, and centrifuged at 20,
000×g for 90 min. The viral titer was determined by the
method of end-point dilution through counting the number
of infected red cells at ×100 magnification under a fluo-
rescence microscope 96 h after transduction of 293 T cells.
Titer in the transducing units was computed as follows: (TU)/
mL = (the numbers of red fluorescent cells) × (dilution factor)/
(volume of virus solution). Titers of the viral particles were
quantified by an HIV quantification ELISA kit. MSCs were
seeded in 12-well plate and the cells were transduced with an
equal ratio of viral particle of virus particle following previous
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method (Chan et al. 2001), and the stably transduced cells
were designated as ARE-Luc-MSC and HSP-Luc-MSC.

Porcine pancreatic elastase-induced emphysema mouse
model

Eight-week-old female C57BL/6JNarl mice were purchased
from the National Laboratory Animal Center (Taipei, Taiwan).
The mice were maintained in an air-conditioned animal
facility under constant temperature and humidity conditions
with a 12:12 light/dark cycle and were allowed ad libitum
diet and drinking water. Mice were randomly picked to
different groups, and there were at least nine or more mice in
each group. All experimental procedures were approved by the
Institutional Animal Care and Use Committee of the Chang
Gung University. The mice were anesthetized by isoflurane
(Abbott Laboratories, Abbott Park, IL) and intratracheally
instilled porcine pancreatic elastase (PPE) at 1.5 mg/kg body

weight in 50-μl sterile PBS. On day 14 after administra-
tion, mice were randomly selected for intravenous adminis-
tration of HSP-VEGFA-MSC or PBS via the jugular vein.
The mice with or without stem cell transplantation were intra-
peritoneally injected 20 mg/kg c-RSV every other day. All
animals were placed in the whole-body plethysmograph tanks
for analysis of pulmonary functions using the whole-body
plethysmography (WBP) system every other week. All mice
were sacrificed at week 8 by an overdose of 2.5 %
avertin following previous method (Lan et al. 2015).

Noninvasive measurement of pulmonary functions
by WBP

The baseline-enhanced respiratory pause (Penh) in unrestrained
conscious mice was measured by WBP (Buxco Electronic Inc,
Wilmington, NC). Mice were placed in the chamber and
allowed to equilibrate for approximately 10 min. According

Table 1 PCR primers
Gene name Forwards primers 5′→3′ Reverse primers 5′→3′

Nrf 2 TAGATGACCATGAGTCGCTTGC GCCAAACTTGCTCCATGTCC

HO 1 AAGCCGAGATAGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA

VEGFA CTGTGCAGGCTGCTGTAAC ACAGTGATTTTCTGGCTTTGTTC

MnSOD ACAAACCTGAGCCCTAAGGGT GAACCTTGGACTCCCACAGAC

GAPDH TCCCACCCAGAGACAGCCGC CCGTTCACACCGACCTTCAC

Fig. 1 Resveratrol significantly induces transcription activities of the
HSP70 promoter and ARE and enhances MSC survival on CSE
challenge. a Schematic representation of the lentiviral vectors. The 2A
peptide sequence (T2A) from the Thosea asigna virus was used as a linker
connecting the red fluorescence protein (DsRed), hygromycin and the lucif-
erase (Luc) gene to generate the lentiviral multi-cistronic expression vector,
pLenti-LT-hyg. The pLenti-8XARE-Luciferase-DsRed-hygromycin (abbre-
viated as 8XARE-Luc), pLenti-HSPp-Luciferase-DsRed-hygromycin (HSP-

Luc), and pLenti-HSP70p-VEGFA-Luciferase-DsRed-hygromycin (HSP-
VEGFA). b HSP-Luc-MSC or c ARE-Luc-MSC was co-treated with the
indicated concentrations of c-RSVor t-RSVand CSE for 12 h. At the end of
the treatment, cells were harvested for luciferase assays. d HSP-VEGFA-
MSC was similarly co-treated with c-RSV or t-RSV and CSE for 48 h,
followed by cell viability MTT assay. Data represent means±SD of three
independent experiments. *P<0.05 and **P<0.01 indicate differences be-
tween the treated cells and the mock control
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to the manufacturer’s instructions, Penh is calculated by the
formula Penh = (Te/Rt−1) × (PEF/PIF), where Te is expiratory
time (s), Rt is relaxation time (s) defined as the time of
Bvolume^ decay to 35 % of the total expiratory pressure
signal (area under the box pressure signal at expiration),
PEF is peak expiratory flow (ml/s), and PIF is peak inspi-
ratory flow (ml/s). Penh reflects changes in the waveform
of the box pressure signal during both inspiration and ex-
piration, and combines these changes with the timing com-
parison of early and late expiration during animal’s sponta-
neous breathing. Penh was measured for 3 min for each
experiment following previous method (Lan et al. 2015).

Morphometric assessment

Left lungs were fixed with 10 % formalin and were embedded
in paraffin sections before staining with hematoxylin and eo-
sin following previous method (Tung et al. 2011). After fixa-
tion, 4-μm serial step sections were taken along the longitu-
dinal axis of the lobe. The fixed distance between the sections
was calculated to allow systematic sampling of 10 sections
across the whole lobe. Alveolar size of the lung was assessed
by determining the mean linear intercepts (Lm). Lm was cal-
culated based on 20 randomly selected fields in each section
(in total 80 fields/mouse) at ×200 magnification with two
crossed test lines. The intercepts of alveolar walls with these
lines were counted

Immunohistochemical staining for beta-galactosidase
protein

Immunohistochemistry was performed to evaluate engraft-
ment of transplanted beta-Gal-MSCs in vivo. Paraffin-fixed
sections were microwave heated (750 W, three 5-min cycles)
in 10 mmole/l citrate (pH 6.0) or 1 mmol/l EDTA (pH 8.0)
solution. Immunostaining was performed with a 1:1000
dilution of the anti-beta-galactosidase antibody (ab9361;
Abcam Inc., Cambridge, MA) using the Dako-REAL,
Alkaline-Phosphatase/RED detection system (Dako, Glostrup,
Denmark). Hematoxylin was used for counterstaining according
to the manufacturer’s protocol. The stained sections were
scanned by the HistoFAXS (TissueFAX plus; TissueGnostics,
Vienna, Austria).

Statistical analysis

The surviving fractions and the relative luminescence units
were measured in triplicates and expressed as the mean±SD.
Comparisons between two groups were analyzed using a two-
tailed Student’s t test. The results were analyzed by one-way
ANOVA followed by Tukey’s post hoc test for analyzing
parametric data. All statistical analyses were performed using

GraphPad Prism (GraphPad, San Diego, CA). *P<0.05 was
considered statistically significant.

Results

Induction of transcription activities of HSP and ARE
and enhanced cell survival in RSV-treated MSCs
after CSE challenge

To examine if HSP70 promoter-driven transgene expression
responded to CSE challenge, HSP-Luc-MSC was first treated
with 5 or 10 μM c-RSVor t-RSV for 12 h. The transcriptional
activity of the HSP70 promoter was found to be upregulated
up to three- and fourfold, respectively, on c-RSV and t-RSV
treatments (Fig. 1b). Simultaneous exposure of HSP-Luc-
MSC to 5 or 10μM c-RSVor t-RSVand CSE for 12 h resulted
in significantly upregulated HSP70 promoter activities in a
dose-dependent manner. Furthermore, HSP70 transcriptional
activities were increased by up to 2.5-fold in c-RSVand 2-fold
in t-RSV treatment groups on CSE challenge (Fig. 1b).

Regulation of oxidative stress response by anti-oxidant
response element (ARE) activity in RSV-treated ARE-Luc-
MSC under CSE challenge was investigated next. The
transcriptional activity of the ARE promoter was found
to increase by up to 3.5-fold on c-RSV and 1-fold in t-
RSV treatment under CSE challenge in a dose-dependent
manner (Fig. 1c). The results indicated that resveratrol and
the CSE challenge exerted synergistic effects on activating
HSP70 and ARE transcriptional activities.

More recently, attention has been given to cellular injuries
due to oxidants in the cigarette smoke or oxidants induced by
CSE. HSP-VEGFA-MSC stable cells previously generated in
our laboratory were used in this study (Chen et al. 2015). As
anticipated, CSE induced cell death in a dose-dependent man-
ner in HSP-VEGFA-MSC in MTTassays (Fig. 1d). However,
significant degrees of cytoprotection against CSE-induced cell
death on treatments with both forms of RSV were also ob-
served (Fig. 1d). Western blot results further showed that c-
RSVupregulated expression of luciferase and VEGFA as well
as heme oxygenase 1 (HO-1) in HSP-VEGFA-MSC. t-RSV
treatment showed higher induction ability than c-RSV treat-
ment as described in our previous report (Chen et al. 2015).

Induction of Nrf2 and HO-1 in response to c-RSV
treatment

To investigate the responses of oxidative stress and anti-
oxidant genes in c-RSV-treated HSP-VEGFA-MSC, different
dosages of c-RSV was used to treat the cells for 8 h. Real-time
PCR analysis showed that Nrf2 mRNA was increased two-
fold on c-RSV treatment in HSP-VEGFA-MSC (Fig. 2a).
HO-1 mRNA also increased nine-fold on treatment with
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20 μM c-RSV relative to the control (Fig. 2b). Nrf2 and
HO-1 protein levels also increased in a dose-dependent
manner on c-RSV treatment; at 20 μM, RSV significantly
induced Nrf2 and HO-1 protein expression (Fig. 2c). When
the HSP-VEGFA-MSC was treated with 5–20 μM c-RSV,
Nrf2 protein levels increased and the phosphorylated Nrf2
was translocation into the nucleus.

Improvement of pulmonary respiratory functions
in the lungs of PPE-induced emphysema on c-RSV
co-treatment of HSP-VEGFA-MSC transplant

To evaluate the therapeutic efficacy of c-RSV co-treatment in
HSP-VEGFA-MSC transplantation in the lungs of PPE-
emphysema mouse model, whole-body barometric plethys-
mography (WBP) was used to monitor lung functions of the
treated mice. In the experiments, the enhanced pause value
(Penh) of respiratory parameter showed a fourfold increment
at 8 weeks after PPE treatment compared with the PBS group.
In addition, the PPE group with c-RSV treatment, or PPE
with HSP-VEGFA-MSC, showed two-fold improved Penh
values when compared with the PPE-only group (Fig. 3).
Furthermore, combined c-RSV co-treatment and HSP-
VEGFA-MSC had the lowest Penh value, which was ap-
proximately the same as the mock control (Fig. 3). Taken
together, our results indicated that co-treatment of c-RSV
with transplanted HSP-VEGFA-MSC showed better thera-
peutic effects and improved lung functions in mice with
PPE-induced emphysema.

Upregulated expression of anti-oxidant-related genes
and VEGFA in c-RSV co-treatment of HSP-VEGFA-MSC
transplantation in the lungs of PPE-induced emphysema

To determine the effects on expression of anti-oxidant-related
genes, real-time PCR analysis showed that Nrf2 mRNAwas
upregulated four-fold in the PPE group when compared with

the control group (Fig. 4a). PPEwith c-RSVor PPEwith HSP-
VEGFA-MSC showed further four-fold increases when com-
pared with the PPE control groups. HO-1 mRNA (Fig. 4b),
manganese superoxide dismutase (MnSOD) mRNA and
VEGFA, were found to be decreased in the PPE group when
compared with the control group (Fig. 4). Interestingly, all the
three anti-oxidant genes and VEGFA tested were significantly
upregulated on c-RSV co-treatment in the HSP-VEGFA-MSC
transplants in the lungs of PPE-induced emphysema. Our data
indicated that the engrafted co-treatment of HSP-VEGFA-
MSC had better therapeutic effects and improved lung func-
tions in the PPE-induced emphysema, possible through over-
expression of anti-oxidant-related genes and VEGFA, thus
preventing continued exacerbation of pulmonary alveolar
and lung parenchymal tissues.

Fig. 2 c-RSV induces anti-oxidant-related genes expression in HSP-
VEGFA-MSC. a Nrf2 or b HO-1 mRNA levels of HSP-VEGFA-MSC
treated with c-RSV or t-RSV was determined by real-time PCR. Values
are normalized to that of Gadph values and expressed relative to the
control (Ctrl) group. c Cytoplasmic or nuclear Nrf2 and HO-1 protein

levels were detected byWestern blot analysis. Values were normalized to
that of β-actin and were expressed relative to the control (Ctrl) group.
Data represent means±SD of three independent experiments. *P<0.05
and **P<0.01 indicate differences between the treated cells and themock
control

Fig. 3 c-RSV-treated HSP-VEGFA-MSC improves pulmonary functions
in PPE-induced emphysema mice. Pulmonary functions were evaluated as
Penh values in animals that received the PBS control, PPE, or PPE group
that received either c-RSVor HSP-VEGFA-MSC with or without c-RSV
treatment for 8 weeks following PPE administration on day 14. Whole-
body plethysmograph (WBP) was employed and Penh was used as a
noninvasive index of airway dysfunction. *P<0.05, **P<0.01. Each dot
represents an individual mouse with the mean shown for n≥9 per group
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c-RSV co-treatment of HSP-VEGFA-MSC
transplantation alleviates histological changes in the lungs
of PPE-emphysema

In lung injuries, airspace was enlarged, followed by accumu-
lation of acute neutrophil and subacute macrophage within the
lung. Additionally, more serious lung damage promotes in-
creased expression of proinflammatory and necrotic mediators
in lung tissues. Histopathologic observation of lung tissues
from animals that received control, PPE only, PPE co-treated
with c-RSV, or PPE with c-RSV and HSP-VEGFA-MSC co-
treatment for 8 weeks is shown in Fig. 5. There were no
obvious lesions or inflammatory effects in the lung of
the control group (Fig. 5a). However, in the PPE groups,
H&E staining showed obvious enlargement of the pulmo-
nary alveolus cavity and airspace and breakdown of con-
nective tissue components in the alveolar wall (Fig. 5b).
In the PPE group that received c-RSV treatment, the lung
interstitium was slightly improved (Fig. 5c). Furthermore, in

the PPE group that received c-RSV with HSP-VEGFA-MSC
treatment significantly improved (Fig. 5e) when compared
with the PPE group without c-RSV treatment (Fig. 5d). The
severity of emphysema assessed bymeasuring the mean linear
intercepts (Lm) and destructive index (DI) in the lung intersti-
tium was significantly reduced in HSP-VEGFA-MSC with or
without c-RSV treatment (Fig. 5k).

To determine if the engrafted HSP-VEGFA-MSC survived
and adapted to the environment in the damaged lungs 8 weeks
after PPE treatment, LacZ reporter-transduced HSP-VEGFA-
MSC (β-Gal-MSC) was used to monitor the cells after trans-
plantation. No LacZ-labeled cells were observed in sections of
lung tissues of either the normal, PPE, or PPE with c-RSV-
treated groups under microscopy (data not shown). In con-
trast, LacZ-labeled cells were observed and distributed around
the bronchi in the HSP-VEGFA-MSC group (Fig. 5l). Our
data indicated that the engrafted co-treatment c-RSV and
HSP-VEGFA-MSC showed better therapeutic effects and im-
proved the lung functions in the PPE-induced emphysema.

Fig. 4 c-RSV-treated HSP-VEGFA-MSC upregulates expression of
anti-oxidant-related genes and VEGFA in PPE-induced emphysema
mice. Real-time RT-PCR was performed to analyze the expression
of the anti-oxidant-related genes Nrf 2 (a), HO-1 (b), MnSOD (c),
and growth factor VEGFA (d) in the lung tissues of the animals that
received PBS, the PPE group, and PPE group that received either c-RSV

or HSP-VEGFA-MSC with or without c-RSV treatment for 8 weeks fol-
lowing PPE administration on day 14. Values are normalized to the
Gapdh values and expressed relative to the PBS group. *P<0.05, and
**P<0.01. Each dot represents an individual mousewith themean shown
for n≥9 per group
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Discussion

VEGFA plays significant physiologic roles in the pathogene-
sis of several lung disorders, including COPD and pulmonary
hypertension, acting via non-inflammatory processes
(Papaioannou et al. 2006). Studies have also indicated that
VEGFA ameliorates the progression of emphysema and pre-
vents subsequent apoptosis (Thébaud et al. 2005). Side effects
of continued over-expression of VEGFA may result in vascu-
larity, growth of lung tumor (Moon et al. 2003), increases in
vascular permeability, and development of substantial tissue
edema (Rissanen et al. 2004). To avoid complications associ-
ated with constitutive VEGFA expression, we are the first to
demonstrate in this work, and a related work (Chen et al.
2015), that conditional expression of VEGFA under the regu-
lation of a c-RSV-inducible HSP70 promoter leads to tight and
comprehensive regulated VEGFA expression that promotes
cell survival (Fig. 1d) and enhanced releases of anti-oxidant
and growth factors (Fig. 2). Combined treatment of c-RSVand
engraftment of HSP-VEGFA-MSC rendered better therapeu-
tic effects than mock control in a PPE-induced emphysema
mouse model (Figs. 3 and 5).

We have further shown in this work that the cis-form of
RSV, c-RSV, also acts as an inducer of ARE and heat-shock
response (HSE) (Fig. 1). Furthermore, c-RSV showed greater
potency as a regulator than t-RSV-regulated HSP70 promoter
activities (Fig. 1a). c-RSValso exhibited anti-oxidant activity
in CSE-challenged MSC in micromolar concentration range,
similar to rat aortic myocytes and human umbilical vein
endothelial cell line (HUVEC) treated with t-RSV
(Orallo 2006). Nrf2 and HO-1 have been shown to play
a role in preventing cell or tissue apoptosis and necrosis
in response to various insults such as inflammatory and
oxidative stress (Messier et al. 2013). Our results also
demonstrated that c-RSV induced Nrf2- and HO-1 expression
in concentration- and time-dependent manners in HSP-
VEGFA-MSC (Fig. 2), reminiscent of the inducer properties
of t-RSVand curcumin (Juan et al. 2005).

CSE generates extracellular reactive oxygen species
(ROS) during incubation with human monocytes (Pinot
et al. 1999), and HSP70 and HO-1 play similar oxidant-
dependent responses to CSE in monocytes and endothelial
(Vayssier-Taussat et al. 2001). Our result demonstrated that
both forms of RSV also protected HSP-VEGFA-MSC

Fig. 5 c-RSV-treated HSP-
VEGFA-MSC transplants reduces
mean linear intercepts of histo-
pathologic changes in PPE-
induced emphysema mice Repre-
sentative images at 8 weeks of a–
e H&E- or f–j LacZ-stained lung
tissues. a, f PBS control. b, g PPE.
c, h PPE + c-RSV. d, i, PPE +
mock-treated HSP-VEGFA-
MSCs. e, j PPE + c-RSV treated
HSP-VEGFA-MSCs. k Mean
linear intercept (Lm) was calcu-
lated in H&E-stained lung sec-
tions. l Immunohistochemical
staining to observe distribution of
LacZ of MSC-treated lung tissues
of mice. Scale bar 100 μm
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against CSE-induced cellular cytotoxic response of apoptosis
and necrosis (Fig. 1d).

We showed previously that tubule formation of HUVEC
significantly increased in HUVECs grown in conditional
medium from c-RSV-treated HSP-VEGFA-MSC (Chen
et al. 2015). The results suggest the release of VEGFA
from c-RSV-treated MSCs. Furthermore, c-RSV-treated
HSP-VEGFA-MSC was shown in this work to promote
VEGFA release and regulate the local microenvironment
of the lung of PPE-induced emphysema in the mouse.
We further demonstrated that c-RSV-induced expression
of anti-oxidant-related genes, including Nrf2 target
genes, HO-1, and MnSOD (Fig. 4), and ameliorated
pulmonary respiratory functions in the HSP-VEGFA-
MSCs transplants in lung tissues of PPE-induced em-
physema (Fig. 3). These data were consistent with the
notion that HO-1 overexpression attenuates inflammatory re-
sponse in PPE-induced emphysema in mice (Ishii et al. 2005;
Shinohara et al. 2005).

Studies have clearly demonstrated that upregulation of
Nrf2 and its down-stream effectors HO-1 and MnSOD
significantly reduces CSE-induced release of ROS in lung
epithelial cells (Kode et al. 2008; Foronjy et al. 2006) and
protects against smoke- or elastase-generated pulmonary
emphysema (Foronjy et al. 2006). In contrast, Nrf2-
deficient mice without a defense system are highly suscep-
tible to cigarette smoke-induced pulmonary emphysema
(Iizuka et al. 2005).

Despite reported successes, possible adverse effects that
may arise from clinical applications of VEGFA should be
closely monitored. Possible carcinogenic transformation of
MSC and tissue cells as a result of high-level VEGFA expres-
sion constitutes another source of risks which should also be
addressed (Moon et al. 2003). It has been reported that
VEGFA overexpression may lead to blood-brain barrier
leakage after stroke (Wang et al., 2005), rapid microvessel
enlargement, and increased vascular permeability in the
heart (Rissanen et al. 2004). Furthermore, Nrf2 activity is also
controlled by oncogenic signaling pathways (Geismann et al.
2014), metabolism, and cellular microenvironment (Moon
and Giaccia 2015). Additional evidence has accumulated that
the beneficial role of Nrf2 in cancer prevention essentially
depends on the tight control of its activity (Geismann et al.
2014), Thus, resveratrol and other agents that upregulate Nrf2/
ARE may promote harmful as well as cytoprotective effects.
However, the genetically modified MSCs that conditionally
expressed VEGFA under the control of a c-RSV-inducible
HSP70 promoter described in this work should alleviate, or
vastly reduce, possible clinical risks associated with consti-
tutive VEGFA expression as described. In summary, we
demonstrated in this work that c-RSV-treated MSCs exhib-
ited beneficial effects such as upregulated expression of
anti-oxidant-regulated Nrf2 and HO-1 genes, inhibition of

inflammatory cytokine, replacement of dysfunctional endo-
thelial cells, engraftment into the pulmonary wall and re-
activation of lung regeneration signaling pathways.
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