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Abstract: Background: This study hypothesized that combined serum-deprived (Sd) and healthy (He) adipose-de-
rived mesenchymal stem cell (ADMSC) therapy is superior to either alone in reducing acute lung ischemia-reperfu-
sion injury (ALIRI). Methods: Adult male Sprague-Dawley (SD) rats (n = 30) were equally randomized into group 1
(sham control), group 2 (ALIRI + culture medium), group 3 (ALIRI + intravenous autologous 1.2 x 10° He-ADMSCs
at 30 minute, 6 h, and 24 h following lung ischemia/reperfusion for 45 minutes/72 hours, respectively), group 4
(ALIRI + 1.2 x 10° Sd-ADMSCs at identical time points after ischemia/reperfusion), and group 5 (ALIRI + 1.2 x 10°
combined Sd-ADMSC/He-ADMSC 1:1). Results: Blood oxygen saturation (%) was lowest in group 2, lower in groups
3 to 5 than in group 1, and lower in group 5 than in group 1, whereas right ventricular systolic pressure (RVSP)
showed a reverse pattern among the five groups (all p < 0.001). Additionally, changes in histological scoring of lung
parenchymal damage, inflammatory and apoptotic biomarkers showed identical pattern compared to that of RVSP
in all groups (all p < 0.001). Protein expressions of VCAM-1, ICAM-1, oxidative stress, TNF-«, nuclear factor-«kB, and
number of CD68 + cells were highest in group 2, higher in groups 3 to 5 than in group 1, and higher in groups 3
and 4 than in group 5, whereas NQO-1 and HO-1 activities and number of CD31 + and vVWF + cells showed oppo-
site changes compared with those of inflammatory biomarkers (all p < 0.001). Conclusion: Combined Sd-ADMSC/
He-ADMSC therapy offered superior benefit to either option alone in minimizing rodent ALIRI through suppressing
oxidative stress and inflammatory reaction.

Keywords: Lung ischemia-reperfusion injury, serum-deprived mesenchymal stem cell, cytotherapy, inflammation,
oxidative stress

Introduction

Acute lung injury from diverse etiologies can
result in remarkable in-hospital morbidity and
mortality [1-3]. Previous studies have shed
some light on several potential therapeutic
strategies including the use of aprotinin [4],

N-acetyl-L-cysteine [5], hypothermia [6], inhala-
tional nitric oxide [7], and extracorporeal mem-
brane oxygenator support [8]. However, the
effectiveness of these treatment modalities is
still controversial. Therefore, a safe and effec-
tive therapeutic regimen for patients with acute
lung injury is still eagerly awaited.
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Table 1. Flow cytometric analysis of He-ADMSC
and Sd-ADMSC surface markers following Day
14 cell culture

Szfgcieﬂnarkers He-ADMSC ~ SA-ADMSC  p-value
CD31+ 27+06 38+11 0.163
CD34+ 11.3+81 104+43 0.409
VEGF+ 261+79 177+31 0.025
CD133+ 5.9+48 36+13 0.154
CD45+ 13.4+57 67+40 0022
C-kit+ 158+49 81+32 0.024
Sca-1+ 19+07 1.8+09 0.444
CD29+ 989+1.6 97.8+4.2 0.290
CD90+ 969+29 89.8+23 0.021
CD271+ 245+82 161+32 0.029

Data are expressed as %. n = 6 in each experimental study.
He = healthy (Refers to cells cultivated in normal medium);

Sd = serum-deprived; ADMSC = adipose-derived mesenchy-
mal stem cell; VEGF = vascular endothelial growth factor.

Previous histopathological and cellular-molecu-
lar studies have identified the roles of inflam-
matory cells, alveolar macrophages, and che-
mokines in mediating ischemia-reperfusion (IR)
injury-elicited inflammation and oxidative str-
ess in the lungs [8-11]. Pro-inflammatory cyto-
kines and adhesion molecules that are upregu-
lated following cellular activation have been
shown to be crucial mediators in acute lung IR
injury (ALIRI) [8-14]. Furthermore, local and sys-
temic release of reactive oxygen species (ROS)
also contributes to the destruction of pulmo-
nary parenchyma, thereby causing a loss of
alveolar capillary membrane integrity and an
impairment of surfactant function [15, 16]. The
latter is considered a hallmark of lung injury,
leading to alveolar collapse and inadequate
gaseous exchange [17].

Numerous clinical observational and experi-
mental studies have established the safety and
effectiveness of stem cell therapy in improving
ischemia-related organ dysfunction [18-20].
Thus, stem cell therapy appears to be an attrac-
tive and promising treatment modality for cere-
brovascular, cardiovascular, and peripheral
vascular diseases refractory to conventional
therapeutic options [18-23]. Surprisingly, in
contrast to the abundance of studies [18-23]
reporting the effectiveness of stem cell therapy
for cerebral, cardiac, and vascular diseases,
data addressing the effectiveness of stem cell
treatment for acute lung injury are still limited
[24, 25].
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The mechanisms underlying the improvement
of ischemia-related organ dysfunction following
stem cell treatment have been demonstrated
to involve the enhancement of angiogenesis,
suppression of pro-inflammatory cytokine, pro-
motion of stem cell homing, and contribution
from paracrine effects [18, 19, 26, 27]. More-
over, some investigators have recently pro-
posed that stem cell treatment can modulate
immune reactivity through down-regulating
innate and adaptive immunity [28]. One partic-
ularly intriguing finding is that apoptotic stem
cells have been reported to possess a unique
property of anti-inflammation and immune
modulation [29]. Recently, we have shown that
treatment with adipose-derived mesenchymal
stem cells (ADMSCs) significantly minimized
rodent ALIRI through suppressing oxidative
stress and inflammatory reaction [30]. Since
the mechanisms involved in ALIRI are compli-
cated including the generation of ROS and a
cascade of inflammatory processes [1-7], this
study tested the hypothesis that treatment with
apoptotic ADMSC through serum deprivation
(Sd) may offer an additional benefit compared
to healthy (He) ADMSC therapy alone in mini-
mizing rat ALIRI through immunomodulation
and suppression of oxidative stress and inflam-
matory reaction.

Methods
Ethics

All animal experimental procedures were app-
roved by the Institute of Animal Care and Use
Committee at Chang Gung Memorial Hospital-
Kaohsiung Medical Center (Affidavit of Appro-
val of Animal Use Protocol No. 2008121108)
and performed in accordance with the Guide
for the Care and Use of Laboratory Animals
(NIH publication No. 85-23, National Academy
Press, Washington, DC, USA, revised 1996).

Animal grouping, isolation of adipose tissue
for culture of adipose-derived mesenchymal
stem cells, and definition of He-ADMSCs and
Sd-ADMSCs

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n = 30) weighing 350-400 g (Charles
River Technology, BioLASCO Taiwan Co., Ltd.,
Taiwan) were randomized into group 1 (sham
control, n = 6), group 2 (ALIRI plus culture medi-
um, n = 6), group 3 [ALIRI + penile venous
transfusion of autologous He-ADMSCs (1.2 x
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Figure 1. Experimental procedure and protocol. Procedures for 1) obtaining serum-deprived adipose-derived mesen-
chymal stem cells (Sd-ADMSCs), healthy adipose-derived mesenchymal stem cells (He-ADMSCs), and conditioned
medium (CM, defined as medium from 48-hour ADMSC culturing) for co-culturing with macrophages; 2) for collec-
tion of conditioned media for ELISA analyses of anti-inflammatory cytokines; and 3) for collection of conditioned
media from co-culturing macrophages under different conditions for ELISA analyses of anti-inflammatory cytokines.
*indicated co-culturing macrophages with conditioned medium and fresh culture medium (1:1 by volume).

108) at 30 minute, 6 h, and 24 h after the pro-
cedure, n = 6)], group 4 [ALIRI + autologous
Sd-ADMSCs (1.2 x 10°) at 30 minute, 6 h, and
24 h after the procedure, n = 6] and group 5
(ALIRI + 1.2 x 10® combined He-ADMSCs and
Sd-ADMSCs, 1:1, at identical time points, n =
6).

The rats in groups 3, 4, and 5 were anesthe-
tized with inhalational isoflurane 14 days before
induction of ALIRI. Adipose tissue surrounding
the epididymis was carefully dissected, excised,
and prepared based on our recent report [30].
Briefly, adipose tissue surrounding the epididy-
mis was carefully dissected and excised. The
isolated ADMSCs were cultured in a 100 mm
diameter dish with 10 mL DMEM culture medi-
um containing 10% FBS for 7 days. Flow cyto-
metric analysis was performed for identifica-
tion of cellular characteristics after cell-labeling
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with appropriate antibodies on day 14 of cell
cultivation prior to implantation (Table 1).

He-ADMSCs were those cultured in normal cul-
ture medium with adequate nutritional supply.
On the other hand, since serum deprivation of
cells in vitro has been documented to induce
apoptosis [31]. Sd-ADMSCs were first cultured
in normal culture medium followed by 48 hours
of serum deprivation after which the expres-
sions of apoptotic proteins were determined by
Western blot and immunofluorescent staining.
In addition, the percentages of viable and dead
cells were also determined by flow cytometric
analysis using double staining of annexin V and
propidium iodide (PI) which is a simple and pop-
ular method for the identification of apoptotic
cells [i.e. early phase of (annexin V +/Pl-) and
late phase (annexin V +/PI +) of apoptosis].

Am J Transl Res 2015;7(2):209-231
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Figure 2. Results of in vitro studies (western blotting, immunofluorescent staining, and ELISA). A and B. Immuno-
fluorescent staining showing condensed apoptotic nuclei (white arrows) of adipose-derived mesenchymal stem cells
(Sd-ADMSCs) in serum-deprived culture medium for 96 hours and blue oval normal nuclei after counterstaining with
DAPI. C. Western blotting showing significant stepwise elevation in cleaved caspase-3 protein expression after differ-
ent durations of serum deprivation. *vs. other bars with different symbols, p < 0.0001. D. Flow cytometric analysis
demonstrating significant increase in cellular apoptosis in both early (annexin V +/PI-) and late (annexin V +/Pl +)
phases at respective time points of starvation. Pl = propidium iodide stain. *vs. other bars with different symbols,
p < 0.001. **vs. other bars with different symbols, p < 0.0001. E. ELISA of fresh culture medium and conditioned
medium (CM) from either healthy adipose-derived mesenchymal stem cells (He-ADMSCs) (i.e., those cultured in
normal medium) or Sd-ADMSCs showing levels of (a) transforming growth factor-B (TGF-B), (b) hepatocyte growth
factor (HGF), (c) interleukin (IL)-4, (d) IL-10, and (e) prostaglandin E (PGE)-2. *vs. other bars with different symbols, p
< 0.0001. F. Concentration of cytokines in conditioned media from co-culturing macrophages under different condi-
tions. (a & d) IL-4, (b & €) IL-10, and (c & f) PGE-2. *vs. other bars with different symbols, p < 0.0001. All statistical
analyses using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, 1, f, § or **,

11, 1) indicate significance (at 0.05 level). LPS = lipopolysaccharide.

The procedure and protocol of in vitro

studies for determining anti-inflammatory/
immunomodulatory effects of He-ADMSCs and
Sd-ADMSCs

To compare the anti-inflammatory and immuno-
modulatory properties between He-ADMSCs
and Sd-ADMSCs, cell culture (n = 6 for each
study) was performed in He-ADMSCs and
Sd-ADMSCs (with initial starvation for 96 h, fol-
low by culturing in normal culture medium) for
48 h (Figure 1). The medium was collected
after 48 h cell culture for ELISA to determine
the levels of interleukin (IL)-10, IL-4, prostaglan-
din E (PGE)-2, hepatocyte growth factor (HGF),
and transforming growth factor (TGF)-3, indices
of anti-inflammation/immunomodulation.

Furthermore, to determine whether the cellular
elements (i.e. He-ADMSCs and Sd-ADMSCs) or
conditioned medium (i.e., culture medium from
cultivation of He- or Sd-ADMSCs + fresh medi-
um, 1:1 by volume) could transform the prop-
erty of macrophages from immunoreactive to
immunomodulatory, the mouse leukemic
monocyte macrophage cell line (1.0 x 10°)
(RAW 264.7 purchased from ATCC) was co-cul-
tured with He-ADMSCs (1.0 x 10°), Sd-ADMSCs
(1.0 x 10°), and both conditioned media for 48
hours in the presence of lipopolysaccharide
(LPS 1 pg/mL) for 3 hours. The culture media
were then collected for determining the levels
of IL-4, IL-10, and prostaglandin E (PGE)-2 using
ELISA.

CM-Dil labelling of both He-ADMSCs and
Sd-ADMSCs, protocol of experiment, and
autologous ADMSC transfusion

The detailed protocol and procedure of lung IR
was as described in our recent study [30].
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Briefly, all animals were anesthetized by 2.0%
inhalational isoflurane and placed in a supine
position on a warming pad at 37°C, followed by
endotracheal intubation with positive-pressure
ventilation (180 mL/min) with room air using a
Small Animal Ventilator (SAR-830/A, CWE, Inc.,
USA). Under sterile conditions, lung IR was con-
ducted in groups 2, 3, 4, and 5 animals on
which a left thoracotomy was performed and
the left proximal pulmonary artery and main
bronchus were totally clamped for 45 minutes
using non-traumatic vascular clips before
reperfusion for 72 h. Sham-operated rats sub-
jected to left thoracotomy only served as nor-
mal controls.

CM-Dil (Vybrant™ Dil cell-labeling solution,
Molecular Probes, Inc.) (50 ug/mL) was added
to the culture medium 30 minutes before the IR
procedure for He-ADMSC and Sd-ADMSC label-
ing. After completion of ADMSC labeling, intra-
venous injection of autologous He-ADMSCs
(1.2 x 10°), Sd-ADMSCs (1.2 x 10°), and com-
bined mixed He- and Sd-ADMSCs (1:1) for the
respective group was performed through the
penile vein 30 minutes after the procedure, fol-
lowed by intravenous infusion at 6 h and 24 h
following IR of the lungs. The dosage of ADMSCs
utilized in the current study was based on our
recent report [30]. At 72 h after the IR proce-
dure, left thoracotomy was performed for all
animals. The presence of pleural effusion was
noted and the right ventricular systolic blood
pressure (RVSBP), an indicator of pulmonary
arterial blood pressure, was measured for all
animals immediately before sacrificing the ani-
mals. The left lungs were collected for individu-
al study.

For tracking the injected ADMSCs, the In Vivo
Imaging Systems (IVIS spectrum, Xenogen) was

Am J Transl Res 2015;7(2):209-231
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Figure 3. Tracking infused stem cells using In Vivo Imaging System (IVIS) and comparison of arterial oxygen satu-
ration and right ventricular systolic blood pressure (RVSBP) at 72 h after lung ischemia reperfusion (IR). A. Red
patches (yellow arrows) around penile region indicating DiR-labelled (specific IVIS dye) adipose-derived mesenchy-
mal stem cells (ADMSCs). B. Distribution of DiR-labelled ADMSCs around left lung field (yellow arrows) and liver
(blue arrows) by post-IR 24 h. C. Persistent presence of ADMSCs (yellow arrows) over left lung field at 72 h after IR
procedure. D. Arterial oxygen saturation (%) at post-IR 72 h. *vs. other bars with different symbols, p < 0.001. E.
Right ventricular systolic blood pressure (RVSBP) at post-IR 72 h prior to sacrificing the animals. *vs. other bars
with different symbols, p < 0.0001. All statistical analyses using one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test. Symbols (*, 1, I, §) indicating significance (at 0.05 level). He-ADMSC = healthy ADMSC
(i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived ADMSC. (n = 6 in each group).

utilized at 1 h, 24 h, and 72 h after the lung IR
procedure with the ADMSCs being pre-labeled
with a specific IVIS dye (i.e. DiR) (Figure 3) in 2
additional rats.

Determination of oxygen saturation (%) and
right ventricular systolic blood pressure
(RVSBP)

To examine the effect of ADMSC treatment on
arterial oxygen saturation (% of Sat 0,), arterial
blood was sampled from the tail artery for
blood gas analysis prior to left thoracotomy and
at 72 h after the IR procedure prior to intuba-
tion and ventilator use. For RVSBP measure-
ment, each animal was endotracheally intubat-
ed with positive-pressure ventilation (180 mL/
min) with room air using a small animal ventila-
tor. The detailed procedure was described in
our recent report [30]. After hemodynamic
measurements, the rats were euthanized with
the hearts and lungs harvested and weighted.
Half of left lung was fixed in 4% formaldehyde
and then embedded in paraffin blocks. The
remaining left lung was cut into pieces, frozen
in liquid nitrogen and then stored at -80°C until
later use.

Histological assessment of lung injury and
crowded score of lung parenchyma

For identification of alveolar sac distribution in
lung parenchyma, left lung specimens from all
animals were fixed in 10% buffered formalin
before embedding in paraffin and the tissue
was sectioned at 5 pm for light microscopic
analysis. Hematoxylin and eosin (H & E) stain-
ing was performed to determine the number of
alveolar sacs according to our recent study [30]
in a blind fashion. Three lung sections from
each rat were analyzed and three randomly
selected high-power fields (HPFs) (100 x) were
examined in each section. The mean number
per HPF for each animal was then determined
by summation of all numbers divided by 9. In
addition, alveolar wall thickness and the pres-
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ence or absence of hemorrhage were deter-
mined under light microscopy. The extent of
crowded area, which was defined as region of
thickened septa in lung parenchyma associat-
ed with partial or complete collapse of alveoli
on H & E-stained sections, was performed in a
blind fashion. The scoring system adopted was
as follows: O = no detectable crowded area; 1 =
< 15% of crowded area; 2 = 15-25% of crowded
area; 3 = 25-50% of crowded area; 4 = 50-75%
of crowded area; 5 = > 75%-100% of crowded
area/per high-power filed (100 x).

Immunohistochemical (IHC) and immunofluo-
rescent (IF) studies

The procedure and protocol of IHC and IF exam-
inations were also based on our recent study
[30]. For IHC staining, rehydrated paraffin sec-
tions were first treated with 3% H,0, for 30
minutes and incubated with Immuno-Block
reagent (BioSB) for 30 minutes at room tem-
perature. Sections were then incubated with
primary antibodies specifically against glutathi-
one peroxidase (GP x) (1:500, Abcam) and glu-
tathione reductase (GR) (1:100, Abcam) at 4°C
overnight. Irrelevant antibodies [(p53, 1:500
(Abcam) and mouse control IgG (Abcam)] were
used as controls in the current study. IF stain-
ing was performed for the examinations of
CD68 (macrophage surface marker) (1:100
Abcam), CD31 (1:200, SeroTec), and von Will-
ebrand factor (VWF) (1:200, Millipore) using
respective primary antibodies. Irrelevant anti-
bodies were used as controls in the current
study. Three sections of lung specimens were
analyzed in each rat. For quantification, three
randomly selected HPFs (x 200 for IHC and IF
stain respectively) were analyzed in each sec-
tion. The mean number per HPF for each ani-
mal was then determined by summation of all
numbers divided by 9.

An IHC-based scoring system was adopted for
semi-quantitative analyses of GR and GPx as
percentage of positive cells in a blind fashion
[Score of positively-stained cell for GR and GPx:

Am J Transl Res 2015;7(2):209-231
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Figure 4. Gross pulmonary pathological changes at 72 h after ischemia-reperfusion (IR). A. The number of rats with
bloody pleural effusion in each group. *vs. other bars with different symbols, p < 0.0001. *vs. other bars with differ-
ent symbols, p < 0.001. B. Comparison of left lung weight among the five animal groups at post-IR 72 h. *vs. other
bars with different symbols, p < 0.001. C. The ratio of left (L) to right (R) lung weight. *vs. other bars with different
symbols, p < 0.0001. D. Comparison of the number of bronchioles with hemorrhage per high-power field (HPF)
(100x) among the five groups (P.S. Please refer to hematoxylin eosin-stained sections in Figure 4). *vs. other bars
with different symbols, p < 0.0001. All statistical analyses using one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test. Symbols (*, 1, f, §) indicating significance (at 0.05 level). He-ADMSC = healthy ADMSC
(i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived ADMSC. (n = 6 in each group).

0 = no stain %; 1 = < 15%; 2 = 15~25%; 3 = (1:2000, Abcam), heme oxygense (HO)-1
25~50%; 4 = 50~75%; 5 = > 75%-100%/per (1:250, Abcam), and polyclonal antibodies
high-power filed (200 x)]. against TNF-a (1:1000, Cell Signaling), NF-kB
(1:250, Abcam), Bax (1:1000, Abcam), caspase
Western blot analysis of left lung specimens 3 (1:1000, Cell Signaling), poly(ADP-ribose)
polymerase (PARP) (1:1000, Cell Signaling),
Equal amounts (10-30 pg) of protein extracts and Bcl-2 (1:250, Abcam). Signals were detect-
from the left lung were loaded and separated ed with horseradish peroxidase (HRP)-conju-
by SDS-PAGE using 8-10% acrylamide gradi- gated goat anti-mouse, goat anti-rat, or goat
ents. Following electrophoresis, the separated anti-rabbit 1gG.
proteins were transferred electrophoretically to
a polyvinylidene difluoride (PVDF) membrane The Oxyblot Oxidized Protein Detection Kit was
(Amersham Biosciences). Nonspecific proteins purchased from Chemicon (S7150). The proce-
were blocked by incubating the membrane in dure of 2,4-dinitrophenylhydrazine (DNPH)
blocking buffer (5% nonfat dry milk in T-TBS derivatization was carried out on 6 pg of protein
containing 0.05% Tween 20) overnight. The for 15 minutes according to manufacturer’s
membranes were incubated with monoclonal instructions. One-dimensional electrophoresis
antibodies against vascular cell adhesion mol- was carried out on 12% SDS/polyacrylamide
ecule (VCAM)-1 (1:100, Abcam), intercellular gel after DNPH derivatization. Proteins were
adhesion molecule (ICAM)-1 (1:2000, Abcam), transferred to nitrocellulose membranes which
NAD(P)H quinone oxidoreductase (NQO)-1 were then incubated in the primary antibody
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Figure 5. Pathological findings of left lung parenchyma (100x) at 72 h after ischemia-reperfusion (IR). A to E. Hema-
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ADMSC = healthy ADMSC (i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived ADMSC. (n = 6 in each

group).

solution (anti-DNP 1:150) for two hours, fol-
lowed by incubation with secondary antibody
solution (1:300) for one hour at room tempera-
ture. The washing procedure was repeated
eight times within 40 minutes.

Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL; Amersham
Biosciences) which was then exposed to
Biomax L film (Kodak). For quantification, ECL
signals were digitized using Labwork software
(UVP). For oxyblot protein analysis, a standard
control was loaded on each gel.

Real-Time quantitative PCR analysis
The mRNA expressions of matrix metallopro-

teinase (MMP)-9, tumor necrosis factor (TNF)-«,
nuclear factor kappa-light-chain-enhancer of

217

activated B cells (NF-kB), heme oxygense (HO)-
1, NAD(P)H quinone oxidoreductase (NQO) 1,
glutathione reductase (GR), and glutathione
peroxidase (GPx), IL-10, IL-12, endothelial nitric
oxide synthase (eNOS), and endothelin-1 (ET-1)
of the five groups of animals were analyzed with
RT-gPCR and compared. Technical details were
according to those previously described [30].

Statistical analysis

Quantitative data are expressed as means +
SD. Statistical analysis was adequately per-
formed by ANOVA followed by Bonferroni multi-
ple-comparison post hoc test. Statistical analy-
sis was performed using SAS statistical soft-
ware for Windows version 8.2 (SAS institute,
Cary, NC). A probability value < 0.05 was con-
sidered statistically significant.
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Figure 6. mRNA expressions of inflammatory, anti-oxidant, anti-inflammatory, and endothelial dysfunctional bio-
markers in left lung at 72 h after ischemia-reperfusion. A-C. mRNA expressions of matrix metalloproteinase (MMP)-
9, tumor necrotic factor (TNF)-a, and nuclear factor (NF)-kB. *vs. other bars with different symbols, p < 0.0001.
D-G. mRNA expressions of heme oxygense (HO)-1, NAD(P)H quinone oxidoreductase (NQO) 1, glutathione reductase
(GR) and glutathione peroxidase (GPx). *vs. other bar with different symbols, p < 0.0001. H. mRNA expression of
interleukin (IL)-10. *vs. other bars with different symbols, p < 0.001. I. Endothelial nitric oxide synthase (eNOS)
mRNA expression. *vs. other bars with different symbols, p < 0.0001. J. Endothelin (ET)-1 mRNA expression. *vs.
other bars with different symbols, p < 0.0001. Symbols (*, 1, ¥, §, 9) indicating significance (at 0.05 level). IR =
ischemia-reperfusion; He-ADMSC = healthy ADMSC (i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived
ADMSC. (n = 6 in each group).

Results HGF, IL-4, and IL-10 were significantly lower in
the culture medium for Sd-ADMSCs compared
to those for He-ADMSCs (Figure 2Ea-Ee), whe-

reas the PGE-2 level showed a reversed pat-
As expected, immunofluorescent staining, We- tern.

stern blot, and flow cytometric analysis identi-

In vitro studies

fied significantly more apoptotic ADMSCs after
96 hours of Sd culturing (Figure 2A-D) (i.e.,
Sd-ADMSCs). Additionally, the levels of TGF-j3,
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Surprisingly, IL-4 was not detected in the cul-
ture media from macrophage only (group A),
macrophage + LPS (group B), and macrophage

Am J Transl Res 2015;7(2):209-231
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Figure 7. Prevalence of CD31+ and von Willebrand Factor (vWF)+ cells in left lung parenchyma at 72 h after isch-
emia-reperfusion (IR). (A-D) Immunofluorescent (IF) staining (200x) of CD31+ cells (green) in lung parenchyma.
Notably fewer CD31+ cells (white arrows) in IR group (B) than in other groups (A, C-E). (C-E) Merged image from
double staining (Dil + CD31) showing cellular elements of mixed red and yellow under high magnifications (400x)
[(b), (d), and (f) being magnified images of (a), (b), and (c), respectively], indicating implanted CD31+ cells in lung pa-
renchyma. (F) *vs. other bars with different symbols, p < 0.0001. G to K) IF staining (200x) showing von Willebrand
factor (VWF)+ cells (green) in lung parenchyma. Notably reduced number of vVWF+ cells (white arrows) in IR group (H)
than in other groups (G, I-K). I-K. Merged image from double staining (Dil + vVWF) demonstrating cellular elements
with mixed red and yellow under high magnifications (400x) [(b), (d), and (f) being magnified images of (a), (b), and
(c), respectively], indicating implanted vWF+ cells in lung parenchyma. (L) *vs. other bars with different symbols, p
< 0.0001. *vs. other bars with different symbols, p < 0.0001. Symbols (*, 1, %, §) indicating significance (at 0.05
level). He-ADMSC = healthy ADMSC (i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived ADMSC. Scale
bars in right lower corners represent 50 um. (n = 6 in each group).

+ LPS + conditioned medium derived from
either He-ADMSCs (group C) or Sd-ADMSCs
(group D) (Figure 2Fa). Additionally, the IL-10

groups (Figure 2Fd). On the other hand, the
IL-10 level in culture media was similar among
the four groups (Figure 2Fe). By contrast, the

level in culture medium did not differ among
these four groups (Figure 2Fb). However, the
PGE-2 level was lowest in group D, lower in
group A than in groups B and C, but it exhibited
no difference between group B and C (Figure
2Fc).

Although the IL-4 level in culture media was too
low to be detected in groups A, B, and E (i.e.,
macrophage + LPS + He-ADMSCs) (Figure 2Fd),
its level was remarkably higher in group F (i.e.,
macrophage + LPS + Sd-ADMSCs) than in other
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PGE-2 level was notably higher in group E than
in other groups and significantly higher in group
F than in groups A and B, while it displayed no
difference between groups A and B (Figure
2Ff).

Flow cytometric analyses of adipose-derived
stem cell surface markers at day 14 of cell
cultivation

Surface markers of endothelial progenitor cell
(EPCs) (CD31 +, CD34 +, CD133 +), endothelial
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cell (VEGF +) and MSC (CD45 +, C-kit +, Sca-1 +,
CD29 +, CD90 +, CD271 +) were examined for
He-ADMSCs and Sd-ADMSCs using flow cytom-
etry at day 14 of cell culturing (Table 1). The
percentages of all EPC surface markers were
similar between Sd-ADMSCs and He-ADMSCs.
Additionally, the percentages of the MSC sur-
face markers of Sca-1 + and CD29 + cells also
did not differ between Sd-ADMSCs and He-
ADMSCs (Table 1). However, the expression of
endothelial cell surface marker of VEGF was
significantly higher in He-ADMSCs than in
Sd-ADMSCs. Furthermore, as compared with
Sd-ADMSCs, the percentage of MSC surface
marker of C-kit, CD9O + and CD271 + cells
were significantly higher in He-ADMSCs after
14 days of cell cultivation (Table 1).

The use of IVIS for confirmation of ADMSC
sequestration in lung parenchyma after
transfusion

Interestingly, the IVIS demonstrated that the
majority of transfused ADMSCs were found to
be mainly located in the penile area 1 h after
the procedure (Figure 3A). However, these cells
were found to be mainly sequestrated in left
lung area 24 h after the lung IR procedure
(Figure 3B) and persistently present in the left
lung 72 h after lung IR procedure (Figure 3C).

Arterial oxygen saturation and right ventricular
systolic blood pressure 72 hours after lung IR

The percentage of arterial oxygen saturation
(Sat O0,, %) did not differ among the normal con-
trols (group 1), ALIRI rats (group 2), and ALIRI +
He-ADMSCs treated rats (group 3), ALIRI +
Sd-ADMSCs treated rats (group 4), and ALIRI +
combined treatment with both ADMSCs (group
5) prior to the IR procedure (94.8%, 94.3%,
93.7%, 94.1%, and 95.0%, respectively, p >
0.5) (Figure 3D). However, Sat O, was signifi-
cantly higher in group 1 than in groups 2 to 5,
significantly higher in group 5 than in groups 2
to 4, and notably higher in groups 3 and 4 than
in group 2, but it showed no difference between
groups 3 and 4 at 72 h after the IR procedure
(Figure 3D). Conversely, RVSBP showed oppo-
site changes compared with that of Sat O,
among the five groups (Figure 3E).

Gross anatomical and histopathological
changes of left lung parenchyma

No right or left pleural effusion was present in
group 1 (Figure 4A). In addition, no right pleural
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effusion was noted among groups 2 to 5.
However, minimal left bloody pleural effusion (<
1.0 mL) was observed in one animal during
thoracotomy from groups 3 to 5 (17% in each
group). On the other hand, larger amount (> 1.0
mL) of left pleural effusion was presentin 5 ani-
mals of group 2 (i.e. the untreated group) (83%).
Hence, the incidence of bloody left pleural effu-
sion was remarkably higher in group 2 than in
other groups without remarkable difference
among other IR groups.

The weight of left lung was substantially higher
in group 2 than in other groups, significantly
higher in groups 3 than in groups 1 and 5, but it
exhibited no difference between groups 3 and
4 or among groups 1, 4, and 5 (Figure 4B). The
ratio of left to right lung weight showed an iden-
tical pattern compared to that of left lung
weight among the five groups (Figure 4C).

To evaluate the impact of ADMSC transplanta-
tion on the severity of IR-induced lung paren-
chymal injury, H & E-stained lung sections were
examined (Figure 5). Intra-tracheal hemorrhage
was more frequently observed in group 2, but it
displayed no difference among the other IR
groups (Figures 4D & 5). Moreover, the number
of alveolar sacs in left lung was substantially
fewer in group 2 than in other groups, markedly
reduced in groups 3 and 4 than in groups 1 and
5, notably lower in group 5 than in group 1, but
was similar between groups 3 and 4 (Figure
5E). By contrast, the lung parenchyma was
remarkably crowded in group 2 compared with
that in other lung IR groups, notably more
crowded in groups 3 and 4 than in groups 1 and
5, and was significantly more crowded in group
5 compared to that of group 1, but it showed no
difference between groups 3 and 4 (Figure 5G).
Furthermore, the frequency of alveolar septal
thickening showed an identical pattern com-
pared to that of lung parenchyma crowding
among the five groups (Figure 5).

Autologous ADMSC transfusion limited mRNA
expressions of markers of inflammation,
oxidative stress, and endothelial dysfunction in
lung parenchyma after IR injury

The mRNA expressions of MMP-9, TNF-«&, and
NF-kB, three indicators of inflammation, were
substantially higher in group 2 than in other
groups, remarkably higher in groups 3 and 4
than in groups 1 and 5, and notably higher in
group 5 than in group 1, but it did not differ
between groups 3 and 4 (Figure 6A-C). Con-
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Figure 8. Immunohistochemical (IF) staining for left lung expressions of anti-oxidative markers at 72 h after isch-
emia-reperfusion. A-E. IF staining of glutathione reductase (GR)+ cells (brown) (200x) in lung parenchyma of the five
animal groups. F. Comparison of GR expression score among the five groups. *vs. other bars with different symbols,
p < 0.0001. G-K. IF staining of glutathione peroxidase (GPx)+ cells (brown) (200x) in lung parenchyma of the five
groups. L. Comparison of GPx expression score among the five groups. *vs. other bar with different symbols, p <

0.0001. Scale bars at right lower corners represent 50

um. Symbols (*, 1, ¥, §) indicating significance (at 0.05

level). IR = ischemia reperfusion; He-ADMSC = healthy ADMSC (i.e. cultivated in normal medium); Sd-ADMSC =

serum-deprived ADMSC. (n = 6 in each group).

versely, the mRNA expressions of HO-1, NQO 1,
GR, and GPx, four anti-oxidative indicators,
showed an opposite pattern compared to that
of inflammatory gene expressions among the
five groups (Figure 6D-G). More interesting find-
ing is that the mRNA expression of IL-10, one
index of anti-inflammation/immunomodulation,
was significantly lower in groups 1 and 2 than in
groups 3 to 5, significantly lower in group 3
than in groups 4 and 5, and notably lower in
group 4 than in group 5 (Figure 6H). Fur-
thermore, mRNA expression of eNOS, an indi-
cator of endothelial integrity, showed similar
pattern compared to that of anti-oxidant
expression, whereas ET-1 mRNA expression, an
indicator of endothelial dysfunction, exhibited a
reversed pattern compared to that of eNOS
among the five groups (Figure 61, 6J).
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The expressions of endothelial cell markers,
CD31 and vWF, and Anti-Oxidant indices, GR
and GPx, in lung parenchyma

Fluorescent microscopy demonstrated signifi-
cantly lower number of CD31 + (Figure 7A-F)
and vWF + cells (Figure 7G-L), two indicators of
endothelial cellular phenotypes, in lung paren-
chyma of groups 1 and 2. The number was
higher in group 1 than in group 2, and notably
higher in group 5 than in groups 3 and 4, but it
showed no difference between groups 3 and 4.

IF staining demonstrated that the number of
cells positive for GR (Figure 8A-F) and GPx
(Figure 8G-L), two indicators of anti-oxidants,
were highest in group 5, significantly higher in
groups 3 and 4 than in groups 1 and 2, and
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Figure 9. Changes in protein expressions of inflammatory and anti-oxidant markers in left lung parenchyma at 72 h
after ischemia-reperfusion. A-D. Protein expressions of vascular cell adhesion molecule (VCAM)-1, intercellular ad-
hesion molecule (ICAM)-1, tumor necrotic factor (TNF)-a and nuclear factor (NF)-kB in left lung. *vs. other bars with
different symbols, p < 0.001. E and F. Protein expressions of heme oxygense (HO)-1 and NAD(P)H quinone oxidore-
ductase (NQO) 1. *vs. other bars with different symbols, p < 0.001. Symbols (*, 1, , §, 9) indicating significance (at
0.05 level). IR = ischemia reperfusion; He-ADMSC = healthy ADMSC (i.e. cultivated in normal medium); Sd-ADMSC
= serum-deprived ADMSC. (n = 6 in each group).

significantly higher in group 2 than in group 1, and 4. These findings suggest that ALIRI ind-
but it showed no difference between groups 3 uced an intrinsic anti-oxidant elevation for pro-
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Figure 10. Immunofluorescent staining for CD 68+ cells and Western blotting for oxidized protein expression in left
lung parenchyma at 72 h after ischemia-reperfusion (IR). A-E. IF staining showing infiltration of left lung parenchyma
with CD68+ cells (white arrows). F. Prevalence of CD68+ cells in left lung among the five animal groups at post-IR
72 h. *vs. other bars with different symbols, p < 0.001. G. Expression of protein carbonyls (i.e., oxidized protein),
an oxidative index, in the five groups of animals (Note: Right lane and left lane shown on upper panel representing
control oxidized molecular protein standard and protein molecular weight marker, respectively). DNP = 1-3 dinitro-
phenylhydrazone. H. Oxidative index in left lung tissue among five groups at post-IR 72 h. *vs. other bars with dif-
ferent symbols, p < 0.0001. Symbols (*, 1, %, §) indicating significance (at 0.05 level). He-ADMSC = healthy ADMSC
(i.e. cultivated in normal medium); Sd-ADMSC = serum-deprived ADMSC. (n = 6 in each group).

tection against IR in ischemic region and that
ADMSC treatment further enhanced the prot-
ection.

Autologous ADMSC transfusion attenuated
protein expressions of inflammatory
markers and reactive oxygen species in lung
parenchyma after IR injury

The protein expressions of VCAM-1, ICAM-1,
TNF-&, and NF-kB, four inflammatory biomark-
ers, were significantly higher in group 2 than in
other groups, significantly higher in groups 3
and 4 than those in groups 1 and 5, notably
higher in group 5 compared with those in group
1, but it showed no difference between groups
3 and 4 following ALIRI (Figure 9A-D). By con-
trast, the protein expressions of HO-1 and NQO
1 (Figure 9E, 9F), two anti-oxidative indexes,
were significantly higher in groups 5 than in
other groups, significantly higher in groups 3
and 4 than in groups 1 and 2 and significantly
higher in group 2 than in group 1, but no differ-
ence was noted between groups 3 and 4.

Autologous ADMSC transfusion ameliorated
inflammatory cell infiltration and oxidized
protein expression in lung parenchyma after
IR injury

IF staining demonstrated that the number of
CD68 + cells, a macrophage surface marker in
left lung parenchyma, was significantly higher
in group 2 than in other groups, significantly
higher in groups 3 and 4 than in groups 1 and
5, and significantly higher in group 5 than in
group 1, but it was similar between groups 3
and 4 (Figure 10A-F). Similarly, the expression
of oxidized protein, an indicator of oxidative
stress, exhibited an identical pattern compared
to that of CD68 + cells among the five groups
(Figure 10G, 10H).

Autologous ADMSC transfusion reduced
apoptotic protein expressions in lung
parenchyma after IR injury

Western blot analyses demonstrated that the
protein expressions of Bax (Figure 11A), and
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the cleaved forms of caspase 3 (Figure 11B)
and PARP (Figure 11C) (i.e. the active forms),
three apoptotic indicators, were remarkably
higher in group 2 than in other groups, notably
higher in groups 3 and 4 than in groups 1 and
5, and significantly higher in group 5 than in
group 1, but no difference was noted between
groups 3 and 4. By contrast, the protein expres-
sion of Bcl-2, an indicator of anti-apoptosis,
exhibited a reversed manner compared to that
of apoptotic protein expressions among the five
groups (Figure 11D).

Discussion

One distinctive finding in the present study is
that, as compared with lung IR alone, He-ADMSC
or Sd-ADMSC treatment remarkably reduced
IR-induced elevation of RVSBP, an indirect evi-
dence of pulmonary arterial hypertension
(PAH). In addition, either therapeutic regimen
markedly improved IR-induced hypoxemia. The
most important finding in the current study is
that combined therapy with He-ADMSCs and
Sd-ADMSCs was superior to either alone in
reversing IR-induced hypoxemia and PAH, two
principal indicators of ALIRI. The results from
our studies and those from others [25, 30, 32]
have recently demonstrated that He-ADMSCs
and bone marrow-derived mesenchymal stem
cells were effective in attenuating IR-induced
lung injury. Therefore, our results, in addition to
supporting those of previous studies [25, 30,
32], further demonstrated that treatment with
Sd-ADMSCs and mixed ADMSCs significantly
contributed to even more promising functional
outcomes (i.e., hypoxemia, PAH) after ALIRI. Of
importance is that the findings of the present
study highlight the therapeutic potential of
Sd-ADMSCs in the clinical setting of acute lung
injury.

It has been well documented that acute tissue/
organ injuries from various etiologies frequent-
ly lead to inflammatory responses, activation of
the complement cascade, and generation of
ROS [8-14, 20, 30, 33]. Without prompt and
effective interventional strategy, these reac-
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Figure 11. Changes in protein expressions of apoptotic and anti-apoptotic markers in left lung parenchyma at 72
h after Ischemia-reperfusion. A. Mitochondrial Bax expression. *vs. other bars with different symbols, p < 0.001.
B & C. Expressions of cleaved (C-) caspase (Csp)-3 and poly(ADP-ribose) polymerase (PARP). *vs. other bars with
different symbols, p < 0.001. D. Bcl-2 expression. *vs. other bars with different symbols, p < 0.001. Symbols (*, t,
I, §) indicating significance (at 0.05 level). IR = ischemia reperfusion; He-ADMSC = healthy ADMSC (i.e. cultivated
in normal medium); Sd-ADMSC = serum-deprived ADMSC. (n = 6 in each group).

tions will rapidly become progressive and fur-
ther damage the tissue/organs involved [30,
33]. Consistently, the current study demon-
strated that the inflammatory reactions (i.e., at
gene, protein, and cellular levels) and the gen-
eration of ROS (at protein level) were markedly
enhanced in animals after ALIRI. Importantly,
this study showed that administration of either
He-ADMSCs or Sd-ADMSCs significantly red-
uced IR-induced inflammatory responses and
oxidative stress in an animal model. Of particu-
lar importance is that combined treatment with
well-nourished and undernourished ADMSCs
could provide an additional benefit in attenuat-
ing these adverse reactions. In addition to sup-
porting the finding of our previous study that
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demonstrated an up-regulation of anti-oxida-
tive activities after He-ADMSC administration
[30], the results of the present study also
showed that the expressions of anti-oxidant
biomarkers (i.e., HO-1, NQO 1, GR, GPx) were
notably enhanced after either He-ADMSC or
Sd-ADMSC treatment and were further aug-
mented following simultaneous infusion of the
two cellular elements. Taken together, the alle-
viation of IR-elicited inflammation and oxidative
stress as well as the reinforcement of anti-oxi-
dative activities could probably explain the ana-
tomical and histopathological improvement
(Figures 4, 5) and the reduction of apoptosis
(Figure 11) in the lungs after either He-ADMSCs
or Sd-ADMSCs administration and particularly
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following combined cellular treatment in ani-
mals after ALIRI.

Although healthy and apoptotic mesenchymal
stem cells have been proposed to possess
immune-modulating property [28, 29], the pre-
cise mechanism remains unclear. Interestingly,
in the current study, the mRNA expression of
IL-10, an index of anti-inflammation/immuno-
modulation, was significantly elevated in the
left lungs of animals following Sd-ADMSC treat-
ment compared with those receiving He-AD-
MSCs. The expression was further enhanced in
animals after treatment with combined He-
ADMSCs and Sd-ADMSCs.

Another intriguing finding of the in vitro study is
that ELISA demonstrated markedly increased
levels of TGF-B, IL-4, and IL-10, three indicators
of anti-inflammation/immunomodulation, in co-
nditioned medium derived from He-ADMSCs
compared to that derived from Sd-ADMSCs. On
the other hand, the level of PGE-2, also an indi-
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cator of anti-inflammation/immunomodulation,
in the cultured medium displayed an opposite
pattern (Figure 2E). Moreover, the level of
PGE-2 was notably increased in conditioned
medium from culturing macrophages with
He-ADMSC-derived medium compared to that
from culturing macrophages with Sd-ADMSC-
derived medium (Figure 2Fa-Fc). On the other
hand, the levels of IL-4 and PGE-2 were notably
increased in the medium from co-culturing
macrophages with Sd-ADMSCs compared to
from co-culturing macrophages with He-AD-
MSCs (Figure 2Fd-Ff). Our findings, in addition
to supporting the “dying stem cell hypothesis”
that proposes the beneficial immunomodulato-
ry roles of apoptotic stem cells [29], highlight
that the anti-inflammatory and immunomodula-
tory properties of He-ADMSCs may be through
the effect of ant-inflammatory cytokines, wh-
ereas SA-ADMSCs may exert these actions via
the regulation of innate and adaptive immunity
through cell to cell interaction (i.e., macro-
phages and Sd-ADMSCs).
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Our recent study has shown that treatment of
acute lung IR injury in rats with He-ADMSCs
enhanced cellular expression of CD31 and vWF,
two endothelial cell indicators, in lung paren-
chyma [30]. Another intriguing finding in the
current study is that the transfusion of
Sd-ADMSCs further reinforced pulmonary
expression of these two endothelial cell sur-
face markers. These findings not only extend
those of our previous study [30], but could also
explain the enhanced mRNA expression of
eNOS and suppressed mRNA expression of
ET-1 in the lungs after IR following infusion of
either type of cellular element and the assorted
ADMSCs. In this way, the findings of the current
study strengthen those of our recent reports
[28, 29].

Study limitations

It is well known that the initiation and propaga-
tion of immune reaction in mammals is compli-
cated with interactions among the humoral,
cellular, and complement systems. The results
of the present study, therefore, may not reflect
the full picture of in vivo ADMSC-mediated
immunomodulation in the setting of IR-induced
lung injury. The proposed mechanisms underly-
ing the observations of attenuated inflamma-
tion and improved pulmonary histology after IR
injury of the lungs based on our findings have
been summarized in Figure 12.

Conclusion

Combined therapy with assorted ADMSCs
markedly attenuated ALIRI probably through
suppressing acute immune response, inflam-
matory reaction, oxidative stress, and ROS
generation.
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