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Abstract To determine the effect of intracoronary
transfer of superparamagnetic iron oxide (SPIO) labeled
heme oxygenase-1 (HO-1) overexpressed bone marrow
stromal cells (BMSCs) in a porcine myocardial ischemia/
reperfusion model. Cell apoptosis was assayed and super-
natant cytokine concentrations were measured in BMSCs
that underwent hypoxia/reoxygen in vitro. Female mini-
swines that underwent 1 h LAD occlusion followed by 1 h
reperfusion were randomly allocated to receive intracoro-
nary saline (control), 1 X 10’ SPIO-labeled BMSCs
transfected with pcDNA3.1-Lacz plasmid (Lacz-BMSCs),
pcDNA3.1-human HO-1 (HO-1-BMSCs), pcDNA3.1-
hHO-1 pretreated with a HO inhibitor, tin protoporphyrin
(SnPP, n = 10 each). MRI and postmortem histological
analysis were made at 1 week or 3 months thereafter. Post
hypoxia/reoxygen in vitro, apoptosis was significantly
reduced, supernatant VEGF significantly increased while
TNF-o and IL-6 significantly reduced in HO-1-BMSCs
group compared with Lacz-BMSCs group (all p < 0.05).
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Myocardial expression of VEGF was significantly higher in
HO-1-BMSCs than in Lacz-BMSCs group at 1 week post
transplantation (all p < 0.05). Signal voids induced by the
SPIO were detected in the peri-infarction region in all
BMSC groups at 1 week but not at 3 months post trans-
plantation and the extent of the hypointense signal was the
highest in HO-1-BMSCs group, and histological analysis
showed that signal voids represented cardiac macrophages
that engulfed the SPIO-labeled BMSCs. Pretreatment with
SnPP significantly attenuated the beneficial effects of HO-
1-BMSC:s. Transplantation of HO-1-overexpressed BMSCs
significantly enhanced the beneficial effects of BMSCs on
improving cardiac function in this model.
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Introduction

Cellular cardiomyoplasty (CCM) has emerged as a promis-
ing approach for the treatment of acute myocardial infarction
(AMI) [20, 30, 31]. Various animal studies and clinical trials
have demonstrated that grafted bone marrow stromal cells
(BMSCs; also known as mesenchymal stem cells, MSCs)
could improve left ventricular (L'V) function post AMI [1,
12,32,39]. However, most of the transplanted cells could not
survive post transplantation, the underlying mechanisms by
which transplantation of BMSCs improves LV function
remain largely unknown and speculative now [26].

Heme oxygenase-1 (HO-1) is an inducible enzyme with
potent anti-apoptosis and anti-inflammatory activities due
to its ability to degrade heme into biliverdin/bilirubin,
carbon monoxide (CO), and free iron. Overexpression of
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HO-1 in MSCs improved cell viability after transplantation
[37, 45]. However, still there were no reports on the effects
of HO-1-overexpressed BMSCs transfer on porcine ische-
mia/reperfusion model. Due to morphological and physio-
logical similarities to human being, porcine serves as a
valuable model for preclinical studies.

There is also some discrepancy between basic and
clinical trials for the effects after stem cell therapy [6]. A
possible explanation could be that cardiac function was
evaluated by MRI in the majority of clinical trials but by
non-MRI procedure in basic experiments.

To evaluate cell-based therapy, it is essential to track the
retention and migration of donor cells in vivo. Superpara-
magnetic iron oxide (SPIO) labeled cells could be identified
in vivo by MRI due to their property of superparamagnetism
[2, 13, 14]. However, similar magnetic signal voids derived
from the micro hemorrhage within reperfused myocardial
infarcts [40]. Moreover, enhanced MRI signals might arise
not only from the injected SPIO-labeled MSCs but also
from the cardiac macrophages that engulfed the SPIO
nanoparticles [3]. Therefore, it is necessary to take all these
factors in mind on interpreting the MRI cell tracking results.
In this study, we compared the effects of intracoronary
transfer of SPIO-labeled BMSCs with or without HO-1
overexpression in a porcine ischemia/reperfusion model
and tested the feasibility of tracking these cells by MRI.

Materials and methods
In vitro experiments
BMSCs isolation

Bone marrow was aspirated from the iliac crest of male
donor swine and purified by density gradient centrifugation
(Ficoll-Paque, GE Healthcare Bio-sciences AB, Sweden;
1.077 g/ml) using a standardized protocol as previously
described [27].

Transfection

pcDNA3.1-human HO-1 was constructed by using the
mammalian expression vector pcDNA3.1/Zeo and a 1.0 kb
EcoRI/Xbal fragment containing the entire protein-coding
region of the HO-1 gene; the correctness of pcDNA3.1-
hHO-1 plasmid was verified by DNA sequencing and
digestion with restriction enzyme. Then pcDNA3.1-hHO-1
plasmid was transfected to BMSCs(HO-1-BMSCs) was
transfected to BMSCs, after BMSCs were expanded to
three passages at 70% confluence, using FuGene 6 trans-
fection reagent (Roche, Mannheim, Germany) according to
commercial protocol, and then under G418 selection. The
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pcDNA3.1-Lacz plasmid pcDNA3.1-Lacz plasmid was
transfected to BMSCs (Lacz-BMSCs) was transfected to
BMSCs using the same procedure.

Cell labeling

At 70-80% confluence, BMSCs and HO-1-BMSCs were
incubated with a mixture of SPIO (Laboratory of Molecular
and Boimolecular Electronics, Southeast University, China)
for 48 h at 37°C in 5% CO,. The labeling efficiency was
determined by Prussian blue staining. Briefly, cells were
fixed with 4% formaldehyde, incubated for 30 min with 5%
potassium ferrocyanide (Perls agent) in 10% hydrochloric
acid, washed, and cytoplasm stained with eosin red.

Tetrazolium salt measurement (MTT assay)

BMSCs, BMSCs labeled by SPIO (BMSCs + SPIO),
HO-1-BMSCs, and HO-1-BMSCs labeled by SPIO (HO-1-
BMSCs + SPIO) were cultured with DMEM for 48 h in 96-
well flat-bottomed tissue culture trays; the supernatant in
each well was discarded and washed with phosphate-buf-
fered saline (PBS) twice. Then 20 pl of MTT [3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide]
solution (5 mg/ml, Fluka Co., Switzerland) was added into
each well and cultured at 37°C for 4 h. After removing the
MTT solution, 150 pl dimethylsulfoxide (DMSO, Shanghai
Bioengineering Co., Shanghai, China) was added; the opti-
cal density (OD) was quantified at 570 nm in spectropho-
tometer (Sepctra MAX 250, Molecular Devices Corp,
Sunnyvale, CA, USA). The experiment was repeated thrice.

Trypan blue staining

After removing the culture medium, BMSCs, BMSCs +
SPIO, HO-1-BMSCs, and HO-1-BMSCs + SPIO were
stained with trypan blue (Sigma) [23]. The ratio of viable
cells was counted using a light microscopy (10x magni-
fication). Two independent observers performed this
experiment thrice.

HO-1 expression determined by Western blot analysis

Homogenates of BMSCs, Lacz-BMSCs, HO-1-BMSCs,
and HO-1-BMSCs + SnPP were centrifuged at 10,000 x g
for 10 min at 4°C, and 70 pg supernatant was lysed in
electrophoresis buffer and boiled for 10 min, subjected to
electrophoresis in a SDS—polyacrylamide gel according to
the methods of Laemmli [21]. The separated blots were
transferred to nitrocellulose membranes and blocked for 1 h
in TTBS buffer containing 5% non-fat milk. The mem-
branes were incubated overnight with primary anti-HO-1
polyclonal antibody (Santa Cruz Biotechnology, Inc.,
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1:1000 dilution), and incubated with a 1:1000 dilution of
horseradish peroxidase (HRP) conjugated rabbit anti-goat
IgG antibody for 2 h at 37°C. Blots were detected by
chemiluminesence and relative protein expression was
quantified by scanning densitometry.

Assay for heme oxygenase activity

Heme oxygenase activity assay was performed following a
standard protocol as described [9] in BMSCs after various
treatments and post SPIO labeling. Briefly, microsomes
from harvested cells were added to a reaction mixture
containing magnesium chloride (2 mmol/l), NADPH
(0.8 mmol/l), glucose-6-phosphate (2 mmol/l), glucose-6-
phosphate dehydrogenase (0.2 units), rat liver cytosol as a
source of biliverdin reductase, and the substrate hemin
(20 pmol/l). The reaction was conducted at 37°C in the
dark for 1 h and terminated by the addition of 1 ml chlo-
roform, and then the extracted bilirubin was calculated by
measuring the AD (D464-D530) and using an absorption
coefficient of 40 mmol/I™' cm™".

Hypoxia/reoxygenation

BMSCs, Lacz-BMSCs, HO-1-BMSCs, and HO-1-
BMSCs + SnPP (20 pmol/l) were cultured in an airtight
incubation bottle for 24 h with <1% oxygen concentration,
followed by 12 h of reoxygenation. Thereafter, cell apop-
tosis was evaluated by flowcytometry. Briefly, cells
(1 x 106) were washed twice with cold PBS and labeled
with titrated FITC-conjugated annexin-V in dark for 10 min
at room temperature. Adding propidine iodide (PI) solution,
the percentages of dead cells and cells undergoing apoptosis
were then evaluated 5 min later by using a flowcytometer
(Becton—Dickinson, San Jose, CA, USA). The annexin™/PI"
was judged as late apoptosis or death and annexin™*/PI™~ as
early apoptosis. VEGF, TNF-¢, and IL-6 concentrations in
supernatant were determined by ELISA.

In vivo experiments
Animals

Handling of the animals was approved by the Care of
Experimental Animals Committee of Southeast University,
Nanjing, China, and in compliance with the National
Research Council’s guidelines. Forty Chinese female
minipigs were randomly allocated to the following treat-
ment groups (n = 10 each): control group (saline), BMSCs
transfected with pcDNA3.1-Lacz-BMSCs, BMSCs trans-
fected with pcDNA3.1-hHO-1-BMSCs, and HO-1-BMSCs
plus pretreatment with a HO inhibitor, tin protoporphyrin
(SnPP, Sigma) (HO-1-BMSCs + SnPP).

Ischemia/reperfusion and cell transfer

Animals were sedated with ketamine (15 mg/kg) and
anesthesia was maintained using pentobarbital sodium
(intermittent 10-15 mg/kg intravenous injection). Baseline
LVEF was evaluated by LV ventriculography, left anterior
descending coronary artery just distal to the second largest
diagonal branch was occluded for 1 h, followed by reper-
fusion for 1 h, and then left ventriculography was per-
formed again to assess the LVEF post ischemia/
reperfusion. Aspirin (325 mg/day) and clopidogrel (75 mg/
day) were fed per gavage 3 days before operation and daily
thereafter till the end of study. Amiodarone was adminis-
tered as one intravenous bolus injection of 150 mg before
operation and maintained at a dose of 1 mg/min during
operation. Heparin (300 units/kg, intravenous injection)
was used when needed to maintain an activated clotting
time >300 s during the surgical procedure. ECG, blood
pressure, and oximetry were monitored throughout the
perioperative period, and life-threatening ventricular
fibrillation was treated with semi-automatic defibrillator
(Philips Heartstart XL, USA). After LVEF determination
by left ventriculography 1 h post LAD occlusion, 1 x 10’
allogeneic Lacz-BMSCs, HO-1-BMSCs, or equal volume
saline were infused into the coronary through the over-the-
wire (OTW) balloon angioplasty catheter for over 5 min. In
HO-1-BMSCs + SnPP group, SnPP (2 mg/kg, i.v.) was
administered immediately before coronary occlusion.
Successful occlusion was confirmed by coronary angio-
graphy. ST segment elevation and TIMI grade were mea-
sured before and immediately post infusion to observe
possible BMSCs infusion induced minor myocardial
injury.

MR imaging

Cardiac MRI was performed at 1 week or 3 months after
ischemia/reperfusion using a 3.0 T MR scanner (Mag-
netom Trio, Simens Medical Systems) with a phase array
radiofrequency receiver coil. Tracking of implanted
BMSCs was acquired by multislice ECG- and respira-
tory-gated T2*-weighted gradient echo image (T2*WI);
the DE-MRI images at the same location were also
acquired; left ventricular ejection fraction (LVEF), end-
diastolic volume (EDV), end-systolic volume (ESV), and
left ventricular mass index (LV mass index) were mea-
sured by cine-MRI and assessed by ARGUS auto-quan-
tization program.

Postmortem analysis

Post MRI, animals (1 week, n = 3 each group or 3 months,
n = 5-7) were sacrificed under anesthesia, the hearts were
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immediately excised, left ventricle including septum was
separated from right ventricle, left ventricle was sectioned
into 1 cm thick short-axis slices from apex to base and 5-6
sections were obtained. The first section from apex was
used for VEGF, IL-6, TNF-«, Bax, and Bcl-2 expressions
by Western blot analysis; the second section for detecting
the myocardial Y-chromosome-specific SRY DNA by
gRT-PCR method; and the third section was halved and
used to determine the localization of transplanted BMSCs
by Prussian blue staining (first portion) and for analyzing
the capillary density and arteriole density by immuno-
chemistry method (second portion).

Prussian blue staining method was used to determine the
localization of transplanted BMSCs at 1 week and
3 months post BMSCs infusion. The first part of the third
section from apex was cut into consecutive 4 um sections,
stained with hematoxylin-eosin (HE) for infarction zone
identification, and the neighboring section stained by
Prussian blue reagent. Sections with positive iron staining
were costained with a rabbit polyclonal antibody raised
against CD68 (a marker for macrophages). Single Prussian
blue-positive cells were deemed as SPIO-labeled BMSCs,
whereas double-stained cells were defined as cardiac
macrophages containing iron.

Angiogenesis was observed in the second part of the
third section from apex of hearts 3 months post BMSCs
transplantation. Tissue was fixated for 24 h in 10% neu-
tral buffered formalin at room temperature, paraffin-
embedded, and consecutive 4 pm paraffin sections were
then obtained and numbered. HE staining was made in
one 4 um section to identify the peri-infarct area and the
neighboring five sections were then immunohistochemi-
cally stained by primary antibody against vWF (1:200,
DAKO) and SM a-actin (1:200, Abcam), then detected
with appropriate secondary antibodies. DAB (Zymed,
Laboratories Inc.) was used as a chromogenic substrate
and the color reaction was carried out for 3—10 min and
the slides were washed before covering with Crystal/
Mount. Slides from each group were used as negative
controls by omitting the primary antibody. The number of
capillary and arteriole in peri-infarct area was counted in
five random high power fields (HPF, x400) from each
section by investigators blindly to the experiment design.
The results from 25 randomly chosen HPFs were aver-
aged and expressed as vascular density per HPF.

Western blot analysis
The first section from apex at 1 week post BMSCs trans-
plantation was homogenized and equal amounts of protein

were used for measuring the VEGF, TNF-«, IL-6, Bax, and
Bcl-2 expressions by Western blot analysis.
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Quantitative real-time PCR

The second section from apex was used to identify exoge-
nous BMSCs at 1 week and 3 months post BMSCs trans-
plantation, genomic DNA was isolated from the entire frozen
sections and was used for real-time PCR for swine male-
specific Sry gene as previously described [37]. A standard
curve was generated by serially diluting swine male genomic
DNA prepared from male BMSCs. In Sry gene, forward
primer was 5'-AAAGCGGACGATTACAGC-3' and reverse
primer was 5'-TTTGCATTTGAGGGTTCT-3' [46].

The RT-PCR protocol consisted of starting with 20 min
at 50°C, 10 min at 95°C for activation of polymerase, then
followed by 45 cycles of denaturation at 94°C for 15 s,
annealing at 59°C for 20 s, and elongation at 72°C for 30 s.
Real-time PCR assay of Sry gene quantified the number of
survival male BMSCs in female hearts. The survival ratio is
equal to survival number of BMSCs divided by total
implanted cells.

Statistical analysis

Data are presented as mean + standard deviation. Analysis
was performed using the SPSS Software (version 11.5).
Unpaired Student ¢ test or one-way ANOVA was used to
detect differences between groups as indicated. Values of
p < 0.05 were considered statistically significant.

Results
In vitro experiments
The effect of SPIO on BMSCs characteristics

Prussian blue staining results showed that the labeling effi-
ciency of SPIO on BMSCs or HO-1-BMSCs was satisfactory
(approximately 100%). MTT assay results demonstrated that
SPIO labeling did not affect cell growth in either BMSCs or
HO-1-BMSCs (BMSCs, 0.46 £ 0.09; BMSCs + SPIO,
0.49 £+ 0.08, p > 0.05; HO-1-BMSCs, 0.75 £ 0.11; HO-1-
BMSCs + SPIO,0.74 4+ 0.11, p > 0.05). More than 97% of
cells were alive as shown by Trypan Blue staining.

HO-1 expression in BMSCs and heme oxygenase activity
assay

The cellular expression of HO-1 was detected by Western
blot analysis. There was a pronounced increase in HO-1
protein expression in HO-1-BMSCs, an effect that was
associated with a significant increase in heme oxygenase
activity, and these were significantly downregulated by
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pretreatment with SnPP. Heme oxygenase activity
remained unchanged post labeling with SPIO (Fig. 1).

Effect of hypoxia/reoxygen on cytokine expressions
and apoptosis of various BMSCs

ELISA was used to measure VEGF, TNF-o, and IL-6
concentrations in supernatant of BMSCs that underwent
hypoxia/reoxygen (Fig. 2a—c). VEGF was significantly
higher while TNF-o and IL-6 were significantly lower in
supernatant of HO-1-BMSCs compared with BMSCs and
Lacz-BMSCs. Apoptotic cells identified by flowcytometry
after double-staining with annexin-V/PI (Fig. 3a, b) were
significantly reduced in HO-1-BMSCs than in BMSCs,
Lacz-BMSCs, and HO-1-BMSCs pretreated with SnPP.

In vivo studies
Ischemia/reperfusion model

Five pigs died of ventricular fibrillation during the experi-
ment despite the use of defibrillator (one in control group,
two in Lacz-BMSCs group, and two in HO-1-BMSCs +
SnPP group). Thirty-five pigs survived the experimental
procedures and no malignant ventricular arrhythmias were
observed in these animals.

Fig. 2 Supernatant VEGF, TNF-o, and IL-6 concentrations measured
by ELISA in cells underwent hypoxia/reoxygen. VEGF was signif-
icantly higher (a) while TNF-a (b) and IL-6 (c¢) were significantly
lower in HO-1-BMSCs compared with BMSCs and Lacz-BMSCs.
#p < 0.05 versus BMSCs; Tp < 0.05 versus Lacz-BMSCs; *p < 0.05
versus HO-1-BMSCs

Left ventricular function and geometry determined by MRI

Cardiac function was determined by MRI at 1 week and
3 months after ischemia/reperfusion operation. One week
post operation, LVEF was significantly increased in HO-1-
BMSCs group than that in saline group (Table 1). At
3 months post operation, LVEF was significantly higher in
HO-1-BMSCs and Lacz-BMSCs groups than that in saline
and HO-1-BMSCs + SnPP groups. EDV was similar
among groups. ESV and LV mass index were significantly
lower in HO-1-BMSCs group than that in saline group and
these effects could be abolished by pretreatment with SnPP
(Table 1).

Western blot analysis
One week post transplantation, myocardial expression of
VEGF was significantly enhanced and myocardial expres-

sions of TNF-o and IL-6 were significantly reduced in HO-
1-BMSCs group than those in Lacz-BMSCs group
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Fig. 3 Apoptosis in cells underwent hypoxia/reoxygen. (a) Apoptotic
cells identified by flowcytometry after double-staining with annexin-
V/PL (b) Quantitative analysis of apoptosis and necrotic in vitro. Cell
apoptosis and necrotic rate was significantly reduced in HO-1-BMSCs
compared with that in BMSCs and Lacz-BMSCs. *p < 0.05 versus
BMSCs; Tp < 0.05 versus Lacz-BMSCs; j9p < 0.05 versus HO-1-
BMSCs

(Fig. 4a—c), while myocardial Bax expression was similar
among the groups (Fig. 4d). Bcl-2, which may prevent the
activation of downstream apoptotic signaling, was also
significantly increased in HO-1-BMSCs group than that in
Lacz-BMSCs group (Fig. 4e). HO-1-overexpression

Table 1 Left ventricular function and geometry by MRI

induced effects were significantly abolished by pretreat-
ment with SnPP.

SRY gene detection by real-time PCR

One week after cell transplantation, the survival ratio of
male, donor-derived MSCs (SRY gene) was significantly
higher in HO-1-BMSCs group (1.79 £ 0.28%) than that in
Lacz-BMSCs group (1.01 £ 0.19%, p < 0.001); this effect
could be Dblocked by pretreatment with SnPP
(0.75 £ 0.14%, p <0.001 vs. HO-1-BMSCs group;
p = 0.017 vs. Lacz-BMSCs group). SRY gene was not
detectable in all groups at 3 months after cell
transplantations.

SPIO-labeled MSCs detection by MRI

Signal voids induced by the SPIO were detectable in all
SPIO-labeled BMSCs groups but not in the saline group
based on T2*WI or using DE-MRI at 1 week post trans-
plantation; signal voids were concentrated in the peri-
infarction region. The extent of the hypointense signal was
significantly higher in HO-1-BMSCs group than that in
Lacz-BMSCs group and HO-1-BMSCs + SnPP group
(Fig. 5). Hypointense signals were not detectable in all
groups at 3 months after cell transplantation in vivo by
MRI

Prussian blue staining and costaining with CD68

Positive iron staining was evidenced mostly in the border
zone of the infarction at 1 week post BMSCs transplanta-
tion, scarce iron-positive cells could also be found in saline
group in the border zone of the infarction, probably due to
hemosiderin from infarction hemorrhages (Fig. 6a). Most
of the iron-positive cells were also positively costained for
CD68 (Fig. 6b). SPIO-labeled cells were not detectable in
the cardiac tissue at 3 months after transplantation.

Saline group Lacz-BMSCs group

HO-1-BMSCs group HO-1-BMSCs + SnPP group

1 week 3 months 1 week 3 months 1 week 3 months 1 week 3 months
(n=9) (n=206) (n=28) (n=5) (n = 10) n="17) (n=28) n=5)
LVEF (%) 37.16 + 3.81 44.39 + 322 39.74 & 425 49.50 4+ 3.08* 41.83 & 5.11% 53.84 + 2.20%t 37.99 + 3.98 4522 + 3.127
EDV (ml) 56.05 £ 5.17 63.30 £ 5.34 5590 £5.23 60.72 & 6.12 55.10 £ 4.58 59.23 + 537 5553 £3.54 63.11 £+ 6.49
ESV (ml) 35.36 + 5.08 35.15 £2.95 33.84 & 534 30.76 + 4.32 31.97 &+ 3.07 27.40 & 3.38* 3438 & 2.20 34.58 + 4.29*
LV mz;ss index 59.08 £ 7.55 71.41 4+ 5.54 58.10 & 6.98 68.07 + 8.04 56.47 £7.07 62.07 + 7.35* 58.51 4+ 8.24 69.80 + 9.14
(g/m?)

LVEF left ventricular ejection fraction, EDV end-diastolic volume, ESV end-systolic volume
*p < 0.05 versus saline; Tp < 0.05 versus Lacz-BMSCs; Ip < 0.05 versus HO-1-BMSCs
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Fig. 4 Myocardial VEGF, TNF-o, IL-6 (a—c), Bax, and Bcl-2 (d—e)
expressions detected by Western blot analysis. One week post
transplantation, enhanced VEGF, Bcl-2, and reduced TNF-o, IL-6

Angiogenesis in the peri-infarct region

Capillary density was determined by immunohistochemical
staining for vWF in the peri-infarct area 3 months after cell
transplantation. Capillary and arteriolar densities were
significantly higher in HO-1-BMSCs group than in Lacz-
BMSCs group and saline group, and these effects could be
blocked by SnPP (Fig. 7a, b).

Discussion

The main findings of the present study are as follows: (1)
HO-1-overexpressed BMSCs could be efficiently labeled
with SPIO nanoparticles without altering their viability. (2)
HO-1-overexpressed BMSCs significantly enhanced the
efficacy of BMSCs on improving cardiac function in this
porcine model of ischemia/reperfusion, associated with
reduced inflammatory cytokine levels and apoptosis and
enhanced neovascularization. However, all these beneficial
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myocardial expressions were found in HO-1-BMSCs group compared
to Lacz-BMSCs group. *p < 0.05 versus saline group; J'p < 0.05
versus Lacz-BMSCs group; *p < 0.05 versus HO-1-BMSCs group

effects induced by HO-1 overexpression in BMSCs could
be significantly attenuated by pretreatment with a HO
inhibitor, SnPP, indicating the specific effects of HO-1
overexpression on BMSCs. (3) Most of the iron-positive
cells in myocardium detected by MRI at 1 week but not at
3 months post transplantation were stained positive for
both iron and CD68, therefore, could be classified as car-
diac macrophages; this finding suggested that most trans-
planted BMSCs were engulfed by macrophages 1 week
post transplantation in this model.

Route of BMSCs transplantation

Intracoronary BMSCs administration was mostly per-
formed by interventional cardiologists during PCI [38] and
direct intramyocardial injection of BMSCs by cardiac
surgeons during and after open-chest thoracotomy [4].
Intracoronary administration was applied in this study to
follow the clinical delivery method preferred by interven-
tional cardiologists. It is well established that BMSCs
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Fig. 5 In vivo BMSCs tracking
by MRI. Signal voids caused by
the SPIO were detectable in all
groups except for the saline
group on T2*WI or using DE-
MRI at 1 week after
transplantation (red arrow),
signal voids were concentrated
in the peri-infarction region

might be trapped in the coronary microcirculation causing
minor myocardial injury [24, 41]. In our experiments, TIMI
grade 3 was evidenced post reperfusion and remained
unchanged post various intracoronary BMSCs or saline
infusions, moreover, microinfarcts were not observed in HE
stained section at remote regions at 1 week and 3 months
post procedure. Therefore, intracoronary BMSCs transfu-
sion might not result in significant additional ischemia in our
study protocol, if there was any. The possible reason might
be that a relative lower BMSC numbers (1 x 107) were
infused in a relative long duration (>5 min) in our study as
compared to others. Moelker et al. [24] injected ~5 x 10’
USSC into the LAD of normal hearts in four swines, 4 days
after injection, extensive micro infarctions were observed in
the injected area, and each swine received intracoronary
injection of ~ 10® human USSC in the LCX in a porcine
model of myocardial infarction and reperfusion; however,
this increased infarct size compared to medium group. Perin
et al. [28] explored the safety of IC delivery of 1 x 10°
BMSCs at three different velocities (1 x 10% 1.5 x 105
and 3 x 10° cells/min); post-procedural transient TIMI-2
flow was seen in the higher velocity groups (1.5 x 10° and

@ Springer

3 x 10° cells/min). In line with our results, Valina et al. [39]
showed that the maximal number of cells that could be safely
administered was around 1 x 107. It is to note that all ani-

mals also received oral aspirin (325 mg/day) and clopidogrel
(75 mg/day) 3 days before operation and daily thereafter till
the end of study, and anti-coagulation regimen in this study
might also be an important factor to minimize BMSCs
infusion induced coronary microcirculation and minor
myocardial injury [15].

Effects of HO-1 in post-MI model

Cumulative evidences have shown that implanted BMSCs
could improve the cardiac function after AMI [1, 12, 32,
39]. The precise mechanism of the beneficial effects of
transplanted BMSCs is still unknown. Several possible
explanations, such as differentiation into myogenic-like
cells [12, 33], cell protective cytokine secretions [10, 25],
were suggested. However, the majority of transplanted
cells died shortly after transplantation [42, 47] which might
prevent a more significant effect of BMSCs transplantation
on improving myocardial regeneration. Consequently,
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Fig. 6 Positive iron staining at 1 week post transplantation in
Prussian blue stained sections (x400). a Example of positive Prussian
blue staining. b CD68 costaining for iron-positive cells indicating
most of the iron-positive cells were engulfed by cardiac macrophages
(DAB was used as a chromogenic substrate)

numerous studies have focused on how to improve stem
cell homing or survival after myocardial transplantation
[16, 34, 37, 48]. Heme oxygenase-1 (HO-1), a rate-limiting
enzyme for heme metabolism, received most attention
from researchers, and previous studies in small animal
model showed that HO-1 overexpression is a valuable
strategy to amplify the beneficial effects of MSCs trans-
plantation on improving cardiac function and post trans-
plantation MSCs survival [37, 45]. Our study confirmed the
previously reported effects of HO-1 overexpression in
small animal models in this porcine ischemia/reperfusion

model which moved one step forward for possible appli-
cation of this strategy in future clinical practice on patients
with AML

Following mechanisms might be related to our observed
effects. First, reduced inflammatory cytokine (IL-6 and
TNF-«) secretion as well as myocardial expression as seen
in supernatant of BMSCs post hypoxia/reoxygen in vitro
and at 1 week post BMSCs transplantation in vivo. It is
well known that cytokines may be important modulators in
the ventricular remodeling process after AMI [7, 35].
Reperfusion of the ischemic myocardium is associated with
increased TNF-a and IL-6 secretion which could exert
negative inotropic effects on heart muscle [17]. Similar to
our observations, Guo et al. [11] reported decreased myo-
cardial protein production and gene expression of TNF-«
and IL-6 post myocardial infarction, and improved left
ventricular function induced by MSC transplantation.
Second, overexpression of HO-1 in BMSCs reduced the
BMSCs apoptosis under hypoxic conditions in vitro, and
upregulated myocardial expression of Bcl-2, a cardiac
protection mediator under various stress conditions [18] in
vivo 1 week after transplantation. Simultaneously we also
observed enhanced hypointense signal in HO-1-BMSCs
group, and all these observations suggested increased
homing of transferred HO-1-BMSCs. Our results are in line
with previous report in the transplantation of MSCs over-
expressing Bcl-2 which significantly reduced apoptosis and
improved heart function [22]. Third, overexpression of
HO-1 in BMSCs significantly enhanced serum VEGF
production in hypoxic conditions in vitro and promoted
angiogenesis in vivo compared to BMSCs alone. VEGF is
a proangiogenic cytokine, which can be secreted by MSCs
[43], and previous study suggested that, apart from stimu-
lating angiogenesis capacities, VEGF itself could also
prevent cells from apoptosis [8]. Therefore, increased
myocardial VEGF production and angiogenesis could be
one of the important mechanisms responsible for observed
enhanced beneficial effects of HO-1 overexpression of
BMSCs. Pretreatment with SnPP, a HO-1 inhibitor, abo-
lished the HO-1 overexpression induced effects which
indicated the specific effects of HO-1 overexpression in our
model.

Though the presence of donor cell was significantly
increased at 1 week post transplantation in HO-1-BMSCs,
evidenced by the enhanced hypointense signal observed by
MRI and the increased Y-chromosome-specific SRY DNA
from male donors, histology analysis showed that BMSCs
were presented mostly in the form of BMSCs engulfed
by cardiac macrophages. It seems there were less
macrophages accumulated in the myocardium in HO-1-
BMSCs + SnPP group compared with that in HO-1-
BMSCs group, and we postulated that the ischemic local
milieu in SnPP treated HO-1-BMSCs was responsible for
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reduced transplanted BMSCs survival and less macro-
phages in this group [44]. It remains unknown now if the
engulfed BMSCs still behave regenerative capacity and if
the SPIO labeling increased the BMSCs engulfment by
cardiac macrophages and further studies are warranted to
answer these questions. Despite the fact that the BMSCs
were not detectable at 3 months post transplantation,
transplantation of both Lacz-BMSCs and HO-1-BMSCs
still provided beneficial effect on attenuating cardiac
remodeling and improving cardiac function after ischemia/
reperfusion in this model at this late stage of transplanta-
tion, and again the beneficial effects by BMSCs were
amplified by HO-1 overexpression. Similar findings on the
dissociation between observed beneficial therapeutic
effects and presence of transplanted cells at late stage were
also reported in previous studies [3, 5] and the reasons are

@ Springer

25
= o
= 20 f
E 15
£ 1
B §
g o
0 L n n
saline Lacz-BMSCs HO-1-BMSCs HO-1-
BMSCs+SnPP
I2r
Z 10F
§
[ 6
=
,'E 4
£ 2r
5 0
LaczBMSCs HO-1-BMSCs IIO-IA
BMSCs+SnPP

with that in Lacz-BMSCs group. These effects were blocked by
pretreatment with SnPP. *p < 0.05 versus saline group; 'p < 0.05
versus Lacz-BMSCs group; Ip < 0.05 versus HO-1-BMSCs group

largely unclear. The paracrine effect induced by trans-
planted MSCs [3, 37] was postulated as an important
determinant responsible for cardiac function improvement
at this stage.

Feasibility of tracking SPIO-labeled BMSCs in vivo

SPIO particles were used as the sensitive existing labeling
markers for labeling transplanted cells for the purpose of in
vivo MRI detection [19]. Though cell growth and survival
were not affected by SPIO labeling in vitro, in vivo MRI
detected BMSCs were mostly presented in the form of
engulfed by cardiac macrophages. We knew that the
transplanted BMSCs homing was increased in HO-1-
BMSCs at 1 week post transplantation but did not know if
these BMSCs were alive or not and the functionality of
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these cells also could not be shown by MRI. It is also
unknown if the SPIO labeling increased the engulfment of
BMSCs by cardiac macrophages or the myocardial
microenvironment post ischemia (inflammation) was not
favorable for the donor cells survival, thus the apoptotic
and dead BMSCs were engulfed by cardiac macrophages
[3]. Another reason might be that the allogeneic BMSCs
were not totally immunoprivileged and the donor cells
were treated as foreign body and eliminated via cellular
rejection mechanism in vivo [29, 36]. Further studies using
an MRI marker, which did not increase the engulfment by
cardiac macrophages or autologous stem cells or allogeneic
stem cells in an immunocompromised host, would be
helpful to evaluate the survival issue of post donor cells.

In conclusion, our study demonstrates that transplantation
of BMSCs overexpressing HO-1 enhanced the beneficial
effects on cardiac function improvement by BMSCs via
reducing myocardial inflammatory cytokine expression,
apoptosis and promoting VEGF expression and angiogene-
sis in the hypoxic condition in vitro, and in ischemia/
reperfusion porcine model in vivo. These data suggest that
BMSCs HO-1 overexpression might be a promising strategy
for future CCM in the clinical practice. Though BMSCs
transfected with HO-1 gene could be efficiently labeled with
SPIO nanoparticles without altering viability, MRI could
successfully detect SPIO-labeled BMSCs in vivo at 1 week
post transplantation. Acquired information from MRI was
limited and only showed the homing status at this stage, and
this technique supplies no information on cell viability
information in vivo, since most SPIO positive BMSCs in
vivo were engulfed by cardiac macrophages. Further studies
are warranted to clarify if SPIO labeling increased engulf-
ment of BMSCs by cardiac macrophages in vivo.
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