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Abstract

Background: The mismatch between traditional in vitro cell culture conditions and targeted
chronic hypoxic myocardial tissue could potentially hamper the therapeutic effects of implanted
bone marrow mesenchymal stem cells (BMSCs). This study sought to address (i) the extent
of change to BMSC biological characteristics in different in vitro culture conditions and (ii)
the effectiveness of permanent hypoxic culture for cell therapy in treating chronic myocardial
infarction (MI) in rats. Methods: rat BMSCs were harvested and cultured in normoxic (21%
O,, n=27) or hypoxic conditions (5% O,, n=27) until Passage 4 (P4). Cell growth tests, flow
cytometry, and Bio-Plex assays were conducted to explore variations in the cell proliferation,
phenotype, and cytokine expression, respectively. In the in vivo set-up, P3-BMSCs cultured
in normoxia (n=6) or hypoxia (n=6) were intramyocardially injected into rat hearts that had
previously experienced 1-month-old ML The impact of cell therapy on cardiac segmental
viability and hemodynamic performance was assessed 1 month later by 2-Deoxy-2[*¥F]fluoro-
D-glucose (*¥F-FDG) positron emission tomography (PET) imaging and pressure-volume
catheter, respectively. Additional histomorphological examinations were conducted to evaluate
inflammation, fibrosis, and neovascularization. Results: Hypoxic preconditioning significantly
enhanced rat BMSC clonogenic potential and proliferation without altering the multipotency.

Y. Liu and X. Yang contributed equally to this work.

Nguyen Tran School of Surgery, Faculty of Medicine, University of Lorraine
9 Avenue de la Forét de Haye, Vandoeuvre-lés-Nancy (France)
Tel. +33(0) 3.83.68.33.91, Fax +33(0)3.83.68.33.99, E-Mail nguyen.tran@univ-lorraine.fr

KARGER


https://core.ac.uk/display/194633056?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1159%2F000485406

Cellular Physiology Cell Physiol Biochem 2017;44:1064-1077
DOL:

© 2017 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: November 24, 2017 |www.karger.com/cpb

Liu et al.: Hypoxia and Cellular Therapy

Different profiles of inflammatory, fibrotic, and angiogenic cytokine secretion were also
documented, with a marked correlation observed between in vitro and in vivo proangiogenic
cytokine expression and tissue neovessels. Hypoxic-preconditioned cells presented a beneficial
effect on the myocardial viability of infarct segments and intrinsic contractility. Conclusion:
Hypoxic-preconditioned BMSCs were able to benefit myocardial perfusion and contractility,
probably by modulating the inflammation and promoting angiogenesis.

© 2017 The Author(s)

Introduction Published by S. Karger AG, Basel

Chronic ischemic heart failure continues to pose an unequivocal challenge to the health
care systems around the world owing to the structural complexity of cardiac tissue, as well
as the polymorphism of tissue degradation inherent to the chronic phase of myocardial
infarction (MI) that s still refractory to conventional treatments. In recent decades, cell-based
therapies including administering autologous or allogenous bone marrow mesenchymal
stem cells (BMSCs) have rapidly emerged as a promising approach to promote cardiac
repair and regeneration following ischemic insults [1, 2]. While early experimental studies
and clinical trials have shown encouraging results, it cannot be denied that the reported
therapeutic effects of BMSCs are largely suboptimal [3, 4].

The main cause for concern is the low engraftment and survival rates, since the
literature reports that merely less than 1% of BMSCs typically survive for 4 days following
transplantation [5]. One of the possible explanations for cell engraftment failure is related
to the mismatch between conventional in vitro normoxic culture for cell expansion and
the severely hypoxic infarcted area that is targeted [6, 7]. Furthermore, the BMSCs niche
is found to be “physiologically” hypoxic [8]. This condition is recognized to be crucial for
the maintenance of self-renewal capacity, undifferentiated state, and genetic stability of
the BMSCs [6, 9-12]. The pleiotropic effects of hypoxic conditions on BMSC behaviors have
been intensively investigated in vitro in the last 20 years. However, there has been a great
heterogeneity among experimental protocols differing in duration of exposure (0~72h
versus permanent) and severity of hypoxia (oxygen concentration varying from 0 to 5%)[7,
10, 13-18]. It’s even speculated that the hypoxic effects on BMSC behaviors are biphasic with
acute short-term oxygen depletion provoking apoptosis while long-term hypoxic exposure
being helpful for the maintenance of an undifferentiated state [19].

Despite intensive investigations, the mechanism of action of BMSCs has not yet been
deciphered. The paracrine effects including immuno-modulation, secretion of growth factors,
cytokines, anti-fibrotic, anti-apoptotic and angiogenic factors, instead of transdifferentiation
into cardiomyocytes, are recognized as the main mechanism underlying cardiac repair with
cell therapy [20-25]. Besides the well-documented beneficial effects of several growth
factors such as vascular epithelial growth factor (VEGF), several cytokines expressed by
BMSCs have been supposed to mediate the immunomodulation effect in cell-based therapy,
including IFN-y, TNF-a and IL-6[21, 26]. It has been demonstrated that hypoxic culture
enhances the secretion of paracrine factors and promotes therapeutic effects of BMSCs [19].
A microarray study revealed that hypoxic BMSCs increase the expression of several growth
factors involved in cell proliferation, survival and angiogenesis, and the changes in cytokine
expression profile are related to the improvement of therapeutic efficacy in the treatment of
acute MI[14]. However, the studies are still scarce regarding impacts of long-term hypoxic
preconditioning on BMSC therapeutic potential in the management of chronic ML

We designed this study with the aim to address the two following issues: (i) the extent of
changes to biological characteristics of BMSCs under long-term (1 month) normoxic (0,21%)
or hypoxic (0, 5%) culture and (ii) the impacts of such culture condition on the therapeutic
potential in treating chronic MI. We believe that permanent ex vivo hypoxic culture is more
relevant to the environment of BMSC niches in situ where the oxygen concentration is
reported to be 2-9%][5, 8].

KARGER

1065


http://dx.doi.org/10.1159%2F000485406

Cellular Phy5|o|ogy Cell Physiol Biochem 2017;44:1064-1077
B)

© 2017 The Author(s). Published by S. Karger AG, Basel

I 10.1120/0004232400
and B|ochem|stry Published online: November 24, 2017 |www.karger.com/cpb

Liu et al.: Hypoxia and Cellular Therapy

Materials and Methods

Animals

This study was conducted using Wistar rats (4-6 months old, with an initial body-weight of 350g-450g).
All experimental procedures were in accordance with our local ethics committee and with the regulations of
the Animal Welfare Act of the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals (NIH Publication no. 85-23, Revised 1996).

Anesthesia

For invasive surgical procedures and examinations, animal anesthesia was achieved by inhalation of
isoflurane (2-3 vol%) and oxygen (2L/min) via tracheal intubation connected to mechanical ventilation
(Minerve, Esternay, France).

BMSCs harvest and culture

As previously described [17, 27], the bone marrow was harvested (n=27) through tibial puncture
using a 28-gauge needle. The obtained bone marrow solution was centrifuged at 400g for 10 minutes. Cell
pellets were resuspended in Iscove’s modified Dulbecco’s medium, IMDM (Gibco, USA), supplemented with
10% fetal bovine serum (Gibco, USA), 0.1 mmol.L'? f-mercaptoethanol (Sigma, USA) and 1% antibiotics
(penicillin and streptomycin) (Gibco, USA). They were then cultivated in 25cm? flasks at 37°C in a humidified
atmosphere containing 5% CO,. On Day 4, the non-adherent cells were washed out with phosphate buffered
saline (PBS) and the adherent cells were further expanded until reaching 80% confluence. They were then
passaged using 0.25% trypsin and expanded in 75 cm? flasks at a density of 6x10° cells per cm? From
Passage 1 (P1), the BMSCs derived from each rat were divided into two groups, one cultivated in normoxic
conditions (21% oxygen tension) and the other in hypoxic conditions (5% oxygen tension), until P4. The
hypoxic environment was achieved using a dedicated incubator (O, Control InVivo Glove Box, Coy Lab,
Michigan, USA). The oxygen concentration in the hypoxic incubator was maintained at 5% with a residual
gas mixture composed of 5% carbon dioxide and balanced nitrogen. For cell therapy, the BMSCs of both
conditions were harvested at P3 and prepared for cell therapy.

Establishment and evaluation of myocardial infarction

At the same time as harvesting the bone marrow, myocardial infarction (MI) was induced in 27 animals
by means of permanent coronary ligation, as previously described [27]. In brief, the hearts were accessed
via left anterolateral thoracotomy through the fifth intercostal space. The left anterior descending artery
was ligated by applying a 7/0 Prolene suture (Ethicon, Somerville, NJ). Analgesic agent, namely Lidocain
(Panpharma, France), and antibiotics Cefamendole (Panpharma, France) were administered intramuscularly
after incision closure. The surgical success rate was 67% (18/27).

One month following MI, an original '®F-FDG-PET imaging technique was performed in the rats to
assess the infarct areas and the baseline LV function, using a dedicated small-animal PET system (Inveon,
Siemens, Knoxville, TN, USA). Quantitative analysis was performed using the 17-segment LV division method
by means of QGS software. The segments with low mean myocardial FDG activity (< 70% of maximal voxel
value) were defined as exhibiting infarct. The rats were equally divided into control group (n=6), normoxic
group (n=6) and hypoxic group (n=6) according to their infarct area, each group receiving saline, BMSCs
cultured in normoxia, or BMSCs cultured in hypoxia, respectively.

Cell characterization

The clonogenic potential of the BMSCs was assessed by counting the number of fibroblast colony-
forming units (CFU-f) that has been stained with methylene blue and visualized by phase-contrast
microscopy. The population-doubling time was calculated by taking a daily count of the cells in a Thoma
counting chamber, and BMSC immunophenotype characterization was achieved by analyzing the surface
markers of stem cells by means of flow cytometry. The BMSCs were characterized as CD44+, CD90+, CD34-
and CD45- as described previously(28, 29). Briefly, BMSCs (1x10° cells/500uL) were incubated for 20
minutes with 10pL mononclonal antibodies against specific membrane markers (anti-CD44-FITC, clone
329, Antigenix America; anti-CD90-FITC, clone 0X-7, Caltag; anti-CD34-FITC, clone ICO115, Santa Cruz; and
anti-CD45-FITC, clone 0X-1, Caltag) or isotypic IgG1 control (clone OX-1, Caltag Medsystems Ltd, UK), they

KARGER

1066


http://dx.doi.org/10.1159%2F000485406

Cellular Phy5|o|ogy Cell Physiol Biochem 2017;44:1064-1077
Do

© 2017 The Author(s). Published by S. Karger AG, Basel

L AQLleg 000482400
and B|ochem|stry Published online: November 24, 2017 |www.karger.com/cpb

Liu et al.: Hypoxia and Cellular Therapy

were then processed through a FACS Calibur system (Becton Dickinson, San Jose, CA, USA) according to the
manufacturer’s instruction. The data were analyzed with Cellquest™ Pro Software (BD, San Jose, CA, USA).

Differentiation assays

The differentiation potential of BMSCs into adipocytes and osteocytes was evaluated as previously
described(26). In brief, BMSCs were cultivated in either normoxia or hypoxia until P2 then exposed to
osteogenic or adipogenic lineage-specific media, for 21 days for adipocyte differentiation and 28 days for
osteocyte. The differentiated cells were characterized by means of histology staining using Oil Red O for
adipocytes and Alizarine red for osteocytes.

The evaluation of differentiation into chondrocytes was performed after pellet culture. The P2-
BMSCs preconditioned with either normoxia or hypoxia were cultured in a 15mL polypropylene tube in
chondrogenic lineage-specific media for 28 days. The pellets were fixated with incubation for 24h in Picric
acid-Formalin solution. The differentiated cells were characterized by means of histology staining of the
pellet slices, using Alcian blue and Kernechtrot dyes.

Cell therapy

One month following MI induction, the rats received an intra-myocardial injection of BMSCs cultivated
in either normoxia or hypoxia, or physiological saline solution. The cells were conditioned in an insulin
syringe (2x10° cells in 50 uL), and a single injection was administered via redo thoracotomy into the visually
delineated fibrotic area of MI. One month after the BMSC implantation, another ®F-FDG PET scan was
performed to evaluate the impact of cell therapy on myocardial metabolism and function.

Left ventricle pressure-volume (P-V) conductance catheter

Four weeks following BMSC injection, the hemodynamic performance of all three groups’ hearts was
evaluated by means of P-V catheter (SPR-838, 2F, Millar Instruments Inc.). The hearts were accessed via the
right carotid artery. We categorized our finding as “steady state”, “hypertonic saline infusion”, and “inferior
vena cava occlusion” conditions, recorded and analyzed using the MPVS Ultra and Emka Technologies’ lox2
acquisition software (Millar Instruments Inc.).

Bio-Plex analysis

BMSC cytokine production and the cytokine levels in the infarct heart tissue were assessed by means
of Bio-Plex analysis. Lysates taken from cultivated BMSCs and homogenates of heart tissue were prepared
using a Bio-Plex cell lysis kit (Bio-Rad, France), and the extracted samples were analyzed with a multiplex rat
cytokine assay (Bio-Plex Pro assays, Bio-Rad, France) in accordance with the manufacturer’s instructions.
The assessed parameters included tumor necrosis factor alpha (TNF-a), granulocyte macrophage colony-
stimulating factor (GM-CSF), Interleukin (IL)-6, IL-10, vascular endothelial growth factor (VEGF) and
transforming growth factor beta (TGF-f1).

Histo-morphological analysis

Following formalin fixation and paraffin-embedding, 5 pm sections of the heart tissues were stained
with hematoxylin, eosin and saffron (HES) to evaluate the myocardial inflammatory infiltration and fibrosis.
Myocardial inflammation was assessed by two pathologists blinded to this study, using the following semi-
quantitative score according to the intensity of inflammatory cells infiltration: 0 for absence of inflammation;
1 for mild inflammation; 2 for moderate inflammation; 3 for severe inflammation. Picrosirius red staining
was performed to assess the total collagen content by measuring red stained areas over the field area by
means of Image ] software (http://imagej.nih.gov/), as previously reported(30). Immunohistochemical
staining with anti-platelet endothelial cell adhesion molecule (PECAM-1, or CD31) antibody was also
performed to evaluate neovessel formation. Vascular density was evaluated by counting the number of
PECAM-1-positive micro-vessels in the infarct area, applying consecutive high-power fields (0.237mm?).

Statistics

Data are presented as mean * standard deviation (SD). Comparisons between groups were achieved
by means of unpaired Student’s t-test, where appropriate. For ordinal data, such as the intensities of
inflammation and infarcted segments, non-parametric Mann-Whitney U-test was used. A p <0.05 was
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Fig. 1. Cell proliferation and surface
makers of BMSCs
normoxic and hypoxic conditions.
(A) CFU-f assay showed that the
colony forming ability of BMSCs
was enhanced in hypoxia. (B) The
cell-population doubling time of
BMSCs was
when cultured in hypoxic condition.
(C) Representative flow cytometry
images of BMSCs cultured in hypoxia
indicated CD90 to be a predominant
surface marker (>95%). (D) Flow
cytometry revealed that rat BMSCs
were characterized by CD34(-),
CD45(-), CD44(+), and CD90(+),
the immunophynotype remained
stable during the first 4 passages
and comparable in both culture
conditions. * p<0.05

cultured in

significantly shorter

statistical
significance. Statistical analysis was
performed using the SPSS software
package V.24.0 (SPSS Inc., Chicago,
USA).

considered to denote

Results

Hypoxia promoted BMSC

clonogenic potential and

cell proliferation

As shown in Fig. 1A,
the clonogenic potential of
BMSCs, evidenced by CFU-f
assay in every cell passage,
was strongly enhanced when
cultured in hypoxia, compared
with  normoxia conditions
(all p <0.05), while maximum
clonogenicity was observed in
P2 with both culture conditions.
The BMSC proliferation (Fig.
1B) rates were also benefited by
the hypoxic conditions, with a
cell doubling time of 2.11+0.15
days at P1 and 2.41+0.18 days
at P4, whereas the cell doubling
time in normoxic condition
was 3.17+0.23 days at P1 and
3.64+0.28 days at P4, both p
<0.01.
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BMSC phenotype was assessed for each subculturing passage by analyzing the surface
markers via flow cytometry (Fig. 1C, 1D). Similar profiles of BMSC phenotype in each passage
were documented in both culture conditions, with BMSCs being positive for CD90 (>95%)
and for CD44 (>70%), negative for CD34 (<5%) and for CD45 (<7%) since P2.

Hypoxia maintained an undifferentiated state of BMSCs

We performed different staining techniques (Oil Red O, Alizarine red, and Alcian blue,
Fig. 2), which revealed that the differentiation rates of the BMSCs into adipocytes, osteocytes,
and chondrocytes were 47.2+6.8%, 86.3+8.2%, and 17.0+3.7%, respectively, in normoxic
condition. This differed from those in hypoxic condition: 26.2+4.8%, 31.3+4.1%, and
43.0%£3.0%, respectively (all p <0.05), indicating that hypoxia might have a more favorable
influence on BMSC differentiation into chondrocytes, whereas normoxia promoted BMSC
differentiation into osteocytes and adipocytes.

Hypoxia-pretreated BMSCs enhanced myocardial perfusion

Asshownin Fig. 34, pre-therapeutic PET imaging revealed comparable cardiac functional
impairment and infarct area in all three groups. Following BMSC injection, an improvement
in FDG uptake (Fig. 3B) in the infarct zone was observed in both the normoxia (+3+3.2%) and
hypoxia groups (+5+5.8%), while the control group presented no improvement (-1+3.5%).

Fig. 2. Photos and image
illustrated the varied dif- Oil Red staining Alizarin Red staining Alcian Blue staining

ferentiation potential of
BMSCs into adipocytes,
osteocytes and chondro-
cytes demonstrated by Oil
Red staining, Alizarin Red
staining and Alcian Blue
staining, respectively.
Magnification was x100.
The differentiation into

Normoxia

adipocytes and osteocytes
was favored by normoxia,
while the differentiation
into chondrocytes was

Hypoxia

favored by hypoxia. *, p
<0.05 compared to Nor-

R
i
L
-
o
L

moxia group.

Differentiationof BMSC snto adipocytes, oseocytes and
chondrocytes

100.0%
90.0% 4
80.0% | = Normoxia

0% EHypoxia

60.0%

S0.0% *

40.0% .

30.0%

20.0% 4

10.0% 4
0.0% +
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A similar change was observed in the reduction of infarct area (Fig. 3C) by -0.2+1.2,
0.6+1.0 and 1.5+1.0 segments in the control, normoxia, and hypoxia groups, respectively.
However, these beneficial structural changes appeared to have no link to cardiac functional
improvement, since the PET exams demonstrated no difference in left ventricular ejection
fraction (Fig. 3D) either between groups, or between pre- and post-BMSC administration.

Hypoxia-pretreated BMSCs improved myocardial intrinsic contractility

Table 1 presents the hemodynamic parameters assessed by means of pressure-volume
catheter in all three groups. In contrast to control group, the normoxia and hypoxia groups
demonstrated a trend of improvement in several volume-dependent parameters, such as
ejection fraction, cardiac outputand stroke work (p >0.05). However, the volume-independent
parameters signifying the intrinsic contractility obtained with vena cave inferior occlusion
(dP/dT,_, .EDV, PRSW) were significantly best preserved in the hypoxia group out of the
three.

Hypoxia modified in vitro and in vivo cytokine expression spectrum
Bio-Plex assay demonstrated oxygen tension in the culture medium to have a profound
impact of on BMSC production of cytokines (Fig. 4). Compared to normoxic culture, hypoxic

A.
Control group Normoxia group Hypoxia group
Before PBS After PBS Before BMSCs | After BMSCs Before BMSCs After BMSCs
injection injection injection injection injection injection

B C. D.
Change of FDG uptake in the Numbers of infarcted segments !
infarctarea beforeand after BMSCs LVEF assessed by PET-CT
12 < E e ALy
injection
* x
1 55 ] 50
el
8 Za ] v, Ehefore 5
e 3, T# yjection 40 sbefore
" S 3
< & after 530 mp:dmn
E: el | injection =
z 20 um(nnn
2 31
E 10
0 R ,
Control  Nor Hi . T
outro ormoxia poxia Control Normoxia Hypoxia T ———

Fig. 3. (A) Images illustrating the different therapeutic effects (improvement of FDG uptake in the infarct
zone and reduction of infarct area) following BMSC injection in all three groups. The improvement of FDG
uptake in the infarct zone (B) and the reduction of infarct area (C) and was significantly enhanced in the
hypoxia group, compared to the control group; while the differences between the normoxia group and the
control group were not statistically significant. However, the left ventricular ejection fraction (D) was not
significant different between groups, nor did it differ between pre- and post-BMSC administration. *, p <0.05
compared to the control group at the same time point; #, p <0.05 compared to before BMSC administration.
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Table 1. Hemodynamic parameters derived from pressure-volume relations. HR, heart
rates; CO, cardiac output; EF, ejection fraction; dP/dTmax , peak rate of pressure rise; -dP/
dT_. , peak rate of pressure decline; SW, stroke work; E .o arterial elastance; PRSW, pre-
load recruited stroke work. *, p <0.05 compared with control group; #, p <0.05 compared
with Normoxia group

1071

parameters Control group Normoxia group Hypoxia group
HR (/bpm) 265.8+ 22.1 258.8+29.5 262+11.3
CO (mL/min) 37.4+11.4 48.5+x17.6 54.7+17.9
EF (%) 52.8+6.8 56.8+3.9 58.3+6.2
dP/dTmax (mmHg/s) 4598.2+1784.4 5474+864.3 5709.6+1130.0

-dP/dTmin (mmHg/s)

-3590.6x1477.3

-4341.5%£112.1

-4528.6£891.4

SW (mmHg. mL) 10341+4042.1 12153+3776.3 14787.8+3950
Emax 2.6+0.8 3.3x1.4 3.6+1.1
dP/dTmax.EDV (mmHg/s. uL) 29.8+6.6 37.319.5 65.1+15.1 * #
PRSW (mmHg) 459+17.4 66.4+26.6 73.8425.5 *
TNF-a GM-CSF g VEGF  sBMSCs
08 NEMSOs g Heart tissue 0.25 Heat tissue
lieart tissue " . M 11:
06 St I T 020 .
T
04 " T 0.06 015 -
i 0.04 1 0.10

02

i 0.02 ' # 005
00 L o o0 — | - 000 |
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Control Norimoxia Hypoxia Control Normoxia Hypoxia

BEMSCs -
a z eart tissue _ s
IL6 s IL-10  sHeatti TGF-p1 " Heattissue
heart tissue i
L 0.15 BBMSCs - WEMSCs
o L3 _ 80 0.8 g ¢ i s
H - |2 | s .
g I ! o & | & 60 ! @ | os Z| | E E
1 AN g |5 y g
2 04 . F £ 40 04 2 2 * F
z 005 § i z 2 . 0
£ 02 ' H £ 20 . 02 £ H :
H g = o = g
z : s H :
1 0.0 0.00 § 0.0 — =) | 0 | | - |,

Comtrol Normoxia Inpoxia Control Novmexia Hhpoxia

Control Normoxia Hypoia

Fig. 4. Bio-Plex assay revealing the different cytokine expression spectrum in BMSCs cultured in normoxia
and hypoxia, and in heart tissue. TNF, tumor necrosis factor; GM-CSF, granulocyte macrophage colony stim-
ulating factor; TGF, transforming growth factor; IL, interleukine; VEGE, vascular endothelial growth factor.
*, p <0.05, compared to the control group; #, p <0.05, compared to the normoxia group. The unit for the
Ordinates is pg/mg of total protein.

culture significantly inhibited the expression of pro-inflammatory cytokines TNF-a and
GM-CSE, and pro-fibrotic cytokine TGF-B1, as well as promoting the production of anti-
inflammatory cytokine IL-6 and angiogenic cytokine VEGF (all p <0.05). A trend was seen in
the production of another anti-inflammatory cytokine IL-10, increasing in hypoxic culture,
although the difference was not significant between two conditions. In in vivo set-up, similar
changes in heart tissue cytokine expressions were documented in normoxia and hypoxia
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were significantly favored by intramyocardial injection of BMSCs, especially when cultured in hypoxia. (E)
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(r=0.79) and cell level (r=0.84). *, p<0.05 compared with the control group; #, p<0.05 compared with the
normoxia group.

groups when compared to control group, with increased GM-CSF and VEGF expression, and
decreased TNF-a, TGF-B1 and IL-6 expression. The expression of TGF-B1 was significantly
higher in hypoxia group than normoxia group; however, no significant difference was
evidenced in other cytokine expression between two groups.
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Hypoxia-pretreated BMSCs reduced myocardial inflammation and fibrosis, and promoted

angiogenesis in the infarcted myocardium

As demonstrated by Fig. 5, HES staining revealed less interstitial inflammatory cell
infiltration in the normoxia (1.2+0.7, [0, 2]) and hypoxia (1.0£0.7, [0, 1]) groups compared
to the control group (1.5+1.2, [0, 3]), yet the difference was not significant among them.
Picrosirius Red staining demonstrated that intramyocardial injection of BMSCs was
associated with a reduction in the total collagen content which was 8.4+4.5%, 5.1+3.1%
and 3.1£1.6% in control, normoxia and hypoxia groups, respectively (p <0.05). Neovessel
numbers revealed by CD31 antibody staining were 5.0+0.8, 8.1+3.1 and 13.8+3.6 in control,
normoxia and hypoxia groups, respectively (p <0.05). A linear correlation was observed
between the neovessel formation and the VEGF levels in the BMSCs (r=0.84, p< 0.05), as well
as those in heart tissues (r=0.79, p <0.05).

Discussion

In chronic MI, particularly when transmural necrosis is involved, focal inflammatory
responses, massive fibrotic ongoing processes, an inexorable loss of contractile cells and
angiogenesis occur, inducing profound secondary lesion enlargement, reducing contractility,
and negatively impacting clinical outcomes [31, 32]. By combining in vitro and in vivo
multimodal evaluation, the principal findings of the current study were that one month
hypoxia culture of rat BMSCs (i) significantly enhanced these cells’ clonogenic potential and
proliferation without inducing changes in their multipotency; and (ii) improved myocardial
viability and contractility probably by modulating immune/inflammation status and
promoting angiogenesis.

In line with previous publications [9, 17, 33], our study demonstrated that hypoxic
culture of BMSCs, compared to normoxic culture, vastly accelerated in vitro cell proliferation,
with increased fibroblast colony-forming units and decreased population-doubling time. The
cell phenotype and surface markers remained stable in each passage, and were comparable
between the two culture conditions, signifying that cell stemness, namely the self-renewal
and multipotency, was well preserved. We believe that conducting permanent hypoxic
culture instead of transient hypoxic preconditioning represents a more favorable condition
for BMSC in vitro expansion and selection. One of the rationales for using hypoxic culture is
that the mesenchymal stem cell niche is low in 02 concentration, and in vitro expansion under
“physiological” hypoxia helps reduce the oxidative stress and decrease the production of
reactive oxygen species by suppressing mitochondrial respiration [34]. Moreover, the harsh
microenvironment in the infarcted zone represents an obstacle for cell-based cardiac repair:
the ongoing inflammation, deleterious oxidative stress, and lack of oxygen and nutrients
impede the engraftment and survival of BMSCs. In vitro hypoxic culture could enhance
their anaerobic metabolic activity and capacity to adapt to a hostile microenvironment,
thus potentially improves the BMSC survival after implantation, and further enhances their
therapeutic potentials [9, 13].

Our study further illustrated that hypoxic culture of BMSCs could modify the expression
of cytokines in such a way as to promote modulation in inflammatory and in fibrosis process.
As the Bio-Plex assay revealed, BMSCs cultured in hypoxia, compared to those cultured in
normoxia, released significantly less pro-inflammatory cytokines (TNF-a, GM-CSF), more
anti-inflammatory cytokines (IL-6, IL-10), and less pro-fibrotic cytokine (TGF-B1). Of
particular interest, our data confirmed that hypoxic condition potentiated the production
VEGF as it was also evidenced elsewhere [35, 36]. However, the inflammation network and
cytokine cascades in myocardial infarction might, in fact, elaborate temporally and spatially in
a complicated and dynamic pattern [32]. This might render very challenging any illustration
ofthe precise mechanisms underlying the beneficial changes of cytokine expression provided
by in situ interaction between engrafted cells (cultured in hypoxia or not) and native hypoxic
tissues. Indeed, in chronic MI, profound changes in ventricular architecture as well as dense
collagen deposition might then represent a serious obstacle.
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The dynamic inflammatory response and cytokine elaboration following myocardial
infarction are reported to be highly significant in the healing process as well as in the
detrimental ventricular remodeling [32]. Previous studies have therefore demonstrated that
mechanisms mediating cell-based cardiac repair might involve immunomodulation and anti-
inflammatory pathways [37]. In our experiment, our in vivo data provided more complex
patterns for tissue’s cytokine variations than that observed in in vitro set-up. In hypoxia group,
the balance of expression of GM-CSF/IL-6 seemed to indicate a modulation of inflammation
(down regulation of tissue IL-6) in keeping with an upregulated immunomodulator cytokine
GM-CSF. On the other hand, expression of VEGF and TGF-31 was also upregulated. Recently,
there was a growing body of evidence involving VEGF and TGF-f$1 and their regulation
though respectively PI3K/Akt and TGF-3/SMAD2 pathways in the wound healing process i.e.
modulation in collagen expression of cardiac fibroblasts [38].

Another main finding that emanated from our study was that long-term hypoxic
preconditioned BMSCs produced marked increase in tissue viability and in cardiac function
compared to their counterpartraised in conventional normoxic medium. The beneficial effect
of BMSCs in chronic myocardial infarct areas was somewhat expected as we have already
shown in our previous investigation. Indeed, outcomes from not only preclinical [39] but
also in clinical setup [40] have demonstrated that (i) enhancing viability was one key role
of cell therapy in chronic MI, and (ii) when associated with coronary artery bypass grafting
procedures, cell therapy was able to boost the myocardial perfusion and viability in the MI
areas, indicating the importance of angiogenic mechanism. In this study, regional viability
was higher when MI segments were treated with hypoxic preconditioned BMSCs. In addition,
we found that among the growth factors and cytokines produced by hypoxic BM-MSCs, VEGF
was perhaps the most relevant to Ml repair since a strong correlation could be found between
the levels of in vitro/in vivo VEGF production and the quantity of neovessel formation in the
infarcted zone as revealed by immunohistochemical findings. It has been demonstrated in a
rat massive hepatectomy model that administration of hypoxic preconditioned BMSCs was
associated with significant elevation of VEGF level in liver homogenate while this effect was
blocked by perioperative injection of VEGF neutralized antibody [15]. It is noteworthy that
other works have also documented that hypoxia promoted changes in glucose metabolism
of MSCs and the latter observation could support the enhancement of FDG uptake evidenced
here [41]. Taken together, since hypoxia is an important stimulus promoting the secretion
of VEGF; our data here underlines that VEGF-mediated angiogenesis might be one of the
underlying mechanisms of BMSC-based cardiac repair, through which BMSCs cultured in
hypoxia, rather than normoxia, are associated with better therapeutic effects.

According to Millar cardiac catheter examination, although there was a trend toward
an improvement in both normoxia- and hypoxia-BMSC treated animals, there were no
significant differences in EF, dP/dtmax, dP/dtmin, SW, and Emax when compared to
vehicle group. In contrast, a clear improvement in load-independent parameters of LV
performance was documented with dP/dTmax.EDV and with PRSW in animals that
experienced intramyocardial implantation of hypoxic preconditioned BMSCs. According to
our experience with regard to the management of chronic Ml it is very difficult, albeit this is
the ultimate goal, to significantly reverse myocardial functional impairments. As it was also
demonstrated in our previous studies [42], except in case of intermediate infarction where
a residual metabolism still persisted, marked myocardial perfusion and/or viability were
accompanied by a modest improvement in global function.

However, the exact mechanism of improvement of tissue viability, perfusion and
architecture induced by close interaction between hypoxic selected cells and hypoxic MI
environment was not completely clear-cut herein. We hypothesize, in keeping with the
positive outcomes from implanted cells on fibrosis, on infarct size and on neoangiogenesis,
thatsuch tissue characteristics in cytokines might (i) influence further wound healing process
of MI tissue and (ii) improve the contractile components of MI hearts. However, our study
holds several limitations. We did not perform cell tracking procedures so that survival rates
and direct role of engrafted cells in repair process were not available. We have developed an
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isotopic labelling that allowed cell follow-up in vivo but it was efficient only for a very short
period, i.e. 7 days [27]. Long-term cell tracking is still a challenging technique that requires
both development and careful examination.

Conclusion

Our results were reported to be strongly supportive of the hypothesis that matching the
environment in cell therapy, i.e. conducting long-term preconditioning or selection of BMSCs
in low oxygen tension conditions resembling those observed in the chronic infarct area, might
favor the cooperative activity of specific cytokines and may enhance the cardioprotective/
reparative role of these BMSCs when implanted in chronic MI. The observed beneficial
impact on myocardial perfusion and contractility can potentially be ascribed to pathways
involving the modulation of tissue inflammation and promotion of angiogenesis.
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