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Preconditioning by Mitochondrial Reactive Oxygen Species
Improves the Proangiogenic Potential of Adipose-Derived
Cells—Based Therapy

Audrey Carriere, Téni G. Ebrahimian, Stéphanie Dehez, Nathalie Augé, Carine Joffre, Mireille André,
Samuel Arnal, Micheline Duriez, Corinne Barreau, Emmanuelle Arnaud, Yvette Fernandez,
Valérie Planat-Benard, Bernard Lévy, Luc Pénicaud, Jean-Sébastien Silvestre, Louis Casteilla

Objective—Transplantation of adipose-derived stroma cells (ADSCs) stimulates neovascularization after experimental
ischemic injury. ADSC proangiogenic potential is likely mediated by their ability to differentiate into endothelial cells
and produce a wide array of angiogenic and antiapoptotic factors. Mitochondrial reactive oxygen species (ROS) have
been shown to control ADSC differentiation. We therefore hypothesized that mitochondrial ROS production may

change the ADSC proangiogenic properties.

Methods and Results—The use of pharmacological strategies (mitochondrial inhibitors, antimycin, and rotenone, with or
without antioxidants) allowed us to specifically and precisely modulate mitochondrial ROS generation in ADSCs. We
showed that transient stimulation of mitochondrial ROS generation in ADSCs before their injection in ischemic
hindlimb strongly improved revascularization and the number of ADSC-derived CD31-positive cells in ischemic area.
Mitochondrial ROS generation increased the secretion of the proangiogenic and antiapoptotic factors, VEGF and HGF,
but did not affect ADSC ability to differentiate into endothelial cells, in vitro. Moreover, mitochondrial ROS-induced
ADSC preconditioning greatly protect ADSCs against oxidative stress—induced cell death.

Conclusion—Our study demonstrates that in vitro preconditioning by moderate mitochondrial ROS generation strongly
increases in vivo ADSC proangiogenic properties and emphasizes the crucial role of mitochondrial ROS in ADSC fate.

(Arterioscler Thromb Vasc Biol. 2009;29:1093-1099.)
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ardiovascular diseases, as well as cardiac ischemia and

lower limb vascularization, are associated with obesity
and type 2 diabetes and constitute a major public health
problem. The ability of the organism to form a collateral
network of blood vessels determines to a large part the
clinical consequences and severity of tissue ischemia. The
development of new vessels is significantly reduced in
diabetic patients with peripheral artery disease.!> This con-
tributes to the severe course of limb ischemia in diabetic
patients, which often results in foot ulceration and lower
extremity amputation. Recent advances in understanding
stem cell biology have prompted the initiation of clinical
trials of vascular cell therapy. Although significant and
encouraging results have been obtained from studies in which
human bone marrow or circulating blood cells have been
used, obtaining sufficient numbers of these cells is a major
constraint.> Recent studies have identified adipose tissue as a

new source of stem cells, some of which may be suitable for
the restoration of vascular network and function.*3¢

The close interaction between adipogenesis and vasculo-
genesis appears as early as during embryogenesis, where the
formation of capillary convolutions is a decisive and specific
phase of fat lobules development.”-8° Later, adipose tissue
remodeling and functioning as a metabolic and endocrine
tissue require development of the capillary network. This
interaction between adipogenesis and blood vessel growth is
consistent with recent data describing that antiangiogenic
agents induce adipose tissue loss or prevents diet-induced and
genetic obesity in mice.!*!! This close relationship is rein-
forced by the ability of adipose lineage cells to produce
potent proangiogenic factors such as monobutyril, vascular
endothelial growth factor (VEGF), and leptin.!?-'> Recently,
several evidences point to a great potential for adipose-
derived stroma cell (ADSC)-based therapy to promote neo-
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vascularization: (1) the expression of CD34 by both murine
and human cultured ADSCs,'0 (2) the ability of cultured
ADSCs from mice and human origin to form capillary
structures and express VonWillebrand antigen in semisolid
medium,* (3) the great enhancement of neovascularization in
ischemic tissues by transplantation of ADSCs through their
ability to differentiate into endothelial cells and produce
angiogenic and antiapoptotic factors.*-¢

It is likely that ADSCs are bipotent progenitor cells and
can be considered both as preadipocytes and vascular pro-
genitors.*'¢ The pathways that modulate these plastic pro-
cesses are as yet unknown. However, one can reasonably
speculate that inhibition of ADSC differentiation into adipo-
cytes may improve their proangiogenic potential and their
ability to differentiate into endothelial cells, this being of a
great interest in understanding fat development as well as in
a therapeutic point of view.

Reactive oxygen species (ROS) and reactive nitrogen
species are biologically active O, derivatives, first considered
as toxic molecules but now recognized as very important
physiological signaling molecules.!” Interestingly, ROS have
been shown to play major and positive roles in blood vessel
growth as well as in vivo preconditioning protection.!s
Although ROS can originate from different subcellular
sources, mitochondrial ROS are considered as the main
source of ROS, ie, 80% of anion superoxide is provided by
the respiratory chain. Various reports indicate that mitochon-
drial ROS act as true second messenger in the O, sensing as
well as nutrient-sensing mechanisms of several cells.'*-22 We
recently demonstrated that mitochondrial ROS negatively
control adipose tissue development by inhibiting both ADSC
proliferation and differentiation into adipocytes via the adi-
pogenic repressor CHOP-10/GADD153.23.2¢ We therefore
hypothesized that mitochondrial ROS may also modulate the
proangiogenic potential of ADSCs.

Using pharmacological strategies to finely tune a moderate
mitochondrial ROS generation, we demonstrate herein that
mitochondrial ROS preconditioning of cultured ADSCs
greatly enhances their proangiogenic properties.

Methods

Chemicals
Antimycin, rotenone, pyrrolidine dithiocarbamate (PDTC), and
N-Acetyl Cystein (NAC) were purchased from Sigma.

Animals and Tissue Sampling

Seven-week-old male C57B1/6 (Charles River, France) mice were
housed under 12 hours light/dark cycle at 21°C with free access to
water and a standard chow diet. They were killed by cervical
dislocation under CO, anesthesia. Inguinal white adipose tissue was
dissected immediately after sacrifice. The experiments were per-
formed in accordance with the European Community guidelines for
the care and use of laboratory animals (EEC/No. 07430). GFP mice
were kindly provided by Dr Okabe (Genome Information Research
Center, Osaka University, Japan).?s

ADSC Isolation and Culture
ADSCs were prepared as previously described* and seeded at 10 000
cells/cm? in DMEM-F12 10% NCS medium.

Pharmacological Treatments

Four days after seeding, ADSCs were incubated with antimycin (40
nmol/L) or rotenone (10 nmol/L) for 48 hours. Antioxidants NAC
(0.3 mmol/L) or PDTC (500 nmol/L) were added 18 hours before
addition of antimycin or rotenone.

Determination of Intracellular ROS Generation
Intracellular ROS generation was assessed using 6-carboxy-2’,7'-di-
chlorodihydrofluorescein diacetate, diacetoxymethylester (H,-
DCFDA) as previously described.>*

Model of Hindlimb Ischemia

Mice underwent surgical ligation of the proximal part of the right
femoral artery as previously described.2¢ Five hours later, 1.10° cells
were administered by intramuscular injection in 3 different sites
(gastrocnemius, gracilis, and quadriceps muscles, respectively, 25
L per injection) of the ischemic leg, as previously described* and
vessel density was evaluated as previously described.*2¢

Adipocyte Differentiation Assessment

After 4 days of culture, medium was replaced by DMEM-F12 10%
NCS supplemented with 875 nmol/L insulin, 33 nmol/L. dexameth-
asone, 10 wg/mL transferring, and 2 nmol/L T3. ADSCs were
transiently treated with antimycin for 48 hours and adipocyte
differentiation was assessed 2 days later by the measurement of
triglyceride content (Triglycerides enzymatique PAP 150,
Biomerieux). For visualization of differentiated adipocytes, cells
were stained with Oil Red O.

Apoptosis and Necrosis

Medium of ADSCs treated for 48 hours with antimycin or antioxidant
was replaced by DMEM-F12 without NCS and supplemented with
75 pmol/L hydrogen peroxide. Necrosis and apoptosis were then
evaluated concomitantly. The first technique evaluated apoptosis and
necrosis on intact cultured cells after fluorescent staining by using 2
fluorescent dyes: 0.6 wmol/L SYTO-13 and 15 umol/L propidium
iodide.?” In the second technique, necrosis and apoptosis were evaluated
with Annexin V-FITC apoptosis detection kit (Calbiochem) according
to the RAPID protocol of the manufacturer instruction.

Determination of HGF and VEGF Protein Levels
VEGF and HGF assays (RIA, R&D systems) were performed on the
collected supernatant of ADSCs treated for 48 hours with or without
antimycin and/or antioxidant.

Cell Phenotyping
After 48 hours of treatment with antimycin, ADSCs were labeled
with anti-CD31-PE and anti-CD144-FITC or with anti—Flk1-PE and
analyzed on a fluorescence-activated cell sorter. All the antibodies
were purchased from BD Biosciences, except CD144 which was
obtained from Serotec.

Statistical Analysis

Experiments were repeated at least 3 times. Quantitative results were
expressed as mean®SEM. Student # test or Mann—Whitney U test were
used for statistical analysis of in vitro experiments. For in vivo
experiments, 1-way analysis of variance ANOVA was used to compare
each parameter. Post-hoc Bonferonni ¢ test comparisons were then
performed to identify which group differences account for the signifi-
cant overall ANOVA. Values of P<<0.05 were considered significant.

Results

Antimycin-Induced Mitochondrial

ROS Overproduction

To quantitatively and finely modulate mitochondrial ROS
generation, we chose pharmacological approaches, as previ-
ously described on 3T3-F442A preadipocyte cell line.?* First,
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Figure 1. Antimycin increases mitochondrial ROS generation.
ADSCs were incubated for 1 hour with antimycin (A) with or
without antioxidant NAC or PDTC. Control ADSCs were treated
with ethanol (—). Quantitative evaluation of ROS generation
using H,-DCFDA probe is shown. n=3. *P<0.05, **P<0.01, and
***P<0.001 vs control ADSCs; #P<0.05 and ##P<0.01 vs
antimycin-treated ADSCs.

we used antimycin (A), a well-known specific inhibitor of
mitochondrial complex III?® at a concentration of 40 nmol/L,
which induces only moderate inhibition of cell respiration
(around 20% of respiration, data not shown). At this moderate
concentration, antimycin stimulated ROS production as re-
vealed by a significant increase in DCF fluorescence in
ADSCs (1.46%+0.07% compared to untreated control cells,
P<0.001, Figure 1). We analyzed the effects of additional
presence of different antioxidants, NAC and PDTC, on
antimycin-induced mitochondrial ROS generation. We care-
fully selected concentrations of antioxidants, which had no
significant or poor effect per se on basal ROS generation.
Antimycin-induced ROS overproduction was significantly
prevented whatever the antioxidant treatments (Figure 1). The
use of MitoSOX, a probe specific to mitochondrial ROS,
clearly confirmed that antimycin treatment generated a mito-
chondrial oxidative stress (supplemental Figure I, available
online at http://atvb.ahajournals.org). Altogether, our results
demonstrate that these pharmacological treatments specifi-
cally affect mitochondrial ROS generation in ADSCs.

In Vitro Preconditioning by Mitochondrial ROS
Generation Enhances Proangiogenic Potential of
ADSCs In Vivo

We next investigated the effect of these treatments on
proangiogenic potential of ADSCs in vivo. Transplantation of
control ADSCs in hindlimb after ischemia is the most
powerful situation to reveal their proangiogenic potential. As
previously reported,* angiography scores, capillary density,
and foot perfusion were significantly increased by 1.6-
(P<0.01, Figure 2A), 1.4- (P<0.05, Figure 2C), and 1.5-fold
(P<0.01, Figure 2E) respectively, in mice receiving ADSCs
compared to PBS-injected animals. In vitro pretreatment of
ADSCs with antimycin for 48 hours further significantly
enhanced their proangiogenic potential (Figure 2A through
2F). Injection of antimycin alone in injured leg did not affect
postischemic vessel growth (data not shown). In vitro cotreat-
ment with antioxidants NAC or PDTC fully abrogated the
antimycin-induced increase of ADSC proangiogenic potential
(Figure 2A thorugh 2F). It is noteworthy that antioxidants
alone did not change ADSC angiogenic potential compared to
untreated cells (data not shown).
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Figure 2. In vitro exposure to mitochondrial ROS generated by
antimycin enhances in vivo proangiogenic properties of ADSCs.
After in vitro pretreatment, 1.10° cells were intramuscularly injected
in the ischemic hindlimb for 14 days. Quantitative evaluation and
representative photomicrographs of microangiography (A and B),
capillary density (C and D), and foot perfusion (E and F) in ischemic
mice are shown. PBS means mice injected with PBS only. n=8.
TP<0.05 and 1t1P<0.01 vs PBS injected mice; **P<0.01 vs mice
receiving control ADSCs; #P<0.05 and ##P<0.01 vs mice
receiving antimycin-treated ADSCs. Each bar represents 100 um.

To further demonstrate the role of mitochondrial ROS, we
performed similar experiments in vitro as well as in vivo
using rotenone, another mitochondrial electron transport in-
hibitor able to promote mitochondrial ROS generation but by
a different mechanism than antimycin, ie, via the complex
[.2324 Similarly to antimycin, rotenone (at a moderate con-
centration that inhibits respiration of around 20%) increased
mitochondrial ROS generation, and this increase was pre-
vented by NAC cotreatment (Figure 3A). Furthermore, in vitro
pretreatment of ADSCs with rotenone enhanced ADSC proan-
giogenic properties, as shown by significant increase of angio-
graphic score, capillary density, and foot perfusion (Figure 3B).
All these effects were abolished by antioxidant treatment.

Altogether, these results demonstrated that ADSC precon-
ditioning by moderate and transient mitochondrial ROS
generation significantly enhanced ADSC proangiogenic
properties. Three equally tenable and nonexclusive hypothe-
ses regarding the origin mechanisms underlying activation of
ADSC proangiogenic properties by mitochondrial ROS could
be suspected: (1) activation of ADSC differentiation into
endothelial lineage rather than adipocyte one, (2) increase in
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Figure 3. In vitro exposure to mitochondrial ROS generated by
rotenone enhances in vivo proangiogenic properties of ADSCs.
After in vitro pretreatment, quantitative evaluation of ROS gener-
ation (A), microangiography, capillary density, and foot perfusion
(B) were performed. n=8. *P<0.05, **P<0.01, **P<0.001 vs
control cells; #P<0.05, #+#P<0.01 vs rotenone-treated ADSCs.

release of angiogenic or antiapoptotic factors, and (3) im-
proved ADSC survival in ischemic areas. We then succes-
sively investigated these different points.

Mitochondrial ROS Effects on Endothelial
Differentiation and Paracrine Secretions of ADSCs
In vitro mitochondrial ROS preconditioning inhibited adipo-
cyte differentiation but did not induce expression of endothe-
lial cell markers on ADSCs.

The increase of neovascularization by mitochondrial ROS
pretreatment could be the consequence of the preferential dif-
ferentiation of ADSCs toward the endothelial lineage instead of
their differentiation toward adipocytes. As early demonstrated
on preadipocyte cell line 3T3-F442A 24 antimycin greatly inhib-
ited adipocyte differentiation of ADSCs, as shown by reduction
in triglyceride contents (59.6*9 in antimycin-treated ADSCs
compared to 129.3+10.6 ug triglycerides/mg proteins in control
ADSCs, P<<0.01) and Oil Red O staining (Figure 4A). Both
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Figure 4. Mitochondrial ROS effects on in vitro differentiation of
ADSCs. A, Two days after antimycin treatment, adipocyte differ-
entiation was assessed by Oil red O staining. B, CHOP-10/
GADD153 mRNA levels were quantified by real-time PCR analy-
sis. C, FACS analyses were performed to detect expression of
endothelial markers, CD31, Flk1, and CD144. n=4. **P<0.001
vs control ADSCs. Each bar represents 60 um.

NAC and PDTC significantly abrogate antimycin-induced inhi-
bition of ADSC differentiation into adipocyte as previously
observed in 3T3-F442A cell line?* (data not shown). Moreover,
as demonstrated in 3T3-F442A cells, the antimycin-related
inhibition of adipocyte differentiation was strongly correlated
with a high increase in the adipogenic repressor CHOP-10/
GADD153 expression (Figure 4B). FACS analysis presented in
Figure 4C shows that control ADSCs in liquid medium did not
express classic mature endothelial markers such as CD31,
CD144, and Flk1. Moreover, no change was observed after in
vitro antimycin treatment.

Therefore, antimycin treatment for 48 hours was able to
inhibit adipocyte differentiation but was not sufficient to signif-
icantly promote ADSC differentiation into mature endothelial
cells in vitro, ie, before injection in the ischemic hindlimb.

Mitochondrial ROS Preconditioning Improves the
Paracrine Secretions of ADSCs

Potential paracrine effects of infiltrating ADSCs are likely to
contribute to the improved neovascularization after stem cell
therapy.> We then sought to investigate the effects of mito-



2202 ‘S Yyore N uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Carriére et al

2000

1500 |

1000 =

VEGF (pg/ml)

1]
(=]
[=]

1

=]

- A A+NAC NAC
ik

357
307
257
207
157
107 T

5

0

HGF (ng/ml)

- A A+NAC NAC

Figure 5. Mitochondrial ROS increase secretion of VEGF and
HGF by ADSCs. ADSCs were incubated for 48 hours with anti-
mycin (A) with or without NAC. Quantitative evaluation of VEGF
and HGF protein levels in the supernatant of ADSCs were per-
formed. n=>5. **P<0.01 vs control ADSCs, #P<0.05 and
##P<0.01 vs antimycin-treated ADSCs.

chondrial ROS preconditioning on the ability of ADSCs to
express and produce proangiogenic and prosurvival growth
factors. We focused on VEGF and HGF because they are
involved in ADSC-mediated vessel growth.> VEGF and HGF
protein levels were significantly upregulated by 1.9- and
3.4-fold, respectively, in supernatants of antimycin-treated
ADSCs compared to control cells (P<<0.01, Figure 5). Co-
treatment with NAC significantly abrogated antimycin-
related effects on both VEGF and HGF protein contents.
These results demonstrated that mitochondrial ROS precon-
ditioning increased secretion of proangiogenic and prosur-
vival growth factors by ADSCs.

Mitochondrial ROS Preconditioning Prevents
ADSC Apoptosis

Alternatively, mitochondrial ROS preconditioning may affect
ADSC cell survival, especially in ischemic area associated
with a marked ROS generation. As previously reported, we
showed that hindlimb ischemia induced ROS overproduction
as revealed by both nitrotyrosine antibodies and DHE stain-
ing (data not shown). We hypothesized that this oxidative
stress could be at the origin of toxic cell injury leading to
death of transplanted cells. To test whether in vitro mitochon-
drial ROS preconditioning could protect cells from the
oxidative stress—induced cell death, we mimicked an oxida-
tive environment by applying medium deprived of serum and
containing 75 wmol/L H,0,.

Concomitant staining by SYTO and propidium iodide?’
showed the presence of apoptotic cells in control ADSCs
(apoptotic nuclei, designed by white arrow, exhibited con-
densed green-colored chromatin or fragmentation, compared
to normal nuclei exhibiting a loose chromatin) after 8 hours
of treatment with H,O, (Figure 6A). Few necrotic or postapo-
ptotic necrotic cells were observed. ADSCs pretreated for 48
hours with antimycin showed a very significant reduction in
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Figure 6. Mitochondrial ROS induce ADSC resistance to H,0,-
induced cell death. ADSCs were incubated with antimycin (A)
with or without NAC for 48 hours. ADSCs were then incubated
for 8 hours with medium deprived of serum and supplemented
with H,O,. A, Immunostaining experiments to detect iodure pro-
pidium and SYTO-13 incorporation were performed. White
arrows show apoptotic cells. B, Measurement of apoptosis was
also performed by detection of Annexin V/iodure propidium by
FACS analyses. n=3 (each point in quadruplets). ***P<0.001
and *P<0.05 vs control ADSCs, #+#P<0.01 and #P<0.05 vs
antimycin-treated ADSCs. Each bar represents 100 um.

H,0,-mediated apoptosis (19% of apoptotic cells in
antimycin-treated ADSCs compared to control cells, Figure
6A). A second approach was used to validate these data.
Annexin V/propidium iodure quantification by FACS analy-
ses confirmed the strong protective effect of antimycin
against H,O,-mediated apoptosis (38% of apoptosis in
antimycin-treated ADSCs compared to control cells;
P<0.001, Figure 6B). Both techniques showed that additional
presence of NAC partially prevented this antimycin-induced
protection against apoptosis (Figure 6A and 6B). The effect
of ADSC supernatants was also investigated by assessing
H,0,-induced cell death of C2181 murine endothelial cells.
The conditioned medium of antimycin-treated ADSCs was
also efficient to prevent H,O,-induced death of endothelial
cells. This effect was also reversed by antioxidant treatment
(supplemental Figure II).

Finally, we assessed the effect of mitochondrial ROS
preconditioning on ADSC survival in vivo, ie, in ischemic
area. Three days after induction of ischemia, GFP-ADSCs
could be localized in ischemic areas of hindlimb muscles.
Cells double-positive for both GFP and CD31 were detected
after injection of control ADSCs, suggesting endothelial
differentiation. Interestingly, the number of GFP+/CD31+
cells was markedly increased by 1.5-fold in mice transplanted
with antimycin pretreated ADSCs (supplemental Figure III).
Cotreatment with NAC hampered this antimycin-related ef-
fect (P<<0.05 versus antimycin pretreated ADSCs). Such an
increase in the number of GFP+/CD31+ cells may rely on
changes in cell proliferation or cell death. We then measured
the ratio between ki67+/tunnel+ cells, 7 days after the onset
of treatment. Such ratio was highly increased after the
injection of antimycin-treated ADSCs. This latter effect was
blunted by antioxidant cotreatment (supplemental Figure IV).
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Taken together, these results support the hypothesis that in
vitro mitochondrial ROS pretreatment confer to ADSCs but
also to other cells strong protection against cell death trig-
gered by an oxidative environment.

Discussion
In this study, we demonstrate that a transient exposure of
ADSCs to moderate mitochondrial ROS generation before
their in vivo transplantation strongly enhances the proangio-
genic properties of ADSCs.

Previously, we demonstrated that ADSCs could behave as
both adipocyte and vascular progenitors.* These cells also
secrete angiogenic and antiapoptotic factors, which contribute
to their proangiogenic potential.>¢ This opened numerous
physiological and therapeutic perspectives associated with a
challenge to understand and manipulate the mechanisms that
govern this plasticity. We hypothesized the involvement of
mitochondrial ROS in this setting. Indeed, mitochondrial
ROS act as antiadipogenic agents on ADSCs suggesting that
ROS may affect ADSC function and fate.?3-24

We induced moderate changes in mitochondrial ROS
generation by different pharmacological strategies able to
trigger mitochondrial ROS generation in a dose-response
manner. O, generation is intimately linked to electron
transfer through the respiratory chain.?® We used 2 different
mitochondrial inhibitors at equiactive doses, rotenone and
antimycin, which inhibit complex I and III, respectively, and
induce by 2 different ways accumulation of electrons inside
the respiratory chain and subsequently increase generation of
0,"". As the treatment with mitochondrial inhibitors may
also have some effect on energetic status as well as nonde-
fined side effects, we develop strategies to delineate the
specific effects attributable to mitochondrial ROS. For this
purpose, we used 2 different antioxidants, NAC and PDTC, in
combination with antimycin and rotenone. NAC and PDTC
act by different ways to scavenge ROS: the first one is a
glutathione precursor and the second one is a thiol-reductive
and iron-chelating agent. The use of these complementary
strategies excludes any nonspecific effects associated with
the pharmacological treatments and demonstrates the great
ability of in vitro mitochondrial ROS generation to stimulate
proangiogenic potential of ADSCs in vivo.

We showed that mitochondrial ROS increase HGF and VEGF
production, the stimulation of VEGF expression by ROS being
already described in others cells.!* However, according to the
complexity of revascularization and the great number of factors
secreted by ADSCs, it is likely that paracrine activities may also
include the release of other proangiogenic factors such as MMP
and IGF1 proteins.?*-32 Interestingly, moderate mitochondrial
ROS production strongly protects ADSCs against H,O,-
mediated cell death. Both effects are consistent with the fact that
mitochondrial ROS preconditioned ADSCs enhances the num-
ber of endothelial cell-derived ADSCs in ischemic tissue after
their engraftment, as reflected by the higher number of GFP/
CD31-positive cells in ischemic areas. In this line, the increase in the
balance between proliferation and cell death is also increased.

During ischemia and reperfusion in the vascular tissue,
massive amounts of ROS are produced and cause significant
injury. However, it is now accepted that ROS can trigger in

vivo preconditioning protection. In several models of ische-
mic preconditioning, it has been shown that multiple short
exposures to ischemia/hypoxia induce ROS production,
which in turn trigger angiogenesis or cell survival through
activation of antioxidant defenses and confers both short and
long-term protection of tissues against a lethal ischemic
insult.33-3% In the same way, recent reports demonstrated that
hypoxia-preconditioned mesenchymal cells from bone mar-
row enhances survival of implanted cells and therapeutic
benefits.?*-42 Our results clearly show that pretreatment of
ADSCs with a moderate mitochondrial ROS generation
induced a high resistance of ADSCs to cell death induced by
a strong oxidative injury. The first exposure to moderate
mitochondrial ROS generation might lead to adaptive protec-
tive mechanism of ADSCs against a second and higher in
vivo oxidative stress, which takes place in the ischemic areas.

This study also suggests that mitochondrial ROS could be
considered as a stress signal, which both strongly inhibits
adipocyte differentiation of ADSCs and favors angiogenesis.
This is consistent with the antiangiogenic and proadipogenic
activities displayed by antioxidants.?¢-#3 Furthermore, mito-
chondrial ROS generation is proposed as a metabolic sensor
to adapt the cell fate to the metabolic environment but also as
component of the O, sensing mechanism.!'®-2044 Therefore,
we can assume that mitochondrial ROS could permit adap-
tation of ADSC fate and control the enlargement of adipose
tissue according to the environmental conditions. In stress
conditions, they could inhibit adipocyte differentiation and
enhance proangiogenic properties of bipotent progenitors
through activation of angiogenic and antiapoptotic growth
factors release, promoting endothelial differentiation and
protection against injury mediated cell death. The precise
molecular mechanisms underlying these mitochondrial ROS-
related effects remain to be elucidated. However, a role for
the stress responsive and adipogenic repressor CHOP-10/
GADD153, strongly correlated with mitochondrial ROS gen-
eration (Figure 4B and ref 24), might be suspected.

In conclusion, our results demonstrate that a simple and
modest change in mitochondrial function can greatly affect
the angiogenic potential of ADSCs and protects them against
oxidative stress—induced cell death. This reinforces the im-
portance of mitochondrial ROS in fat development and may
pave the way of strategy designed to enhance ADSC thera-
peutic potential. In addition, we speculate that similar benefit
could be obtained with other stem cells used in cell therapy
and particularly in the treatment of cardiovascular and ische-
mia diseases. According to the big challenge caused by the
limited availability of some sources of stem cells, this
possibility needs to be carefully checked and opens promising
perspectives for stem cell therapy.

Acknowledgments
We thank Y. Barreira (Zootechnie Facility, IFR31) for great help
with animals care.

Sources of Funding
This work was supported by National Research Program on cardio-
vascular diseases (No. PNC0402), Cell and Gene therapy program
from Région Midi-Pyrénées (No. 03011999), Interreg IIIA (#13
13A-A-7-85-0). A.C. was a fellow of the French Ministere de



2202 ‘S Yyore N uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Carriére et al

I’Education Nationale, de la Recherche, et de la Technologie. S.D.
was financially supported by Etablissement Frangais du Sang,
Pyrénées-Méditerrannée. J.S.S. is supported by grants from ANR
“young investigator” (JC05-45445) and ANR-05-028-01, Cardiovas-
cular, Obesity, and Diabetes.

Disclosures

None.

20.

21.

References

. Silvestre JS, Lévy BI. Diabetes and peripheral arterial occlusive disease:

therapeutic potential and pro-angiogenic strategies. Ann Cardiol Angeiol
(Paris). 2006;55:100-103.

. Rajagopalan S, Mohler ER III, Lederman RJ, Mendelsohn FO, Saucedo JF,

Goldman CK, Blebea J, Macko J, Kessler PD, Rasmussen HS, Annex BH.
Regional angiogenesis with vascular endothelial growth factor in peripheral
arterial disease: a phase II randomized, double-blind, controlled study of
adenoviral delivery of vascular endothelial growth factor 121 in patients with
disabling intermittent claudication. Circulation. 2003;108:1933-1938.

. Urbich C, Dimmeler S. Endothelial progenitor cells: characterization and

role in vascular biology. Circ Res. 2004;95:343-353.

. Planat-Benard V, Silvestre JS, Cousin B, Andre M, Nibbelink M, Tamarat

R, Clergue M, Manneville C, Saillan-Barreau C, Duriez M, Tedgui A,
Levy B, Penicaud L, Casteilla L. Plasticity of human adipose lineage cells
toward endothelial cells: physiological and therapeutic perspectives.
Circulation. 2004;109:656—663.

. Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ,

Bovenkerk JE, Pell CL, Johnstone BH, Considine RV, March KL.
Secretion of angiogenic and antiapoptotic factors by human adipose
stromal cells. Circulation. 2004;109:1292-1298.

. Miranville A, Heeschen C, Sengenes C, Curat CA, Busse R, Bouloumie

A. Improvement of postnatal neovascularization by human adipose tissue-
derived stem cells. Circulation. 2004;110:349-355.

. Wassermann P. The development of adipose tissue. In: Handbook of Phys-

iology. Washington, DC: American Physiological Society; 1965:87-107.

. Bouloumie A, Lolmede K, Sengenes C, Galitzky J, Lafontan M. Angio-

genesis in adipose tissue. Ann Endocrinol (Paris). 2002;63:91-95.

. Hausman GJ, Richardson RL. Adipose tissue angiogenesis. J Anim Sci.

2004:82:925-934.

. Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, Lowell BB,

Langer R, Folkman MJ. Adipose tissue mass can be regulated through the
vasculature. Proc Natl Acad Sci U S A. 2002;99:10730-10735.

. Brakenhielm E, Cao R, Gao B, Angelin B, Cannon B, Parini P, Cao Y.

Angiogenesis inhibitor, TNP-470, prevents diet-induced and genetic
obesity in mice. Circ Res. 2004;94:1579-1588.

. Claffey KP, Wilkison WO, Spiegelman BM. Vascular endothelial growth

factor. Regulation by cell differentiation and activated second messenger
pathways. J Biol Chem. 1992;267:16317-16322.

. Wilkison WO, Spiegelman BM. Biosynthesis of the vasoactive lipid

monobutyrin. Central role of diacylglycerol. J Biol Chem. 1993;268:2844-2849.

. Sierra-Honigmann MR, Nath AK, Murakami C, Garcia-Cardena G, Papa-

petropoulos A, Sessa WC, Madge LA, Schechner JS, Schwabb MB,
Polverini PJ, Flores-Riveros JR. Biological action of leptin as an
angiogenic factor. Science. 1998;281:1683-1686.

. Bouloumie A, Drexler HC, Lafontan M, Busse R. Leptin, the product of

Ob gene, promotes angiogenesis. Circ Res. 1998;83:1059-1066.

. Cao Y, Sun Z, Liao L, Meng Y, Han Q, Zhao RC. Human adipose

tissue-derived stem cells differentiate into endothelial cells in vitro and
improve postnatal neovascularization in vivo. Biochem Biophys Res
Commun. 2005:;332:370-379.

. Droge W. Free radicals in the physiological control of cell function.

Physiol Rev. 2002;82:47-95.

. Maulik N. Redox signaling of angiogenesis. Antioxid Redox Signal.

2002;4:805-815.

. Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schu-

macker PT. Mitochondrial reactive oxygen species trigger hypoxia-
induced transcription. Proc Natl Acad Sci U S A. 1998;95:11715-11720.
Nemoto S, Takeda K, Yu ZX, Ferrans VJ, Finkel T. Role for mito-
chondrial oxidants as regulators of cellular metabolism. Mol Cell Biol.
2000;20:7311-7318.

Leloup C, Tourrel-Cuzin C, Magnan C, Karaca M, Castel J, Carneiro L,
Colombani AL, Ktorza A, Casteilla L, Pénicaud L. Mitochondrial
reactive oxygen species are obligatory signals for glucose-induced insulin
secretion. Diabetes. 2009;58:673—681.

In Vitro Preconditioning of Adipose-Derived Cells

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.
35.

36.
37.

38.
39.
40.
41.

42.

43.

44,

1099

Benani A, Troy S, Carmona MC, Fioramonti X, Lorsignol A, Leloup C, Casteilla
L, Pénicaud L. Role for mitochondrial reactive oxygen species in brain lipid
sensing: redox regulation of food intake. Diabetes. 2007;56:152-160.

Carriere A, Fernandez Y, Rigoulet M, Pénicaud L, Casteilla L. Inhibition
of preadipocyte proliferation by mitochondrial reactive oxygen species.
FEBS Lett. 2003;550:163-167.

Carriere A, Carmona MC, Fernandez Y, Rigoulet M, Wenger RH,
Pénicaud L, Casteilla L. Mitochondrial reactive oxygen species control
the transcription factor CHOP-10/GADDI153 and adipocyte differen-
tiation: a mechanism for hypoxia-dependent effect. J Biol Chem. 2004;
279:40462—-40469.

Okabe M, Ikawa M, Kominami K, Nakanishi T, Nishimune Y. Green mice’
as a source of ubiquitous green cells. FEBS Lett. 1997;407:313-319.
Silvestre JS, Mallat Z, Tamarat R, Duriez M, Tedgui A, Levy BI. Regulation
of matrix metalloproteinase activity in ischemic tissue by interleukin-10: role
in ischemia-induced angiogenesis. Circ Res. 2001;89:259-264.

Meilhac O, Escargueil-Blanc I, Thiers JC, Salvayre R, Negre-Salvayre A.
Bcl-2 alters the balance between apoptosis and necrosis, but does not
prevent cell death induced by oxidized low density lipoproteins. FASEB
J. 1999;13:485-494.

Turrens JF. Superoxide production by the mitochondrial respiratory
chain. Biosci Rep. 1997;17:3-8.

Cai L, Johnstone BH, Cook TG, Liang Z, Traktuev D, Cornetta K, Ingram
DA, Rosen ED, March KL. Suppression of hepatocyte growth factor
production impairs the ability of adipose-derived stem cells to promote
ischemic tissue revascularization. Stem Cells. 2007;25:3234-3243.

Bell LN, Cai L, Johnstone BH, Traktuev DO, March KL, Considine RV.
A central role for hepatocyte growth factor in adipose tissue angiogenesis.
Am J Physiol Endocrinol Metab. 2008;294:E336-E344.

Sadat S, Gehmert S, Song YH, Yen Y, Bai X, Gaiser S, Klein H, Alt E.
The cardioprotective effect of mesenchymal stem cells is mediated by
IGF-1 and VEGF. Biochem Biophys Res Commun. 2007;363:674—679.
Kilroy GE, Foster SJ, Wu X, Ruiz J, Sherwood S, Heifetz A, Ludlow JW,
Stricker DM, Potiny S, Green P, Halvorsen YD, Cheatham B, Storms
RW, Gimble JM. Cytokine profile of human adipose-derived stem cells:
expression of angiogenic, hematopoietic, and pro-inflammatory factors.
J Cell Physiol. 2007;212:702-709.

Rafii S, Meeus S, Dias S, Hattori K, Heissig B, Shmelkov S, Rafii D,
Lyden D. Contribution of marrow-derived progenitors to vascular and
cardiac regeneration. Semin Cell Dev Biol. 2002;13:61-67.

Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay
of lethal cell injury in ischemic myocardium. Circulation. 1986;74:
1124-1136.

Vanden Hoek TL, Becker LB, Shao Z, Li C, Schumacker PT. Reactive
oxygen species released from mitochondria during brief hypoxia induce
preconditioning in cardiomyocytes. J Biol Chem. 1998;273:18092-18098.
Maulik N, Das DK. Redox signaling in vascular angiogenesis. Free Radic
Biol Med. 2002;33:1047-1060.

Becker LB. New concepts in reactive oxygen species and cardiovascular
reperfusion physiology. Cardiovasc Res. 2004;61:461-470.

Das DK, Maulik N, Sato M, Ray PS. Reactive oxygen species function as
second messenger during ischemic preconditioning of heart. Mol Cell
Biochem. 1999;196:59—-67.

Wang JA, Chen TL, Jiang J, Shi H, Gui C, Luo RH, Xie XJ, Xiang MX, Zhang
X. Hypoxic preconditioning attenuates hypoxia/reoxygenation-induced apoptosis
in mesenchymal stem cells. Acta Pharmacol Sin. 2008;29:74—82.

Li JH, Zhang N, Wang JA. Improved anti-apoptotic and anti-remodeling
potency of bone marrow mesenchymal stem cells by anoxic pre-conditioning
in diabetic cardiomyopathy. J Endocrinol Invest. 2008;31:103—110.
Rosova I, Dao M, Capoccia B, Link D, Nolta JA. Hypoxic precondi-
tioning results in increased motility and improved therapeutic potential of
human mesenchymal stem cells. Stem Cells. 2008;26:2173-2182.

Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, Wang JA, Wei L. Transplan-
tation of hypoxia-preconditioned mesenchymal stem cells improves
infarcted heart function via enhanced survival of implanted cells and
angiogenesis. J Thorac Cardiovasc Surg. 2008;135:799—-808.

Galinier A, Carriere A, Fernandez Y, Carpene C, Andre M, Caspar-
Bauguil S, Thouvenot JP, Periquet B, Penicaud L, Casteilla L. Adipose
tissue proadipogenic redox changes in obesity. J Biol Chem. 2006;281:
12682-12687.

Lin Y, Berg AH, Iyengar P, Lam TK, Giacca A, Combs TP, Rajala MW,
Du X, Rollman B, Li W, Hawkins M, Barzilai N, Rhodes CJ, Fantus IG,
Brownlee M, Scherer PE. The hyperglycemia-induced inflammatory
response in adipocytes: the role of reactive oxygen species. J Biol Chem.
2005;280:4617-4626.



