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ABSTRACT Exercise-induced angiogenesis is a key
determinant of skeletal muscle function. Here, we
investigated whether the E3 ubiquitin ligase murine
double minute-2 (Mdm2) exerts a proangiogenic func-
tion in exercised skeletal muscle. Mdm2 hypomorphic
(Mdm2Puro/�7-9) mice have a 60% reduction in Mdm2
expression compared with that in wild-type animals.
Capillary staining on muscle sections from Mdm2Puro/�7-9

sedentary mice with a wild-type or knockout back-
ground for p53 revealed that deficiency in Mdm2
resulted in 20% capillary regression independently of
p53 status. In response to one bout of exercise, protein
expression of the proangiogenic vascular endothelial
growth factor-A (VEGF-A) was increased by 64% in
muscle from wild-type animals, and endothelial cell
outgrowth from exercised muscle biopsy samples cul-
tured in a 3-dimensional collagen gel was enhanced by
37%. These proangiogenic responses to exercise were
impaired in exercised Mdm2Puro/�7-9 mice. Prolonged
exercise training resulted in increased Mdm2 protein
expression (�49%) and capillarization (�24%) in wild-
type muscles. However, exercise training-induced an-
giogenesis was abolished in Mdm2Puro/�7-9 mice. Fi-
nally, exercise training restored Mdm2, VEGF-A, and
capillarization levels in skeletal muscles from obese
Zucker diabetic fatty rats compared with those in
healthy animals. Our results define Mdm2 as a crucial
regulator of capillary maintenance and exercise-in-
duced angiogenesis in skeletal muscle.—Roudier, E.,
Forn, P., Perry, M. E., Birot, O. Murine double min-
ute-2 expression is required for capillary maintenance
and exercise-induced angiogenesis in skeletal muscle.
FASEB J. 26, 4530–4539 (2012). www.fasebj.org
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The regular practice of physical exercise is well
established as a preventive and therapeutic approach
for many chronic metabolic and cardiovascular dis-
eases. Skeletal muscles represent 40% of the body
weight and play crucial roles in locomotion and metab-
olism (1). Angiogenesis, the formation of new capillar-
ies, has tremendous implications in muscle health and
disease because, through this process, the muscle cap-
illary network adequately matches the metabolic needs
of myofibers (1–4). This balance between blood supply
and metabolic activity is, however, challenged during
physical exercise, thus disrupting muscle homeostasis.
The resulting physiological and metabolic stress is a
strong proangiogenic stimulus in skeletal muscle, and
its chronic repetition during prolonged exercise train-
ing ultimately leads to muscle capillary growth (1–3).
Of importance, this proangiogenic effect of exercise is
not restricted to healthy muscle tissue and can effi-
ciently contribute to restore the muscle microcircula-
tion in chronic diseases associated with capillary regres-
sion in skeletal muscles (5–7).

A few of the factors that regulate angiogenesis are
known. By promoting endothelial cell survival, prolif-
eration, and migration, vascular endothelial growth
factor-A (VEGF-A) appears to be a master regulator of
angiogenesis (4, 8). In contrast, the p53 tumor suppres-
sor exerts an antiangiogenic effect both by stimulating
the expression of multiple antiangiogenic factors and
by inhibiting the expression of proangiogenic factors
(9, 10–13). The E3 ubiquitin ligase murine double
minute-2 (Mdm2) is well established as a major nega-
tive regulator of p53 (14, 15), and angiogenesis is
increased in tumors overexpressing Mdm2 (9). Inter-
estingly, mice that overexpress Mdm2 have a higher
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incidence of hemangiosarcoma, a malignant type of
tumor due to uncontrolled and excessive endothelial
cell proliferation, independent of their p53 status,
suggesting also a p53-independent angiogenic role for
Mdm2 (16). In vitro studies indicate that Mdm2 can
regulate the expression of VEGF-A (17, 18). In partic-
ular, Mdm2 can enhance the expression of hypoxia-
inducible factor-1� (HIF-1�), a transcriptional activator
for VEGF-A (17, 19–23). The Mdm2 inhibitor Nutlin-3
inhibits HIF-1� function in a p53-independent manner
(21) and prevents angiogenesis in the Matrigel assay
(24). Because most of these in vitro studies were per-
formed on tumor cells in which Mdm2 is amplified or
overexpressed, the physiological relevance of such a
regulatory effect of Mdm2 on VEGF-A and angiogenesis
remains uncertain.

Here, we prove that Mdm2 is part of a key proangio-
genic signaling pathway in both resting and exercised
skeletal muscles. We found that prolonged exercise
training strongly stimulates Mdm2 expression in rodent
skeletal muscle under both physiological and patholog-
ical conditions. Depletion of Mdm2 protein results in
capillary loss independently of p53 status and prevents
exercise-induced VEGF-A expression and capillary for-
mation in mouse skeletal muscle. Our results define
Mdm2 as a key regulator of muscle angiogenesis. This
discovery could broaden the utility of therapeutic
agents being developed to modulate Mdm2 function
(25, 26).

MATERIALS AND METHODS

Exercise protocols in rodents

All animal experiments were conducted according to the
directives of the Canadian Council on Animal Care and
the animal care and use committees of York University, the
University of Montreal, and the U.S. National Cancer Insti-
tute. Female Sprague-Dawley rats (n�16, 180–200 g), 5-wk-
old male lean rats (n�9), and Zucker diabetic fatty (ZDF) rats
(n�22) were purchased from Charles River Laboratories
(Saint-Constant, QC, Canada). Mdm2Puro/�7-9 mice, with or
without a deletion for p53 gene, were F1 hybrids on a
C57BL6/SV129 background and were bred at the animal
facilities of the National Cancer Institute (Frederick, MD,
USA). Characterization of these mice has been described
previously (27). All animals were housed on a 12-h light-dark
cycle, with controlled humidity and room temperature (20–
23°C), and access to food and water ad libitum. Lean and ZDF
rats were fed with Purina 5008 chow (Purina Mills, St. Louis,
MO, USA).

Single bout of running exercise

Nine- to 11-wk-old Mdm2Puro/�7-9 and wild-type mice per-
formed one bout of intense running exercise, as described
previously in rodents (28). Animals were familiarized with the
running treadmill (model CL; Omnitech, Columbus, OH,
USA) by running at low speed (5 m/min, no incline for 10
min) for 3 d before performing exercise. The night before
the exercise test, food was removed, so mice were starved for
12 h. Mice ran at 10 m/min for the first 10 min (10% incline)

followed by a gradual increase of speed until exhaustion. The
average time to exhaustion was 50-80 min, and the maximal
speed was 30 m/min.

Endurance training

After acclimatization with the treadmill, female Sprague-
Dawley rats were divided into sedentary or trained groups
(n�8/group), as described previously (29). Endurance train-
ing consisted of a running exercise on a rodent treadmill
(Quinton Instruments, Seattle, WA, USA) 5�/wk for 8 wk (60
min/d, 25 m/min, 4% incline).

After acclimatization, wild-type and Mdm2Puro/�7-9 mice
were divided into sedentary (n�5 Mdm2Puro/�7-9 and n�6
wild-type) and trained groups (n�5 Mdm2Puro/�7-9 and n�7
wild type). Trained groups were exercised daily on a treadmill
for 60 min at 25 m/min (no incline) for 7 wk.

After acclimatization, ZDF rats were assigned either to
sedentary (n�11) or trained (n�11) groups, as described
previously (29). Lean rats were kept sedentary. All animals
were individually placed for 7 wk into wheel-running cages.
Sedentary lean and ZDF rats had a locked wheel, whereas the
trained ZDF group had a free wheel allowing spontaneous
and voluntary activity.

In all protocols, muscles were harvested immediately after
the completion of the last exercise and either immediately
frozen for further analyses by Western blotting and histology
or freshly used for 3-dimensional (3D) muscle angiogenesis
assay.

3D muscle angiogenesis assay

Before surgery, all tools and solutions were sterilized. Planta-
ris muscles were carefully isolated from 9- to 11-wk-old
wild-type and Mdm2Puro/�7-9 mice, either kept sedentary or
after the completion of one bout of running exercise as
described above. Each plantaris was divided into 4–6 frag-
ments or biopsy samples of 3 � 3 mm in size. Biopsy samples
were rinsed in cold sterile PBS and kept on ice for a few
minutes. Then samples were rinsed 3 times with 5% FCS in
Dulbecco’s modified Eagle medium (DMEM; Gibco, Burling-
ton, ON, Canada) and then embedded in type 1 collagen mix
as described below. Four to 6 biopsy samples from each
animal were embedded.

The embedding mix was prepared using type 1 collagen
from calf skin (5 mg/ml in 0.1% acetic acid; Elastin Products
Co., Owensville, MO, USA). For 1 ml of mix, 120 �l of type 1
collagen (5 mg/ml), 400 �l of 2.5� DMEM, 50 �l of 0.1 N
NaOH, and 10 �l of penicillin/streptomycin (Gibco) were
mixed together.

Collagen mix was kept on ice to avoid unwanted polymer-
ization before being poured into precooled 24-well tissue
culture plates maintained on ice (250 �l of mix per well).
Plantaris biopsy samples were incubated for 1–2 min in cold
collagen mix and then were placed at the center of the well.
After polymerization (30 min at 37°C in CO2 incubator),
DMEM containing 5% serum was added for culture. Medium
was changed every other day.

Muscle biopsy samples were cultivated in medium with 5%
FBS for different durations to allow the analysis of the
successive steps of endothelial cell proliferation/migration
into the collagen matrix until their assembly into primitive
vascular tubes (see Fig. 4C). After 6 d of culture in our
conditions, endothelial cells were still in a dynamic phase of
migration. 3D collagen gels were then washed 3 times with
cold PBS and fixed overnight at 4°C with 4% formalin in PBS.
After further PBS washing (three 20-min washes), collagen
gels were incubated overnight with biotinylated isolectin B4
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(1:100 in PBS containing 1% goat serum, 1% Triton X-100,
and 2.5% BSA). Gels were washed 3 times and then incubated
with TRITC-conjugated streptavidin (016-020-084; Jackson
ImmunoResearch, West Grove, PA, USA) in darkness for �2
h. After 3 washing steps with PBS, Vectashield DAPI mounting
medium (Vector Laboratories, Burlingame, CA, USA) was
added to each well. Images were acquired by epifluorescence
on an inversed microscope (Leica DMIRB; Leica Microsys-
tems, Richmond Hill, ON, Canada) using a Retiga EX-I
camera (QImaging, Tucson, AZ, USA). Analysis was done
using Northern Elite software (Empix Imaging Inc., Missis-
saugua, ON, Canada). Alternatively, endothelial cells were
stained for alkaline phosphatase activity by incubation with
5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(FAST BCIP/NBT; Sigma-Aldrich, Oakville, ON, Canada) for 45
min at 37°C. Pictures were acquired using an Axio Imager (Zeiss,
Jena, Germany) equipped with an AxioCam camera (Zeiss).

The relative number of endothelial cells was quantified by
measuring the staining intensity of the major invasive migra-
tion front from the muscle biopsy. The area of measurement
was identical for all fragments. The value attributed to an
animal is the average of 4–6 analyzed biopsy samples. The
data show the staining intensity (arbitrary units) per pixel
with n � 4 animals/group.

Western blotting

Immunoblotting was performed on protein extracts from
rodent plantaris muscles as described previously (28–31).
Proteins were extracted from muscle tissue using RIPA buffer
containing 1 mg/ml PMSF, 1 mM Na3VO4, 1 mM NaF
(Sigma-Aldrich), and 1� protease inhibitors (Complete Mini,
Roche Diagnostics, Laval, QC, Canada). Twenty to 40 mg of
frozen muscle was mixed at 4°C with RIPA buffer (15 vol
RIPA/mg muscle). For each sample, extractions were per-
formed using two stainless carbide beads (Retsch; Fisher
Scientific, Montreal, QC, Canada) in the Retsch MM400
tissue lyser (30 pulses/s; Retsch GmbH, Haan, Germany).
Denatured samples (20–30 �g/well) were subjected to SDS-
PAGE and blotted onto nitrocellulose (Whatman BA95; Sig-
ma-Aldrich) membranes. After blocking with 5% fat-free
milk, the blots were probed using the following primary
antibodies: antibodies against phospho-p53 and Forkhead
box O-1 (FoxO1; C29H4) were from Cell Signaling Technol-
ogy (Beverly, MA); antibodies against p21 (C19), p53 (FL-
393), ��-tubulin, and �-actin were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA); antibody against VEGF-A was
either from Santa Cruz Biotechnology (sc-507) or Millipore
(VG-1; Millipore, Etobicoke, ON, Canada); antibody against
HIF-1� (NB100-105) was from Novus Biologicals (Littleton,
CO, USA); antibodies against subunit IV of cytochrome c
oxidase (COX-IV; clone 20E8C12) and thrombospondin-1
(TSP-1; clone A6.1) were from Invitrogen (Burlington, ON,
Canada); antibody against CD31 (TLD-3A12) was from BD
Pharmingen (Mississauga, ON, Canada); and antibody
against Mdm2 (2A10) was either from Calbiochem (San
Diego, CA, USA) or a supernatant from the hybridoma (32).
Proteins were visualized using an enhanced chemilumines-
cence procedure (Santa Cruz Biotechnology) and a Kodak
Imaging station 4000MM Pro (Eastman Kodak, Rochester,
NY, USA). The Western blot results were analyzed with Image
1.62 (U.S. National Institutes of Health, Bethesda, MD, USA)
and Carestream (Carestream Health, Rochester, NY, USA)
software.

Muscle capillarization analysis

Transverse 10-�m cryosections were obtained in the midbelly
of plantaris muscles. As described previously (29–31), capil-

laries were visualized after a brief fixation in cold acetone or
4% formaldehyde, followed either by staining for alkaline
phosphatase activity using incubation with FAST BCIP/NBT
for 45 min at 37°C or by incubation with biotin-conjugated
isolectin B4 (L-2140; Sigma-Aldrich) and streptavidin-horse-
radish peroxidase solution (catalog 550946; BD Biosciences,
Mississauga, ON, Canada) and with 3,3=-diaminobenzidine
(D5905; Sigma-Aldrich). Images were acquired by epifluores-
cence on an inversed microscope using a Retiga EX-I camera
or an Axio Imager equipped with an AxioCam camera.
Analysis was done using Northern Elite or AxioVision 4.5
(Zeiss) software. The capillary/fiber ratio was determined
after counting capillaries and myofibers on 3-5 cross sections
from each muscle and in quintuplicate on each of these
sections. Because the plantaris muscle is not homogeneous in
its fiber-type composition, counting areas were chosen so they
cover all the muscle cross section.

Mouse angiogenesis proteome profiler array

The assay was run according to the manufacturer’s instruc-
tions (R&D Systems ARY015; Cedarlane Corp., Burlington,
ON, Canada). In brief, plantaris muscle extracts from wild-
type and Mdm2Puro/�7-9 mice were incubated with nitrocel-
lulose membranes preprobed with primary antibodies against
53 positive and negative regulators of the angiogenic process,
each antibody being spotted in duplicate on each membrane.
Each membrane was incubated with 250 �g of total proteins
from one plantaris muscle. Two plantaris muscles from each
group, wild-type and Mdm2Puro/�7-9, were analyzed. Protein
spots were visualized by incubating each membrane with a
cocktail of biotinylated detection antibodies and streptavidin-
horseradish peroxidase, and using an enhanced chemilumi-
nescence procedure (Immobilon Western ECL; Cedarlane).
Protein spots were quantified using a Kodak Imaging station
4000MM Pro with Carestream software.

Statistical analysis

Statistical analyses were performed using Student’s t test,
1-way or 2-way ANOVA using Prism5 (GraphPad Software
Inc., San Diego, CA, USA). For 1-way and 2-way ANOVA
analyses, the Newman-Keuls multiple comparison test or
Bonferroni posttest was used, respectively. The results were
considered to be statistically significant at values of P � 0.05.

RESULTS

Mdm2 expression and markers of capillarization are
well correlated in striated muscle

We compared the protein expression levels of Mdm2
and markers of capillarization between rat extensor
digitorum longus, the plantaris, the soleus, and the
myocardial muscles (Fig. 1A–C). Muscle capillarization
was reflected by the protein levels of the endothelial
marker CD31 and of the proangiogenic VEGF-A (Fig.
1B, C). Interestingly, the higher the level of capillariza-
tion, the higher was Mdm2 protein expression. Muscle
microcirculation and oxidative metabolism are inti-
mately linked, and Mdm2 and markers of capillariza-
tion levels were correlated with protein expression of
COX-IV, a well-established indicator of oxidative me-
tabolism (Fig. 1D and ref. 33).
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Mdm2 protein expression is required for the
maintenance of skeletal muscle capillarization

To assess the role of Mdm2 in regulating skeletal
muscle capillarization and metabolism, we used hypo-
morphic Mdm2Puro/�7-9 mice that express �30% of the
wild-type level of Mdm2 mRNA and protein in multiple
tissues and present enhanced p53 activity (27).
Mdm2Puro/�7-9 mice had 60% reduced expression of
Mdm2 in the hindlimb plantaris muscle (Fig. 2A) that
was associated with a 20% decrease in the level of
muscle capillarization (Fig. 2B, C), indicating that
Mdm2 expression is indispensable for the maintenance
of skeletal muscle capillarization in sedentary animals.
We investigated whether the decreased capillarization
could be due to either changes in p53 or in HIF-1�, two
proteins known to interact with Mdm2 and to have
an effect on angiogenesis (17, 34, 35). Whereas
Mdm2Puro/�7-9 mice presented no significant change in

p53 levels (Fig. 3A), they did show increased levels
of p53 phosphorylation on serine 18 (Fig. 3B) and of
the p53 transcriptional target p21 (Fig. 3C). TSP-1
protein, a well-established antiangiogenic factor in skel-
etal muscle (36) that is also a p53 target (37, 38), was
up-regulated by 50% in muscles from Mdm2Puro/�7-9

mice (Fig. 3D). These results suggested that increased
p53 activity could lead to enhanced TSP-1 expression in
skeletal muscle of Mdm2Puro/�7-9 mice. However,
knocking out p53 gene expression in Mdm2Puro/�7-9

mice did not restore the capillary/fiber ratio to the
wild-type ratio (Fig. 2B, C), indicating that the mecha-
nism responsible for capillary regression in Mdm2Puro/�7-9

mice is p53 independent. This result is in line with a
recent study from Park et al. (39) showing no difference
in skeletal muscle capillarization between wild-type and
p53-knockout mice.

Aside from its action on p53, Mdm2 has been shown
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Figure 1. Mdm2 expression in striated muscles follows a pattern similar to that of markers for the vascular and oxidative
phenotype. Protein levels of Mdm2 (A), CD31 (B), VEGF-A (C), and COX-IV (D) were determined by Western blot in rat
striated muscles. Mdm2 is highly expressed in muscles presenting a high level of capillarization, as reflected by CD31 and
VEGF-A expression, as well as a high oxidative phenotype, as reflected by COX-IV expression. Data from densitometry
analysis are means 	 se (n�4 –7 rats). EDL, extensor digitorum longus; PLA, plantaris; SOL, soleus; NS, nonspecific. *P
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to enhance HIF-1� stability and transcriptional activity
in tumor cells, increasing in turn expression of VEGF-A
independently of p53 (19, 20). VEGF-A plays a key
role in maintaining established capillaries and pro-
moting angiogenesis in skeletal muscle (40, 41). There-
fore, we analyzed HIF-1� and VEGF-A expression in
Mdm2Puro/�7-9 mice. Unexpectedly, we observed that
both HIF-1� and VEGF-A protein expression were
increased in Mdm2Puro/�7-9 mice (Fig. 3E, F). There-
fore, neither enhanced p53 activity nor decreased
VEGF expression can explain the capillary rarefaction
observed in Mdm2Puro/�7-9 mice.

Taken together, these findings suggest that Mdm2
depletion results in a reduced level of skeletal muscle
capillarization, independent of p53 status. We there-
fore next determined whether Mdm2 exerts a proan-
giogenic role in exercised skeletal muscle.

Mdm2 is required for the proangiogenic response of
the skeletal muscle to exercise stimulus

One single bout of exercise induces an important
cellular stress that represents a strong proangiogenic
stimulus in skeletal muscle (1–3). Because Mdm2 plays
a key role in sensing some cellular stresses (42), we
postulated that Mdm2 itself is required for effective
signaling of proangiogenic pathways in exercised skel-
etal muscle. Despite a higher VEGF-A basal level in
skeletal muscles from sedentary Mdm2Puro/�7-9 com-
pared with that of their littermates (Fig. 3F), no further
increase in VEGF-A occurs in Mdm2Puro/�7-9 mice when
challenged by one bout of intense running exercise,
indicating a loss of the adaptive response to exercise
present in wild-type animals (Fig. 4A, B). The inability
of Mdm2Puro/�7-9 mice to increase VEGF-A protein
levels in response to exercise extends in vitro observa-
tions suggesting that Mdm2 regulates VEGF-A expres-
sion (17, 19–21, 43).

Previous studies using myofiber-specific VEGF-A-de-

ficient mice have demonstrated that the increase in
VEGF-A expression in response to an exercise stimulus
was indispensable for skeletal muscle angiogenesis to
occur (40, 41). To test whether the level of Mdm2
expression affects the angiogenic capacity of skeletal
muscle endothelial cells, we performed an ex vivo 3D
muscle angiogenic assay in which we analyzed the migratory
activity of endothelial cells from plantaris muscle biopsy
samples obtained from sedentary or exercised mice and
embedded into a 3D collagen gel (Fig. 4C). Whereas a
modest endothelial cell outgrowth into the collagen
matrix was observed from biopsy samples taken from
sedentary mice, outgrowth was strongly increased
from biopsy samples from exercised wild-type mice
(�37%, P�0.01) but not from biopsy samples from
exercised Mdm2Puro/�7-9 mice (Fig. 4D, E). Thus, our
data indicate that Mdm2 expression is required for
muscle angiogenic activity in response to physical
exercise.

Muscle angiogenesis in response to exercise training
is Mdm2-dependent

Taken together, our results suggest that Mdm2 is a
critical effector of the proangiogenic signal during
exercise. To confirm the angiogenic role of Mdm2 in
promoting capillary growth in skeletal muscle, we used
the model of prolonged exercise training (i.e., one
single bout of exercise repeated daily during several
weeks) to stimulate angiogenesis in plantaris muscle.
Concomitantly with muscle angiogenesis, our training
program enhanced Mdm2 protein expression in
trained rat plantaris muscles (Fig. 5A–C). Interestingly,
whereas muscle angiogenesis occurred in wild-type
mice trained for 7 wk, no capillary growth was observed
in trained Mdm2Puro/�7-9 mice, thus confirming that
Mdm2 is indispensable for physiological muscle angio-
genesis (Fig. 5D).
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Exercise training increases Mdm2 protein expression
in diseased skeletal muscle

Obesity and type 2 diabetes are chronic diseases often
associated with capillary regression in skeletal muscle
(5–7, 29). Because our results demonstrated that Mdm2
was required for maintaining muscle capillarization as
well as for exercise-induced angiogenesis, we investi-
gated whether the stimulatory effect of exercise train-
ing on Mdm2 expression was preserved in diseased
skeletal muscles. Whereas the levels of capillarization
and protein expression for Mdm2 and VEGF-A were
decreased in skeletal muscle from sedentary ZDF rats,
voluntary exercise training efficiently restored all these
parameters to physiological levels (Fig. 6).

Mdm2 modulates the expression of various
antiangiogenic molecules

In addition to its effect on TSP-1 expression, we investi-
gated whether Mdm2 could modulate the expression of
other antiangiogenic molecules in skeletal muscle. Con-

ditional deletion of the FoxO1 transcription factor in the
vascular compartment induces a strong hemangiomatous
phenotype in the skeletal muscle, suggesting a strong
antiangiogenic function of endothelial FoxO1 in the
muscle (44). The expression of FoxO1 protein was in-
creased 2.76-fold more in plantaris muscles from
Mdm2Puro/�7-9 mice than from wild-type mice (1.49	0.42
vs. 0.54	0.17, respectively; P� 0.05; Fig. 7A). Analysis of
the mouse angiogenesis proteome profiler array indicated
a 43% increase in a desintegrin and metalloproteinase
with thrombospondin motif 1 (ADAMTS-1) protein ex-
pression in plantaris muscles from Mdm2Puro/�7-9 mice
(Fig. 7B).

DISCUSSION

Here, we showed that the E3 ubiquitin ligase Mdm2,
most well known as an oncoprotein, is a key regulator of
exercise-induced angiogenesis in skeletal muscle. By
using exercise as a physiological and metabolic stress,
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we demonstrated that prolonged exercise training in-
creased the Mdm2 protein level. Mdm2 depletion in
skeletal muscles from Mdm2Puro/�7-9 mice resulted in a

reduced basal level of capillarization and a loss of the
angiogenic response to exercise. This result clearly
demonstrated that Mdm2 expression is indispensable
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for the maintenance of existing capillaries as well as for
exercise-induced angiogenesis in healthy skeletal mus-
cle. Although it would be reasonable to expect that
these effects are due to enhanced antiangiogenic p53
activity in Mdm2Puro/�7-9 mice, we showed that p53
deficiency did not rescue the reduced muscle capillar-
ization observed. Thus, Mdm2 is required for the
maintenance of established capillaries independent of
p53 status.

In addition to its action on the tumor suppressor
p53, Mdm2 interacts with other proteins to eventually
ubiquitinate them, thus involving Mdm2 in many im-
portant cellular processes (for reviews, see refs. 15, 45,
46). HIF-1� has been identified as a potential target for
Mdm2. Initially, Mdm2 was thought to mediate the
p53-induced degradation of HIF-1� in tumor cells (47).
However, there is now increasing evidence that Mdm2
might promote HIF-1� stabilization in response to
hypoxia or growth factors in a p53-independent way in
tumors. By regulating HIF-1�, Mdm2 could then gov-
ern the expression level of the proangiogenic VEGF-A
protein in cancer cells (18). Overexpression of Mdm2
increases the level of HIF-1� protein and HIF-1� activ-
ity toward the VEGF-A promoter (19, 20). LaRusch et al.
(21) reported that the inhibition of the Mdm2-HIF-1�
interaction by Nutlin-3 reduced HIF-1� stability, result-
ing in decreased levels of VEGF-A expression. Mdm2
might also regulate VEGF-A expression via the stabili-
zation of its mRNA (48).

In our study, we observed that Mdm2Puro/�7-9 mice
that express only 40% of the wild-type level of Mdm2
protein in plantaris muscle have higher basal levels of

HIF-1� and VEGF-A proteins. This observation, which
could suggest that Mdm2 triggers HIF-1� degradation
in healthy skeletal muscle, appears to be contradictory
to much of what has been shown recently. However, we
cannot exclude the possibility of compensatory mech-
anisms in this transgenic animal model. An alternative
hypothesis is that the decreased capillarization in
Mdm2Puro/�7-9 mice leads to hypoxia, which then
causes stabilization of HIF-1�. In line with this, the
reduced level of muscle capillarization in Mdm2Puro/�7-9

mice despite a 40% increase in VEGF-A basal level is
intriguing. However, in addition to the 40% increase in
VEGF-A expression in skeletal muscle, Mdm2Puro/�7-9

mice also presented 50% increased expression of the
antiangiogenic TSP-1. Depending on the complex na-
ture of its cleavage, TSP-1 protein could modulate
VEGF-A receptor-2 signaling either negatively or posi-
tively (49). Other molecules involved in the regulation
of pro- and antiangiogenic pathways, such as the FoxO1
transcription factor known to exert antiangiogenic ef-
fects (31) and to be negatively regulated by Mdm2,
might be under the control of Mdm2 (50). We ob-
served that skeletal muscles from Mdm2Puro/�7-9 mice
express 2.76-fold more FoxO1 protein than the wild-
type muscles. Interestingly, it was recently suggested
that FoxO1 could be a regulator of the expression of
ADAMTS-1 (51), a protein enhancing TSP-1 cleavage
and antiangiogenic activity (52). Results from our
mouse proteome profiler array showed a 43% increased
expression of ADAMTS-1 protein in skeletal muscles
from Mdm2Puro/�7-9 mice. From these results, Mdm2
revealed itself as an important regulator of skeletal
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muscle angioadaptation, exerting various and com-
plex roles on both sides of the angioadaptive balance
(Fig. 7C).

Matching the blood supply to the metabolic demand
of active myofibers is crucial for muscle function,
having important repercussions for metabolic homeo-
stasis. Alteration of skeletal muscle metabolism is com-
monly observed in many chronic diseases, such as
obesity and diabetes, in which capillary rarefaction
occurs in peripheral skeletal muscles. Physical exercise
is well established as an efficient preventive and reha-
bilitating approach to treat these diseases, and one of
its beneficial effects resides in promotion of skeletal
muscle angiogenesis (6). Thus, understanding the mo-
lecular events that regulate the exercise-induced angio-
genic process could have major therapeutic implica-
tions. In this context, our discovery that Mdm2
expression is regulated by physical activity and required
for muscle angiogenesis brings new perspectives on its
physiological functions. In particular, it opens the door
to exciting questions such as what could be the stimuli
triggering this increase in Mdm2 expression in re-
sponse to exercise training. Recent evidence suggests
that the metabolic/energy stress could lead to Mdm2
phosphorylation on residue serine 166 (53), a modifi-
cation associated with increased stability of Mdm2
protein (54). We have also previously noted that shear
stress can induce this phosphorylation of Mdm2 on
serine 166 in skeletal muscle endothelial cells (31).
Therefore, we could hypothesize that several exercise-
induced stimuli, such as metabolic, mechanical, or
hemodynamic stresses, could act in concert to enhance
Mdm2 expression. Whether they are all involved and
through which mechanisms should be worthy of inves-
tigation in the future.

In the context of cancer, the use of Mdm2 antago-
nists, such as Nutlins, to restore p53 function in cancer
cells or to inhibit Mdm2-mediated angiogenesis in
tumors is very attractive (9, 25). In fact, clinical trials of
Mdm2 antagonists are in place, and one inhibitor has
already shown promising results (26). Of high interest,
the ability to enhance Mdm2 expression and activity in
muscle tissue by exercise training might represent a
practical approach to counteract potential side effects
in healthy muscle tissue of anti-Mdm2 strategies cur-
rently under development for cancer therapy (25, 26).

In summary, our results show that Mdm2 is a critical
factor in skeletal muscle angiogenesis. Such a discovery
provides new insight into the mechanisms by which
physical activity improves muscle function. Further
assessment of the physiological functions of Mdm2 will
illuminate the spectrum of disorders for which Mdm2
could be an attractive therapeutic target to modulate
angiogenesis.
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