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Angiomotin p80/p130 ratio: a new indicator of
exercise-induced angiogenic activity in skeletal muscles
from obese and non-obese rats?
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Skeletal muscle capillarisation responds to physiological and pathological conditions with a
remarkable plasticity. Angiomotin was recently identified as a new pro-angiogenic molecule.
Angiomotin is expressed as two protein isoforms, p80 and p130. Whereas p80 stimulates
endothelial cell migration and angiogenesis, p130 is rather characteristic of stabilized and
matured vessels. To date, how angiomotin expression is physiologically regulated in vivo remains
largely unknown. We thus investigated (1) whether angiomotin was physiologically expressed in
skeletal muscle; (2) whether exercise training, known to stimulate muscle angiogenesis, affected
angiomotin expression; and (3) whether such regulation was altered in obesity, a pathological
situation often associated with an impaired angiogenic activity and some capillary rarefaction
in skeletal muscle. Two models of obesity were used: a high fat diet regime and Zucker Diabetic
Fatty rats (ZDF). Our results provide evidence that angiomotin was expressed both in capillaries
and myofibres. In non-obese rats, the p80 isoform was increased in plantaris muscle in response
to endurance training whereas p130 was unaffected. In obese animals, no change was observed
for p80 whereas training significantly decreased p130 expression. Exercise training induced
angiogenesis in plantaris from both obese and non-obese rats, possibly through the modulation
of angiomotin level and its consequences on RhoA–ROCK signalling. In conclusion, any increase
in p80 or decrease in p130, as respectively observed in non-obese and obese animals, led to an
increased ratio between p80 and p130 isoforms. This increased angiomotin p80/p130 ratio might
then directly reflect the enhanced angiogenic ability of skeletal muscle in response to exercise
training.
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Angiogenesis, the de novo formation of capillaries, is
a complex and multi-step biological process requiring
proliferation, migration and assembly of endothelial
cells to form new vessels. Such events are tightly
regulated by angiogenic and angiostatic factors (Risau,
1997; Carmeliet, 2003, 2005). Angiomotin was recently
identified in various endothelial cell lines as a trans-
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membrane receptor for the angiostatic factor angiostatin
(Troyanovsky et al. 2001; Bratt et al. 2005). In vivo,
angiomotin was detected at the surface of blood vessels
of both healthy and pathological tissues such as placenta,
retina, Kaposi’s sarcoma and breast tumours (Troyanovsky
et al. 2001; Levchenko et al. 2004, 2008; Holmgren
et al. 2006; Jiang et al. 2006; Aase et al. 2007). These
studies have also highlighted its important role in both
promoting angiogenesis and maintaining established
vessels.
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Alternative splicing of angiomotin mRNA results in two
protein isoforms of 80 and 130 kDa that exert very distinct
roles during angiogenesis (Bratt et al. 2002; Ernkvist
et al. 2006, 2008). The p80 angiomotin isoform strongly
stimulates in vitro and in vivo the migration of endothelial
cells, a key event of the angiogenic process (Ernkvist et al.
2008). Interestingly, angiostatin binding to angiomotin
extracellular domain strongly inhibits such an effect (Bratt
et al. 2005; Ernkvist et al. 2008). In contrast, p130
angiomotin isoform only exerts a very weak stimulatory
effect on endothelial cell migration (Ernkvist et al. 2008).
The p130 protein was identified as tightly associated to
cytoskeleton actin filaments and highly involved in vessel
stabilization and maturation (Ernkvist et al. 2006, 2008).

Inhibition of angiomotin function by gene knockout,
siRNA silencing, or antibody treatment strongly impairs
endothelial cells migration in vitro and angiogenesis
in vivo (Holmgren et al. 2006; Aase et al. 2007;
Levchenko et al. 2008). Angiomotin-deficient endothelial
cells lack the in vitro chemotactic response to the key
angiogenic factor vascular endothelial growth factor
(VEGF) (Levchenko et al. 2003; Ernkvist et al. 2008).
In vivo inhibition of angiomotin has shown promising
results for the prevention of pathological angiogenesis in
murine models of choroidal neovascularization and breast
cancer (Holmgren et al. 2006; Aase et al. 2007; Levchenko
et al. 2008). Angiomotin has also been described as an
important actor in vasculogenesis in mouse and zebrafish
embryos (Shimono & Behringer, 2003; Aase et al. 2007).
This, in addition to its important role during angiogenesis,
vessel maturation and stabilization, undoubtedly raises
the question of whether any therapeutic approaches to
systemically inhibit angiomotin’s function might also exert
harmful side-effects in healthy tissues.

Interestingly, skeletal muscles represent the most
abundant tissue of the body and they express high levels
of angiomotin (Troyanovsky et al. 2001: Bratt et al.
2002). Moreover, microcirculation is a critical component
of muscle function since capillaries provide myofibres
with oxygen and nutriments, and remove carbon dioxide
and metabolic waste. As myofibres respond to physio-
logical or pathological conditions with a remarkable
plasticity, it is crucial that the microcirculation remains
well matched with the myofibres’ needs in order to
preserve muscle function (Hudlicka et al. 1992; Birot &
Bigard, 2003). Depending on conditions, such muscle
angio-adaptation can involve either angiogenesis or
some vascular regression. Given its role not only
during angiogenesis but also for vessel stabilization
and maturation, angiomotin might thus represent an
important actor in muscle angio-adaptation. To date,
angiomotin expression in skeletal muscle has never been
investigated in response to physiological or pathological
conditionings. Our objective was, then, to study how
p80 and p130 angiomotin isoforms were expressed in

skeletal muscle in response to endurance training, a
well-described and powerful physiological stimulus for
muscle angiogenesis (Hudlicka, 1991; Birot et al. 2003;
Prior et al. 2004). We also investigated whether obesity or
type-2 diabetes could possibly alter angiomotin response
to exercise training. Previous studies have indeed reported
some capillary regression as well as an impaired angiogenic
activity in skeletal muscles from obese or diabetic rodents
(Rivard et al. 1999; Frisbee, 2002; Stapleton et al. 2008).
This is of particular interest since exercise training
has recently been proposed as an efficient physiological
alternative to blunt capillary rarefaction in the metabolic
syndrome (Frisbee et al. 2006).

Methods

Animal experiments

All animal experiments were approved by Montreal
University Institutional Animal Care Committee and were
conducted accordingly to the directives of the Canadian
Council on Animal Care.

First animal model. Female Sprague–Dawley rats were
purchased from Charles River (Saint-Constant, QC,
Canada) and housed on a 12 : 12 h light–dark cycle,
with water and food access ad libitum. After 1 week
of acclimatization, animals were subjected to different
dietary regimes for 8 weeks. Rats were fed with either
standard (SD, 11% lipids) or high fat (HFD, 42% lipids)
diets. During the 8 weeks of dietary regimes, SD and HFD
groups were each divided into sedentary (SED) or trained
(TR) subgroups (6 rats per group). Endurance training
consisted in a running exercise on a rodent treadmill
(Quinton Instruments, Seattle, WA, USA) 5 times per week
(60 min per day, 25 m min−1, 4% slope).

Second animal model. Five-week-old male Lean (n = 9)
and Zucker Diabetic Fatty (ZDF, n = 16) rats were
purchased from Charles River Laboratories (Canada) and
housed as described above with free access to water and
food (Purina 5008). After acclimatization, ZDF rats were
assigned to either sedentary (SED-ZDF, n = 8) or trained
(TR-ZDF, n = 8) groups. Lean rats were kept sedentary.
All animals were individually placed for 7 weeks 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.

Killing and tissue processing

Rats were weighed, and anaesthetized by ketamine
(80 mg kg−1)–xylazine (10 mg kg−1) intraperitoneal
injection. Soleus, plantaris and extensor digitorum longus
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muscles were harvested, weighed and fast-frozen in liquid
nitrogen. Killing was performed by exsanguination and
heart removal.

The onset of obesity was estimated in the sedentary
high-fat diet (SED-HFD) Sprague–Dawley group by
measuring the mean body weight and the mean visceral
fat pad mass. Development of obesity and type-2 diabetes
in sedentary Zucker Diabetic Fatty rats (SED-ZDF) was
evidenced by comparing plasma glucose, epididymal white
adipose tissue (EWAT) weight and mean body weight with
Lean values as previously described (Bergeron et al. 2006).

Western blotting

Proteins were extracted from 20–40 mg of frozen
muscles using a RIPA lysis buffer containing 1 mg ml−1

phenylmethylsulfonyl fluoride (PMSF), 1 mmol l−1

Na3VO4, 1 mM NaF (Sigma-Aldrich, Montreal, Canada),
1× protease inhibitors cocktail (Roche Diagnostics,
Laval, Canada). Muscle lyses were performed in
a Retsch MM301 tissue lyser (Retsch GmbH,
Haan, Germany). Denaturizing samples were separated
on SDS-PAGE and blotted onto a polyvinylidene
difluoride membrane (Bio-Rad, Hercules, CA, USA).
After blocking with 5% fat-free milk, membranes
were probed for angiomotin, cytochrome c oxidase
subunit IV (COX-IV), phospho-myosin phosphatase
target subunit (MYPT), phospho-insulin receptor
substrate-1 (IRS-1), anti-β-tubulin and β-actin protein
detection using appropriate antibodies: anti-angiomotin
(kindly provided by Dr Tony Pawson, Samuel
Lunenfeld Research Institute, Mount Sinai Hospital,
Toronto, Canada), anti-COX-IV antibody (A21348,
Invitrogen), anti-phospho-MYPT (Thr853, no. 4563, Cell
Signaling, Pickering, ON, Canada), anti-phospho-IRS-1
(Ser636/639, no. 2388, Cell Signaling), anti-β-tubulin
(no. 2148, Cell Signaling), anti-β-actin (sc-47778,
Santa Cruz Biotechnology, Santa Cruz, CA, USA),
horseradish peroxidase (HRP)-conjugated anti-mouse
(NA-931, GE Healthcare Bio-Sciences Corp., Piscataway,
NJ, USA) and HRP-conjugated anti-rabbit (p0217, Dako
North America Inc., Carpinteria, CA, USA). Platelet
endothelial cell adhesion molecule-1 (PECAM/CD31)
detection in skeletal muscle tissue using commercially
available antibodies often requires a signal amplification.
PECAM was detected using a mouse anti-rat CD31
(clone TLD-3A12, BD Pharmingen, Mississauga, Canada)
and successive incubations with a biotinylated rabbit
anti-mouse rat-adsorbed (BA-2001, Vector Laboratories,
Burlingame, CA, USA) and HRP-conjugated streptavidin
(no. 550946, BD Pharmingen, Mississauga, Canada).
Incubation without CD31 primary antibody was
performed to ensure signal specificity at 130 kDa
(Fig. 1B). Proteins were visualized using an enhanced

chemiluminescence procedure (sc-2048, Santa Cruz
Biotechnology). Quantification was carried out using NIH
Image 1.62 software.

Immunohistochemistry

Angiomotin was detected on 8 μm muscle frozen
sections after incubation with anti-angiomotin antibody
(same as for Western blotting) and a fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit antibody
(111-095-144, Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA). Capillaries were visualized
as previously described (Rivilis et al. 2002; Holmgren
et al. 2006), either after staining for alkaline phosphatase
activity using FAST BCIP/NBT tablets (Sigma-Aldrich)
or after incubation with biotinylated isolectin-B4 (L2140,
Sigma-Aldrich) and TRITC-conjugated streptavidin
(016-020-084, Jackson ImmunoResearch Laboratories).
Pictures were acquired using an Axio-Imager (Zeiss, Jena,
Germany) equipped with an AxioCam camera (Zeiss) and
analysed with Axio-Vision 4.5 software (Zeiss).

Statistical analyses

Statistical analyses were performed with Prism5 for Mac
OSX (v. 5.0). Data presented are mean ± S.E.M. One way
or two way ANOVA using the Newman–Keuls post hoc test
was applied and results were considered to be statistically
significant when P ≤ 0.05.

Results

Angiomotin expression in skeletal muscle

Staining of plantaris frozen sections showed that
angiomotin protein was expressed both in capillaries
(colocalization with isolectin-B4, arrowhead on Fig. 1A)
and skeletal myofibres (arrow on Fig. 1A). Fig. 1C and
D indicates that oxidative and slow-twitch soleus muscle
(SOL), respectively, expressed 40% and 55% more
angiomotin protein than the extensor digitorum longus
(EDL) and the plantaris muscles (PLA): 1.11 ± 0.11 in SOL
vs. 0.66 ± 0.14 in EDL (P ≤ 0.05) and vs. 0.50 ± 0.09 in
PLA (P ≤ 0.01). Figure 1B illustrates the specific detection
of the endothelial marker PECAM/CD31 protein in
skeletal muscle by Western blotting. Figure 1C and D
indicates that SOL respectively expressed 34% and 52%
more PECAM protein than EDL and PLA: 1.33 ± 0.09 in
SOL vs. 0.88 ± 0.04 in EDL (P ≤ 0.01) and vs. 0.64 ± 0.09
in PLA (P ≤ 0.001). Figure 1E shows that the expressions
of angiomotin and PECAM proteins were significantly
correlated in soleus, plantaris and extensor digitorum
longus muscles (r2 = 0.85, P ≤ 0.0001).
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Obesity and type-2 diabetes in sedentary animals

Table 1 evidences that a high fat diet (HFD) regime led
to a significant increased mean body weight in sedentary

rats (SED-HFD) when compared with animals fed with a
standard diet (SED-SD): 352 ± 9 vs. 271 ± 4 g, P ≤ 0.05).
The HFD regime also led to a significantly higher visceral
fat mass (mg (100 g)−1) in sedentary and trained animals

Figure 1. Angiomotin expression in rat skeletal muscle
A, immunofluorescence staining on plantaris muscle cryosections revealed that angiomotin protein is expressed
in both capillaries (stained for isolectin-B4) and skeletal myofibres (unstained) as respectively illustrated by the
arrowheads and arrows. Scale bar, 50 μm. B, PECAM/CD31 protein was detected in skeletal muscle by Western
blotting. Probing of the membrane without any primary antibody ensured the specificity of PECAM detection.
C, Western blot illustrating angiomotin and PECAM protein expression in extensor digitorum longus, plantaris
and soleus muscles. β-Actin protein detection was used as a loading control. D, densitometric analysis of PECAM
expression. Data are presented as means ± S.E.M. (n = 5/muscle type). Significantly different from soleus muscle:
∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001. E, linear regression between angiomotin and PECAM protein expression in
all muscles analysed (SOL, EDL, PLA). Abreviations: Amot, angiomotin; PECAM, platelet endothelial cell adhesion
molecule-1; EDL, extensor digitorum longus; PLA, plantaris; SOL, soleus.
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Table 1. Effect of high fat diet and exercise training on body weight and visceral fat tissue

Sedentary Trained

Regime SD HFD SD HFD

Body weight (g) 271 ± 4 352 ± 9∗ 342 ± 8∗ 333 ± 3∗

Visceral fat pads (g (100 g)−1) 5.9 ± 0.5 9.6 ± 0.7† 6.7 ± 1.2 8.3 ± 0.5†

High fat diet regime led to a significant higher mean body weight in sedentary animals (∗P ≤ 0.05). The
consequence of HFD regime was not observable when combined with exercise training. HFD regime led
to an increased visceral fat mass in both sedentary and trained HFD rats when respectively compared to
sedentary and trained SD animals (†P ≤ 0.05). Data are means ± S.E.M., n = 6 animals/group.

Table 2. Running distance, glycaemia and morphometric values in ZDF rats

Lean Sedentary ZDF Trained ZDF

Body weight (g) 303 ± 6 382 ± 14∗∗ 381 ± 6∗∗

Plantaris (mg (g body weight)−1) 0.95 ± 0.03 0.58 ± 0.03∗∗∗ 0.65 ± 0.03∗∗∗

EWAT (mg (g body weight)−1) 3.9 ± 0.8 9.7 ± 0.4∗∗∗ 9.0 ± 0.4∗∗∗

Glycaemia (mg dl−1) 133 ± 3 296 ± 42∗ 149 ± 19
Mean running distance after 42 days (km) n/a n/a 4.7 ± 0.4

Zucker Diabetic Fatty rats (ZDF) presented a higher mean body weight than Lean animals (∗∗P ≤ 0.005).
Plantaris muscle was atrophied in sedentary (n = 8) and trained (n = 8) ZDF rats when compared to Lean
(n = 9) animals (∗∗∗P ≤ 0.001). Epididymal white adipose tissue (EWAT) was significantly increased in
sedentary and trained ZDF rats when compared to Lean animals (∗∗∗P ≤ 0.001). Glycaemia (mg dl−1) was
significantly increased in sedentary ZDF rats when compared to Lean animals and trained ZDF (∗P ≤ 0.05).
Exercise training prevented any significant increase in glycaemia in trained ZDF rats when compared to
Lean animals. n/a: non applicable. Data are means ± S.E.M.

(respectively SED-HFD and TR-HFD) when respectively
compared to sedentary and trained animals fed with
a standard diet: 9.6 ± 0.7 in SED-HFD vs. 5.9 ± 0.5 in
SED-SD and 8.3 ± 0.5 in TR-HFD vs. 6.7 ± 1.2 in TR-SD,
P ≤ 0.05.

Table 2 shows that both sedentary and trained Zucker
Diabetic Fatty rats (SED-ZDF and TR-ZDF) presented
a higher mean body weight (382 ± 14 and 381 ± 6 g,
respectively) when compared to Lean animals (303 ± 6 g,
P ≤ 0.005) as well as a significantly increased epididymal
white adipose tissue (EWAT) mass (respectively 9.7 ± 0.4
and 9.0 ± 0.4 vs. 3.9 ± 0.8 mg g−1, P ≤ 0.001). Glycaemia
(mg dl−1) was significantly higher in sedentary ZDF rats
(296 ± 42 mg dl−1) when compared to Lean and trained
ZDF animals (respectively 133 ± 3 and 149 ± 19 mg dl−1,
P ≤ 0.05). Although trained TR-ZDF became obese,
exercise training prevented any significant difference
in glycaemia between these TR-ZDF rats and Lean
animals.

Exercise training and muscle oxidative capacity

COX-IV protein expression was determined in all
muscle samples as an indicator of oxidative capacity
improvement in response to exercise training (Sheehan
et al. 2004). Figure 2 shows that neither HFD-induced
obesity nor ZDF-induced obesity/diabetes affected

COX-IV protein expression: SED-SD (0.79 ± 0.03) vs.
SED-HFD (0.79 ± 0.06), TR-SD (0.99 ± 0.05) vs. TR-HFD
(1.04 ± 0.07), and Lean (0.98 ± 0.10) vs. SED-ZDF
(0.76 ± 0.07). In contrast, exercise training significantly
increased COX-IV protein expression in both models:
SED-SD vs. TR-SD (0.79 ± 0.03 vs. 0.99 ± 0.05, P ≤ 0.05),
SED-HFD vs. TR-HFD (0.79 ± 0.06 vs. 1.04 ± 0.07,
P ≤ 0.05), SED-ZDF vs. TR-ZDF (0.76 ± 0.07 vs.
1.01 ± 0.05, P ≤ 0.05).

Exercise training and skeletal muscle angiogenesis

Skeletal muscle capillarisation was estimated by
determining three parameters: PECAM protein
expression, the capillary density (CD) and the
capillary-to-fibre ratio (C/F) in all samples (Fig. 3). HFD-
induced obesity did not affected basal muscle
capillarisation and PECAM protein expression. In both
SD and HFD groups, programmed training significantly
increased PECAM expression respectively by 88%
(P ≤ 0.01) and 85% (P ≤ 0.001): SED-SD (0.28 ± 0.03)
vs. TR-SD (0.52 ± 0.02), SED-HFD (0.39 ± 0.06) vs.
TR-HFD (0.72 ± 0.09) (Fig. 3A and B). Capillary density
was also significantly increased in SD and HFD groups
by respectively 24% (P ≤ 0.001) and 25% (P ≤ 0.01):
SED-SD (280 ± 8) vs. TR-SD (349 ± 10,), SED-HFD
(308 ± 11) vs. TR-HFD (384 ± 10) (Fig. 3C). Similar
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increased were observed for the capillary-to-fibre ratio:
SED-SD vs. TR-SD (+24%, 2.01 ± 0.06 vs. 2.49 ± 0.07,
P ≤ 0.001), SED-HFD vs. TR-HFD (+24%, 2.20 ± 0.08
vs. 2.73 ± 0.07, P ≤ 0.001) (Fig. 3C).

Figure 2. Exercise training and muscle oxidative capacity
A, representative Western blots for COX-IV protein expression in
plantaris muscles from sedentary (SED) and trained (TR)
Sprague–Dawley rats fed with either standard (SD) or high-fat (HFD)
diets. β-Actin protein detection was used as a loading control. B,
densitometric analysis of COX-IV expression in the four experimental
groups (SED-SD, SED-HFD, TR-SD and TR-HFD). Data are presented as
means ± S.E.M. (n = 6 rats/group). Significant effect of exercise
training: ∗P ≤ 0.05. Significant differences: TR-HFD vs. SED-SD
(†P ≤ 0.05); TR-SD vs. SED-HFD (#P ≤ 0.05). C, representative Western
blots for COX-IV protein expression in plantaris muscles from sedentary
(SED) and trained (TR) Zucker Diabetic Fatty rats (ZDF), and sedentary
Lean. β-Actin protein detection was used as a loading control. D,
densitometric analysis of COX-IV expression in the three experimental
groups (n = 9 Lean, n = 8 SED-ZDF, n = 8 TR-ZDF). Data are presented
as means ± S.E.M. Significant effect of exercise training: ∗P ≤ 0.05.

In the ZDF model, obese and diabetic SED-ZDF rats
presented a lower PECAM protein expression than in Lean
rats (−60%, 0.051 ± 0.004 vs. 0.125 ± 0.015, P ≤ 0.01,
Fig. 3D and E) as well as a reduced basal capillarisation
(CD: −30%, 233 ± 12 vs. 329 ± 7, P ≤ 0.001; C/F:
−29%, 1.67 ± 0.07 vs. 2.33 ± 0.05, P ≤ 0.001, Fig. 3F).
Voluntary training significantly increased PECAM protein
expression in TR-ZDF rats compared to SED-ZDF (+70%,
0.087 ± 0.009 vs. 0.051 ± 0.004, P ≤ 0.05, Fig. 3D and E)
as well as muscle capillarisation (CD: +17%, 273 ± 13
vs. 233 ± 12, P ≤ 0.05; C/F: +24%, 2.08 ± 0.05 vs.
1.67 ± 0.07, P ≤ 0.001, Fig. 3F). However, both PECAM
protein expression and capillarisation remained lower in
TR-ZDF compared to Lean animals (PECAM: −31%,
0.087 ± 0.009 vs. 0.125 ± 0.015, P ≤ 0.05 (Fig. 3D and E);
CD: −17%, 273 ± 13 vs. 329 ± 7, P ≤ 0.01; C/F: −11%,
2.08 ± 0.05 vs. 2.33 ± 0.05, P ≤ 0.05, Fig. 3F).

Angiomotin expression in obese and non-obese
animals

All plantaris muscles from sedentary (SED) and trained
(TR) Sprague–Dawley rats fed with either a standard (SD)
or a high fat diet (HFD) expressed both p80 and p130
angiomotin isoforms (Fig. 4A).

Sedentary HFD rats significantly expressed more p80
(+97%) and p130 (+145%) than sedentary SD animals
(respectively 0.63 ± 0.06 vs. 0.32 ± 0.01, P ≤ 0.05; and
0.50 ± 0.07 vs. 0.20 ± 0.02, P ≤ 0.05, Fig. 4B). Expressions
of p80 and p130 angiomotin were differently affected by
exercise training in SD and HFD groups (Fig. 4A and B).
In SD rats, no change was detected for p130 angiomotin
(0.20 ± 0.02 in SED-SD vs. 0.25 ± 0.05 in TR-SD) whereas
p80 expression was significantly increased by 62% in
trained animals (0.32 ± 0.01 in SED-SD vs. 0.52 ± 0.08
in TR-SD, P ≤ 0.05). In contrast, exercise training did
not affect p80 expression in HFD rats (0.63 ± 0.06
in SED-HFD vs. 0.67 ± 0.05 in TR-HFD), whereas it
decreased p130 level by 59% (0.50 ± 0.07 in SED-HFD
vs. 0.21 ± 0.01 in TR-HFD, P ≤ 0.05).

Angiomotin response to voluntary exercise
in Zucker Diabetic Fatty rats

Expression of p80 and p130 angiomotin proteins was
analysed in plantaris muscles from sedentary Lean animals
as well as in sedentary (SED-ZDF) and trained (TR-ZDF)
ZDF rats (Fig. 4C and D). No significant variation was
observed for p80 angiomotin between Lean and SED-ZDF
(0.71 ± 0.01 vs. 0.90 ± 0.07). In contrast, p130 angiomotin
expression was 224% higher in SED-ZDF compared to
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Figure 3. Exercise training and skeletal muscle angiogenesis
A, representative blots for PECAM protein expression in sedentary (SED) and trained (TR) rats fed with standard
(SD) or high-fat (HFD) diets. B, densitometric analysis of PECAM expression. Data are presented as means ± S.E.M.
(n = 6 rats/group). Significant effect of exercise training: ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001. Significant differences: versus
SED-SD (†††P ≤ 0.001); versus TR-SED (¶¶P ≤ 0.01). C, quantitative measurement of capillary-to-fibre ratio
and capillary density in plantaris muscles from all above groups. Data are expressed as means ± S.E.M. (n = 6
rats/group). Significant effect of exercise training: ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001. Significant differences: versus SED-SD
(†††P ≤ 0.001); versus TR-SD (¶P ≤ 0.05); versus SED-HFD (##P ≤ 0.01). D, representative Western blots for
PECAM protein expression in plantaris muscles from Lean, sedentary (SED) or trained (TR) ZDF rats. β-Actin protein
detection was used as a loading control. E, densitometric analysis of PECAM expression. Data are presented
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Figure 4. Expression of angiomotin isoforms in
response to exercise training
A, representative Western blots for p80 and p130
angiomotin (Amot) protein expression in plantaris
muscles from sedentary (SED) and trained (TR)
Sprague–Dawley rats fed with either standard (SD) or
high-fat (HFD) diets. β-Actin protein detection was used
as a loading control. B, densitometric analysis of p80
and p130 expression in the four experimental groups
(SED-SD, SED-FHD, TR-SD and TR-HFD, n = 6
rats/group). Data are presented as means ± S.E.M.
Significant effect of exercise training: ∗P ≤ 0.05;
∗∗P ≤ 0.01. Significant differences: versus SED-SD
(†P ≤ 0.05; ††P ≤ 0.01); versus SED-SD (#P ≤ 0.05);
versus TR-SD (¶P ≤ 0.05). C, representative Western
blots for p80 and p130 angiomotin (Amot), as well as
p110 protein expression in plantaris muscles from Lean,
sedentary (SED) or trained (TR) ZDF rats. β-Actin protein
detection was used as a loading control. D,
densitometric analysis of p80, p110 and p130 proteins
in Lean, SED-ZDF and TR-ZDF. Data are presented as
means ± S.E.M. (n = 9 Lean, n = 8 SED-ZDF, n = 8
TR-ZDF). Significant effect of exercise training:
∗P ≤ 0.05; ∗∗∗P ≤ 0.001. Significantly different from
Lean: ††P ≤ 0.01; †††P ≤ 0.001.

as means ± S.E.M. (n = 9 Lean, n = 8 SED-ZDF, n = 8 TR-ZDF). Significant effect of exercise training: ∗P ≤ 0.05.
Significantly different from Lean: †P ≤ 0.05; ††P ≤ 0.01. F, quantitative measurement of capillary-to-fibre ratio and
capillary density in plantaris muscles from Lean, SED-ZDF and TR-ZDF. Data are expressed as means ± S.E.M. (n = 9
Lean, n = 8 SED-ZDF, n = 8 TR-ZDF). Significant effect of exercise training: ∗P ≤ 0.05; ∗∗∗P ≤ 0.001. Significantly
different from Lean: †P ≤ 0.05; ††P ≤ 0.01; †††P ≤ 0.001.
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Lean animals (0.64 ± 0.10 vs. 0.20 ± 0.01, P ≤ 0.01). As
previously observed in TR-HFD rats, p80 angiomotin was
not affected by exercise training in TR-ZDF compared to
SED-ZDF (0.86 ± 0.05 vs. 0.90 ± 0.07) whereas the p130
isoform was significantly decreased by 44% (0.36 ± 0.06

vs. 0.64 ± 0.10, P ≤ 0.05). Despite this significant decrease,
the p130 level remained 82% higher in TR-ZDF than in
Lean animals, although the difference was not significant.
The p110 protein was strongly and significantly increased
in TR-ZDF muscles by respectively 91% (P ≤ 0.001) and

Figure 5. Change in angiomotin p80/p130 ratio in response to exercise training
A, angiomotin isoforms ratio in sedentary (SED) and trained (TR) Sprague–Dawley rats fed with standard (SD)
or high fat (HFD) diets. Significant effect of exercise training: ∗P ≤ 0.05; ∗∗∗P ≤ 0.001. Significant differences:
TR-HFD vs. SED-SD (†††P ≤ 0.001); TR-HFD vs. TR-SD (¶¶P ≤ 0.01). Data are presented as means ± S.E.M. (n = 6
rats/group). B, p80/p130 ratio in sedentary Lean, sedentary (SED-ZDF) and voluntary trained (TR-ZDF) Zucker
Diabetic Fatty rats. Data are presented as means ± S.E.M. (n = 9 Lean, n = 8 SED-ZDF, n = 8 TR-ZDF). Significant
effect of exercise training: ∗∗P ≤ 0.01. Significantly different from Lean: †P ≤ 0.05; †††P ≤ 0.001. C, schematic
illustration of angiomotin p80/p130 ratio as a new indicator of muscle angio-adaptation.

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



4114 E. Roudier and others J Physiol 587.16

Figure 6. MYPT and IRS-1 activation
A, representative Western blots for phospho-MYPT on serine 853 in plantaris muscles from Lean, sedentary
(SED) or trained (TR) ZDF rats. β-Actin protein detection was used as a loading control. B, densitometric analysis
of phospho-MYPT protein expression. C, representative Western blots for phospho-IRS-1 on serine 636/639 in
plantaris muscles from Lean, sedentary (SED) or trained (TR) ZDF rats. αβ-Tubulin protein detection was used as a
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155% (P ≤ 0.001) when compared to SED-ZDF and
Lean samples (0.118 ± 0.004 in TR-ZDF, 0.062 ± 0.006
in SED-ZDF, and 0.046 ± 0.007 in Lean).

Angiomotin p80/p130 ratio in response
to exercise training

The ratio between p80 and p130 angiomotin isoforms
was significantly increased in response to exercise in all
conditions (SD, HFD and ZDF; Fig. 5A and B). The
p80/p130 ratio was increased in response to programmed
exercise by 36% in SD (1.62 ± 0.15 vs. 2.20 ± 0.34,
P ≤ 0.05) and by 148% in the HFD group (3.27 ± 0.21
vs. 1.32 ± 0.21, P ≤ 0.001, Fig. 5A). In our ZDF model,
obese and diabetic SED-ZDF rats expressed a 56%
lower p80/p130 ratio than Lean animals (1.61 ± 0.19
vs. 3.62 ± 0.12, P ≤ 0.001, Fig. 5B). Voluntary exercise
significantly increased this ratio by 78% between TR-ZDF
and SED-ZDF (2.85 ± 0.25 vs. 1.61 ± 0.19, P ≤ 0.01).
Despite such exercise-induced increase, the ratio remained
21% lower in obese but non-diabetic TR-ZDF compared
to Lean animals (P ≤ 0.05).

MYPT and IRS-1 phosphorylation and total
angiomotin level

Phosphorylated protein myosin phosphatase target
subunit-1 (MYPT) on residue threonine 853 and
insulin receptor substrate-1 (IRS-1) on serine residues
636/639 were measured by Western blotting (Fig. 6A–D).
Phospho-MYPT was increased by 124% in sedentary
ZDF (P ≤ 0.001) and by 50% in trained ZDF (P ≤ 0.01)
compared to Lean animals (respectively 0.86 ± 0.02 and
0.58 ± 0.03 vs. 0.39 ± 0.05, Fig. 6A and B). Exercise
training decreased phospho-MYPT by 33% in TR-ZDF
compared to SED-ZDF (P ≤ 0.001). Phospho-IRS-1
protein expression was higher in SED-ZDF than
in Lean animals (+48%, 1.11 ± 0.07 vs. 0.75 ± 0.15,
P ≤ 0.05, Fig. 6C and D). Exercise training decreased
phospho-IRS-1 protein expression by 40% (P ≤ 0.01)
in TR-ZDF (0.67 ± 0.06) and no significant difference
was observed between TR-ZDF and Lean animals.
Total angiomotin protein expression (sum of p80 +
p130 isoforms) was increased by 69% in SED-ZDF
(1.54 ± 0.10, P ≤ 0.01) and by 34% in TR-ZDF rats
(1.22 ± 0.10, P ≤ 0.05) compared to Lean animals
(0.91 ± 0.02) (Fig. 6G). Exercise training decreased by
32% total angiomotin expression in TR-ZDF (1.22 ± 0.10

vs. 1.54 ± 0.10, P ≤ 0.05). However, total angiomotin in
TR-ZDF remained 34% higher than in Lean animals
(P ≤ 0.05). Interestingly in ZDF animals, phospho-IRS-1,
phospho-MYPT and total angiomotin protein levels were
similarly reduced by exercise training (−40%, −33% and
−32%, respectively).

Discussion

The remarkable plasticity of the vascular network in
skeletal muscle must be tightly regulated in response to
physiological or pathological conditions to prevent either
excessive or insufficient capillarisation and to maintain an
optimal muscle function (Hudlicka et al. 1992; Birot &
Bigard, 2003). Angiomotin appears as an important actor
for in vivo angiogenesis as well as for the maintenance
of established vessels (Holmgren et al. 2006; Aase et al.
2007; Levchenko et al. 2008). Although initially described
in endothelial cells from tumours, angiomotin was also
identified in other cell types such as epithelial cells,
and in various healthy tissues such as skeletal muscle
and retina (Troyanovsky et al. 2001; Bratt et al. 2002;
Shimono & Behringer, 2003; Wells et al. 2006). To our
knowledge, the present study demonstrates for the first
time how angiomotin expression is regulated in skeletal
muscle in response to physiological and pathological
conditions. We confirmed angiomotin protein expression
in skeletal muscle and clearly identified its presence not
only in capillaries but also in myofibres. The platelet end-
othelial cell adhesion molecule-1 (PECAM) is a commonly
used marker for endothelial cells and capillaries. The
strong and significant correlation between angiomotin
and PECAM protein expression in soleus, plantaris and
extensor digitorum longus skeletal muscles suggests that
although not restricted to blood vessels, angiomotin
expression seems to represent a good indicator of skeletal
muscle capillarisation.

We investigated then whether angiomotin expression
was affected in plantaris muscle in response to end-
urance training, a well described physiological stimulus
for skeletal muscle angiogenesis (Hudlicka et al. 1992).
We found that exercise training significantly stimulated
p80 angiomotin expression by 62% in healthy female
Sprague–Dawley rats. Previous studies have shown
that p80 angiomotin strongly stimulated in vitro and
in vivo the migration of endothelial cells and thus
appeared as the main angiogenic isoform (Levchenko
et al. 2003; Holmgren et al. 2006; Aase et al. 2007;
Ernkvist et al. 2008). Together with our present data,

loading control. D, densitometric analysis of phospho-IRS-1 serine 636/639 protein expression. E, total angiomotin
expression (p80+p130) in Lean, SED-ZDF and TR-ZDF. Data obtained from densitometric analysis represented in
Fig. 4D. Data in all panels are presented as means ± S.E.M. (n = 9 Lean, n = 8 SED-ZDF, n = 8 TR-ZDF). Significant
effect of exercise training: ∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001. Significantly different from Lean: †P ≤ 0.05;
††P ≤ 0.01; †††P ≤ 0.001. F, potential mechanism by which exercise training might affect angiomotin/RhoA/ROCK
signalling pathway.
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these findings supported the idea that p80 angiomotin
could play an important role during exercise-induced
muscle angiogenesis. In accordance with this, the
efficiency of our exercise training protocol in enhancing
muscle capillarisation was determined by measuring
three capillary parameters: PECAM protein expression,
capillary density and capillary-to-fibre ratio. In healthy
Sprague–Dawley rats, exercise training significantly
increased all these parameters. In addition, training also
significantly increased COX-IV protein expression in
plantaris. Such protein measurement has previously been
shown to strongly reflect COX activity and mitochondrial
content (Sheehan et al. 2004).

Obesity and type-2 diabetes are pathological conditions
often associated with both vascular regression and
impairment for inducing skeletal muscle angiogenesis
(Rivard et al. 1999; Frisbee 2002; Frisbee et al. 2007).
Endurance training was recently shown to efficiently
blunt capillary rarefaction in skeletal muscle from obese
rats (Frisbee et al. 2006). We thus investigated whether
angiomotin response to exercise training still persisted
in obese rats. Female Sprague–Dawley rats developed
obesity when fed with a high-fat diet (HFD) as evidenced
in our study by the significant increase in visceral
fat tissue and body weight. Zucker Diabetic Fatty
(ZDF) rats progressively developed obesity and type-2
diabetes (Bergeron et al. 2006). Whereas our sedentary
ZDF rats became indeed obese and diabetic, voluntary
exercise training efficiently blunted diabetes development.
Our trained ZDF rats thus became obese but never
diabetic.

In HFD and ZDF animals, exercise training surprisingly
induced an opposite effect on angiomotin expression
compared to healthy SD animals. p80 angiomotin was
unaffected by exercise training in obese HFD and ZDF
rats, whereas p130 angiomotin expression was respectively
decreased by 59% and 44%. Such an effect was not
due to the sex of the animals as we observed the same
response in male ZDF and female Sprague–Dawley HFD
rats. This was also independent of the mode of training
as forced treadmill training and spontaneous voluntary
training both led to similar angiomotin regulation.
p130 angiomotin was recently shown to promote
vessel stabilization and maturation (Aase et al. 2007;
Ernkvist et al. 2008). Thus, we could speculate that any
decrease in p130 angiomotin expression could enhance
vessel destabilization, an indispensable key event of the
angiogenic process. Obese animals, unable to increase p80
expression in response to exercise, might instead decrease
their p130 level as an alternative mechanism to maintain
angiogenic ability in skeletal muscle.

Our hypothesis was supported by measuring plantaris
muscle capillarisation. PECAM expression, capillary
density and capillary-to-fibre ratio were not statistically
different between sedentary HFD and sedentary SD

Sprague–Dawley rats. Interestingly, exercise training
significantly and similarly increased these parameters in
both SD and HFD groups.

In contrast, we observed some capillary regression
in sedentary ZDF compared to sedentary Lean, as
evidenced by significantly lower PECAM expression,
capillary density and capillary-to-fibre ratio. In this
model, we decided then to investigate whether voluntary
exercise training could preserve muscle capillarisation in
ZDF animals. Interestingly, exercise training significantly
improved all three capillary parameters in trained ZDF
rats. However, PECAM expression, capillary density and
capillary-to-fibre ratio remained significantly lower in
trained ZDF compared to sedentary Lean animals. Inter-
estingly, this was perfectly associated with the changes in
p130 angiomotin expression. Sedentary ZDF expressed
more p130 than Lean rats. Despite a decrease in
response to exercise training, the p130 level remained
higher in trained ZDF compared to sedentary Lean
animals.

Altogether, our data suggest that exercise-induced
angiogenesis might require an increase of the ratio between
p80 and p130 isoforms. In healthy non-obese rats, this
was achieved through the increased expression of p80.
Such increase was impaired by obesity. However, the
exercise-induced decrease in p130 in obese rats seems
sufficient to increase the p80/p130 ratio and to preserve
exercise-induced angiogenic activity in muscle tissue. Such
a ratio might then represent a new indicator to estimate in
vivo skeletal muscle angio-adaptation. In contrast to what
we observed in response to exercise, it would be very inter-
esting to investigate whether any decrease in the p80/p130
ratio would enhance vessel stabilization or even lead to
some vascular regression. The potential implication of
angiomotin p80/p130 ratio in determining skeletal muscle
angio-adaptation is illustrated in Fig. 5C.

Modulation of the p80/p130 ratio during the angiogenic
process has already been described in mouse retina
(Ernkvist et al. 2008). Newborn mice present an avascular
retina and the capillary network immediately starts to
develop after birth (Fruttiger, 2002; Gerhardt et al. 2003).
Capillaries spread from the centre of the retina toward the
periphery within the first week post-birth. The angiogenic
activity is very intense as endothelial cells migrate to form
vessels and only p80 angiomotin was detected during this
period. At day 7 post-birth, the newly formed capillaries
at the surface of the retina stabilize and mature. At this
time, p80 angiomotin expression had decreased and p130
angiomotin was now detectable. In adult retina, only
p130 angiomotin was expressed (Ernkvist et al. 2008).
In addition to its stabilization role, this supports the
hypothesis that low levels of p130 are required to obtain a
maximal angiogenic activity.

Moreover in the study from Ernkvist and co-workers, a
specific band at 110 kDa was strongly detected at day 7 and
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then progressively decreased whereas p130 angiomotin
expression increased. The authors did not comment on
this p110 protein since it was unfortunately not cloned and
was unidentified. We also observed this p110 protein in our
ZDF rats. As we used a different anti-angiomotin antibody
(Wells et al. 2006) than Ernkvist and co-workers (Ernkvist
et al. 2008), we could speculate that p110 might represent
a transition isoform between p80 and p130 angiomotin.
Interestingly, p110 was significantly increased in response
to exercise training. The question of whether p110 protein
could represent a transition angiomotin isoform between
the decreasing p130 and the increasing p80 remains to be
answered, and furthers investigations will be needed to
address the issue.

Angiomotin p80 and p130 isoforms are both expressed
in tight junctions. However, the p80 isoform is specifically
expressed in lamellipodia while p130 is associated to stress
fibres (Bratt et al. 2005; Ernkvist et al. 2006, 2009). This
could explain each isoform specific function. Interestingly,
both p80 and p130 functions might require modulation
of RhoA and Rho-associated kinase (ROCK) signalling
(Ernkvist et al. 2009). By increasing RhoA activity in
lamellipodia, p80 enhances cell migration, whereas p130
controls cell shape and cell static adhesion by modulating
stress fibre formation also via a ROCK-dependent
mechanism (Bratt et al. 2005; Ernkvist et al. 2006).
Altogether these data suggest that both p80 and p130
could modulate the RhoA–ROCK signalling pathway.
Phosphorylation of myosin phosphatase target subunit-1
(MYPT) is a good indicator of ROCK activity (Kanda et al.
2006). Interestingly, MYPT is involved in cell migration
ability (Garcia et al. 1998; Somlyo et al. 2003). ROCK
inactivates MYPT by phosphorylation on Thr853, thus
leading to activation of myosin light chain MLC, favouring
in turn stress fibre formation (Matsumura et al. 2001). Any
decrease in angiomotin–RhoA–ROCK signalling would
then contribute to higher activated MYPT, lower activated
MLC, and stress fibre disorganisation. Total angiomotin
and phospho-MYPT were both higher in sedentary ZDF
than in Lean animals. Interestingly, exercise training
significantly lowered them both. The observed decrease
in total angiomotin expression was achieved by decreasing
p130 expression without altering the p80 level. This would
result in preserving p80 RhoA activity in the leading front
of migrating cells (Ernkvist et al. 2008). p130-mediated
ROCK activity would be decreased, thus disorganising
stress fibres. Altogether, such events would enhance end-
othelial cell migration ability.

One surprising finding in our study was the preservation
of normoglycaemia in spontaneously trained ZDF rats.
It was then very tempting to imagine that angiomotin
might also play a role in such an exercise training effect
via the RhoA–ROCK pathway. Phosphorylation of insulin
receptor substrate-1 (IRS-1) on serine residues inhibits its
function and could induce insulin resistance (White 2002).

Interestingly, ROCK has been identified as the kinase
responsible for IRS-1 phosphorylation on serine residues
636/639 in humans, equivalent to serine 632/635 in mouse
(Furukawa et al. 2005). Such phosphorylations were pre-
viously observed in skeletal muscle cells from patients with
type-2 diabetes, and shown to reduce the insulin-signalling
pathway (Bouzakri et al. 2003). Sedentary ZDF rats
expressed more phospho-(Ser636/639)-IRS-1 than Lean
animals. Interestingly, exercise training counteracted
IRS-1 phosphorylation in ZDF rats. As angiomotin
was also detected in myofibres, any decrease in its
expression level could prevent such IRS-1 inhibitory
phosphorylation, thus maintaining IRS-1 function and
glycaemia control.

We could then hypothesise that exercise training,
by reducing angiomotin expression in obese animals,
could inhibit the angiomotin–RhoA–ROCK pathways,
thus contributing to enhance endothelial cells’ migratory
ability and to preserve muscle insulino-sensitivity (Fig. 6F
illustrated such a potential mechanism).

In conclusion our study shows that angiomotin iso-
forms were differently affected by exercise training
between skeletal muscles from obese and non-obese
animals. As a new and original physiological concept,
we propose that the angiomotin p80/p130 ratio could
reflect skeletal muscle angio-adaptation. Such findings
are of high interest since they provide the first evidence
that angiomotin is tightly regulated in both healthy and
diseased tissues in response to a physiological stimulus. As
several anti-angiogenic therapeutic strategies are currently
under development to inhibit systemically or locally
angiomotin function, our results strongly reiterate the
necessity to better characterize angiomotin expression and
function in healthy tissues in order to prevent any harmful
side-effects arising from these therapeutic approaches.
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