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Exercise-induced vessel changes modulate arterial pressure (AP) in male spontaneously hypertensive rats (SHR). Vascular
endothelial growth factor (VEGF) is important for angiogenesis of skeletal muscle. The present study evaluated the time course
of VEGF and angiogenesis after short- and long-term exercise training of female SHR and Wistar Kyoto (WKY) rats, 8-9 weeks
(200-250 g). Rats were allocated to daily training or remained sedentary for 3 days (N = 23) or 13 weeks (N = 23). After training,
the carotid artery was catheterized for AP measurements. Locomotor (tibialis anterior and gracilis) and non-locomotor skeletal
muscles (temporalis) were harvested and prepared for histologic and protein expression analyses. Training increased treadmill
performance by all groups (SHR = 28%, WKY = 64%, 3 days) and (SHR = 141%, WKY = 122%, 13 weeks). SHR had higher
values of AP than WKY (174 + 4 vs 111 £+ 2 mmHg) that were not altered by training. Three days of running increased VEGF
expression (SHR = 28%, WKY = 36%) simultaneously with an increase in capillary-to-fiber ratio in gracilis muscle (SHR = 19%,
WKY = 15%). In contrast, 13 weeks of training increased gracilis capillary-to-fiber ratio (SHR = 18%, WKY = 19%), without
simultaneous changes in VEGF expression. Training did not change VEGF expression and capillarity of temporalis muscle. We
conclude that training stimulates time- and tissue-dependent VEGF protein expression, independent of pressure levels. VEGF
triggers angiogenesis in locomotor skeletal muscle shortly after the exercise starts, but is not involved in the maintenance of
capillarity after long-term exercise in female rats.
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Introduction

Aerobic exercise training promotes many adjustments
in skeletal muscle and the cardiovascular system. Some of
these include an increase in number and size of mitochon-
dria as well as an increase in oxidative enzyme activities.
To preserve the functional balance between metabolic
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demand and oxygen delivery, the skeletal and cardiac
muscles increase capillary density and/or capillary-to-fiber
ratio. The increased capillary network plays an important
role to improve aerobic capacity, facilitate oxygen trans-
port, conductance, and muscle extraction, therefore con-
tributing to increase maximal oxygen uptake and physical
performance (1). It has been shown that microcirculation
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can adapt very rapidly after exercise or electrical stimula-
tion in normotensive male rats (2-6). However, there is very
little information regarding whether gender or hyperten-
sion may alter this process.

Angiogenesis is a complex process mediated by sev-
eral metabolic alterations occurring during muscle activity
(7,8), increased levels and/or chronic administration of
angiotensin Il (2-4,9,10), mechanical factors linked to in-
creased shear stress (8,10), wall tension (8,10), hypoxia
(11), metalloproteinases (12), reactive oxygen species
(13), and several growth factors such as angiopoietin 1
and 2 (8,14), and the vascular endothelial growth factor
(VEGF). VEGF can be stimulated by several factors, in-
cluding hypoxia (7,8,11,15,16), nitric oxide (17-19), angio-
tensin Il (2-4), and arachidonic acid metabolites (20). There-
fore, it has been considered to be an ideal candidate to
regulate angiogenesis in physiological and pathological
situations (14-16,21,22).

Hypertension is an important risk factor for cardiovas-
cular disease with a major impact on morbidity and mortal-
ity (23), characterized by several skeletal muscle abnor-
malities including decreased vessel density, which could
contribute to the reduced aerobic capacity observed in
arterial hypertension (24,25). Hypertension-induced alter-
ations on skeletal muscle VEGF expression are not well
understood. Results from our laboratory have supported
the hypothesis that chronic regular aerobic exercise pro-
motes angiogenesis and structural changes in locomotor
muscles, contributing to improve physical capacity in nor-
motensive and hypertensive male animals (24,25).

There is no information regarding exercise adjustments
in female hypertensives. Since VEGF is an important fast
regulator of angiogenesis, we hypothesized that VEGF, by
triggering angiogenesis in the skeletal muscle, could be
one of the factors responsible for training-induced capillary
growth in female rats. In this paper, we report the pattern of
VEGF expression and microcirculatory responses in loco-
motor and non-locomotor skeletal muscles, which present
different metabolic rates and blood flow characteristics
during exercise.

Material and Methods

Animal surgery and experimental protocol

The Institutional Animal Care and Use Committee of
the Biomedical Science Institute, University of Sdo Paulo,
approved all surgical procedures and protocols used. The
animals were housed at the Animal Facilities of the Bio-
medical Science Institute and were given water and food
ad libitum. Forty-six female Wistar Kyoto (WKY) and spon-
taneously hypertensive rats (SHR) aged 2 months (200-

www.bjournal.com.br

425

250 g) were familiarized to treadmill running for 5 days (5-
10 min/day) before the beginning of training and then
randomly assigned to 3 days (group I, N = 23) or 13 weeks
(group Il, N = 23) of training protocols (T) or kept sedentary
(S). At the beginning of the protocols, all animals per-
formed maximal tests (26) and T groups were assigned to
run on the treadmill at 50-60% of maximal capacity, 1 h/day
for 3 days or 13 weeks. Maximal tests were repeated after
3 days (group 1), and after 6 and 13 weeks (group Il) in
order to re-adapt the velocity, thus maintaining the inten-
sity of training and to compare the efficacy of T vs S
protocols. Body weight and tail pressure were measured
throughout the study.

At the end of protocols, rats were anesthetized with a
mixture of ketamine, xylazine and acepromazine (0.7:0.2:
0.1, viv, 0.04 mL/kg, im). Animals were euthanized by an
overdose of anesthesia. Gracilis and tibialis anterior
muscles (locomotor) and temporalis muscle (non-locomo-
tor) were quickly removed. Half of each tissue was imme-
diately frozen in dry ice and the other half fixed (4%
paraformaldehyde immersion) for protein expression and
histological procedures.

Morphological analysis of vessel density

Fixed tissues were dehydrated with ethanol and xylol,
cut into 5-um thick sections and stained with hematoxylin
and eosin for morphometric analysis (25). Transverse
sections of skeletal muscle were analyzed with a light
microscope (200X magnification, H 500, Helmut Hund,
Wetzlar, Germany). Occurrence of capillaries (up to 12
pum) was analyzed on digitalized images (Sony CCD IRIS/
RGB color video camera model DXC-151A, Sony Elec-
tronics Inc., USA) from 10-15 microscopic fields/tissue
randomly chosen and quantified off line (Media Cybernet-
ics, Pro-Series 128 Capture Kit software, Image Plus,
USA) (24,25). Capillary density was reported as capillary-
to-fiber ratio.

Western blot analysis to detect the presence of VEGF
protein

Tibialis anterior and temporalis muscles (100 mg) were
homogenized and protein suspended in 0.1 M potassium
buffer (KPO,) for the Western blot procedure (3). In sum-
mary, 80 pg protein from each tissue and from kidney
(used as positive control) were separated on a 12% dena-
turing polyacrylamide gel. The gels were transferred to a
nitrocellulose membrane and blocked with 5% non-fat dry
milk (3). After blocking, blots were incubated with a mono-
clonal antibody to a peptide derived from the human VEGF
sequence (1:1,000 dilution, clone G143-850, Pharmingen,
BD Biosciences, USA) overnight at 4°C. Washed blots
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were incubated with goat anti-mouse secondary antibody
at a dilution of 1:10,000 (1 h) at room temperature and then
submitted to a luminal substrate (Santa Cruz Biotechnol-
ogy, USA) detection system. Membranes were exposed to
X-ray film (Fuji Medical, USA) for 2-3 min and developed.
The VEGF band intensity was quantified using a Scion
Image Beta 4.02 for Windows (Scion Corporation, USA),
and values were reported as a percent of the positive
control.

Statistical analysis

All values are reported as means + SEM. For each
muscle, vessel counts of all the selected fields were aver-
aged to a single vessel density/rat. Vessel density and
VEGF protein expression were evaluated using a two-way
ANOVA, with the Tukey as a post hoc test. For treadmill
performance through the experimental protocol, repeated
measures ANOVA was used. Differences were consid-
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ered to be significant at P < 0.05.
Results

The SHR group had higher arterial pressure from the
1st week (111 £ 2, 112 £ 2, 174 + 4, 166 £ 2 mmHg, for
WKYS, WKYT, SHRS, and SHRT, respectively; P < 0.05),
with no changes during the 3-day period. Training for 13
weeks also did not change the arterial pressure of any
group (118 £ 1,110+ 1,175+ 2, 168 + 2 mmHg, for WKYS,
WKYT, SHRS, and SHRT, respectively; P < 0.05).

Body weight of the 3-day groups did not change, but
significantly increased after 13 weeks (data not shown). As
shown in Figure 1, both 3 days and 13 weeks of training at
60% of physical capacity increased running distance on a
treadmill (WKY = +64 and +121%, SHR = +28 and +141%,
for 3 and 13 weeks, respectively; P < 0.05).

Western blot analysis showed that VEGF levels were
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Figure 1. Total distance (m) on treadmill during the training protocol. Left panels, 3 days (N = 23). Right panel, 13 weeks (N = 23). In
the 3-day protocol, the maximal test was done at the beginning and at the end of the protocol. In the 13-week protocol, the maximal
test was performed at week 0 and repeated at the 6th and 13th weeks. Data are reported as means + SEM for 46 rats. WKY = Wistar
Kyoto rats (N = 22); SHR = spontaneously hypertensive rats (N = 24). *P < 0.05 compared to sedentary rats at the same time; *P <

0.05 compared to week 0 (repeated measures one-way ANOVA).
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not different between sedentary WKY and SHR (Figure 2).
At the top of each panel there is an illustrative VEGF gel of
one rat, which is representative of each group. The densi-
tometry results (average of 6-7 animals) are presented at
the bottom of each panel. Training for 3 days increased
VEGF expression in locomotor skeletal muscle of both
WKY and SHR (36 and 28%, respectively; P < 0.05), but
not in non-locomotor skeletal muscle. Interestingly, the
quick training-induced increase in VEGF expression was
not maintained after 13 weeks of training in either of the
muscles analyzed, as shown in Figure 2 for locomotor and
non-locomotor muscles.

Figure 3 shows digitized images of microvessels from
locomotor and non-locomotor muscles taken from repre-
sentative rats of the 8 experimental groups. Three days or
13 weeks of running increased capillaries only in locomo-
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tor muscles of both WKY and SHR. Figure 4 presents the
quantitative data. Female SHR presented values of capil-
lary-to-fiber ratios and VEGF expression not different from
WKY in all muscles analyzed (Figure 2). Three days and
13 weeks of exercise on a treadmill significantly increased
vessel density in locomotor muscle of both WKY (15 and
19%) and SHR (19 and 18%). This response, however,
was not observed in the non-locomotor muscle (Figure 4).

Discussion

The main findings of this study are: 1) short-term exer-
cise training increased VEGF protein expression and
caused angiogenesis in both normotensive and hyperten-
sive female rats, but only in locomotor skeletal muscles; 2)
training-induced VEGF increase was not observed after

3 days
Locomotor skeletal muscle
1 2 3 4 5
VEGF =P - = SR T -

100
80

]
80
60
40
20 |j
0

§
i}
Non-locomotor skeletal muscle

1 2 3 4 5

VEGF =P --:“’ ==
100] -

i

% of control

% of control

&
60
40
20

0

13 weeks - Control
L1 wkys
WKYT
1 2 3 4 5
] sHRs
- e == SHRT
100
] T
80
60
40
20
0
1 2 3 4 5
[ N W
100
o]
80
60 T e
T T
40
20 \
0

Figure 2. Vascular endothelial growth factor (VEGF) in locomotor and non-locomotor muscles after 3 days (left panels) and 13 weeks
(right panels) of exercise. Top of each panel, Total protein (80 pg) from a single rat was loaded (illustrative). Lanes of each gel are as
follows: lane 1: positive control (mouse kidney); lane 2: WKYS; lane 3: WKYT; lane 4: SHRS; lane 5: SHRT. Bottom of each panel,
Quantitative densitometry of VEGF protein in pools of 6-7 rats/group after 3 days (left) or 13 weeks (right) in locomotor (upper panels)
and non-locomotor (lower panels) muscles. Data are reported as means + SEM for 6-7 rats in each group. WKY = Wistar Kyoto rats;
SHR = spontaneously hypertensive rats; S = sedentary rats; T = trained rats. *P < 0.05 compared to sedentary rats (two-way
ANOVA).
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Figure 3. Eosin-hematoxylin-stained muscle. The vessels appear black against gray skeletal muscle background. The figure shows
illustrative digitized images of microvessels from locomotor and non-locomotor muscles taken from sedentary rats or rats trained for 3
days and 13 weeks. Note the higher number of vessels in both trained groups, WKY and SHR, compared to sedentary ones, in
locomotor muscles. In contrast, there is no vessel density changes in non-locomotor muscles. WKY = Wistar Kyoto rats; SHR =
spontaneously hypertensive rats; S = sedentary rats; T = trained rats.
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Figure 4. Capillary-to-fiber ratio of rats in
locomotor and non-locomotor muscles after
3 days or 13 weeks of exercise. Data are
reported as means = SEM for 5-6 rats in
each group. WKY = Wistar Kyoto rats; SHR
= spontaneously hypertensive rats; S = sed-
entary rats; T = trained rats. *P < 0.05 com-
pared to sedentary rats (two-way ANOVA).
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chronic exercise although the angiogenic response per-
sisted.

Increased capillary network is an important local ad-
justment to facilitate tissue perfusion (8). Angiogenesis, by
increasing capillary exchange area, contributes to increased
blood flow and increased oxygen uptake (O, transport,
conductance and extraction), thus representing an essen-
tial adaptive response of skeletal muscle to exercise for
improvement of physical performance. Recently, Richard-
son et al. (1) demonstrated a good positive correlation
between quadriceps maximal O, extraction, maximal O,
conductance and uptake. The increased capillary density
was necessary to compensate for the prolonged metabolic
imbalance between metabolic requirement and tissue per-
fusion during exercise (1,8). Exercise-induced angiogene-
sis is a well-described response observed in several exer-
cised muscles such as tibialis anterior (2), soleus (25,27),
gastrocnemius (2,25,27), vastus lateralis (1), and cardiac
muscle (24,25) in male normotensive (1,2,24,25) as well
as hypertensive subjects (24,25). A report by our group
was the first to demonstrate that non-locomotor muscles,
such as the temporalis, did not respond to exercise as the
other skeletal muscles (25) in both normotensive and
hypertensive male rats. This supports the idea of a local
angiogenic response, conditioned by exercise. L-arginine
supplementation causes additional effects such as in-
creases in VEGF expression and in capillary-to-fiber ratio
on exercise-induced muscles of male rats (28). In the
present study, we extended our previous findings by show-
ing that locomotor muscles (not the temporalis) of normo-
tensive and hypertensive female rats also responded to
exercise with angiogenesis and increased VEGF expres-
sion. In addition, we showed that exercise-induced VEGF
expression was a transient response while increased cap-
illary bed was maintained chronically in females, a pattern
similar to that observed in male rats.

The process of physiological angiogenesis induced by
exercise is controlled by a number of mechanisms (14).
According to previous studies, factors like shear stress
(8,10), wall tension (8,10), nitric oxide (14,17-19,28), fibro-
blast growth factor (8), angiotensin Il (2-4,9), 20-HETE
(18), placental growth factor (8), hypoxia (7,8,10,11,15,16),
angiopoietin 1 (27), membrane metalloproteinases (12),
and VEGF (2-4,7,8,10,12,15,17,18,21) are effective mech-
anisms to trigger angiogenesis. Among these factors,
VEGF, a 45-kDa homodimeric glycoprotein mitogen, has
been considered to be an important regulator of angiogen-
esis in animals and humans (2-4,7,8,10,12,15,16,19) be-
cause it increases vascular permeability, promotes endo-
thelial cell proliferation and stimulates the in vivo formation
of new blood vessels (8,15,16). Several investigators have
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shown that VEGF mRNA and protein are involved in angio-
genesis induced after 7 days of electrical stimulation and 3
days of short-term exercise in normotensive male rats (2-
4,11,12,18,29) and humans (1,30-32), as observed in lo-
comotor muscles such as tibialis anterior, extensor digito-
rum longus, gastrocnemius, vastus lateralis (1,6,30-32),
and cardiac muscle (21). Indeed, we also showed that the
angiogenesis induced by electrical stimulation and exer-
cise is dependent on VEGF availability (2-4). The action of
VEGF was mainly mediated by two receptors: VEGF-R1
(Flt-1) and VEGF-R2 (Flk-1 or KDR). Although Flt-1 and
FIk-1 receptors bind VEGF with high affinity, Flk-1 plays a
more important role in VEGF-mediated endothelial cell
proliferation (14,27). Most of these studies, however, were
conducted in males or men.

In the present study, we extended the observation to
female WKY and SHR by showing that increased VEGF
expression was present only in locomotor muscles exhib-
iting higher capillarity following exercise. Our results showed
that increased VEGF expression after short term, but not
chronic exercise, suggested that an early response to
exercise triggers capillary formation thus increasing blood
flow, O, conductance and O, extraction. In the presence of
an already increased capillary formation, the expression of
VEGF returned to control levels. This observation confirms
the presence of a negative feedback mechanism for VEGF
response in female WKY and SHR rats, as proposed by
Richardson et al. (1) in humans. Indeed, Annex et al. (33)
have suggested that the expression of both mRNA and
VEGF protein induced by electrical stimulation is transient,
decreasing with time. There are few studies investigating
the role of VEGF and VEGF receptors after exercise train-
ing even in males. lemitsu et al. (34) reported that training
could revert the effects of aging on VEGF and VEGF
receptor expression. In a study on time course changes of
VEGF, VEGF receptors, and capillary density in male rats
submitted to femoral artery ligation and exercise, Lloyd et
al. (27) demonstrated the following changes: increased
VEGF after 1, 3 and 8 days, increased Flk-1 and Flt-1 after
3-8 days (which was accompanied by similar changes in
endothelial nitric oxide synthase mRNA expression) and
increased capillary density only after 12 days of ischemic
exercise, when both peptide and receptors were back to
control levels. They suggested that exercise training stimu-
lates high transient expression of both VEGF (early re-
sponse) and its receptors (next step) to trigger capillary
angiogenesis, which was maintained during the exercise
protocol. Unfortunately, we did not measure receptor ex-
pression in our experiments, but we did show that in-
creased VEGF protein expression in female WKY and
SHR was accompanied by angiogenesis after 3 days of
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exercise, butonly increased capillary density after 3 months.
On the basis of these results and the study by Lloyd et al.
(27), it is likely that in female WKY and SHR: 1) VEGF
receptor expression was increased shortly after or simulta-
neously with the peptide during the initial phase of exer-
cise, when gene expression changes are large (27); 2)
during the chronic phase, the coexistence of both in-
creased capillary bed and reduced gene activation could
attenuate the protein expression of VEGF, Flt-1 and Flk-1.
Therefore, our results support the proposition of Richard-
son et al. (1) of a negative feedback mechanism to reduce
VEGF (and VEGF receptors) expression in the presence
of increased capillary bed after 3 months of training. An-
other possible explanation for the late decrease of VEGF is
related to cellular adaptive responses associated with
exercise training. It has been shown that exercise-induced
VEGF expression is mediated by at least two other interde-
pendent mechanisms: direct stimulation by hypoxia-in-
duced factor-1 and indirect stimulation by NF-xB, which,
by changing the expression of the inducible form of cyclo-
oxygenase-2 and prostaglandin production, increases
VEGF levels (35). Experimental evidence showing that
chronic exercise decreases NF-xB (36) and increases
superoxide dismutase, but does not change hypoxia-in-
duced factor-1 (37), also suggested a decreased stimula-
tion for VEGF expression after training.

Our results in female WKY and SHR also suggest that
the training-induced VEGF response is independent of
pressure changes. Rarefaction or abnormal angiogenesis
is normally demonstrated in high-risk hypertensive pa-
tients or animals (38), but there are few studies evaluating
the levels of VEGF and its correlation with rarefaction/
angiogenesis in hypertension. By using VEGF plasma
levels as an index of angiogenesis (without measuring
capillary density), Felmeden et al. (38) have demonstrated
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