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Introduction
Age advance induces morphological and physiological
changes that can be noticed and understood over time in
various biological systems. Among the changes that occur in
the neuromuscular system, we can mention sarcopenia
(reduction of muscle mass) and dynapenia (loss of muscle

strength).1,2 In addition, it is possible to note changes that
also affect the vascular system,3,4 where the loss of muscle
mass over time causes a decrease in blood capillary density,
compromising the transport system and altering important
biochemical processes responsible for maintaining muscu-
lar endurance. Thus, plenty of evidence seek to bring
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Abstract Introduction It is indicated that aging reducesmuscular vascularity. Thus, strategies that
aim to reverse or decrease the progression of these changes are suggested. Therefore, the
present study aimed to analyze the blood capillary density of the plantaris muscle (PL) of
aged rats submitted to strength training and exogenous testosterone use.
Methods A total of 30 rats were divided equally into the following groups: EA:
20 months old; OLD: 24 months old; OLD þ S: testosterone; ST: strength training; and
ST þ S: strength training þ testosterone. Strength training was performed 3 times a
week for 15 weeks. Testosterone administration was performed by the intraperitoneal
method 2 times a week at a dose of 10mg/kg. All of the morphological parameters
were analyzed using morphoquantitative techniques.
Results A significant increase in the capillaries numerical density of the OLD þ S and
ST þ S groups. The OLD þ S and ST þ S groups demonstrated a higher ratio of capillaries
per myofiber than the EA, OLD and ST groups. The OLD and ST groups had a higher ratio
than the EA group. The OLD þ S, ST and ST þ S groups presented a statistically significant
increase in the cross-sectional area in the type I fibers when comparedwith the EA andOLD
groups. However, the ST group showed a significant increase compared with the OLD
group. In type IIfibers, the STandST þ Sgroups showedagreater cross-sectional area than
the EA group. As for the mean cross-sectional area, the ST and ST þ S groups presented
significantly larger areas than the other groups.
Conclusion Anabolic steroid administration is crucial to increase the blood capillary
density of the plantarismuscle of old rats, independently of the effects of strength training.
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strategies to minimize the effects associated with biological
aging.5,6

In an attempt to delay or mitigate these changes, physical
training has been cited as a fundamental strategy tomaintain
functional capacity.7 Aerobic training is an excellent strategy
for the cardiovascular adaptations, since, over time, blood
vessels lose elasticity, capillary diameter, and endothelial
function, and also present a reduced blood capillaries/mus-
cle fiber ratio.8–10 However, strength training also provides
benefits, such as increased muscle mass, concomitantly with
muscular strength. However, little is known about adapta-
tions that may occur in the vascular system from muscles
submitted to strength training. Recently, Krause Neto et al11

have shown that vascularization of different types of skeletal
muscles in middle-aged rats may undergo inversely propor-
tional adjustments. According to Hudlicka et al,12 this con-
troversial information can be linked to the stimulus that each
type of exercise can make possible the different particula-
rities of muscle fibers.

Studies show that the hormone testosterone has an
important impact in the vascular system functions, such as
a reduction in the proportion of atheroma plaques in the
aorta, indicating a direct action of the hormone in the
endothelial tissue.13,14 When combined with strength train-
ing, testosterone may present a potent impact over the
cardiovascular system, by increasing the proportion of capil-
laries in the heart of rodents.15 Therefore, if aging can lower
the ratio of capillaries tomyofibers as previouslymentioned,
strength training in conjunction with testosterone may
become an alternative to avoid decreasing blood capillary
density in old age.

Therefore, the aim of the present study was to analyze the
blood capillary density of the plantarismuscle of agedWistar
rats submitted to strength training associated with exogen-
ous testosterone.

Materials and Methods

These procedures were authorized by the Committee on
Ethics in Animal Use (Protocol 001/2013) of the Universidade
São Judas Tadeu (USJT, in the Portuguese acronym).

Division of Animals
Wistar rats (rattus norvegicus), aged 20 months, were
divided into the following groups: EA: control at 20 months
old (n ¼ 6); OLD: control at 24months old (n ¼ 6); OLD þ S:
control at 20 months old who received administration of
exogenous testosterone (n ¼ 6); ST; animals submitted to
strength training (ST) protocol (n ¼ 6); ST þ S: animals
submitted to strength training protocol in conjunction
with exogenous testosterone administration (n ¼ 6).

During the experiment, the animals were kept in poly-
propylene boxes (a maximum of three animals each) pro-
vided with a drinking fountain and a feeder, kept under
controlled conditions of temperature (22°C) and illumina-
tion (12 hours of light and 12 hours of darkness). All of the
rats were fed commercial reference feed for rats andwater ad
libitum.

Strength Training
The ST protocol was performed during the active period of
the animal (nocturnal), by reversing the light-dark cycle of
the experiment room. The ladder climbing (LC) equipment
was built in wood with iron steps, 110 cm in height, 80° of
inclination, and with a distance of 2 cm between each step.

To adapt the animals to the equipment, each rodent
climbed the ladder three times, starting from three distinct
positions (upper third,middle, and base). The animals had no
aid or reward to climb the equipment, taking a minute
interval between each climb. If necessary, a touch was given
on the tail of the rodent to start the climbingmovement. This
process was conducted for five sessions, Monday through
Friday, without any additional burden attached to the tail of
the rodent. After this period, the animals of all of the groups
underwent the maximum carrying load test (MCLT) to
determine the training loads.

The MCLT was performed according to the one proposed
by Deus et al16 and adapted by Krause Neto et al.17 In this
case, each animal had to climb the ladder as many times as
possible from a given initial load, adding a new percentage to
each attempt. Thus, the protocol was conducted as follows:
(1) each animal was previously weighed and the relative
loads were calculated; (2) each rodent climbed the ladder
twice, without any additional load, with a 1 minute interval
between each climb; (3) initial testing load calculated from
50% of the body weight (BW) of the animal and (4) subse-
quent increases of 10% of the BW for each successful climb-
ing. The test was conducted until the animal was unable to
climb the ladder for at least two consecutive trials (failure).
Between each attempt, the animal was allowed 2 minutes of
recovery.

After theMCLT, the ST and ST þ S groups underwent an ST
protocol 3 times a week for 15 weeks (45 sessions). For this,
we used the protocol previously described by Harris et al.18

In the first training session, the rats climbed the ladder twice
with the following loads: 50, 75 and 100% MCLT. An increase
of 30 grams was made from the 6th consecutive climb if the
animal could climb the ladder twice with 100%. For this, the
rodent was able to climb the ladder twomore times, totaling,
at the end, eight maximum climbs. In the subsequent ses-
sions, the training load percentages (50, 75 and 100%) were
calculated from the new maximum load reached in the
previous session. However, if the animal did not complete
the protocol with eight maximum climbs, the same loads
were maintained for the next training session. Between each
climb, each rodent took an interval of 2 minutes.

For the increase of loads, we used lead weights attached
by amusket and adhesive tape, tied to the proximal region of
the tail of the animals (►Fig. 1).

Anabolic Steroid
For the present study, we used the PERINON anabolic steroid
(Laboratório Perini, São José, SC, Brazil) in an ampoule bottle
with 100 ml containing 200mg/20ml of testosterone pro-
pionate (TP). The dosage used was 10 mg/kg/BW/week.
Previous data from our laboratory demonstrated significant
muscle hypertrophy and low level of hepatic side effect with
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this dosage.11,19 The animals were weighed every week to
recalculate the dosage applied.

The administration of TP was performed by intraperito-
neal injection, twice weekly (always on Tuesdays and Fri-
days), starting from the 1st day of the experiment, in the
OLD þ S and ST þ S groups, during 15 weeks. The animals
received the injections from the age of 20months old, shortly
after the MCLT, until the scheduled date for the euthanasia.

Euthanasia, Collection and Preparation of theMaterial
for Analysis
The animals were euthanized by the CO2 inhalation method.
After the euthanasia, we removed the plantaris muscle (PL),
whose choice was due to the predominance of muscle fiber
typology (type II) and action during the climbing exercise.

An incision in the posterior portion of the right knee of the
animal up to the ankle was performed to expose the PL
muscle, then it was cryopyzed in liquid nitrogen and kept at
-80° C until the analysis.

For the analysis of tissue quality and general morphology,
7μm of the tissue was sectioned in a cryostat at - 20°C and
prepared with hematoxylin and eosin (H&E) (►Fig. 2).

For the analysis of the typology of the muscle fiber, we
used staining with Nicotinamide adenine dinucleotide tetra-
zolium reductase (NADH-TR) through tissue section in a
cryostat at -20°C, incubation of the slides for 40 minutes at
37°C in a solution containing 8 mg of NADH, 10 mg of Nitro
Blue Tetrazolium (NBT) and 0.2 M of Tris buffer (pH 7.4). The
material was then washed in 30%, 60%, and 90% increasing
acetone p.a, then returned to 60% and 30%. Finally, it was
assembled into Jeli glycerin (►Fig. 3).

Morphoquantitative Analysis
The stereological study was applied using the physical dis-
sector technique and the ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). This program allowed us
to estimate the numerical density of capillaries (NV[CAP])
and of muscle fibers (NV[MYOFIBERS]). We calculated the
number of capillaries per frame, and the number of muscle
fibers (excluding those touching the upper and left side of the
image) and the ratio of capillaries per muscle fibers (RATIO
[CAPILLARIES/MYOFIBER]) were calculated by dividing the
total number of capillaries of the frame by the relative
number of field muscle fibers. For this procedure, 20 images

Fig. 1 Illustrative image of the ladder climbing equipment (A) with load attached to the tail (yellow arrow) of the rodent during the period of
strength training (blue box, B).

Fig. 2 Cross-sectional area of plantaris muscle stained with hema-
toxylin and eosin (H&E). I 100x magnification.
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of each group with a final magnification of 100x were used
(►Fig. 4).

For the morphometry, 30 photographs of each group
with a final magnification of 400x were analyzed. The
measurements were made in the Axiovision software ver-
sion 4.8 (Carl Zeiss, Oberkochen, Germany) coupled to a
light microscope (Carl Zeiss, Oberkochen, Germany). In
each slide, it was possible to measure the cross-sectional
area (μm2) of type I (oxidative) and II (glycolytic) muscle
fibers (►Fig. 5).

Statistical Analysis
Data are presented by mean and standard deviation [SD].
For the statistical comparison between the different groups,
two-way analysis of variance (ANOVA) (post hoc Tukey) was
used. For statistical calculations, IBM SPSS Statistics for

Windows, Version 21.0 (IBM Corp., Armonk, NY, USA) was
used and the level of significance was set at p � 0.05.

Results

The analysis of the numerical density of capillaries showed a
significant difference between the groups (F ¼ 8.718;
p ¼ 0.0001). It was observed that there was a statistically
significant increase (p� 0.05 ) in NV[CAP] of theOLD þ S and
ST þ S groups in relation to the EA, OLD and ST groups
(p < 0.05), without any statistical difference between both
groups(►Fig. 6).

In►Fig. 7, NV[MYOFIBERS] by fieldwas statistically lower
in the ST group compared with in the EA group (p < 0.05).
ST þ S group showed less muscle fibers per field than the EA
and OLD groups (p < 0.05).

Fig. 3 Cross-sectional area of the plantaris muscle with Nicotinamide
adenine dinucleotide tetrazolium reductase (NADH-TR) staining. 200x
magnification.

Fig. 4 Cross-sectional area of the plantaris muscle of Wistar rats with hematoxylin and eosin staining. (A) image with a magnification of 100x,
used for the quantification of the numerical density of capillaries and muscle fibers; (B) image with magnification of 400x to confirm the
positioning of the blood capillaries (yellow arrows).

Fig. 5 Illustrative image of the Nicotinamide adenine dinucleotide
tetrazolium reductase (NADH-TR) labeling of the type I (dark) and II
(clear) myofibers of the plantaris muscle. 400x magnification.
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Regarding the ratio [CAPILLARIES/MYOFIBER] (►Fig. 8),
the OLD þ S and ST þ S groups demonstrated a higher
number of capillaries by muscle fiber than the EA, OLD and
ST groups (F ¼ 3.423; p ¼ 0.0001). Still, the OLD and ST
groups had a higher ratio than the EA group (p <0.05).

The OLD þ S, ST and ST þ S groups presented a statisti-
cally significant increase (p � 0.05) in the cross-sectional
area in the type I fibers when comparedwith the EA and OLD
groups (F ¼ 9.894; p ¼ 0.0001). The ST group showed a
significant increase compared with the OLD group
(p < 0.05). In type II fibers, the ST and ST þ S groups showed
a greater cross-sectional area than the AE (F ¼ 4.817;
p ¼ 0.001). As for the mean cross-sectional area (►Fig. 9),
those of the ST and ST þ S groups were significantly larger
than those of the other groups (F ¼ 7.832; p ¼ 0.0001).

Discussion

Our study presented some interesting results: (1) there was
no significant reduction of blood capillary density among the
aged control groups, despite the higher ratio of capillaries/
myofibers in the plantaris muscle; (2) testosterone admin-
istration influenced morphological response (NV[CAP], ratio
[CAPILLARIES/MYOFIBER] and muscle hypertrophy) in all of
the groups, with and without ST.

In relation to aging, our results demonstrate a minimal
and not significant morphological alteration, which is in line
with other studies already published in the literature.20,21

Muscle blood capillarity is determined partly by the muscle
size and metabolic profile, then by the predominance of
muscle fiber type.22,23 Thus, the muscular characteristics

Fig. 6 Numerical density of capillaries (NV[CAP]) of the plantaris muscle of aged Wistar rats: 20 months of age (EA), 24 months of age (OLD),
24 months of age þ steroid (OLD þ S), strength training (ST) and strength training þ steroid (ST þ S). (a) represents significant difference
versus EA; (b) represents significant difference vs OLD, (d) represents significant difference versus ST; F¼ 8.718; p ¼ 0.0001.

Fig. 7 Numerical density of myofibers (NV[MYOFIBERS]) per field of plantaris muscle of aged Wistar rats: 20 months old (EA), 24 months old
(OLD), 24 months old þ steroid (OLD þ S), strength training (ST), and strength training þ steroid (ST þ S). (a) represents significant difference
versus EA; (b) represents significant difference versus OLD; F¼ 6.974; p ¼ 0.002.
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maydirectly influence the type of adjustment to be expected.
Frontera et al24 showed that the capillary density decreases
in the quadriceps femoris muscle over time. However, Chi-
libeck et al25 and Coggan et al26 demonstrated no significant
change in the blood capillary density of the gastrocnemius
muscle between young and elderly groups. However, Chili-
becket al25 also demonstrated that young and old groups had
similar VO2 kinetics, muscle capillarization, and estimated
O2 diffusion distances. Desaki et al27 suggested that capil-
laries from the fast-twitch extensor digitorum longus (EDL)
muscle decreased over more advanced age. According to
Desaki et al,28 muscle capillarity can be reduced or even
degenerate and/or be destroyed during advanced age. So far,
the comparison between our data and the available literature
demonstrated that, if the skeletal muscle capillarity profile
were influenced by the aging process, it would just occur at
very late ages in muscles with a predominance of fast-twitch
myofibers. In addition, Muller-Delp et al29 investigated the

hypothesis that aging results in increased vasoconstrictor
responses of skeletal muscle resistance arterioles. The
authors suggested that aging does not result in a nonspecific
decrease in vasoconstrictor responsiveness of skeletal mus-
cle arterioles. Rather, aging-induced adaptations of vasor-
eactivity of resistance arterioles appear to be limited to
mechanisms that are uniquely involved in the signaling of
the myogenic response.

Hagerman et al30 showed no significant difference in the
blood capillary density of the vastus lateralis muscle of
elderly people who trained to voluntary failure. However,
Krause Neto et al11 demonstrated that ST may not influence
vascularity adjustments in the fast-twitch EDL muscle.
According to Chilibeck et al,25 capillarization and VO2

kinetics during exercise of a muscle group (lateral gastro-
cnemius) accustomed to everyday activity (walking) are well
maintained in old individuals. Coggan et al26 explained that
capillary density may be similar between young and old

Fig. 8 Ratio of capillaries per muscle fibers (RATIO[CAPILLARIES/MYOFIBERS]) of the plantaris muscle of aged Wistar rats: 20 months old (EA),
24 months old (OLD), 24 months old þ steroid (OLD þ S), strength training (ST), and strength training þ steroid (ST þ S). (a) represents
significant difference versus EA; (b) represents significant difference versus OLD, (d) represents significant difference versus ST; F ¼ 12.007;
p ¼ 0.0001.

Fig. 9 Mean cross-sectional area (μm2) of the plantaris muscle of aged Wistar rats: 20 months old (EA), 24 months old (OLD), 24 months
old þ steroid (OLD þ S), strength training (ST), and strength training þ steroid (ST þ S). (a) represents significant difference versus EA; (b)
significant difference versus OLD; Among groups: F ¼ 7.832; p ¼ 0.0001.
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athletes because master athletes present 34% larger type I
fibers. Thus, the survival of the muscle fiber type present in
the skeletal muscle determines the maintenance of the
oxidative enzymatic profile and, consequently, the capil-
lary-to-fiber ratio.26 However, the type of training might
influence the expected adaptation. Dimauro et al31 studied
the effects of high-intensity short-duration swimming train-
ing and anabolic steroid treatment on the medial gastro-
cnemiusmuscle of female rats. The authors showed that only
swimming training but not anabolic steroid treatment
resulted in significant increases in the number of capillaries
surrounding type I and IIamyofibers. However, physiological
dosages of androgenic anabolic steroids (AAS) may not be
sufficient to induce muscle hypertrophy.

In the present study, we have demonstrated that testoster-
one administration influenced directly the adjustment of the
vascular system in the capillary volumedensity of both groups
treatedwith androgens. However, few studies investigated the
effects of testosterone administration on the capillary density
volume. Modulation of endothelial cell growth and function is
a potentialmechanismof androgen actions. Data from isolated
vessels andanimalmodels suggest that pharmacological doses
of testosterone, or its potent intracellular metabolite dihydro-
testosterone (DHT), produce vasodilation.32Cai et al33demon-
strated that androgens (DHT and testosterone) produced a
time- and dose-dependent induction of cell proliferation in
primary human aortic endothelial cells (HAECs), as evidenced
by increases in viable cell number andDNA biosynthesis. Also,
their study showed that DHT induced androgen receptor (AR),
cyclinA andD1, andvascular endothelial growth factor (VEGF)
gene expression in a dose- and time-dependent manner,
indicating that the DHT effects are mediated via AR. Results
of various studies suggest that testosterone can also alter
vascular tone through both endothelium-dependent and
endothelium-independent mechanisms in a variety of vascu-
lar beds and vessel types.32 In addition, the endothelium-
dependenteffectsof testosteroneare likelymediatedat least in
part through nitric oxide (NO) elaboration, whereas the
mechanisms of endothelium-independent effects involve
one or more types of smooth muscle ion conductance chan-
nels. These data explain, at least in part, the results obtained in
the present study.

Skeletal muscle response might vary depending on the
intervention applied and on the type of skeletal muscle
analyzed.11 Kovacheva et al34 showed that cross-sectional
area (CSA) from the gastrocnemius muscle increased in both
fast-twitch muscle fibers after anabolic steroid administra-
tion by suppression of myostatin and enzyme c-Jun N-
terminal kinase (JNK). Nonetheless, it seems clear that
hypertrophic response to anabolic steroid is dose-depen-
dent, and that higher dosages of androgens might trigger
greater muscle hypertrophy gains and capillary density
increase. Griggs et al35 demonstrated that testosterone
increases muscle mass by increasing protein synthesis.
Strength training is also great to reduce the rates of muscle
loss and increase muscle strength, being as effective as
testosterone to increase the gene expression of myofibers
of several growth factors and the synthesis of newproteins.36

Several studies demonstrated that a combination of ST and
anabolic steroids weremore effective tomuscle hypertrophy
than each intervention alone.37,38 This fact is explained by a
more potent interaction with ARs after both treatments.39

However, we did not show a significant difference in muscle
hypertrophy between the two groups. This fact can be
explained by the training volumes (number of climbs þ load
by climbing), which were possibly similar in both groups.17

Conclusion

Although it is accepted that vascularity decreases during
aging, the conflicting results found in the literature may be
related to the sample number adopted in the research, to the
type of intervention applied, to the different muscle groups
used in each study, and also to the types of analyses adopted.

Through the results obtained in the present study, it was
concluded that the administration of testosterone was cru-
cial for the increase of capillary density and muscular
hypertrophy of the groups with and without ST.
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