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Abstract

The protective effects of Brazilian propolis on capillary regression induced by chronically neuromuscular inactivity were
investigated in rat soleus muscle. Four groups of male Wistar rat were used in this study; control (CON), control plus Brazil-
ian propolis supplementation (CON + PP), 2-week hindlimb unloading (HU), and 2-week hindlimb unloading plus Brazilian
propolis supplementation (HU + PP). The rats in the CON + PP and HU + PP groups received two oral doses of 500 mg/kg
Brazilian propolis daily (total daily dose 1000 mg/kg) for 2 weeks. Unloading resulted in a decrease in capillary number,
luminal diameter, and capillary volume, and an increase in the expression of anti-angiogenic factors, such as p53 and TSP-1,
within the soleus muscle. Brazilian propolis supplementation, however, prevented these changes in capillary structure due to
unloading through the stimulation of pro-angiogenic factors and suppression of anti-angiogenic factors. These results suggest
that Brazilian propolis is a potential non-drug therapeutic agent against capillary regression induced by chronic unloading.

Keywords Muscle atrophy - Capillary regression - Oxidative stress - Brazilian propolis - Hindlimb unloading - Anti-

angiogenic factors

Introduction

The capillary network in skeletal muscle changes in response
to physiological or pathological conditions. An increase in
muscle activity, such as exercise [1, 2], and electrical stimu-
lation [3] contribute to angiogenesis, while a decrease in
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neuromuscular activity, such as muscle unloading [4-7]
and cast immobilization [8], and some diseases, such as
cancer cachexia [9] and diabetes [10—12], leads to capillary
regression.

Hindlimb unloading (HU) is a well-established rodent
model of hypokinesia and hypodynamia [13] and results
in capillary regression, especially within a muscle having
a high percentage of slow oxidative fibers, such as the rat
soleus muscle [4—7]. Various authors have reported that
HU induces a decrease in the size and number of capillaries
within the unloaded soleus muscle [14, 15]. These altera-
tions have been attributed to a loss of endothelial cells due
to apoptosis [7].

A chronic decrease in neuromuscular activity induces oxi-
dative stress within the unloaded skeletal muscle. Oxidative
stress has been reported to play a role in the upregulation of
negative angiogenic regulators, such as thrombospondin-1
(TSP-1). Anti-angiogenic TSP-1 acts as angiogenic inhibi-
tor through its anti-proliferative and pro-apoptotic effects
[16-19]. The essential role of TSP-1 in capillary regres-
sion has been reviewed by Olfert et al. [20]. TSP-1 is also a
key participant in capillary regression within the rat soleus
muscle induced by HU [4]. Muscle capillarity is tuned
by pro-angiogenic signaling, such as vascular endothelial
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growth factor (VEGF). Pro-angiogenic VEGF plays a role
in angiogenesis, stimulating the formation of new vascular
networks by recruiting and promoting the differentiation of
endothelial cells [21]. Additionally, under the condition of
muscle unloading, increased VEGF has a positive effect on
angio-protection within the skeletal muscle [5, 15]. Taken
together, these data suggest that pro- and anti-angiogenic
factors are associated with the protection or progression of
capillary regression observed in unloaded skeletal muscle.

In earlier studies, we found that supplementation with
an antioxidant was an effective strategy to prevent capillary
regression within unloaded muscle, with the effect achieved
through modulation of the imbalance between pro- and anti-
angiogenic factors [5, 6, 22]. Propolis, a substance produced
by bees from the resin collected from trees and shrubs,
has long been used as a non-drug therapeutic agent. It has
various physiological and pathological properties, such as
antivirus, antibacterial, antitumorigenesis, and antioxidant
effects [23]. Brazilian propolis contains flavonoids and cin-
namic acid derivatives, both of which have been revealed to
possess powerful antioxidant effects [24—26]. Therefore, we
hypothesized that the administration of Brazilian propolis
to hindlimb unloaded rats would attenuate oxidative stress
within the unloaded muscle, resulting in protection of the
associated capillary regression associated with muscle atro-
phy. The aim of this study was to investigate the effects of
propolis supplementation on capillary regression within the
soleus muscle of the hindlimb-unloaded rat.

Materials and methods
Experimental design

Twenty-eight adult male Wistar rats (age 13 weeks; Japan
SLC, Hamamatsu, Japan) weighing between 250 and 300 g
were randomly divided into four groups: (1) control (CON),
(2) control plus propolis supplementation (CON + PP), (3)
hindlimb unloading (HU), and (4) hindlimb unloading plus
propolis supplementation (HU +PP). HU in the rats in the
HU and HU + PP groups was obtained by tail suspension
for 2 weeks, as previously described [13]. Briefly, after a
string was fixed to the tail with tape, a swivel hook was
placed through the string just distal to the tip of the tail. The
hindquarters were suspended by the tail just high enough to
prevent any weight bearing of the hindlimbs on the floor of
the cage. The forelimbs were allowed to maintain contact
with the floor of the cage, and the suspended rats had access
to water and food ad libitum. All rats were housed individu-
ally in an isolated chamber maintained at room temperature
(22+2 °C) under a 12:12-h light—dark cycle. This study was
approved by the Institution Animal Care and Use Committee
and adhered to the Kobe University Animal Experimentation
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Regulations (Kobe, Japan). All experimental and animal care
procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Labora-
tory Animals (National Research Council, Washington DC;
1996).

Propolis supplementation

Brazilian propolis (Yamada Bee Farm, Okayama, Japan)
diluted by 5% arabic gum-containing solution was adminis-
tered orally by a feeding needle twice a day (500 mg/kg, with
a 6-h interval between the two supplements; total daily dose
1000 mg/kg) for 2 weeks to the rats in the CON + PP and
HU 4+ PP groups. The rats in the CON and HU groups were
treated similarly with a 5% arabic gum-containing solution
without propolis. The non-toxicity of diet supplementation
with 1000 mg/kg/day of Brazilian propolis had been con-
firmed in a preliminary 28-day toxicity test performed by
the supplier (Yamada Bee Farm), thereby supporting our
use of this dose to study disuse-induced capillary regression.

Muscle preparation

At the end of the experimental period, the rats were anaes-
thetized deeply by inhalation of 2% isoflurane gas via an
anesthetic mask. For the histological and biological meas-
urements, the left soleus muscle was removed and excess
fat and connective tissue cleaned off, following which it
was weighed, mounted on cork, and rapidly frozen in dry
ice-cooled acetone. To visualize the three-dimensional cap-
illary architecture of the soleus muscle, we examined the
right soleus muscle using a confocal laser scanning method
as described previously [7, 27, 28]. Briefly, a catheter was
inserted into the right iliac artery, and 0.9% physiological
saline containing heparin (1000 IU/I) at 37 °C was injected
to wash out the intravascular blood and induce maximal vas-
odilation. A contrast medium ( 8% gelatin solution contain-
ing 1% fluorescent material) was then injected. After reflux
with 50 ml of a contrast medium, the right ankle joint was
held in a maximum plantar-flexion position and the entire
right hindlimb was quickly immersed into ice-cooled saline.
After 15 minutes, the right soleus muscle was removed and
excess fat and connective tissue cleaned off; the right soleus
muscle was then mounted on cork, and rapidly frozen in dry
ice-cooled acetone, as described for the left soleus muscle.
All frozen samples were stored at — 80 °C until subsequent
analyses.

Histological analyses
The mid-belly of the left soleus muscle was mounted

onto a specimen chuck using Tissue-Tek OCT compound
(Sakura Finetechnical, Tokyo, Japan), and transverse



The Journal of Physiological Sciences (2019) 69:223-233

225

sections (thickness 12 pm) were cut on a cryostat microtome
(CM3050S; Leica Microsystems, Heidelberg, Germany).

The transverse sections were stained for alkaline phos-
phatase (AP) to visualize capillaries; the sections were incu-
bated in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium for 45 min at 37 °C and fixed with 4% paraform-
aldehyde. The capillary-to-fiber (C/F) ratio was determined
by counting capillaries and myofibers on each cryosection
using microscopic images of AP staining.

In situ detection of reactive oxygen species (ROS) gen-
eration was evaluated with the fluorescent probe dihydro-
ethidium (DHE) which detects oxidative stress by emitting
light following its interaction with O, to form oxyethidium.
DHE is cell permeable and interacts with nucleic acids to
emit a light-red color that is detectable qualitatively by fluo-
rescent microscopy (model BX51; Olympus, Tokyo, Japan).
This staining method in skeletal muscle tissues has been
applied in previous studies [5, 22]. Briefly, the transverse
sections (thickness 10 um) were incubated with 5 X 1076
mol/l DHE (Wako Pure Chemicals, Osaka, Japan) for 30 min
at 37 °C in the dark box, following which the sections were
rinsed with phosphate-buffered saline (PBS; 37 °C) and
observed under a fluorescent microscope equipped with a
filter (excitation at 545 nm). The fluorescence intensity was
determined by the fluorescence area fraction using gray scale
analysis in five images per muscle. All measurements were
performed using Image J software program (National Insti-
tutes of Health [NIH], Bethesda, MD, USA).

Immunohistochemical staining and terminal
deoxynucleotidyl transferase-mediated dUTP
nick-end labeling in situ labeling

The sections (thickness 10 um) were fixed in 4% paraformal-
dehyde for 10 min and blocked in 3% bovine serum albumin
in PBS and 3% hydrogen peroxide in methanol for 30 min
at 37 °C. They were then washed twice for 10 min in PBS,
followed by incubation with dystrophin polyclonal antibody
(1:400 dilution; Genentech, San Francisco, CA, USA) for
1 h at room temperature, then by incubation with DyLight
488-coupled secondary antibody (1:1000 dilution; Jackson,
West Grove, PA, USA). The sections were viewed under a
fluorescence microscope (model BX51; Olympus), and the
fiber cross-sectional area in the left soleus muscle was deter-
mined. Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) was performed to detect
apoptotic endothelial cells within the soleus muscle using
in situ apoptosis detection kit (Takara, Tokyo, Japan). The
sections (thickness 10 um) were immunohistochemically
stained for cluster of differentiation 31 (CD31) monoclonal
antibody (1:400 dilution; Genentech, San Francisco, CA,
USA) using the same procedure described above to identify
endothelial cells. In the reaction with DyLight 549-coupled

secondary antibody (1:1000 dilution; Jackson, West Grove,
PA, USA) for CD31, the TUNEL regent was also incubated
as described in the manufacturer’s instructions. The stained
sections were examined by fluorescence microscopy. The
number of TUNEL-positive endothelial cells (yellow) was
determined on each section of the soleus muscle.

Three-dimensional architecture of the capillary
network

The capillary volume and luminal diameter within the right
soleus muscle were determined by confocal laser scanning
microscopy (model TCS-SP; Leica Microsystems) with an
argon laser (488 nm). This three-dimensional (3D) imag-
ing was performed as previously described [7, 12, 15, 27].
Briefly, the longitudinal 100-um-thick sections were scanned
to a depth of 50 pm at a slice thickness of 1 pm. Stacking in
50-slice file was converted into digital images in order to vis-
ualize the 3D architecture of the capillary network. Finally,
the capillary volume (X 1072 mm?*/mm?®) was measured in a
3D image (250 %250 x 50 pm, length X width X depth), and
the capillary luminal diameter (um) was measured using the
Image J software program (NIH, Bethesda, MD, USA).

Western blot analysis

A portion (approx. 20 mg) of each left soleus muscle was
homogenized in RIPA lysis buffer containing 1 mM Na,VO,,
1 mM NaF, and protease inhibitor cocktail (1:100; P8340;
Sigma-Aldrich, St. Louis, MO, USA). The total protein con-
centration of the supernatants was determined according to
Bradford [29] using the protein assay kit of Bio-Rad Labo-
ratories (Hercules, CA, USA). The proteins were loaded
(20 pg/lane) and separated on a 12.5% sodium dodecyl sul-
fate—polyacrylamide gel, then blotted onto polyvinylidene
difluoride membranes, and blocked for 1 h with 5% skimmed
milk in PBS with Tween 20 (PBST). The membranes were
incubated using antibodies against superoxide dismutase 1
(SOD-1; 1:200 in PBST; catalog no. sc-8637, Santa Cruz
Biotechnology, Dallas, TX, USA), VEGF (1:200 in PBST;
catalog no. sc-7269, Santa Cruz Biotechnology), or p53
(1:200 in PBST; catalog nu. sc-98; Santa Cruz Biotechnol-
ogy) overnight at 4 °C, then incubated in a solution with
horseradish peroxidase (HRP)-conjugated anti-goat (1:10000
in PBST) or HRP-conjugated anti-mouse (1:10000 in PBST)
for 1 h. The proteins were detected using the EZWestLumi
one enhanced chemiluminescence solution (ATTO, Tokyo,
Japan). Finally, images were analyzed with the LAS-1000
(Fujifilm, Tokyo, Japan) chemiluminescent image analyzer
and quantified using the Multi-Gauge Image Analysis Soft-
ware program (Fujifilm) against the relative concentration of
B-actin (1:1000 in PBST; catalog no. sc-47778; Santa Cruz
Biotechnology) as an internal control.
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Quantitative PCR analysis

Total RNA was extracted from approximately 10 mg of each
left soleus muscle using an extraction kit (QuickGene RNA
tissue kit SII; Fujifilm). Reverse transcription was carried
out using the high-capacity cDNA archive kit (Applied
Biosystems, Foster City, CA, USA), and cDNA samples
were stored at —20 °C until use. Expression levels of TSP-1
(Rn01513693_m1) were quantified by TagMan Gene
Expression Assays (Applied Biosystems). Each TagMan
probe and primer set was validated by performing a quantita-
tive real-time PCR with a series of cDNA template dilutions
to obtain standard curves of threshold cycle time against
relative concentration using the housekeeping gene 18S as
an internal standard. All samples and non-template control
reactions were performed in a 7500 Fast Sequence Detection
System (Applied Biosystems).

Statistical analysis

All values are expressed as mean + standard error of the
mean. Overall significant differences between the four exper-
imental groups were determined using one-way analysis of
variance followed by Tukey post hoc tests to determine
specific group differences. Statistical significance was set
at P<0.05.

Results

Body and soleus muscle weight and muscle fiber
cross-sectional areas

Absolute body weight was significantly lower in the HU
and HU + PP groups than in the CON and CON + PP
groups; similarly, both absolute and relative soleus muscle
weight were significantly lower in the HU and HU + PP
groups than in the CON and CON + PP groups. In addi-
tion, the relative muscle-to-body weight in the HU + PP

group was significantly higher than that in the HU group
(Table 1). The fiber cross-sectional area (FCSA) of soleus
muscle was significantly decreased in the HU and HU + PP
groups compared to the CON and CON + PP groups. There
was no significant difference in FCSA between the HU and
HU + PP groups (Table 1).

The C/F ratio

The representative images of soleus muscle stained for AP
are shown for each group in Fig. la—d. The C/F ratios in
the HU and HU + PP groups were significantly lower than
those in the CON and CON + PP groups (Fig. 1e). How-
ever, the C/F ratio in the HU + PP group was significantly
higher than that in the HU group (Fig. le).

Capillary volume and luminal diameter

The representative confocal laser scanning microscopic
images of 3D capillary architecture in each group are
shown in Fig. 2a—d. The capillary network in the longitu-
dinal section of the soleus muscle appeared to be less com-
plex in the HU group (Fig. 2c) than in the CON (Fig. 2a),
CON + PP (Fig. 2b), and HU + PP (Fig. 2d) groups. The
mean capillary diameter and volume in the HU group were
significantly lower than those in the CON, CON + PP, and
HU + PP groups (Fig. 2e, f).

The frequency distribution of capillary luminal diame-
ter in the HU (Fig. 3¢) group was shifted towards capillar-
ies of smaller diameter compared with the CON (Fig. 3a),
CON + PP (Fig. 3b), and HU + PP (Fig. 3d) groups. The
percentage of capillaries with a diameter of < 2.5 pm,
through which red blood cells can pass [30], increased to
a high value in the HU group (17.5%) compared with the
other groups (CON 4.3%, CON + PP 3.9%, HU + PP 4.9%;
Fig. 3a—d).

Table 1 Body weight, soleus

. Study groups? Body weight (g) Soleus muscle abso-  Soleus muscle weight/ Fiber cross-
mus.cle weight, and fiber cross- lute weight (mg) body weight (mg/100 g)  sectional area
sectional area 2

(m”)
CON 295+3 116 £2 39.4+0.9 3,029+ 159
CON +PP 288+1 115+2 39.7+£0.9 3,242+ 54
HU 256 +5%F 56 +2%F 21.9+0.4%7 1,226 +44*}
HU+PP 253 £ 4%F 62+ 1%F 24.5+0.5%f% 1,427 +53%}

Values in table shown as the mean =+ standard error of the mean (SEM)

*, %, and % indicate a significant difference from the CON, CON +PP, and HU groups, respectively, at

P<0.05

4CON Control group, CON + PP control plus propolis supplementation group, HU hindlimb unloading
group, HU + PP hindlimb unloading plus propolis supplementation group

@ Springer



The Journal of Physiological Sciences (2019) 69:223-233

227

Fig. 1 Transverse sections from each group (a CON, b CON+PP, ¢
HU, d HU +PP) stained for alkaline phosphatase (AP). e The capil-
lary-to muscle fiber (C/F) ratio of the soleus muscle. CON Control
group, CON + PP control plus propolis supplementation group, HU
hindlimb unloading group, HU + PP hindlimb unloading plus propo-

'L"éﬁ,ui%'-: .

2 ,J‘l-

Fig.2 Representative confocal laser scanning microscopic images of
the three-dimensional (3D) capillary architecture of the soleus mus-
cle of a rat in the CON (a), CON+ PP (b), HU (c¢), and HU +PP (d)
groups. Scale bar: 100 pm. e, f Mean capillary luminal diameter (e)

ROS production and SOD-1 protein levels

Intracellular ROS production was measured by DHE

E 37

*T%
==

N
1

*T

C/F ratio

-
1

CON CON+PP HU HU+PP

lis supplementation group. Scale bar: 100 pm. Values are shown as
the mean (bars) =+ standard deviation of the mean (SEM; error bars).
The asterisk (*), dagger (), and double dagger () indicate a signifi-
cant difference from the CON, CON+PP, and HU groups, respec-
tively, at P <0.05

E ES'
1
CON CON+PP HU HU+PP
F 15+
£ t
S £ 101 s
EE = ? T
3b 5 *
il 1

CON CON+PP HU HU+PP

and capillary volume (f) in the soleus muscle of each group. Values
are shown as the mean (bars)+SEM (error bars). The asterisk (*),
dagger (1), and double dagger (i) indicate a significant difference
from the CON, CON + PP, and HU groups, respectively, at P <0.05

fluorescence in the nucleus. The representative images of
the soleus muscle stained with DHE in each group are
shown in Fig. 4a—d. DHE fluorescence in the HU group
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Fig.3 Frequency distribution of capillary luminal diameter in the
CON (a), CON+PP (b), HU (c), and HU+PP (d) groups. Arrows
indicate the median of capillary diameter

was significantly higher than that in the CON, CON + PP,
and HU + PP groups (Fig. 4e). The value in the HU + PP
group was consistently similar to that in the CON and
CON + PP group.

The protein level of the primary cellular enzymatic anti-
oxidant SOD-1 was determined by western blotting. The
expression level of SOD-1 protein was significantly higher
in the HU group than in the CON, CON + PP, and HU + PP
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groups, whereas the level in the HU + PP group did not differ
from that in the CON and CON + PP groups (Fig. 4f).

Protein expression level of p53 and mRNA
expression level of TSP-1

The protein expression level of p53, one of anti-angiogenic
factors, was significantly increased in the HU group com-
pared with the CON group, while the value in the HU + PP
group was maintained at the CON level (Fig. 5a). Similarly,
the mRNA expression level of TSP-1, one of the anti-angi-
ogenic factors tested, was significantly increased in the HU
group compared with the other groups, while the expression
level in the HU 4 PP group was maintained at the CON level
(Fig. 5b).

Protein expression level of VEGF

The expression level of VEGF protein, one of the pro-angio-
genic factors tested, in the HU group did not differ from that
in the CON group. However, the level in the HU + PP group
was significantly higher than that in the HU group (Fig. 6).

Apoptosis of endothelial cells

Apoptosis of endothelial cells was identified by staining with
TUNEL and CD-31 on transverse section of soleus muscle.
The representative images of TUNEL-positive endothe-
lial cells were shown in the Fig. 7a—c. The frequency of
TUNEL-positive endothelial cells in the HU group was
significantly higher than that in the CON, CON + PP, and
HU + PP groups, and the value in the HU + PP was main-
tained at the CON level (Fig. 7d).

Discussion

The novel findings of this study are that the administration
of Brazilian propolis prevented both overexpression of ROS
due to a chronic decrease in neuromuscular activity and cap-
illary regression by suppressing anti-angiogenic signaling
and stimulating pro-angiogenic signaling within the atro-
phied soleus muscle. Based on these results, we suggest that
Brazilian propolis treatment is an effective therapy for capil-
lary regression in the chronically unloaded skeletal muscle.

The capillary network in skeletal muscle is susceptible
to structural changes in response to various conditions. Pre-
vious studies have reported that neuromuscular inactivity
results in not only a reduction of capillary number [4, 14],
but also a decrease in capillary luminal diameter and vol-
ume within the unloaded soleus muscle [5, 7, 15]. Addition-
ally, capillaries with a diameter < 2.5 pm, through which
erythrocytes can pass [30], were observed more frequently
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Fig.6 Mean levels of vascular endothelial growth factor (VEGF) pro-
tein expression in the soleus muscles of each group. Values are shown
as the mean (bars) + SEM (error bars). The asterisk (*), dagger (),
and double dagger (f) indicate a significant difference from the CON,
CON + PP, and HU groups, respectively, at P <0.05

in unloaded skeletal muscle than in the skeletal muscle of
grounded rats. This result indicates that unloading increases
dysfunctional capillaries within the skeletal muscle. Taken
together, these results are consistent with those observed in
the present study.

Oxidative stress is increased within an unloaded muscle
due to an overproduction of ROS [31-33]. Additionally,
oxidative stress associated with unloading has been shown
to participate in the pathophysiology of capillary regres-
sion within the skeletal muscle, as shown in studies using
antioxidant treatment [5, 22]. Therefore, we also investi-
gated oxidative stress in the present study. As a marker for
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Fig. 7 Microscopic images of
the soleus muscle stained with
cluster of differentiation 31
(CD31; a) and terminal deoxy-
nucleotidyl transferase-medi-
ated dUTP nick-end labeling
(TUNEL; b); ¢ merged images
of a and b. Scale bar: 50 pm.
Arrowheads indicate TUNEL-
positive endothelial cells. d
Mean number of the TUNEL-
positive endothelial cells of the
soleus muscle in each group.
Values are shown as the mean
(bars) + SEM (error bars). The
asterisk (¥), dagger (), and
double dagger (i) indicate a
significant difference from

the CON, CON + PP, and HU
groups, respectively, at P <0.05
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oxidative stress, we examined DHE fluorescence intensity
and SOD-1 protein expression within the unloaded soleus
muscle [5, 22, 34]. Our results show that HU enhanced
both DHE fluorescence intensity and SOD-1 protein
expression, thereby reflecting increased oxidative stress
within the unloaded soleus muscle, which is consistent
with the findings of earlier studies [5, 22, 34]. Oxidative
stress increases protein expression of transcriptional factor
p53 [35], known as a tumor suppressor protein [36]. p53
plays a key role in regulating various signaling pathways to
maintain skeletal muscle health [37]. It has been reported
that the increase in p53 protein expression induces
endothelial cell apoptosis and then suppresses angiogen-
esis [38, 39]. Indeed, p53 protein expression has been
found to increase within the unloaded soleus muscle [40].
Roudier et al. demonstrated that HU-related p53 protein
expression participates in capillary regression by upregu-
lating TSP-1 protein expression [4], leading to endothelial
cell apoptosis. However, Roudier et al. also reported that
p53 does not play a role in the decreased VEGF protein
expression in response to unloading [4]. The results of our
present study on the expression of these proteins are con-
sistent with those reported by Roudier et al. [4]. In addi-
tion, in a review of the literature, Olfert et al. found that
capillary regression depends on increasing TSP-1 expres-
sion but not on decreasing VEGF expression [20]. Our
present results clearly suggest that HU-induced oxidative
stress leads to capillary regression via the upregulation of
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p53 and its downstream TSP-1 expression, with support
provided by our observation of increased endothelial cell
apoptosis, as expressed in TUNEL-positive endothelial
cells within the unloaded soleus muscle.

Antioxidants can be regarded as countermeasures for
disuse-induced microangiopathy. Results from earlier
studies suggest that supplementation with anti-oxidative
food components could attenuate disuse-induced capillary
regression [5, 22]. Brazilian propolis contains a variety
of bioactive components and possesses many biologi-
cal and pharmacological properties [23], and it has been
used since ancient times as a non-drug therapeutic agent.
Brazilian propolis also has antioxidant activity due to its
content of flavonoids [24] and cinnamic acid derivatives
[25, 26]. Our study of the effects of Brazilian propolis on
unloading-induced oxidative stress revealed that Brazil-
ian propolis suppressed the ROS production observed in
DHE fluorescence intensity and SOD-1 protein expression
studies within the unloaded soleus muscle to near con-
trol levels. These results suggest that Brazilian propolis
bestows protective effects on unloading-induced oxida-
tive stress within the muscle. We also found that Brazil-
ian propolis attenuated the unloading-induced changes in
anti-angiogenic factors and capillary architecture within
the skeletal muscle. These results are in agreement with
those reported in our previous studies [5, 22] in which we
used the powerful antioxidant astaxanthin, leading use to
presume that Brazilian propolis administered daily into
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disused muscle exhibits antioxidant and resultant vascular
protective effects equivalent to those with daily antioxidant
astaxanthin supplementation. Antioxidant treatment has
been found to attenuate the p53-related anti-angiogenic
pathway through scavenging ROS [41, 42]. Some of the
components of Brazilian propolis have been reported to
be associated with angio-protective effects via modulation
of oxidative stress [43, 44]. Therefore, the prevention of
capillary regression by Brazilian propolis observed in the
study can likely be explained by the regulation of oxidative
stress and related negative angiogenic regulators, such as
p53 and TSP-1. This notion is supported by the observa-
tion of the suppression of endothelial cell apoptosis within
the unloaded muscle treated with Brazilian propolis.

We observed an increase in VEGF protein expression
within the unloaded muscle treated with Brazilian propolis.
Decreased VEGF expression may have little involvement in
capillary regression [20], but increased VEGF expression
prevents unloading-induced capillary regression [15, 22].
Thus, Brazilian propolis may prevent capillary regression by
increasing pro-angiogenic VEGF protein expression, which
is a novel effect of Brazilian propolis. However, further
investigations are needed to clarify the underlying mecha-
nism in Brazilian propolis-related VEGF protein expression
observed in the present study.

Anti-tumorigenic effects of Brazilian propolis have
been demonstrated in various cancers in both animal and
in vitro models [45—47]. The anti-tumorigenic effect can be
explained mainly by the pro-apoptotic [48] and anti-angio-
genic activities [49] of the active components in Brazilian
propolis. In the present study, however, we found that Bra-
zilian propolis did not induce endothelial cell apoptosis or
capillary regression within the soleus muscle of rats treated
with or without HU, which seems to suggest a role for
endothelial cytoprotection in skeletal muscle. These results
may indicate that Brazilian propolis exerts both pro- and
anti-apoptotic effects depending on cellular status. Addition-
ally, an in vitro toxicological study of Brazilian propolis
by Xuan et al. showed that a high concentration of Brazil-
ian propolis increases ROS production and p53-dependent
apoptosis in human umbilical vein endothelial cells but that
a low concentration decreases both processes [50]. This
result means that Brazilian propolis has both pro-cytotoxic
and anti-cytotoxic activity depending on its concentration.
In our study, we administered a daily oral dose of Brazilian
propolis of 1000 mg/kg to rats for 2 weeks; the safety of this
dose in terms of toxicity and frequency of administration
had been confirmed in preliminary in vivo experiments by
the manufacturer. Therefore, our results support the possi-
bility that Brazilian propolis acts as an anti-cytotoxic agent
within the soleus muscle. However, we did not investigate
the dose-dependent effects of Brazilian propolis on capillary

regression in disused muscle. Further studies are needed to
clarify this issue.

In conclusion, the results of our study indicate for the
first time that the administration of Brazilian propolis has
protective effects on the capillary regression that accom-
panies chronic muscle unloading. The angio-protective
effects of Brazilian propolis may be attributed its bioac-
tive components which lead to a suppression of the anti-
angiogenic pathway and stimulation of the pro-angiogenic
pathway. Therefore, Brazilian propolis seems to be a non-
drug therapeutic agent that is applicable to the treatment of
skeletal muscular angiopathy that occurs in various situa-
tions, such as bed rest, cast immobilization, diabetes, and
cancer cachexia.

Conclusion

In conclusion, we found that Brazilian propolis supple-
mentation was an effective treatment to attenuate capil-
lary regression in soleus muscle associated with prolonged
mechanical unloading. Our results suggest that Brazilian
propolis can be administered as a therapeutic interven-
tion for the treatment of skeletal muscle angiopathy due
to disuse-induced muscle atrophy.
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