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tions. A positive effect was observed in the h-TR group regard-
ing the relaxation response to ACh and circulating adipocyto-
kines, resulting in increased NO production and reduced ROS 
generation. Exercise restored the ObR protein expression 
only in the femoral artery.  Conclusion:  Aerobic exercise train-
ing ameliorated the inflammatory adipocytokines and re-
stored the relaxation responses in the corpus cavernosum 
and femoral artery in rats on a high-fat diet. 

 © 2017 S. Karger AG, Basel 

 Introduction 

 Erectile dysfunction has been recognized as an early 
signal for cardiovascular diseases because the penile vas-
cular bed is a sensitive indicator of systemic vascular dis-
eases  [1] . Obesity is considered a significant independent 
risk factor for erectile dysfunction, and its prevalence is 
projected to increase beyond the obesity rates  [2] . Previ-
ous studies have shown that lifestyle changes improve 
erectile dysfunction in obese men  [3] , and our laboratory 
has systematically shown that exercise training amelio-
rates the relaxation response of the rat corpus caverno-
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 Abstract 

  Background:  The aim of the present study was to evaluate 
different signaling pathways by which exercise training 
would interfere in endothelial function in obesity. Therefore, 
we examined adipocytokine levels and their receptors in the 
corpus cavernosum and femoral artery from trained rats on a 
high-fat diet.  Methods:  Functional experiments were per-
formed in control sedentary and trained rats, and sedentary 
(h-SD) and trained male Wistar rats on a high-fat diet (h-TR). 
Nitric oxide (NO) and reactive oxygen species (ROS) were eval-
uated in vascular tissue. Circulating adipocytokines and their 
receptors were analyzed.  Results:  In the h-SD group, the max-
imal responses to acetylcholine (ACh) were reduced in the 
femoral artery and corpus cavernosum as well as the electrical 
field stimulation, accompanied by an increase in circulating 
insulin, leptin, TNF-α, MCP-1, and PAI-1. Downregulation of 
ObR protein expression in the femoral artery was observed 
without alterations in AdipoR1 and TNFR1 in both prepara-
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sum in hypertensive as well as diabetic animals  [4, 5] . 
However, few studies have examined the effects of diet-
induced obesity on erectile function in rats, and potential 
mechanisms were not evaluated  [6, 7] . Thus, the assess-
ment of corpus cavernosum function would be useful to 
prevent or detect those at risk of cardiovascular events in 
obesity.

  Evidence has shown that an association between obe-
sity, atherosclerosis, and endothelial dysfunction is the 
primary cause of peripheral artery disease affecting low-
er-extremity arteries such as the iliac, popliteal, and fem-
oral arteries  [8, 9] . A higher risk of morbidity and fatal 
cardiovascular events in patients with peripheral arterial 
disease has also been demonstrated  [10, 11] , and this dis-
order has not been as extensively investigated as other 
cardiovascular diseases such as coronary artery disease. 
Physical exercise has been demonstrated to be an impor-
tant nonpharmacological tool to improve blood flow and 
to reduce lower limb pain in patients with peripheral ar-
tery disease  [12–14] . In addition, studies associating vas-
cular responses and obesity using the isolated femoral ar-
tery in exercise protocol models are scarce.

  Endothelial dysfunction as a consequence of metabol-
ic and inflammatory disorders plays an important role in 
the initiation of vascular complications in obesity  [15]  
and is the hallmark of obesity associated with erectile dys-
function and coronary and peripheral artery disease  [16, 
17] . Considering the interaction between proinflamma-
tory mediators and vascular diseases in obesity, many 
studies investigated the involvement of circulating adi-
pocytokine concentrations and endothelial dysfunction 
 [18–21] . Interestingly, adipocytokine receptors such as 
the long and short forms of the leptin receptor (ObR)
 [22, 23]  and tumor necrosis factor (TNF)-α receptor 1 
(TNFR1) have been poorly investigated, although some 
studies have demonstrated the involvement of these re-
ceptors in vascular regulation  [24–26] . Therefore, the hy-
pothesis of this study is to test whether exercise training 
may cause alterations in adipocytokines and their recep-
tors using two different vascular tissue types. The rele-
vance of the present approach is to evaluate different sig-
naling pathways by which exercise training would inter-
fere in endothelial function in obesity. Thus, the aim of 
the present study was to examine the circulating con-
centrations of adipocytokines (adiponectin, leptin, and 
TNF-α) and their receptors in the isolated corpus caver-
nosum and superficial femoral artery from trained rats on 
a high-fat diet. To further investigate the potential mech-
anisms, we also measured the tissue redox state and nitric 
oxide (NO) production. 

  Methods 

 Animals 
 Male Wistar rats (weighing 290–320 g) were obtained from the 

Animal Care Facility of UNICAMP and were maintained in a 
room at 22–24   °   C with a normal 12-h light/dark cycle. Food and 
water were provided ad libitum to all animals. The animals were 
housed in groups of 2 or 3 per cage and were divided into 4 ex-
perimental groups: sedentary (c-SD) and trained control rats (c-
TR), and sedentary (h-SD) and trained rats on a high-fat diet (h-
TR). For 16 weeks, animals in the c-SD and c-TR groups were fed 
standard chow (energy content derived from 76% carbohydrates, 
14% protein, and 10% lipids), whereas animals in the h-SD and 
h-TR groups were fed a high-fat diet (energy content derived from 
56% carbohydrates, 18% proteins, and 26% lipids, according to a 
previous study)  [27] . After 8 weeks of study, animals in the c-TR 
and h-TR groups initiated aerobic exercise training, which was 
maintained until the end of the protocol.

  Aerobic Exercise Training 
 Animals were trained on a treadmill designed for small animals 

with individual lanes (Gesan, Brazil). One week before starting the 
training program, the animals were adapted to the treadmill in an 
attempt to minimize potential stress; only adapted animals were 
used in the present study. At the end of the adaptation period, the 
intensity of the training was determined by acute incremental ex-
ercise testing on the treadmill during which the intensity of the 
exercise was increased by 5 m/min (5–30 m/min) every 3 min at a 
0% grade until exhaustion (defined as an inability to maintain run-
ning speed). The maximal speed was used to calculate moderate 
intensity as a percentage (50–60%) of maximal speed.

  The training program consisted of sessions of 60 min/day, 5 days/
week, at a 0% grade and at 50–60% of the maximal speed for 8 weeks. 
In the first week of the training program, the duration and speed 
started at 10 m/min for 30 min and progressively increased to 15 m/
min for 60 min. From weeks 2 to 8, the training program consisted 
of 10 min at 40% of maximal speed, 40 min at 50–60% of maximal 
speed, and 10 min at 40% of maximal speed (total of 60 min/day). All 
animals were trained in the early morning between 6:   00 and 8:   00 a.m.

  Sedentary and trained rats were submitted again to acute incre-
mental exercise testing on the treadmill during the last week of the 
study to evaluate the effectiveness of the training program. This 
test provided the total distance, total time, and maximal speed for 
each animal.

  Blood Samples and Tissue Collection  
 At 48 h after the last exercise training session and after 12 h of 

fasting, blood samples were collected from the tail vein, and blood 
glucose was measured using standard test strips (Accu-Chek Ad-
vantage; Roche Diagnostics, USA). Immediately after blood collec-
tion, the animals were anesthetized (40 mg/kg sodium thiopental, 
i.p.), and arterial blood samples were collected from the abdominal 
aorta in different tubes and centrifuged (8,000  g  for 15 min). The 
serum and plasma supernatants were stored at –80   °   C for biochem-
ical analysis. The animals were euthanized, and the epididymal fat 
pad was collected and weighed. The superficial femoral artery and 
the corpus cavernosum were carefully isolated and placed in fresh-
ly prepared ice-cold Krebs solution containing (in m M ): 118 NaCl, 
25 NaHCO 3 , 5.6 glucose, 4.7 KCl, 1.2 KH 2 PO 4 , 1.1 MgSO 4  × 7 H 2 O, 
and 2.5 CaCl 2  × 2 H 2 O.
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  Biochemical Analyses 
 Total cholesterol and triglyceride levels were measured in se-

rum samples using standard commercial kits (Roche Diagnos-
tics). Insulin concentrations were also measured in serum samples 
using a commercially available ELISA kit (Alpco, USA). The ho-
meostasis model assessment of insulin resistance (HOMA-IR) 
was calculated according to a method described previously  [28] . 
Plasma levels of adiponectin, leptin, TNF-α, monocyte chemoat-
tractant protein-1 (MCP-1), and plasminogen activator inhibi-
tor-1 (PAI-1) were determined using the Luminex 200 kit (Milli-
pore-Luminex, USA), according to the manufacturer’s instruc-
tions.

  Functional Studies in the Femoral Artery 
 The superficial femoral artery was cleaned of all adherent tissue 

and cut into rings of 2 mm; 2 wires (40 mm in diameter) were in-
troduced through the lumen of the segments and mounted in a 
small-vessel myograph chamber (model 610M; Danish Myo Tech-
nology, Denmark) with 5 mL Krebs solution at 37   °   C, pH 7.4, and 
continuously gassed with 95% O 2  and 5% CO 2  under a resting ten-
sion of 0 mN. After 15 min of equilibration, the rings were stretched 
to their optimal lumen diameter based on the internal circumfer-
ence, wall length, and wall tension using specific software for nor-
malization (LabChart Pro-DMT Normalization Module; ADIn-
struments, Australia). Data acquisition was performed using
PowerLab 8/30 (LabChart, version 7.0; AD Instruments). The nor-
malization was performed by distending the vessel stepwise and 
measuring sets of micrometer force readings  [29, 30] .

  After 45 min of stabilization, the femoral rings were contracted 
with 80 m M  KCl and washed with Krebs buffer to verify tissue vi-
ability. Later, the rings were precontracted with a thromboxane 
analog, 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F 2α  
(U46619), at a concentration necessary to produce 50–80% of the 
maximal response of 80 m M  KCl, and cumulative concentration-
response curves to the relaxation agents acetylcholine (ACh, 1 n M -
100 μ M ) and sodium nitroprusside (SNP, 100 p M -1 m M ) were ob-
tained. Relaxation responses were plotted as a percentage of the 
contraction induced by U46619. Cumulative concentration-re-
sponse curves were also obtained for the contractile agents α 1 -
adrenergic receptor agonist phenylephrine (PHE, 10 n M  to 100 
μ M ), or the thromboxane analog U46619 (1 n M  to 10 μ M ). Contrac-
tile responses were plotted according to the force and length from 
each ring as millinewtons per millimeter.

  All concentration-response data were fit to a logistic function, 
and nonlinear regression analysis was used to determine the pa-
rameters E MAX  (maximum response) and log EC 50  (logarithm of 
the concentration of an agonist that produces a half-maximal re-
sponse) using GraphPad Prism version 5.0 software (GraphPad, 
USA) with the constraint that Φ = 0. The responses for each ago-
nist are shown as the mean ± SEM of potency (pEC 50 ) and E MAX .

  Functional Studies in the Corpus Cavernosum 
 Strips of the rat corpus cavernosum were vertically suspended 

between two metal hooks in a 10-mL organ system containing 
Krebs solution at 37   °   C, pH 7.4, and continuously gassed with 95% 
O 2  and 5% CO 2 . One hook was connected to a force transducer, 
and the other acted as a fixed attachment point. Tissues were al-
lowed to equilibrate for 60 min under a resting tension of 5 mN. 
Isometric force was recorded using a PowerLab 400 data acquisi-
tion system (Software LabChart, version 7.0; AD Instruments).

  Electrical field stimulation (EFS) was applied in strips placed be-
tween two platinum ring electrodes connected to a Grass S88 stimu-
lator (Astro-Med, USA). Contractile and relaxation responses to EFS 
were conducted at 50 V with a 1-ms pulse width and trains of stim-
uli lasting 10 s at varying frequencies (4, 8, 16, and 32 Hz)  [31] . To 
verify the EFS-induced relaxation, tissues were pretreated with gua-
nethidine (30 μ M ) and atropine (1 μ M ) to deplete the catecholamine 
stores of adrenergic fibers and to block muscarinic receptors, respec-
tively. After 30 min, the tissues were precontracted with PHE (10 
μ M ), and EFS was performed to verify the relaxation response. In 
another set of experiments, contractile responses to EFS were evalu-
ated by obtaining frequency-response curves. In all experiments, 
preparations were allowed to recover completely from each response 
before the next stimulus. Each strip was used to obtain a single EFS 
curve. Frequency-response relationships were investigated at supra-
maximal voltage in all preparations stimulated electrically.

  Cavernosal strips were precontracted with PHE (10 μ M ) and 
cumulative concentration-response curves for ACh (1 n M  to
1 m M ) and SNP (10 n M  to 10 m M ) were obtained. Relaxation re-
sponses were plotted as a percentage of the contraction induced by 
PHE. Cumulative concentration-response curves were also ob-
tained for PHE (10 n M  to 100 μ M ). Contractile responses were plot-
ted according to each strip in millinewtons.

  Western Blot Analysis 
 The expression of proteins was determined by Western blot in 

superficial femoral artery and corpus cavernosum tissue lysates. 
Frozen segments were homogenized in a RIPA lysing buffer (Merck 
Millipore, USA) with 1 m M  Na 3 VO 4 , 1 m M  phenylmethylsulfonyl 
fluoride, and protease inhibitor cocktail (2 μL/mL) (Sigma-Aldrich, 
USA). The tissue lysate was centrifuged (1,500  g  for 30 min at 4   °   C), 
and the supernatant was collected. The protein concentration was 
determined using the BCA protein assay kit (Pierce, USA).

  Proteins from the homogenized femoral artery (50 μg) and cor-
pus cavernosum (100 μg) were electrophoretically separated by 
SDS-PAGE (femoral artery: 4–15% Mini-Protean TGX, and cor-
pus cavernosum: 7.5 or 12% Mini-Protean II, Eletrophoresis Cell; 
Bio-Rad, USA). Membranes were incubated overnight with the 
following primary antibodies: mouse monoclonal anti-endothelial 
NO synthase (eNOS, 1:   1,000; BD Transduction, USA), rabbit poly-
clonal anti-neuronal NO synthase (nNOS, 1:   1,000; Transduction 
Laboratories, San Jose, CA, USA; only in the corpus cavernosum), 
anti-adiponectin receptor R1 (AdipoR1, 1:   1,000; Novus Biologi-
cals, USA), short and long isoforms of anti-leptin receptor (ObR, 
1:   1,000; Novus Biologicals), anti-TNF-α receptor 1 (TNFR1,
1:   1,000; Santa Cruz Biotechnology, USA), anti-Cu/Zn superoxide 
dismutase (Cu/Zn-SOD, 1:   1,000; Sigma-Aldrich), anti-extracellu-
lar superoxide dismutase (Ec-SOD, 1:   1,000; Enzo Life Sciences, 
USA), and anti-manganese superoxide dismutase (Mn-SOD,
1:   1,000; Axxora LLC, USA). After being washed, membranes were 
incubated with a secondary peroxidase-conjugated IgG antibody 
according to each primary antibody used.

  Western blotting substrate (Pierce ECL; Thermo Scientific, 
USA) was used for chemiluminescent detection of protein expres-
sion using Image Quant LAS 4000 (GE Healthcare, USA) hardware 
and software, according to the manufacturer’s instructions. The 
intensity of the blots was quantified using ImageJ 1.46p software 
(National Institutes of Health, USA). The same membrane was 
used to determine α- or β-actin protein expression as an internal 
control using a mouse monoclonal anti-α-actin (1:   5,000; Abcam, 
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USA) and anti-β-actin (1:   1,000; Santa Cruz Biotechnology, USA), 
and its content was used to normalize protein expression in each 
sample. The results from the c-TR, h-SD, and h-TR groups are 
presented relative to those of the c-SD group (c-SD = 1).

  NO in Tissue 
 NO production was evaluated using the NO-sensitive fluores-

cent dye 4,5-diaminofluorescein diacetate (DAF-2, Sigma-Al-
drich) as previously described  [30] . Slices of the superficial femoral 
artery and corpus cavernosum were equilibrated for 10 min in 
phosphate buffer (0.1  M , pH 7.4) containing CaCl 2  (0.45 m M ). 
Fresh buffer containing DAF-2 (8 μ M ) was topically applied to each 
tissue section, and the slices were incubated in a light-protected 
humidified chamber at 37   °   C. After 25 min of incubation, some 
sections of each tissue were stimulated without (basal) or with ACh 
(30 μ M  for the femoral artery and 100 μ M  for the corpus caverno-
sum) for 15 min. 

 Digital images were obtained with an optical microscope 
(Eclipse 80i; Nikon, Japan) equipped with fluorescein filter and 
camera (DS-U3; Nikon, Japan) using a ×20 (femoral artery) or ×10 
(corpus cavernosum) objective. The images were analyzed using 
the ImageJ 1.46p software (National Institutes of Health) by the 
integrative density of the fluorescence observed in the tissue in re-
lation to the background staining in sections with and without 
ACh stimulation. The results are expressed as the difference in 
ACh stimulation and basal integrative density. The results from 
the c-TR, h-SD, and h-TR groups are presented relative to those of 
the c-SD group (c-SD = 1).

  Reactive Oxygen Species in Tissue 
 The oxidative fluorescent dye hydroethidine (Invitrogen, USA) 

was used to evaluate in situ generation or reactive oxygen species 
(ROS), as previously described  [32] . Superficial femoral artery and 
corpus cavernosum slides were equilibrated for 10 min in Hanks 
solution (in m M : 1.6 CaCl 2 , 1.0 MgSO 4 , 145.0 NaCl, 5.0 KCl, 0.5 
NaH 2 PO 4 , 10.0 dextrose, and 10.0 HEPES; pH 7.4) at 37   °   C. Fresh 
Hanks solution containing hydroethidine (2 μ M ) was topically ap-
plied to each tissue section, and the slices were incubated in a light-
protected humidified chamber at 37   °   C for 30 min.

  Negative control sections received the same volume of Hanks 
solution but without hydroethidine. Images were obtained with an 
optical microscope (Eclipse 80i; Nikon) equipped with filter to 
rhodamine and a camera (DS-U3, Nikon) using a ×20 (femoral 
artery) or ×10 (corpus cavernosum) objective. The number of 
ethidium bromide-positive nuclei was automatically counted us-
ing ImageJ software and expressed as labeled per square millime-
ter. The results from the c-TR, h-SD, and h-TR groups are pre-
sented relative to those of the c-SD group (c-SD = 1).

  Drugs 
 ACh chloride, SNP dihydrate, PHE hydrochloride, the throm-

boxane analog 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin 
F 2α  (U46619), and DAF-2 were purchased from Sigma-Aldrich. 
Hydroethidine was purchased from Invitrogen.

  Statistical Analysis 
 Data are presented as the mean ± SEM of  n  experiments. Two-

way ANOVA followed by Bonferroni post hoc test was performed 
using Instat Software (GraphPad Prism). Values of  p  < 0.05 were 
considered statistically significant.

  Results 

 Incremental Exercise Test 
 All groups had similar responses to the acute incre-

mental exercise test before starting the exercise training 
( Table 1 ). After the exercise training, we verified an im-
provement in physical performance in the incremental 
exercise test evaluated by total time (min, approximately 
70%), total distance (meters, approximately 160%), and 
maximal speed (m/min, approximately 80%) in the c-TR 
and h-TR groups when compared with the c-SD and 
h-SD groups, respectively ( Table 1 ). The h-TR group pre-
sented a decrease in exercise performance in all 3 param-

 Table 1.  Incremental exercise test performed before (BEFORE) and at the end (FINAL) of the exercise training 
from sedentary (c-SD) and trained control rats (c-TR), and sedentary (h-SD) and trained rats on a high-fat diet 
(h-TR)

BEFORE  FINAL

c-SD (13) c-TR 
(10)

h-SD 
(12)

h-TR 
(13)

c- SD 
(13)

c-TR 
(10)

h-SD 
(12)

h-TR 
(13)

Time, min 14 ± 0.8 14 ± 0.7 14 ± 0.7 15 ± 0.6 15 ± 0.4 24 ± 0.9* 13 ± 0.5 22 ± 0.6+, #

Distance, m 182 ± 20 173 ± 15 178 ± 15 192 ± 13 190 ± 10 500 ± 32* 150 ± 11 400 ± 22+, #

Max speed, 
m/min 23 ± 1.2 23 ± 1.2 22 ± 1.2 24 ± 0.6 24 ± 0.6 42 ± 1.2* 18 ± 0.6 36 ± 1.2+, #

 Data are means ± SEM. The number of animals per group is indicated in parentheses. Two-way ANOVA:* p < 0.05 vs. c-SD; + p < 0.05 vs. h-SD; # p < 0.05 vs. c-TR.

D
ow

nl
oa

de
d 

by
: 

U
N

E
S

P
 U

ni
ve

rs
id

ad
e 

E
st

du
al

 P
au

lis
ta

   
   

   
   

   
   

  
18

6.
21

7.
23

6.
55

 -
 7

/2
3/

20
19

 1
:5

2:
20

 P
M



 Aerobic Exercise Training and Vascular 
Function in High-Fat-Fed Rats 

J Vasc Res 2017;54:33–50
DOI: 10.1159/000457800

37

eters analyzed (10, 20, and 15%, respectively) compared 
with the c-TR group ( Table 1 ).

  Body Weight, Epididymal Fat Pad, and Metabolic 
Biomarkers 
 Initial body weights were similar in all groups ( Ta-

ble 2 ). After the protocol, exercise training in healthy an-
imals (c-TR) decreased body weight (18%), epididymal 
fat pad (45%), and levels of metabolic biomarkers, includ-
ing blood glucose (12%) and triglycerides (43%), com-
pared with the c-SD group ( Table 2 ). In the h-SD group, 
we observed a significant increase in body weight (19%), 
epididymal fat pad (174%), triglycerides (124%), and in-
sulin (88%) levels, resulting in an alteration in the HOMA-
IR index compared with the c-SD group ( Table 2 ). Exer-
cise training was effective in preventing all these altera-
tions in the h-TR group compared with the h-SD group.

  Relaxation Responses 
 Femoral Artery 
 The diameter of the superficial femoral artery did not 

differ in any group (c-SD: 427 ± 21 μm; c-TR: 419 ± 11 
μm; h-SD: 422 ± 13 μm; and h-TR: 410 ± 5 μm). ACh and 
SNP (data not shown) produced concentration-depen-
dent relaxation in isolated femoral rings. Neither the ACh 
nor the SNP (data not shown) relaxation responses were 
altered by exercise training in healthy animals in the c-TR 
group compared with the c-SD group ( Fig. 1 a). The E MAX  
values for the response to ACh were decreased in the 
h-SD group compared with the c-SD group ( Fig. 1 a). No 
changes were observed in pEC 50  values ( Table 3 ). Exercise 
training (h-TR) fully restored the reduction in the E MAX  
compared with h-SD ( Fig. 1 a). Regarding the concentra-

tion-response curves for SNP, no alterations were ob-
served in either the E MAX  or pEC 50  values in any group 
(data not shown).

  Corpus Cavernosum 
 ACh and SNP (data not shown) produced concentra-

tion-dependent relaxation in cavernosal strips. Neither 
the ACh nor the SNP (data not shown) relaxation re-
sponses were altered by exercise training in healthy ani-
mals in the c-TR group compared with the c-SD group 
( Fig. 1 b). Similarly, the E MAX  values for the response to 
ACh were decreased in the h-SD group compared with 

 Table 2.  Body weight, epididymal fat pad, and metabolic biomarkers in rats from sedentary (c-SD) and trained 
control rats (c-TR), and sedentary (h-SD) and trained rats on a high-fat diet (h-TR)

c-SD (6 – 12) c-TR (6 – 10) h-SD (6 – 12) h-TR (6 – 12)

Initial body weight, g 298 ± 5 305 ± 8 295 ± 6 307 ± 5
Final body weight, g 547 ± 12 452 ± 13*** 652 ± 16*** 549 ± 11+++, ###

Epididymal fat, g 8 ± 0.6 5 ± 0.4* 23 ± 2*** 14 ± 1+++, ###

Total cholesterol, mg/dL 76 ± 12 77 ± 8 82 ± 9 72 ± 11
Triglycerides, mg/dL 104 ± 9 60 ± 8* 233 ± 11*** 96 ± 10+++

Blood glucose, mg/dL 92 ± 2 81 ± 3* 100 ± 3 88 ± 3+

Insulin, ng/mL 3 ± 0.6 3 ± 0.6 6 ± 0.7** 3 ± 0.5++

HOMA-IR 0.57 ± 0.08 0.45 ± 0.07 1.43 ± 0.08*** 0.61 ± 0.07+++

 Data are means ± SEM. The number of animals per group is indicated in parentheses. Two-way ANOVA:* p < 0.05, ** p < 0.01, *** p < 0.001 vs. c-SD; + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. h-SD; ### p < 0.001 vs. c-TR.

 Table 3.  Potency values (pEC50) obtained from concentration-re-
sponse curves to acetylcholine (ACh), phenylephrine (PHE), and 
the thromboxane analog U46619 in the rat femoral artery and cor-
pus cavernosum of sedentary (c-SD) and trained control rats
(c-TR), and sedentary (h-SD) and trained rats on a high-fat diet 
(h-TR)

 pEC50

c-SD  (4 – 12) c-TR (4 – 8) h-SD (5 – 10) h-TR (4 – 9)

Femoral artery
ACh 6.83 ± 0.10 6.63 ± 0.08 6.55 ± 0.05 6.50 ± 0.06
PHE 5.41 ± 0.07 5.53 ± 0.08 5.52 ± 0.07 5.49 ± 0.07
U46619 7.40 ± 0.12 7.31 ± 0.15 7.33 ± 0.11 7.31 ± 0.08

Corpus cavernosum
ACh 4.42 ± 0.11 4.23 ± 0.08 4.74 ± 0.09 4.61 ± 0.10
PHE 5.52 ± 0.02 5.76 ± 0.06 5.68 ± 0.06 5.62 ± 0.05

 Potency is represented as –log of molar concentration to pro-
duce 50% of the maximal responses. Means ± SEM. The number 
of animals per group is indicated in parentheses. 
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the c-SD group ( Fig. 1 b). No changes were observed in 
the pEC 50  values ( Table  3 ). Exercise training fully re-
stored the reduction in the E MAX  in the h-TR group com-
pared with the h-SD ( Fig. 1 b). EFS-induced frequency-
dependent relaxations were markedly decreased in the 
h-SD group compared with the c-SD group at all frequen-
cies studied. Exercise training restored the EFS-induced 
relaxation response at frequencies of 16 and 32 Hz in the 
h-TR group compared with the h-SD group ( Fig. 1 c). The 
concentration-response curves for SNP were not differ-
ent in any group (data not shown).

  Contractile Responses 
 PHE and U46619 produced concentration-dependent 

contraction responses in isolated femoral rings in all 
groups. In cavernosal strips, PHE and adrenergic nerve 
stimulation (EFS) also induced contractile responses in 
all groups. Neither the E MAX  nor pEC 50  values were mod-
ified in femoral rings ( Table 3 ;  Fig. 2 a, b, respectively) or 
cavernosal strips ( Table 3 ;  Fig. 2 c, d, respectively) in any 
of the groups.

  Protein Expression of NOS 
 In the femoral artery, eNOS protein expression was 

significantly decreased in the h-SD group (approximately 
45%) compared with the c-SD group. Exercise training 
(h-TR group) completely restored the expression of this 
protein ( Fig. 3 a). 

  In contrast, in the corpus cavernosum, we did not find 
any alteration in protein expression of eNOS ( Fig. 3 b) and 
nNOS ( Fig.  3 c) in the h-SD group compared with the 
c-SD group. On the other hand, eNOS protein expression 
was increased in the h-TR group (approximately 60%) 
compared with the h-SD group ( Fig. 3 b), with no differ-
ences in nNOS protein expression ( Fig. 3 c).

  No change was found in any protein expression in 
healthy animals in the c-TR group compared with the 
c-SD group ( Fig. 3 ) in the femoral artery and corpus cav-
ernosum.

  NO Production 
 NO production evoked by ACh (30 μ M  in the femoral 

artery and 100 μ M  in the corpus cavernosum) was com-
pletely abrogated in the h-SD group compared with the 
c-SD group, whereas exercise training fully restored the 
NO production in both the femoral artery ( Fig. 4 a) and 
the corpus cavernosum ( Fig. 4 b) in the h-TR group. Un-
der basal conditions, NO production was not modified in 
either preparation in any group (data not shown).
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  Fig. 1.   a ,  b  Concentration-response curves to acetylcholine (ACh) 
in the femoral artery ( a ) and corpus cavernosum ( b ) of sedentary 
(c-SD) and trained control rats (c-TR), and sedentary (h-SD) and 
trained rats on a high-fat diet (h-TR).  c  Corpus cavernosum relax-
ations to electrical field stimulation (EFS: 4–32 Hz). Maximal re-
sponse values and means ± SEM are shown. Numbers of animals 
are shown in parentheses. Two-way ANOVA:  *   p  < 0.05 vs. c-SD; 
 +   p  < 0.05 vs. h-SD.  a  Precontracted with U46619.  b ,  c  Precontract-
ed with phenylephrine.  
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  No change was found in NO production in healthy 
animals in the c-TR group compared with the c-SD group 
( Fig. 4 ) in the femoral artery and corpus cavernosum. 

 Protein Expression of SOD Isoforms 
 In the femoral artery, Cu/Zn-SOD protein expression 

was significantly decreased in the h-SD group (approxi-

mately 40%) compared with the c-SD group. Exercise 
training (h-TR) completely restored the reduction in 
these proteins in the h-TR group ( Fig. 5 a). The protein 
expression of Mn-SOD ( Fig. 5 b) and Ec-SOD ( Fig. 5 c) 
was not affected by any of the experimental protocols. 

  In the corpus cavernosum, we did not find any altera-
tion in protein expression in the h-SD group compared 
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  Fig. 2.  Concentration-response curves to phenylephrine (PHE;  a ,  c ) and the thromboxane analog U46619 ( b ) in 
the femoral artery ( a ,  b ) and corpus cavernosum of sedentary (c-SD) and trained control rats (c-TR), and seden-
tary (h-SD) and trained rats on a high-fat diet (h-TR) ( c ).  d  Corpus cavernosum contractile responses to electri-
cal-field stimulation (EFS: 4–32 Hz). Maximal response values and means ± SEM are shown. Numbers of animals 
are given in parentheses.  
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with the c-SD group ( Fig. 5 d–f). On the other hand, Cu/
Zn-SOD ( Fig. 5 d) and Ec-SOD ( Fig. 5 f) protein expres-
sion was increased in the h-TR group (approximately 50 
and 40%, respectively) compared with the h-SD group 
with no changes in Mn-SOD protein expression ( Fig. 5 e).

  No change was found in any protein expression in 
healthy animals in the c-TR group compared with the 
c-SD group ( Fig. 5 ) in the femoral artery and corpus cav-
ernosum.

  ROS Generation 
 In addition, an increase in ROS in the h-SD group (ap-

proximately 25% in the femoral artery and 55% in the 
corpus cavernosum) compared with the c-SD group was 
observed. The exercise training abolished the elevated 
ROS generation in h-TR animals compared with h-SD 
animals ( Fig. 6 a, b). 

  No change was found regarding ROS generation in 
healthy animals in the c-TR group compared with the 
c-SD group ( Fig. 6 ) in the femoral artery and corpus cav-
ernosum.

  Plasma Pro- and Anti-Inflammatory Biomarkers 
 No changes were observed in any group in the levels of 

the anti-inflammatory biomarker, adiponectin ( Fig. 7 a). 
On the other hand, circulatory levels of the pro-inflam-
matory cytokines leptin, TNF-α, MCP-1, and PAI-1 were 
markedly increased in the h-SD group (approximately 
150, 65, 190 and 420%;  Fig. 7 b–e, respectively). Exercise 
training restored these alterations in the h-TR group. No 
changes were found in the levels of pro- and anti-inflam-
matory biomarkers in animals in the c-TR group com-
pared with the c-SD group ( Fig. 7 ). 

  Protein Expression of Adipocytokine Receptors 
 Regarding the protein expression of ObR, AdipoR1, 

and TNFR1 in the femoral artery, we detected a decreased 
protein expression only of ObR in the h-SD group (ap-
proximately 43%) compared with the c-SD group. In the 
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  Fig. 3.   a ,  b  Protein expression of endothelial nitric oxide synthase 
(eNOS) in the femoral artery ( a ) and corpus cavernosum of rats 
( b ).  c  Protein expression of neuronal nitric oxide synthase (nNOS) 
in the corpus cavernosum of sedentary (c-SD) and trained control 
rats (c-TR), and sedentary (h-SD) and trained rats on a high-fat 
diet (h-TR). AU, arbitrary units relative to c-SD. Bottom panels are 
representative Western blots and top panels show quantitative 
analyses. Means ± SEM. The number of animals per group is indi-
cated in the figure. Two-way ANOVA:  *  *   p  < 0.01 vs. c-SD;  +  p < 
0.05 vs. h-SD.     
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  Fig. 4.  Nitric oxide production in the femoral artery and corpus 
cavernosum. Representative fluorographs of DAF-2-treated sec-
tions without (Basal) or with acetylcholine (ACh, 30 or 100 μ M ) 
stimulation of the femoral artery ( a ; ×20) and corpus cavernosum 
( b ; ×10) from sedentary (c-SD) and trained control rats (c-TR), 
and sedentary (h-SD) and trained rats on a high-fat diet (h-TR) 
(upper panels). Quantitative analysis of NO production measured 

by DAF-2 (ΔACh integrative density – basal integrative density) 
relative to c-SD in transverse sections of the femoral artery ( a ) and 
corpus cavernosum ( b ; the images with [right] and without [left] 
fluorescein filter) (lower panel). Means ± SEM. The number of 
animals per group is indicated in the figure. Two-way ANOVA: 
   *  *   p  < 0.01,  *  *  *   p  < 0.001 vs. c-SD;  +   p  < 0.05,  +++   p  < 0.001 vs. h-SD.     
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h-TR group, expression of this protein was normalized 
( Fig. 8 a). 

  In the corpus cavernosum, we did not find any altera-
tion in protein expression of ObR ( Fig.  8 d) or TNFR1 
( Fig.  8 e) in the h-SD group compared with the c-SD 
group. The protein expression of AdipoR1 was not de-
tected in any group.

  No changes were found in any protein expression in 
healthy animals in the c-TR group as compared with the 
c-SD group ( Fig. 8 ) in the femoral artery and corpus cav-
ernosum.

  Discussion 

 The main findings of this study were that a high-fat 
diet promotes (1) impairment in the relaxation responses 
to EFS and endothelium-dependent agonists with a re-
duced NO production and increased ROS generation in 
both the corpus cavernosum and femoral artery and (2) 
hyperleptinemia associated with downregulation of fem-
oral artery ObR expression. Aerobic exercise training in 
rats on a high-fat diet promotes (1) improvement in re-
laxation responses to EFS and ACh in both the corpus 
cavernosum and femoral artery with upregulation of 
eNOS protein expression and a balance between NO and 
ROS generation and (2) reduced circulating concentra-
tions of leptin and normalization of ObR protein expres-
sion in the femoral artery.

  Effects of High-Fat Diet 
 As expected, in rats on a high-fat diet, we observed a 

significant increase in body weight and epidydimal fat 
pad that was accompanied by insulin resistance and in-
creased levels of insulin, triglycerides, leptin, TNF-α, 
MCP-1, and PAI-1, showing the efficacy of the diet em-
ployed in this study in causing metabolic and endocrine 
alterations. A decrease in relaxation responses to EFS and 

ACh was observed in the corpus cavernosum and femoral 
artery, respectively, in the h-SD group with an impair-
ment in the eNOS/NO signaling pathway measured by 
NO production in both tissue types. An imbalance in the 
redox state was also detected, possibly caused by chronic 
proinflammatory responses in diet-induced obesity. Ac-
cordingly, previous studies have demonstrated an im-
pairment in relaxation responses in penile arteries  [17, 
33–35] , aorta  [36, 37] , and mesenteric  [38, 39] , femoral 
 [40, 41] , and coronary arteries  [33]  in experimental mod-
els of obesity that were associated with diminished NO 
release.

  To examine the effects of proinflammatory mediators 
on vascular diseases, we measured the protein expres-
sion of ObR in the corpus cavernosum and femoral ar-
tery given that the leptin receptor (short and long forms 
of ObR) has been identified in endothelial cells  [22, 23] . 
Downregulation of Ob protein expression was found in 
the femoral artery of obese animals associated with hy-
perleptinemia. Indeed, previous studies have shown that 
a long-term high-fat diet induces desensitization of Ob 
in the central nervous system  [42]  and coronary arteri-
oles  [43] . In the central nervous system, the role of the 
downregulation of ObR or its desensitization is well de-
scribed as interrupting the leptin signaling pathway and 
changing body weight homeostasis  [44] . However, the 
effect of leptin or its receptor on the cardiovascular sys-
tem is unclear. Leptin increases sympathetic nervous 
system activity with increases in blood pressure and 
heart rate, whereas its action on vascular tissue pro-
motes NO release causing endothelium-dependent dila-
tation  [45] . In our experimental model, it seems that hy-
perleptinemia induced by a high-fat diet had a harmful 
effect on femoral vasodilatation responses. Intriguingly, 
no changes were seen in ObR protein expression in the 
isolated corpus cavernosum from obese animals. The 
reason for that could be the density of ObR present in 
this preparation or its functional significance in a tissue 
with rich nitrergic and cholinergic innervation where a 
great amount of NO is released from nitrergic fibers or 
stimulated by muscarinic receptors in penile endothe-
lial cells  [46] .

  We also investigated the relation between TNF-α lev-
els and the protein expression of its receptor in the femo-
ral artery and corpus cavernosum. The TNF-α signaling 
pathway is complex and not fully understood. In vascular 
tissue, eNOS protein expression and NO bioavailability 
are reduced in the presence of TNF-α  [25, 47] . Interest-
ingly, most studies investigated the concentrations of 
TNF-α but did not measure the expression of its receptor. 

  Fig. 5.  Protein expression of cytosolic Cu/Zn-superoxide dis-
mutase (Cu/Zn-SOD;    a ,  d ), mitochondrial Mn-superoxide dis-
mutase (Mn-SOD;  b ,  e ), and extracellular superoxide dismutase 
(Ec-SOD;  c ,  f ) in the femoral artery ( a – c ) and corpus cavernosum 
( b – f ) of sedentary (c-SD) and trained control rats (c-TR), and sed-
entary (h-SD) and trained rats on a high-fat diet (h-TR). Bottom 
panels are representative Western blots and top panels show quan-
titative analyses. AU, arbitrary units relative to c-SD. Means ± 
SEM. The number of animals per group is indicated in the figure. 
Two-way ANOVA:  *  *   p  < 0.01 vs. c-SD;          +   p  < 0.05,  +++   p  < 0.001 vs. 
h-SD;  #     p  < 0.05,  ##   p  < 0.01 vs. c-TR.     
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  Fig. 6.  Reactive oxygen species generation in the femoral artery 
and corpus cavernosum. Representative fluorographs (upper pan-
els) and quantitative analyses (lower panels) of the ethidium-bro-
mide-positive nuclei in transverse sections of the femoral artery (   a ; 
×20) and corpus cavernosum ( b ; ×10) from sedentary (c-SD) and 

trained control rats (c-TR), and sedentary (h-SD) and trained rats 
on a high-fat diet (h-TR) (images with [right] and without [left] 
rhodamine filter). Means ± SEM. The number of animals per 
group is indicated in the figure. Two-way ANOVA:                  *  *   p  < 0.01 vs. 
c-SD;          +   p  < 0.05 vs. h-SD.                   
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  Fig. 7.  Plasma levels of adiponectin (   a ), leptin ( b ), TNF-α ( c ), 
MCP-1 ( d ), and PAI-1 ( e ) in rats from sedentary (c-SD) and 
trained control rats (c-TR), and sedentary (h-SD) and trained rats 
on a high-fat diet (h-TR). Means ± SEM. The number of animals 

per group is indicated in the figure. Two-way ANOVA:            *  *   p  < 0.01, 
 *  *  *   p  < 0.001 vs. c-SD;  +   p  < 0.05,  ++   p  < 0.01 vs. h-SD;  ##     p  < 0.01 
vs. c-TR.         
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In the present study, circulating TNF-α levels were mark-
edly increased, but the protein expression of TNFR1 was 
not altered in either the corpus cavernosum or femoral 
artery. These findings suggest that changes in TNFR1 
density are not required to induce vascular dysfunction 
in this model.

  Adiponectin exerts vasculoprotective effects through 
multiple pathways that include increased NO production 
and/or its bioavailability by enhanced eNOS activity or 
suppression of superoxide generation  [48, 49] . More re-
cently, the involvement of adiponectin in the regulation 
of TNF-α, affecting coronary and aortic endothelium 
functions, has been demonstrated  [50] . Previous studies 
showed that the concentration of adiponectin was de-
creased in rats on a high-fat diet  [51–54] , and it has been 
reported that plasma adiponectin levels are negatively 
correlated with body fat mass in humans  [55] . In contrast, 
we failed to detect any changes in plasma adiponectin 
concentrations in the h-SD group or in its receptor in the 
femoral artery (AdipoR1). Moreover, AdipoR1 was not 
detected in the rat corpus cavernosum. Accordingly, a 
previous study found no changes in adiponectin levels in 
rats on a high-fat diet for 10 weeks  [56] . In addition, pre-
vious studies have shown that leptin is more responsive 
to dietary intervention than adiponectin  [56, 57] . There-
fore, plasma adiponectin remains controversial as a bio-
marker of cardiovascular disease in humans, and further 
research is necessary  [58] .

  Aerobic Exercise Training 
 It is well established that aerobic exercise training pro-

motes beneficial health effects on the cardiovascular sys-
tem, improves health, and delays age-associated frailty in 
humans and laboratory animals  [59–61] . Indeed, physical 
inactivity is the largest risk factor for the development of 
obesity  [62] , and the cellular mechanisms by which exer-
cise training regulates body weight are mainly related to 
an increase in energy expenditure, sympathetic activity, 
and increments in the β-oxidation rate in mitochondria 
 [63, 64] .

  The reduction in white adipose tissue is one of the key 
reasons for attenuation of the dysregulation of adipokine 
levels and adipokine expression induced by exercise 
training  [65] . The increased blood flow to white adipose 
tissue produced by exercise training could also contribute 
to a decrease in inflammatory changes induced by hy-
poxia in obesity  [66] . Exercise training is also considered 
an important nonpharmacological tool in the manage-
ment of metabolic disorders, including the control of 
blood glucose, triglyceride levels, and insulin resistance 
 [67–69] . We demonstrated that exercise training was ef-
fective in reducing body weight gain, epididymal fat pad, 
and blood glucose, insulin and triglyceride levels. 

  In agreement with previous studies  [33, 38, 41, 70] , our 
findings clearly show that exercise training improved the 
relaxation responses to ACh in the femoral artery from 
exercised rats on a high-fat diet in association with an up-
regulation of eNOS and Cu/Zn-SOD protein expression, 
increasing NO production and/or its bioavailability to 
this vascular tissue. In addition, exercise training was ef-
fective in reducing ROS generation, exacerbating this 
beneficial effect. The main mechanism is believed to be 
the shear stress induced by increased blood flow in re-
sponse to exercise training. Indeed, physical exercise is a 
powerful stimulus to promote vascular shear stress acti-
vating mechanosensors present in endothelial cells. These 
mechanosensors are coupled to complex biochemical sig-
naling pathways, such as Ras/MEK/ERK, c-Src, G pro-
teins, ion channels, VE-cadherin, and PI3K/Akt, which in 
turn regulate the NO/cGMP pathway  [71] .

  In the corpus cavernosum, the nonadrenergic, non-
cholinergic nitrergic nerves play a pivotal role in the neu-
ral mechanisms involved in penile erection through the 
stimulation of nNOS activity and release of NO, and 
eNOS also contributes to penile erection through NO 
production by endothelial cells in the sinusoidal spaces 
and arteries  [72, 73] . Erectile dysfunction has been ob-
served in obese men, and lifestyle changes have been pro-
posed as an alternative way to ameliorate this condition, 
but no potential mechanisms were evaluated  [74, 75] . In 
the present study, aerobic exercise increased the protein 
expression of eNOS, Cu/Zn-SOD, and Ec-SOD and im-
proved corpus cavernosum relaxation, suggesting that 
regular aerobic exercise could be an important interven-
tion as a nonpharmacological tool of erectile dysfunction 
through increased production of NO and/or its bioavail-
ability in obesity. Furthermore, the efficacy of phospho-
diesterase inhibitors is approximately 67% in men with 
comorbidities such as obesity and dyslipidemia, and its 
administration is not recommended for men who are on 

  Fig. 8.  Protein expressions of leptin (ObR;    a ,  d ) and TNF-α recep-
tors (TNFR1;  b ,  e ) in the femoral artery ( a–c ) and corpus caverno-
sum ( d ,  e ) of sedentary (c-SD) and trained control rats (c-TR), and 
sedentary (h-SD) and trained rats on a high-fat diet (h-TR).  c  Ad-
iponectin (AdipoR1) receptor in the femoral artery of rats. Bottom 
panels are representative Western blots and top panels show quan-
titative analyses. AU, arbitrary units relative to c-SD. Means ± 
SEM. The number of animals per group is indicated in the figure. 
Two-way ANOVA:      *  *   p  < 0.01 vs. c-SD;          +     p  < 0.05 vs. h-SD.                   
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vasodilator therapy  [76]  reinforcing the importance of 
physical training associated or not with phosphodiester-
ase inhibitors in improving the quality of life in males. 
Intriguingly, we found a double band for Ec-SOD protein 
expression in the corpus cavernosum. Accordingly, pre-
vious studies have shown a double band for Ec-SOD in 
different tissue types where the amount of connective tis-
sue is high such as the lung  [77]  and joint cartilage  [78]  
from mice. Given that the corpus cavernosum shows a 
higher amount of connective tissue than the femoral ar-
tery, the presence of a double band in this preparation, 
but not in the femoral artery, might be related to the dif-
ferent morphological characteristics of each tissue.

  The contributions of exercise training towards reduc-
ing circulating adipocytokine levels may be important to 
other tissue responses, but the effects of ObR on vascular 
tissue in exercised animals are unknown since most stud-
ies examined the effect of exercise training on leptin and 
its receptors in adipose tissue and skeletal muscle  [79, 80] . 
In addition, a reduction in AdipoR1 has been reported in 
skeletal muscle and adipose tissue in experimental mod-
els of obesity, and exercise training was effective to pre-
vent this alteration  [81, 82] . Our findings demonstrate 
that exercise training in animals on a high-fat diet is able 
to reduce leptin levels and upregulate its receptor in the 
femoral artery. These alterations possibly result in acti-
vating the NO pathway, thus enhancing the relaxation 
response in trained animals in this experimental model, 
being more meaningful in the femoral artery than in the 
corpus cavernosum. On the other hand, we did not detect 
any change in AdipoR1 in h-TR animals. In addition, aer-

obic exercise reduced TNF-α levels with no alteration in 
TNFR1 protein expression. A recent study demonstrated 
the beneficial effect of exercise training to reduce TNFR1 
protein expression in hearts from ovariectomized rats 
preventing cardiac apoptosis  [83] . Future experiments 
should be developed to investigate these important path-
ways.

  In conclusion, aerobic exercise training ameliorated 
the effects of inflammatory adipocytokines and restored 
the relaxation responses in the corpus cavernosum and 
femoral artery in rats on a high-fat diet. The relevance of 
this study is its contribution for preventing erectile dys-
function and peripheral arterial disease in obese men us-
ing nonpharmacological approaches. 
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