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Abstract: Physical inactivity and dyslipidemia are considered risk factors for cardiovascular diseases. There are few
studies evaluating the effects of physical exercise in small-caliber artery in a model that mimics familial hypercholesterolemia. The aim of this study was to examine the effect of exercise training, at moderate intensity, on metabolic parameters and iliac artery responsiveness in LDL-/- mice. Sedentary (SD) and trained (TR) mice performed AET
(5 days/week, 60 minutes/day at 60-70% of maximum speed) during 8 weeks. Body weight gain (BWG), epididymal
fat, blood glucose, total cholesterol and triglycerides were evaluated. Concentration-response curves to acetylcholine (ACh), sodium nitroprusside, phenylephrine and U46619 were obtained in isolated iliac artery. The production
of nitric oxide (NO) and reactive oxygen species as well as the expression and activity of MMP-2 were assessed.
AET was effective in preventing BWG and epididymal fat gain, whereas no changes were observed in glucose, total
cholesterol and triglycerides levels. Improvement in responsiveness to ACh was found in TR (Emax = 85±3%) compared with SD group (Emax = 62±5%) without changes in the maximal vascular response or potency to SNP, PHE and
U46619. The NO level was increased (10.8-fold) while ROS formation was decreased (3.7-fold) in iliac artery from
TR, without changes in MMP-2 activity or its expression. AET was effective to improve endothelium-dependent relaxation that was accompanied by increased NO production and decreased ROS formation in iliac artery. The intensity
of AET should be greater to modify metabolic disorders in this experimental model of dyslipidemia.
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According to the World Health Organization
more than 17.3 million deaths per year are
attributed to cardio-metabolic diseases such
as arterial hypertension, type 2 diabetes mellitus and atherosclerosis and it is expected an
increase to over 23 million in 2030. Atherosclerosis is a long lasting disease with genetic
and environmental background that contributes to the development of the atherosclerotic
lesion and its progression. Physical inactivity,
obesity, lipid profile alterations, smoking, excessive alcohol consumption, and mutation in
LDL-cholesterol receptor are the main risk factors for this cardio-metabolic disease [1, 2].

consistently demonstrated an impairment of
relaxing responses in experimental model of
atherosclerosis in different animal species
including rats [4] mice [5] and pigs [6]. In the
early stage of atherosclerosis, infiltration of
small particles of LDL-cholesterol, reactive oxygen species (ROS) production and immune
cells, particularly monocytes, which infiltrate
into the arterial intima to phagocyte the oxidized LDL took place. Release of pro-inflammatory cytokines, increased metalloproteinases
(MMP), mainly MMP-2 and MMP-9, cell growth
factors resulting in proliferation of smooth muscle layer and endothelial cells damage complete this phase [7].

Endothelium dysfunction is a hallmark of atherosclerosis [3]. Indeed, previous studies have

On the other hand, it is well known that aerobic
physical training ameliorates vascular respons-
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es through shear stress [8]. Accordingly, the
beneficial effects of physical training are by
activation of mechanosensors present in endothelial cells that are coupled to complex biochemical signaling pathways, including Ras/
MEK/ERK, c-Src, G proteins, ion channel,
VE-cadherin, and PI3K/Akt, which in turn, regulate nitric oxide (NO) signaling pathway [9]. A
number of studies has evaluated the effects of
exercise training in low-density lipoprotein
receptor deficient mice (LDLr-/-) using isolated
aorta [10-13]. However, no studies exist examining the effects of exercise training in iliac
artery in this experimental model of atherosclerosis.
The rationale for studying iliac artery are a)
arteries with lower blood flow velocity are more
susceptible to the development of atherosclerosis; b) in the late stage of atherosclerosis,
plaque reduces the blood flow in the iliac artery,
as they enter the lower limbs, causing intermittent claudication and critical limb ischemia; c)
lower limb peripheral artery disease (PAD) usually is underdiagnosed, undertreated and poorly understood [14, 15], and finally d) examining
the early stage of atherosclerosis is a key strategy to preventing the complications of this disease in lower limb artery with a low cost.
Therefore, the aim of this study was to examine
the effect of exercise training, at moderate
intensity, on vascular reactivity of the iliac
artery and metabolic parameters in LDLr-/- mice
fed high fat diet. To further evaluate the insight
mechanisms by which exercise training would
promote beneficial effects, we also measured
NO and ROS production as well as the protein
expression of MMP-2 in iliac artery from
LDLr-/- mice.
Material and methods
Animals and experimental procedures
Twenty-eight week-old LDLr-/- mice were divided
into sedentary (SD) and trained (TR). Animals
were housed in polypropylene cages (41 × 34 ×
30 cm), five animals in each on a 12 h light/
dark cycle and had free access to water and
high-fat diet (32% carbohydrate, 20% protein,
38% fat) providing 6.2 Kcal/gram (PragSoluções Biosciences, Jau, SP). Body weight and
food intake were assessed weekly.
Physical exercise sessions were carried out
during eight weeks for TR group. Mice ran on a
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treadmill during 60 minutes, five days a week,
at 60% of their maximal speed which was determined using a maximal incremental test. This
test consisted of run, beginning at 5 m/minute
and every 3 minutes the speed was increased
in 5 m/minute until exhaustion (determined
when the animal touched the bottom of the
bay, five times within one minute). The speed at
which the mouse achieved exhaustion was considered as the maximal speed.
All procedures were reviewed and approved
by the Ethics Committee on Animal Use in
Research of University of Campinas (CEUA/
UNICAMP protocol number 3537-1) in compliance with the Brazilian national law (CONCEA
publication Nº 11.794, 2008).
Blood glucose, serum cholesterol and triglycerides
After 48 hours of the last exercise session,
fasting blood glucose was determined using a
drop of blood collected from the tail of animals
and reactive test strips that were inserted into
digital meter Accu-Check Advantage (Roche
Diagnostics Corporation, Indianapolis, IN).
After this procedure, animals were anesthetized (2 g/kg urethane i.p.) and cardiac puncture was performed to exsanguination and diaphragm was ruptured. Blood samples were
taken and serum was immediately separated
by centrifugation (8,000 g), freeze (-80°C) and
after used to determine total cholesterol and
triglycerides by enzymatic colorimetric method (Roche Diagnostic GmbH, Mannheim, Germany). Epididymal fat was carefully removed
and weight.
Concentration-response curves in isolated iliac
artery
The iliac artery was carefully isolated and
placed in freshly prepared ice-cold Krebs solution containing (mM): NaCl, 118; NaHCO3, 25;
Glucose, 5.6; KCl, 4.7; KH2PO4, 1.2; MgSO4, 7;
H2O, 1.1; and CaCl2, 2; H2O, 2.5. In the sequence, the iliac artery was cleaned of all adherent tissue and cut into rings of 2 mm; two wires (20 mm diameter each) were introduced
through the lumen of segments and mounted
in a small vessel myograph chamber Model
610 M-DMT (Danish Myo Technology, Aarhus,
NA) with 5 ml Krebs solution at 37°C, pH 7.4
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Table 1. Body weight values, epididymal fat mass
and metabolic parameters in LDLr-/- mice from SD
and TR groups
SD
Initial body weight (g)
23.2±0.3
Final body weight (g)
33.4±1.0
Body weight gain (g)
10.6±0.9
Epididymal fat (g)
1.1±0.1
Food intake (g/mice/dia)
3.5±0.1
Food energy (Kcal/mice/day) 21.5±0.5
Glucose (mg/dL)
164.6±10.0
Total cholesterol (mg/dL)
271.3±14.2
Triglycerides (mg/dL)
180.8±11.3

TR
23.3±0.6
27.1±0.8*
4.0±0.5*
0.6±0.1*
3.6±0.1
22.2±0.5
151.6±7.4
271.8±14.3
179.1±15.3

Data are expressed as mean ± SEM. *Different SD; P<0.05
(unpaired t test).

and continuously gassed with 95% O2 and 5%
CO2 under a resting tension of 0 mN. After 15
minutes of equilibration period, rings were
stretched to their optimal lumen diameter
based on the internal circumference, wall
length and wall tension using specific software
for normalization (LabChart Pro-DMT Normalization Module, AD Instruments, Sydney, Australia). Normalization was performed by distending the vessel stepwise and measuring
sets of micrometer readings of force [16, 17].
Data acquisition was performed using PowerLab 8/30 (LabChart, version 7.0, AD Instruments, Sydney, Australia).
After 45 minutes of equilibration period, iliac
rings were pre-contracted with KCl (80 mM)
until reach maximal response and washed
using Krebs solution. Cumulative concentration
response curves to acetylcholine (ACh: 1
nM-300 μM) and sodium nitroprusside (SNP:
100 fM-3 μM) were done in rings pre-contracted with tromboxane A2 analogue (U46619) in a
concentration that indices 50-80% of maximal
response obtained with KCl (80 mM).
Contractile responses were also evaluated
using cumulative concentration-response curves to phenylephrine (PHE: 1 nM-300 μM)
added propranolol (100 nM) and to tromboxane
A2 analogue (U46619: 100 pM-3 μM). The contractile response was determined is mN/mm.
Concentration-response data were evaluated
for a fit to a logistics function in the form: E =
Emax/((1+(10c/10x)n) + Ф), where E is the
response; Emax is the maximum response that
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the agonist produces; c is the logarithm of the
EC50, the concentration of agonist that produces half-maximal response; x is the logarithm of
the concentration of agonist; the exponential
term, n, is a curve fitting parameter that defines
the slope of the concentration-response line,
and Ф is the response observed in the absence
of added agonist. Nonlinear regression analyses to determine the parameters Emax, log EC50
and n were done using GraphPad Prism
(GraphPad Software, San Diego-CA, USA) with
the constraint that Ф = zero.
NO production
NO production was evaluated using fluorescent
dye 4,5-diaminofluorescein diacetate (DAF-2,
Sigma-Aldrich CO, Saint Louis, MO) as previous
described [17]. Iliac artery was embedded in
OCT and transversal sections (10 µm) were
obtained using a cryostat. Two section of each
artery were incubated at 37°C for 30 minutes
with 100 µl phosphate buffer (PBS, 0.1 M, pH =
7.4) added calcium (0, 45 mM). Then, fresh PBS
containing DAF-2 (8 µM) was applied to each
tissue section and the slices were incubated in
a light-protected humidified chamber at 37°C
for 25 min. After, one slice of each artery was
stimulated with ACh (10 µM) during 15 minutes.
Images were obtained with an optical microscope (Olympus BX60, Olympus, Center Valley,
PA, USA) equipped with filter to fluorescein and
camera (Olympus DP-72) using a 20 × objective. The fluorescence was quantified using
Image J Software (National Institutes of Health,
Bethesda, MD, USA). The value used was a
mean obtained from seven different vessel
areas. The results were expressed as the delta
of ACh-stimulation integrative density minus
basal integrative density.
ROS detection
The oxidative fluorescent dye dihydroethidium
(DHE) was used to evaluate in situ ROS production, more specifically the anion superoxide
[18]. Transverse iliac sections (10 µm) obtained
in a cryostat were incubated at 37°C for 10
minutes with 100 µl PBS (0.1 M, pH = 7.4)
added pentetic acid (DTPA, 10 -4 M). Then, fresh
PBS containing DHE (2 µM) was applied to each
tissue section and the slices were incubated in
a light-protected humidified chamber at 37°C
for 30 minutes, in the presence or in the
absence of superoxide dismutase (SOD, 2.5
µM). Images were obtained with an optical
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Figure 1. Concentration-response curve and maximal response to acetylcholine (ACh, A, C) and sodium nitroprusside (SNP, B, D) in iliac artery with intact
endothelium in sedentary (SD) and trained (TR) groups. Data are expressed
as mean ± SEM. Experimental n is represented in parentheses. *Different
SD; P<0.05 (unpaired t test).

microscope (Olympus BX60, Olympus, Center
Valley, PA, USA) equipped with filter to rhodamine and camera (Olympus DP-72) using a 20 ×
objective. The fluorescence was quantified
using the Image J Software (National Institutes
of Health, Bethesda, MD, USA). The value used
was a mean obtained from seven different vessel areas. The results were expressed as the
delta of basal integrative density minus SOD
integrative density.
Activity and expression of MMP-2
Transverse iliac sections (5 µm) obtained in a
cryostat were incubated with 50 µL of PBS (0.1
M, pH = 7.4) for 10 minutes. Then, buffer was
removed and sections were incubated with 10
μl of DQ gelatin (1:10 in Tris 50 mM CaCl2 pH
7.4, Thermo Fisher Scientific) in a light-protected humidified chamber at 37°C for 60 minutes.
All sections were then washed three times with
PBS and incubated with 50 µL of MMP-2 antibody (1:200 dilution, MAB3308, Millipore) in a
light-protected humidified chamber at room
temperature for 60 minutes. Subsequently, all
sections were washed using PBS and incubated with 50 µL rhodamine secondary antibody
(1:200 dilution, Millipore) in a light-protected
humidified chamber at room temperature for
60 minutes. Finally, 10 μl of 4% paraformalde67

hyde were applied to each
section, and then maintained
in a light-protected humidified
chamber at 37°C for 20 minutes. Afterwards, the samples
were washed three times with
PBS and DAPI (1:1000 dilution, Life Technologies) was
applied. Images were obtained with an optical microscope (Olympus BX50, Olympus, Center Valley, PA, USA)
using filter to DQ gelatin, rhodamine and DAPI and equipped with camera (Olympus
DP-72) using a 20 × objective.
The fluorescence was quantified using the Image J Software. The value used was a
mean obtained from seven
different areas in the media
layer. Negative controls were
done using only PBS, only
MMP-2 antibody and only
rhodamine.

Statistical analysis
Data are presented as means ± standard error
mean (SEM) of n experiments. GraphPad Instat
version 3.0 was used to perform Kolmogorov
and Smirnov normality test followed by unpaired t test (two-tail). The level of significance
adopted was P<0.05.
Results
Body weight gain, epididymal fat, food intake
and metabolic parameters
TR animals had lower body weight gain and epididymal fat pad as compared with SD, approximately 62 and 45%, respectively. On the other
hand, no changes were found in blood glucose,
total cholesterol and triglycerides levels after
eight weeks of exercise training (Table 1).
Concentration-response curves in iliac artery
Endothelium-dependent relaxation evoked by
ACh was 37% higher in TR than in SD mice,
without changes in its potency (SD: 7.33±0.20
and TR: 7.28±0.12). Neither the maximal arterial responses (SD: 96.1±0.9% and TR: 92.3±
2.7%) nor the potency to SNP (SD: 6.96±0.20
and TR: 6.68±0.28) were modified by exercise
training (Figure 1A and 1B).
Am J Cardiovasc Dis 2017;7(2):64-71
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cholesterol and premature
atherosclerotic cardiovascular disease [19]. The animal
model used in this study mimics familial hypercholesterolemia as it lacks LDL receptor
[20].
In the present study, AET was
successful in reducing body
weight gain and epididymal
fat pad showing that high-fat
diet associated with the practice of physical exercise was
effective in changing both
parameters without changing
food intake. However, lipid
profile and glucose were unalFigure 2. Concentration-response curves and maximal response to phenylephrine (PHE, A, C) and to the analogue of thromboxane A2 (U46619, B,
tered after AET. Accordingly, a
D) in iliac artery with intact endothelium in sedentary (SD) and trained (TR)
previous study examining a
groups. Data are expressed as mean ± SEM. Experimental n is represented
similar volume of AET (8
in parentheses.
weeks) failed to find changes
in lipid profile even though the
Regarding arterial contractile response to PHE,
period for high-fat diet was longer as compared
no differences were seen in both, the maximal
with our study [21]. On the other hand, studies
responses (SD: 3.3±0.3 mN/mm and TR: 2.9±
using cholesterol-rich diets found beneficial
0.4 mN/mm) and the potency (SD: 6.23±0.06
effects of exercise training on lipid profile in the
and TR: 6.57±0.20) for this contractile agent.
same mouse model [12, 13]. Blood glucose
Similar results were observed by using U46619
was not affected by moderate exercise training
(maximal response: SD: 3.8±0.3 mN/mm and
during eight weeks. Indeed, a recent stuTR: 3.3±0.3 mN/mm, and potency: SD: 8.02±
dy using ob/ob mice shows that high-intensity
0.09 and TR: 7.98±0.02) (Figure 2A and 2B).
exercise is more effective in increasing glucose
transporters-4 and consequently glycemia
In order to examine the insight mechanisms
reduction [22]. Collectively, these findings indiunderlying the improvement in the relaxing
cate that the intensity of exercise training
-/responses found in trained LDLr mice fed with
should be higher to achieve metabolic changes
high fat diet, NO and ROS production were anain this particular animal model if fed with highlyzed in situ in the iliac arteries. Increased NO
fat diet.
production (10.8-fold) was found in iliac artery
from trained animals (Figure 3A and 3B) whereIt is well known that vascular responses in
as ROS formation was significantly decreased,
LDLr-/- mice show impairment in endotheliumapproximately 3.7-fold (Figure 3C and 3D).
dependent relaxation [5, 23]. However, most of
Given that MMP-2 plays a crucial effect on vasthese studies have examined the aortic rings in
cular remodeling in atherosclerosis and NO
this experimental model [24-26], and no studplays a protective action on vascular smooth
ies have examined the lower limb artery. In view
muscle cells proliferation, MMP-2 activity and
of the fact that vascular responsiveness to aceits expression were examined in iliac artery
tylcholine, for example, is different among vasfrom TR LDLr-/- mice fed with high fat diet.
cular beds [4, 17] this study was the first to
Exercise training for eight weeks failed to cause
show iliac artery responsiveness in a model of
any changes in both parameters of MMP-2
familial hypercholesterolemia. Iliac artery is an
(Figure 4).
important vascular bed in terms of blood supply of the lower limbs, thus studies using this
Discussion
vascular bed are extremely relevant in an
attempt to prevent the high rate of mortality
Familial hypercholesterolemia is a genetic disand morbidity as consequence of peripheral
order characterized by high levels of LDL68
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Figure 3. Representative/quantitative analysis for 4.5-diaminofluoresceína (DAF-2), a marker of NO production (A
and B) and to DHE a marker of reactive oxygen species production (C and D) in iliac artery with intact endothelium
in sedentary (SD, n = 8) and trained (TR, n = 7) groups. DAF-2 was done in absence (baseline) or presence of
Acetylcholine (ACh, 30 μM). DHE was done in absence (baseline) or presence of SOD mimetic (2.5 μM). The value
of fluorescence integrated density is a mean obtained from the measurement of 7 regions (randomly choose) of
smooth muscle layer. Data are expressed as mean ± SEM. *Different SD; P<0.05 (unpaired test).

artery disease [15]. The relaxing response
evoked by acetylcholine, an agent that elicits
endothelium-dependent response was significantly attenuated in iliac artery from LDLr-/- sedentary mice (62%). On the other hand, trained
animals exhibit maximal responses to acetylcholine about 82%. This improvement was
associated with a marked increase in NO production as well as a lower ROS production in
the isolated tissue. Thus, the beneficial effects
of AET in this mice model was similar to those
found in others isolated arteries ameliorating
the NO signaling pathway and modulating the
redox by exercise-induce shear stress [4, 12].
Given that the MMPs play a crucial role on vascular remodeling and increased MMP activity is
significantly observed in vasculature of atherosclerotic mice, contributing to plaques instability and rupture, leading to the development of
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cardiovascular diseases, [27] we examined the
effects of AET on MMP-2 in iliac artery from
LDLr-/-. Our study failed to find any changes in
the protein expression of MMP-2 as well as its
activity. Possibly, the lack of changes in this
important MMP is due to the stage of atherosclerosis where changes in MMP are not yet
established. In fact, previous studies investigating atherosclerotic lesions and plaque vulnerability were carried out for 12 weeks reaching up to 18 months in LDLr-/- mice fed with
high-fat diet to detect changes in MMP expression [10, 11, 28, 29]. However, one of objective
of this study was to detect the early changes of
atherosclerosis process and the possible
effects of AET on lower limb artery.
In conclusion, AET was effective to improve
endothelium-dependent relaxation that was
accompanied by increased NO production and
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