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A B S T R A C T

The practice of physical exercise is highly indicated to prevent cardiovascular diseases and is directly related to
the improvement of endothelial function and the regulation of arterial blood pressure. The objective of this study
was to analyze the effect of physical exercise in vascular remodeling after FeCl3 chemically induced arterial
injury on atherosclerotic mice. To analyze the effect of exercises on thrombus formation, LDL receptor-deficient
mice were fed for 6 weeks with a high-fat diet and performed or not physical exercises for 2 weeks before the
arterial injury. To verify endothelium recovery the animals were exercised or not 2 weeks before the injury, and
3 weeks after it, when the vessels were analyzed. In this work, we observed that physical exercises done only
before arterial injury reduced thrombosis time, protected the endothelial layer, promoted the recruitment of
CD34 positive progenitor cells, increased the level of eNOS and gelatinases activities and decreased the number
of inflammatory cells in the vessel, but do not avoid the growth of neointima. Otherwise exercises done before
and continued after injury, increased gelatinase activities, reduced lipid deposition in the aortic arch and pre-
vented neointima formation. Thus, we could conclude that physical exercises are done before and continued
after endothelial injury stimulate endothelial recovery by promoting endothelial cell growth, matrix remodeling
and decreasing inflammation in the vessel wall.

1. Introduction

Strategies that can improve vascular health are the primary target in
cardiovascular studies nowadays. According to WHO 2018, cardiovas-
cular diseases kill 17,9 million people a year, accounting for 31% of the
total deaths in the world and physical inactivity is the fourth leading
cause of death globally [1]. The World Health Organization (WHO)
recommends the practice of regular exercises to prevent and ameliorate
cardiovascular diseases. Exercises, when performed regularly, can im-
prove endothelial function and arterial blood pressure, reducing the
presence of inflammatory molecules and oxidative stress mainly by
increasing endothelial oxide nitric synthase activity (eNOS) and dis-
mutase superoxide [2]. It was observed a vasomotor response to phy-
sical exercise that is directly related with mechanical stress due to blood
flow, leading to vasodilatation and an increase on endothelial pro-
genitor cells (EPCs) mobilization to regenerate vascular endothelium in
consequence of eNOS and oxide nitric dependent signalization [3].

Atherosclerosis is one of the leading causes of cardiovascular dys-
function and is a chronic inflammatory disease that affects medium and

large caliber arteries [4]. It begins with an endothelial injury caused by
oxidative stress associated with risk factors, like diabetes mellitus, hy-
pertension, smoke, obesity, and metabolic syndromes. A migratory cell
process starts to the inflammation site involving primarily a transient
adhesion stage, where endothelial P- and E-selectins ligate to carbo-
hydrate on leukocyte surface, attracting these cells for local lesion [5].
These inflammatory events can also lead to smooth muscle cells mi-
gration to the intima layer, forming neointima and a fibrous cap on
atherosclerotic plaques. These plaques may presence proteolytic en-
zymes, like metalloproteinases (MMPs), which are responsible for the
local extracellular matrix degradation and with the plaque instability
[6]. When in an advanced stage, atherosclerotic plaques can rupture,
leading to platelets activation, vessel subendothelial layers exhibition
and thrombus formation [7].

Thrombosis can also be caused by a direct injury on the vessel wall,
promoting a blood overflow from circulation and the beginning events
to homeostasis restoring of vascular system [8]. The endothelial cell
loss due to a vascular injury leads to an inflammatory process that in-
volves cytokines and growth factors expression, migration and
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proliferation of smooth muscle cells with a high quantity of MMPs, that
can result on neointima formation and vessel stenosis. Therefore, pre-
vention of inflammation and stimulation of EPCs migrations to the
vessel wall can promote neovascularization of the damaged tissue and
the inhibition smooth muscle cells layer formation that is crucial to a
positive endothelium repair [9].

The objective of this work was to evaluate the effects of physical
exercise on thrombosis and vascular remodeling on atherosclerotic
mice and to correlate these effects with the activity of metalloprotei-
nases, eNOS, and the presence of progenitor cells in the vascular wall.

2. Materials and methods

2.1. Mice

Male LDL receptor-deficient mice (LDLr−/− or B6.129S7Ldlrtm1Her/
J) and C57Bl/6J mice (6 weeks old) were obtained from Multidisciplinary
Center for Biological Research (CEMIB/UNICAMP), Campinas/SP and kept
on light/dark cycles of 12/12 h with free access to food and water. Ethical
Committee of State University of Campinas (CEUA), protocol 4144-1, ap-
proved all animals care and procedures followed by guides for care and use
of animals in the laboratory.

2.2. Induction of atherosclerosis

To induce atherosclerosis, 6 weeks-old LDLr−/− mice were fed
with a high-fat diet (HFD) (18% of protein, 22% of total fat, 45% of
carbohydrate and 0.2% of cholesterol, on a total of 448 Kcal/100 g
obtained from PragSoluções, Jaú, São Paulo - Brazil), for 6 or 9 weeks.
These animal groups were denominated HFD 12 wks or 15 wks.

2.3. Physical exercise protocol

Exercise protocol was done on a treadmill for 30 min at a speed of
12 m/min, five times/week, during the last 2 or 5 weeks of the high-fat
diet feeding, with an adaptation period a week before the beginning of
the training, increasing time and speed gradually. The exercise protocol
was adapted from Laufs et al. [2], and the protocol to analyze vessel
recovery was determined according to Vicente et al. [10], that observed
that 3 weeks was the time necessary after the arterial injury to the full
vessel recovery or to observe a significant growth of neointima. The
animal groups were denominated HFD + Ex 2 wk or HFD + Ex 5 wk. In
the injured group, to analyze thrombus formation, the animals were
exercised for two weeks, then submitted to arterial injury
(HFD − EX + lesion) or not, sedentary (Sed) (HFD Sed + lesion). Also,
to analyze neointima formation, the animals were exercised for
2 weeks, injured and analyzed three weeks later without further ex-
ercises (HFD − EX + lesion + 21 d) or exercised for more three weeks
completing five weeks of exercises (HFD − Ex + lesion + ex 21 d).

2.4. VO2max test

The objective of the VO2max test was to determine if the exercises
improved mice cardiorespiratory fitness and the effect of HFD in this
process. This test was performed on the last day of exercise protocol and
was done on a metabolic treadmill associated with a gas analyzer
(Oxylet system; Panlab/Harvard Apparatus, Barcelona, Spain), using a
25° angle inclination. It began with a period of 4 min to measure am-
bient air, followed by 1 min at 5 cm/s, 2 min at 10 cm/s and with speed
increasing of 3 cm/s every 2 min, until exhaustion, oxygen capitation
was recorded every 1 s with Metabolism software (Panlab/Harvard
Apparatus) coupled with gas measurement. We compared the VO2max
values among the sedentary and exercised groups after 2 or 5 weeks of
exercise, and besides maximal speed, we also analyzed total distance
and the exhaustion time.

2.5. Body weight and lipid profile analysis

To determine if HFD and exercises can alter the levels of cholesterol,
triglycerides and body weight, C57Bl/6J and LDLr−/− mice were
weighted on the first day of each week of training, and at the end of the
protocol, the animals were euthanized and the levels of cholesterol and
triglycerides analyzed. Blood was collected from the cava vein with
sodium citrate 3.8% as anticoagulant and plasma were obtained by
centrifugation at 3000 rpm for 5 min. Total cholesterol and triglycerides
were analyzed using an enzymatic method on spectrophotometer with
kits from LaborLab Liquid Stable, according to the manufacturer's in-
structions.

2.6. Carotid artery injury and thrombosis time determination

To determine if exercises can influence in the time required for
thrombus formation after carotid artery arterial lesion, we used
12 weeks-old LDLr−/− male mice fed with HFD for six weeks ex-
ercised or not, for 2 weeks and weighing 25 ± 2 g. The animals were
anesthetized with 100 mg/kg of ketamine and 16 mg/kg of xylazine via
intramuscular injection. The arterial injury was induced chemically
with 15% Ferric Chloride (FeCl3) using a 1 mm2 filter paper soaked
overnight in the FeCl3 solution and dried for 1 h at 37 °C before surgery.
The right common carotid artery was isolated, and a filter paper applied
for 2 min. To determine carotid artery thrombosis occlusion-time, we
used an ultrasound probe (Transonic Flowprobe MAO 5 PSB, Ithaca -
USA). The blood flow was recorded by DATAQ program (Transonic
System TS 420, Ithaca- USA) and the occlusion time was considered the
interval between initial the flow time and the time at which the flow
cessation after injury. These animal groups were denominated HFD
Sed + lesion and HFD ex 2 wk + lesion.

2.7. Determination thrombus areas using histochemistry

To confirm thrombus formation and determining thrombus area in
the vessel lumen after arterial lesion, HFD fed mice exercised or not
2 weeks before arterial injury were euthanized with 500 mg/kg of ke-
tamine 1 h after injury. The right common carotid artery was harvested
and embedded in Tissue-Tek OCT (Tissue Tek Optimal Cutting tem-
perature compound, Torrance – USA) and 8 μm cross-sections were cut
along the whole vessel. We used Hematoxylin-Eosin staining (HE), and
slides were mounted with Cytoseal 60 (Richard Allan Scientific,
Kalamazoo- USA), examined on OlympusBX60 microscope (camera
QColor 3). The amount of lumen occupied by thrombus was measured
with ImageJ® 1.42q program. The slides with the highest amount of
thrombus were used for the area calculation. This area was calculated
by subtracting the lumen area with thrombus from the total area of the
vessel lumen delimited by the internal elastic lamina. We used six an-
imals per analyzed group.

2.8. Quantification of neointima formation using histochemistry

Neointima formation was analyzed in HFD fed mice exercised or not
2 weeks before the injury and exercised or not for more 3 weeks after
injury. Previous observations from our lab [10] determined that 21 days
were necessary to promote the complete occlusion of the vessel lumen
with neointima after arterial injury. The right common carotid artery
was harvested and embedded in Tissue-Tek OCT (Tissue Tek Optimal
Cutting temperature compound, Torrance – USA) and 8 μm cross-sec-
tions were cut along the vessel. We used Hematoxylin-Eosin staining
(HE), and slides were mounted with Cytoseal 60 (Richard Allan Sci-
entific, Kalamazoo- USA), examined on OlympusBX60 microscope
(camera QColor 3). The amount of lumen occupied with neointima was
measured with ImageJ® 1.42q program. The slides with the highest
amount of neointima were used for the calculation. This area was cal-
culated by subtracting the lumen area with neointima from the total
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area of the vessel lumen delimited by the internal elastic lamina. We
used six animals per analyzed group.

2.9. Quantification of the presence of endothelial cells, progenitor cells and
eNOS, ICAM and LY6G in the vessel wall by immunofluorescence

The Immunofluorescence assay for endothelial cells (CD31) and pro-
genitor cells (CD34) was done on frozen sections of HFD fed exercised or
not animals 1 h after lesion. For endothelial cells, we used rat anti-mouse
CD31 (eBioscience, San Diego, CA, dilution 1:80), to analyze the lesion
extension and if the exercises promoted protection against the endothelial
layer lost after injury. For progenitor cells, we utilized rat anti-mouse CD34
(eBioscience, San Diego, CA, dilution 1:100), a hematopoietic marker that
can indicate the migration of progenitor cells to the lesion site. For eNOS,
that is a positive marker for endothelial functionality, and we used rabbit
anti-mouse NOS3 (Santa Cruz Biotechnology, dilution 1:100) in 2 different
moments: 1 h after the lesion to verify endothelial functionality after lesion
and 3 weeks after injury in animals exercised or not before and after lesion.
ICAM labeling was done using rat anti-mouse ICAM antibody (R&D sys-
tems, Minneapolis, USA, dilution 1:80) to illustrate inflammation due to
atherosclerosis since it is an adhesion molecule and can be considered a
marker of this process. LY6G is a marker for neutrophils, and we used a rat
anti-mouse LY6G antibody (Sigma-Aldrich, St. Louis, USA, diluted 1:100) to
analyze the presence of inflammatory cells. ICAM and LY6G presence was
observed in sedentary and 2 weeks exercised mice 1 h after arterial lesion.
The slides were fixed with cold acetone (20 min at 4 °C), then perform
blocking with PBS/BSA (0.05%). Then, the sections were washed three
times with PBS (5 min each), and the labeling was detected using secondary
antibodies conjugated with FITC (0.2 mg/ml eBioscence, San Diego, CA)
diluted 1:250 and incubated for 40 min at RT. The nuclei were labeled with
DAPI (0.5 mg/mL in methanol) for 5 min at 37 °C. The slides were mounted
and analyzed by fluorescence microscope (Olympus BX60, camera QColor
3). The images were captured by QCapture 4.0 software and the cells
double marked with DAPI and FITC were counted using ImageJ 1.42q

software. We performed this score by choosing randomly 3 cuts of each
slide for each analyzed marker.

2.10. Gelatinases activities using in situ zymography

Frozen sections of carotid artery from animals HFD fed animals
exercised or not 2 weeks before injury or exercised 2 weeks before in-
jury and 3 weeks after, were incubated 5 min with a gelatinase buffer
1× (Tris 0.5 M, NaCl 1.5 M, CaCl2 50 mM on pH 7.6) and after on a
solution of DQ-Gelatin (a green fluorogenic substrate to gelatinases)
1 mg/mL (Invitrogen, Eugene, Oregon, USA). The gelatinase activity
was measured using incubation of 3 h on a dark, moist chamber, at
37 °C. Slides were then washed three times with PBS 1×, mounted and
examined on the fluorescence microscope Observer Z.1 (Zeiss,
Oberkochen, Germany) using Axio Vision 4.8 Software. Proteolytic
activity was detected by the fluorescence increased due to gelatinolytic
activity on the chromogenic substrate. The fluorescence intensity on
different slides was quantified on ImageJ® 1.42q program (integrated
density), with an n = 5 per analyzed group.

2.11. Statistical analysis

Groups were analyzed using n≥ 4 animals and n= 3 when indicated
on methodology. Statistical significance was determined through the Mann
Whitney U test. Values of p smaller or equal 0.05 were considered sig-
nificant at *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results

3.1. VO2max test indicated an improvement of mice physical capacity

We observed an increase in the distance, aerobic maximum speed
and exhaustion time on the exercised groups of both 2 weeks and
5 weeks, when compared to controls or non-exercised animals.

Fig. 1. Effect of the exercises on VO2max, distance, maximal speed and exhaustion time. (A) Distance (B) Maximal speed (C) Exhaustion time (D) VO2max. HFD sed
12 wks (animals LDLr−/− 12 weeks-old fed 6 weeks with HFD); HFD + ex 2 weeks (animals LDLr−/− 12 weeks-old fed 6 weeks with HFD exercised the last
2 weeks); HFD sed 15 wks (animals LDLr−/− 15 weeks-old fed 9 weeks with HFD); HFD ex 15 wks (animals LDLr−/− 15 weeks-old fed 9 weeks with HFD and
exercised the last 5 weeks). n = 6 per group, *p < 0.05 and **p < 0.01.
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Exercised mice for two weeks ran 32,995.7 ± 4837 cm vs.
22,500.8 ± 4869 cm of non-exercised mice and 5 weeks exercised
mice ran 37,256.7 ± 5586 cm vs. 14,160 ± 3717 cm, respectively
(p = 0.01; Fig. 1A). Maximal speed was also increased where two weeks
exercised mice reached 41.5 ± 3.0 cm/s vs. 33.5 ± 4 cm/s for con-
trols mice. This improved condition was sustained after 5 weeks ex-
ercise (42.5 ± 3.5 vs. 27 ± 3.6 cm/s) (p = 0.02; Fig. 1B). The same
was verified for the exhaustion time that was 1314.83 ± 138 s for
control vs. 1624.17 ± 120.8 s, for 2 weeks of exercises and
1030 ± 135 s for control vs. 1689.67 ± 125.8 for 5 weeks of exercises
(p = 0.01; Fig. 1C). It was not observed a significant difference in these
parameters between the exercised groups for 2 or 5 weeks. The VO2max
presented no significance in the animals exercised two weeks when
compared to the non-exercised group of the same age (12 weeks -
68.45 ± 7.7 vs. 72.45 ± 4.5 ml/min/kg, p = 0.39) but exercised five
weeks group presented a 26,96% increase when compared to its re-
spective control (15 weeks - 82.63 ± 16.6 vs. 63.86 ± 6.2 ml/min/kg,
p = 0.03) (Fig. 1D).

3.2. Body weight and cholesterol levels were decreased after 5 weeks of
exercises

In our study, physical activity for five weeks decreased body weight
significantly in 31.9% (27.64 ± 3.1 vs. 19.375 ± 1.8 g, p = 0.006),
while two weeks of exercise did not affect it (22.94 ± 3.1 vs.
23.92 ± 1.4 g, p = 0.24). Besides, there was an increase in body
weight of 18.8% from 12 to 15 weeks animals due to HFD (p = 0.03)
(Fig. 2A).

Analyzing lipid profile, we could see an increase on the total cho-
lesterol and triglycerides levels of HFD fed group when compared to
normal diet fed animals (standard diet), of 159.7% and 111.2%, re-
spectively (256.6 ± 61 vs. 638.722 ± 80 mg/dl, p = 0.002 and
74.25 ± 9 vs. 175.93 ± 40 mg/dl, p = 0.002). Only the five weeks
exercised group presented a reduction on the cholesterol levels of
19.8% (638.722 ± 80 vs. 533.358 ± 65 mg/dl, p = 0.03) (Fig. 2B).
The levels of triglycerides (175.93 ± 40 vs. 152.87 ± 33.4 mg/dl,
p = 0.12) were not altered by the exercises (Fig. 2B and C).

3.3. Exercises decreased the arterial thrombosis time

We analyzed the effect of 2 weeks of exercises done before the ar-
terial injury. We observed that the arterial thrombosis time was 5.2 min
in HFD sedentary animals and 10.7 min in on HFD exercised animals, a
significant increase of 107.9% on the thrombosis time with p = 0.002
(Fig. 3).

3.4. Thrombus area was decreased by exercises done 2 weeks before the
arterial injury

We analyzed thrombus area in the vessel lumen 1 h after injury on
sedentary and two weeks exercised animals using histochemical ana-
lysis of the lesioned vessel (Fig. 4A), and we observed a significant
reduction on thrombus area on the exercised group of 28.1% (97 ± 1,9
vs. 67.7 ± 17.8%, p = 0.002) (Fig. 4B).

3.5. Neointima formation was inhibited only by exercises executed before
and after arterial lesion

We observed a significant reduction of 9.2% on neointima area on
animals exercised three weeks after injury compared to sedentary group
(90.5 ± 8.9 vs. 79.9 ± 6.7%, p = 0.04) (Fig. 5A.1 and A.2). On ex-
ercised only two weeks before the injury, we did not observe the dif-
ference when compared to the not exercised group (90.5 ± 8.9 vs.
86.3 ± 11.4%, p = 0.4) (Fig. 5A.1 and A.3). Finally, on exercised two
weeks before the injury and three weeks after it (Fig. 5A.4), we found a
decrease of 24.6% when compared to the non-exercised lesioned group
(90.5 ± 8.9 vs. 66.4 ± 14.3%, p = 0.01). The neointima areas were
calculated using the Image J program and analyzed with n = 5 animals
(Fig. 5B).

Fig. 2. Effect of exercises on Body weight, triglycerides, and cholesterol levels. (A) Body weight of LDLr−/− mice (B) Cholesterol levels (B) Triglycerides levels. HFD
sed 12 wks (animals LDLr−/− 12 weeks-old fed 6 weeks with HFD); HFD + ex 2 weeks (animals LDLr−/− 12 weeks-old fed 6 weeks with HFD exercised the last
2 weeks); HFD sed 15 wks (animals LDLr−/− 15 weeks-old fed 9 weeks with HFD); HFD ex 5 wks (animals LDLr−/− 15 weeks-old fed 9 weeks with HFD and
exercised the last 5 weeks); HFD sed C57BL/6J (wild-type animals 15 weeks-old HFD fed 9 weeks); Normal diet LDL (animals LDLr−/− 15 weeks-old fed regular
chow). n = 6 per group, *p < 0.05 and **p < 0.01.

Fig. 3. Effect of the exercises on the occlusion time of carotid artery from
LDLr−/− mice. Occlusion time was determined after FeCl3 carotid artery le-
sion using an ultrasound probe. HFD sed lesion (animals LDLr−/− 12 weeks-
old HFD fed 6 weeks and lesioned); HFD ex 2 wks + lesion (animals LDLr−/−
12 weeks-old fed 6 weeks and exercised the last 2 weeks). n = 7 animals per
group, **p < 0.01.
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3.6. Exercises executed 2 weeks before arterial lesion protect the integrity of
the endothelial layer

We labeled the cells with the anti-CD31 antibody, a specific marker
for the endothelial layer and its integrity by immunohistochemistry and
counted the number of positive cells for this marker (Fig. 6A). On the
sedentary groups with the arterial lesion, we observed a significant
reduction of 67.74% on CD31 labeled cells compared with non-lesioned
animals (28.9 ± 3.2 vs. 10.6 ± 2.3 cells, p = 0.008), indicating the
effectiveness of our lesion method. On the exercised lesioned group, the
endothelial loss was 70% less than in the control group (10.6 ± 2.3 vs.
18 ± 3.1 cells, p = 0.008) (Fig. 6B).

3.7. Exercises increased the number CD34 positive cell and eNOS presence
in the endothelial layer after arterial lesion

We labeled the cells with anti CD34 antibody detected with a FITC
conjugated secondary antibody and counted the cells using Image G
program. We observed that the number of CD34 positive cells increased
111.4% in animals exercised 2 weeks, lesioned and sacrificed 1 h after
that, when compared to HFD sedentary animals (13.3 ± 3.6 vs.
24.1 ± 3.9 cells, p = 0.008) (Fig. 7A and B).

We also analyzed the presence of eNOS by immunohistochemistry in
animals without lesion (Fig. 8A.1), 1 h (Fig. 8A.2–A.3), and 21 days
(Fig. 8A.4–A.7) after injury, exercised or not. On sedentary animals
sacrificed 1 h after lesion, we observed a significant reduction of 65% of
labeled cells (24 ± 1.9 vs. 7.7 ± 1.6 cells, p = 0.007), and in ex-
ercised animals, this decrease was of 43.8% when compared to the
group without lesion (24 ± 1.9 vs. 14.5 ± 2.1 cells, p = 0.008). Also,
physical exercise promoted the recovery of eNOS, increasing it in 64.1%

on the exercised group when compared to the sedentary animals
(7.7 ± 1.6 vs. 14.5 ± 2.1 cells, p = 0.007) (Fig. 8B).

After 21 days, there was a reduction of 67.12%, 42.46% and 57.54%
on lesioned sedentary group, exercised only after lesion and exercised
before the injury, respectively, when compared to animals without le-
sion (24 ± 1.9 vs. 8.3 ± 1.9 cells, p = 0.008; 24 ± 1.9 vs. 15 ± 1.6
cells, p = 0.005; 24 ± 1.9 vs. 9.9 ± 2.2 cells, p = 0.007). We also
observed that on the group with exercise before and after injury, the
number of positive cells for eNOS did not differ significantly from the
group without lesion (24 ± 1.9 vs. 30 ± 5 cells, p = 0.09) (Fig. 8C).

3.8. Exercises realized 2 weeks before arterial injury decreased
inflammation in the vessel wall

We analyzed the presence of ICAM in the endothelial layer using
ICAM antibody in sedentary, and animals exercised 2 weeks before the
arterial injury, sacrificed 1 h after injury (Fig. 9A.1–2). The number of
leucocytes was determined using LY6G labeling (Fig. 9A.3–4). We ob-
served a significant decrease of 53% in the number of ICAM positive
cells (31.9 ± 7.9 vs. 14.7 ± 1.4 cells, p = 0.028) and of 37.1% leu-
cocytes associated to the vessel (21.9 ± 3.9 vs. 14.8 ± 3.1 cells,
p = 0.03) when compared to controls (p < 0.05) (Fig. 9B and C, re-
spectively).

3.9. Exercises increased gelatinases activities 1 h and 21 days after arterial
injury

Metalloproteinases (MMPs), also known as gelatinases, act by de-
grading extracellular matrix, helping to promote thrombus degradation
and vascular remodeling. Analyzing metalloproteinases (MMPs) by in

Fig. 4. Determination of thrombus area 1 h after le-
sion. Thrombus area was determined histologically
using HE staining of the injured vessels. (A)
Histological analysis of injured carotid artery. 1 -
Sedentary + 1 h after lesion; 2 - Exercise
2 weeks + 1 h after lesion. (B) Percentage of
thrombus on carotid artery 1 h after arterial lesion.
n = 6 per group, *p < 0.05 and **p < 0.01.
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situ zymography, we observed a significant increase of 123.5%
(38,395.4 ± 15,741 vs. 108,828 ± 24,382 normalized density,
p = 0.008) on gelatinases activity on animals exercised two weeks be-
fore the injury and sacrificed 1 h after that when compared to lesioned
sedentary group (Fig. 10A.2–3 and B).

In 21 days after lesion groups, when the neointima layer was al-
ready formed (Fig. 10A.4–7), we observed a significant increase on
gelatinases activity on exercised group post-lesion of 94.9%
(78,110 ± 27,605 vs. 125,735 ± 14,777 normalized density,
p = 0.01) and with exercise before and after lesion of 101.5% when
compared with sedentary animals (78,110 ± 27,605 vs. 139,836
± 18,868 normalized density, p = 0.007) (Fig. 10C). Also, there was a
significant increase of this activity on these same groups concerning
exercised group only before arterial lesion, being this increase of 56.8%
on exercised group after injury (82,270 ± 19,528 vs. 125,735
± 14,777 normalized density, p = 0.02) and of 62.2% on exercised
before and after (82,270 ± 19,528 vs. 139,836 ± 18,868 normalized
density, p = 0.008) (Fig. 10C). The Supplemental Fig. 2, we observed

an increase in MMP2 expression and a decrease in MMP9 in exercised
animals.

4. Discussion

In this work, we observed that 2 weeks of physical exercises done
before arterial injury were capable of decreasing thrombosis time and
promoting endothelial recovery by attracting endothelial progenitor
cells to the site of injury, decreasing the presence of inflammatory
markers and promoting vascular remodeling by increasing MMPs ac-
tivities, inhibiting neointima formation that can promote vascular re-
occlusion. Also, we observed that continuous exercises performed after
injury improved the growth of neointima promoting a better outcome
to vascular recovery then exercises done only before the injury.

We realized the VO2max test to determine the ability of our exercise
protocol to improve the aerobic capacity of our animals and also ob-
tained the maximal aerobic speed, total distance and exhaustion time of
the animals. VO2max results after 2 weeks of the physical exercise

Fig. 5. Determination of neointima area 21 days after lesion. Neointima area was determined histologically using HE staining of the injured vessels. (A) Histological
analysis of injured carotid artery. 1 - Sedentary + 21 days after lesion; 2 - Sedentary + lesion + 21 days of exercises after lesion; 3 - Exercise 2 weeks + le-
sion + 21 days after lesion and 4 - Exercise 2 weeks + lesion + exercise 21 days. (B) Percentage of neointima 21 days after arterial lesion. n = 6 per group,
*p < 0.05 and **p < 0.01.
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protocol did not vary significantly, however, with 5 weeks of exercises
we observed an increase on VO2max, what could indicate an adaptation
to the activity and an improvement on mice aerobic capacity.

We observed that both the 2 and 5 weeks protocol were able to

increase distance, maximum speed and exhaustion time significantly
when compared to its respective sedentary groups, indicating that there
was an improvement on mice physical capacity, what has already been
seen in other studies [11]. Ayachi et al. observed that treadmill exercise

Fig. 6. Analysis of the endothelial layer after lesion. The endothelial layer was analyzed using immunohistochemistry with a CD31 antibody labeled with FITC. The
positive cells were counted using Image J program. (A) Immunohistochemistry of Carotid artery of LDLr−/− mice labeled by CD31. 1 - Sedentary group without
lesion; 2 - Sedentary + 1 h after lesion; 3 - Exercises 2 weeks + 1 h after lesion, white arrows indicate some labeled cells. (B) Quantification of the number of CD31
positive cells. n = 5, *p < 0.05 and **p < 0.01.

Fig. 7. Effect of exercises on progenitor
cells mobilization. Progenitor cells were
identified using immunohistochemistry with
CD 34 antibody labeled with FITC, and the
positive cells were counted using Image J
program. (A) Immunohistochemistry for
CD34 in LDLr−/− mice carotid artery. 1 -
HFD sed lesion (animals LDLr−/−
12 weeks-old HFD fed six weeks and le-
sioned); 2 - HFD ex 2 wks + lesion (animals
LDLr−/− 12 weeks-old and 6 weeks and
exercised the last 2 weeks), white arrows
indicate labeled cells. (B) Number of
CD34+ cells. n= 5, *p < 0.05 and
**p < 0.01.
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resulted in linear increases in HR (Heart rate), maximum oxygen con-
sumption (V̇o2 max), and respiratory exchange ratio, similar to that seen
in larger species. Their values of VO2 max for sedentary old mice are
similar to the one determined in our work [12]. It is already known that
physical exercise can help on the maintenance or reduction of body
weight [13]. On this study, we could observe that the two weeks ex-
ercise protocol was not able to reduce body weight significantly, but
this value was reduced significantly with 5 weeks exercise when com-
pared to the group of the same age.

We also analyzed lipid profile and observed significant increase on
total cholesterol and triglycerides on sedentary LDL receptor-deficient
animals fed with high-fat diet when compared to the standard diet se-
dentary group, in values similar to the observed in the literature [14].
This increase was not observed with the animals fed with a standard
diet. We observed a significant reduction only in the cholesterol levels
of 19.8% on the exercised group, while with triglycerides this reduction
was not significant. It was previously described that LDLr−/− mice
submitted to treadmill exercises at 15 m/min for 30 min and 5 times per
weeks, presented a reduction of 15% on total cholesterol and of 40% on
the atherosclerotic plaques present in the aorta artery [15]. Our animals
presented a significant decrease of the body weight and cholesterol
levels only after 5 weeks of exercises. However, we decided to use the
2 weeks exercise protocol previous to arterial lesion, since animals fed
for 6 weeks and then exercised for 2 weeks, are already 12 weeks old,
and an increase in the exercise protocol could add up more two vari-
ables in our findings, like the animal age and elevated levels of cho-
lesterol and triglycerides. Also, analyzing the animals with 5 weeks of
exercises was also a form to verify if the continuous exercise after the
arterial injury can improve vascular recovery when compared with the
animals exercised only before the injury. The decrease in the levels of
cholesterol and triglycerides are not directly connected to a decrease in
the atherosclerotic plaques. Analyzing the formation of atherosclerotic
plaques in the aortic root, we observed a significant reduction of 49.6%

and 43.2% in the plaque area on animals exercised 2 and 5 weeks, re-
spectively (Supplemental material). These decrease in the athero-
sclerotic plaques on these animals led us to believe that other me-
chanisms aside the decrease in the lipid profile may be involved, like an
increase in plasma myeloperoxidase activity, eNOS activity, and anti-
oxidative stress. Chirico et al., observed in old mice exercised in vo-
luntary wheel running that this kind leads to longer exercise distances
than treadmilling and with less stress response to the animals, these
exercises decreased inflammation, oxidative stress and metabolic
parameters, decreasing aortic plaque size, increasing plaque stability
and prolonging the animals lifespan [16]. Also, recent works have
shown the involvement of metalloproteinases on plaque stability due to
physical exercise. MMPs, mainly MMP2 presented decreased amount in
atherosclerotic plaques in exercised old ApoE deficient mice, also in
these animals the levels of TIMPs were increased promoting a decrease
in the ratio MMP2/TIMP2 [17,18].

We used a chemical injury induced by ferric chloride, a well-es-
tablished method performed in previous work from several groups
[19,20]. The relation of thrombosis and physical exercise, either in the
prevention or treatment, is not clarified on literature, being one of the
goals of our study. We found that physical exercise realized before the
injury was able to prolong thrombosis time significantly, inhibiting
arterial thrombus formation. Observing thrombus size through histo-
logical analysis of carotid artery 1 h after lesion on exercised animals,
we found a reduction of 28.1% of thrombus in the vessel lumen when
compared to HFD fed sedentary animals. It can indicate that physical
activity can reduce thrombus formation, immediately after lesion, and
it might reflect vascular remodeling later on. To determine the exten-
sion of our arterial lesion, we analyzed the vessels 1 h after a lesion in
animals exercised or not, and we observed that our lesion induces a loss
of 67.7% of the number of CD31 positive cells in the endothelial layer
after injury and that exercises can protect the vessel wall against this
loss.

Fig. 8. Effect of the exercises on eNOS. eNOs was identified using immunohistochemistry with eNOS antibody labeled with FITC and the positive cells were counted
using Image J program. (A) Immunohistochemistry for eNOS in LDLr−/− mice carotid artery. 1 - Sedentary group without lesion; 2 - Sedentary + 1 h after lesion; 3 -
Exercise 2 weeks + 1 h after lesion; 4 - Sedentary + 21 days after lesion; 5 - Sedentary + lesion + 21 days of exercises after lesion; 6 - Exercise 2 weeks + le-
sion + 21 days after lesion and 7 - Exercise 2 weeks + lesion + exercise 21 days, white arrows indicate labeled cells. (B) Number of eNOS positive cells 1 h after
lesion. (C) Number of eNOS positive cells 21 days after lesion. n = 5, *p < 0.05 and **p < 0.01.
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After arterial lesion, the vessel wall tends to recover. Impaired
vascular remodeling can lead to the formation of neointima with vessel
restenosis due to the formation of a layer of smooth muscle cells inside
the vessel lumen. It was previously observed that 21 days after arterial
lesion the neointima formed could occlude vessel lumen and is formed
by smooth muscle cells. It was also observed that treatment with gly-
cosaminoglycans immediately after injury could prevent this growth,
indicating that using anticoagulants to prevent thrombosis can inhibit
neointima growth later on [10]. We observed a significant reduction in
the neointima formation of 9.2% on exercised animals after injury and
24.6% in animals exercised before and after injury. Pynn et al., also
observed a decrease in neointima formation after arterial injury using
FeCl3, a decrease in the presence inflammatory cells in the vessel wall
3 weeks after injury with no alteration in the thrombosis time. In their
assays, they used ApoE deficient animals not fed with HDF, older than
the animals we used [21]. The increased thrombosis time formed in our
work may be related to the higher inflammatory profile of the vessel
wall induced by the higher cholesterol and triglycerides levels in our
HFD animals, different that was observed in the study cited above.

CD 34 is not the only marker for EPCs, but it is one of the main
markers of EPC [22], and the presence of CD34 positive cells in the
vessel wall may be indicating an increase in the mobilization of this
progenitor from the bone marrow. We observed that 2 weeks of ex-
ercises increased the number of labeled cells significantly in 111.4% in
the intima layer. Laufs et al. also analyzed the influence of physical
exercise on neointima and endothelial progenitor cells (EPCs) partici-
pation. They observed an increase in circulating EPCs number on ex-
ercised animals, as well as a reduction in neointima formation and

involvement of nitric oxide in this process. The increased presence of
these cells could be involved in vascular repair and re-endothelization
after endothelial injury [2].

We analyzed eNOS activity by immunohistochemistry, due to its
importance on vascular tonus and platelets functions. NO presence is
important in thrombotic events mediated by platelets. NOS inhibition
or loss in thrombotic events affecting vascular components induces a
powerful thrombotic effect as observed in our thrombotic model that
induces vessel wall disorganization with significant loss of the en-
dothelial layer [23]. There was a reduction on the number of labeled
cells both 1 h and 21 days after lesion on sedentary and exercised, when
compared to sedentary without lesion group, indicating that a lesion on
the endothelium leads to a decrease in eNOS presence [15]. On the
other hand, we observed that 2 weeks exercise recovered 88% of eNOS
presence, in sedentary injured animals, while on 21 days groups only
the animals exercised before and after injury presented a significant
recovery when compared to control.

Metalloproteinases are enzymes that promoted the degradation of
extracellular matrix, being able to act, in atherosclerotic plaques in-
stability, vascular remodeling on thrombus resolution, and remodeling
of the vessel wall [24,25]. We analyzed gelatinases activities in the
vessel 1 h after the lesion in, and we observed a significant increase on
gelatinases activity on the animals exercised 2 weeks before arterial
lesion when compared to the same sedentary group. On the animals
analyzed 21 days after lesion, we observed a significant increase of
gelatinases activities only on animals exercised after injury and ex-
ercised before and after that, when compared to sedentary and ex-
ercised only before lesion animals.

Fig. 9. Effect of the exercise on inflammation on the vessel. ICAM and LY6G antibodies labeled with FITC identified the inflammatory process, and the number of
positive cells was counted using Image J program. (A) Immunohistochemistry for ICAM in LDLr−/− mice carotid artery. 1 - HFD sed lesion (animals LDLr−/−
12 weeks-old HFD fed six weeks and lesioned) and 2 - HFD ex 2 wks + lesion (animals LDLr−/− 12 weeks-old and 6 weeks and exercised the last 2 weeks);
Immunohistochemistry for LY6G in LDLr−/− mice carotid artery. 3 - HFD sed lesion (animals LDLr−/− 12 weeks-old HFD fed six weeks and lesioned) and 4 - HFD
ex 2 wks + lesion (animals LDLr−/− 12 weeks-old and 6 weeks and exercised the last 2 weeks), white arrows indicated labeled cells. (B) Number of ICAM positive
cells 1 h after lesion. (C) Number of LY6G positive cells 1 h after lesion. n = 5, *p < 0.05.
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Physical activity can promote vasodilatation due to an increase in
blood flow, generating higher mechanical stress, leading to an in-
creased expression of eNOS. Thereby, higher levels of nitric oxide and
VEGF activates and increases MMP-2, and MMP-9 expression and all
these molecules can mobilize EPCs to circulation, contributing to vas-
cular repair and re-endothelization [3]. We also observed that MMPs
activity occur predominantly on the elastic lamina, what can be ex-
plained due to its participation in vascular remodeling and arterial
expansion when there is an increase in blood flow [26]. Analyzing the
gel zymography in supplemental figures, we observed that 1 h after
lesion there was an increase in MMP-2 activity on exercised animals,
with a decrease in the MMP-9 activity of the same group. On the other
hand, on 21 days after lesion, we noticed that MMP-2 did not differ
among groups, and there was an increase on MMP-9 activity on the
group with exercise only after lesion and with exercise before and after
the injury. This increase in MMP-2 that we observed may be related to
thrombus matrix remodeling. It was observed in MMP-2 deficient mice,
a reduction on the intima layer of carotid artery after injury when
compared to wild-type, and an increase on intima/media ratio, con-
firming the participation of this enzyme on intima layer hyperplasia
and smooth muscle cells migration [27]. It was observer that platelet-
associated MMPs activities might be related to increasing or decreasing
thrombus formation. MMP2 increased activities may be related to in-
creased thrombus formation and MMP9 with its decrease, with the
balance between MMPs and TIMPs activities being directly related to
thrombus formation and platelet activation [28]. Our MMP analysis
was done 1 h after arterial lesion when platelet activation and thrombus
formation was accelerated and later 21 days after lesion the presence of
MMP9 was detected and may be related to the observed neointima
inhibition promoted by the exercises. More studies analyzing vessel
wall re-organization, accumulation of lipids in the carotid arteries,

different MMPs and TIMP activities and ROS production in the vessel
wall could be the next step to analyze and clarify the exercises me-
chanisms of action in the prevention of thrombosis and vessel wall
positive remodeling after arterial lesion.

5. Conclusions

In conclusion, our study demonstrated that physical exercise could
be used as a complementary treatment to prevent cardiovascular dis-
eases and to stimulate vascular recovery after vascular injury. Exercises
done before arterial injury can prepare the vascular wall to better re-
covery after the arterial injury even before the reduction of body weight
and cholesterol levels. The physical activity performed before and after
lesion can act by protecting the endothelial layer, promoting increased
levels of eNOs, decreasing inflammation in the vessel wall and pro-
moting thrombus resolution and vessel wall remodeling through in-
creased extracellular matrix metalloproteinases activities mainly in the
initial process of thrombus resolution and in the final process of vessel
recovery after injury.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.thromres.2019.01.003.
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