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Resistance Exercise Restores Endothelial Function and Reduces
Blood Pressure in Type 1 Diabetic Rats
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Abstract

Background: Resistance exercise effects on cardiovascular parameters are not consistent.

Objectives: The effects of resistance exercise on changes in blood glucose, blood pressure and vascular reactivity
were evaluated in diabetic rats.

Methods: Wistar rats were divided into three groups: control group (n = 8); sedentary diabetic (n = 8); and trained
diabetic (n = 8). Resistance exercise was carried out in a squat device for rats and consisted of three sets of ten
repetitions with an intensity of 50%, three times per week, for eight weeks. Changes in vascular reactivity were
evaluated in superior mesenteric artery rings.

Results: A significant reduction in the maximum response of acetylcholine-induced relaxation was observed in the sedentary
diabetic group (78.1 = 2%) and an increase in the trained diabetic group (95 + 3%) without changing potency. In the
presence of N°-nitro-L-arginine methyl ester, the acetylcholine-induced relaxation was significantly reduced in the control
and trained diabetic groups, but not in the sedentary diabetic group. Furthermore, a significant increase (p < 0.05) in mean
arterial blood pressure was observed in the sedentary diabetic group (104.9 = 5 to 126.7 = 5 mmHg) as compared to thatin
the control group. However, the trained diabetic group showed a significant decrease (p < 0.05) in the mean arterial blood
pressure levels (126.7 = 5 to 105.1 = 4 mmHg) as compared to the sedentary diabetic group.

Conclusions: Resistance exercise could restore endothelial function and prevent an increase in arterial blood pressure
in type 1 diabetic rats. (Arq Bras Cardiol. 2014; 103(1):25-32)
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Introduction

Diabetes mellitus is a heterogeneous group of metabolic
disorders that have in common hyperglycemia associated
with secondary cardiovascular system complications'?.
Increased blood glucose levels are associated with in vivo and
in vitro endothelial dysfunction®*. Endothelial dysfunction
is a systemic phenomenon related to an unbalance in the
endothelial production of mediators that regulate vascular
tone; it contributes partially to increase arterial blood pressure
levels®. The endothelial dysfunction in type 1 diabetes mellitus
can be considered an early marker of cardiovascular disease®.

Several factors, such as hyperlipidemia, insulin resistance,

hyperglycemia and hypertension, can explain the endothelial
dysfunction in type 1 diabetes mellitus’. Resistance exercise
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has been reported to contribute to prevent/treat pathologies
that affect the metabolism and cardiovascular function®*.
Resistance exercise has proved to have an important
therapeutic potential by promoting skeletal muscle mass gain,
increased insulin sensitivity and blood glucose reduction in
diabetic rats®'". Aerobic exercise also have those effects' 2.

Some studies have suggested that aerobic exercise is
effective to treat endothelial dysfunction in diabetes'".
However, little is known about the chronic effects of resistance
exercise on the arterial blood pressure and endothelial
function of type 1 diabetic rats. We raised the hypothesis that
long-term resistance exercise can minimize the deleterious
effects on the cardiovascular system and on the metabolic
control of type 1 diabetes mellitus-induced animals.
Thus, this study aimed at assessing the chronic effects of
resistance exercise on blood glucose changes, vascular
reactivity and arterial blood pressure of diabetic rats.

Methods

Animals and experimental delineation

Male Wistar rats (Rattus norvegicus), aged 3 months,
weighing 250-300 g, were used in all experiments. They were
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kept under controlled temperature (22 + 1 °C) and 12-hour
light-dark cycles, with free access to water and food specific
for rodents (Labina, Purina®). All procedures described in
this study were approved by the Committee on Ethics and
Animal Research of the Universidade Federal de Sergipe
(UFS) (protocol number 01/2008). The animals were divided
into the following three groups of eight animals each: control
group (C); diabetic sedentary (DS); and diabetic trained (DT).
In groups C and DS, the animals were kept in their cages and
not exposed to exercise, while group DT animals underwent
eight weeks of resistance exercise.

Drugs

The following drugs were used: acetylcholine chloride
(ACh); L-phenylephrine (Phe); N¢-nitro-L-arginine methyl ester
(L-NAME); alloxan (SIGMA®, USA); and sodium thiopental
(Thiopentax, Cristalia, Itapira, SP, Brazil).

Induction of diabetes and blood glucose measurement

Experimental diabetes was induced as described by Da
Silva Costa et al'®. After a 24-hour fasting period, diabetes
was induced by use of a single intravenous dose of alloxan
(40 mg/kg - penile vein), two weeks before starting the
exercise protocol. The animals with blood glucose level
= 200 mg/dL were selected as diabetic. Blood glucose
level was measured one week after alloxan administration
by using reagent test strips (ACCU-CHEK Advantage I,
Roche®, Sao Paulo, SP, Brazil) coupled to a portable
digital glucometer (A\CCU-CHEK Advantage Il, Roche®,
Sao Paulo, SP, Brazil).

Exercise protocol

Resistance exercise was performed in a squat device
according to the model by Tamaki et al'’. After one week of
adaptation, DT animals underwent training with three sets of ten
repetitions, with 60-second rest intervals and intensity of 50%
of the load established through the one-repetition maximum
(1RM) test, three times a week. For determining the maximum
strength, successive loads were added to the equipment, and
the animals were electrically stimulated to repeat the exercise.
Between load increments, 5-minutes rests were observed
to allow the musculature to recover. The maximum load for
each animal was the maximum amount of weight allowing the
complete movement. Training loads were readjusted every two
weeks by using a new TRM test'®. The parameters of electrical
stimulation were those described by Cassia Cypriano Ervati
Pinter et al'. Electrical stimulation (20 V, 0.3-second duration,
3-second interval)* with electrodes (Valu Trode, Model CF3200,
Axelgaard, Fallbrook, CA, USA) fixed to the animals’ tails and
connected to an electrical stimulator (BIOSET, Physiotonus
Four, Model 3050, Rio Claro, SP, Brazil) was used to make the
animals performed their exercise sets.

Surgical procedure and direct recording of mean arterial
blood pressure

For this procedure, the animals were anesthetized
with sodium thiopental (45 mg/kg, intraperitoneal), and
a polyethylene catheter (PE-10/50, Intramedic, Becton

Dickinson and Company, Sparks, MD, USA) with heparin
saline (1:20 v/v) was implanted through an inguinal incision
in the left femoral artery to record arterial blood pressure.
After insertion and fixation, the catheter was exteriorized
in the animal’s posterior cervical region (scapulae) and the
incision, sutured. After finishing the surgical procedures, all
animals received a single intramuscular dose (0.2 g/kg) of
oxytetracycline hydrochloride (long-lasting antibiotic) and
oral sodium diclofenac (10 mg/kg/day). Then, the animals
were put into individual cages, where they remained for a
minimum period of 24 hours (postoperative recovery).

After the animals recovered and were moving
spontaneously, the catheter was coupled to a pressure
transducer (Edwards Lifescience®, Irvine, CA, USA), and
30 minutes after the signal stabilized, a 5-minute recording
was performed. After recording the mean arterial blood
pressure for 24 hours, the animals were anesthetized and
prepared for the vascular reactivity experiments.

Vascular reactivity of the superior mesenteric artery

The tissue was prepared as described by Araujo et al'.
Endothelial function was assessed via the ability of 1 uM of
ACh to induce relaxation in more than 75% of the previously
contracted superior mesenteric artery rings with 1 uM of FEN?'.

The vascular reactivity changes were assessed by using
concentration-response curves for ACh (10°-10* M), a non-
selective muscarinic agonist. To assess the nitric oxide (NO)
participation in ACh-induced relaxation, the curves for that
agent were also obtained in the presence of L-NAME (100 uM),
a nitric oxide synthase (NOS) inhibitor.

Statistical analyses

Initially, all data underwent the Kolmogorov-Smirnov test to
determine whether the probability distributions were parametric
or non-parametric. All data had normal distribution. The values
were expressed as mean =+ standard error of the mean (SEM).
When necessary, Student t test for independent samples and
repeated measures or two-way analysis of variance (ANOVA),
followed by the Bonferroni post-test, were used to assess the
significance of the differences between the means. Pearson’s
correlation was used to determine the association between ACh-
induced relaxation and blood glucose levels. The significance
level adopted was p < 0.05. The GraphPad Prism statistical
software, version 3.02 (GraphPad Software, San Diego, CA,
USA), was used for all procedures.

Results

Maximum strength

At the beginning of the experiment, the strength levels
were similar in all groups (C: 956.3 * 63.3 g, n = 8; DS:
1,022.2 + 32.3 g, n = 8; and DT: 945.4 + 108.7 g, n=8).
After eight weeks, the strength levels of animals in groups C
and DS showed no statistically significant difference (1,032.2
+44.0and 1,030.5 = 61.2 g, respectively). In addition, the
resistance exercise promoted an increase in strength levels
from 945.4 = 108.7 gto 1,327.3 £ 98.7 g (p < 0.01).
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Blood glucose levels

Figure 1 shows the effect of resistance exercise on blood
glucose levels. Alloxan induced an increase (p < 0.001) in
blood glucose concentration in both experimental groups.
In addition, resistance exercise caused a reduction (p < 0.05)
in blood glucose levels after eight weeks (Figure 1).

Endothelium-dependent relaxation

Figure 2 shows ACh induced relaxation, depending on its
concentration, in isolated rings of the superior mesenteric
artery, with intact endothelium in all groups. Neither diabetes,
nor resistance exercise interfered with arterial sensitivity,
considering that the concentration from which the agonist
produces 50% of maximum response (potency - pD,)
remained unaltered. However, in group DS, diabetes reduced
(p < 0.001) the maximum response (Rmax) as compared to
that in group C. That was reversed (p < 0.01) in DT animals. In
addition, a strong negative correlation was observed between
ACh-induced relaxation and blood glucose levels in groups
DS (r = -0.9710; p = 0.001, n = 8) and DT (r = -0.9874;
p = 0.001, n = 8) (Figure 3).

Endothelium-dependent relaxation in the presence of LLNAME
Table 1 shows that L-NAME could reduce (p < 0.001)

pD, and Rmax (p < 0.01 and p < 0.001) of ACh-induced
relaxations in groups C and DT, respectively. That
reduction was not observed in group DS. The presence
of L-NAME significantly increased (p < 0.001) the pD,
of ACh-induced relaxations of group DS as compared to
group C, without modifying the Rmax. However, L-NAME
significantly reduced (p < 0.001) the pD, and Rmax
(p < 0.01) of the ACh-induced relaxations of group DT
as compared to group DS.

Mean arterial blood pressure

Diabetes induction with alloxan increased (p < 0.05)
mean arterial blood pressure in group DS. Inversely, resistance
exercise reduced (p < 0.05) arterial blood pressure levels of
group DT animals (Figure 4).

Discussion

According to the results, resistance exercise reduces blood
glucose levels, restores endothelial function and decreases
arterial blood pressure of type 1 diabetic animals after eight
weeks of training.

Resistance exercise is characterized by intermittent
movements and a predominantly anaerobic metabolic
pathway?*?_ In this study, resistance exercise was performed
in a squat device for rats, and proved to be effective in
mimicking the beneficial cardiovascular effects found in
humans practicing that type of exercise'”?. Tail electrical
stimulation was required for the animals to perform the squat
movement. The electrical stimulation parameters used in this
study have been reported to promote no cardiovascular system
changes®. Based on the literature, we suggest that the effects
observed in trained diabetic animals are directly related to
resistance exercise.

Arq Bras Cardiol. 2014; 103(1):25-32

The maximum strength test was used as an indicator
of training efficacy. From that perspective, we observed
that trained diabetic animals gained muscle strength after
eight weeks. This indicates that the training protocol could
promote chronic adjustments resulting from resistance
exercise. The importance of the therapeutic potential of that
type of exercise has been recently emphasized®. Resistance
exercise has proved to have a beneficial effect on insulin
action improvement, muscle mass gain, fatty mass reduction,
blood glucose control and arterial blood pressure reduction
in individuals with diabetes**.

Experimental and clinical evidence has shown that
metabolic disorders, mainly the chronic increase in
blood glucose levels, are strictly related to cardiovascular
complications of diabetes mellitus’?. To better understand
the metabolic and cardiovascular complications originating
from diabetes, several experimental models of diabetes
induced in rats have been widely used by different research
groups?. Alloxan has been reported to cause the destruction
of a large number of beta-pancreatic cells, hindering insulin
production?’?%, The experimental model of alloxan-induced
diabetes is of type 1, with symptoms similar to those found
in humans, such as weight loss, polyuria, polydipsia,
polyphagia, glycosuria, ketonuria, increased production of
oxygen reactive species, decreased blood insulin levels and
increased blood glucose levels?”2?.

The increased blood glucose levels of diabetic animals
observed at the beginning of the study were reduced after
eight weeks of training. Similarly, Farrell et al® have shown that
treatment with resistance exercise, by the end of eight weeks,
reduced blood glucose levels of animals with type 1 diabetes.
Studies have shown that muscle contraction during physical
exercise stimulates the translocation of glucose transporter
type 4 (GLUT4), independently of insulin action, resulting in
an increase in peripheral glucose uptake®®3'. Thus, a possible
explanation for blood glucose level reduction in trained
animals in this study could relate to a greater activation in
the signaling pathways involved in glucose transportation
regardless of insulin action, because our animals had insulin
deficiency or lack of insulin production, since ours was a type
1 diabetes mellitus model[®2832,

According to Gross et al**, increased blood glucose levels
cause damages, dysfunctions and even failure of several
organs, involving severe micro- and macrovascular changes.
In some cases, restoration of normal blood glucose levels
reverts cell damages. In others, however, such damages are
irreversible, making blood glucose control a physiological
parameter of essential importance to prevent the severe
chronic complications of diabetes**3. Studies have shown
that diabetes mellitus causes changes in endothelium-
dependent relaxation of different vascular beds, promoting
endothelial dysfunction®*%>. Endothelial dysfunction is
considered a biomarker of cardiovascular risk, and the
importance of the endothelium in maintaining vascular
health is a consensus in the literature®.

The group DS animals showed loss of vascular function.
However, eight weeks of resistance exercise could restore
the vascular function of diabetic animals. That can be due
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Figure 1 - Variation of blood glucose levels of rats at the beginning (0) and by the end (8) of eight weeks of training: control group (C); diabetic sedentary group (DS);
and diabetic trained group (DT). Data are expressed as mean + standard error of the mean. The statistical differences were determined by repeated measures analysis
of variance followed by Bonferroni post-test. “'p < 0.001 vs. C 0; *p < 0.01 vs. DS 0; and *p < 0.05 vs. DT 0.
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Figure 2 - Concentration-response curves for acetylcholine (ACh: 10 — 10 * M) in isolated superior mesenteric artery rings, with intact endothelium and
pre-contracted with L-phenylephrine (1 uM). The rings were obtained from rats of the groups control (C), diabetic sedentary (DS) and diabetic trained (DT).
Data are expressed as mean + standard error of the mean. The statistical differences were determined by two-way analysis of variance followed by Bonferroni
post-test. “p < 0.01 and “p <0.001 vs. C; #¥p < 0.01 vs. DS.
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Figure 3 - Correlation between blood glucose levels and the percentage of maximum response of acetylcholine-induced relaxations in superior mesenteric artery rings

of the groups diabetic sedentary (A) and diabetic trained (B).

Table 1 - Potency (pD,) and maximum response (Rmax) obtained from concentration-response curves for acetylcholine before and after

pretreatment with N°-nitro-L-arginine methyl ester (L-NAME)

Groups Condition pD, Rmax
- L-NAME 7.0+0.0 99.0+2.7
¢ + L-NAME 55+0.1° 70.0+6.2"
DS - L-NAME 72+0.0 780+1.8
+ L-NAME 6.8+0.1f 724 3.1
- - L-NAME 7.0+0.1 95.0+3.5
+L-NAME 49402 50.0 +3.6'#

The superior mesenteric artery rings were obtained from rats of the groups control (C), diabetic sedentary (DS), and diabetic trained (DT). The experiments were
performed in the absence of L-NAME (- L-NAME) or presence of 100 uM of L-NAME (+ L-NAME). Data are expressed as mean + standard error of the mean.
The statistical differences were determined by Student t test for independent samples (intragroup) or analysis of variance followed by Bonferroni post-test (intergroup).
P <0.001 or “p <0.01 for - L-NAME vs. + L-NAME values; * p<0.001 vs. C and * p<0.001 or * p<0.01 vs. DS.

to the reduction in blood glucose levels observed in group
DT animals. Our results evidenced that the ACh-induced
relaxation had a strong inverse correlation with blood glucose
levels. The group DS animals had an increase in blood
glucose levels and an important loss in endothelial function,
however, the reduction in blood glucose levels is associated
with the vascular function restoration of group DT animals.
Such results emphasize the findings of several other studies,
which indicate resistance exercise as a possible tool to treat
and/or prevent diseases with vascular function loss, such as
hypertension and diabetes® 0192038,

Arq Bras Cardiol. 2014; 103(1):25-32

Diabetes mellitus has been reported to reduce
the endothelial production of vasoactive substances
responsible for regulating the vascular tone, such as NO and
prostaglandins’. To investigate the participation of NO in
endothelium-dependent relaxations, concentration-response
curves for ACh were obtained in the presence of L-NAME.
Under that experimental condition, L-NAME antagonized
the ACh-induced relaxation in animals of groups C and
DT, but did not change the relaxation in group DS animals,
characterizing a reduction in the participation of one of the
major endothelium-derived relaxing factors in group DS
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Figure 4 — Mean arterial blood pressure of rats of the groups control (C), diabetic sedentary (DS), and diabetic trained (DT) after eight weeks of resistance exercise.
Data are expressed as mean * standard error of the mean. The statistical differences were determined by repeated measures analysis of variance followed by

Bonferroni post-test. "p < 0.05 DS vs. C and #p < 0.05 DT vs. DS.

animals. Those findings are in accordance with the results
by Chen et al*?, who have reported that ACh-induced Rmax
was also reduced in the presence of L-NAME in animals
undergoing aerobic exercise for eight weeks.

Group DT animals had a higher percentage of relaxation
inhibition in the presence of L-NAME as compared with
healthy animals. That phenomenon might have resulted from
a possible increase in NO-dependent relaxation caused by
resistance exercise. The increase in relaxations observed in
this study corroborates other findings, in which there was an
increase in aerobic-exercise-mediated NO production in the
experimental type 1 diabetes model™.

Studies with humans with type 1 diabetes have also shown
that aerobic exercise improved endothelial function in vascular
beds not directly involved during exercise’. In this study,
the effects observed in the arteries of animals exercising also
suggest a possible generalized vascular effect, because the
artery analyzed was far from the tissues more active during
exercise. That generalized vascular effect has also been
observed by Faria et al*®, and one single session of resistance
exercise increased the NO-dependent relaxation in the caudal
artery, reducing arterial blood pressure in spontaneously
hypertensive rats.

In addition, in our study, resistance exercise reduced mean
arterial blood pressure in DT animals, proving to be effective
to treat endothelial dysfunction related to increased blood
glucose levels. Recent data from our laboratory have shown
that L-NAME-induced hypertensive animals also showed a

reduction in arterial blood pressure levels after four weeks
of resistance exercise'’. The mechanisms responsible for the
decrease in arterial blood pressure of animals undergoing
resistance exercise can be the reduction in peripheral vascular
resistance and the increase in systemic vascular conductance®.

Thus, our results suggest that low-intensity resistance
exercise induces metabolic and cardiovascular responses
similar to those observed in studies submitting diabetic
animals to aerobic exercise'*'*. Although those modalities of
exercise have different characteristics, such as the energetic
pathway and movement execution, both promote beneficial
cardiometabolic effects that help to treat both types of diabetes
mellitus''2.

Thus, this study indicates that the model of resistance
exercise used could reduce blood glucose levels, restore
endothelial function and reduce arterial blood pressure in
diabetic animals. Finally, resistance exercise might cause
beneficial vascular and metabolic adjustments for the
treatment of type 1 diabetes mellitus dysfunctions in an
experimental model*.
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