ORIGINAL ARTICLE

Effects of physical training and potassium supplementation
on blood pressure, glucose metabolism and albuminuria of
spontaneously hypertensive rats

ABSTRACT

Introduction: Tt is still controversial
whether there are synergistic effects
among different non-pharmacological in-
terventions used in the treatment of hy-
pertension. Objectives: To evaluate the
effect of aerobic exercise, oral supple-
mentation of potassium and their com-
bination on blood pressure, glucose me-
tabolism, urinary albumin excretion and
glomerular morphology in spontaneously
hypertensive rats (SHR). Methods: SHR
were divided into groups: Control Group
(SHR; standard diet and sedentary, n =
10), Exercise Group (SHR + E; trained on
a treadmill, standard diet, n = 10), Potas-
sium Group (SHR + K; sedentary, potas-
sium supplementation, n = 10) and Group
Exercise + Potassium (SHR + E + K, exer-
cise, potassium supplementation n = 10).
Weekly, body weight (BW) and tail blood
pressure (TAP) were measured. At the end
of 16 weeks, a Oral Glucose Tolerance
Test was performed. Albuminuria was de-
termined in the baseline period, at 8" and
at 16™ week. After sacrifice, the analysis
of glomerular sclerosis index and visceral
fat weight was performed. Results: The
TAP and BW did not change significantly.
There was improvement in insulin sensi-
tivity in SHR + E and SHR + K, but not in
SHR + E + K. At week 16, albuminuria in
all groups was significantly lower than the
SHR control. The glomerular sclerosis in-
dex and visceral fat content were also sig-
nificantly lower in all groups compared to
control. Conclusion: An oral supplemen-
tation of potassium and exercise led to an
improvement in glucose metabolism, in
albuminuria and glomerular morphology,
however, the overlap of the treatments did
not show synergism.

Keywords: albuminuria; exercise; hyper-
tension; kidney glomerulus; potassium
chloride; rats, inbred SHR.

INTRODUCTION

Systemic hypertension is a multifac-
torial clinical condition characterized
by sustained high levels of blood pres-
sure often associated with metabolic
and hormonal disorders. It is frequen-
tly associated with functional and/or
structural alterations in target organs
(heart, brain, kidneys, and blood ves-
sels) and, consequently, with increased
risk of fatal and non-fatal cardiovas-
cular events.!

Insulin resistance is a genetic or
acquired condition in which physio-
logical concentrations of insulin elicit
subnormal cell glucose uptake res-
ponses, particularly in myocytes, he-
patocytes, and adipocytes. Reduced
glucose uptake levels lead to incre-
ased production of insulin by the
pancreas, which in turn increases
the circulating levels of insulin and
characterizes the coexistence of insu-
lin resistance and hyperinsulinemia.
However, the other roles played by
insulin in the body remain unaltered.?
Insulin resistance and hyperinsuli-
nemia have been described as com-
mon elements in conditions such as
hypertension, obesity and coronary
disease.>*

The pathophysiological mechanisms
proposed to explain how hyperinsuli-
nemia and insulin resistance may lead
to the development of hypertension
are: increased renal sodium reabsorp-
tion;® increased sympathetic activity;?
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increased cell growth;’ and impaired ion trans-
port across cell membranes, causing increases in
intracellular calcium and sodium levels and, con-
sequently, in cell excitability.’

The non-pharmacological treatment of
hypertension includes various health and dietary
measures to lower blood pressure levels, such as
reducing sodium intake, increasing potassium
and magnesium intake, accompanied by aerobic
exercises, and weight loss and stress management
measures.®

Studies have shown that regular aerobic
physical activity is an important item in
hypertension therapy, as it may reduce blood
pressure levels in hypertensive subjects. The
literature has extensively described an inverse
correlation between physical activity and the
prevalence of hypertension.”

Evidence also indicates that potassium
might have a mitigating role in hypertension,
insulin resistance and related comorbidities.®
Increased potassium intake has been associa-
ted with fewer deaths for stroke or heart di-
sease.” The literature further indicates that in-
creased potassium intake improves the binding
of insulin to its receptors and decreases insulin
resistance in human and experimental obesi-
ty models, possibly leading to reduced blood
pressure levels.!?

Although evidence suggests that physical
exercise and potassium-rich diets may be used
in the non-pharmacological management of
hypertension, a correlation is yet to be established
between these two variables. This study aims to
assess the effect of aerobic exercises, potassium
overload, and the combined effect of both on
blood pressure, urinary albumin excretion
and glomerular morphology in spontaneously
hypertensive rats.

MEeTHODS

This study used a strain of spontaneously
hypertensive male rats (SHR) aged three months
with blood pressure levels above 170 mmHg
provided by the Federal University of Sao Paulo’s
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Center for the Development of Experimental
Models (CEDEME). The rats were kept in
ideal vivarium conditions at the Department
of Nephrology of the Federal University of Sdo
Paulo. The study protocol was reviewed and
approved by the Ethics Committee of the Federal
University of Sao Paulo (protocol number
0355/12).

EXPERIMENTAL GROUPS

Four experimental groups were followed for 16
weeks:

e Control group (SHR, n = 10) - subjects
were kept off physical exercises and on
feed Nuvilab® throughout the study;

e Exercise group (SHR + EXE, n = 10) -
after baseline measurements, subjects were
placed on a physical exercise protocol (see
below) and kept on the standard diet;

e Potassium group (SHR + K, n = 10) - after
baseline measurements, subjects were kept
off exercises and on a diet with three times
the amount of potassium contained in the
standard diet (see below) throughout the
study;

e SHR + Exercise + Potassium group (SHR +
EXE + K, n = 10) - subjects were kept on
the exercise protocol and on the potassium-
rich diet.

Animal follow up time was 16 weeks.

PoTAassium SUPPLEMENTATION

Potassium supplementation was calculated
based on the 1.1 g of potassium per kilogram
of feed reported by Nuvilab Nutrientes. The
feed was ground and potassium chloride (Synth
Diadema SP) added to bring the feed to a con-
centration of 3.3 g/kg. The potassium-rich feed
was moistened to form new pellets and hard-
ened in an oven at 80 °C before it was fed to
specific rat groups.

PHvysicaL TRAINING PROGRAM

Exercise sessions were carried out five days
a week, each session lasting for up to 60
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minutes, for a period of 16 weeks. The rats
were trained on a flat treadmill (Columbus
Instruments, Treadmill Simplex II; height:
0.45 m, width: 0.70 m, length: 1.35 m) in
individual ~14-centimeter stalls. Physical
training was started at a speed of 0.3 kph
in the first session. Speed was gradually
increased based on subject performance to
a maximum of 1.1 kph. The chosen exercise
intensity level corresponded to 70-80% of the
subjects’ VO, max and matched the anaerobic
threshold of the maximal lactate steady state

(MLSS) protocol.!

EXPERIMENTAL PROTOCOL

The subjects had their tail blood pressure -
using the oscillometric method - and bodyweight
measured twice a week. The mean weekly blood
pressure and bodyweight values were used as
references for each week of the study.

At baseline and on weeks eight and sixteen
into follow-up, the subjects were placed in
metabolic cages (Nalgene, Rochester, NY) to
have 24-hour urine samples collected. Urine
output and urine albumin levels were verified by
radial immunodiffusion.

After the end of the treatment/follow-up
period, the subjects underwent oral glucose
tolerance tests (OGTT). Twenty-four hours
prior to OGTT, the rats were anesthetized
with intraperitoneal ketamine (100 mg/kg)
and xylazine (10 mg/kg) and placed in dorsal
decubitus. An oblique inguinal incision was
made to allow the implantation of a PE-
10 polyethylene catheter (Intramedic, Clay
Adams, NJ, USA) in the femoral artery. This
catheter was connected to a 20-centimeter
long PES0 catheter (CPL, Sdao Paulo, Brazil).
The catheters had been previously filled
with heparinized saline (10 U/ml). The PES0
catheter was passed subcutaneously with the
help of a trocar through the dorsum to the
posterior neck, where it was exteriorized

and fixed. The rats were then anesthetized
and placed in individual cages on solid food
restriction for 12 hours prior to undergoing
OGTT.

The first step in OGTT consisted of
drawing blood from the subjects to find their
fasting glucose and insulin levels. The arterial
catheter was used to collect one drop of blood
for glucose level testing and one milliliter of
whole blood in an Eppendorf tube to test
for insulin levels. After blood collection at
baseline, the rats were force-fed 1.7 g/kg of
anhydrous glucose diluted in distilled water.
Additional blood samples were taken 135,
30, 60, 90 and 120 minutes after glucose
administration.

A glucose meter (Optium - Abbott MediSense)
and reagent strips (Optium Point-of-Care -
Abbott MediSense) were used to assess blood
glucose levels. In order to find plasma insulin
levels, the collected blood was centrifuged in
Eppendorf tubes (Eppendorf Centrifuge 5403)
at 10,000 rpm for 10 minutes at 4 °C. Plasma
was separated, put in new Eppendorf tubes and
stored at -70 °C in a freezer (Revco Scientific
Inc., Asheville, NC, USA). Coat-A-Acount
reagent radioimmunoassay kits were used to
measure insulin levels.

Blood glucose and plasma insulin levels found
in OGTT were used to calculate the glucose
and insulin areas under the curve (AUC) by the
trapezoidal rule. Glucose and insulin AUC were
used to calculate the insulin sensitivity index
(ISI).

After the tests, the rats were euthanatized
with anesthetics. Fat tissue from around the
epididymis was removed and weighed to
characterize visceral fat. Relative epididymal fat
per 100 g of bodyweight was calculated.

The left kidney was also removed and
fixation was started with Bouin’s solution and
then with alcohol, to allow the examination of
the glomerular sclerosis index.
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The glomerular sclerosis index was calculated
after staining with hematoxylin-eosin. A patholo-
gist blinded to the rat groups assigned degrees of
glomerular injury according to Chart 1 below:

Parametric and non-parametric tests were used
to analyze the results, taking into consideration the
nature of the studied variables and the variability
of measurements. The following tests were used: a)
repeated measures analysis of variance (parametric
test) was used to compare temporal variations
of blood pressure and bodyweight. Statistically
significant differences were analyzed with the
Bonferroni multiple comparison test; b) analysis of
variance between the different groups (parametric
test) was performed to compare between the
epididymal fat relative weight values. Statistically
significant differences were analyzed with the
Bonferroni multiple comparison test; ¢) Kruskal-
Wallis ANOVA by ranks (nonparametric test) was
used to compare the OGTT values for glucose,
insulin, and urine albumin AUC, ISI and glomerular
sclerosis. Statistically significant differences were
compared using Dunn’s multiple comparison test.
A significance level of 5% (p < 0.05) was adopted
to reject the null hypothesis in the tests.

ResuLts

The results were shown in the form of mean
values and standard error of the mean.

BODYWEIGHT AND TAIL BLOOD PRESSURE

Our results showed that neither bodyweight nor
tail blood pressure changed throughout the 16
weeks of the study (Table 1).

ORAL GLUCOSE TOLERANCE TEST

Fasting blood glucose levels were similar (p =
0.08) for all groups, but after glucose overload
the rats in groups SHR + Exe, SHR + K, and
SHR + Exe + K had significantly lower blood
glucose levels when compared to the subjects
in group SHR in any OGTT stage. The lo-
wer blood glucose levels of the rats in groups
SHR + Exe, SHR + K, and SHR + Exe + K we-
re reflected in their significantly lower glucose
AUC values.

Fasting insulin levels were also similar between
groups (p = 0.32). After glucose administration,
lower insulin levels were observed in groups
SHR + Exe and SHR + K. Thus, only these two
groups had lower values for insulin AUC.

The calculation of the ISI revealed that groups
SHR + Exe and SHR + K had a lower ISI than
the rats included in group SHR. The subjects
in the SHR + Exe + K group had lower insulin
sensitivity indices, although without statistical
significance (Table 1 and Figure 1).

URINE ALBUMIN AND GLOMERULAR SCLEROSIS INDEX

Baseline urine albumin levels were similar.
On week eight, the rats in group SHR + Exe
had significantly lower levels of urine albumin
when compared to the subjects in group SHR.
On week 16, groups SHR + Exe and SHR + K
had significantly lower urine albumin levels
than subjects on group SHR. The subjects in
the SHR + Exe + K group also had significantly
lower urine albumin levels, however not
statistically significant.

CHART 1 GLOMERULAR INJURY GRADES USED IN THE CATEGORIZATION OF THE GLOMERULAR SCLEROSIS INDEX'?

Grade 0: Vessels are unaltered or with minimal caliber reduction. Internal and external elastic laminae are well defined,
showing a ratio between the lumen and the wall of the vessel greater than 1.5:1.0. Cell elements cannot be seen
between the endothelium and the internal elastic lamina.

Grade I: Hyaline thickening of the vascular wall in varying degrees, while maintaining a lumen/wall ratio of 1.5:1.0. Slight
increase in the number of elastic fibers in the vessel wall and vascular hypertrophy of the tunica media.

Grade II: Reduction of the vascular lumen and the lumen/wall ratio to a range between 1.5:1.0 and 1.2:1.0. Arterial wall
showing large increase in the number of elastic fibers, including thickening and sometimes duplication of the internal
elastic lamina. In some cases, swelling of endothelial cells and presence of lipid droplets in the muscular layer (fatty
degeneration).

Grade lll: Concentric wall thickening (“onion skin”), mucinous or fibrous thickening producing marked reduction in vascular
diameter (lumen/wall ratio < 1.0). Vascular occlusion with or without intramural fibrosis. Presence of fibrinoid necrosis.

J Bras Nefrol 2014;36(3):271-279
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TaBLE 1

IVIEAN + STANDARD ERROR - INITIAL AND FINAL BODYWEIGHT (IN GRAMS), INITIAL AND FINAL TAIL BLOOD PRESSURE (IN

MILLIMETERS OF MERCURY), GLUCOSE (IN MILLIGRAMS PER DECILITER) AND INSULIN (IN MILLIUNITS/DECILITER) AREA UNDER
THE CURVE, AND INSULIN SENSITIVITY INDEX (MG mu™ ML) For groups SHR, SHR + EXE, SHR + K anp

SHR + EXE + K
SHR SHR + Exe SHR + K SHR + Exe + K
Initial bodyweight 283.4 +5.08 298.8 + 6.56 280.2 = 4.31 304.4 + 757
Final bodyweight 354.0 £ 11.15 3717 +6.34 3370 £ 5.25 352.4 +9.20
Initial tail blood pressure 194.9 + 2.10 193.5 + 1.13 1971 + 1.16 194.8 + 1.03
Final tail blood pressure 196.9 + 2.47 198.7 + 0.33 198.4 + 0.37 196.4 + 1.34
Glucose area under the curve 252.5 +10.2 144.1 + 8.3% 156.2 + 4.1* 165.1 + 7.3*
Insulin area under the curve 25.80 + 2.48 16.87 + 1.65* 20.08 + 2.97* 24.52 + 1.56
Insulin sensitivity index 1.79 £ 0.20 4.43 + 0.30* 4.89 + 1.59*% 272 £0.18

*p < 0.05 vs. SHR.

Figure 1. Insulin sensitivity index in mg' mU" mL", for groups SHR,
SHR + Exercise (SHR + EXE), SHR + Potassium (SHR + K) and SHR +
Exercise + Potassium (SHR + EXE + K). * p < 0.05 vs. SHR.
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The analysis of glomerular sclerosis by a
pathologist indicated that the groups offered
physical exercises, potassium-rich diet, or the
combination of both had improved glomerular
morphology (Figure 2 A-B).

V/ISCERAL FAT CONTENT

When compared to the SHR group, decreases
in visceral fat were observed in all other groups
(SHR = 3.49 + 0.94; SHR + Exe = 2.48 = 0.587%;
SHR + K =2.96 +0.57%; SHR + Exe + K=3.09 =
0.45* g/100 g, *p < 0.05 vs. SHR).

Discussion

This study aimed to assess glucose metabolism in
spontaneously hypertensive rats submitted to non-
pharmacological treatments for hypertension,
namely: potassium supplementation, aerobic

exercises, and a protocol combining both.
Although none of the approaches successfully
reduced the subjects’ blood pressure levels, the
three treatments resulted in improved glucose
tolerance. However, only the rats fed a potassium-
rich diet and the group offered physical exercises
alone presented decreased insulin sensitivity
indices. Significant decreases in urinary albumin
excretion were observed in the last week of the
study in these groups (SHR + K and SHR + Exe),
a finding possibly correlated with the lower
rates of glomerular sclerosis seen in treated rats.
Treated subjects had lower levels of visceral fat.

Several factors have been associated with
decreases in blood pressure due to physical
training, such as reduced sympathetic vasomotor
tone, decreased insulin resistance, decreased
plasma volume and cardiac output,? decreased
vascular reactivity, reduced peripheral resistance,
decreased activity in the renin-angiotensin-
aldosterone system, reduced oxidative stress,
and increased levels of vasodilators in the
endothelium.!

The reduction of blood pressure seen in our
subjects differed from the literature. Amaral and
Michelini®? reported 8-10% decreases in the BP of
male spontaneously hypertensive rats submitted
to low-intensity exercises for three months.
Recent studies have also described decreases
in BP levels of spontaneously hypertensive rats
trained on a treadmill.'* Some authors, however,

* p < 0,05 vs. SHR.
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Figure 2 A-B. 24-hour urine albumin in milligrams (graph A) and glomerular sclerosis index (graph B) for groups SHR, SHR + Exercise (SHR + EXE),

SHR + Potassium (SHR + K), and SHR + Exercise + Potassium (SHR + EXE + K).

* p<0.05 vs. SHR.
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did not report BP reductions in spontaneously
hypertensive rats submitted to physical exercises,
particularly in rats started on physical training,
as in this study, with previously established
hypertension or rats submitted to longer training
periods.!?

Véras-Silva et al.”’ found that 18 weeks of high-
intensity training on a treadmill were not enough
to decrease the mean systolic and diastolic BP,
or the heart rate of spontaneously hypertensive
rats. Although no decreases were seen in the
BP of
rats, significant changes were observed in
their cardiovascular parameters, thus eliciting

trained spontaneously hypertensive

the benefits of exercising. Physical exercises
led to improved insulin action, especially in
skeletal muscles,'® by increasing the expression
and translocation of glucose transporter type
4 (GLUT4) in the plasma membrane. The
improvement in insulin sensitivity seen in group
SHR + Exe can also be attributed to the lower
sympathetic tone induced by physical training.
According to the literature, physical training
considerably reduces adrenergic tone.!”

In an experimental study, potassium
supplementation mitigated endothelial injury,
reduced arterial wall thickening, decreased
adhesion of macrophages to the vascular wall, and
reduced mortality in stroke-prone spontaneously
hypertensive rats (SHR-SP).!* Clinical studies

have reported an inverse correlation between

J Bras Nefrol 2014;36(3):271-279

potassium intake and prevalence of hypertension
and cardiovascular disease."

In this study, subject blood pressure levels
were not altered by potassium overload. This
finding goes against previous studies carried out
in our laboratory* and by other researchers.?!
The non-reduction of blood pressure levels
may be attributed to the sensitivity of the
method used to measure tail BP levels. Other
similar experimental studies in which physical
exercises and potassium-rich diets were used
failed to report changes in tail blood pressure.??
Pronounced BP reductions have not been
described in every clinical study. Cohn et al.}
looked into the relationship between potassium
intake and blood pressure levels in elderly
individuals, and described that for each 1 g/
day of potassium above recommended levels a
corresponding decrease of 0.9 mmHg in systolic
BP and 0.8 mmHg in diastolic BP occurred.

The improvement in glucose metabolism in
the rats given a potassium-rich diet (SHR + K
group) was a significant finding in this study.

A previous study carried out in our
laboratory reported significant reductions in
BP and improvements in glucose metabolism
in hypertensive rats fed a potassium-rich diet*
and rats with obesity induced by monosodium
(MSG).**  These
confirmed by Neves et al.,” who showed

that the inhibition of KddV channels with

glutamate results  were
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4-aminopyridine, KATP, and glibenclamide and
KCa++ channels with tetramethylammonium led
to insulin resistance. The authors of this study
further reported increases in glucose intake
during hyperinsulinemic-euglycemic clamp when
subjects were administered potassium channel
activators such as nicorandil, pinacidil and
chromakalin.

The pathophysiological mechanisms proposed
for the reduction of blood pressure levels in animal
models and patients given a potassium-rich diet
involve endothelium dependent vasodilation
through hyperpolarization of the endothelial
cells, which diminishes the inflow of calcium,?®
increases natriuresis, alters intracellular sodium
content, baroreceptors,
sensitivity to angiotensin and norepinephrine,

modulates reduces
increases serum and urinary levels of kallikrein,
alters the balance of the sodium-potassium-
ATPase pump, reduces levels of TGF-o, and
alters DNA synthesis and smooth muscle cell
proliferation.?”

Microalbuminuria was reduced in the rats
submitted to physical exercises in our study, a
finding possibly reinforced by the lower degree
of glomerular injury observed in the studied
subjects. Physical training has been recognized as
a way to increase antioxidant defenses and reduce
oxidative stress,'® improve lipid profile,?® and

» indicating the presence

blood pressure levels,
of beneficial mechanisms that may reduce renal
damage.

The greater vasodilation observed in the rats
given potassium may be the cause of decreased
microalbuminuria and improved glomerular
morphology.® The etiology of the potassium-
mediated improvement in glomerular function
as seen in this study could be related to increased
vasodilatory capacity (by nitric oxide or brady-
kinin etc.),’! decreased synthesis of vasoconstric-
tors (angiotensin II and norepinephrine),** and
decreased synthesis of cytokines.>* It is worth
noting that other studies with stroke-prone spon-
taneously hypertensive rats failed to observe re-
ductions in microalbuminuria when the subjects
were fed a potassium-rich diet.>*

The decrease in visceral fat seen in our
experimental groups is important not only to
improve the subjects’ glycemic profile, but also
to improve the status of adipokines and decrease
the production of non-esterified fatty acids
which per se potentiate insulin resistance.* In
addition to inducing increased concentrations

3¢ changes have also been also

of adiponectin,
observed in the activity of at least two cytokines
involved in the pathophysiology of metabolic
syndrome: TNF-a (tumor necrosis factor) and
IL-6 (interleukin 6). Both the expression and
plasma concentrations of IL-6 increase with
physical exercises.’” When produced by muscle
cells, this cytokine, unlike when it is produced by
macrophages, has anti-inflammatory properties
as it inhibits inflammatory cytokines such as
TNF-a, IL-1B, and IL-10.%® Exercise alone also
reduces TNF-a levels.?” The lessened deleterious
effects of cytokines reduce inflammation and
insulin resistance.*

The fact that we have not observed a
summation of effects in the administration
of a potassium-rich diet along with aerobic
exercises, although each separately produced
similar impacts on the evaluated parameters,
may suggest that common mechanisms mediate
the effects of these therapeutic strategies upon
metabolic parameters. This possibility seems
plausible, as in many situations the summation
of effects upon a given parameter has been
observed when the mechanisms underlying such
effects are different. A classic example lies in the
combination of antihypertensive drugs when the
maximum summation of effects occurs when
antihypertensive drugs with different modes of
action are combined.

To sum up with, physical training and a
potassium-rich diet have, each separately,
improved insulin sensitivity, delayed glomerular
injury, and reduced visceral fat in spontaneously
hypertensive rats. These findings were observed
without the occurrence of reductions in body
weight or blood pressure levels, showing that
non-pharmacological

therapies may work

synergistically with antihypertensive medication.

J Bras Nefrol 2014;36(3):271-279
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