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Abstract

The purpose of this study was to compare the effects of aerobic, resistance and combined
exercise training on mitochondrial dysfunction in diabetic nephropathy in rats. Male Wistar
rats were divided into eight groups: non-diabetics (untrained, trained aerobic, trained
resistance, trained combined), diabetic (untrained, trained aerobic, trained resistance,
trained combined). Serum glucose levels, maximum effort test, renal function and
mitochondrial biogenesis were assessed. Western blot and immunohistochemistry were
used to evaluate the expression of the mitochondrial biogenesis protein and Acetil-CoA
carboxylase. No differences were observed in body weight and glycaemia between diabetic
rats. Diabetic animals and controls in the trained aerobic and combined groups exhibited
an increase in running time, whereas animals in the trained resistance and combined groups
showed greater strength. Our data suggest that exercise training can modulate the molecular
pathways involved in mitochondrial biogenesis and control of renal system, decreasing
the progression of diabetic nephropathy and indicating that renal disease can be prevented
with non- pharmacological treatments. In conclusion, the three training protocols led to an
increase in physical capacity and mitochondrial and renal benefits that were not dependent
on improvements in glycemic control. In this model, combined training seems to promote
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more benefits than resistance or aerobic training alone.
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Introduction

Diabetes is closely linked to a group of pathologies such as
hypertension, endothelial dysfunction, and obesity that involve
macrovascular complications such as atherosclerosis, and
microvascular complications such as neuropathy, retinopathy,
angiopathy and diabetic kidney disease (DKD).'? Diabetic nephropathy
(DN) is the leading cause of end-stage renal disease and can be
characterized by a proapoptotic and prooxidative environment. The
first alteration induced by diabetes associated with kidney dysfunction
is the tubular injury.>* The mitochondrial quality control depends on
proteins upstream the AMP- activated protein kinase (AMPK), which
is present in all mammalian cells and is the principal conserved fuel-
sensing enzyme.>® While the downstream protein Mitofusiun 2 (Mfn2)
controls fusion of the mitochondrial outer membrane, dynamic-related
protein 1 (Drp-1) works on the mitochondrial fission process.”®’
The peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1 a) is the principal protein involved in mitochondrial
biogenesis.!”!" Impaired mitochondrial function has been linked
to physical inactivity, insulin resistance and the pathogenesis of
diabetes.!®!? Several studies have shown that mitochondrial damage
and dysfunction are associated with the development and progression
of DKD.™*'5 Mitochondrial dysfunction leads to alterations in
mitochondrial homeostasis, induces membrane depolarization and
fragmentation (mitophagy) and bioenergetics dysfunction, producing
reactive oxygen species. Hence, Acetyl-CoA Carboxylase (ACC), the
intracellular energy stores by the energy sensing kinase AMPK, can be

considered to evaluate the bioenergetics process. Lee et al.,'”” showed
that a reduction in phosphorylation of ACC is associated with DKD.'*
18 Tubular injury is associated with reduced mitochondrial function,
proposing reduced in the energy, and caused renal fibrosis.**° Bearing
this in mind, in recent years mitochondria have become targets for
the development of novel therapies for kidney diseases. However, the
mechanisms by which lifestyle interventions, such as exercise, benefit
diabetic nephropathy are unknown.?!

It is known the beneficial of the regular exercise training
improvement the cardiovascular, neuroendocrine, respiratory, and
musculoskeletal systems. Another hand, the physical inactivity
increases the relative risk of several chronic diseases such as coronary
artery disease, stroke, diabetes, osteoporosis and some cancers.?
Different training modalities have been investigated in diabetes to see
if training adaptation is similar in patients and control participants.
Importantly, while aerobic exercise training increases mitochondrial
biogenesis and oxidative capacity.”*?¢ The benefits of resistance
exercise are not limited to enhanced glucose control but also include the
maintenance and improvement of muscular strength (force-generating
capacity), endurance and power. In addition, increases in lean tissue
mass are possible if the resistance exercise induces high muscle
forces.”® Improved lean tissue mass contributes to the maintenance
of basal metabolic rate, promotes functional independence, and
potently stimulates increases in skeletal muscle mitochondrial content
and mitochondrial biogenesis.?”* Thus, with evidence that physical
activity and physical training play important roles in promoting
biogenesis and mitochondrial function, and that mitochondria are
highly sensitive to signs of contractile activity, our hypothesis is that
physical training is able to inhibit evolution of diabetic nephropathy
through attenuation and maintenance of mitochondrial quality control
through the AMPK / MTF / DRP-1 pathway.
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Research design and methods

Experimental animals and diabetes induction

The study protocols were approved by the Ethics in Research
Committee at the Federal University of Sao Paulo and all experiments
and procedures were in accordance with the National Institutes of
Health Guidelines. Male Wistar rats (8 weeks old) were divided into
eight groups: four non-diabetic groups’ non-diabetics (untrained-
UN, trained aerobic-TA, trained resistance-TR, trained combined-
TC), diabetic (untrained- UN/D, trained aerobic-TA/D, trained
resistance-TR/D, trained combined-TC/D). The animals were housed
five per cage with a 12:12-h light-dark cycle, under controlled
temperature (26°C) and had free access to food and water; they were
weighed weekly. Diabetes was induced by a single tail injection of
Streptozotocin (STZ 50 mg/kg [iv] — Sigma Chemical Co., St. Louis,
MO) in freshly prepared 0.01M citrate buffer, pH 4.5. The animals
were not administered insulin or received any treatment apart from
exercise training; those with fasting glucose levels of > 250 mg/dL
were included in the study.

Aerobic exercise training protocol

The aerobic and combined exercise training animals were submitted
to an adapted treadmill for 1 week. After this first week, all animals
were submitted to a maximum running test to determine the exercise
training prescription, and every four weeks to adjust prescription and
to evaluate the efficacy of the exercise training protocol. After the
test, we designed a training prescription based on 40 to 60% of the
maximal result reached for the effort test. Rats were exercised for 1 h/
day, 5 days a week at a set time each day for 8 weeks.

Resistance exercise training protocol

The resistance and combined exercise animals underwent training
on adapted ladder for one week; 1 section (6 climbs with 1 minute of
rest between climbs). After this first week, all animals were tested for
maximum weight carried to define the exercise training prescription,
and every two weeks they were tested to adjust the prescription and
evaluate feasibility exercise training protocol.” After the test, we
designed a prescription that consisted 40 to 60% of the maximal
(100%) obtained produced force.

Combined exercise training protocol

The groups on to the combined exercise protocol underwent
aerobic training on Mondays, Wednesdays and Fridays and resistance
training on Tuesdays and Thursdays, following the protocol described
above.

Renal parameters - in vivo evaluation

Two days after the last training session, the rats were housed
in individual metabolic cages, and 24 h urine was collected and
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centrifuged at 3,000 rpm. To evaluate renal function (proteinuria), a
semi-automatic biochemical analyzer (model BIO-200F, Sao Paulo,
Brazil) was used with the Sensiprot Protein Assay Kit (Labtest
Diagnostica SA, Minas Gerais, Brazil).

Protein expression by western blot

The animals’ kidneys were cut into small pieces (30-50mg) and
homogenized in RIPA homogenization buffer; Western blotting was
performed as described elsewhere.” Membranes were incubated for
2h at room temperature with the following primary antibodies: anti-
total AMPK, anti-phospho-AMPK, anti-GAPDH, anti-MFN2 and
anti-DRP1-1 (Cell Signaling Technology, -Beverly, MA, USA). Anti-
PGC-1la antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Goat anti-rabbit, donkey anti-sheep, donkey anti-
goat, or goat anti-mouse horseradish peroxidase (HR)-conjugated
antibodies were used as secondary antibodies and visualized with an
electrochemiluminescence (ECL) detection kit. Values were expressed
as fold charge. GAPDH was used as a loading control.

Immunohistochemistry

Immunohistochemistry was performed using paraffin-embedded
kidney sections, which were incubated with anti-ACC antibody
overnight at 4°C. The sections were subsequently incubated with
secondary antibodies, treated with diaminobenzidine, counterstained
with hematoxylin and examined, as previously reported.>

Statistical analysis

Results of all calculations are expressed as means + SE. Data were
analyzed using repeated-measures ANOVA with multiple comparisons
and Bonferroni’s test or one-way ANOVA where appropriate. The
results of statistical tests were considered significant if P values were
<0.05.

Results
General characteristics of rats

At the end of the training program, the body weight was reduced in
all four diabetic groups when compared with the non-diabetic groups.
Unfortunately, the exercise protocol was unable to change these
results. However, trained rats’ non-diabetics showed a predisposition
to a decrease the body weight when compared with untrained Table
1. During the protocol, all the rats given STZ had hyperglycemia than
the non- diabetics and higher glucose levels at the end of the protocol
than at the beginning Table 1. Irrespective of the type of exercise,
after 8 weeks of exercise training the trained animals had an increase
in maximum transport weight and/or running distance compared
with the untrained animals. In addition, diabetic rats showed reduced
maximum weight transported and/or running speed in relation to non-
diabetic rats at the end of the protocol Table 2.

Table I Initial (0 week) and final body (8 week) weight and glycaemia, kidney weight, urinary protein excretion at the beginning and at the end of the protocol
Test T was used to analysis the values *p < 005 vs non diabetic (ND) untrained, $ p < 005 vs diabetic (D) untrained final

Non-trained Resistance Aerobic Combined

ND D ND ND D ND D
Body weight (g)
Initial 289 £11 304+13 325.8+5 321.7x6 307.7+8 298.0+6 300+4 31046
Final 453.8+16* 294.8+2|* 400.8+10 276.8+8* 414.8+9 281.5+4* 427.1%7 297.1x21*
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Table Continued...
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Non-trained Resistance Aerobic Combined

ND D ND D ND D ND D
Glycemic (mg/dL)
Initial 1135 1056 107+3 112+2 1105 1013 10043 100+4
Final 10443 544+9% I11£2 573+8%* 1072 529+8* 101£2 389+ |+
Renal weight (g) 1.38+0.05 1.84+0.06" 1.32+0.04 1.66+0.05 1.34+0.04 1.53£0.05 1.55+0.09 1.56+0.05
Proteinuria (g/24hrs)
Initial 16£3.6 15£3.1 15£1.2 12£2.1 15+1.6 17+1.5 13£1.4 13£2.7
Final 20+3.2 52+4.4* I15+1.0 3245.1% 10£1.7 29+1.2% 10£2.3 3413.6°

Table 2 Maximum weight and distance tests performed at the beginning and at the end of the protocol, *p < 0.05 vs. non diabetic (ND) untrained, $ p < 0.05

vs. diabetic (D) untrained final

Non-trained Resistance Aerobic Combined

ND D ND D ND D ND D
Maximal running test(m)
Initial 15419 155£15 NA NA 133x12 136+20 144+20 15821
Final 18819 50+£3** NA NA 332+ 2% 285+ |7+ 363+ (2% 244+ 6+
Maximal weight test (g)
Initial 36915 34223 38813 38320 NA NA 339+18 400£10
Final 573+20% 414+26% 1010+40% 813+18% NA NA 879+25% 7191407

Biochemical and morphological features in diabetic
renal disease

After 8 week of the protocol, the kidneys of untrained diabetic
rats had significantly higher weights than the kidneys of untrained
controls. Exercise specifically lowered kidney weights in trained
diabetic rats Table 1. To evaluate the effects of exercise on renal
function abnormalities in diabetic rats, urinary protein excretion rate
was used as an index of urinary albumin excretion. Urinary protein
excretion was significantly higher in untrained diabetic rats than in
their counterparts Table 1. All exercise protocols decreased urinary
protein excretion in diabetic rats when compared with untrained
peer, but the difference between the trained diabetic groups was not
significant. Test T was used to analysis the values.

Renal mitochondrial

To investigate changes in mitochondrial fusion and fission,
we determined AMPK, PGCla, Mfn2 and Drp-1 levels in renal
mitochondria using Western blot Figures 1 & 2. Exercise training can
change AMPK expression as it induces glucose uptake and oxidation

of fatty acids. This was demonstrated in the present study, the AMPK
expression was decreased in untrained diabetic groups, and in the
three groups of trained diabetic animals the activity of this enzyme
was increased. Figure 1 Based on our finding that mitochondrial
biogenesis and induction of PGC-1a were impaired in the untrained
diabetic animals, we can suggest that exercise training may increase
expression of this protein in non-diabetic animals and improve PGC-
lo expression in diabetic animals, irrespective of the type of exercise
Figure 2. Diabetic rats showed impairment in Mfn2 expression that
was improved by the exercise training protocol. Furthermore, in the
trained control groups, exercise increased Mfn2 expression Figure
2. Drpl expression was increased, probably leading to stimulation
of mitophagy, and exercise training was effective in limiting this
stimulation Figure 1. Immunohistochemistry was used to show the
activation of ACC in the kidney cortex and medulla. We observed
reduced the activation of ACC in the trained diabetic animals when
compared with untrained non-diabetic animals, in both in the kidney
cortex and medulla Figures 3-5. Surprisingly, the three types of
exercise training tested were able to increase ACC activation in the
diabetic animals Figures 3-5.
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Figure 1 AMPK and DRP-1 protein expression by mitochondrial dynamic
pathway were measured in the kidney after exercise training. Data are
reported as means + SEM. Two way ANOVA, * P<0.05 compared with non

diabetic untrained; $ P<0.05 compared with diabetic untrained.
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Figure 2 MFN2, PGC-la and GAPDH protein expression by mitochondrial
dynamic pathway was measured in the kidney after exercise training. Data are
reported as means * SEM. Two- way ANOVA, * P<0.05 compared with non
diabetic untrained; $ P<0.05 compared with diabetic untrained.
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Figure 3 Immunohistochemistry images of the kidney medullar area, using
anti-Acetyl-CoA Carboxylase antibodies. Scale bar: 50um.
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Figure 4 Immunohistochemistry images of the kidney cortex area, using anti-
Acetyl-CoA Carboxylase antibodies. Scale bar: 25um.
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non diabetic

diabetic diabetic
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Figure 5 Graphic for Immunohistochemistry of the kidney cortex and
kidney medullar area analyzes the acetyl-CoA carboxylase. Data are reported
as means + SEM. Two-way ANOVA, * <0.05 compared with non diabetic
untrained; ** P<0.05 compared with diabetic untrained.

Discussion

The diabetes complications are often responsible for the increase
in mortality indices and decrease in quality of life for millions of
people worldwide.’! Exercise training has been the most prescribed
non-pharmacological treatment for the condition. In the present
study we showed that the three exercise training types were able to
attenuate the severity of diabetic nephropathy. STZ-induced diabetes
in rats is characterized by hyperglycemia, excessive osmotic diuresis
and weight loss, clinical manifestations similar to those in human
diabetes. In addition, STZ-diabetic rats develop chronic microvascular
complications, such as nephropathy and peripheral and autonomic
neuropathy, which are often also observed in diabetic patients.’'*
In the present study, we observed a reduction in body-weight gain
in STZ- diabetic rats when they were compared to non-diabetics.
However, at the end of the different exercise training programs
(aerobic, resistance or combined exercise) the STZ-diabetic rats had
maintained their weights, suggesting an improvement in metabolic
status. It is important to point out, however, that these animals still had
lower body weight than the animals in the non-diabetic groups, and
no changes in glucose levels were found between the initial and final
values for the same STZ-diabetic group. It is possible that a metabolic
compensation system, involving the uptake of proteins and lipids. As
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albuminuria is one of the first clinical features of DN, renal damage
was assessed by measuring urinary protein excretion. A significant
beneficial influence of exercise training on kidney weight and
proteinuria in the exercised diabetic animals was observed, as only
one exercise type than combined exercise, was consistently effective
in attenuating albuminuria, thus ameliorating renal pathology. This
reflects the positive effects of exercise training on DN, as proteinuria
is considered one of the main microvascular complications of
diabetes.?>* Interestingly exercise induced albuminuria / proteinuria
is often reported in normal and diabetic humans.>3>3 This can
be attributed to the intensity and duration of exercise, yet exercise
training decreases mesangial expansion and glomerular surface
area.' However, few studies have been able to provide molecular
justifications for this improvement induced by physical training.
Several types of exercise can induce considerable changes in
metabolism; morphology and mitochondrial function in muscle and
heart.’” A wide variety of exercise interventions have been reported in
the management of diabetes and have shown beneficial metabolic and
mitochondrial changes. Nevertheless, it is still unknown how exercise
influences the mitochondria in the kidney.

While our results showed an increase in running time and strength
in the exercise trained diabetic animals, the untrained diabetes animals
showed lower scores in these tests at the end of the training program
than at the beginning, indicating loss of exercise capacity after diabetes
induction. Resistance trained diabetic animals showed increased
strength capacity at the end of the protocol. This demonstrates that
resistance training was effective, at least in promoting the maintenance
of functional capacity in these animals. All animals had strength gains
during the ladder exercise protocol, probably because of muscle
growth during that week and, consequently, favorable changes in
muscle properties, resulting in increased capacity to generate force.’
These gains were attenuated in the animals of the untrained groups,
probably because of the loss in skeletal muscle mass in STZ-induced
diabetes.”® The animals in the resistance training and combined
training groups were able to climb the ladder with loads higher than
the animals in the other groups and showed an increase in the mass
of the plantaris muscle, indicating the effectiveness of the protocol
based on the maximum load test. It is important to note that although
diabetic patients generally present with reduced strength and aerobic
capacity,**! after combined exercise training (performed on alternate
days on treadmill and ladder) animals show greater ability to run
and reach the maximum load in the ladder climbing. Mitochondrial
content is determined by a balance between mitochondrial biogenesis
(synthesis) and degradation (mitophagy).* It is recognized that the
mitochondria of patients with type 2 diabetes exhibit morphological
and biochemical signs suggestive of mitochondrial dysfunction.®*

It has been shown that chronic exercise induces an increase in
mitochondrial volume and function, improving workability and
fatigue resistance in various organs.***” This adaptability of the
organelle allows us to be optimistic about the role of exercise in
the prevention of mitochondrial dysfunction. Understanding the
underlying mechanisms of diabetes-related mitochondrial dysfunction
led to the study of parallel preventive and therapeutic strategies based
on non-pharmacological approaches. Our results complement this
data by demonstrating that periodic exercise influences the cellular
mechanisms involved in the increase of mitochondrial volume. PGC-
la is involved in the regulation of thermogenesis, energy metabolism
and other biological processes that are critical for the control of the
phenotypic characteristics of various organs. The most prominent
strategy to prevent and reverse some of the mitochondrial defects of
the diabetic phenotype is the over-regulation of this protein,**° since
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it is normally negatively regulated in diabetic patients and is one of
the probable causes of the oxidative capacity of these patients.® The
regulation of PGC-1lo may be potentially useful in the prevention
and treatment of diabetes.*® Indeed, our results showed that diabetes
decreased PGC-1a, as previously described, and physical training
was effective to positively regulate this protein in the non-diabetic
groups, as well as attenuate the impairment in energy metabolism
in the diabetic rats. One of the most important mechanisms related
to PGC-la gene expression is induced by increased activation
(i.e., phosphorylation) of AMPK-sensitive. AMPK, a key sensor
of metabolic stress, has been identified as a potential target for the
treatment of insulin resistance and type 2 diabetes.* As stimulation of
the AMPK pathway leads to increased biogenesis and mitochondrial
function,'® strategies to achieve this goal may include exercise and
stimuli of adenosine monophosphate kinase activation.”*> However,
AMPK activation is more pronounced during / immediately after
exercise. We found a significant increase in the expression of this
protein in all trained animals, showing a reversal of the damage
caused by diabetes.

Maintaining mitochondrial shape, size, network and function
requires autophagic degradation and the removal of damaged
mitochondria through the process of mitophagy, which is active at
baseline, during development and under stress conditions.'>* Among
the proteins involved in mitochondrial dynamics, the most cited
are two mitochondrial guanine triphosphatases (GTPases) related
to fusion and fission: Mfn2!'" and Drp 1, respectively. Endurance
exercise increases Mfn2 mRNA®' and phosphorylation of Drpl* in
human skeletal muscle. To the authors’ knowledge, no other reports of
the action of these proteins in the kidney of exercised diabetic animals
have been published. We found that physical training increased the
expression of Mfn2 in the non-diabetic groups and prevented the
reduction in this protein expression caused by diabetes. In addition,
we showed that exercise reduces the phosphorylation of Drpl,
although it was still positively regulated in the groups of diabetic
animals trained, this difference was higher and statistically significant
between the untrained diabetic group. Mitochondria play a vital role
in maintaining health through their regulation of substrate metabolism
and energy production. It is highly sensitive to contraction- initiated
signals, physical activity and exercise play important roles in
promoting biogenesis and mitochondrial function helping to maintain
cellular and body health. The main mitochondrial function is fatty acid
oxidation, which is the main source of energy. ACC is an important
regulator of fatty acid synthesis and oxidation rates and it is involved
in energy homeostasis.> Currently, two isoforms, ACC1 and ACC2,
are known. While ACC2 is more expressed in the heart, muscles and
liver and is associated with the mitochondrial membrane, cytoplasmic
ACCI is expressed mainly in the kidney." The reduction in ACC1
has been associated with renal injury. It has also been shown that the
activation of ACC by AMPK reduces renal damage."

Our study demonstrated that the chronic effect of aerobic exercise,
resistance exercise and combined exercise training positively
influences renal ACC. While diabetes reduces ACC activation, as
already shown in the literature, the 8 weeks of exercise were able to
increase the activation of this protein. More importantly, we observed
that the responses to exercise were similar in the cortex and renal
medulla. In conclusion, the results of this study show that aerobic
training, resistance training or combined training lead to a reduction
in complications in induced diabetes in rats, probably as a result of
increased physical capacity and vascular and autonomic benefits.
The combined training protocol promoted more benefits than the
aerobic and resistance protocols separately. We emphasize that all the
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improvements observed were independent of glycemic index control.
Our findings allow us to infer that the mechanism behind the protective
effects of physical training on renal function observed involves the
regulation of mitochondrial dynamics and the improvement in the
activation of ACC by AMPK. The clinical application of exercise
training in early diabetic patients may help to prevent and / or treat
diabetic nephropathy.®
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