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Strength training and aerobic exercise alter mitochondrial parameters
in brown adipose tissue and equally reduce body adiposity in aged rats
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Abstract
With aging, there is a reduction in mitochondrial activity, and several changes occur in the body composition, including increased
adiposity. The dysfunction of mitochondrial activity causes changes and adaptations in tissue catabolic characteristics. Among them,
we can mention brown adipose tissue (BAT). BAT’s main function is lipid oxidation for heat production, hence playing a role in
adaptive thermogenesis induced by environmental factors such as exercise. It is known that exercise causes a series of metabolic
changes, including loss body fat; however, there is still no consensus in the academic community about whether both strength and
aerobic exercise equally reduces adiposity. Therefore, this study aimed to evaluate the effects of strength training and aerobic
exercise regimes on adiposity, proteins regulatingmitochondrial activity, and respiratory complexes in BATof old rats. The rats were
divided in two control groups: young control (YC; N = 5), and old control (OC; N = 5), and two exercise groups: strength training
(OST; N = 5), and aerobic treadmill training (OAT; N = 5). Rats were subjected to an 8-week exercise regime, and their body
composition parameters were evaluated (total body weight, adiposity index, and BATweight). In addition, mitochondrial biogenesis
proteins (PGC-1α, SIRT1, and pAMPK) and respiratory chain activity (complexes I, II/III, III, and IV) were evaluated. Results
showed that OST and OAT exercise protocols significantly increased the mitochondrial regulatory molecules and respiratory chain
activity, while body fat percentage and adiposity index significantly decreased. Taken together, both OST and OAT exercise
increased BATweight, activity of respiratory complexes, and regulatory proteins in BAT and equally reduced body adiposity.
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VEGF Vascular endothelial growth factor
YC Young control

Introduction

Human life expectancy has been steadily increasing world-
wide over the years in both developed and developing coun-
tries. This phenomenon is associated with a number of factors,
such as medical and technological development, greater
awareness about health-related aspects, and greater access to
health-related information. As aging increases vulnerability to
pathologies, the rate of age-related complications increases
together with aging [26]. Aging is a hard-wired process in
all living beings and is characterized by increased adiposity
and declined lifespan [26]. Many interventions, like physical
exercise and diet, may reduce aging and increase lifespan. It is
known that physical exercise modulates numerous proteins to
prevent the aging process. However, studies concerning
exercise-induced adaptations at the mitochondrial level in
the adipose tissue have long been neglected. Only in recent
years, studies have started to focus on the role of mitochondria
in adipose tissues [1, 3]. Adipose tissue is a large endocrine,
immune, and regenerative organ that can readily adapt to ther-
mal changes and nutrient availability in young and healthy
individuals. Several age-related fundamental changes occur
at the cellular level in adipose tissue, potentially evolving in
adipose tissue dysfunctions, including adipocyte hypertrophy
[4]. Physical exercise can influence adipose tissue activity to
prevent age-related complications like obesity and insulin re-
sistance, which are associated with shortened lifespan and
geriatric disorders.

Mitochondria are crucial in regulating the energy metabo-
lism of many tissues, including the cardiac and skeletal mus-
cle, brain, liver, and adipose tissue. Evidence suggests that
mitochondria in the adipose tissues are involved in the
whole-body energy homeostasis and cross-talk with striated
muscles [1, 3]. Mitochondrial dysfunction in the adipocytes
could lead to whole-body pathological consequences [3]. It is
not surprising that mitochondrial dysfunctions contribute to
metabolism and adipocyte differentiation, as they are involved
in the regulation of fatty acid oxidation, oxidative phosphor-
ylation, and reactive oxygen species (ROS) production [3].
However, there are a large number of factors yet to be inves-
tigated in relation to mitochondrial and adipose functions.
Several research works have pointed out that three important
proteins (AMP-activated protein kinase—AMPK, Sirtuin 1—
SIRT1, and peroxisome proliferator-activated receptor gamma
coactivator 1-alpha—PGC-1α) are involved in regulating the
mitochondrial function, but during aging, the functioning of
these molecules might diminish [5, 6, 13]. Therefore, a defect
occurs in the mitochondrial biogenesis [34]. Regular exercise
training has been known to induce these proteins by

mimicking their pathway even in the aging [6, 13].
However, the life-extending effect of these molecules by
physical exercise in brown adipose tissue (BAT) has not been
clearly understood. Therefore, the present study aimed to in-
vestigate the effects of both strength and aerobic exercise pro-
tocols on body fat compositions and their resulting adapta-
tions on mitochondrial regulatory molecules in BAT.

Materials and methods

Experimental design

The animals were divided into four groups (young groups
were 3months old and old groups were 18months old), name-
ly young control group—untrained (YC; N = 5), old control
group—untrained (OC; N = 5), old strength training group
(OST; N = 5), and old aerobic treadmill running group
(OAT; N = 5). All the animals were obtained from the
Animal Centre of the University of Extremo Sul Catarinense
(Criciúma, Brazil). Five animals per cage were housed under a
12-h light/12-h dark cycle/(light from 7 a.m. to 7 p.m.) with
free access to food and water ad libitum. The study protocol
was reviewed and approved by the local ethics committee
according to the Guidelines for Animal Care and
Experimentation (number 16/2013).

Exercise protocols

Aerobic treadmill running training

All the rats were accustomed by physical exercise on a nine-
channel motor-driven treadmill at a speed of 10 m/min for
10 min/day for 1 week to reduce their stress in response to
the new experimental environment. Dynamic aerobic exercise
training, prescribed based on the maximal exercise test, was
performed at low/moderate intensity (∼ 50 to 70% of the max-
imal running speed during the maximal exercise test) for 13 to
17 min a day, from 7 to 8 p.m., 4 days a week for 8 weeks,
with a gradual increase in speed from 0.6 to 1.2 km/h during a
total period of 60 days. Each session lasted 50 min and there
was a 48-h interval between sessions. Gentle tapping of the
tail or hind limb was used to encourage running if the animal
stopped.

Resistance training of muscular strength

The strength training entailed that the rats climbed a 1-m lad-
der with a 2-cm grid inclined at 85° [15], with some modifi-
cations according to Scheffer et al. [31]. The rats were famil-
iarized with the given exercise for 1 week. Later, resistance
training began. For this protocol, cylinders containing weights
were attached with foam tape to the base of the rat’s tail.
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Briefly, the cylinders were fastened to the tail by wrapping the
upper portion of the tail (2–3 cm from the proximal end) with
Velcro on top of the foam tape. Then, the initial weights (25%
of body weight) were inserted into the cylinders. The rat was
then positioned at the base of the climbing apparatus and
manually stimulated [35–37]. The weight attached to the tail
was gradually increased from 50 to 100% of total weight
throughout the 8 weeks of training (weeks 1 and 2, 50%;
weeks 3 and 4, 50%; weeks 5 and 6, 75%; weeks 7 and 8,
100%). Three to five sets of 8–12 repetitions, with a 1-min rest
between repetitions and a 2-min rest between sets, were per-
formed for 3 or 4 days/week. Each session was 40–50 min in
duration, with a 48-h interval between sessions. After reaching
the top of the ladder, the rats were allowed to recover in a
resting area. This procedure was repeated until the rats fin-
ished three sets of training or they failed to climb the entire
length of the ladder.

Western blot

After 48 h from the last exercise session, all animals were
anesthetized by intraperitoneal administration of ketamine
(80 mg/kg) and xylazine (12 mg/kg) and subsequently eutha-
nized. White adipose tissues and BATs were extracted and
immediately homogenized in specific buffer containing 1%
Triton X-100, 100 mM Tris (pH 7.4), 100 mM sodium pyro-
phosphate, 100 mM sodium fluoride, 10 mM ethylenedi-
aminetetraacetic acid (EDTA), 10 mM sodium vanadate,
2 mM phenylmethylsulfonyl fluoride (PMSF), and 0.1 mg/
mL aprotinin at 4 °C with Polytron MR 2100 (Kinematica,
Switzerland). The homogenate was centrifuged at 11,000 rpm
for 30 min at 4 °C. The total protein concentration from the
supernatant was determined by a colorimetric test using the
method by Lowry et al. [22]. The proteins were resuspended
and stored in Laemmli buffer containing 100 mmol/L dithio-
threitol (DTT) and subsequently assayed for immunoblotting
with specific antibodies. To this end, aliquots containing
250 μg of proteins per sample were transferred onto a poly-
acrylamide gel. Electrophoresis was performed in a Mini-
PROTEAN® Tetra electrophoresis system (Bio-Rad,
Hercules, CA, USA), with electrophoresis buffer solution.
Proteins separated by SDS-PAGE were transferred to the ni-
trocellulose membrane using a Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad) equipment.
Nitrocellulose membranes containing the transferred proteins
were incubated in blocking solution for 2 h at room tempera-
ture to decrease non-specific protein binding. Membranes
were then incubated with specific primary antibodies: anti-
PGC1α (Cell Signaling Biotechnology, Beverly, MA, USA);
anti-pAMPK, and anti-SIRT1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) under constant stirring, overnight at
4 °C. Original membranes were re-blotted with β-actin as
control protein and then incubated in solution with

peroxidase-conjugated secondary antibody for 2 h at room
temperature. Then, membranes were incubated for 2 min with
the enzymatic substrate and exposed to the RX film in a cas-
sette for development. Intensity and area of the bands were
captured using a scanner (HP G2710) and then quantified
through the Scion Image program (Scion Corporation,
Frederick, MD, USA).

Determination of total body weight

After euthanasia, epididymal, retroperitoneal, and mesenteric
adipose tissues and brown adipose tissue were extracted and
weighed using an analytical scale looking for differences be-
tween groups. To collect different fat types, we sprayed etha-
nol around 1–2 cm below the neck and cut with scissors. At
this point, a pad of white fat (WAT) was observable. We then
removed the butterfly-shaped brown fat. Without removing
the WAT, we picked with forceps the extreme lower of it,
pulled it up, and isolated all the area without leaving any fat.
Then, we placed all the tissue on a clean surface and used a
blade to separate the WAT. The brown fat was recognizable
due to its dark brown color. After weighing the BATwith the
precision scale, the body BAT percentage was calculated by
dividing the total body weight for the BATweight in each rat
and then converted into percentage.

Activities of electron transport chain enzymes

The samples were frozen and defrosted thrice in hypotonic
assay buffer to fully expose the enzymes to substrates and
achieve maximal activities. NADH dehydrogenase (complex
I) activity was analyzed by measuring the rate of NADH-
dependent ferricyanide reduction as absorbance at 420 nm
[7]. Complex II/III activities were measured via cytochrome
c reduction by succinate [11]. The activity of cytochrome c
oxidase (complex IV) was instead assayed as a decrease in
absorbance at 550 nm due to oxidation of previously reduced
cytochrome c [29].

Statistical analysis

Data on biochemical and bodymeasurements are expressed as
means ± SEM. Blot analysis data are expressed as means ±
SEM, of densitometric units (molecule protein levels/β-actin
protein levels ratio). Differences between groups were evalu-
ated using one-way analysis of variance (ANOVA) followed
by Bonferroni’s post hoc test. P value of less than 0.05 was
considered significant. Statistical Package for the Social
Sciences (SPSS) version 16.0 for Windows was used for data
analysis.
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Results

The present study evaluated the body composition in old rats
that were exposed to aerobic exercise and strength training by
using a climbing apparatus (Fig. 1). Old rats had significantly
greater body weight than their younger counterparts, and two
strength training and aerobic exercise protocols promote no
alteration to this parameter. The body fat was significantly re-
duced in trained rats as compared to that in the untrained ones.
Both epididymal and mesenteric fat percentages, and adiposity
index, were significantly higher in the OC group than in the YC
group, whereas BAT percentage was significantly decreased in
the OC when compared to the YC, OAT, and OST groups
(Table 1). Conversely, in the OST and OAT groups, there was
a significant decrease in such parameters (epididymal, retroper-
itoneal and mesenteric fats, and adiposity index), although
without any statistical distinction between them. However,
these trained groups were not able to revert the adipose tissue
level in comparison to untrained old rats (Table 1).

The effect of two exercise protocols in promoting mito-
chondrial regulatory proteins in old rats was also evaluated.
As shown in Fig. 2, PGC-1α (Fig. 2a), pAMPK (Fig. 2c), and
SIRT1 (Fig. 2c) levels were increased significantly in OSTand
OAT groups in comparison with YC and OC groups.

The physical exercise intervention on mitochondrial activ-
ity was analyzed in BATof old rats. Activity of electron trans-
port complexes (I, II/III, III, and IV) in the OC group showed a
significant decrease as compared to the YC one, whereas OAT
and OST groups showed a significant increase in the activity
of respiratory chain complexes (Fig. 3a–d). The OAT group
showed a greater increase in the activity of complex I, II/III,
and IV, whereas OST and OAT groups both showed an in-
crease in the complex III activity without statistical signifi-
cance in comparison with YC and OC groups.

Discussion

This study was designed to demonstrate the effects of two
different exercise protocols (OST and OAT) in aged rats. We
observed that aged rats showed an increase in epididymal,
retroperitoneal, and mesenteric fat, as well as adiposity index
and increased total body weight, whereas young rats had low-
er percentages. Furthermore, both aerobic and strength exer-
cise protocols decreased bodyweight and fat index percentage
of the old rats. However, aerobic training was shown to be
effective in reducing the percentage of the epididymal, and
mesenteric fats and adiposity index. Kohrt et al. [18] reported
that regular exercise lowered the increased body fat due to
aging. Similar results were observed by other researchers
[17, 39]. Increased storage of fat in the body is a major factor
in age-related complications. Regular training increased the
metabolic activity in aged rats and prevented body fat storage.
The present study shows that both the exercise protocols de-
creased body weight and fat percentage in aged rats, which
proves the involvement of exercise in the energy expenditure
to reduce age-related complications.

Brown adipose tissue (BAT) is crucial in energy expendi-
ture of the body to counteract obesity-related morbidity. The
effect of physical exercise on BAT is contradictory, and this
could be due to different exercise protocols, duration, and type
of exercise, including running and swimming [30]. The pres-
ent study shows that OST and OAT increased the levels of
BAT in old rats. BAT activity is sustained by the sympathetic
nervous system (SNS). Studies have found that physical exer-
cise activates the SNS on BAT recruitment and thermogenic
activity [5, 30]. The present data support that both the exer-
cises could increase the delivery of oxygen due to SNS acti-
vation. This is further confirmed by the increased activation of
PGC-1α by both OST and OAT, which might facilitate the
vascularization by regulating the VEGF expression. Bostrom
et al. [2] found that the overexpression of PGC-1α induced the
BAT gene program.Moreover, they found that VEGF was up-
regulated after endurance exercise by PGC-1α. Our study
corroborated their findings that exercise increases BAT.
However, young rats had a higher percentage of BAT than

Fig. 1 The rat was positioned at the base of the climbing apparatus and
motivated manually to climb the ladder. Resistance training began by
using cylinders containing weights that were attached with foam tape to
the base of the tail of the rat. Briefly, the cylinders were fastened to the tail
by wrapping the upper portion of the tail (2–3 cm from the proximal end)
with Velcro on top of the foam tape
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old ones that underwent exercise. This could be associated
with the body weight and adiposity ratio.

The proper activity of adipose tissue requires well-
functioning mitochondria. Adipose tissue performs a number
of functions such as lipolysis, fatty acid synthesis, and fatty acids
beta-oxidation, and hence, adipose tissue needs more ATP to
maintain its normal activity. Adipose tissue dysfunction occurs
with aging due to reduced production of mitochondrial regula-
tory proteins, and thus this study aimed to investigate the effect
of physical exercise on mitochondrial regulatory proteins (PGC-
1α, SIRT1, and AMPK) in adipose tissue. Early studies reported

that overexpression of PGC-1α increased the mitochondrial pro-
duction and respiratory rates [20, 40]. In order to perform such
functions, it co-activates multiple transcription factors such as
glucocorticoid receptors, nuclear respiratory factors (NRF-1
and NRF-2), and estrogen-related receptors. In this study, we
observed the increased activity of PGC-1α in both the exercise
protocols, while aging rats without exercise had decreased PGC-
1α content. As we discussed earlier, due to aging, the production
of PGC-1α declines, but any stimuli like exercise can induce
PGC-1α activation through de-acetylation. However, prolonged
exercise alters mitochondrial dynamics by affecting the

Table 1 Effects of physical
exercise protocols on
physiological parameters of old
rats. Total body weight,
epididymal, retroperitoneal,
mesenteric, and brown adipose fat
pad and adiposity index are
express as percentage of body
weight (% of b.w.)

Parameters YC OC OST OAT

Body weight (g) 278.8 ± 5.28 497.8 ± 19.93* 467.2 ± 24.81* 459.2 ± 10.50*

Epididymal fat (%) 2.47 ± 0.18 10.76 ± 0.56* 7.37 ± 1.13# 6.41 ± 0.45#

Retroperitoneal fat (%) 1.60 ± 0.04 11.22 ± 1.73* 6.55 ± 1.30# 6.32 ± 0.80#

Mesenteric fat pad (%) 1.96 ± 0.14 7.29 ± 0.80* 4.38 ± 0.56# 4.02 ± 0.23#

Adiposity index (%) 2.55 ± 0.11 6.90 ± 0.09* 4.85 ± 0.55# 4.17 ± 0.31#

BAT (%) 0.11 ± 0.005 0.06 ± 0.004* 0.09 ± 0.005# 0.09 ± 0.005#

OST, old strength training; OAT, old aerobic training

*p < 0.05 compared to the young control group
# p < 0.05 compared to the old control group

Fig. 2 Effects of different physical exercise protocols on mitochondrial
regulatory molecules in brown adipose tissue of old rats. PGC1-α (a).
pAMPK (b). SIRT1 (c). OST, old strength training; OAT, old aerobic

training. *p < 0.05 compared to the young control group; #p < 0.05 com-
pared to the old control group
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mitochondrial biogenesis. In addition, longer endurance exercise
promotes the biogenesis, fusion, fission, and mitophagy which
may result in increased ex-novo mitochondria formation and
possibly helps to remove damaged or dysfunctional mitochon-
dria, thus improving metabolic activity. Our study is in agree-
ment with the study of Suwa et al. [33] who reported that exer-
cise increased PGC-1α activation due to de-acetylation process.
The activity of PGC-1α, determined not only by its expression,
but also by a number of post-translational modifications, includ-
ing phosphorylation and acetylation [28]. However, a number of
studies reported that a decrease in post-translational modifica-
tions is associated with aging [8]. The present data suggest that
the redundant activity of PGC-1α due to aging is possibly re-
versed by the exercise-induced de-acetylation process.
Moreover, dysfunctional mitochondria due to aging which may
cause poor metabolic activity can be reprogrammed by an exer-
cise stimulus. Canto and Auwerx [6] described that physical
activity intervenes the metabolic sensors like AMPK and
SIRT1, thereby affecting the activity of PGC-1α through phos-
phorylation and de-acetylation, respectively.

It has been considered that physical exercise is associated
with the metabolic activity of adipose tissue to regulate the
energy deficit. AMPK and SIRT1 are the important regulators
of energy status. The link between exercise and these two
proteins in energy homeostasis is a crucial step in adipocyte

differentiation [12, 14, 27]. Therefore, this study aimed to
observe the linking mechanism of AMPK and SIRT1 in
BAT of old rats. Studies have shown that physical exercise
activated AMPK and SIRT1, but this activation may directly
phosphorylate the PGC-1α by AMPK, or increased AMPK
by physical exercise inducing the activation of SIRT1 for fur-
ther de-acetylation of PGC-1α to regulate the energy expen-
diture for increasing mitochondrial biogenesis [12, 13, 24].
Both the exercise protocols performed in this study augment-
ed AMPK and SIRT1 levels in order to increase the PGC-1α.
As a consequence, mitochondrial activity increased in old rats,
and this was further confirmed by increased respiratory com-
plex activities. Taken together, exercise is a converging factor
of AMPK and SIRT1 on PGC-1α to increase the mitochon-
drial biogenesis.

Aging is associated with lower mitochondrial protein syn-
thesis rates, disturbances in mitochondrial enzyme activities,
and lower oxidative capacity [16]. In this study, we observed
that the OC group had significantly low complex I (Fig. 3a),
complex II (Fig. 3b), complex III (Fig. 3c), and complex IV
(Fig. 3d) levels as compared to YC group. Studies have shown
that old rats have reduced mitochondrial complex activities,
whereas other studies have reported that there is no age-related
decrease in ETC activities [4, 9, 10]. The results of the present
study showed that both OST and OAT promoted a significant

Fig. 3 Effects of exercise protocols on respiratory chain activities of old
rats. Activity of the complex I (a). Activity of complex II (b). Activity of
complex II/III (c). Activity of complex IV (D). OST, old strength training;

OAT, old aerobic training.N = 5 rats per group. *p < 0.05 compared to the
young control group; #p < 0.05 compared to the old control group
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increase in respiratory chain activity in all complexes as com-
pared to the OC group, and OAT proved to be more effective
in complexes I, II/III, and IV. In complexes II/III (Fig. 3b) and
III (Fig. 3c), both types of exercise promoted significant in-
creases in respiratory chain activity as compared to old rats,
however, with no significant difference between them in com-
plex III activity. Several studies suggested that the decline in
the function of mitochondria due to aging is partially normal-
ized by exercise [19, 38]. Moreover, the poor performance of
mitochondria due to aging in adipose tissue induces prema-
turely aged BAT cells. BAT cells are highly vascularized tis-
sues involved in maintaining homeostasis. The increased
amount of BAT cells is related to lower body weight. BAT
cells are present in a considerable amount in adults, and aging
decreases the number of BAT cells and increases the body
weight. Importantly, the activity of BAT is not only decreased
during aging but also in obesity and other aging-related prob-
lems [25]. BAT cell mitochondria are functionalized by
uncoupling protein 1 (UCP1) which allows the translocation
of protons to dissipate the energy [21], which are negatively
correlated with aging and obesity. Studies have shown that
regular exercise increased the energy expenditure by regulat-
ing BAT in order to control the obesity-related problems in
aging [21, 33]. In the context of aging, mitochondrial enzyme
expression is reduced in old mice of BAT [23]. Moreover,
BAT specific dysfunctions impact the whole-body energy ho-
meostasis in relation to aging. Also, BAT physiology affect
molecular pathways that regulate lifespan. For example,
SIRT1 levels decline with aging in several tissues, including
adipose tissue, and this reduction lead to accelerate the age
induced obesity. Mitochondria is the core functional unit in
metabolic control of many cells, including BAT. BAT is the
origin and target of many extra and intra cellular signals and it
relies on mitochondrial function for maintaining intracellular
metabolism. Since SIRT1, AMPK, and PGC-1α highly influ-
ence the mitochondrial content and functionality, exercise
could revert their activities partly or fully in order to postpone
the aging, particularly in BAT cells [32]. In this study, both
OST and OAT increased the levels of SIRT1, AMPK, and
PGC-1α, suggesting a regulatory effect of exercise on mito-
chondrial enzymes. In addition, we speculated whether the
given anesthesia in adipose tissue could influence our results.
However, the time between anesthesia application and tissue
removal is very short (approximately 2 min) and cannot be
sufficient to alter the results in the BAT cells induced by
exercises.

Conclusions

In conclusion, both OST and OAT exercises promoted greater
weight BAT and increased mitochondrial complex activities
and mitochondrial regulatory proteins (PGC-1α, SIRT1, and

pAMPK) in BAT, and equally reduced body adiposity. These
findings may be one of the mechanisms through which exer-
cise regulates the proper activity of adipose tissue and main-
tains the normal functioning of mitochondria in order to re-
duce aging-related body adiposity.
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