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Abstract — Aims: We evaluated whether exercise training ameliorates cardiovascular autonomic dysfunction in
obesity-induced by high-fat diet (HFD) in rats. Methods: Wistar male rats were assigned in normal diet, sedentary
(ND-S) and trained (ND-T) and HFD, sedentary (HFD-S) and trained (HFD-T). Blood pressure (BP), heart rate (HR),
HR variability (HRV), BP variability (BPV), cardiac baroreflex and cardiac autonomic tonus were assessed. Results:
HFD-S showed higher bodyweight increase (19.4%) compared to all other groups (HFD-T: 13.2%, ND-S: 14% and
ND-T: 12.4%). Relative epididymal, retroperitoneal and visceral fat was also greater in HFD-S compared to all other
groups. Resting bradycardia in ND-T (339.5±10.6 bpm) and HFD-T (341.0 ± 9.4 bpm) was more pronounced than
ND-S (438.4 ± 6.3 bpm; p<0.05) and HFD-S (448.5 ± 18.7 bpm; p<0.05). The HFD-T group showed lower systolic
(125.3 ± 1.9 mmHg), diastolic (88.5 ± 2.0 mmHg) and mean BP (100.3 ± 2.5 mmHg) in comparison with HFD-S
(153.8 ± 3.7; 103.5 ± 2.6 and 120.5 ± 3.7 mmHg; p<0.05, respectively). Lower variance of HRV and higher variance
of diastolic BPV was observed in HFD-S compared to other groups while sympathetic modulation of HRV and BPV
was higher in HFD-S, as well as the LF/HF ratio. HFD-T showed a decrease in sympathetic tonus compared to HFD-S.
ND-T and HFD-T showed higher cardiac vagal tonus than respective sedentary groups. Analysis showed an association
between visceral fat, sympathetic activity and BP. Conclusions: HFD induces hypertension and is associated with
autonomic imbalance in rats, while exercise training may reverse these harmful changes.
Keywords: exercise training, high fat diet, obesity, cardiovascular autonomic dysfunction.

Introduction
Contemporary lifestyle is often characterized by sedentary behavior and an excess intake of a high-fat diet (HFD), increasing the
chances of developing of obesity1 and several chronic diseases,
including arterial hypertension2 and autonomic alterations3.
Conflicting results have emerged over the nature of autonomic
activity in obesity4. These investigators showed that obese
subjects presented lower sympathetic activity but no change
in parasympathetic modulation. On the contrary, an increase in
body weight (BW) is associated with sympathetic overactivity
and attenuation in parasympathetic activity5. Likewise, obese
subjects have shown an imbalance in autonomic nervous system
(ANS) activity, which is characterized by an increase in parasympathetic nervous system (PNS) tonus and/or a decrease in
the sympathetic nervous system (SNS) tonus6.
Obesity was found to be associated with decreased sympathetic
activity in obesity7. Others researcher’s, however, also reports a
sympathetic hyperactivity2. In animal models, HFD-induced obesity
increases sympathetic activity and renin-angiotensin-aldosterone
system, consequently increasing blood pressure (BP)8. Obesity not
only shifts SNS, but it also changes cardiac PNS drive. The HFD
has been found to reduce parasympathetic activity in rats9. Body
mass index (BMI), waist circumference and sum of skinfolds are
associated with a reduced cardiac vagal tonus and indicators of
central obesity as compared to total indicators of obesity10. Increase
of BW is associated with a decline in PNS, accompanied by a rise
in heart rate (HR), and conversely, HR declines during weight
reduction This is a point important because increment in HR has
been shown as a marker associated with increased mortality11.

Exercise training ameliorates BP levels in overweight and lean
subjects, as well as was effective in reducing sympathetic and
parasympathetic nervous activities in obesity12. Chronic exercise
may prevent obesity development and metabolic alteration13.
Despite much study in this field, the mechanisms through which
excessive fat accumulation results in an increased incidence
of cardiovascular autonomic dysfunction and the possible effects of ET in these parameters are still a matter of debate. The
mechanisms underlying this relationship are multifactorial, and
for some time there are controversy as to whether the SNS and
PNS were activated or inhibited in obesity and the effects of ET.
Therefore, we determined the alteration of baseline pressoric
regulation, autonomic nerve activity by HR and BP variability,
cardiac autonomic tonus and baroreflex sensitivity in HFD-fed
rats after swimming exercise training. This study aimed to clarify
the therapeutic effect of exercise training on sympathetic activation and parasympathetic attenuation as well as bradycardic
and tachycardic baroreflex responses in diet-induced obese rats.

Materials and methods
Animal model
Adult male Wistar rats at 10-12 weeks of age and BW around
380-400g were procured from Physiology Laboratory. The animals were kept at a constant temperature of 22 ± 1°C, relative
humidity of 50–60% and light/dark cycle (12/12 h). They were
fed with different diets as described below and drinking water
ad libitum. The rats were randomly assigned to 4 experimental
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groups that received either a normal diet plus sedentary activity
(ND-S, n=8), a high-fat diet plus sedentary activity (HFD-S, n=8),
a normal diet plus exercise training activity (ND-T, n=8) and a
high-fat diet plus exercise training activity (HFD-T, n=8). All
experimental procedures were performed in accordance with the
Ethical Principles in Animal Research of the Brazilian College
of Animal Experimentation and were approved by the local
Ethical Committee for Animal Research (Protocol 167/2010).

Diet and exercise training
A 9-week dietary intervention was followed by a same period of
exercise intervention. The both ND groups received a standard
diet, normocaloric (commercial Nuvilab® CR1 rat feeding)
containing (% weight) 19% protein, 56% carbohydrate, 3.5%
lipids, 4.5% cellulose and 5% vitamins and minerals, while the
HFD groups received a diet consisted of a mixture of ground
and calorie foods that were offered in the form of pellets. They
were fed with (% weight) 15g of standard diet (Nuvilab® CR1),
10g roasted peanuts, 10g milk chocolate and 5g of cornstarch
cookie. This type of diet had in its composition 20% protein,
48% carbohydrate, 20% as fat, 4% cellulose and 5% of vitamins
and minerals14. The swimming protocol was performed in a
glass tank and ambient water temperature was kept at 30º ± 1ºC.
The trained animals received a 20 min adaptation period on the
first day and were increased 10-min each day until reaching 1
h on the fifty day15. Following, these rats trained 5 days/week
with a gradual progression toward a 2 h session. This protocol
is defined as an aerobic endurance training and low-intensity,
as the animals swam without additional work load, this method
corresponds the intensity below the anaerobic threshold in rats16.
Sedentary animals were placed in the swimming apparatus for
10 min twice a week to mimic the water stress associated with
the experimental protocol. BW was measured in a conscious
state at weekly intervals.

Experimental procedures and hemodynamic recording
protocol
One day after the last exercise session, acute experiments were
performed under anesthesia induced by intraperitoneal injection
of sodium pentobarbital (40 mg/kg). Arterial and venous catheters
(PE-10 attached to PE-50) filled with heparinized saline were
inserted in the femoral artery and vein to direct recordings of
pulsatile BP and drug administration, respectively. Followed, the
catheters were tunneled subcutaneously and exteriorized at the
scapular region. Twenty-four hours after catheter surgery completion, BP and HR were monitored in conscious freely moving rats
by connecting the arterial catheter to a pressure transducer (P23Db,
Gould-Statham) connected to amplifier (ML224 Quad Bridge
Amp, ADInstruments, NSW, Australia) and a microcomputer
equipped with an analog-to-digital converter board (CODAS,
4-kHz sampling frequency, Di220 Dataq Instruments, Inc., Akron,
OH, USA). After animal acclimation to the experimental room,
the hemodynamic parameters were recorded for 30 min. Mean
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(MBP), systolic (SBP), and diastolic BP (DBP) were analyzed
off-line. Beat-by-beat pulse interval (PI) values were generated
off-line from the pulsatile arterial BP signal by measuring the
time interval between two systolic peaks.

Linear analysis of HR and BP variability
For the cardiovascular variability study, the signals of BP were
processed to generate beat-to-beat time series of PI, DBP, and
SBP. The variance of these values in each period was considered
a variability index in the time-domain assessed by the standard
deviation of the time series. The PI, DBP and SBP fluctuations
were assessed in the frequency domain by means of autoregressive spectral estimation method as described elsewhere17. Briefly,
beat by beat time series of PI, DBP, and SBP were divided into
serial segments of 300 beats with a 50% overlap on the previous segments (Welch’s method). The spectra of each segment
were estimated via the Levinson-Durbin recursion, and the
order of the model chosen according to Akaike’s criterion18. The
oscillatory components were labeled as very low (VLF, 0.01
to 0.20 Hz), low (LF, 0.20 to 0.75 Hz) or high frequency (HF,
0.75 to 3.00 Hz). The normalization procedure, applied only to
the variability of the PI, was performed by dividing the power
of the LF or HF component by total spectral power, which is
subtracted from the power of the VLF band and multiplying the
result by 10019. The normalization procedure tends to minimize
the effect of the changes in total power on the absolute values
of LF and HF components of HRV17.

Baroreflex sensitivity and cardiac autonomic tonus
In order to assess the baroreflex sensitivity, we administered
intravenous injections of phenylephrine (2 μg·kg-1) and sodium
nitroprusside (2 μg·kg-1) to elicit alterations in BP, which was
evaluated by the slope of the regression line obtained by best-fit
points relating changes in HR and MBP. A 5-minute interval
between doses was necessary for BP to return to baseline.
Subsequently, we also performed the sympathetic and vagal
autonomic blockade after propranolol (5 mg/kg, i.v.) and
atropine (4 mg/kg, i.v.) injections, respectively, to calculate
the sympathetic and vagal tonus, as well as the pacemarker
intrinsic HR (IHR) and tonic sympathovagal index. The autonomic blockers were administered in a random sequence
with a 15 min interval between them. After double blockade,
the cardiovascular recordings lasted for 15 min. Briefly, vagal
tonus was estimated by the difference between the maximal
bradycardia achieved after sympathetic blockade with propranolol (double blockade by atropine and propranolol) and
the pacemarker IHR. Sympathetic tonus was evaluated by
the difference between the highest tachycardia observed after
vagal blockade with atropine and the pacemarker IHR. The
tonic sympathovagal index was obtained as the ratio between
resting and intrinsic HR.
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Removal of white adipose tissue depot.
At the completion of the experiment, rats were euthanized with
an overdose of pentobarbital sodium (300 mg/kg). The epididymal, retroperitoneal (surrounding the kidney) and visceral
(surrounding the stomach and intestines) white adipose tissue
were rapidly removed, rinsed in deionized water to remove
excess blood and weighed.

variables were tested by non-parametric Friedman test followed
by Mann–Whitney U-tests. Pearson correlation coefficient was
used to test the correlation between white adipose tissue with
sympathetic activity and blood pressure levels. All data are
represented as mean ± SEM. Probability values of p<0.05 were
considered statistically significant. Analyses were performed
using SigmaStat® SPSS, Chicago, IL.

Results

Statistical analysis
The normality of the data was checked with the KolmogorovSmirnov test and Levene’s F test was used to assess the homogeneity. Significance of differences of continuous variables
between normal-fed and high fat-diet animals and exercise
training was tested using 2-way ANOVA with Tukey post-test
(normally distributed variables). Non-normally distributed

HFD intake induced obesity in sedentary rats as evidenced
by the increased final BW, BW gain and adiposity (masses of
epididymal, retroperitoneal and visceral adipose depots) in
comparison to the other groups (p<0.05). The ET was able to
prevent the increases in the above abnormal anatomic data in
HFD-induced obese rats (p<0.05), similarly to sedentary and
trained animals with normal diet (Table 1).

Table 1. Descriptive data for final BW mass, BW gain (relative D%), absolute and relative weights of epididymal, retroperitoneal and visceral adipose tissue weights from sedentary normal diet (ND-S, n=8), sedentary high-fat diet (HFD-S, n=8), trained normal diet (ND-T, n=8) and trained
high-fat diet (HFD-T, n=8) groups for 9 weeks.
ND-S

HFD-S

ND-T

HFD-T

Initial BW (g)

390.7 ± 13.1

392.4 ± 9.1

391.6 ± 6.3

393.3 ± 7.3

Final BW (g)

445.6 ± 3.9

467.2 ± 5.0*

440.4 ± 4.3†

446.1 ± 3.5†

BW gain, (D%)

14.0 ± 1.7

19.6 ± 2,1*

12.4 ± 6.1†

13.2 ± 4.4†

Epi WAT (g)

0.81 ± 0.03

1.64 ± 0.05*

0.65 ± 0.05†

0.79 ± 0.03†‡

Rel. epi WAT (%)

0.18 ± 0.3

0.34 ± 0.4*

0.13 ± 0.3†

0.17 ± 0.2†‡

Retro WAT (g)

1.26 ± 0.05

3.38 ± 0.14*

1.11 ± 0.06†

2.23 ± 0.11*‡

Rel. retro WAT (%)

0.23 ± 0.1

0.65 ± 0.4*

0.02 ± 0.2†

0.45 ± 0.3‡

Visc WAT (g)

1.05 ± 0.04

1.91 ± 0.02*

0.75 ± 0.07†

0.98 ± 0.07†‡

Rel. visc WAT (%)

0.22 ± 0.2

0.40 ± 0.3*

0.16 ± 0.4†

0.20 ± 0.2†

Values are mean ± SEM. Abbreviations: BW; body weight, WAT; white adipose tissue, Epi; epididymal, Retro; retroperitoneal, Visc; visceral. Significances are
*p<0.05 vs. ND-S; †p<0.05 vs. HFD-S and ‡p<0.05 vs. ND-T. (Statistical differences were determined by 2-way ANOVA followed by Tukey post-test).

Under baseline conditions, resting bradycardia in both ND-T
(339.5 ± 10.6 bpm) and HFD-T (341.0 ± 9.4 bpm) male rats
has been more closely pronounced when compared with their
respective sedentary groups (438.4 ± 6.3 bpm in ND-S and 448.5
± 18.7 bpm in HFD-S, p<0.05; Fig. 1A). The sedentary rats fed
a HFD exhibited a higher systolic BP (153.8 ± 3.7 mmHg) when
compared with HFD-T (125.3 ± 1.9 mmHg; p<0.001), ND-S
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(123.9 ± 3.9 mmHg; p<0.001) and ND-T (121.8 ± 5.4 mmHg,
p<0.001; Fig. 1B). Similar results were observed for diastolic
BP in HFD-S (103.5 ± 2.6 mmHg) versus HFD-T (88.5 ± 2.0
mmHg; p<0.05), ND-S (87.4 ± 4.2 mmHg; p<0.05) and ND-T
(86.7 ± 2.8 mmHg, p<0.05; Fig. 1C). Consequently, the mean BP
was higher in HFD-S (120.5 ± 3.7 mmHg) than in HFD-T (100.3
± 2.5 mmHg; p<0.001), ND-S (99.6 ± 5.1 mmHg; p<0.001) and
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ND-T (98.4 ± 4.1 mmHg; p<0.001), respectively (Fig. 1D). No
differences were observed in BP between sedentary and trained
rats fed a normal diet.
The variance of HRV was lower in HFD-S when compared
with ND-S, ND-T and HFD-T animals (p<0.05). On the other hand,
the variance of DBPV increased in comparison to the same groups

(p<0.05). The LF component of HRV, SBPV and DBPV were
higher in HFD-S than in the other groups (p<0.05). The HF power
of HRV was lower in sedentary rats submitted to HFD compared
to ND-S, ND-T and HFD-T (p<0.05). Considered a hallmark of
sympatho-vagal balance, the LF/HF relation was higher in HFD-S
rats in comparison to the other groups (p<0.05) (Table 2).

Figure 1. Values of (a) resting heart rate (HR, bpm), (b) systolic blood pressure (SBP, mmHg), (c) diastolic blood pressure (DBP, mmHg) and
(d) mean blood pressure (MBP, mmHg) in non-anesthetized Wistar rats submitted to normal diet plus sedentary activity (ND-S, n=8), high-fat
diet plus sedentary activity (HFD-S, n=8), normal diet plus exercise training activity (ND-T, n=8) and high-fat diet plus exercise training activity
(HFD-T, n=8) treatment during 9 weeks. Bars represent mean ± SEM. *p<0.05 vs. ND-S, †p<0.05 vs. HFD-S, ‡p< 0.05 vs. ND-T. (Statistical
differences were determined by 2-way ANOVA followed by Tukey post-test).
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Table 2. Mean values (± SEM) of variance and VLF, LF, and HF spectral components of systolic and diastolic blood pressure variability and
pulse interval variability in non-anesthetized Wistar rats submitted to normal diet plus sedentary activity (ND-S, n=8), high-fat diet plus sedentary activity (HFD-S, n=8), normal diet plus exercise training activity (ND-T, n=8) and high-fat diet plus exercise training activity (HFD-T, n=8)
treatment during 9 weeks.
ND-S

HFD-S

ND-T

HFD-T

Variance, mmHg2

11.7 ± 1.8

12.7 ± 1.7

12.9 ± 1.5

14.5 ± 2.4

2

LF, mmHg

5.7 ± 0.9

12.9 ± 1.8

4.2 ± 1.0

7.5 ± 1.7†

HF, mmHg2

7.3± 0.4

5.9±3.2

8.6±1.5

7.9±0.6

Variance, mmHg2

11.2 ± 0.7

17.0 ± 1.5*

11.3 ± 0.9†

12.8 ± 1.4†

LF, mmHg

3.4 ± 0.4

9.6 ± 0.5

3.5 ± 0.4

4.7 ± 0.5†

HF, mmHg2

3.9±0.3

3.7 ±0.6

3.6 ±2.9

4.4±1.5

Spectral parameters
SBP
*

†

DBP
2

4

*

†

Motriz, Rio Claro, v.23, n.4, 2017, e1017126

Exercise reverse autonomic dysfunction in rats fed with high-fat diet

PI
Variance, ms2

27.7 ± 0.9

19.9 ± 0.6*

30.6 ± 1.3†

24.3 ± 5.4

VLF, ms2

8.3 ± 1.2

11.4 ± 1.7

7.4 ± 1.8

8.9 ± 1.6

LF, ms2

4.1 ± 1.0

10.2 ± 1.6*

4.2 ± 1.1†

4.1 ±1.8†

LF, nu

13.7 ± 2.5

19.5 ± 3.9

12.7 ± 1.5

11.8 ± 1.6

HF, ms2

14.7 ± 0.7

7.7 ± 0.9*

20.9 ± 2.2†

18.3 ± 1.2†

HF, nu

74.7 ± 2.4

70.3 ± 6.3

77.1 ± 6.2

83.3 ± 1.7

LF/HF

0.27 ± 0.0

1.58 ± 0.3*

0.26 ± 0.0†

0.23 ± 0.0†

Abbreviations: LF; low-frequency component, HF; high-frequency component, nu; indicates normalized units. Significances are *p<0.05 vs. ND-S; †p£0.05 vs.
HFD-S and ‡p<0.05 vs. ND-T. (The parametric variables were tested using 2-way ANOVA with Tukey post-test and non-parametric data were determined by
Friedman test followed by Mann–Whitney U-tests.)

Figure 2 shows that the linear regression slope between
changes in HR and MBP (bpm/mmHg) corresponding to reflex
bradycardia and reflex tachycardia was greatly attenuated by
high-fat diet in sedentary animals (-0.52 ± 0.1 and 1.65 ± 0.3 bpm/
mmHg; respectively). The exercise training improved baroreflex
control of HR in HFD-induced obese rats. Consequently, at the
end of the 9-week intervention period, the reflex bradycardic

sensitivity in HFD-T (-2.15 ± 0.2 bpm/mmHg) exceeder that
observed in their respective sedentary group (p<0.001). The
reflex tachycardic sensitivity was also higher in HFD-T (2.83
± 0.2 bpm/mmHg) than HFD-S rats (p<0.001) and was similar
to that observed in ND-S group (3.04 ± 0.1 bpm/mmHg). The
reflex tachycardia in trained rats fed a normal diet was more
pronounced in relation to trained rats fed a high-fat diet (p<0.001).

Figure 2. Effects of chronic exercise training on the reflex control of the heart rate in non-anesthetized Wistar rats that were assigned to sedentary
normal diet (ND-S, n=8), sedentary high-fat diet (HFD-S, n=8), trained normal diet (ND-T, n=8) and trained high-fat diet (HFD-T, n=8). Baroreflex bradycardic gain and baroreflex tachycardic gain, respectively, induced by phenylephrine and sodium nitroprusside injections. Baroreflex
gains were obtained by DHR/DMAP index (bpm/mmHg). Data are mean ± SEM. *p<0.05 vs. all groups and ‡p<0.05 vs. ND-T. (Statistical differences were determined by 2-way ANOVA followed by Tukey post-test).
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Compared with all the groups, the HFD-S presented higher
values of sympathetic tonus (p<0.05). The aerobic exercise training could decreased sympathetic tonus in HFD in comparison to

their respective sedentary group (p<0.05). In contrast, both the
ND-T and HFD-T groups shows a higher cardiac vagal tonus
in comparison to ND-S and HFD-S (p<0.05) (Fig. 3).

Figure 3. Bar graphs showing sympathetic (ST) and vagal (VT) tone, basal heart rate (HR), intrinsic HR (IHR) and changes (%) in HR (DHR)
after atropine (A) and propranolol (P) injections in conscious Wistar rats that were divided in four treatment groups, respectively, sedentary
normal diet (ND-S, n=8), sedentary high-fat diet (HFD-S, n=8), trained normal diet (ND-T, n=8) and trained high-fat diet (HFD-T, n=8). The
VT was estimated by the difference between the IHR (double blockade by atropine and propranolol) and the maximal bradycardia achieved after
sympathetic blockade with propranolol. The ST was evaluated by the difference between the IHR the highest tachycardia observed after vagal
blockade with atropine. Data presented as mean ± SEM. (Statistical differences were determined by 2-way ANOVA followed by Tukey post-test).
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Further analysis showed a significant association between
visceral fat, sympathetic nervous activity and BP levels (Fig. 4),
demonstrated by correlation of visceral white adipose tissue and
LF component of HRV (r=0.44, p<0.05; Fig. 4a), white adipose
tissue and LF component of SBPV (r=0.56, p<0.001; Fig. 4b),
white adipose tissue and LF component of DBPV (r=0.45,

HFD-S

ND-T

HFD-T

p<0.05; Fig. 4c). The Figure 4d show a correlation between
visceral white adipose tissue and MBP (r=0.39, p<0.05). In
addition, a strong positive association was also found between
sympathetic modulation represented by the LF component of
SBPV and MBP (r=0.81, p<0.001; Fig. 4e) and LF component
of DBPV and MBP (r=0.76, p<0.001; Fig. 4f).

Figure 4. Correlation coefficient between (a) visceral fat and LF component of heart rate variability (HRV), (b) visceral fat and LF component
of systolic blood pressure variability (SBPV), (c) visceral fat and LF component of diastolic blood pressure variability (DBPV), (d) visceral fat
and mean blood pressure (MBP), (e) LF component of SBPV and MBP and (f) LF component of DBPV and MBP of non-anesthetized Wistar
rats submitted to normal diet plus sedentary activity (ND-S, n=8), high-fat diet plus sedentary activity (HFD-S, n=8), normal diet plus exercise
training activity (ND-T, n=8) and high-fat diet plus exercise training activity (HFD-T, n=8) treatment during 9 weeks. (Statistical differences were
determined by Pearson correlation coefficient).
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Discussion
One important finding of our research was that HFD-induced
obesity in rats is correlated with autonomic imbalance represented
by a sympathetic overactivity, parasympathetic attenuation and
reduced response of baroreflex sensitivity, as well as an association between elevated sympathetic activity and higher levels of
BP. In addition, conducting a simple aerobic exercise training
protocol is effective to reverse these changes.
Previous studies with animals have shown that obesity
increases the risk of developing hypertension and other cardiovascular diseases, and excessive sympathetic outflow contributes
to the progression of obesity20. Feeding rat with a HFD is known
to closely mimic many characteristics of human obesity21.
Corroborating these studies, here we have demonstrated that
HFD intake for 9 weeks induced obesity, as evidenced by the
increased body weight and adiposity. The above variables indicated the rat model of diet induced obesity was successfully
established and are suitable for investigating mechanistic links
between obesity and hypertension.
The mechanisms underlying the development of obesityinduced hypertension are multifactorial and complex. Several
researches demonstrated that, among neurohumoral, renal, and
vascular factors, hyperactivity of the sympathetic nervous system
contributes to the etiology of hypertension in obese humans
and animal models2. In this sense, our data indicate that HFDinduced hypertension is associated with an increase in the LF
component of pulse interval, systolic and diastolic BP, as well
as an elevated sympathetic tonus to the heart, which are indexes
of cardiac sympathovagal balance and vascular sympathetic
outflow, respectively22.
Strengthening the involvement of sympathetic overactivity
in obesity-induced hypertension are the previous findings that:
firstly, drugs that block the sympathetic activity lowers BP to a
greater extent in obese compared with lean subjects23; secondly,
chronic treatment with clonidine (centrally acting a-agonist
hypotensive agent) or a- and b-adrenergic receptor antagonists
reduces SNS activity and prevents the increase in BP in animals
fed with HFD and in hypertensive obese patients2.
The mechanisms involved in the increased high BP and
concomitant sympathetic hyperactivity in high HFD-induced
obesity were not addressed in the present study. However, some
potential mechanisms may explain these effects observed. Among
several neuromodulators involved in activation of the sympathetic modulation, one of the most studied in obesity is leptin,
an adipokine secreted by adipocytes proportionally to the degree
of adiposity. High levels of leptin could explain, at least in part,
the obesity-induced hypertension and sympathetic hyperactivity of humans24 and animals models25. Thus, leptin would be a
link between the excess of adiposity and sympatho excitation26.
We showed that exercise training by swimming was able
in attenuated the high BP and provoked fat loss, this indicates
the therapeutic effect of chronic exercise on the symptoms of
obesity. Exercise training has been shown to modulate sympathetic activity and maintain the balance between parasympathetic
and sympathetic activity in the long term of many diseases27.
Based on these studies, the regular physical exercise shows
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beneficial effects and may be a non-pharmacological strategy
for this particular patient group. As previously reviewed28,
sympathetic hyperactivity is accompanied by the elevated
sympathetic outflow to organs such as the heart, kidneys, and
blood vessels29. Moreover, it can contribute to a further decline
of insulin sensitivity, creating a vicious cycle that may promote
the development of the metabolic syndrome. Sympathetic nervous system plays a key role in the control of energy balance
and body weight29, so when the exercise training causes body
weight loss and energy expenditure, the excess sympathetic
activity is consequentially attenuated.
Another relevant finding of our study was that HFD-induced
obesity rat model shown a reduced cardiac vagal tonus, measured directly after cardiac pharmacological parasympathetic
blockade. In addition, the evaluation of the heart rate variability
(HRV) indices in the present study suggests a decrease in the
activity of the parasympathetic autonomic nervous systems in
obese animals observed by reduced of the HF component of
pulse interval. Previous researches could demonstrate reduced
activity in the parasympathetic division of the autonomic nervous
system in obese in comparison to lean subjects. Moreover, in
other study, have shown the relation between obesity duration
and a lowest parasympathetic tone by means of reduced HRV30.
Clinical31 as well as experimental studies32 have shown that
individuals with the greatest reduction in parasympathetic tone
have the greatest propensity for sudden cardiac death. Several
pathophysiological mechanisms may partially explain the strong
association between obesity and the development of cardiovascular disease, including autonomic dysfunction, which, due to
a reduced cardiac vagal tone, can alone be an important risk
factor for cardiovascular disease and mortality33.
The mechanisms by which vagal dysfunction is related to
obesity are under debate, and it is uncertain whether this dysfunction is a consequence of obesity or facilitates their development. The hypothalamus is a regulatory center of satiety and of
the autonomic nervous system. Therefore, abnormalities in the
hypothalamus may cause obesity and autonomic dysfunction34.
This may explain the alterations observed in the HRV indices.
Our data demonstrate that exercise training may improve
the imbalanced parasympathetic activity of HFD-induced obese
rats, which was observed to be closely associated with reduction on the fat deposition in these obese rats. In fact, regular
exercise is efficient in modify the cardiac autonomic balance
by increasing the parasympathetic activity35. Exercise training
promotes an increase in the capacity of the ANS to meet the
demands of the cardiovascular system, thereby increasing HRV.
Previous studies have suggested that exercise training promotes
adaptations in the cardiac autonomic balance, characterized by
a predominance of the parasympathetic autonomic component
over the sympathetic component. This statement is based on
studies that showed that high frequency oscillations are mostly
due to autonomic parasympathetic modulation36.
The aerobic exercise training has been broadly used as a
non-pharmacological therapy, attenuating the HR and BP levels
and decreasing the risk of metabolic and cardiovascular diseases.
Resting bradycardia is an excellent hallmark for exercise training adaptation in humans37 and animals38, thus, its presence in
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the conscious exercise trained demonstrates the effectiveness
of the exercise training used in the present study.
The arterial baroreceptor reflex is designed to buffer beat-tobeat fluctuations in BP. Afferent information from arterial baroreceptors is carried to the dorsal medulla and is integrated in the
ventrolateral medulla. These areas modulate the cardiovascular
function through the ANS39. We analyzed in the current study
the arterial baroreceptor reflex control in a HFD model in rats.
This analysis demonstrated that HFD-induced obese animals
had markedly an impairment of arterial baroreflex control of BP.
Our interpretation for these data is that the arterial baroreceptor
reflex impairment of sympathetic activity is an early marker of
cardiovascular dysfunction related to diet-induced obesity and
probably a major mechanism leading to sympathoexcitation
related to obesity.
Previously, the literature has reported that the sympathoinhibition and sympathoexcitatory effects induced by baroreceptor
stimulation and deactivation, respectively, are impaired in different models of hypertension, including obesity40. Arterial baroreflex activity is also blunted in obese patients with hypertension,
insulin resistance, and early onset diabetes suggesting baroreflex
impairment may play a causal role in the sympathoexcitatory
state observed in obesity41. Physical inactivity, more likely in
obese patient, may also be one of the reasons for reduction in
baroreflex sensitivity.
Our data showed that 9 weeks of aerobic training restored
arterial baroreceptor reflex in HFD-induced obese rats. Whilst
exercise training has been shown to improve sympatho inhibition
and potentiate baroreflex sensitivity there is a strong evidence
that weight loss associated with exercise, in particular abdominal
fat loss, is the most important determinant of sympathetic neural
adaption to improve hemodynamic and metabolic parameters in
adults42. It is possible that an improvement in baroreflex function
may have something to do with the sympathoinhibition after
weight loss. Previous studies have demonstrated that a hypocaloric diet increased the arterial baroreceptor reflex control of
sympathetic activity in obese individuals. There is large body of
evidence, showing that exercise training attenuates sympathetic
overactivity, increases parasympathetic heart rate modulation
and enhanced baroreflex sensitivity in several clinics situations43.
Some potential mechanisms may explain the increased
baroreceptor gain sensitivity after exercise training presently
observed. According to the mechanoelastic concept, in the presence of increased vascular compliance, the same pulse pressure
can result in increased baroreceptor activation. Because exercise
training increases intrinsic aortic compliance in rats and arterial
compliance44 in humans, we postulate that the improvement in
aortic baroreceptor gain sensitivity may be due to an increase in
aortic compliance. Although the increase in arterial compliance
is an attractive explanation for the enhancement of baroreceptor gain sensitivity produced by exercise training, it appears to
apply to normotensive but not hypertensive rats.
Both the magnitude and frequency of shear stress on the
endothelial cells during exercise increase the release of endothelial factors and/or the sensitivity of endothelial cells, which
in turn enhances baroreceptor ending activity. In fact, some
authors reported that exercise training increases the vasodilatory
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response to acetylcholine in hypertensive rats45. The increase in
aortic baroreceptor gain sensitivity may be also explained by
a reduction nerve sympathetic nerve activity. Exercise training
reduces sympathetic activity and the spillover of catecholamine
in humans and reduces the renal sympathetic nerve activity in
rats. These changes in sympathetic outflow could modify the
distensibility of the sinus area and, in consequence, improve
afferent baroreceptor discharge46.
Epidemiological and clinical studies have been shown that
exercise training is an important approach in preventing of
many cardio metabolic diseases and exerts important adaptations in skeletal muscle and adipose tissue metabolism47. In this
study, we found that regular physical exercise did not change
any parameters of body weight, white adipose tissue, BPV and
HRV between both sedentary and trained groups that received
normal diet. A possible explanation for these results is that
administration of the normal diet was not sufficient to cause
deleterious changes of these parameters in rats. On the other
hand, the exercise training was able to decrease basal heart rate
in ND-T group compared to ND-S, as well as increased cardiac
vagal tonus. Thus, long-term exercise training used in our study
had positive effects on cardiovascular autonomic parameters.
Lifestyle changes, including regular physical activity, have
been reported to be more effective in preventing diseases than
drug therapy47. It is evident that the benefits of exercise training
result from a combination of effects on various organs. Previous
studies showed that animal models with low aerobic treadmill
running capacity (low-intrinsic running capacity) in the absence
of exercise training express a number of characteristics common to metabolic disease phenotypes, such as increased body
mass and adiposity, hyperinsulinemia, and impaired glucose
tolerance48, 49. In contrast, rats of high aerobic treadmill running
capacity (high-intrinsic running capacity) live 6–8 month longer50 and present with superior metabolic health characterized
by resistance to weight gain and an increased capacity for the
uptake and oxidation of glucose and fat48, 49.

Conclusions
In summary, we have demonstrated that daily administration
of fat diet in rats leads to obesity and cause hypertension and
cardiovascular autonomic dysfunction. The elevated fatness
levels are associated with sympathetic activation as well as an
association between sympathetic hyperactivity and high blood
pressure. Nevertheless, the non-pharmacological treatment
through exercise training is effective in reversing these harmful changes, and may be considered fundamental to protect of
the cardiovascular risk factors acquired with excess body fat.
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