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Effects of chronic cholinergic 
stimulation associated with aerobic 
physical training on cardiac 
morphofunctional and autonomic 
parameters in spontaneously 
hypertensive rats
Camila B. Gardim, Ana Catarine Veiga, Bruno A. Aguilar, Stella V. Philbois & 
Hugo C. D. Souza*

We investigated hemodynamic, cardiac morphofunctional, and cardiovascular autonomic adaptations 
in spontaneously hypertensive rats (SHRs) after aerobic physical training associated with chronic 
cholinergic stimulation. Fifty-four SHRs were divided into two groups: trained and untrained. Each 
group was further subdivided into three smaller groups: vehicle, treated with pyridostigmine bromide 
at 5 mg/kg/day, and treated with pyridostigmine bromide at 15 mg/kg/day. The following protocols 
were assessed: echocardiography, autonomic double pharmacological blockade, heart rate variability 
(HRV), blood pressure variability (BPV), and baroreflex sensitivity (BRS). Physical training and 
pyridostigmine bromide reduced BP and HR and increased vagal participation in cardiac autonomic 
tonic balance. The associated responses were then potentialized. Treatment with pyridostigmine 
bromide increased HRV oscillation of both low frequency (LF: 0.2–0.75 Hz) and high frequency (HF: 
0.75–3 Hz). However, the association with physical training attenuated HF oscillations. Additionally, 
treatment with pyridostigmine bromide also increased LF oscillations of BPV. Both treatment 
groups promoted morphofunctional adaptations, and associated increased ejection volume, ejection 
fraction, cardiac output, and cardiac index. In conclusion, the association of pyridostigmine bromide 
and physical training promoted greater benefits in hemodynamic parameters and increased vagal 
influence on cardiac autonomic tonic balance. Nonetheless, treatment with pyridostigmine bromide 
alone seems to negatively affect BPV and the association of treatment negatively influences HRV.

Systemic arterial hypertension is accompanied by important cardiovascular autonomic impairments, which 
include a decrease in baroreflex sensitivity (BRS), heart rate variability (HRV), and blood pressure variabil-
ity (BPV)1,2. These autonomic impairments are associated with cardiovascular morphological and functional 
changes, and when they are not identified and treated promptly, they may contribute to the development of heart 
failure, reducing quality of life and life expectancy.

Thus, the search for new pharmacological and non-pharmacological therapies with cardioprotective actions 
is of great relevance to the prevention and/or reversal of the development of  hypertension3–5. In this light, clini-
cal and experimental studies have demonstrated that pyridostigmine bromide, a drug regularly used to treat 
myasthenia gravis, promotes cardiac and cardiovascular autonomic benefits by reducing heart rate (HR) at  rest6,7 
and enhancing  HRV8–11. On the other hand, lifestyle modifications such as regular physical exercise also pro-
mote important benefits in cardiovascular autonomic control and contribute to positive cardiac  remodelling4,12.

In fact, some cholinergic stimulation effects of pyridostigmine bromide on cardiac autonomic control are 
similar to those observed in aerobic physical training as observed in both human and experimental  models5,10,13,14. 
An experimental study in spontaneously hypertensive rats (SHRs) showed that cholinergic stimulation with pyri-
dostigmine bromide for 2 weeks reduced blood pressure (BP) and HR. However, ejection fraction, a parameter 
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evaluated by radioisotopic ventriculography, was also reduced in this study. Additionally, autonomic parameters 
showed an increase in vagal participation in autonomic tonic balance and a decrease in systolic  BPV9.

Although the hemodynamic and autonomic improvements observed are important and suggest a beneficial 
effect, the reduction of ejection fraction (EF) is worrying. This may be related to the pyridostigmine bromide 
dosage used in the study (25 mg/kg/day), or perhaps to the methodology employed to investigate EF. However, 
with only one functional parameter evaluated, it was not possible to precisely determine the effects of pyridostig-
mine bromide on cardiac function. In this case, we hypothesized that treatment with low doses of pyridostigmine 
bromide at 5 mg/kg/day and 15 mg/kg/day in SHRs would promote positive hemodynamic and cardiovascular 
autonomic effects as well as changes in morphological and functional cardiac parameters without affecting EF. 
In turn, the association with aerobic physical training will promote a catalytic effect, possibly increasing gains 
obtained with pyridostigmine bromide.

Methods
Animals and procedures. Fifty-four 18-week-old SHRs were divided into two treatment groups: untrained 
(n = 27) and trained (n = 27). Each group was further subdivided into three smaller groups (n = 9): vehicle  (H2O), 
pyridostigmine bromide (Sigma-Aldrich, Saint Louis, MO, USA) diluted in drinking water at a dose of approxi-
mately 5 mg/kg/day, and pyridostigmine bromide diluted in drinking water at a dose of approximately 15 mg/kg/
day. Ingestion was measured and corrected every day using graduated drinking fountains. For the two treatment 
groups, pyridostigmine bromide was given for 2 weeks, spanning the 11th and 12th weeks of aerobic physical 
training (Fig. 1). The doses were determined based on the results of a previous  study9. During the experiments, 
the animals were housed at the Animal Facility of the Ribeirão Preto Medical School, which was maintained at 
23 °C and 60–70% humidity. The rats were kept on a 12/12-h light/dark cycle and had free access to food and 
water. The experimental protocols used in the present study were in accordance with the ethical principles of 
animal experimentation adopted by the Brazilian College of Animal Experimentation and were evaluated and 
approved by the Animal Experimentation Ethics Committee (CETEA) of the Ribeirao Preto Medical School, 
University of Sao Paulo (Protocol 035/2014). This study was carried out in compliance with the ARRIVE guide-
lines.

Physical training. The SHRs in the training groups underwent a protocol of aerobic physical training that 
consisted of swimming sessions in a glass tank (100 cm long × 80 cm wide × 80 cm high), which allowed for 
the simultaneous training of six animals. The tank was filled with 50 cm of warm water (30 ± 2 °C), which was 
changed after every group training session. The training program was conducted in two different stages over a 
total of 12 weeks, covering 18 to 30 weeks of age of the SHRs. The first stage consisted of a 2-week adaptation 
period, during which the session length was gradually increased from 5 to 30 min per day (in increments of 
5 min per day), five times per week. The second stage consisted of 10 weeks of 30-min physical training sessions 
conducted five times per  week15. To evaluate physical training intensity, blood was collected from the tail veins of 
the animals at the fourth, seventh, and 10th weeks of physical training immediately before and after the 30-min 
exercise sessions, and lactate concentration was measured  (Accutrend® Plus, Roche Diagnostics, Mannheim, 
Germany). The expected lactate level ranged from 5.5 to 6 mmol/L as previously determined. If the SHRs did 
not achieve the expected lactate concentration, the level of training exertion was increased by fastening a leaded, 
impermeable Velcro strap to the chest to increase body weight by 2–6%16.

Echocardiography. At 30 weeks of age, all animals underwent an echocardiographic evaluation. We used a 
Vevo  2100® High-Resolution Imaging System ultrasound (VisualSonics, Toronto, ON, Canada) instrument with 
a high-resolution transducer (21 MHz). For the procedure, the anterior regions of the thorax were previously 
trichotomized  (Veet®, Reckitt Benckiser, São Paulo, SP, Brazil), and all animals were anesthetized with 1.5% iso-
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Figure 1.  Schematic representation of the experimental timeline of all studied groups.
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flurane supplemented with 1%  O2 and placed on a heated (37 °C) platform. Echocardiography and temperature 
measurements were also performed.

High-resolution B-mode and M-mode images were acquired. Wall thickness and left ventricle dimensions were 
obtained from a short-axis view at the level of the papillary muscles. Diastolic measurements were performed at the 
point of maximum cavity dimension, and systolic measurements were performed at the point of minimal cavity 
dimension. All measurements were performed according to the standards of the American Society of Echocardi-
ography and by an evaluator who was blinded to which group the rats were assigned at the time of  measurement17. 
The following parameters were obtained from the images: interventricular septum thickness (IVST), posterior 
wall thickness (PWT), end-diastolic diameter of the left ventricle (LVEDD), and end-systolic diameter of the 
left ventricle (LVESD). The shortening fraction was calculated with the following equation: FS lrb% = [(LVEDD-
LVESD ÷ LVEDD) × 100. EF was calculated using the Teichholz method: (LVEDV-LVESV ÷ LVEDV) × 100. The 
left ventricular mass (LV mass/final body weight) was calculated using the following formula: 1.047 × [(LVEDD + 
PWT + IVST)3 −  LVEDD3], and the relative wall thickness (RWT) was calculated as follows: [2 × PWT ÷ LVEDD]. 
Left ventricular volumes were quantified using the following formula: LVEDV (µL) =  [LVEDD3 × (7 ÷ 2.4 +  LVED
D3)] and LVESV (µL) =  [LVESD3 × (7 ÷ 2.4 +  LVESD3)]18,19.

Surgical procedure. Fourty eight hours after echocardiography, polyethylene catheters (PE-10/PE-50, 
Intramedic; Becton Dickinson and Company, Sparks, MD, USA) were implanted into the left femoral artery and 
vein of the SHRs under ketamine (5 mg/kg, intraperitoneal [i.p.]; Sigma-Aldrich, USA) and xylazine (30 mg/
kg, intraperitoneal [i.p.]; Sigma-Aldrich, USA) anesthesia in order to record pulsatile BP and administer drugs. 
The catheters were subcutaneously tunneled and exteriorized in the nape. Twenty-four hours after the surgical 
procedures for implementation of catheters into the left femoral artery and vein, the pulsatile AP was measured 
in conscious rats kept in a quiet environment. The AP was recorded using a pressure transducer (MLT0380; AD 
Instruments, Bella Vista, Australia), and the amplified signal (ML110; AD Instruments, Bella Vista, Australia) 
was fed to a computer acquisition system (PowerLab 8/30; AD Instruments, Bella Vista, Australia). The systolic 
arterial pressure (SBP), mean arterial pressure (MBP) and heart rate (HR) were calculated from the pulsatile AP.

Experimental protocols—autonomic evaluation. Heart rate (pulse interval) variability and systolic 
blood pressure variability. The analysis of pulse interval (PI) and AP variability was performed from the basal 
recordings using a custom-made computer software (CardioSeries-v2.4, http:// sites. google. com/ site/ cardi oseri 
es)20,21. The systolic BP and PI of series obtained from 60-min recordings were converted to data points every 
100 ms using cubic spline interpolation and were divided into half-overlapping sequential sets of 512 data points 
(51.2 s). All the segments were visually inspected, and the nonstationary data were  discarded22–24. A Hanning 
window was used to attenuate the side effects, and the spectrum of each segment was computed using a direct 
Fast Fourier Transform (FFT). The spectra were integrated in low (LF: 0.2–0.75 Hz) and high frequency bands 
(HF: 0.75–3.0 Hz), and the results were expressed in absolute  (ms2 or  mmHg2) and normalized units (nu). The 
normalized values were created by calculating the percentage of LF and HF power of the total spectrum power 
minus the very low-frequency band (VLF: < 0.2 Hz)25. To assess the sympathovagal balance, the LF/HF ratio of 
the PI variability was  calculated26.

Spontaneous baroreflex sensitivity. Baroreflex sensitivity (BRS) was assessed in the time domain using the 
sequence technique described by Di Rienzo et  al.27. A custom computer software (CardioSeries v2.4, http:// 
sites. google. com/ site/ cardi oseri es) was used to scan the beat-by-beat time series of SBP and PI, searching for 
sequences of at least four consecutive beats in which increases in SBP were followed by PI lengthening (up 
sequence) and decreases in SBP were followed by PI shortening (down sequence) with a linear correlation higher 
than 0.8. The slope of the linear regression lines between SBP and PI was used as a measure of spontaneous BRS.

Assessment of cardiac sympathovagal balance. The influence of sympathetic and parasympathetic autonomic 
tone on HR was assessed by administering propranolol (5 mg/kg, intravenous [i.v.], Sigma-Aldrich, USA) and 
methylatropine (4 mg/kg, i.v.; Sigma-Aldrich, USA) to the SHRs, respectively. For this purpose, the femoral 
artery catheter of the SHRs was attached to a pressure transducer (MLT844, AD Instruments, Bella Vista, Aus-
tralia), which converts AP fluctuations into electrical signals. Signals were then amplified using a bridge ampli-
fier (FE117, AD Instruments, Bella Vista, Australia), and pulsatile AP was continuously sampled (2 kHz) using 
a computer equipped with an analog–digital interface (ML866, AD Instruments, Bella Vista, Australia). After 
60 min of basal HR recording, methylatropine was injected into half of the SHRs in each group, and HR was 
recorded for the following 15 min to assess the effect of vagal blockade on HR. Propranolol was then injected 
into the same SHRs, and HR was recorded for another 15 min to determine intrinsic HR (IHR). In the remain-
ing half of the SHRs in each group, the methylatropine–propranolol sequence was reversed to assess the effect of 
sympathetic blockade on HR, following the same recording procedure (15 min each) for each drug to determine 
the IHR. The data from methylatropine–propranolol and propranolol–methylatropine sequences were pooled to 
provide the basal HR (i.e., before any drugs) and the IHR (i.e., after drugs).

Statistical analysis. The results are presented as mean ± standard error of the mean (SEM). The effects 
of hypertension and pharmacological treatments were assessed using two-way analysis of variance (ANOVA). 
When appropriate, posthoc comparisons were performed using the Student-Newman–Keuls test. For compari-
son between two groups, the Student’s t-test for independent measures or the Mann–Whitney Rank Sum test 
was used as required. Differences were considered significant at P < 0.05. All statistical tests were performed 
using SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA; https:// systa tsoft ware. com).

http://sites.google.com/site/cardioseries
http://sites.google.com/site/cardioseries
http://sites.google.com/site/cardioseries
http://sites.google.com/site/cardioseries
https://systatsoftware.com
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Results
Baseline parameters. Table 1 shows the baseline parameters, the treatment with pyridostigmine bromide 
at a dosage of 15 mg/kg/day, associated with aerobic physical training, promoted an increase in body weight. 
Both aerobic physical training and pyridostigmine bromide reduced BP and HR values. When associated with 
aerobic physical training, the reduction in SBP and diastolic BP (DBP) was more prominent.

Double pharmacological blockade with methylatropine and propranolol-sympathovagal bal-
ance. Figure  2 shows the cardiac autonomic tonic balance seen in the percentage values for each group. 
Aerobic physical training and treatment with pyridostigmine bromide increased HR response after methylatro-
pine administration and reduced HR response after propranolol administration. This association enhanced the 
response.

Aerobic physical training and treatment with pyridostigmine bromide reduced the predominance of sympa-
thetic autonomic components in determining baseline HR. However, only the association between physical train-
ing and treatment with pyridostigmine bromide (15 mg/kg/day) promoted an inversion in cardiac autonomic 
tonic balance, which was characterized by a vagal predominance in determining baseline HR. Supplementary 
Table S1 shows HR values after administration of methylatropine and propranolol as well as the pacemaker IHR 
values after the administration of both drugs.

Heart rate variability (HRV). Figure 3 shows intragroup comparison of HRV results. Vehicle group had 
the lowest values of total variance. The treatment with pyridostigmine bromide with 15 mg/kg/day enhanced 
oscillation of LF in absolute units and HF in absolute and normalized units, and reduced LF in normalized units 
and the LF/HF ratio. While the treatment with pyridostigmine bromide with 5 mg/kg/day increased only the 
oscillations of HF in absolute units. The aerobic physical training increased the total variance of all groups and 
increased oscillations of HF in absolute units in vehicle group. The association of aerobic physical training with 
pyridostigmine bromide treatment (5 mg/kg/day) increased oscillations of LF in absolute units and reduced HF 
in absolute units compared to the pharmacological treatment alone. In turn, the association of aerobic physical 
training with the higher dosage of pyridostigmine bromide (15 mg/kg/day) reduced the oscillations of HF in 
absolute and normalized units and LF in normalized units when compared to pyridostigmine bromide treat-
ment alone (15 mg/kg/day). The HRV values are also presented in the Supplementary Table S1.

Systolic blood pressure variability (BPV) and baroreflex sensitivity (BRS). Table 1 also shows the 
BPV and BRS results. While aerobic physical training decreased LF oscillation of BPV, pyridostigmine bromide 
treatment enhanced it. However, the combination increased the values of LF oscillation even more than the iso-
lated treatment with pyridostigmine bromide. Both aerobic physical training and treatment with pyridostigmine 
bromide increased BRS to tachycardic responses induced by a reduction in BP (gain down, ms/mmHg). On the 
other hand, only pyridostigmine bromide treatment enhanced BRS for bradycardic responses induced by an 
increase in BP (gain up, ms/mmHg).

Table 1.  Baseline parameter and values of systolic arterial pressure variability, and spontaneous baroreflex 
sensitivity. All values are presented as the mean ± SEM. Pyr-5 mg pyridostigmine bromide treatment at a dose 
of 5 mg/kg/day, Pyr-15 mg pyridostigmine bromide treatment at a dose of 15 mg/kg/day, g gram, SBP systolic 
blood pressure, mmHg millimeters of mercury,DBP diastolic blood pressure, MBP mean blood pressure, HR 
heart rate, bpm beats per minute, LF low frequency band, BRS baroreflex sensitivity, gain down baroreflex 
sequence with progressive decreases in blood pressure followed by progressive decreases in pulse interval, gain 
up baroreflex sequence with progressive increases in blood pressure followed by progressive increases in pulse 
interval, F factor, df degrees of freedom.

Untrained Trained Training factor Drug factor Interaction

Vehicle Pyr-5 mg Pyr-15 mg Vehicle Pyr-5 mg Pyr-15 mg F(d.f.) P F(d.f.) P F(d.f.) P

Basal parameters

Body weight, g 201 ± 4 195 ± 3 200 ± 3 193 ± 3 201 ± 3 215 ± 2 F(1,53): 1.42 0.239 F(2,53): 3.37 0.043 F(2,53): 3.19 0.050

SBP, mmHg 191 ± 1 178 ± 2 166 ± 4 169 ± 1 158 ± 2 136 ± 2 F(1,53): 72.55  < 0.001 F(2,53): 35.95  < 0.001 F(2,53): 1.40  < 0.001

DBP, mmHg 152 ± 3 140 ± 1 130 ± 4 145 ± 2 130 ± 2 109 ± 3 F(1,53): 22.42  < 0.001 F(2,53): 40.75  < 0.001 F(2,53): 2.44  < 0.001

MBP, mmHg 165 ± 2 152 ± 2 142 ± 3 153 ± 1 139 ± 2 118 ± 2 F(1,53): 34.63  < 0.001 F(2,53): 36.54  < 0.001 F(2,53): 1.83 0.172

HR, bpm 379 ± 5 344 ± 8 326 ± 4 350 ± 7 335 ± 7 314 ± 7 F(1,53): 10.20 0.002 F(2,53): 25.22  < 0.001 F(2,53): 2.2 0.233

SBP variability

Variance,  mmHg2 19 ± 2 26 ± 1 44 ± 2 27 ± 1 34 ± 1 46 ± 2 F(1,53): 5.63 0.022 F(2,53): 27.1  < 0.001 F(2,53): 0.58 0.561

LF,  mmHg2 6 ± 0.2 8.5 ± 0.3 9.0 ± 0.3 4.7 ± 0.3 9.8 ± 1 13.1 ± 0.3 F(1,53): 11.5 0.001 F(2,53): 68.9  < 0.001 F(2,53): 16.2  < 0.001

Spontaneous BRS

Gain down, ms/
mmHg 1.16 ± 0.09 1.12 ± 0.07 1.63 ± 0.06 1.33 ± 0.10 1.41 ± 0.05 1.73 ± 0.06 F(1,53): 12.9  < 0.001 F(2,53): 35.9  < 0.001 F(2,53): 1.53 0.226

Gain up, ms/mmHg 1.21 ± 0.07 1.30 ± 0.08 1.90 ± 0.07 1.16 ± 0.09 1.18 ± 0.04 1.78 ± 0.07 F(1,53): 0.74 0.395 F(2,53): 74.8  < 0.001 F(2,53): 3.12 0.053
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Cardiac morphological and functional parameters. The cardiac morphological and functional results 
obtained using two-dimensional echocardiography are shown in Table 2.

While aerobic physical training increased LVEDD and LVESD, pyridostigmine bromide treatment reduced 
RWT and IVST and enhanced LV mass. The association between aerobic physical training and pyridostigmine 
bromide treatment, mainly at a dose of 15 mg/kg/day, increased IVST, LVEDD, and LV mass.

Aerobic physical training increased LVEDV, LVESV, and EF while pyridostigmine bromide treatment 
increased LVEDV and cardiac output. The association between the two treatments did not result in any additional 
effects. Pyridostigmine bromide treatment at a dose of 15 mg/kg/day promoted an increase in cardiac output 
and cardiac index compared to the untrained vehicle group. On the other hand, the aerobic physical training 
groups had higher values of LVEDV and LVESV than the untrained group. The association of aerobic physical 
training and pyridostigmine bromide, specifically at a dose of 15 mg/kg/day, increased the ejection volume, EF, 
cardiac output, and cardiac index compared to the trained vehicle group and its respective untrained group.

Discussion
Aerobic physical training and pyridostigmine bromide treatment had similar effects on cardiac autonomic tonic 
balance, which were characterized by an increase in vagal influence and/or a reduction in sympathetic influence 
as well as a reduction in hemodynamic parameters, including BP, baseline HR, and IHR. On the other hand, the 
association between the two did not enhance these effects.

In SHRs, the accentuated predominance of the sympathetic autonomic drive over the vagal drive is often 
observed, which contributes to a high baseline HR accompanied by adverse cardiac morphological and functional 
 adaptations16,28,29. The reduction in baseline HR, induced only by pyridostigmine bromide treatment, resulted 
from a greater acetylcholine level. In this case, there is a tendency to reduce the baseline HR-dependent dose; 
that is, a dose of 15 mg/kg/day promotes greater effects, including in trained animals. Meanwhile, the baseline 
HR reduction induced by aerobic physical training seems to involve a more complex mechanism, which is 
characterized by adaptations in the central sites of cardiovascular  control30–32, downregulation of β-adrenergic 
 receptors33,34, and intrinsic cardiac adaptations. According to literature, autonomic adaptations in the central 
sites of cardiovascular control involve hypothalamic nuclei, which include the paraventricular and supra-optic 
nuclei and nuclei located in the brainstem such as the nucleus of the solitary tract (NTS) and rostral-ventrolateral 
medulla (RVLM)35. These adaptations seem to involve a series of factors, such as neural remodeling, and the 
influence of endogenous factors, which result in a decrease in sympathetic autonomic drive and/or an increase 
in the participation of the vagal autonomic drive in cardiac tonic  control20,36–42. On the other hand, intrinsic 
cardiac adaptations also seem to contribute to both baseline HR reduction and IHR reduction, which may be 
due to cardiac morphological and functional changes.

In our study, we observed that trained SHRs showed an increase in LVEDV and LVESF, resulting in increases 
in LVEDV and LVESV, as well as an expressive increase in ejection volume. These adaptations probably arise 
from the greater venous return induced by aerobic physical training. However, we did not observe an increase in 

Figure 2.  Evaluation of cardiac autonomic control through double pharmacological blockade with 
methylatropine and propranolol. The bars show the percentage fluctuation of heart rate (HR) and intrinsic heart 
rate (IHR) after the administration of methylatropine (solid box) and propranolol (cross-hatched box) in vehicle 
and pyridostigmine bromide (Pyr-B) treatment, both trained and untrained. aVersus untrained SHR vehicle; 
bversus untrained SHR Pyr-B 5 mg; cversus untrained SHR Pyr-B 15 mg; dversus trained SHR vehicle; eversus 
trained SHR Pyr-B 5 mg. The figure was drawn in SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, 
USA; https:// systa tsoft ware. com).

https://systatsoftware.com
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Figure 3.  Heart rate variability analysis of all groups before and after the aerobic physical training. All values 
are presented as mean ± SEM. Pyr-5 mg pyridostigmine bromide treatment at a dose of 5 mg/kg/day, Pyr-15 mg 
pyridostigmine bromide treatment at a dose of 15 mg/kg/day, ms milliseconds, LF low frequency band, HF high 
frequency band, nu normalized units. p < 0.05 aversus untrained SHR vehicle; bversus untrained SHR Pyr-B 
5 mg; cversus untrained SHR Pyr-B 15 mg; dversus trained SHR vehicle; eversus trained SHR Pyr-B 5 mg. The 
figure was drawn in SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA; https:// systa tsoft ware. 
com).

https://systatsoftware.com
https://systatsoftware.com
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cardiac output and cardiac index at rest since the baseline HR reduction offset the greater diastolic filling. Moreo-
ver, the echocardiography analysis of the animals treated with pyridostigmine bromide did not show changes 
in LV diameter but showed modifications in IVST and RWT associated with an increase in LV mass, mainly in 
animals previously submitted to aerobic physical training. The causes of these morphological adaptations are 
uncertain, but they suggest that changes in autonomic dynamics induced by aerobic physical training associated 
with pyridostigmine bromide treatment result in morphological adaptations that favor better cardiac perfor-
mance. In addition, animals treated with pyridostigmine bromide also showed an increase in cardiac output. 
This adaptation is also associated with the increase in LVEDV found in these animals, resulting in a tendency to 
increase the ejection volume (P < 0.074). In addition to the increased cardiac output, the cardiac index (mL/g) 
remained unchanged, mainly in the 15 mg/kg/day treatment group.

Some studies have related BP reduction to the effects of chronic acetylcholinesterase block on endothelial 
function and a reduction in oxidative stress, which is also associated with aerobic physical  training43. However, 
the mechanisms responsible for BP reduction still need to be further discussed. Besides the aforementioned, 
other physical training effects can be noted and considered in future studies, including vascular and cardiac 
sympathetic activity, decreased serum levels of vasoconstrictor factors, and increased endothelial vasodilator 
factor levels as a result of the enhanced shear stress induced by aerobic physical training, resulting in reduced 
peripheral vascular  resistance36,44,45. The causes of the reduction observed after pyridostigmine bromide treatment 
were potentially more complex. One hypothesis is that pyridostigmine bromide might also block non-neural 
acetylcholinesterase action produced in other locations such as the endothelium and/or lymphocytes, promoting 
the hemodynamic changes discussed  earlier9.

The results of HRV, BPV, and BRS were interesting. Both aerobic physical training and pyridostigmine bro-
mide treatment increased HRV LF oscillations in absolute units. However, only treatment with pyridostigmine 
bromide, more specifically at a dose of 15 mg/kg/day, increased HRV HF oscillation in absolute units. Until then, 
we observed that the effects of pyridostigmine bromide treatment on baseline HR, IHR, and cardiac autonomic 
tonic balance were somewhat similar and that the association with physical training potentiated some responses 
such as increased vagal tone and reduced baseline HR, BP, and IHR. In contrast, the HRV results showed that 
the combination of treatments did not potentiate the results obtained with the isolated treatments but attenu-
ated or even reversed the beneficial effects of aerobic physical training and pyridostigmine bromide treatment 
when applied alone. Regarding HRV, there was a reduction in HF oscillation, which seems to indicate saturation 
of vagal stimulation from the combination of both  treatments46,47. Nevertheless, the obtained values were still 
greater than those obtained for the untrained vehicle group. However, when the autonomic modulation balance 
represented by the LF/HF ratio was observed, the combination treatment effects were even more evident. This 
occurrence can be explained by the pyridostigmine bromide effect, which increases both oscillation bands, LF 
and HF, mainly at a dose of 15 mg/kg/day. The causes of this increase are still uncertain, but they might be asso-
ciated with an increase in sympathetic modulation oscillation and vagal oscillations since the LF band seems to 
be mediated by both autonomic  components25.

As for BPV, the findings were also surprising. While only the trained animals showed a reduction in LF 
oscillation modulation, the animals treated with pyridostigmine bromide, trained or not, showed a significant 
enhancement of the LF band. In fact, SHRs are known to have high vascular sympathetic influence, resulting in 
increased LF oscillations of  BPV48–52. The cause of this increase remains unknown and cannot be attributed to 

Table 2.  Values for cardiac function and morphology observed in the untrained and trained groups. All 
values are presented as the mean ± SEM. Pyr-5 mg pyridostigmine bromide treatment at a dose of 5 mg/kg/
day, Pyr-15 mg pyridostigmine bromide treatment at a dose of 15 mg/kg/day, RWT  relative wall thickness, 
mm millimeter, kg kilogram, IVST interventricular septum thickness; LVEDD left ventricular end-diastolic 
diameter; LVESD left ventricular end-systolic diameter; LV left ventricular, mg milligram, g gram, LVEDV left 
ventricular end-diastolic volume, μL microliter, LVESV left ventricular end-systolic volume, mL milliliter, min 
minute, % percentage, F factor, df degrees of freedom.

Untrained Trained Training factor Drug factor Interaction

Vehicle Pyr-5 mg Pyr-15 mg Vehicle Pyr-5 mg Pyr-15 mg F(d.f.) P F(d.f.) P F(d.f.) P

Cardiac morphology

RWT, mm/kg 0.5 ± 0.01 0.49 ± 0.02 0.43 ± 0.01 0.5 ± 0.03 0.44 ± 0.01 0.43 ± 0.01 F(1,53): 1.98 0.165 F(2,53): 9.87  < 0.001 F(2,53): 2.6 0.084

IVST, mm/kg 2.16 ± 0.08 1.95 ± 0.1 1.86 ± 0.08 1.93 ± 0.06 1.74 ± 0.08 2.13 ± 0.04 F(1,53): 1.17 0.285 F(2,53): 5.53 0.007 F(2,53): 10.2  < 0.001

LVEDD, mm/kg 32 ± 0.8 31 ± 0.9 32 ± 1.2 31 ± 0.8 34 ± 0.9 34 ± 0.5 F(1,53): 6.4 0.014 F(2,53): 1.28 0.288 F(2,53): 3.6 0.036

LVESD, mm/kg 21 ± 0.7 20 ± 0.1 23 ± 1.2 23 ± 0.9 24 ± 0.8 24 ± 0.8 F(1,53): 22.6  < 0.001 F(2,53): 3.1 0.055 F(2,53): 2.2 0.126

LV mass, mg/g 3.22 ± 0.1 2.91 ± 0.1 3.35 ± 0.3 3.0 ± 0.05 3.11 ± 0.1 3.76 ± 0.1 F(1,53): 2.71 0.106 F(2,53): 16.9  < 0.001 F(2,53): 5.2 0.009

Cardiac function

LVEDV, μL 272 ± 16 264 ± 14 280 ± 17 317 ± 11 312 ± 12 350 ± 22 F(1,53): 54.1  < 0.001 F(2,53): 5.01 0.011 F(2,53): 1.23 0.301

LVESV, μL 65 ± 4 71 ± 5 73 ± 4 85 ± 6 86 ± 4 76 ± 8 F(1,53): 10.6 0.002 F(2,53): 0.43 0.656 F(2,53): 1.79 0.179

Stroke volume, μL 205 ± 19 193 ± 19 208 ± 14 231 ± 22 226 ± 19 275 ± 14 F(1,53): 12.7  < 0.001 F(2,53): 2.75 0.074 F(2,53): 1.21 0.307

Cardiac output, mL/min 63 ± 3 67 ± 5 75 ± 4 72 ± 8 71 ± 5 90 ± 5 F(1,53): 3.5 0.068 F(2,53): 3.73 0.031 F(2,53): 0.41 0.664

Ejection fraction, % 76 ± 1 73 ± 2 74 ± 1 73 ± 1 72 ± 2 79 ± 2 F(1,53): 0.04 0.852 F(2,53): 0.8 0.455 F(2,53): 1.58 0.216

Cardiac index, mL/g 0.31 ± 0.02 0.34 ± 0.02 0.37 ± 0.02 0.36 ± 0.03 0.37 ± 0.02 0.44 ± 0.02 F(1,53): 3.43 0.070 F(2,53): 2.80 0.071 F(2,53): 0.24 0.788
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baroreflex malfunction even in animals treated only with pyridostigmine bromide since the BRS was increased. 
This statement is based on the concept that baroreflex is one of the main mechanisms involved in LF oscilla-
tions of BPV alongside vascular sympathetic  drive53 and relaxing factors derived from the vascular endothelium 
such as nitric oxide (NO). The baroreflex and NO would act as a buffer system for BP fluctuations induced by 
sympathetic  activation54. Therefore, some authors suggest that the increase in LF oscillation of BP is related to 
a decrease in BRS and a decrease in both NO production and release. However, a study has demonstrated that 
long-term administration of acetylcholinesterase inhibitors, pyridostigmine or donepezil, attenuates vascular 
reactivity dysfunction in SHRs by decreasing reactive oxygen species generation and increasing NO bioavailabil-
ity, possibly via increased endothelial NO synthase activity and inhibition of nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase  activity43. As noted, the explanation of the effects of pyridostigmine bromide on 
vascular modulation is even more complex than that of the effects on cardiac control. However, both require 
further investigation.

Treatment with pyridostigmine bromide, mainly at a dose of 15 mg/kg/day, appears to be beneficial to cardiac 
autonomic regulation and function parameters; it increased vagal autonomic tonic influence in determining 
baseline HR and increased HRV and BRS. In turn, the enhancement of the BPV is worrying. The association with 
aerobic physical training potentiates the reduction in hemodynamic parameters and results in a greater vagal 
autonomic tonic influence on the heart. However, this combination reduces vagal modulation of the heart. The 
mechanisms involved in these findings remain uncertain and require further investigation.

Data availability
All data used during the current study are included in this published article or are available from the correspond-
ing author upon reasonable request.

Received: 29 April 2021; Accepted: 4 August 2021

References
 1. Erdogan, D. et al. Effects of normal blood pressure, prehypertension, and hypertension on coronary microvascular function. 

Circulation 115, 593–599 (2007).
 2. Philbois, S. V. et al. Important differences between hypertensive middle-aged women and men in cardiovascular autonomic 

control—A critical appraisal. Biol Sex Differ. 12, 11 (2021).
 3. Cattadori, G., Segurini, C., Picozzi, A., Padeletti, L. & Anzà, C. Exercise and heart failure: An update: Exercise and heart failure. 

ESC Heart Fail. 5, 222–232 (2018).
 4. Cozza, I. C. et al. Physical exercise improves cardiac autonomic modulation in hypertensive patients independently of angiotensin-

converting enzyme inhibitor treatment. Hypertens. Res. 35, 82–87 (2012).
 5. Ghadieh, A. S. & Saab, B. Evidence for exercise training in the management of hypertension in adults. Can. Fam. Phys. 61, 233–239 

(2015).
 6. Harvey, R. D. Muscarinic receptor agonists and antagonists: Effects on cardiovascular function. In Muscarinic Receptors Vol. 208 

(eds Fryer, A. D. et al.) 299–316 (Springer, 2012).
 7. Nóbrega, A. C., Carvalho, A. C. & Bastos, B. G. Resting and reflex heart rate responses during cholinergic stimulation with pyri-

dostigmine in humans. Braz. J. Med. Biol. Res. 29, 1461–1465 (1996).
 8. Barboza, C. A. et al. Cholinergic stimulation by pyridostigmine bromide before myocardial infarction prevent cardiac and auto-

nomic dysfunction. Sci. Rep. 9, 2481 (2019).
 9. Blanco, J. H. D. et al. Chronic cholinergic stimulation promotes changes in cardiovascular autonomic control in spontaneously 

hypertensive rats. Auton. Neurosci. 193, 97–103 (2015).
 10. de La Fuente, R. N. et al. Cholinergic stimulation with pyridostigmine improves autonomic function in infarcted rats. Clin. Exp. 

Pharmacol. Physiol. 40, 610–616 (2013).
 11. Nóbrega, A. C. et al. Enhancement of heart rate variability by cholinergic stimulation with pyridostigmine in healthy subjects. 

Clin. Auton. Res. 11, 11–17 (2001).
 12. Schüttler, D., Clauss, S., Weckbach, L. T. & Brunner, S. Molecular mechanisms of cardiac remodeling and regeneration in physical 

exercise. Cells 8, 1128 (2019).
 13. Masroor, S., Bhati, P., Verma, S., Khan, M. & Hussain, M. E. Heart rate variability following combined aerobic and resistance 

training in sedentary hypertensive women: A randomised control trial. Indian Heart J. 70, S28–S35 (2018).
 14. Sant’Ana, J. E. et al. Effect of the duration of daily aerobic physical training on cardiac autonomic adaptations. Auton. Neurosci. 

159, 32–37 (2011).
 15. Felix, A. C. S. et al. Early ovarian hormone deprivation increases cardiac contractility in old female rats—Role of physical training. 

Auton. Neurosci. 218, 1–9 (2019).
 16. Maida, K. D. et al. Amlodipine and enalapril promote distinct effects on cardiovascular autonomic control in spontaneously 

hypertensive rats: the role of aerobic physical training. J. Hypertens. 34, 2383–2392 (2016).
 17. Lang, R. M. et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the 

American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 28, 
1–39 (2015).

 18. Qu, P. et al. Time-course changes in left ventricular geometry and function during the development of hypertension in dahl salt-
sensitive rats. Hypertens. Res. 23, 613–623 (2000).

 19. Teichholz, L. E., Kreulen, T., Herman, M. V. & Gorlin, R. Problems in echocardiographic volume determinations: Echocardio-
graphic-angiographic correlations in the presence or absence of asynergy. Am. J. Cardiol. 37, 7–11 (1976).

 20. Tezini, G. C. S. V. et al. The effect of aerobic physical training on cardiac autonomic control of rats submitted to ovariectomy. 
Menopause 16, 110–116 (2009).

 21. Sabino, J. P. J., da Silva, C. A. A., de Melo, R. F., Fazan, R. & Salgado, H. C. The treatment with pyridostigmine improves the car-
diocirculatory function in rats with chronic heart failure. Auton. Neurosci. 173, 58–64 (2013).

 22. Dias, D. P. M., Oliveira, M., Salgado, H. C. & Fazan, R. Ovariectomy does not affect the cardiac sympathovagal balance of female 
SHR but estradiol does. Braz. J. Med. Biol. Res. 43, 969–975 (2010).

 23. van de Borne, P., Montano, N., Zimmerman, B., Pagani, M. & Somers, V. K. Relationship between repeated measures of hemody-
namics, muscle sympathetic nerve activity, and their spectral oscillations. Circulation 96, 4326–4332 (1997).

 24. Magagnin, V. et al. Non-stationarities significantly distort short-term spectral, symbolic and entropy heart rate variability indices. 
Physiol. Meas. 32, 1775–1786 (2011).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:17141  | https://doi.org/10.1038/s41598-021-96505-2

www.nature.com/scientificreports/

 25. Heart rate variability: standards of measurement, physiological interpretation and clinical use. Task Force of the European Society 
of Cardiology and the North American Society of Pacing and Electrophysiology. Circulation 93, 1043–1065 (1996).

 26. Montano, N. et al. Power spectrum analysis of heart rate variability to assess the changes in sympathovagal balance during graded 
orthostatic tilt. Circulation 90, 1826–1831 (1994).

 27. Di Rienzo M. et al. Baroreflex effectiveness index: an additional measure of baroreflex control of heart rate in daily life. Am J Physiol 
Regul Integr Comp Physiol. 280, R744–51 (2001).

 28. Herring, N., Lee, C. W., Sunderland, N., Wright, K. & Paterson, D. J. Pravastatin normalises peripheral cardiac sympathetic hyper-
activity in the spontaneously hypertensive rat. J. Mol. Cell. Cardiol. 50, 99–106 (2011).

 29. Shanks, J. et al. Cardiac sympathetic dysfunction in the prehypertensive spontaneously hypertensive rat. Am. J. Physiol.-Heart Circ. 
Physiol. 305, H980–H986 (2013).

 30. Cruz, J. C., Cavalleri, M. T., Ceroni, A. & Michelini, L. C. Peripheral chemoreceptors mediate training-induced plasticity in para-
ventricular nucleus pre-autonomic oxytocinergic neurons: Chemoreflex, training and oxytocinergic neurons. Exp. Physiol. 98, 
386–396 (2013).

 31. Martins-Pinge, M. C. Cardiovascular and autonomic modulation by the central nervous system after aerobic exercise training. 
Braz. J. Med. Biol. Res. 44, 848–854 (2011).

 32. Michelini, L. C. & Stern, J. E. Exercise-induced neuronal plasticity in central autonomic networks: Role in cardiovascular control: 
Exercise-induced CNS plasticity and cardiovascular control. Exp. Physiol. 94, 947–960 (2009).

 33. Leosco, D. et al. Effects of exercise training on cardiovascular adrenergic system. Front. Physiol. 4, 348 (2013).
 34. Xing, W. et al. Improvement of vascular insulin sensitivity by downregulation of GRK2 mediates exercise-induced alleviation of 

hypertension in spontaneously hypertensive rats. Am. J. Physiol.-Heart Circ. Physiol. 305, H1111–H1119 (2013).
 35. Martins-Pinge, M. C. et al. Attenuated pressor responses to amino acids in the rostral ventrolateral medulla after swimming train-

ing in conscious rats. Auton. Neurosci. 122, 21–28 (2005).
 36. Blanco-Rivero, J. et al. Aerobic exercise training increases neuronal nitric oxide release and bioavailability and decreases noradrena-

line release in mesenteric artery from spontaneously hypertensive rats. J. Hypertens. 31, 916–926 (2013).
 37. de Abreu, S. B. et al. Role of paraventricular nucleus in exercise training-induced autonomic modulation in conscious rats. Auton. 

Neurosci. 148, 28–35 (2009).
 38. Karlen-Amarante, M., da Cunha, N. V., de Andrade, O., de Souza, H. C. D. & Martins-Pinge, M. C. Altered baroreflex and auto-

nomic modulation in monosodium glutamate-induced hyperadipose rats. Metabolism 61, 1435–1442 (2012).
 39. de Lemos, M. P. et al. Exercise training attenuates sympathetic activity and improves morphometry of splenic arterioles in spon-

taneously hipertensive rats. Arq. Bras. de Cardiol. https:// doi. org/ 10. 5935/ abc. 20180 053 (2018).
 40. Li, C. et al. Aerobic exercise regulates synaptic transmission and reactive oxygen species production in the paraventricular nucleus 

of spontaneously hypertensive rats. Brain Res. 1712, 82–92 (2019).
 41. Stern, J. E. et al. Exercise training normalizes an increased neuronal excitability of NTS-projecting neurons of the hypothalamic 

paraventricular nucleus in hypertensive rats. J. Neurophysiol. 107, 2912–2921 (2012).
 42. Waki, H. et al. Transcriptome of the NTS in exercise-trained spontaneously hypertensive rats: Implications for NTS function and 

plasticity in regulating blood pressure. Physiol. Genomics 45, 58–67 (2013).
 43. Lataro, R. M. et al. Chronic treatment with acetylcholinesterase inhibitors attenuates vascular dysfunction in spontaneously 

hypertensive rats. Am. J. Hypertens. 32, 579–587 (2019).
 44. Korsager Larsen, M. & Matchkov, V. V. Hypertension and physical exercise: The role of oxidative stress. Medicina 52, 19–27 (2016).
 45. Zucker, I. H. & Musch, T. I. Benefits of exercise training on cardiovascular dysfunction: molecular and integrative. Am. J. Physiol.-

Heart Circ. Physiol. 315, H1027–H1031 (2018).
 46. Malik, M. & Camm, A. J. Components of heart rate variability—What they really mean and what we really measure. Am. J. Cardiol. 

72, 821–822 (1993).
 47. Buch, A. N., Coote, J. H. & Townend, J. N. Mortality, cardiac vagal control and physical training—What’s the link? Exp. Physiol. 

87, 423–435 (2002).
 48. Carvalho-Galvão, A. et al. Central administration of TRV027 improves baroreflex sensitivity and vascular reactivity in spontane-

ously hypertensive rats. Clin. Sci. 132, 1513–1527 (2018).
 49. Friberg, P., Karlsson, B. & Nordlander, M. Sympathetic and parasympathetic influence on blood pressure and heart rate variability 

in Wistar—Kyoto and spontaneously hypertensive rats. J. Hypertens. 6, S58–S60 (1988).
 50. Minami, N. & Head, G. A. Relationship between cardiovascular hypertrophy and cardiac baroreflex function in spontaneously 

hypertensive and stroke-prone rats. J. Hypertens. 11, 523–534 (1993).
 51. Pfeffer, J. M., Pfeffer, M. A., Fishbein, M. C. & Frohlich, E. D. Cardiac function and morphology with aging in the spontaneously 

hypertensive rat. Am. J. Physiol.-Heart Circ. Physiol. 237, H461–H468 (1979).
 52. Tucker, D. C. & Domino, J. V. Balance among autonomic controls of heart rate in neonatal spontaneously hypertensive and bor-

derline hypertensive rats. J. Auton. Nerv. Syst. 22, 11–21 (1988).
 53. Just, A., Faulhaber, J. & Ehmke, H. Autonomic cardiovascular control in conscious mice. Am. J. Physiol.-Regul. Integr. Compar. 

Physiol. 279, R2214–R2221 (2000).
 54. Nafz, B., Wagner, C. D. & Persson, P. B. Endogenous nitric oxide buffers blood pressure variability between 0.2 and 0.6 Hz in the 

conscious rat. Am. J. Physiol.-Heart Circ. Physiol. 272, H632–H637 (1997).

Author contributions
H.C.D.S. and C.B.G. conceived and designed the study. C.B.G., A.C.V.O. and B.A.A. acquired and analyzed the 
data. A.C.V.O., B.A.A., S.V.P. and H.C.D.S. interpreted the data. A.C.V.O., B.A.A. and S.V.P. drafted the manu-
script, and along with H.C.D.S., revised it critically for important intellectual content. All authors approved the 
final version of the manuscript.

Funding
This work was supported by the São Paulo State Research Support Foundation (FAPESP; 2014/00940-6).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 96505-2.

Correspondence and requests for materials should be addressed to H.C.D.S.

https://doi.org/10.5935/abc.20180053
https://doi.org/10.1038/s41598-021-96505-2
https://doi.org/10.1038/s41598-021-96505-2


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17141  | https://doi.org/10.1038/s41598-021-96505-2

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of chronic cholinergic stimulation associated with aerobic physical training on cardiac morphofunctional and autonomic parameters in spontaneously hypertensive rats
	Methods
	Animals and procedures. 
	Physical training. 
	Echocardiography. 
	Surgical procedure. 
	Experimental protocols—autonomic evaluation. 
	Heart rate (pulse interval) variability and systolic blood pressure variability. 
	Spontaneous baroreflex sensitivity. 
	Assessment of cardiac sympathovagal balance. 

	Statistical analysis. 

	Results
	Baseline parameters. 
	Double pharmacological blockade with methylatropine and propranolol-sympathovagal balance. 
	Heart rate variability (HRV). 
	Systolic blood pressure variability (BPV) and baroreflex sensitivity (BRS). 
	Cardiac morphological and functional parameters. 

	Discussion
	References


