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Aerobic exercise attenuates
dysautonomia, cardiac diastolic
dysfunctions, and hemodynamic
overload in female mice

with atherosclerosis
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Cardiovascular risk increases during the aging process in women with atherosclerosis and exercise
training is a strategy for management of cardiac risks in at-risk populations. Therefore, the aims of
this study were to evaluate: (1) the influence of the aging process on cardiac function, hemodynamics,
cardiovascular autonomic modulation, and baroreflex sensitivity in females with atherosclerosis at the
onset of reproductive senescence; and (2) the impact of exercise training on age-related dysfunctions
in this model. Eighteen Apolipoprotein-E knockout female mice were divided equally into young (Y),
middle-aged (MA), and trained middle-aged (MAT). Echocardiographic exams were performed to
verify cardiac morphology and function. Cannulation for direct recording of blood pressure and heart
rate, and analysis of cardiovascular autonomic modulation, baroreflex sensitivity were performed.
The MA had lower cardiac diastolic function (E'/A’ ratio), and higher aortic thickness, heart rate and
mean arterial pressure, lower heart rate variability and baroreflex sensitivity compared withY. There
were no differences betweenY and MAT in these parameters. Positive correlation coefficients were
found between aortic wall thickness with hemodynamics data. The aging process causes a series of
deleterious effects such as hemodynamic overload and dysautonomia in female with atherosclerosis.
Exercise training was effective in mitigating aged-related dysfunctions.

Cardiovascular diseases persist as the primary cause of mortality globally, with coronary artery disease (CAD)
ranking as the most lethal. Atherosclerosis, a condition characterized by the buildup of plaque in the arteries,
is a significant precursor to these diseases. When the coronary arteries are compromised, myocardial perfusion
may be diminished or even obstructed, precipitating conditions like myocardial ischemia, angina, and in severe
instances, myocardial infarction®.

The absence of apolipoprotein-E (ApoE) fosters hypercholesterolemia and spontaneous atherosclerosis in
mice, mirroring the process observed in humans*®. The progression of atherosclerotic plaques may lead to
remodeling and damage to the aortic valve, inducing aortic regurgitation?, and cardiac diastolic dysfunction®.
Accompanying these changes are an elevated expression of pro-inflammatory genes, an increased production of
reactive oxygen species, and an escalated demand for the renin-angiotensin system. Collectively, these alterations
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stimulate sympathetic hyperactivation, which, over time, disrupts cardiovascular autonomic control and elevates
blood pressure values®.

Although atheromatous plaques may be identified in younger individuals, the disease’s progression is often
intertwined with the aging process”®. Moreover, previous research indicates that the aging process indepen-
dently contributes to decreased running capacity, cardiac diastolic dysfunction with accompanying pathologi-
cal cardiac hypertrophy, diminished baroreflex sensitivity (BRS) and an upsurge in inflammatory mediators in
elderly control females®'’. Despite the cardioprotective influence of estrogen hormones before menopause'?, an
increase in the incidence of CAD has been documented in pre-menopausal women 35 years of age'% It is well
established that the degenerative processes associated with aging are intensified in the presence of comorbidi-
ties like atherosclerosis'?. Specifically, atherosclerosis triggers systemic inflammation, which may augment the
detrimental effects of aging'*. Therefore, we hypothesized that female mice with atherosclerosis may exhibit an
exacerbation of the aging process effects on cardiovascular and autonomic outcomes, commencing from the
onset of reproductive senescence.

Previous studies have demonstrated that exercise training (ET) may provide cardiovascular and autonomic
benefits in young male mice'®. In hypertensive female rats subjected to ovarian deprivation, ET has been found to
enhance cardiac autonomic control and increase BRS!*!®. Furthermore, ET has been shown to stabilize vascular
injuries caused by atherosclerosis, along with a decrease in inflammation and oxidative stress in the mesenteric
artery of Apolipoprotein-E knockout mice (ApoE-KO)!7!8. Therefore, the additional hypothesis of this study
suggests that ET might attenuate potential age-related detrimental effects on hemodynamic and autonomic
outcomes in females with atherosclerosis at the beginning of reproductive senescence.

Consequently, this study examined two primary areas of interest (1) the influence of the aging process on
cardiac function, hemodynamics, cardiovascular autonomic modulation and BRS in females with atherosclerosis
at the onset of reproductive senescence; and (2) the impact of ET on age-related dysfunctions in this model.

Methods

The experimental protocol was approved by the University of Sao Paulo Ethics Committee (protocol number
1297/2019), and this investigation was conducted following the Principles of Laboratory Animal Care formu-
lated by the National Institutes of Health (National Institutes of Health Publication No., 96-23, Revised 1996).
This manuscript was prepared according to the ARRIVE Guidelines Checklist for animal in vivo experiments.
Experiments were performed on female ApoE-KO, from the Animal Care Facility of the Faculty of Medicine of
the University of Sdo Paulo, Brazil. The mice received standard laboratory chow and water ad libitum. They were
housed in individual cages in a temperature-controlled room (22°C) with a 12-h dark/light cycle.

Study design

Animals

ApoE is a constituent of VLDL. It is synthesized in the liver and mediates high affinity to LDL receptors, being
important for capturing lipoproteins in the bloodstream*. The ApoE-KO model was developed about three
decades ago as the first murine model of atherosclerosis, through homologous recombination and inactivation
of the ApoE gene'. Over time, the absence of ApoE promotes hypercholesterolemia and spontaneous athero-
sclerosis in mice, in a process very similar to what occurs in humans*®. Thirty ApoE-KO mice were divided
equally into three groups:

- Young group accompanied until the 6th month of life (Y)

- Middle-aged group accompanied until the 15th month of life (MA)

- Middle-aged training group trained in the last 6 weeks of the protocol and accompanied until the 15th month
of life (MAT)

To clarify the moments of the experiment, a protocol diagram is presented in Fig. 1.

Aerobic exercise protocol
The animals were adapted to the maximal exercise test at the beginning of training (i.e., 0.3 km/h; 10 min/
day/4 days). After 24 h, the animals underwent the progressive treadmill exercise test'. This test started with
0.3 km/h and increased progressively 0.3 km/h every 3 min until the animals reached a stage of exhaustion'.
The MAT performed aerobic exercise training on a treadmill at moderate intensity (60-75% of the maximum
treadmill test). The ET was performed during the last 6 weeks of the protocol (5 days/week, 1 h/day)*.
Additionally, all groups performed progressive exercise testing at the end of the protocol (the sedentary
groups performed adaptation previously). The duration of the maximal exercise test was used for measuring the
maximum running capacity of animals as an indicator of cardiovascular capacity'>*".

Echocardiography analysis

Twenty-four hours after the last training session, echocardiography was performed in all groups, according to
the guidelines of the American Society of Echocardiography. For this protocol, all animals were anesthetized
(0.5-2% isoflurane), and images were obtained using a VEVO 2100 ultrasound machine (Visual Sonics, Toronto,
Canada). Left ventricle dimensions and wall thickness were measured at the level of the papillary muscles in
the left and right parasternal short axis during end-systole and end-diastole. Left ventricular ejection fraction
(EF), mass, stroke volume, diastolic and systolic volume, heart rate (HR), and cardiac output were calculated®.
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Figure 1. Protocol diagram.

To characterize the diastolic function, maximum velocity of E and A waves were measured from the left ven-
tricle filling flow, and maximum velocity of E’ and A’ waves from interventricular septum, isovolumic relaxation
time (IVRT), and the E/A ratio, E’/A ratio, and E/E’ ratios were calculated. Global myocardial performance was
calculated through the TEI index". To estimate aortic wall thickness, external and internal diameters of the
ascending aorta were measured, and the difference was divided by 2%*.

Hemodynamic measurements

Forty-eight hours after the last training session, the mice were anesthetized (mixture of 0.5%-2% isoflurane
and 98% O, at a flow rate of 1.5 L/min), and polyethylene tipped Tygon cannulas filled with heparinized saline
were inserted into the carotid artery for direct measurements of arterial pressure (AP). Twenty-four hours after
surgery, hemodynamic measurements were obtained, and the animals were awake and allowed to move freely in
their cages. The cannula was coupled to a biological signal transducer for recording blood pressure signals (Blood
Pressure XDCR, Kent Scientific, Litchfield, CT, USA) for 30 min using a digital converter (Windaq DI720, 4-kHz
sampling frequency, Dataq Instruments) The recorded data were analyzed on a beat-to-beat basis to quantify
changes in mean arterial pressure (MAP) and HR*%.

Heart rate variability

Pulse interval (PI) variability and systolic arterial pressure (SAP) variability were assessed in time and frequency
domains by spectral analysis using Cardioseries Software (V2.7). For frequency domain analysis of cardiovascular
autonomic modulation, PI and SAP were divided into segments and overlapped by 50%, cubic spline-decimated
to be equally spaced in time after linear trend removal; power spectral density was obtained through the fast Fou-
rier transformation. The components of spectral analysis were quantified in the very low-frequency ranges (VLF-
PI, 0-0.4 Hz), low-frequency ranges (LF-PI, 0.4-1.5 Hz), and high-frequency ranges (HF-PI, 1.5-5.0 Hz)*>*.

Baroreflex sensitivity evaluation
The a-index was obtained from the square root of the ratio between PI and SAP variability in the LF-PI%.

The baroreflex effectiveness index (BEI) and baroreflex gain index (BGI) were measured using Cardioseries
Software (V2.7)*. The SAP ramps were determinate with three successive variances (up or down) of SAP. The
baroreflex ramps were determined with three successive variances (up or down) of PI and SAP. The parameters
for validating baroreflex sequence were PI and SAP threshold (0); delay (1); and minimum coefficient of correla-
tion (r=0.80). The BEI analyzed the ratio between the number of SAP ramps followed by the respective reflex
PI ramps®. The BGI was used to compare the linear regression of SAP ramps with the that of the PI ramps®.

Moreover, tachycardic or bradycardic responses were induced by two injections of sodium nitroprusside
(8 pg/kg body wt i.v.) or phenylephrine (8 pg/kg body wt i.v.), respectively'>*. Maximal dose per injection
was < 20 pg'>?. Peak increases or decreases in MAP after phenylephrine or sodium nitroprusside injection and
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the corresponding peak reflex changes in HR were recorded for each drug dose. Data are expressed as beats per
minute per mmHg (bpm/mmHg).

The drugs were administered randomly in all animals and response peaks were determined (maximum blood
pressure change); 3- to 5-min intervals between doses were necessary for blood pressure to return to baseline.
BRS was evaluated by a mean index relating changes in HR to the changes in MAP, allowing a separate analysis
of gain for reflex bradycardia and reflex tachycardia'.

Inflammatory mediators

One day after hemodynamic evaluations, the mice underwent euthanasia. Spleens, heart, and plasma were col-
lected and immediately frozen at— 80 °C analyses. Interleukin 6 (IL-6), interleukin 10 (IL-10), and tumor necrosis
factor alpha (TNF-a) levels were determined in the spleens by using a commercially available ELISA kit (R&D
Systems Inc.), according to the manufacturer’s instructions. ELISA was performed in a 96-well polystyrene
microplate with a specific monoclonal antibody coating. Absorbance was measured at 540 nm in a microplate
reader®. Moreover, the ratio of pro-inflammatory to anti-inflammatory cytokines was performed to analyze the
inflammatory profile®..

Plasma nitrites
To determine the plasma nitrites (NO —,) we used the Griess reagent™.

Cardiac stress oxidative
Cardiac oxidative stress analyzes were carried out in 6 animals from each group. Hydrogen peroxide concentra-
tion was assessed based on the horseradish peroxidase- (HRPO) mediated oxidation of phenol red by H2023%%3,
The activity of NADPH oxidase enzyme was determined by the production of superoxide determined by a plate
reader®.

The antioxidant enzymes evaluated have already been previously described [Superoxide dismutase activity
(SOD), Catalase activity and ferric reducing/antioxidant power (FRAP)?23,

The lipid peroxidation was evaluated by thiobarbituric reactive substances (TBARS), and the determination
of protein oxidation was determined by the carbonyl’s technique®.

Collagen

Cardiac collagen analyzes were carried out in 4 animals from each group, sections were stained with picrosirius
red for quantification of cardiac collagen. A total of nine or twelve fields per heart were analyzed with a 20 x objec-
tive magnification. Collagen fraction was determined by measuring the area of stained tissue within a given field
and expressing that area as a proportion of the total area observed. Sections were stained with picrosirius red for
quantification of cardiac collagen, the images were measured using the Image J*°.

Statistical analysis

The data were evaluated in Graph Pad Prism (V 8.0.1). The power statistic was analyzed in PSS Health*. The
results are presented as mean + SEM or median and interquartile range. Data homogeneity was tested using the
Kolmogorov-Smirnov test. The experimental groups were compared using One-Way ANOVA with Tukey post
hoc test, or non-parametric data were compared using Kruskal-Wallis with the Dunn post hoc test. The associa-
tion between the variables was verified using the Pearson correlation. The significance level adopted was P <0.05.

Results

No differences were observed in the animals’ body weight (Y: 18.63+0.38 g; MA: 20.50+0.85 g; MAT:
20.40+0.68 g; P=0.07). Regarding running capacity at the baseline, no differences existed between MA and
MAT (MA: 10.14+0.31 m; MAT: 10.24 £ 0.53 m; P=0.87). However, the MA had lower running capacity com-
pared with the Y and MAT, whereas no differences were observed between Y and MAT at the end of protocol
(Y:13.36+1.05 m; MA: 9.61 £0.56 m; MAT: 13.47+1.18 m; P=0.02).

The echocardiographic analyses are shown in Table 1. The MA had a lower E’/A’ ratio compared with Y, indi-
cating a worse cardiac diastolic function; however, no differences were noted between Y and MAT. In addition,
aortic wall thickness was higher in MA compared with Y, whereas no differences occurred between Y and MAT
(Fig. 2). No differences were observed in the other parameters.

Hemodynamic parameters and cardiovascular autonomic modulation are reported in Table 2. Interestingly,
we observed a higher SAP, diastolic arterial pressure (DAP) and MAP, as well as HR in the MA compared with
the Y group, but all these parameters were similar between Y and MAT. Additionally, MA had lower heart rate
variability (HRV) indexes, in the time and frequency domain compared with Y, and MAT had lower rates of
cardiac parasympathetic modulation (RMSSD and HF-PI) in relation to Y (Y vs. MAT). In the meantime, there
were no differences between Y and MAT in VLF-PI and LE-PI HRV indexes, and pulse interval variance (VAR-
PI) was higher in MAT than in MA. Additionally, no differences were observed in the SAP variability values.

MA had a lower a-index, and all indexes of BEI compared with Y (Y vs. MA), but no differences were
observed between MAT and Y in these parameters. Additionally, MAT and MA had lower BGI up ramps than
Y had (Table 3). Regarding the BRS data tested with vasoactive drugs, no differences were observed in the reflex
bradycardic response. However, the tachycardic reflex response was lower in MA than in Y (Table 3).

The inflammatory analyses are shown in Table 3. MA had a lower IL-10 compared with Y (Y vs. MA), but no
differences were observed between Y and MAT at the end of the protocol. Moreover, the IL-6/IL-10 ratio was
higher in the middle-aged groups (Y vs. MA and MAT).
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Parameters Y MA MAT ‘ P ‘ Power statistics (%)
Diastolic function

E/A 2.17 (1.43-2.94) | 0.70 (0.63-1.41)* | 1.05(0.79-1.32) | 0.01 | 96.7
E/A 1.88+0.35 1.07£0.07 1.44+0.17 0.07 | 66.6
E/E 22.30+2.46 27.16+5.66 26.61+0.62 0.61 | 348
IVRT (ms) 11.19£2.19 17.72+1.85 19.33+3.01 0.06 |74.7
Diastolic volume (uL) 64.90+£9.34 73.20+7.81 67.90+4.52 0.31 9.4
Systolic function

Ejection fraction (%) 47.89+5.62 48.69+2.78 45.04+1.84 0.78 9.1
Systolic volume (uL) 35.91+7.60 37.63+4.79 37.39+2.90 0.97 5.4
Cardiac output (uL) 14,230 + 1426 17,208 £2281 13,545+ 815 0.27 |29.6
Morphometry

Left ventricular mass (mg) ‘ 68.95+7.75 ‘ 71.92+4.40 ‘ 75.99+2.61 ‘ 0.66 ‘ 11.9

Global function
MPI ‘0.8910.07 ‘0.88t0.06 ‘0.8810.10 ‘0.99 ‘ 54

Table 1. Echocardiography assessments. Y Young group (n=6), MA Middle-aged group (n=6), MAT Middle-
aged trained (n=6); Values reported as mean = SEM or median and interquartile range. Different groups and
type of test (parametric data compared one-way ANOVA + Tukey test or non-parametric data compared by
using Kruskal-Wallis + Dunn test, P <0.05). *°P <0.05 vs. Y.

Aortic wall thickness

P=0.01
a
0
External - Y
Diameterjf Internal ®
1.70 Diameter
132
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Figure 2. Aortic wall thickness assessments. Y, Young group (n=6); MA, Middle-aged group (n=6); MAT,
Middle-aged trained (n=6). 1 = Example of aortic wall thickness measurement; 2 = Aortic wall thickness.
Symbol indicates statistically different groups (one-way ANOVA + Tukey test, P <0.05). Values reported as
mean +SEM. *P<0.05 vs. Y.

Significant and strong positive correlation coefficients were found between aortic wall thickness and HR and
aortic wall thickness and MAP. In addition, there was a negative correlation between aortic wall thickness and
the all-ramps BEI (Fig. 3).

No differences were observed in the animals’ plasma nitrite (p =0.32). Regarding cardiac stress oxidative
data, MA had alower SOD compared with Y (Y vs. MA) and no differences were observed in other parameters
(Table 4).

The collagen cardiac was higher in the middle-aged groups (Y vs. MA and MAT) (Fig. 4).

Discussion
In the present study of female mice with atherosclerosis (ApoE-KO) at the beginning of reproductive senescence,
the impact of the aging process on cardiac structure and function, hemodynamic parameters, and cardiovascu-
lar autonomic control were evaluated. Moreover, we also evaluated the effects of ET on aged-related dysfunc-
tions. Our results demonstrated lower functional capacity, cardiac diastolic function, heart rate variability, and
higher aortic wall thickness, arterial pressure and heart rate in MA compared with Y mice. However, the most
important findings of the present study were that ET, only 6 weeks applied at the end of the protocol, mitigates
aged-related alterations.

The reduction of functional capacity is a common characteristic resulting from the aging process in humans®’
and in experimental models”'’. Therefore, the lower functional capacity in the MA group agreed with reports
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Parameters ‘ Y MA MAT ‘ P ‘ Power statistics (%)
Hemodynamic

DAP (mmHg) 89.99 (84.25-97.15) | 100.70 (98.28-117.40)° | 95.03 (93.76-97.16) 0.04 | 91.5
SAP (mmHg) 123.90£4.96 153.80+7.68* 143.50 £2.09 0.01 | 95.1
MAP (mmHg) 107.10+£3.23 130.4+6.31° 119.8+1.43 <0.01 | 96.2
HR (bpm) 536+40 664 +28° 613+30 0.04 | 59.9
HRV—time domain

VAR-PI (ms?) 15.44+3.65 1.25+0.10° 8.99+2.06" <0.01 | 87.4
RMSSD (ms) 5.47+1.03 0.99+0.07% 1.51+£0.11% <0.01 | 100
HRV—Frequency domain

VLF-PI (ms?) 4.66 (1.06-45.59) 0.15 (0.08-0.46)* 2.49 (1.31-4.59) <0.01 | 83.2
LF-PI (ms?) 1.31 (0.79-7.31) 0.07 (0.06-0.49)* 0.78 (0.30-0.95) <0.01 | 86.8
HE-PI (ms?) 8.21+2.57 0.24+0.03* 0.60+0.08* 0.01 | 100
Systolic arterial pressure—time and frequency domain

VAR-SAP (mmHg?) 14.21+3.46 37.69+9.41 26.89+9.97 0.20 | 41.5
LE-SAP (mmng) 0.82 (0.35-3.71) 2.60 (1.40-7.77) 1.49 (0.68-3.42) 041 | 24

Table 2. Cardiovascular and autonomic assessments. Y Young group (n=6), MA Middle-aged group (n=6),
MAT Middle-aged trained (n=6), DAP diastolic arterial pressure, SAP systolic arterial pressure, MAP mean
arterial pressure, HR heart rate, VAR-PI variance of pulse interval, RMSSD root mean square of successive
differences between normal heartbeats, VLF-PI very low-frequency of pulse interval, LF-PI low-frequency of
pulse interval, HF-PI high-frequency of pulse interval, VAR-SAP variance of systolic arterial pressure, LF-SAP
low-frequency of systolic arterial pressure. Values reported as mean + SEM or median and interquartile range.
Different groups and type of test (parametric data compared one-way ANOVA + Tukey test or non-parametric
data compared using Kruskal-Wallis + Dunn test, P<0.05). *P<0.05 vs. Y. °P <0.05 vs. MA.

Parameters Y MA MAT P Power statistics (%)
a-index (LF-PI/LF-PAS) 1.48+0.39 0.33+0.05* 1.15+£0.30 0.04 80
ffnllss")wn (baroreflex ramps/SAP 0.14+0.03 0.02+0.01° 0.08+0.01 0.01 97.70
BEI up (baroreflex ramps/SAP ramps) | 0.15+0.04 0.03£0.01* 0.10£0.02 0.04 82
BEI all (baroreflex ramps/SAP ramps) | 0.14+04 0.02+0.01* 0.10£0.02 0.02 93.7
fﬁpﬂ‘;‘”“ (baroreflex ramps/SAP 3.66+1.34 115121 1.02+0.22 0.06 863
BGI up (baroreflex ramps/SAP ramps) | 4.69+1.46 0.99+0.27% 1.03+0.16* 0.01 97.7
BGI all (baroreflex ramps/SAP ramps) | 4.19+1.36 1.01£0.28 1.02£0.17 0.06 94.3
Tachycardic reflex (bpm/mmHg) 5.77 (4.18-7.30) 0.89 (0.79-2.41)* 3.09 (2.18-4.16) <0.01 98.4
Bradycardic reflex (bpm/mmHg) —5.03 (-6.36--2.34) —-2.18 (-3.38--2.09) —-4.89 (-6.76--3.20) 0.17 39.9
TNF-a (pg/mg protein) 35.19+4.62 43.00+£4.22 35.84+1.85 0.27 63.9
IL-6 (pg/ mg protein) 23.22+5.97 24.33+1.17 25.04+1.85 0.11 6.8
IL-10 (pg/ mg protein) 44.36+6.92 26.86+1.02% 30.32+2.81 0.04 84
TNF-o/IL-10 0.79+0.24 1.40+0.36 1.23+0.10 0.20 34
IL-6/IL-10 0.54+0.13 0.91£0.05* 0.90+0.09* 0.02 91.5

Table 3. Baroreflex sensibility and inflammatory assessments. Y Young group (n=6); MA, Middle-aged
group (n=6), MAT Middle-aged trained (n=6); Values reported as mean + SEM or median and interquartile
range. BEI baroreflex effectiveness index, SAP systolic arterial pressure, BGI baroreflex gain index. Different
groups and type of test (parametric data compared with one-way ANOVA + Tukey test or non-parametric data
compared using the Kruskal-Wallis + Dunn test, P <0.05). *P<0.05 vs. Y.

in the literature, but aerobic ET seems to reverse this decrease, and additionally, to increase the values of the
maximum capacity test compared with Y in a condition like atherosclerosis, which is very relevant, considering
that individuals with cardiovascular diseases have lower functional capacity and survival®®. It is worth mention-
ing that there were no differences in the animals’ body weight throughout the protocol.

The brain-derived neurotrophic factor (BDNF) is the major regulator of neural growth and one of the
mechanisms that may justify the higher functional capacity observed in MAT***’. Some genetic factors (myo-
cyte-enhancer factor 2 [MEF2] and PGC-1a) interact with the brain through BDNF-dependent mechanisms
and regulate several processes, such as muscle development and function, mitochondrial biogenesis, and lipid
metabolism*, being determinant factors for physical performance. Furthermore, it has already been reported
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Figure 3. Correlations. 1 =Correlation between aortic wall thickness and baroreflex effectiveness index—all
ramps; 2 = Correlation between aortic wall thickness and mean arterial pressure; 3 =Correlation between aortic
wall thickness and heart rate.

Parameters Y MA MAT P Power statistics
Hydrogen peroxide (uM) 6.23+048 | 6.49+1.22 | 4.89+0.75 |0.50 |26%

NADPH (nmol/mg protein) 0.13+0.02 0.14+0.03 0.11£0.02 |0.76 | 64.8%

SOD (USOD/mg protein) 9.35+£0.78 7.07+0.63* | 9.33+0.54 |0.04 |81%

Catalase (nmol/mg protein) 0.46+0.07 | 0.34%0.04 | 0.36%£0.06 |0.27 |86.9

FRAP (uMFell/g) 0.31£0.03 0.44+0.08 0.35+£0.04 | 0.24 | 100%

Protein oxidation (pmol/mg protein) 2.35+£0.25 2.55+0.31 2.67+0.24 |0.72 |12.1%
Lipoperoxidation (umol/mg protein) | 32.31£2.67 |31.59+4.50 |25.57+2.50 |0.32 |99.3%

Table 4. Cardiac oxidative stress assessments. Y Young group (n=6), MA Middle-aged group (n=6), MAT
Middle-aged trained (n=6); Values reported as mean + SEM. Different groups compared with one-way
ANOVA, P<0.05).*°P<0.05 vs. Y.

in the literature that associations may occur between functional capacity, increased serum levels of BDNF and
cardiac autonomic modulation®.

Previous research demonstrated in analysis by strain that 100% of ApoE-KO animals have the presence of
plaques showing that more than 50% of vessel area was constituted by atherosclerotic plaque area, in which a
fibrous cap, cholesterol crystals, acellular regions, and lipid droplets were found at 8 months of age*'. Consid-
ered that the collagen cardiac (senescence marker) and the aortic wall thickness were higher in middle-aged
groups (Y vs. MA and MAT), and that this protocol observed the progression of atherosclerosis for 15 months,
a period equivalent to the time when the production of estrogen hormones in female mice is reduced in the
senescence process'>*, it is reasonable to postulate that the animals presented the natural changes of elderly in
the atherosclerosis.

The reduction in cardiac diastolic function and changes in the structure of the left ventricle are hallmarks
of the aging process®. In the present study, no differences were identified in the structure of the heart in the
echocardiography, but the aging increased cardiac collagen in middle-aged groups (MA and MAT), and a lower
E’/A ratio was observed in MA compared with Y, which indicates a lower cardiac diastolic function. Consistent
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Figure 4. Cardiac collagen assessments. 1 = Young group histological image of the heart; 2=Middle-aged group
histological image of the heart; 3=Middle-aged trained histological image of the heart; 4= Cardiac collagen.
Symbol indicates statistically different groups (one-way ANOVA + Tukey test, P <0.05). Values reported as

mean +SEM. *P<0.05 vs. Y.

evidence demonstrates increase in myocardial collagen associated with aging, and the accumulation of collagen
may alter myocyte loading, leading to cardiac hypertrophy, as well as may promoting an increase in stiffness
during diastole*’. However, the trained group (MAT) has a greater amount of collagen and did not present
diastolic dysfunction.

It is already known that impairment of diastolic function in mice may be related with reduced aortic valve
function, indeed, in this study the animal with diastolic disfunction are the same animals that presented greater
aortic wall thickness®. It is important to mention that there is a high incidence of aortic regurgitation in ApoE-
KO animals experiencing the aging process* and previous research indicates that this process in the ApoE-KO
may provide increased aortic stiffness with higher pulse wave velocity and peak aortic flow*:.

Considering that oxidative stress and inflammation are mechanisms that act in an interrelated way, generating
a feedback loop for the progression of atheroma plaques and extracellular matrix degradation*®, and that these
mechanisms may induce the lipid infiltration in mice aorta*, suggests that the advancement of the aging process
may be associated with these changes. In fact, increasing the amount of vascular lipid infiltrates, impairing arte-
rial compliance aortic, leading to cardiac diastolic dysfunction in MA group may be linked with the reduction
in antioxidant defense (SOD) associated with the pro-inflammatory profile (higher IL-6/IL-10 ratio and lower
IL-10) and the greater thickness of the aortic wall in the MA group, in the present study.

In male ApoE-KO mice that performed the aerobic training protocol of 15/16 weeks duration at moderate
intensity, there was a reduction in atherosclerotic content associated with endothelial benefits, oxidative stress,
and inflammatory profile'®. It also promotes stabilization of the atherosclerotic plaque with maintenance of
the lipid profile, with a 6-week protocol also at moderate intensity'’. These pieces of evidence suggest that the
influence of aerobic ET on controlling the progression of atherosclerotic plaques is dependent on the number
of atherosclerotic plaques established, as well as the training volume.

SAP, DAP, and MAP, as well as HR were higher in MA than in Y mice. Indeed, the systemic increase in blood
pressure in elderly female rats has been previously reported in the literature’. This study demonstrates the influ-
ence of atherosclerosis in this context. The lower vascular responsiveness previously identified in this model of
aging®, the constriction of the vessel commonly demonstrated with the progression of atherosclerosis, and lower
baroreceptor efficiency identified in this study may justify the higher blood pressure values. It is worth mention-
ing that the deficit of ApoE generates a series of organic changes, such as imbalance in cholesterol metabolism,
systemic inflammation, increased production of reactive oxygen species, reduced expression of antioxidant genes,
increased demand for renin-angiotensin system and degradation of the extracellular matrix® which may have
contributed to the process of dysautonomia and vascular damage.

Previous studies have demonstrated that Angiotensin II may accelerates the development of atherosclerosis
in ApoE-KO*"*, increasing atherosclerotic lesions with a vulnerable phenotype by activation of MMP8 and
MMP13* and forming aneurysms in the aorta, without changing hemodynamics*” Therefore, it is important to
investigate the impacts of aging and exercise training on level of Angiotensin II and the cardiovascular repercus-
sions on Apoe-KO female in future studies.
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Several cardiology societies recommend ET as an efficient non-pharmacological strategy to control/manage
high blood pressure®. In addition, studies demonstrate that aerobic training reduces blood pressure values in
females with risk factors, such as the absence of ovarian hormones and hypertension'®*!. Although this study
does not present vascular histology, the similar thickness of the aorta between MAT and Y mice and the positive
correlation between aortic wall thickness and MAP suggest that ET may have promoted vascular adaptations
that contributed to a systemic reduction in blood pressure values.

The aortic arch is the anatomical location of one set of arterial stretch baroreceptors; therefore, it is reasonable
to postulate that stiffness of the aortic wall modulates in vivo baroreceptor function®2 The association of aortic
wall thickness with baroreflex sensitivity, HR and MAP reinforces the concept that changes in this structure
may compromise baroreceptor sensitivity and, subsequently, hemodynamic balance. ET may stabilize vascular
injuries resulting from atherosclerosis independently of changes in plasmatic lipids'”. Furthermore, it has already
been shown that exercise training may attenuate endothelial dysfunction, inflammation, and oxidative stress in
the mesenteric artery's. Additionally, arterial stiffness decreased significantly after moderate-intensity aerobic
exercises in middle-aged women®.

Aerobic exercise training seems to attenuate the hemodynamic overload, the higher aortic wall thickness
and the lower baroreflex sensitivity, consider that, no differences were observed between MAT and Y mice.
One hypothesis for these results is that the exercise training may attenuate the decline in antioxidant (SOD)
and anti-inflammatory (IL-10) mechanisms, reducing lipid adhesion and consequently attenuating the increase
in aortic thickness, factors that improve aortic compliance and stretch capacity, and consequently, optimize
the performance of baroreceptors. This improvement of short-term blood pressure mechanism regulation is
probably associated with a reduction greater than 10 mmHg in MAP and SAP in MAT when comparing with
MA. Although the values were not statistically different this decrease is relevant from a clinical point of view,
considering that for each 5-mmHg reduction in systolic blood pressure, the risk of developing cardiovascular
events lower by 10%*.

Resting bradycardia is a classic finding in trained individuals. Indeed, aerobic training promotes a constant
increase in venous return and systolic volume, which constantly trigger the Frank-Starling mechanism and
modify the cardiac contractility pattern, enhancing the effectiveness of the cardiac muscle™. ET has been dem-
onstrated to increase the HRV in female rats®!°. In this study, the MAT mice did not have resting bradycardia (vs.
MA). However, the MAT had similar values to Y in HR, E’/A ratio, and HRV indexes (VLF-PI; LF-PI); moreover,
the MAT had higher VAR-PI than MA mice, demonstrating that the ET may promote cardiac autonomic modula-
tion benefits in female mice with atherosclerosis at the onset of reproductive senescence.

The imbalance in cardiovascular autonomic control associated with reduced BRS is a finding that has already
been demonstrated in older female rats®'’. Therefore, considering the additional risks promoted by the progres-
sion of atherosclerosis, lower cardiovascular autonomic control was expected in the MA. In fact, the HRV data,
both in the time and frequency domains, showed a drop in cardiac autonomic modulation in the MA compared
with the Y mice, indicating dysautonomia in senescent females with atherosclerosis.

Although MA had a lower LF-PI band (parameter with a predominance of cardiac sympathetic modulation),
the results of HRV should be analyzed together because lower values were observed in all parameters, indicating
that the autonomic nervous system of these animals has a lower ability to modulate the heartbeat independently
of the predominance of the sympathetic/parasympathetic loop. The lower tachycardic reflex in MA demonstrates
an inability to adapt to pressure variations, which may have been generated by a reduction in the sensitivity of the
baroreceptors caused by the progression of atherosclerosis. This process may be linked to the damage to afferent
fibers, as well as to the reduction of the autonomic nervous system’s ability to quickly adapt to stimuli due to a
long period of sympathetic hyperactivity.

The negative correlation between aortic wall thickness and spontaneous BRS does not concretely indicate that
changes in the aortic wall thickness are a determining mechanism for modifying the sensitivity of arterial barore-
ceptors; however, the data demonstrate an association between the progression or stabilization of atherosclerotic
disease with the cardiovascular autonomic control in females with atherosclerosis. Some mechanisms already
described in the literature may explain the process of dysautonomia observed in ApoE-KO animals. There may
be a reduction in the efficiency of arterial baroreceptors, a result of systemic damage in their afferences, due to
increased production of pro-inflammatory cytokines and activation of Ang II, degradation of the extracellular
matrix, deposit of lipids and establishment of atherosclerosis®. Besides the lower baroreflex efficiency, there may
be a reduction in oxidant defense with an increase in reactive oxygen species* and reduced bioavailability of
nitric oxide, generating sympathetic nervous hyperactivation®.

Although the systemic inflammation is a classic finding that occurs with the progression of atherosclerosis '*
and studies demonstrated that the inflammatory changes in the spleen are similar to the alterations occurring in
the cardiovascular system of rats®®. Aging was expected to promotes the increase in the IL-6/IL-10 ratio, reduc-
tion in anti-inflammatory cytokines (IL-10) and reduce antioxidant defense (SOD). With the advancement of
atherosclerosis in aging, oxidative stress (increasing oxidants in relation to antioxidant defense) and systemic
inflammation in ApoE-KO animals occur®’. However, it is essential to mention that ET may reestablish IL-10 and
the training also attenuated the lower autonomic modulation. One hypothesis for this finding is that the choliner-
gic anti-inflammatory reflex was activated by the autonomic nervous system control *’. But the higher IL-6/IL-10
ratio in the trained group suggests a sustained systemic inflammation, indicating that the cardiovascular benefits
promoted by training were determined predominantly by other mechanisms, such as autonomic control. The
lower BRS identified in the MA reinforces the dysautonomia and demonstrates a lower ability of adaptation to
pressure variations. These data are extremely worrisome because individuals with impaired baroreflex and lower
HRV have a lower survival rate®®.

ET has the capacity to promote improvements in BRS and a better prognosis in patients, even in extreme
conditions, such as post-acute myocardial infarction®. It is also known that ET may potentially promote changes

Scientific Reports |

(2024) 14:7835 | https://doi.org/10.1038/s41598-024-52883-x nature portfolio



www.nature.com/scientificreports/

in mice’s autonomic cardiovascular balance '°. In the present study, the ET seems to have promoted a series of
adjustments, such as preventing the increase in aortic wall thickness, and restoring cardiac autonomic modula-
tion (VAR-PI) and BRS. These changes indicate that this strategy promoted better control over the progression of
atherosclerosis and was effective in restoring cardiovascular autonomic control and the action of baroreceptors.

In conclusion, aging promoted cardiac diastolic, hemodynamic and heart rate variability dysfunctions, as well
as increased aortic wall thickness in females with atherosclerosis at the beginning of reproductive senescence.
Importantly, ET appears to be effective in mitigating aged-related impairments in structural and functional
parameters; therefore, it is a strategy for promoting autonomic and cardiovascular benefits in senescent females
with atherosclerosis.

Data availability
The data that support the findings of this study are available from the corresponding author, MCI, upon reason-
able request.

Received: 16 August 2023; Accepted: 23 January 2024
Published online: 03 April 2024

References

1. Murphy SL, Kochanek KD, Xu J, Arias E. Mortality in the United States, 2020 Key findings Data from the National Vital Statistics
System. https://www.cdc.gov/nchs/products/index.htm (2020).

2. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, Chamberlain AM, Chang AR, Cheng S, Das SR, Del-
ling FN, Djousse L, Elkind MSV, Ferguson JE Fornage M, Jordan LC, Khan SS, Kissela BM, Knutson KL, Kwan TW, Lackland DT,
Lewis TT, Lic VS. Heart Disease and Stroke Statistics-2019 At-a-Glance Heart Disease, Stroke and other Cardiovascular Diseases.
American Heart Association [Internet]. 1-5. https://healthmetrics.heart.org/wp-content/uploads/2019/02/At-A-Glance-Heart-
Disease-and-Stroke-Statistics-2019.pdf (2019).

3. Kibel A, Lukinac AM, Dambic V, Juric I, Relatic KS. Oxidative Stress in Ischemic Heart Disease. Oxid. Med. Cell. Longevity. 2020
(2020).

4. Pereira, T. M. C. et al. Cardiac and vascular changes in elderly atherosclerotic mice: The influence of gender. Lipids Health Dis.
https://doi.org/10.1186/1476-511X-9-87 (2010).

5. Physiology, C., Vasquez, E. C., Peotta, V. A. & Meyrelles, S. S. Cardiovascular autonomic imbalance and baroreflex dysfunction in
the apolipoprotein E-deficient mouse. Cell. Physiol. Biochem. 29, 635-646 (2012).

6. Vasquez, E. C, Peotta, V. A,, Gava, A. L., Pereira, T. M. C. & Meyrelles, S. S. Cardiac and vascular phenotypes in the apolipoprotein
E-deficient mouse. J. Biomed. Sci. 19, 22 (2012).

7. Strong, J. P. et al. Prevalence and extent of atherosclerosis in adolescents and young adults: Implications for prevention from the
pathobiological determinants of atherosclerosis in youth study. J. Am. Med. Assoc. 281(8), 727-735 (1999).

8. Dzau, V.. et al. The cardiovascular disease continuum validated: Clinical evidence of improved patient outcomes: Part I: Patho-
physiology and clinical trial evidence (risk factors through stable coronary artery disease). Circulation 114, 2850-70 (2006).

9. Machi, J. E. et al. Impact of aging on cardiac function in a female rat model of menopause: Role of autonomic control, inflamma-
tion, and oxidative stress. Clin. Interv. Aging 11, 341-350 (2016).

10. da Silva, D. D. et al. Exercise training initiated at old stage of lifespan attenuates aging-and ovariectomy-induced cardiac and renal
oxidative stress: Role of baroreflex. Exp. Gerontol. 1, 124 (2019).

11. Knowlton, A. A. & Lee, A. R. Estrogen and the cardiovascular system. Pharmacol. Ther. 135, 54-70 (2012).

12. ACSM Sports Medicine Basics. Women’s Heart Health and a Physically Active Lifestyle [Internet]. www.acsm.org (2016).

13. Flurkey, K. & Currer, J. M. Mouse models in aging research. In The Mouse in Biomedical Research 2nd edn (eds Flurkey, K. & Cur-
rer, J. M.) 637-672 (Elsevier, 2007).

14. Bick, M., Yurdagul, A., Tabas, I, Oérni, K. & Kovanen, P. T. Inflammation and its resolution in atherosclerosis: Mediators and
therapeutic opportunities. Nat. Rev. Cardiol. 16(7), 389-406 (2019).

15. De Angelis, K. et al. Exercise training changes autonomic cardiovascular balance in mice. J. Appl. Physiol. 96, 2174-2178 (2004).

16. da Palma, R. K. et al. Resistance or aerobic training decreases blood pressure and improves cardiovascular autonomic control and
oxidative stress in hypertensive menopausal rats. J. Appl. Physiol. 121, 1032-1038 (2016).

17. Pynn, M., Schifer, K., Konstantinides, S. & Halle, M. Exercise training reduces neointimal growth and stabilizes vascular lesions
developing after injury in apolipoprotein E-deficient mice. Circulation 109(3), 386-392 (2004).

18. Hong, J. et al. Exercise ameliorates endoplasmic reticulum stress-mediated vascular dysfunction in mesenteric arteries in athero-
sclerosis. Sci. Rep. 8(1), 1-10. https://doi.org/10.1038/s41598-018-26188-9 (2018).

19. Plump, A. S. et al. Severe hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous
recombination in ES cells. Cell 2, 343-53 (1992).

20. Katsimpoulas, M. et al. The role of exercise training and the endocannabinoid system in atherosclerotic plaque burden and com-
position in apo-E-deficient mice. Hellenic J. Cardiol. 57(6), 417-25. https://doi.org/10.1016/j.hjc.2016.11.013 (2016).

21. Rodrigues, B. et al. Maximal exercise test is a useful method for physical capacity and oxygen consumption determination in
streptozotocin-diabetic rats. Cardiovasc. Diabetol. 13, 6 (2007).

22. Stoyell-Conti, E. E et al. Aerobic training is better than resistance training on cardiac function and autonomic modulation in female
ob/ob mice. Front. Physiol. 5, 10 (2019).

23. Lee, L. et al. Aortic and cardiac structure and function using high-resolution echocardiography and optical coherence tomography
in a mouse model of Marfan syndrome. PLoS One 11(11), e0164778 (2016).

24. Heeren, M. et al. Exercise improves cardiovascular control in a model of dislipidemia and menopause. Maturitas 62, 200-204
(2009).

25. Nascimento-Carvalho, B. et al. Food readjustment plus exercise training improves cardiovascular autonomic control and baroreflex
sensitivity in high-fat diet-fed ovariectomized mice. Physiol. Rep. 11(5), e15609 (2023).

26. Pelat, M. et al. Rosuvastatin decreases caveolin-1 and improves nitric oxide-dependent heart rate and blood pressure variability
in apolipoprotein E-/- mice in vivo. Circulation 107, 2480-2486 (2003).

27. Ferreira, M. J. et al. Ovarian status modulates cardiovascular autonomic control and oxidative stress in target organs. Biol. Sex
Differ. 11(1), 1-10 (2020).

28. Silva, L. E. V., Dias, D. P. M, Da Silva, C. A. A,, Salgado, H. C. & Fazan, R. Revisiting the sequence method for baroreflex analysis.
Front. Neurosci. https://doi.org/10.3389/fnins.2019.00017 (2019).

29. 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-R751 (2001).

Scientific Reports |

(2024) 14:7835 | https://doi.org/10.1038/s41598-024-52883-x nature portfolio


https://www.cdc.gov/nchs/products/index.htm
https://healthmetrics.heart.org/wp-content/uploads/2019/02/At-A-Glance-Heart-Disease-and-Stroke-Statistics-2019.pdf
https://healthmetrics.heart.org/wp-content/uploads/2019/02/At-A-Glance-Heart-Disease-and-Stroke-Statistics-2019.pdf
https://doi.org/10.1186/1476-511X-9-87
http://www.acsm.org
https://doi.org/10.1038/s41598-018-26188-9
https://doi.org/10.1016/j.hjc.2016.11.013
https://doi.org/10.3389/fnins.2019.00017

www.nature.com/scientificreports/

30. Brognara, . et al. Baroreflex stimulation attenuates central but not peripheral inflammation in conscious endotoxemic rats. Brain
Res. 1(1682), 54-60 (2018).

31. Feriani, D. J. et al. Pyridostigmine improves the effects of resistance exercise training after myocardial infarction in rats. Front.
Physiol. 9, 1-11 (2018).

32. Bernardes, N. et al. Baroreflex impairment precedes cardiometabolic dysfunction in an experimental model of metabolic syndrome:
Role of inflammation and oxidative stress. Sci. Rep. 8, 1-10 (2018).

33. Da Silva, Dias D. et al. Impact of combined exercise training on the development of cardiometabolic and neuroimmune complica-
tions induced by fructose consumption in hypertensive rats. PLoS One 15(6), €0233785 (2020).

34. Conti, E E et al. Cardiovascular autonomic dysfunction and oxidative stress induced by fructose overload in an experimental
model of hypertension and menopause. BMC Cardiovasc. Disord. 14, 1-7 (2014).

35. Firoozmand, L. T. et al. Blockade of AT1 type receptors for angiotensin II prevents cardiac microvascular fibrosis induced by
chronic stress in Sprague-Dawley rats. Stress. 21(6), 484-493 (2018).

36. Borges, R. B. et al. Power and sample size for health researchers: uma ferramenta para calculo de tamanho amostral e poder do
teste voltado a pesquisadores da drea da satde. Clin. Biomed. Res. https://doi.org/10.22491/2357-9730.109542 (2021).

37. Dai, D. E, Chen, T., Johnson, S. C., Szeto, H. & Rabinovitch, P. S. Cardiac aging: From molecular mechanisms to significance in
human health and disease. Antioxid. Redox Signal. 16(12), 1492-1536 (2012).

38. Onathan, J. et al. Exercise capacity and mortality among men referred for exercise testing abstract. N. Engl. J. Med. 346, 793-801
(2002).

39. Lima, M. M. O. et al. Improvement of the functional capacity is associated with BDNF and autonomic modulation in Chagas
disease. Int. J. Cardiol. 167(5), 2363-2366 (2013).

40. Hill, T. & Polk, J. D. BDNE endurance activity, and mechanisms underlying the evolution of hominin brains. Am. J. Phys. Anthropol.
168(S67), 47-62 (2019).

41. Santelices, L. C., Rutman, S. J., Prantil-Baun, R., Vorp, D. A. & Ahearn, J. M. Relative contributions of age and atherosclerosis to
vascular stiffness. Clin. Transl. Sci. 1(1), 62-66 (2008).

42. Dutta, S. & Sengupta, P. Men and mice: Relating their ages. Life Sci. 152, 244-8. https://doi.org/10.1016/.1fs.2015.10.025 (2016).

43. de Souza, R. R. Aging of myocardial collagen. Biogerontology 3(6), 325-335 (2002).

44. Wang, Y. X. Cardiovascular functional phenotypes and pharmacological responses in apolipoprotein E deficient mice. Neurobiol.
Aging 26(3), 309-316 (2005).

45. Yang, X. et al. Oxidative stress-mediated atherosclerosis: Mechanisms and therapies. Front. Physiol. https://doi.org/10.3389/fphys.
2017.00600 (2017).

46. Gomes, D. . et al. Glycated albumin induces lipid infiltration in mice aorta independently of DM and RAS local modulation by
inducing lipid peroxidation and inflammation. J. Diabetes Complic. 30(8), 1614-1621 (2016).

47. Berk, B. C., Haendeler, J. & Sottile, J. Angiotensin II, atherosclerosis, and aortic aneurysms. J. Clin. Investig. 105(11), 1525-1526
(2000).

48. Weiss, D., Kools, J. J. & Taylor, W. R. Angiotensin II-induced hypertension accelerates the development of atherosclerosis in
ApoE-deficient mice. Circulation 103(3), 448-454 (2001).

49. Cheng, C. et al. Activation of MMP8 and MMP13 by angiotensin II correlates to severe intra-plaque hemorrhages and collagen
breakdown in atherosclerotic lesions with a vulnerable phenotype. Atherosclerosis 204(1), 26-33 (2009).

50. Whelton, P. K. et al. ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the prevention, detection,
evaluation, and management of high blood pressure in adults: A report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practic. J. Am. Coll. Cardiol. 71, e127-248 (2018).

51. Irigoyen, M.-C. et al. Exercise training improves baroreflex sensitivity associated with oxidative stress reduction in ovariectomized
rats. Hypertension 46, 998-1003 (2005).

52. Pierce, G. L. et al. Estimated aortic stiffness is independently associated with cardiac baroreflex sensitivity in humans: Role of
ageing and habitual endurance exercise. J. Hum. Hypertens. 30(9), 513-520 (2016).

53. Lan, Y. S., Khong, T. K. & Yusof, A. Effect of exercise on arterial stiffness in healthy young, middle-aged and older women: A
systematic review. Nutrients 15(2), 308 (2023).

54. Canoy, D. et al. How much lowering of blood pressure is required to prevent cardiovascular disease in patients with and without
previous cardiovascular disease?. Curr. Cardiol. Rep. 24(7), 851-860 (2022).

55. Almeida, M. B. & Aratjo, C. G. Efeitos do treinamento aerdbico sobre a freqiiéncia cardiaca. Rev Bras Med Esporte 9, 104-12
(2003).

56. Bandoni, R. L. et al. Cholinergic stimulation with pyridostigmine modulates a heart-spleen axis after acute myocardial infarction
in spontaneous hypertensive rats. Sci. Rep. 11(1), 9563 (2021).

57. Pavlov, V. A., Wang, H., Czura, C. ], Friedman, S. G. & Tracey, K. J. The cholinergic anti-inflammatory pathway: A missing link
in neuroimmunomodulation. Mol. Med. 9, 125-34 (2003).

58. La Rovere, M. T, Bigger, J. T. Jr., Marcus, E. I. & Mortara, A. S. P. ]. Baroreflex sensitivity and heart-rate variability in prediction of
total cardiac mortality after myocardial infarction. Lancet 351, 478-484 (1998).

59. La Rovere, M. T,, Bersano, C., Gnemmi, M., Specchia, G. & Schwartz, P. J. Cad O vessel. Exercise-induced increase in Baroreflex
sensitivity predicts improved prognosis after myocardial infarction. Circulation 106, 945-9 (2002).

Author contributions

B.N.C.: conception and design of the research, conducted experiments, analyzed data, interpreted results of
experiments, drafted the manuscript, edited and revised the manuscript; B.D.S.: analyzed data, interpreted results
of experiments, edited the manuscript; M.B.S.: conducted experiments; A.S.: conducted experiments, analyzed
data; T.ER.: conducted experiments; D.S.D.: interpreted results of experiments, edited and revised the manu-
script; L.E.S.: conducted experiments; M.R.H.D.: conducted experiments; S.C.: conducted experiments, inter-
preted results of experiments; E.G.C.: conducted experiments; K.A.: interpreted results of experiments, edited
and revised the manuscript; K.B.S.: interpreted results of experiments, edited and revised the manuscript; I.C.S.:
conception and design of the research, edited and revised the manuscript; M.C.L: conception and design of the
research, interpreted results of experiments, edited and revised the manuscript.

Funding

MCCI was supported by the National Council for Scientific and Technological Development (427892/2018-0 and
312962/2020-7) and Sao Paulo Research Foundation (FAPESP, 2018/19006-2). This study was financed in part
by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior—Brasil (CAPES)—Finance Code 001.

Scientific Reports |

(2024) 14:7835 | https://doi.org/10.1038/s41598-024-52883-x nature portfolio


https://doi.org/10.22491/2357-9730.109542
https://doi.org/10.1016/j.lfs.2015.10.025
https://doi.org/10.3389/fphys.2017.00600
https://doi.org/10.3389/fphys.2017.00600

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.C.L

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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:7835 | https://doi.org/10.1038/s41598-024-52883-x nature portfolio


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

	Aerobic exercise attenuates dysautonomia, cardiac diastolic dysfunctions, and hemodynamic overload in female mice with atherosclerosis
	Methods
	Study design
	Animals

	Aerobic exercise protocol
	Echocardiography analysis
	Hemodynamic measurements
	Heart rate variability
	Baroreflex sensitivity evaluation
	Inflammatory mediators
	Plasma nitrites
	Cardiac stress oxidative
	Collagen
	Statistical analysis

	Results
	Discussion
	References


