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alterations in the brain-heart axis in experimental

animals with metabolic syndrome
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BACKGROUND Metabolic syndrome (MetS) is a cluster of condi-
tions that increases the risk of cardiovascular complications and
all-cause mortality. MetS manifests reduced heart rate variability,
but factors underlying the process remain to be fully elucidated.

OBJECTIVE To gain new insights into the effects of MetS on heart
rhythm dynamics, we developed a custom algorithm to analyze the
distribution and span of R-R intervals.

METHODS MetS was induced in male and female mice by Western
diet feeding (WD mice), whereas animals on regular chow were
used as controls (Ctrl mice). The sequence of R-R intervals of elec-
trocardiograms and their deviation were sorted and normalized us-
ing an approximation of the distribution function to obtain
sequences of the R-Rinterval duration (sortRR) and the R-R interval
deviation (sortRRdev).

RESULTS sortRR sequences revealed shorter intervals in WD mice
than in Ctrl mice within the range of intermediate and long R-R in-
tervals, indicating that mice with MetS have limited capability to
lower heart rate. Moreover, sortRRdev sequences had smaller ampli-

tudes for WD mice, consistent with reduced heart rate variability.
Inhibition of sympathetic inputs abrogated differences in sortRR
sequences for the 2 groups of mice, whereas inhibition of parasym-
pathetic inputs suppressed differences in the sortRRdev series.
Interestingly, Western diet feeding in animals lacking B-adrenergic
receptors minimally affected heart rate dynamics in female mice,
but revealed significant alterations in male animals, which were
abrogated by parasympathetic inhibition.

CONCLUSION These results support the notion that sympathoex-
citation and parasympathetic withdrawal occur with MetS and
affect the duration, functional range, and variability of R-R inter-
vals.

KEYWORDS Metabolic syndrome; Heart rate variability; Sympatho-
vagal balance; Brain-heart axis; R-R interval

(Heart Rhythm 02 2025;M:1-18) © 2025 Heart Rhythm Society.
Published by Elsevier Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction
Metabolic syndrome (MetS) is a multicomponent risk factor
for cardiovascular disease and diabetes and is associated
with the clustering of abnormalities related to abdominal
obesity, insulin resistance, hypertension, and dyslipide-
mia."” MetS is becoming highly prevalent and affects
approximately one-third of the male and female adult popu-
lation worldwide,' representing a significant and growing
public health problem.

MetS manifests preclinical diastolic dysfunction alone or
in combination with left ventricular (LV) hypertrophy,

which are important risks for the development of heart fail-
ure with preserved ejection fraction (HFpEF).””
Interestingly, altered cardiac autonomic regulation
anticipates the functional and structural remodeling of the
LV in patients with metabolic disorders,®® and it
gradually worsens with the number of risk components for
MetS.””'" Autonomic imbalance contributes to exercise
intolerance'” and constitutes, per se, an additional and inde-
pendent risk variable for heart failure, arrhythmias, and mor-
tality,'””'” constituting a critical component of the
cardiometabolic syndrome.
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m Sympathoexcitation and withdrawal of parasympa-
thetic tone occur in metabolic syndrome, affecting
heart rate dynamics.

m Metabolic syndrome constrains the functional range of
heart rate and impairs the heart’s ability to adapt to
low beating frequencies.

m The sortRR (percentile distribution of R-R interval
durations) analytical approach provides novel quan-
titative and graphical representations of heart rate
variability distribution that are not captured by
traditional metrics.

m The sortRR framework defines R-R interval ranges
influenced by pathological conditions or pharmaco-
logical interventions, underscoring its potential as an
investigative tool for basic cardiovascular research
and clinical screening.

The sympathetic and parasympathetic branches of the
autonomic nervous system innervate the sinoatrial node
and regulate heart rate by modulating diastolic depolariza-
tion of the pacemaker cells.'® ' Based on the antagonistic
effects and modality of action of the 2 branches of the
autonomic system on sinoatrial node discharge, the
analysis of heart rate variability (HRV) provides
information on the influence of sympathetic and
parasympathetic inputs on the heart.”’** Specifically, by
measuring intervals between consecutive R waves of the
electrocardiogram (ECG), short-term (ie, beat-to-beat) vari-
ations, long-term changes, as well as fluctuation patterns of
R-R interval duration are assessed using time-domain, fre-
quency-domain, and nonlinear metrics.”'>* But parameters
directed to the assessment of the distribution of R-R
intervals and range of heart rate function are not
commonly used. Therefore, to fill this gap, we have
developed a custom algorithm for the quantification and
graphical representation of R-R interval distribution for
experimental subjects. Specifically, R-R intervals obtained
from ECGs collected from conscious mice were sorted and
expressed using a percentile function, and the distribution
of R-R interval durations was then used for quantification
and statistical comparison.

In the present study, using conventional HRV analysis
and our custom analytical approach, we have evaluated the
consequences of diet-induced MetS on heart rhythm dy-
namics in male and female mice. Using pharmacological in-
terventions and engineered mice lacking [-adrenergic
receptors (B-ARs), we provide documentation of the central
role of the cardiac autonomic nervous system in the manifes-
tations of MetS, as well as the relative contribution of sym-
pathetic and parasympathetic defects to alterations in heart
rate dynamics.

Methods

All data, materials, and methods of this study are available

from the corresponding author upon reasonable request.
Large language models were not used for manuscript cre-

ation and/or drafting.

Animals

The research reported in this article adhered to Animal
Research: Reporting of In Vivo Experiments guidelines
and the Guide for the Care and Use of Laboratory Animals.
Animal housing and experiments were approved by the local
animal care committees (Institutional Animal Care and Use
Committee) of New York Medical College.

Female and male C57B1/6 mice (n = 50 for each sex)
were obtained from Charles River Laboratories (Wilming-
ton, MA). Mice were kept on a 12-hour light/dark cycle
with water and food ad libitum. Cohorts of animals were
fed regular chow (Laboratory Rodent Diet 5001, LabDiet,
containing 13.6% fat of total calories and 0.4% sodium)
and assigned to the control group (Ctrl mice) or maintained
on a Western diet (D12079B, Research Diets, containing
40.3% fat of total calories, supplemented with 2% sodium
chloride) starting at 2—-3 months of age and assigned to the
Western diet group (WD mice) to induce manifestations
consistent with MetS.”"*° The Western diet used here was
previously reported to increase serum levels of
nonesterified fatty acids and total cholesterol in mice.”*
In vivo measurements were performed during the light cycle.

Mice lacking B1- and B2-ARs (B-AR global knockout
mice [BAR-KO mice]),”’ originally obtained from the Jack-
son Laboratory (STOCK Adrb1™/8% Adrb2™ /By strain:
003810) were also used in this study. A total of 30 male
and 32 female BAR-KO mice were used in this investigation.
Cohorts of BAR-KO mice were fed regular chow or Western
diet. Bar graphs for data related to BAR-KO mice are shown
with solid pink colors in the graphical representations.

For tests addressing the effects of Western diet, 20 male
and 20 female C57Bl/6 mice and 13 male and 10 female
BAR-KO mice were fed the Western diet. A total of 20
male and 20 female C57B1/6 mice and 10 male and 13 female
BAR-KO mice were fed regular chow and used as controls
for comparison with the Western diet group.

ECG recordings

To record ECGs in conscious animals, an ECG-tunnel device
(emka Technologies) was used.””***” Animals were placed
in a tunnel, and ECGs were recorded for a period of 10 mi-
nutes, unless otherwise specified. Electrode cream (SignaC-
reme, ParkerLabs) was placed on the mouse paws to improve
the quality of electrical signals. Electrical signals were
amplified with a 12-lead ECG amplifier (Ponemah Software,
DSI), digitized using a 160-kHz A/D converter (DI-1120 HS,
DATAAQ Instruments), and recorded with WinDaq software
(DATAQ Instruments) at a 10-kHz sampling rate. The bipo-
lar leads I, II, and III and the unipolar lead aVL were
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collected. Electrical signals were evaluated offline with Lab-
Chart 8 (ADInstruments).Zz’zg’3 0

Effects of pharmacological compounds on heart rate were
tested by acquiring ECGs after drug administration. To inter-
fere with the autonomic nervous system, mice were adminis-
tered with atropine (MilliporeSigma, 0.5 mg/kg body weight
[BW], intraperitoneally [i.p.]) for parasympathetic blockade,
propranolol (MilliporeSigma, 1 mg/kg BW, i.p.) for sympa-
thetic blockade, or the combination of atropine (0.5 mg/kg
BW, i.p.) and propranolol (1 mg/kg BW, i.p.) for the com-
bined block of sympathetic and parasympathetic branches
of the autonomic nervous system (combined autonomic
block [CAB]).”"*'** Phenylephrine (MilliporeSigma, 3
mg/kg BW, i.p.) was used to induce vasoconstriction and
elevation of blood pressure to activate the baroreceptor re-
flex.”*** Blood pressure was not monitored after administra-
tion of phenylephrine. Drugs were dissolved in United States
Pharmacopeia saline solution. Effects of parasympathetic,
sympathetic, or combined autonomic block were evaluated
at ~ 10 minutes after drug(s) administration, unless other-
wise specified. Timing of acquisition and dosages of atropine
and propranolol are similar to those previously used in mice
by us”**'~*? or by other groups.”**>’

Analysis of HRV with standard metrics

Analysis of HRV was performed on ECG recordings using
LabChart 8 and the HRV module, as previously re-
ported.”’***® Lead I was used to obtain HRV parameters,
and other leads were used as alternative source of analysis
and/or for validation of obtained results. The entire 10 mi-
nutes of ECG recording was analyzed. Company presets of
the LabChart HRV module for the mouse were adopted,
with minor modifications of parameters for beat classifica-
tion to exclude signal artifacts. The software automatically
excluded ectopic beats from the analysis, and the operator
visually confirmed the accuracy of this exclusion. Parame-
ters of HRV were generated by the software, and values
were exported to Microsoft Excel for quantification.

The average duration of R-R intervals (average R-R inter-
val duration) was evaluated over the 10 minutes of acquisi-
tion. Rhythm variability was measured using time-domain,
frequency-domain, and nonlinear variables.””**~** Specif-
ically, time-domain metrics included standard deviation of
R-R intervals (SDRR) and square root of the mean of the
squared differences between adjacent R-R intervals
(RMSSD; an index of short-term variability). Frequency-
domain variables included total power of R-R interval vari-
ation (milliseconds squared), corresponding to energy in the
entire power spectrum analyzed (0-5 Hz). The spectrum of
oscillations of the R-R interval duration was separated into
very low-frequency power (between 0 and 0.15 Hz), low-
frequency (LF) power (between 0.15 and 1.5 Hz), and
high-frequency (HF) power (between 1.5 and 5 Hz). More-
over, the LF/HF ratio (milliseconds squared/milliseconds
squared) was computed. As previously reported,”'***° HF
components of R-R interval variations are attributed to

respiratory-mediated modulation of R-R intervals by the
parasympathetic system, whereas LF components are
ascribed to baroreflex-mediated modulation of heart
rate.””**** Very low-frequency components of R-R interval
variation are attributed to the regulatory action of the renin-
angiotensin system, thermoregulation, and, partly, parasym-
pathetic tone.”>** LF components are influenced by both the
sympathetic and parasympathetic axes,”’ and the LF/HF ra-
tio is generally accepted as an index of sympathovagal bal-
ance, estimating the ratio of sympathetic to vagus nerve
tone.””>* Nonlinear parameters were obtained from data of
Poincaré plots, a graphical representation of R-R interval
(RR,) plotted against the next one (RR,+ D22 Specifically,
the standard deviation of instantaneous beat-to-beat interval
variability (SD1) and the standard deviation of continuous
long-term R-R interval variability (SD2) were obtained by
the ellipse-fitting technique of data plotted in Poincaré plots.
The SD1 index correlates with the short-term (beat-to-beat)
variability of R-R intervals and is mainly influenced by
parasympathetic modulation, whereas SD2 measures the
long-term variability of R-R intervals and reflects, in part,
sympathetic activation.”’*** Thus, the SD1/SD2 ratio is
an index of autonomic balance, and it inversely correlates
with the LF/HF ratio.”" >’

A nonlinear approach based on sample entropy (SampEn)
was introduced as complexity measure’ "’ of R-R intervals.
SampEn was calculated using a custom-written MATLAB
script obtained from MATLAB File Exchange repository
(code available at https://www.mathworks.com/
matlabcentral/fileexchange/124326-sampen; MATLAB
Central File Exchange).”” Setting adapted to HRV analysis
were used (tolerance, r = 0.2 and embedding dimention, m
=2).

For classical HRV metrics, data are presented as medians
and interquartile ranges with dot plots. Fold and percentage
changes are referred to the median values. Statistical analysis
was performed using Prism 10 (GraphPad). Data were
initially tested for normality (Shapiro-Wilk test) and equal
variance to determine the appropriate parametric or nonpara-
metric analysis. The Student ¢ test or Mann-Whitney U test
was used for comparison between the 2 groups.””>'*!**
For comparison of data involving 2 factors (ie, diet and phar-
macological interventions), 2-way analysis of variance fol-
lowed by an uncorrected Fisher least significant difference
test for multiple comparisons.”” P < .05 was considered sig-
nificant. Unless otherwise specified, asterisks are used in
graphical representations to denote P values: *P < .05,
**p < .01, ¥**P < .001, and ****P < .0001.

Analysis of HRV with a custom algorithm

To obtain information on the span and distribution of R-R in-
terval durations in experimental subjects, an approximation
of the distribution function of R-R intervals was imple-
mented. Specifically, a custom algorithm for the measure-
ment of the R-R interval duration for ECGs collected over
a period of 10 minutes was developed using MATLAB


https://www.mathworks.com/matlabcentral/fileexchange/124326%2Dsampen
https://www.mathworks.com/matlabcentral/fileexchange/124326%2Dsampen
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Figure 1  Flowchart of the custom algorithm for R-R interval processing. Block diagram and graphical outputs of R-R interval processing from electrocar-
diographic (ECG) recordings obtained from a control (Ctrl) mouse (left panels) and a Western diet (WD)—fed mouse (right panels) are reported. A: For each
recording, the sequence of consecutive R-R intervals (tachogram) reporting R-R interval duration (y-axis) for consecutive beats (x-axis) was obtained from the
ECG recording lasting for 10 minutes. A total of 5320 heartbeats were collected from the Ctrl mouse (left panel) and 5201 heartbeats were collected from the
WD mouse (right panel). B: R-R intervals were sorted in ascending order on the basis of the R-R interval duration. C: The sorted sequences of R-R intervals
were normalized using a percentile function. D: Representation of R-R interval sequences (sortRR) reporting R-R interval duration on the x-axis and percentile
on the y-axis. E: Representations of deviations of R-R intervals from their median value (RRdev) sequences (sortRRdev) were obtained by subtracting the
median of the R-R interval duration (RRsqq,) from the sortRR sequence (sortRRdev = sortRR — RRsgy,). In panels D and E, curves for the entire sequence
(0%-100%, dashed line) and for the sequence omitting the 1st and 100th percentiles (1%—99%) are shown. The horizontal dotted lines identify the 1st quartile
(25th percentile), the 2nd quartile (median, 50th percentile), and the 3rd quartile (75th percentile).
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(MathWorks). Ectopic beats and artifactual peaks were re-
jected by the algorithm based on QRS morphology compar-
ison (Supplemental Figure 1). Moreover, R-R interval values
were filtered using a median-based threshold and outlier
values were excluded from the analysis. The accuracy of
R-R interval detection was confirmed through visual inspec-
tion. The sequence of consecutive R-R intervals for each
recording (Figure 1A) was sorted in ascending order based
on R-R interval duration to obtain the cumulative distribu-
tion function of R-R intervals (Figure 1B). Subsequently,
the total number of R-R intervals of the sorted sequence
was normalized using a percentile function to obtain the
percentile distribution of R-R interval durations (sortRR)
(Figure 1C). The sortRR sequence was graphically repre-
sented with percentile on the x-axis and duration of R-R in-
tervals on the y-axis (Figure 1D). The sortRR sequence
consisted of 2000 data points with 0.05th percentile resolu-
tion.

To obtain information on R-R interval variation, devia-
tions of R-R intervals from their median value (RRdev)
were computed for each ECG recording. Specifically, the
sortRR sequence was offset with respect to the median R-
R interval value (RR5qy,) of the series to obtain the sortRR-
dev sequence (sortRRdev = sortRR — RRsqy,) (Figure 1E).

To evaluate short-term (beat-to-beat) variability, values
corresponding to the difference in consecutive R-R intervals
for each recording were computed (ARR = RR,+; — RR,)
(Supplemental Figure 2A), as done for the calculation of
RMSSD. The sequence of consecutive ARR intervals for
each recording was then sorted in ascending order
(Supplemental Figure 2B). Subsequently, the total number
of beats of the sorted sequence was normalized using a
percentile function to obtain the percentile distribution of
ARR intervals (sortARR) (Supplemental Figure 2C). The
sortARR sequence was graphically represented with percen-
tile on the x-axis and duration of ARR intervals on the y-axis
(Supplemental Figure 2D).

For quantitative data, sorted and normalized sequences
for various subjects were combined to generate aggregate se-
ries for each group. Median = median absolute deviation
was used to represent the cumulative distribution plot in
the 1%—99% range of the sorted sequence. The 1st and
100th percentiles were omitted from the graphical represen-
tation to minimize the inclusion of outlier values in sorted
plots and to facilitate the visualization of the data set distri-
bution. This approach was used to represent sortRR, sortRR-
dev, and sortARR.

To evaluate the suitability of the custom algorithm to
assess heart thythm dynamics in human subjects, initial tests
were performed using publicly available ECGs from the
database “Autonomic Aging: A dataset to quantify changes
of cardiovascular autonomic function during healthy aging”
deposited on PhysioNet.**

For statistical comparison of sorted sequences, an
approach based on the shift function*® was applied. Specif-
ically, statistical differences between 2 sorted sequences
were computed at each exact percentile level using a

Mann-Whitney U test. Multiple-comparison corrections
were applied to limit false-positive findings: the Benja-
mini-Hochberg"’ procedure controlled the false discovery
rate, whereas the Max-T correction*® controlled the
family-wise error rate, that is, the probability of any false
positive across all tests. These tests were applied globally
across the 100 P values obtained at exact percentile levels
of the sorted sequences. For statistical comparison, the inter-
polation of data points at exact percentiles levels allowed the
preservation of sample size and statistical power throughout
the sequence. Significance was assumed when either the
Benjamini-Hochberg procedure— or Max-T correction—
adjusted P values were below .05.

The MATLAB codes used for R-R interval detection and
sortRR analysis in the present investigation are publicly
accessible at https://figshare.com/s/9c037d8c6732acd53e4f.

Results

MetS alters heart rate dynamics in rodents

To obtain information on the consequences of MetS on the
regulation of the heart by the autonomic nervous system,
heart rate dynamics were evaluated in female and male
C57Bl/6 mice fed the Western diet for ~4 months, a dietary
paradigm that induces metabolic disorders in rodents.”® An-
imals fed the Western diet are referred to as WD mice. Age-
matched mice fed regular chow were used as controls and
identified as Ctrl mice. HRV parameters were computed us-
ing ECGs collected from conscious, restrained mice for 10
minutes by using a tunnel device.”'~** Initially, R-R intervals
of the ECG were analyzed using time-domain, frequency-
domain, and nonlinear approaches, which provide standard
metrics of HRV.”?'

Compared with Ctrl female mice, WD female animals
presented a 2% shorter average R-R interval duration and a
47% reduction in SDRR, an index of long-term variability
(Figure 2A-2C). In contrast, RMSSD, an index of short-
term variability, and the total power associated with R-R
interval oscillations were not significantly altered by the
Western diet in female mice. Parameters of nonlinear anal-
ysis based on Poincaré plots mirrored the results of time-
domain examination (Supplemental Figure 3A).

Similarly, WD male animals had reduced SDRR
compared with Ctrl mice, together with attenuation of
RMSSD (—24%), total power of R-R interval oscillations
(=77%), and nonlinear indices of short- and long-term vari-
ability (Figure 2D and Supplemental Figure 3B). When
comparing the 2 sexes, no major differences were observed
between male and female mice on the regular diet. However,
for WD animals, the short-term variability parameters
RMSSD and SD1 and total power of R-R interval oscilla-
tions were, respectively, 21%, 21%, and 46% smaller in
male mice than in female mice (Supplemental Figure 3C).

Collectively, the evaluation of HRV using classical anal-
ysis indicates that MetS reduces long-term R-R interval
variability in female mice and both long-term and short-
term R-R interval variability in male animals. These findings
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Figure 2  Western diet alters heart rhythm dynamics. A and B: ECG traces (Lead I) and R-R interval duration (Period) obtained in a control (Ctrl) female
mouse (panel A) and a Western diet (WD)—fed female mouse (panel B). Representative intervals between consecutive R waves for each trace are reported. C:
Quantitative data for average R-R interval duration, standard deviation of R-R interval durations (SDRR), square root of the mean of the squared differences
between adjacent R-R intervals (RMSSD), and total power or oscillations of the R-R interval duration obtained by frequency-domain analysis in Ctrl mice (n =
19) and WD mice (n = 17). D: Quantitative data for Ctrl male mice (n = 19) and WD male mice (n = 19). Data are presented as medians and interquartile ranges
(IQRs) with dot plots. *P < .05 and ***P < .001 using an unpaired 7 test or a Mann-Whitney U test. Similar tests are applied in subsequent figures. F = female

mouse; M = male mouse.

are consistent with the notion that MetS is associated with
sympathoexcitation and, at least in male animals, parasym-
pathetic withdrawal.

MetS alters the span, distribution, and variation of
R-R intervals in rodents
To obtain additional information on the effects of the West-
ern diet on heart rhythm dynamics, a custom algorithm was
used to evaluate the span and distribution of R-R interval fea-
tures from ECG recordings collected from Ctrl and WD
mice. Specifically, R-R intervals for the 2 groups of mice
were processed to obtain the distribution of R-R intervals, al-
lowing profile comparison (see Methods and Figure 1).

In female animals, the R-R interval duration spanned
from ~75 to 85 ms (~9.6 ms span) in Ctrl mice and from

~75 to 80 ms (~5.2 ms span) in WD animals
(Figure 3A). The shift function, which was used to compare
and visualize the difference in R-R interval duration at each
percentile level, revealed that R-R intervals were signifi-
cantly shorter in WD mice for ranges corresponding to inter-
mediate and low heart rates.

To evaluate the effects of MetS on R-R interval variation,
deviations of R-R intervals from their median value were ob-
tained using sortRRdev sequences (sortRRdev = sortRR —
RR;501) (see Figure 1E). For female animals, RRdev varied
from —2.4 to +5.4 ms in Ctrl mice and from —1.7 to
+2.5 ms in WD animals (Figure 3B). Overall, absolute
values of RRdev were significantly smaller in WD mice
than in Ctrl animals, indicating that animals on the Western
diet had attenuated R-R interval variability.
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erties for Ctrl female mice (n = 19) and WD female mice (n = 17). A: Aggregate data for sortRR sequences for Ctrl (Ctrl-F, black lines) and WD (WD-F, gray
lines) mice are presented as median = median absolute deviation (MAD) (left panel). The right panel illustrates the shift function showing differences and
statistical significance of R-R interval duration between WD and Ctrl mice at each exact percentile. Statistical comparisons were performed using the
Mann-Whitney U test at each percentile, followed by a multiple-comparison correction (see Methods). Significant P values (<.05) are indicated by red
dots, whereas nonsignificant (P > .05) differences are indicated by blue dots. Similar tests were applied to data sets shown in other panels and figures. B: Aggre-
gate data for sortRRdev sequences (left panel) for Ctrl and WD mice are presented as median = MAD. The right panel reports the shift function with differences
in RRdev between WD and Ctrl mice at each percentile level. C: Aggregate data for sortARR (percentile distribution of ARR intervals) sequences (left panel) for
Ctrl and WD mice are presented as median = MAD. The right panel reports the shift function with differences in ARR (difference in consecutive R-R intervals
for each recording) between WD and Ctrl mice at each percentile level. D-F: Quantitative data for R-R interval duration properties for Ctrl male mice (n = 19)
and WD male mice (n = 19). Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F) sequences and corresponding shift functions for
Ctrl and WD mice are presented. Abbreviations as in Figures 1 and 2.

To establish the consequences of MetS on the span and
distribution of short-term variability, the difference in
consecutive R-R intervals for each recording was computed
(ARR = RR,;; — RR,). Obtained values were sorted to
generate ARR sequences (sortARR) (see Methods and
Supplemental Figure 2). For the female sex, ARR was
similar between Ctrl and WD mice (Figure 3C).

For male mice, using distribution profiles, R-R inter-
vals were comparable between Ctrl and WD animals
except for long R-R interval durations, corresponding to
low heart rates, where the R-R interval was shorter in
WD mice (Figure 3D). As observed in female animals,

the absolute values of the sortRRdev sequences, reporting
the variation of R-R intervals with respect to their media
value, were significantly smaller in WD male mice than
in Ctrl male animals (Figure 3E). Moreover, absolute
values of ARR were reduced in WD mice at the positive
and negative extremes of the sortARR sequences
(Figure 3F), corresponding to the largest beat-to-beat var-
iations for the 2 groups.

When comparing male and female animals, no differ-
ences between the 2 sexes were observed under the 2 dietary
conditions with respect to sortRR, sortRRdev, and sortARR
sequences.
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Figure 4  Effects of attenuation of sympathetic tone on R-R interval properties in female mice without and with metabolic syndrome. Quantitative data for R-

R interval properties for Ctrl female mice (n = 19) and WD female mice (n = 16) in the absence (not treated [NT]) and presence of inhibition of sympathetic
inputs by the B-adrenergic receptor (B-AR) blocker propranolol (Propr, 1 mg/kg body weight, intraperitoneally). A—C: Quantitative data for classical metrics of
heart rate variability for Ctrl and WD mice in the absence and presence of B-AR blockade with Propr. Data are presented as medians and IQRs with dot plots.
##EP <001, and ****P < 0001 using a 2-way analysis of variance. D-F: Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F)
sequences for Ctrl (black lines) and WD (gray lines) mice after treatment with Prop are presented as median = MAD. Right panels illustrate shift functions
reporting differences in R-R interval duration, RRdev, and ARR between WD and Ctrl mice at each exact percentile level. For shift functions, significant
adjusted P values (<.05) are shown with red dots whereas ns differences are shown with blue dots. Abbreviations as in Figures 1-3.

Collectively, the analysis of the distribution of R-R interval
properties reveals that MetS reduces the span of R-R interval
duration and variation, indicating that MetS limits heart
rhythm adjustments and prevents the lowering of heart rate.

MetS and contribution of sympathetic inputs—p-
AR signaling to alterations in heart rate dynamics
To establish the role of the sympathetic branch of the auto-
nomic nervous system in alterations in heart rate dynamics
in mice with MetS, ECGs were collected from Ctrl and
WD animals without treatment and after the acute adminis-
tration of the B-AR blocker propranolol.”**°

In female animals, compared with the nontreated state, 3-
AR blockade increased average R-R interval duration and
SDRR in both Ctrl and WD mice but RMSSD was signifi-

cantly increased only in Ctrl mice (Figure 4A—4C). Thus,
in the presence of the B-AR blocker, average R-R interval
duration was similar in the 2 groups of female animals, but
SDRR and RMSSD were, respectively, 44% and 40%
smaller in WD mice than in Ctrl animals.

Using distribution profiles, in the presence of B-AR
blockade, sortRR sequences for Ctrl and WD female mice
were comparable (Figure 4D). In contrast, RRdev and
ARR had smaller absolute values in WD mice, compared
with corresponding percentiles in Ctrl animals (Figure 4E
and 4F). Similar findings were observed in male animals
(Supplemental Figure 4).

When comparing male and female animals in the pres-
ence of sympathetic tone inhibition, no differences were
observed for Ctrl animals whereas for WD male mice
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Effects of attenuation of parasympathetic tone on R-R interval properties in female mice without and with metabolic syndrome. Quantitative data

for R-R interval properties for Ctrl female mice (n = 19) and WD female mice (n = 17) in the absence (NT) and presence of inhibition of parasympathetic inputs
by the muscarinic receptor antagonist atropine (Atrop, 0.5 mg/kg body weight, intraperitoneally). A—C: Quantitative data for classical metrics of heart rate
variability for Ctrl and WD mice in the absence and presence of Atrop. Data are presented as medians and IQRs with dot plots. *P < .05, **P < .01, and
#HRFEP <0001 using a 2-way analysis of variance. D-F: Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F) sequences for
Ctrl (black lines) and WD (gray lines) mice after treatment with Atrop are presented as median = MAD. Right panels illustrate shift functions reporting dif-
ferences in R-R interval duration, RRdev, and ARR between WD and Ctrl mice at each exact percentile. For shift functions, significant adjusted P values (<.05)
are shown with red dots whereas ns differences are shown with blue dots. Abbreviations as in Figures 1-4.

SDRR was attenuated compared with female WD
animals (Supplemental Figure 5SA-5C). However, when
using distribution profiles, in the presence of B-AR
blockade, R-R interval properties for Ctrl and WD mice
were similar in female and male animals (Supplemental
Figure 5D-5F).

Thus, inhibition of the sympathetic—-AR axis increases
the R-R interval duration and its variability in Ctrl and
WD mice, leading to comparable R-R interval duration and
R-R interval span for the 2 groups of animals.
However, attenuation of sympathetic tone intensified the ten-
dency of MetS to reduce short- and long-term R-R interval
variability.

MetS and contribution of the parasympathetic
tone to alterations in heart rate dynamics
The findings that the B-AR blockade strengthened differences
in R-R interval variability between Ctrl and WD mice sup-
ported the possibility that factors other than B-AR signaling
are altered by the obesogenic diet. Thus, to address the role
of the parasympathetic tone in the consequences of the West-
ern diet on heart thythm dynamics, ECGs were collected from
Ctrl and WD animals without treatment and after the acute
administration of atropine, which antagonizes the activity of
the parasympathetic neurotransmitter acetylcholine.”*°
Using classical HRV metrics, atropine had no effect on
the average R-R interval duration in both Ctrl and WD
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Figure 6  Effects of combined attenuation of sympathetic and parasympathetic tone on R-R interval properties in female mice without and with metabolic

syndrome. Quantitative data for R-R interval properties for Ctrl female mice (n = 13) and WD female mice (n = 15) in the absence (NT) and presence of in-
hibition of sympathetic and parasympathetic inputs by combined administration of atropine (0.5 mg/kg body weight, intraperitoneally [i.p.]) and propranolol (1
mg/kg body weight, i.p.) to achieve combined autonomic block (CAB). A—C: Quantitative data for classical metrics of heart rate variability for Ctrl and WD
mice in the absence and presence of CAB. Data are presented as medians and IQRs with dot plots. *P < .05, ***P < .001, and ****P < .0001 using a 2-way
analysis of variance. D-F: Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F) sequences for Ctrl (black lines) and WD (gray
lines) mice after treatment with CAB are presented as median = MAD. Right panels illustrate shift functions reporting differences in R-R interval duration,
RRdev, and ARR between WD and Ctrl mice at each exact percentile. For shift functions, significant adjusted P values (<.05) are shown with red dots whereas

ns differences are shown with blue dots. Abbreviations as in Figures 1-4.

female mice. However, compared with the nontreated state,
atropine reduced SDRR and RMSSD in both Ctrl and WD
female mice (Figure 5SA-5C). Hence, in the presence of the
parasympathetic antagonist atropine, the average R-R inter-
val duration remained shorter in WD female mice than in
Ctrl animals. Still, SDRR and RMSSD were comparable
for the 2 groups of mice.

Using distribution profiles, in the presence of atropine, R-R
intervals were shorter in WD female mice than in Ctrl female
animals (Figure 5D) whereas RRdev and ARR were similar
between the 2 groups of female mice (Figure SE and 5F).

Effects of atropine in Ctrl and WD female mice were also
observed in male animals, but this intervention was less

effective in abrogating differences in SDRR, RMSSD,
sortRRdev, and sortARR between WD and Ctrl male mice
(Supplemental Figure 6). As a result, when comparing
male and female animals in the presence of parasympathetic
tone inhibition, indices of R-R interval variability were
larger in male mice, than in female animals, for the Ctrl
and, in part, WD groups (Supplemental Figure 7).

Thus, inhibition of parasympathetic inputs has minor ef-
fects on the R-R interval duration in Ctrl and WD mice but
it reduces R-R interval variability, attenuating differences
between the 2 groups of mice. The consequences of para-
sympathetic inhibition in the setting of MetS appear to be
attenuated in male animals.
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Figure 7

Effects of the Western diet on heart rhythm dynamics in male mice lacking B-ARs. Quantitative data for heart rate variability (HRV) parameters for

Ctrl male B-AR global knockout mice (BAR-KO mice) (light pink bars, n = 10) and WD male BAR-KO mice (dark pink bars, n = 13) for ~4 months on the
respective diets. A—C: Quantitative data for classical metrics of HRV for Ctrl and WD BAR-KO mice are presented as medians and IQRs with dot plots. *P <
.05 using an unpaired ¢ test or a Mann-Whitney U test. D-F: Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F) sequences and
related shift functions for Ctrl BAR-KO mice (KO-Ctrl-M, black lines) and WD BAR-KO mice (KO-WD-M, gray lines) are presented as median = MAD (left
panel). Right panels illustrate shift functions reporting differences in R-R interval duration, RRdev, and ARR between WD and Ctrl BAR-KO mice at each exact
percentile. For shift functions, significant adjusted P values (<.05) are shown with red dots whereas ns differences are shown with blue dots. Abbreviations as in

Figures 1-4.

MetS and combined contribution of the
sympathetic and parasympathetic tone to
alterations in heart rate dynamics

To test the possibility that combined alterations in sympa-
thetic and parasympathetic inputs account for alterations in
heart rate properties induced by the Western diet,
ECGs were obtained in mice after the acute and simulta-
neous administration of atropine and propranolol to achieve
CAB.

Using classical HRV metrics, in Ctrl and WD female
mice, CAB increased the average R-R interval duration by
5% and 20%, respectively, but had no significant effects
on SDRR and RMSSD, in comparison to the nontreated
state. Therefore, in the presence of CAB, the average R-R in-

terval duration was 10% longer in WD female mice, than in
Ctrl mice, whereas SDRR and RMSSD were comparable in
the 2 groups of female animals (Figure 6A—6C).

Using distribution profiles, in the presence of CAB, the R-
R interval duration was longer in WD female mice than in
Ctrl female animals (Figure 6D). In contrast, RRdev and
ARR were comparable in the 2 groups of female mice
(Figure 6E and 6F). Generally, alterations induced by CAB
in female mice were also observed in male animals
(Supplemental Figure 8), and no major differences were
observed when comparing the 2 sexes for Ctrl and WD
mice with CAB.

Collectively, the combined inhibition of the sympathetic
and parasympathetic inputs of the autonomic nervous system
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reverses differences in R-R interval durations between Ctrl
and WD mice and normalizes their R-R interval variation,
supporting the contribution of the 2 axes of the autonomic
nervous system to the altered heart rhythm dynamics
occurring with MetS.

MetS and heart rate dynamics in the absence of 3-
AR signaling

To clarify the contribution of the sympathetic and parasym-
pathetic tone to alterations in HRV occurring with MetS,
BAR-KO mice”’ were introduced. As previously reported,*’
BAR-KO mice had a reduced heart rate and HRV compared
with mice with intact B-AR signaling (Supplemental
Figure 9). These findings were confirmed by distribution
profile analysis (Supplemental Figure 10). Thus, female
and male BAR-KO mice were fed the Western diet or regular
chow for ~4 months, and ECGs were collected for the eval-
uation of R-R interval properties.

Interestingly, female BAR-KO mice on the regular or West-
ern diet had comparable R-R interval duration and HRV param-
eters, using time-domain (Supplemental Figure 11A-11C),
frequency-domain, and nonlinear analyses. Moreover, sortRR,
sortRRdev, and sortARR sequences were similar for the 2
groups of female mice (Supplemental Figure 11D-11F). In
contrast, for the male sex, R-R interval duration and RMSSD
were reduced by 5% and 33%, respectively, in WD BAR-
KO mice in comparison to Ctrl BAR-KO animals
(Figure 7A-7C). Moreover, using distribution profiles, WD
male BAR-KO mice had shorter R-R interval durations in cor-
respondence with short R-R intervals whereas RRdev and ARR
were comparable (Figure 7D-7F). When evaluating the 2
sexes, no significant differences were observed between female
and male BAR-KO mice fed either regular chow or Western
diet, using classical and sortRR analyses.

To clarify the contribution of parasympathetic inputs to
heart rate dynamics in Ctrl and WD BAR-KO mice, ECGs
were collected in the absence and presence of acute atropine
treatment. For the 2 sexes, atropine attenuated indices of R-R
interval variability in both Ctrl and WD BAR-KO mice
(Supplemental Figure 12). After the treatment with atropine,
parameters of HRV and sorted profiles were comparable be-
tween Ctrl and WD BAR-KO mice for the 2 sexes, and no
differences between male and female animals were observed
for the Ctrl and WD groups.

Since atropine abrogated differences in R-R interval prop-
erties between Ctrl and WD male BAR-KO mice, the possi-
bility was raised that alterations in parasympathetic input are
involved in the process. Thus, the functionality of parasym-
pathetic activity in Ctrl and WD BAR-KO mice was tested
by evoking the baroreceptor reflex by administration of phen-
ylephrine, a potent vasoconstrictor.””* For the 2 sexes, the
hypertensive challenge lowered heart rate and enhanced
HRYV in both Ctrl and WD BAR-KO mice, consistent with
baroreflex-mediated parasympathetic tone activation. Impor-
tantly, for female BAR-KO mice, HRV parameters in the
presence of phenylephrine were comparable in Ctrl and
WD animals (Supplemental Figure 13). In contrast, for

male animals treated with phenylephrine, SDRR, RMSSD,
total power, and the profile of ARR were reduced in WD
male mice compared with Ctrl BAR-KO mice (Figure 8),
revealing an attenuated activation of the parasympathetic—
muscarinic receptor axis in male mice with MetS.

Collectively, loss of B-ARs increases the R-R interval dura-
tion and its variability and largely attenuates the consequences
of MetS on R-R interval properties. These findings support the
key role of the sympathetic—3-AR signaling axis in alterations
in heart rate dynamics in metabolic disorders and reveal the
contribution of parasympathetic withdrawal to attenuating
R-R interval variation, particularly in male animals.

Validation of the custom algorithm

To evaluate the capability of the newly developed algorithm
to detect alterations in heart rhythm dynamics and potential
applicability to clinical data, validation tests were intro-
duced.

With the newly developed analytical approach, compared
with Ctrl animals, male and female WD mice presented an
altered span, distribution, and variation of R-R intervals
(see Figure 3). Similarly, time-domain, frequency-domain,
and Poincaré plot—derived nonlinear parameters of HRV
were altered in WD mice (see Figure 2 and Supplemental
Figure 3). Thus, to further validate the correctness of the re-
sults obtained with the custom algorithm, a nonlinear method
based on SampEn was introduced as a complexity measure
of R-R intervals.”” Interestingly, the SampEn approach iden-
tified significant differences between Ctrl and WD mice for
the 2 sexes (Supplemental Figure 14).

Thus, the alignment of sortRR analysis findings with re-
sults from classical HRV metrics and SampEn supports the
capability of the custom algorithm to detect alterations in
heart rhythm properties.

Given the differences in waveform morphology and R-R
interval duration between ECGs from rodents and human sub-
jects, we evaluated the compatibility of the novel algorithm for
clinical ECG analysis using a publicly available data set.*>*
Visual inspection confirmed that the algorithm accurately
detected R waves in human ECGs and correctly rejected
ectopic beats and artifactual peaks (Supplemental Figure 15).
Using a small cohort of data from male subjects at the age
of 18—-19 and 60—64 years, we observed qualitative differences
in R-R interval span, distribution, and variation (Figure 9).
Importantly, sortRR detected the age-related prolongation of
the R-R interval whereas the narrower ranges of sortRR,
sortRRdev, and sortARR in older subjects reflected the reduc-
tion in HRV previously reported to occur with aging.**”"

Thus, these initial tests support the applicability of the
custom algorithm to ECGs from human subjects.

Discussion

The results of this study document that MetS, induced by
Western diet feeding, alters heart rate dynamics in mice, a
condition consistent with modifications of cardiac sympatho-
vagal balance. Using classical metrics of HRV, both male and
female mice fed the Western diet had reduced long-term R-R



Meste et al  Metabolic Syndrome and Heart Rate Dynamics

13

A Average RR (M) D

RR Interval

RR Interval Difference

200+ 100+ W 100+ \
150 283 m 75 W 75 \
£ 100- ’ = 50 / R0 g )
50 25 —KO-CtriM (Phe) 22 /
0 0 — KOWDM (Phe) }L
B Ctl WD E 100 150 200 250 40 20 0 20 40
Phenylephrine ms ms
SDR,B (M) RR ey RRdev Difference
50- [ — 100- 100+
40+ ar . 75 75
304
gzo Oie r:;_n ® 50 x50 ens
1 ol
10 o 25 ZKO-CHriM (Phe) 20
0 o — KOWD-M Phe)
Ctl WD 60 30 0 30 60 90 20 0 20
Phenylephrine ms ms
C RMSSD (M) F ARR ARR Difference
60- Kk 100+
1
(o]
75
404 T
g Eé_ o °\° 50 °ns
209 | o QTU 25 251 "P<0.05
S _x_g | = KO-Ctrl-M (Phe)
0 o o | = KO-WD-M (Phe) 0
Ctrl WD 60 30 0 30 60 90 60 40 20 O 20 40
Phenylephrine ms ms

Figure 8

Baroreflex activation in BAR-KO male mice without and with metabolic syndrome. Quantitative data for R-R interval properties for Ctrl (light pink

bars,n = 7) and WD (dark pink bars,n = 9) male BAR-KO mice in response to phenylephrine-induced hypertension (phenylephrine, 3 mg/kg body weight,
intraperitoneally). For this protocol, ECGs were collected over a period of 20 minutes. A-C: Data are presented as medians and IQRs with dot plots. *P < .05
and **P < .01 using an unpaired 7 test or a Mann-Whitney U test. D-F: Aggregate data for sortRR (panel D), sortRRdev (panel E), and sortARR (panel F)
sequences and related shift functions for Ctrl (black lines) and WD (gray lines) male BAR-KO mice after treatment with phenylephrine are presented as median
* MAD (left panel). Right panels illustrate shift functions reporting differences in R-R interval duration, RRdev, and ARR between WD and Ctrl BAR-KO mice
at each exact percentile. For shift functions, significant adjusted P values (<.05) are shown with red dots whereas ns differences are shown with blue dots.

Abbreviations as in Figures 1-4 and 7.

interval variability and, in the presence of sympathetic inhibi-
tion, both long-term variability and short-term variability
were reduced, indicating that sympathoexcitation and para-
sympathetic tone withdrawal occur with MetS.

To complement the results obtained with standard analysis
of HRV, a custom analytical approach was introduced to
examine the consequences of MetS on distribution, functional
range, and variation of R-R intervals. This approach revealed
that R-R intervals of brief duration were comparable in Ctrl
and WD mice whereas long R-R intervals were significantly
shorter in animals with MetS. Moreover, R-R interval span
was substantially reduced in mice on the Western diet. These

findings support the notion that MetS constrains the functional
range of heart rate and interferes with the ability of the heart to
adapt to low beating rates. Although the response of heart rate
to exercise and recovery was not directly assessed in this
study, the observed patterns are reminiscent of the chronotropic
incompetence and impaired heart rate recovery, both
commonly reported in patients with MetS.” " Notably, a
diminished heart rate response to physical exertion, along
with a delayed return to resting level postexercise, is a
significant predictor of both coronary heart disease and
increased mortality risk.”>”° Thus, measurements of the span
of R-R interval durations and the distribution of R-R interval
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Figure9  sortRR analysis of ECGs from human subjects detects alterations in the span, distribution, and variation of R-R interval durations with aging. A—C:

sortRR (panel A), sortRRdev (panel B), and sortARR (panel C) sequences for male human subjects at the age of 18—19 and 60—64 years obtained from publicly
available ECG recordings from the PhysioNet database (see text). Average R-R interval duration, SDRR, and RMSSD for each subject are reported. Abbre-

viations as in Figures 1-3.

variations offer important insights into the chronotropic compe-
tence of the heart and associated cardiovascular risks.

The observation that with MetS the heart does not func-
tion at lower heart rates has significant implications for car-
diovascular abnormalities linked to the condition. Elevated
heart rates may worsen diastolic dysfunction by shortening
LV filling time and reducing stroke volume, factors that
could contribute to the symptomatology of HFpEF. Surpris-
ingly, studies investigating heart rate—lowering therapies in
patients with HFpEF have yielded mixed results,”’ thereby
weakening the proposed causal link between elevated heart
rate and disease progression. Nevertheless, the possibility re-

mains that the efficacy of heart rate—lowering interventions
depends on the severity of the disease and/or that the benefi-
cial effects are confined to specific heart rate ranges, allow-
ing optimal LV filling. In this regard, with the increasing
precision of wearable technologies,5 8 it is now feasible to
implement monitoring of heart rate in conjunction with other
health metrics to gain information on the relationship be-
tween heart rate and symptom manifestation in patients
with HFpEF. Importantly, initial tests using publicly avail-
able ECG recordings™ " have validated the capability of
our analytical approach to evaluate distribution, functional
range, and variation of R-R intervals in human subjects
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and to detect alterations in HRV occurring with aging.**"’

Thus, our custom algorithm may provide a solid platform
to identify R-R interval ranges associated with symptom re-
lief, offering valuable insight for the assessment of the ef-
fects of heart rate—lowering interventions.

In this study, pharmacological approaches were used to
determine the contribution of the sympathetic and parasym-
pathetic branches of the autonomic nervous system to alter-
ations in heart rhythm dynamics occurring with MetS. The
acute inhibition of the sympathetic—-AR axis abrogated dif-
ferences in average R-R interval duration and normalized the
profile of sortRR sequences for the 2 groups of animals, sug-
gesting that sympathoexcitation accounts for the shorter R-R
intervals observed with MetS. However, in the presence of
B-AR blockade, R-R interval variability was reduced in
mice with MetS, indicating that factors other than sympa-
thoexcitation contribute to the process. In this regard, inhibi-
tion of the parasympathetic-muscarinic receptor axis
suppressed differences in R-R interval variability between
WD and Ctrl animals, corroborating the role of parasympa-
thetic withdrawal in the reduced HRV occurring with
MetS. Interestingly, the combined inhibition of the sympa-
thetic and parasympathetic axes eliminated and/or reversed
differences in R-R interval properties between the 2 groups
of mice, substantiating the involvement of the 2 branches
of the autonomic nervous system in the modifications of
heart rate dynamics occurring with MetS.

Pharmacological modulation of the autonomic nervous
system is rarely used to evaluate HRV in clinical
research.”®! However, autonomic blockade has served to
assess intrinsic sinus node function, as in the case of
patients with suspected inappropriate sinus tachycardia®
or sick sinus syndrome.®® Despite the limited dependence
of clinical studies on pharmacological interventions, re-
searchers have more commonly relied on physical maneu-
vers, including exercise and head-up tilt testing, in
conjunction with HRV analysis, to evaluate autonomic ner-
vous system responsiveness.’"*” Importantly, the capability
of the custom algorithm to compute R-R interval span and
distribution makes it well-suited for studies aimed at tracking
alterations in heart rate induced by physical maneuvers. This
competence underscores the translational potential of the al-
gorithm for clinical research and diagnostic applications.

The introduction of mice lacking B-AR in our analysis has
allowed us to clarify the contribution of the 2 limbs of the
autonomic nervous system to heart rhythm dynamics in Ctrl
and WD mice. Moreover, BAR-KO mice have provided the
opportunity to validate results obtained with the custom
analytical approach by using an independent rodent model
previously reported to present reduced HRV.*’ The chronic
loss of B-AR in BAR-KO mice attenuated the effects of West-
ern diet feeding on heart thythm dynamics. HRV parameters
were comparable in Ctrl and WD female BAR-KO mice, but
male BAR-KO mice with MetS presented shortened R-R in-
terval duration and attenuated short-term variability. These
differences were abolished by atropine, substantiating the
contribution of parasympathetic tone withdrawal to mediate

the behavior of male animals with MetS. This possibility
was corroborated by the finding that baroreflex response
induced by phenylephrine challenge was impaired in male
BAR-KO animals with MetS, but not in female mice.

As previously discussed, the acute inhibition of 3-AR in
C57Bl/6 mice amplified differences in short- and long-
term R-R interval variability between Ctrl and WD animals,
revealing withdrawal of parasympathetic tone with MetS. In
contrast, chronic deletion of -AR in BAR-KO mice elimi-
nated differences in long-term variability between Ctrl and
WD animals, supporting the possibility that defects of para-
sympathetic tone with MetS are attenuated in BAR-KO
mice. These findings raise the possibility that the loss of -
AR may confer cardioprotective properties by preventing
the effects of sympathoexcitation on the manifestations
and development of MetS.°® This possibility, however, re-
quires further investigation.

The detection of sympathoexcitation and parasympathetic
tone withdrawal in mice with MetS via R-R interval analysis
aligns with the findings of elevated myocardial catecholamines
in WD mice, along with increased cyclic adenosine monophos-
phate levels and protein kinase A activity in myocytes.%
Altered sympathovagal balance at the sinoatrial node manifests
changes in heart rate dynamics and reduced R-R interval span,
whereas ventricular myocytes exhibit potentiated electrome-
chanical coupling and increased contractility. These functional
adaptations, mediated by the sympathetic—3-AR signaling axis,
appear to compensate for the increased cardiac workload asso-
ciated with MetS, possibly because of reduced vascular compli-
ance and increased circulating blood volume.®”® Interestingly,
acute B-AR blockade unmasked cardiac defects in WD mice
fed the Western diet,% underscoring the key homeostatic role
of autonomic regulation in MetS. However, whether the chro-
notropic and inotropic effects of sympathoexcitation are
accompanied by maladaptive consequences remains unclear.
Similar considerations apply to downstream targets of the o-
AR-—phospholipase C axis and noncanonical -AR signaling
pathways,””" which appear chronically activated in MetS.
Therefore, tracking the R-R interval profile could provide
important insights into autonomic function and its downstream
consequences during disease progression.

Features observed in Ctrl and WD male and female mice
with intact or deleted B-AR signaling indicate that heart rate
dynamics with MetS manifests subtle sexual dimorphisms.
In fact, while increased sympathetic tone and reduced para-
sympathetic input are shared by the 2 sexes, parasympathetic
withdrawal is more pronounced in male animals. Interest-
ingly, a study involving the deprivation of sex hormones in
rats fed a high-fat diet found that the relatively preserved car-
diac autonomic function observed in female rats, compared
with male rats, was secondary to the protective effects of es-
trogen.’' This mechanism may also underlie the sex-specific
differences observed in our experimental groups. These re-
sults are, however, at variance with studies in humans report-
ing that women with MetS show clear signs of reduced HRV,
assessed by the SDRR duration, whereas in men this trend
was not significant. Nevertheless, reduced LF oscillations
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with MetS were observed only in men.”” Stronger systemic
reaction to inflammation in women and a higher prevalence
of central obesity in men have been proposed as contributing
factors to sex-related disparities in HRV.”” However, the un-
derlying causes of sexual dimorphism in relation to cardiac
autonomic balance in the settings of metabolic disorders,
in both humans and experimental animals, warrant further
comparative investigation.

Longitudinal studies in humans have documented a
strong association between altered HRV, metabolic abnor-
malities, and the incidence of cardiovascular problems.®*
These investigations substantiate the predictive value of
HRYV assessments for the manifestation of MetS and raise
the possibility of a causative relation between altered sympa-
thovagal balance and the development of cardiometabolic
disease. Importantly, recent systematic reviews and meta-
analyses have reported that patients with MetS have reduced
time-domain and frequency-domain parameters of
HRV,”>7* which is consistent with cardiac autonomic
dysregulation in metabolic disorders. Specifically, a meta-
analysis of 19 studies revealed that, when combining data
from men and women, the time-domain parameters SDRR
and RMSSD and the frequency-domain parameters HF and
LF were reduced in individuals with MetS compared with
control subjects.”” Interestingly, using classical HRV anal-
ysis, our observations in rodents align with the results ob-
tained from patients with MetS. In fact, as reported for
human subjects, we found that mice on the Western diet
have reduced SDRR and attenuation of power associated
with the R-R interval oscillations, using frequency-domain
analysis. Also, RMSSD was reduced in mice with MetS,
although this trend did not reach statistical significance in
the cohort of female animals. Notably, reduction in the neu-
ral baroreflex pathway has been reported for patients with
metabolic disorders’> and this feature, which is indicative
of autonomic dysfunction, has also been uncovered in male
mice with MetS using phenylephrine challenge. Although
the reported reduction in SDRR in patients with MetS is pre-
sumptive of a narrow R-R interval span, further investiga-
tions are needed to evaluate whether the functional range
of the R-R interval and its distribution profile are affected
in individuals with metabolic disorders.

The average R-R interval duration and its standard devia-
tion (SDRR) provide information on the mean behavior of the
cardiac autonomic system for experimental subjects over the
period of examination. However, these parameters cannot
accurately report the ranges of variation and distribution of
R-R interval durations throughout the acquisition period,
limiting the information that can be extracted from the
collected data. To overcome this constraint, the sorting of
R-R interval durations over percentile ranks was introduced
to assess the distribution of R-R intervals and to identify min-
imal and maximal R-R interval durations, which are key in-
dicators of the activity of the autonomic nervous system for
experimental subjects. Using this approach, the analysis of
the distribution profile not only confirmed the result of stan-
dard analysis that the average R-R interval duration is

reduced in female animals with MetS but also reported that
maximal heart rates are comparable in the 2 groups of mice
whereas lower heart rates are substantially elevated in female
animals with MetS. An attenuated form of this behavior was
also present in male animals, but the classical linear analysis
did not capture this feature. Thus, the distribution analysis of
R-R interval properties provides important quantitative and
qualitative assessments of HRV, complementing standard
metrics for the evaluation of heart rhythm dynamics.
Several analytical approaches have been introduced to
enhance the precision of HRV parameters to examine the
contribution of the 2 branches of the autonomic nervous sys-
tem, as well as other circulating and systemic factors, to the
regulation of heart rate. Thus, traditional time-domain and
frequency-domain indices”™ have been complemented with
nonlinear metrics based on fractals and chaos theory””’®
and, more recently, with machine learning models.”’ In the
setting of metabolic disorders, clinical studies have docu-
mented that nonlinear measures of HRV have the capability
to detect diabetes accurately’® and to link the reduction in
SampEn with progressive autonomic dysfunction in patients
with MetS.”” Similarly, another study has validated the utility
of machine learning models to predict diabetes using HRV.*
The analytical approach developed in the present study offers
the unique capability to define R-R interval ranges that may be
influenced by health status and therapeutic interventions. This
novel feature underscores the potential of this investigative
tool for basic cardiovascular studies and clinical screening.
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