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Metaboreflex activation delays heart rate recovery after
aerobic exercise in never-treated hypertensive men

Tiago Peganha', Leandro Campos de Brito!, Rafael Yokoyama Fecchio!, Patricia Nascimento de Sousa',
Natan Daniel da Silva Junior!, Andrea Pio de Abreu?, Giovanio Vieira da Silva?, Décio Mion-Junior?
and Claudia Lucia de Moraes Forjaz'
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Key points

e Recent evidence indicates that metaboreflex regulates heart rate recovery after exercise (HRR).

e An increased metaboreflex activity during the post-exercise period might help to explain the
reduced HRR observed in hypertensive subjects.

e Using lower limb circulatory occlusion, the present study showed that metaboreflex activation
during the post-exercise period delayed HRR in never-treated hypertensive men compared to
normotensives.

e These findings may be relevant for understanding the physiological mechanisms associated
with autonomic dysfunction in hypertensive men.

Abstract Muscle metaboreflex influences heart rate (HR) regulation after aerobic exercise.
Therefore, increased metaboreflex sensitivity may help to explain the delayed HR recovery (HRR)
reported in hypertension. The present study assessed and compared the effect of metaboreflex
activation after exercise on HRR, cardiac baroreflex sensitivity (cBRS) and heart rate variability
(HRV) in normotensive (NT) and hypertensive (HT) men. Twenty-three never-treated HT and
25 NT men randomly underwent two-cycle ergometer exercise sessions (30 min, 70% Vo, peak)
followed by 5 min of inactive recovery performed with (occlusion) or without (control) leg
circulatory occlusion (bilateral thigh cuffs inflated to a suprasystolic pressure). HRR was assessed
via HR reduction after 30, 60 and 300 s of recovery (HRR30s, HRR60s and HRR300s), as well as
by the analysis of short- and long-term time constants of HRR. cBRS was assessed by sequence
technique and HRV by the root mean square residual and the root mean square of successive
differences between adjacent RR intervals on subsequent 30 s segments. Data were analysed
using two- and three-way ANOVA. HRR60s and cBRS were significant and similarly reduced in
both groups in the occlusion compared to the control session (combined values: 20 £ 10 vs.
26 £ 9 beats min~! and 2.1 &= 1.2 vs. 3.2 & 2.4 ms mmHg !, respectively, P < 0.05). HRR300s
and HRV were also reduced in the occlusion session, although these reductions were significantly
greater in HT compared to NT (—16 £ 11 vs. —8 =+ 15 beats min~! for HRR300s, P < 0.05).
The results support the role of metaboreflex in HRR and suggest that increased metaboreflex
sensitivity may partially explain the delayed HRR observed in HT men.
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Abbreviations BLC, blood lactate concentration; BP, blood pressure; cBRS, cardiac baroreflex sensitivity; DBP, diastolic
blood pressure; HFgg, high frequency spectral band of heart rate variability; HR, heart rate; HRR, heart rate recovery;
HRpeak, peak heart rate; HRR30s, heart rate reduction after 30 s of recovery; HRR60s, heart rate reduction after 60 s of
recovery; HRR300s, heart rate reduction after 300 s of recovery; HRRt, long-term time constant of heart rate recovery;
HRYV, heart rate variability; HT, hypertensive group; LFgg, low frequency spectral band of heart rate variability; NT,
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normotensive group; RMS, root mean square residual of RR intervals; RMSSD, square root of the mean of the sum of
the squares of differences between adjacent normal RR intervals; RRi, RR intervals; SBP, systolic blood pressure; T30,
short-term time constant of heart rate recovery; V()Z peak> Peak oxygen consumption; V&, minute ventilation.

Introduction

Heart rate (HR) responses during exercise are tightly
regulated by central (i.e. central command) and peripheral
(i.e. mechano- and metaboreflex) neural mechanisms
(Coote et al. 1971; Goodwin et al. 1972; McCloskey &
Mitchell, 1972; Eldridge et al. 1981) and are modulated
by arterial baroreflex (Potts, 2006; Fadel & Raven,
2012). Among these mechanisms, muscle metaboreflex
arises from the contracting muscle in response to
the accumulation of metabolites within the muscle
fibre and interstitium (Kaufman et al. 1983; Boushel,
2010). Therefore, during exercise, the increase in muscle
metabolites (i.e. HY, ADP, Pi, K", lactate) activates
these metabolically sensitive muscle afferents, which resets
the cardiac arterial baroreflex (Ichinose et al. 2008;
Fadel & Raven, 2012) and reduces its sensitivity (cBRS)
(Hartwich et al. 2011). These co-ordinated responses
contribute to the decreased cardiac parasympathetic and
increased cardiac sympathetic activities, resulting in the
exercise-induced increase in HR (White & Raven, 2014).
HR responses after exercise are also under a complex
regulation (Coote, 2010; Pecanha ef al. 2014). HR
recovery (HRR) after exercise presents a monoexponential
behaviour with an initial rapid decay, mainly determined
by cardiac parasympathetic reactivation, followed by a
slow decay that is attributed to a sum of parasympathetic
reactivation and sympathetic withdrawal (Imai et al
1994). Despite such evidence regarding the autonomic
determinants of HRR, the role of the metaboreflex
in HRR is still unclear. The classic hypothesis is
that the progressive removal of metabolites from the
muscles during the post-exercise period would gradually
diminish metaboreflex activation, leading to a progressive
restoration of baroreflex activity, which could then
contribute to increased parasympathetic and decreased
sympathetic activity to the heart. This could result in
the progressive decrease of HR during recovery (Pecanha
et al. 2014). Nevertheless, previous studies employing the
circulatory occlusion manoeuvre after exercise to trap
metabolites within the muscle did not report delayed
HRR despite the maintenance of metaboreflex activation
(Iellamo et al. 1999; Ichinose et al. 2002; Fisher et al.
2008), suggesting no metaboreflex involvement in HRR.
However, most of these studies were conducted with
static or dynamic handgrip exercises (Ichinose et al. 2002;
Rondon et al. 2006; Fisher et al. 2008; Sausen et al. 2009;
Delaney et al. 2010; McNulty et al. 2014) that involved only
a small amount of muscle mass, limiting the production of
metabolites. More recent investigations, employing large

muscle mass dynamic aerobic exercises, have suggested
that the metaboreflex may actively regulate both ¢BRS
and HRR after exercise (Hartwich et al. 2011; Fisher et al.
2013).

This new perspective linking metaboreflex activation
with ¢cBRS and HRR provides a potential explanation for
the delay in HRR observed in some cardiovascular diseases
characterized by autonomic dysfunction and increased
metaboreflex sensitivity. Among these diseases, hyper-
tension is a prevalent condition that has been shown to
present increased sympathetic nerve activity (Grassi et al.
1998), decreased heart rate variability (HRV) (Pagani &
Lucini, 2001), reduced cBRS (Watkins et al. 1996), delayed
HRR (Polonia et al. 2006; Erdogan et al. 2011; Aneni
et al. 2014; Best et al. 2014) and increased metaboreflex
sensitivity (Sausen et al. 2009; Greaney et al. 2014).
The delayed HRR in hypertension is already evident in
pre-hypertensives (Erdogan et al. 2011) and is further
aggravated by progressive hypertensive levels (Aneni et al.
2014), ultimately contributing to the increased risk of
cardiovascular morbidity and mortality in this population
(Cole et al. 1999). However, despite the fact that reduced
HRR in hypertension has been well documented (Polonia
et al. 2006; Erdogan et al. 2011; Aneni et al. 2014; Best
et al. 2014), the neural mechanisms responsible for this
reduction are poorly understood.

Therefore, in accordance with the previous explanation,
it is possible to hypothesize that the delayed HRR
in hypertensives may, at least in part, be related to
increased metaboreflex activation during recovery, leading
to decreased cBRS during the post-exercise period. To test
this hypothesis, the present study was designed to assess
and compare, in normotensive (NT) and never-treated
hypertensive (HT) men, the influence of metaboreflex
activation after exercise on HRR, cBRS and cardiac auto-
nomic modulation, as assessed after a typical aerobic
exercise involving a large muscle mass.

Methods
Ethical approval

After a detailed explanation of the experimental
procedures, subjects provided their written informed
consent to participate. This study was conducted
in accordance with the Declaration of Helsinki, and
was approved by the Institutional Ethic Committee
(281.905/2013) and registered at the Brazilian Clinical
Trials (http://www.ensaiosclinicos.gov.br/rg/RBR-
5nw65z).
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Subjects

Subjects were recruited through advertisements on the
university campus, internet announcements, and in
hypertension awareness campaigns. Given the potential
effects of menstrual cycle and menopause status on cardio-
vascular autonomic modulation (Minson et al. 2000) and
metaboreflex control (Choi et al. 2012), we decided not
to include women in the present study. To participate in
the study, subjects needed to be men, aged between 30
and 60 years, and present no diagnosed heart or metabolic
disease. In addition, the presence of smoking, a body mass
index equal to or greater than 35 kg m~2, medications that
could affect cardiovascular responses to exercise, abnormal
resting or exercise electrocardiograms and performance of
physical exercise more than twice a week were reasons for
exclusion from the study.

Subjects were included in the NT or HT groups if
their systolic/diastolic blood pressures (SBP/DBP) were,
respectively, below 120/80 mmHg or between 140/90 and
159/99 mmHg. In addition, HT subjects should have been
newly diagnosed, and never treated with anti-hypertensive
drugs. In addition, they could not have target organ
damage or secondary hypertension. Accomplishment with
respect to meeting the study criteria was checked by pre-
liminary examinations.

Preliminary evaluation

Before taking part in the experimental sessions, sub-
jects underwent a set of preliminary exams. A subject’s
health status was investigated through a detailed interview
with a physician. Body weight and height were measured
using a calibrated scale (Filizola S.A, Personal, Campo
Grande, Brazil) and body mass index was calculated.
Auscultatory resting blood pressure was assessed using a
mercury sphygmomanometer (Uniteq, Sao Paulo, Brazil),
three times after 5 min of seated rest in two distinct visits
to the laboratory (Chobanian et al. 2003). HT subjects
also underwent a detailed screening in the Hypertension
Unit of the General Hospital of the Sao Paulo University,
which included a clinical evaluation and blood and urine
analysis to detect target organ damage, secondary hyper-
tension and any other clinical condition that could pre-
clude exercise practice.

Subjects also performed a maximal cardiopulmonary
exercise test with assessment of resting and exercise
electrocardiograms. The test was conducted on a cycle
ergometer (Computrainer TM Pro 3D; RacerMate, Seattle,
WA, USA) with an initial workload of 50 W for 3 min
followed by increments of 20 W every 3 min until the
subjects were unable to keep pedalling at a frequency
of 60 rpm. Immediately after the exercise, workload
was reduced to 50 W and subjects pedalled for 5 min
in recovery. During the test, ventilatory variables were
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continuously measured using a metabolic cart (CPX
Ultima; Medical Graphics Corporation, St Paul, MN,
USA). Peak oxygen consumption (Vo,peax) and peak HR
(HRpeq) were determined as the maximal values attained
during the effort (average of 30 s of data), and HRR after
the maximal test was assessed through the calculation of
the HRR60s index (i.e. HReak — HR at 60 s of recovery).

Experimental protocol

All subjects randomly performed two experimental
sessions (control and occlusion), which were conducted
in a random order and with an interval of at least
48 h between them. The sessions were performed in a
temperature-controlled laboratory (20-22°C) during the
morning period (between 07.00 and 11.00 h). The subjects
were instructed to arrive in a fasting state and to avoid
caffeinated and alcoholic beverages for the previous 24 h.
In each session, they received a standardized meal (two
25 g cereal bars and 50 ml of juice), and the experiments
began 30 min after this meal.

The experiments started with 10 min of resting in
the seated position (pre-exercise period). Then, the
subjects underwent 30 min of exercise on the cycle
ergometer (Computrainer TM Pro 3D; RacerMate) at
70% of VOZpeak and 60 rpm. After the exercise, sub-
jects stopped pedalling and remained seated on the cycle
ergometer for 5 min (recovery period). In the occlusion
session, in the last 30 s of the exercise, bilateral thigh
cuffs were inflated to 20 mmHg above the exercise SBP
(absolute occlusion pressure: HT = 202 £ 21 mmHg and
NT = 180 &+ 10 mmHg; P < 0.01) and were kept inflated
throughout the recovery period. In the control session, the
recovery was conducted without any circulatory occlusion.

Experimental measurements

During the experiments, HR was continuously measured
using a three-lead electrocardiogram (EMG System, Sdo
Paulo, Brazil), beat-by-beat blood pressure (BP) was
obtained via finger photoplethysmography (Finometer;
Finapres Medical System, Arnhem, The Netherlands),
and respiratory movements were monitored using an
elastic thoracic belt (Pneumotrace; UFI, Morro Bay, CA,
USA). These signals were continuously acquired from
the pre-exercise until the end of recovery period, via
a data acquisition system (Windaq, Dataq Instruments,
Akron, OH, USA) and with a sampling rate of 500 Hz
per channel. Ventilatory variables (i.e. minute ventilation,
Vg, and oxygen consumption, Vo, ) were measured breath
by breath using a metabolic cart (CPX Ultima; Medical
Graphics Corporation). Auscultatory SBP and DBP were
assessed in triplicate in the pre-exercise resting period and
in a single measurement at the last minute of exercise using
a mercury sphygmomanometer (Uniteq). Capillary blood
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samples (25 ul) were drawn from the earlobe during the
pre-exercise period, the end of the exercise, and 1 min
after the period of circulatory occlusion in the occlusion
session, and in a similar moment (6 min after the exercise)
during the control session. The individual’s rating of
perceived exertion was assessed at the end of exercise using
Borg’s 6-20 scale (3). Finally, subjects were asked to report
their thigh pain sensation, using the 0—10 Numerical Pain
Rating Scale (17) at the end of recovery.

Data analysis

Cardiovascular data.

Data treatment. HR, finger BP and respiratory
movement signals were exported into Heart Scope,
version 1.3.0.1 (AMPS-LLC, New York, NY, USA) for
the generation of the RR intervals (RRi), beat-by-beat
BP and breath-by-breath respiration time series. All time
series were visually inspected and occasional misdetections
were manually corrected. Ectopic beats were identified and
replaced by interpolated RRi values (less than 2% of the
total signal). Pre-exercise and exercise HR were calculated,
respectively, as the average HR measured in the last 5 min
of pre-exercise period and from 15 to 25 min of exercise.

Pre-exercise HRV. In stationary segments of 250-300
beats of the pre-exercise HR series, HRV was assessed
via spectral analysis using Heart Scope, version 1.3.0.1
(AMPS-LLC, New York, NY, USA), employing the
autoregressive method, and in accordance with the
recommendations of the Task Force (Task-Force, 1996).
For this purpose, the spectral components were
calculated via the Levinson—Durbin recursion and the
order of the model was chosen according to Akaike’s
criterion (Malliani et al. 1991). Low-frequency (LFgg)
(0.04-0.15 Hz) and high-frequency (HFgg) (0.15-0.4Hz)
components of HRV were expressed in normalized units
(nu), which represent the relative contribution of each
component for the total power minus the very low
frequency component (Task-Force, 1996). LEF/HF ratio was
also calculated.

Post-exercise heart rate recovery analysis. Post-exercise
RRi time series were exported as .txt files into Matlab,
version 6.0 (MathWorks, Natick, MA, USA) for the
assessment of HRR. The indices calculated were: (i)
HRR30s; (ii)) HRR60s; (iii) HRR300s [i.e. the absolute
difference between peak HR (mean HR obtained in
the last 60 s of exercise) and the HR values measured
at 30, 60 and 300s of recovery, respectively]; (iv) T30
index [i.e. short-term time constant of HRR, obtained
from the negative reciprocal of the linear regression
line between HR and the time in the first 30 s of
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recovery (25)];and (v) HRRt (i.e. long-term time-constant
of HRR obtained after exponential fitting of the HR
during the entire 300s of recovery). For the exponential
fitting analysis, the non-linear least squares fitting was
performed using the Levenberg—Marquardt algorithm.
This algorithm returns a vector of estimated coefficients
by the non-linear fit of the HR responses as a function
of time, using the model specified by the equation:
HR(f) = HRy + HRamp.e_t/HRRt + &;, where HRy is the
asymptotic value of HR as t = 00, HR,,; is the difference
between peak HR and HRy, HRR; is the time constant,
and ¢g; is the residual.

Post-exercise heart rate variability. Because of the
non-stationary behaviour of RRi during the post-exercise
period, the assessment of HRV during this period was
performed using the time-varying approach proposed by
Goldberger et al. (2006). First, the RRi time series was
processed using a median filter operation. Then, HRV
was assessed through the calculation of the square root
of the mean of the sum of the squares of differences
between adjacent normal RRi (RMSSD) and the root
mean square residual of RRi (RMS) indices on successive
non-overlapped 30 s segments during the entire 5 min
of recovery. These analyses were performed using a
previously implemented routine in Matlab, version 6.0
(MathWorks) (Pecanha et al. 2015).

Beat-by-beat systolic blood pressure. Beat-by-beat SBP
was analysed in Heart Scope, version 1.3.0.1 (AMPS-LLC).
SBP was determined at rest by the average of the last 5 min
of the pre-exercise period and, during recovery, by the
average of each successive 30 s segment during the entire
5 min of recovery.

Spontaneous cardiac baroreflex sensitivity. Spontaneous
cBRS was assessed during the pre-exercise period and
during recovery using the sequence technique (Parati et al.
1988). Briefly, Heart Scope, version 1.3.0.1 (AMPS-LLC)
identified sequences of three or more consecutive beats in
which SBP and RRi changed in the same direction (at least
1 mmHg for SBP and 4 ms for RRi). In each sequence, the
slope of the linear regression line between SBP and RRi
was determined (only sequences with 7 > 0.8 were used)
and the mean of the slopes was determined as the mean
cBRS.

Ventilatory data

Vo, during exercise was determined using the average of
the values measured from 15 to 25 min of exercise and was
expressed in absolute units (mL min~") or as percentage of
the VOZpealv Vi was determined during the recovery period
by the average of the absolute values (L min~') obtained

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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for every successive 30 s segment during the entire 5 min
of recovery.

Lactate

For the blood lactate concentration (BLC) analysis, 25 ul
capillary blood samples were first transferred to micro-
tubes containing 25 ul of 1% sodium fluoride solution.
Then, the samples were centrifuged at 2348 g for 5 min
at 4°C and stored at —80°C. Plasma BLC was then
determined in duplicate using spectrophotometry (wave-
length 546 nm; EON, BioTek Inc., Winooski, VT, USA).

Statistical analysis

Based on the results of a pilot study demonstrating a
medium effect size (Cohen’s f = 0.25) of metaboreflex
activation on HRR300s (Peganha et al. 2015), the required
sample size to obtain a power of 0.80 and « of 0.05
was 34 subjects (i.e. 17 subjects per group) (G*Power,
version 3.1.9.2; Universitit Kiel, Kiel, Germany) (13).
To account for possible dropouts, a total sample of
50 subjects (i.e. 25 subjects per group) represented the
study goal. Normal distribution was checked using the
Shapiro—Wilk test and was rejected for RMS and RMSSD.
Thus, these variables were natural log-transformed (In)
and normality was achieved. A #-test was employed for
comparing baseline characteristics between the groups.
Two- (session vs. group) or three-way (session vs.
time vs. group) ANOVAs were employed for comparing
behaviours between the groups and the sessions. When
a main effect or an interaction was significant, post hoc
comparisons were made using the Newman—Keuls test.
For all analyses, P < 0.05 was considered statistically
significant.

Results

Sixty-seven subjects volunteered for the study and
provided their written consent. However, 14 were excluded
for not fulfilling the study criteria, and five subjects
dropped out during the experiments for various reasons
(three because of a lack of time, one as a result of pre-
senting complex arrhythmias and one for initiating a
pharmacological treatment). Thus, 48 subjects completed
the study protocol. Among them, 23 were HT and 25
were NT. Groups were similar with respect to age, body
mass index, HR e, Vozpeak and HRpe., whereas SBP
and DBP were significantly higher, and HRR60s after the
maximal test was significantly lower in HT compared to
NT (Table 1).

In both groups, variables measured pre-exercise and
during the exercise were similar in the control and the
occlusion sessions (Table 2). In both sessions and groups,
exercise intensity corresponded to approximately 70% of
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Table 1. Subject characteristics
NT HT P
(n = 25) (n = 23)

Age (years) 45 + 8 43 + 8 0.29
Body mass index (kgm™)  28.6 + 2.7 29.4 + 3.6 0.37
HRrest (beats min') 63 + 7 68 + 10 0.06
SBP (mmHg) 115 £ 4 142 + 9* <0.01
DBP (mmHg) 77 + 2 96 + 3* <0.01
Vo,peak (Ml kg™" min—1) 266 +42 251 +44 024
HRpeak (beats min~") 169 £ 11 169 + 16 0.93
HRR60s after maximal test 23 + 10 18 + 6* 0.04

(beats min—1)

Values are presented as the mean =+ SD.
*P < 0.05 vs. NT.

V()zpeak and 15 on Borg’s 6-20 scale. On the other hand,
although similar between the sessions, pre-exercise HR,
SBP, DBP, LFxr and LF/HE as well as exercise SBP and
DBP, were significantly higher in the HT compared to the
NT, whereas pre-exercise HFgg was significantly lower in
the HT compared to the NT.

At the end of the recovery period, subjects from both
groups reported significantly more pain in the occlusion
than in the control session (NT: 6 &= 2 vs. 1 & 2 and HT:
542 vs.1+20na0-10scale, P < 0.05, respectively). Pain
sensation was similar between the NT and HT groups.

HRR indices are presented in Fig. 1. The HT group
presented reduced HRR30s and HRR60s compared to NT
in both sessions (P = 0.02 and 0.05 for the group main
effect, respectively). In addition, HRR60s was reduced in
the occlusion compared to the control session, regardless
of the group (P < 0.01 for the session main effect). In both
groups, the HRR300s index was reduced in the occlusion
session compared to the control session, although this
reduction was greater in the HT group (P = 0.05 for the
session vs. group interaction). T30 and HRRt were similar
between the groups and the sessions.

Figure 2 shows RMSSD and RMS behaviours along
the recovery in both groups after both sessions. In both
groups, RMSSD and RMS were significantly reduced in
the occlusion compared to the control session from 120 to
300 s (excluding 180 s for RMS) of recovery (P < 0.01 for
the session vs. time interaction). In addition, RMSSD and
RMS were further reduced in the occlusion session in the
HT compared to the NT (P = 0.04 and 0.03 for the session
vs. group interaction, respectively).

Regardless of the group, in the occlusion session, SBP
was increased from 30 to 210 s of recovery (P < 0.01 for
the session vs. time interaction) (Fig. 3) and c¢BRS was
reduced during the recovery (P = 0.04 for the session vs.
time interaction) (Fig. 3) compared to the control session.
Additionally, the HT group presented lower pre-exercise
cBRS compared to the NT group, regardless of the
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Table 2. Cardiovascular and metabolic variables measured before and during the exercise in the occlusion and the control sessions

in the NT and the HT groups.

NT HT
Control Occlusion Control Occlusion P (session) P (group) P (interaction)

Pre-exercise

HR (beats min~") 64 + 8 64 + 8 71 £ 8* 70 + 8* 0.45 <0.01 0.56

SBP (mmHg) 114 £ 6 114 £ 6 142 + 11* 141 £+ 8* 0.47 <0.01 0.96

DBP (mmHg) 76 + 4 75 £ 5 O g 5 O5IEERb 0.19 <0.01 0.20

LFgr (nu) 46 + 23 45 + 22 63 + 18* 63 + 22* 0.99 <0.01 0.81

HFgg (nu) 53 £ 23 54 + 22 35 + 17* 36 + 22* 0.79 <0.01 0.96

LF/HF 1.6 £ 2.5 1.5 £ 2.0 3.0 £ 2.9* 3.0 £ 2.7* 0.93 0.04 0.82
Exercise

HR (beats min~") 128 + 13 129 £ 12 130 £ 13 128 £ 14 0.70 0.94 0.18

SBP (mmHg) 159 + 17 159 + 10 178 + 19* 182 + 21* 0.49 <0.01 0.17

DBP (mmHg) 69 + 8 73 £ 7 83 £ 7* 83 + 9% 0.18 <0.01 0.10

\'/o2 (mL min~") 1478 £+ 183 1478 £ 193 1483 + 252 1446 + 208 0.31 0.77 0.49

Voz (% peak) 71+ 4 71 £ 6 69 £ 5 70 £ 7 0.31 0.77 0.49

RPE (6-20) 15 £ 2 15 £ 2 14 £ 2 14 £ 2 0.21 0.30 0.87

Values are presented as the mean + SD. RPE, rating of perceived exertion.

*P < 0.05 vs. NT.

session (P = 0.04 for the group vs. time interaction).
Finally, regardless of the group, Vp and BLC during
the recovery period were significantly increased in the
occlusion compared to the control session (P < 0.01 and
P =0.03 for the session vs. time interaction, respectively)
(Fig. 4).

Discussion

The main findings of the present study are that: (1) in both
NT and HT men, circulatory occlusion reduced HRR60,
HRR300, RMSSD, RMS and ¢BRS and increased SBP, VE
and BLC during recovery, indicating that metaboreflex
activation delayed HRR and influenced its regulation after
a typical aerobic exercise session; (2) occlusion-induced
reductions in HRR300, RMSSD and RMS were greater
in HT than in NT men, suggesting a link between greater
metaboreflex sensitivity in hypertension and delayed HRR;
and (3) occlusion-induced reductions in cBRS, as well
as increases in SBP, VE and BLC, were not different
between HT and NT men, suggesting that the greater
metaboreflex-induced delay in HRR for the HT group
cannot be attributed to greater changes in baroreflex
sensitivity, blood pressure, metabolite accumulation or
ventilation.

HRR is controlled via several neural mechanisms and,
among them, the role of the muscle metaboreflex is
still controversial (Iellamo et al. 1999; Ichinose et al
2002; Delaney et al. 2010). In the present study, the
metaboreflex activation after exercise delayed HRR,
as demonstrated by the reduction in HRR60s and
HRR300s in the occlusion session compared to the
control session. The present study employed a classic

method to assess metaboreflex influence, namely the
promotion of supra-systolic circulatory occlusion to trap
the metabolites produced during exercise within the
muscles, sustaining metaboreflex activation during the
recovery period (Bonde-Petersen et al. 1978). Previous
studies using this technique have mainly demonstrated a
complete return of HR to pre-exercise levels during the
recovery regardless of the occlusion (Iellamo et al. 1999;
Ichinose et al. 2002; Rondon et al. 2006; Fisher et al. 2008;
Sausen et al. 2009; Delaney et al. 2010; McNulty etal. 2014),
suggesting no role of metaboreflex in HRR. However, most
of these studies employed isometric handgrip exercises
(Ichinose et al. 2002; Rondon et al. 2006; Fisher et al. 2008;
Sausen ef al. 2009; Delaney et al. 2010; McNulty et al. 2014).
The present study employed a dynamic cycle ergometer
exercise, performed at moderate-to-high intensity (70%
of Vo,peak) for a long period (30 min), which may
have produced more metabolites and stimulated more
metabolically sensitive muscle afferent fibres (Rybicki
et al. 1984), increasing the metaboreflex activation. Other
recent studies, also employing dynamic exercises involving
large muscle masses, reported a role of metaboreflex in
HRR (Hartwich et al. 2011; Fisher et al. 2013). Hartwich
et al. (2011) observed a reduced ¢BRS and an increased
HR in the post-exercise occlusion period after the leg
cycling exercise. Thus, the present study supports a role
of metaboreflex in HRR regulation, at least, after dynamic
exercise involving large muscle masses.

Mechanisms by which the metaboreflex may influence
HRR have yet to be investigated. Interestingly, in the pre-
sent study, the delay in HRR induced by metaboreflex
activation occurred despite the increased SBP during
recovery in the occlusion session, and this was expected to

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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accelerate HRR via baroreflex activation (O’Leary, 1993;
Iellamo et al. 1999). However, cBRS was similarly reduced
in the occlusion session, which probably prevented
baroreflex-induced reduction in HR, suggesting that the
influence of metaboreflex on HRR occurs, at least in part,
by reducing baroreflex sensitivity. Regarding the auto-
nomic determinants of this response, the present study
showed that HRR60, HRR300, RMS and RMSSD were
reduced in the occlusion session compared to the control
session. Because HRR60s quantifies HRR in the first
seconds of recovery and RMSSD measures beat-to-beat
variability in HR, they are considered as markers of
parasympathetic reactivation (Kannankeril et al. 2004; Ng
etal.2009). On the other hand, because HRR300s accounts
for the HRR during the entire recovery period and RMS
quantifies overall HR fluctuation around a linear trend,
they are considered as markers of both parasympathetic
reactivation and sympathetic withdrawal (Ng et al. 2009;
Pecanha etal. 2014). Thus, because occlusion reduced all of
these indices, the present results suggest that metaboreflex
delays HRR by slowing both cardiac parasympathetic
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reactivation and cardiac sympathetic withdrawal during
the recovery period.

The evidence suggesting that the muscle metaboreflex
may have an influence on HRR after dynamic exercise
opens up a new perspective for explaining the potential
mechanisms of delayed HRR in cardiovascular diseases
characterized by autonomic dysfunction, such as hyper-
tension (Mancia & Grassi, 2014). Indeed, the increased
pre-exercise HR, LFgg and LE/HEF, along with the decreased
HFgrgr and cBRS observed in the HT compared to the NT,
confirm the presence of autonomic dysfunction in the
HT group, which supports one of the basic assumptions
of the present study. This autonomic dysfunction in HT
culminates with the delay of HRR in this group, as
demonstrated by the reduced HRR60s after exercise test
and by the reduced HRR30s, HRR60s and HRR300s after
the experimental sessions compared to the NT group.
These differences in HRR between HT and NT have
already been reported in previous studies (Erdogan et al.
2011; Aneni et al. 2014; Best ef al. 2014). Erdogan et al.
(2011) observed a reduction of 6 beats min~' in HRR60s
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Figure 1. Heart rate recovery indices
Heart rate recovery indices assessed after the control and the occlusion sessions in the normotensive (NT) and
hypertensive (HT) groups. A, heart rate recovery at 30 s of recovery (HRR30s). B, heart rate recovery at 60 s of
recovery (HRR60s). C, heart rate recovery at 300 s of recovery (HRR300s). D, short-term time-constant of heart
rate recovery (T30). £, long-term time-constant of heart rate recovery (HRRt). TP < 0.05 vs. NT group. ¥P < 0.05

vs. control session.
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in never-treated HT compared to NT, which is similar
to the results of the present study (i.e. a reduction of
5 beats min~! in HRR60s after the maximal exercise test).
Slightly greater differences were reported by Best et al.
(2014), who observed a reduction of 10 beats min~' in
HRR60s in washed-out HT compared to NT. Differences
in subject characteristics may account for the different
results because the present study, as well as that of Erdogan
et al. (2011), investigated middle-aged never-treated HTs,

A
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whereas Best et al. (2014) studied elderly long-term HTs.
The longer period of hypertension summed with age
effects may explain a greater autonomic impairment in
the HT of the later study (Gribbin et al. 1971).

The novelty of the present study, however, was to
demonstrate the involvement of altered metaboreflex on
the delayed HRR response. To the best of our knowledge,
this is the first study to show that occlusion-induced delay
on HRR and its regulatory mechanisms were greater in

HT O

session vs. time vs. group) = 0.36

Figure 2. Post-exercise heart rate
variability indices

Heart rate variability indices assessed in the
first 300s of recovery after the control and the
occlusion sessions in the normotensive (NT)
and hypertensive (HT) groups. A, square root
of the mean of the sum of the squares of
differences between adjacent RR intervals in
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P < 0.05 vs. control session.

- NTO -= HTO
-O-NTC -+ HTC
A p (session vs. group) = 0.81 B p (session vs. group) = 0.58
p (session vs. time) < 0.01 p (session vs. time) = 0.04
p (group vs. time) = 0.84 p (group vs. time) = 0.04
p (session vs. time vs. group) = 0.96 1 p (session vs. time vs. group) = 0.56
2007 % 20 1 T
+ _ ]
180 1 T s T 16
2 16047, <
£ 140 1 O, A g .
5 120 @
%) T,
100 - Q
0 I —T T 0
@9)- S O PO \%Q%\Q%bgmo(b@
]

Post-exercise recovery (s)

Figure 3. Systolic blood pressure and cardiac baroreflex sensitivity responses

Systolic blood pressure (SBP, A) and cardiac spontaneous baroreflex sensitivity (cBRS, B), measured pre- and
post-exercise in the control and the occlusion sessions in the normotensive (NT) and the hypertensive (HT) groups.
NT O, NT group + occlusion session; NT C, NT group + control session; HT O, HT group + occlusion session; HT
C, HT group + control session. TP < 0.05 vs. NT group. ¥P < 0.05 vs. control session.
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HT (i.e. HRR300s, RMSSD and RMS), which suggests
that metaboreflex activation in HT men promotes a
greater delay in HRR by slowing post-exercise cardiac
parasympathetic activation and sympathetic withdrawal.
The greater metaboreflex-induced reduction in HRR
and cardiac autonomic modulation in the HT group
could be explained by a greater metaboreflex stimulus
and/or by a greater metaboreflex sensitivity in the HT
group. Regarding a greater stimulus, BLC was higher in
the occlusion session compared to the control session,
showing that the occlusion manoeuvre successfully
arrested metabolites and stimulated metaboreflex.
However, there was no difference between the NT and HT
groups regarding BLC in the occlusion session, despite the
delayed HRR in the HT group. This finding suggests that,
greater metaboreflex sensitivity, and not a greater stimulus,
may have accounted for the delayed HRR observed in the
HT group.

Previous studies have already reported increased
metaboreflex sensitivity in subjects with hypertension
(Sausen et al. 2009; Delaney et al. 2010; Greaney et al. 2014)
and pre-hypertension (Choi et al. 2013; Kim et al. 2015)
compared to NT subjects. However, these studies reported
an increased response of BP but not HR. Surprisingly,
in the present study, BP increases induced by occlusion
were not different between the groups. Differences in
the exercise and metaboreflex activation protocols may
explain the disparities. Accordingly, an increased BP
response to forearm metaboreflex activation is mainly
attributed to sympathetic vasoconstriction produced in
other vascular beds, such as splanchnic, renal and lower
limbs (Wallin et al. 1989; Boushel, 2010), and this effect
is particularly exacerbated in HT (Delaney et al. 2010).
However, both splanchnic and renal beds are already
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Figure 4. Ventilation and lactate responses
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constricted during moderate-to-high intensity dynamic
exercise (Perko et al. 1998). In addition, with lower limb
metaboreflex activation, the legs, which account for a
substantial part of the vasculature, are already under a
complete mechanical-induced occlusion that is similar
between NT and HT. Thus, only a few vascular beds
remain available for further increases in vasoconstriction
in HT. Taken together, these methodological aspects may
explain why BP increase during lower limb metaboreflex
activation was not different between NT and HT.

The differences between HT and NT men in the
metaboreflex-induced reduction in HRR appear to be
independent of cBRS responses because there was no
difference in c¢BRS response to the occlusion session
between groups. Thus, other mechanisms might be
involved. According to Potts et al. (2006), neuro-
genic inputs from skeletal muscles can directly activate
sympathetic premotor neurons in the rostral ventrolateral
medulla, leading to sympathetic-mediated increases in
HR and SBP that are independent of baroreflex. Other
studies have demonstrated increased excitability of rostral
ventrolateral medulla neurons in HT compared to NT
rats (Chan et al. 1991; Ito et al. 2000; Matsuura et al.
2002) and this increased activity is related to the increased
sympatheticactivity in HT (Fisher & Paton, 2012; Kumagai
et al. 2012). These pathways may explain the responses of
the present study; however, they were not assessed. Thus,
the results of the present study indicate that the greater
metaboreflex-induced delay in HRR observed in HT sub-
jects may occur via a baroreflex independent mechanism,
and this should be addressed in future investigations.

The Vi response during the recovery of the occlusion
session was also increased compared to the control session,
which supports the role of metaboreflex in eliciting
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Ventilation (Vg, A) measured during recovery and lactate (BLC, B) measured pre-exercise, during exercise and at
recovery in the control and the occlusion sessions in the normotensive (NT) and the hypertensive (HT) groups. NT
O, NT group + occlusion session; NT C, NT group + control session; HT O, HT group + occlusion session; HT C, HT

group + control session. ¥P < 0.05 vs. control session.
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ventilatory responses, as demonstrated previously (Piepoli
et al. 1995). Although controversial, some studies argue
that an overactivation of the metaboreflex—respiratory
pathway may help to explain ventilatory imbalance
observed during exercise in some cardiovascular diseases
(Piepoli et al. 2008; Bruce et al. 2016). In the present
study, however, Ve responses to the occlusion session were
similar between the NT and HT groups, denying any over-
activation of the ventilatory arm of the metaboreflex in
hypertension.

It is important to highlight that the results of the pre-
sent study cannot be directly extrapolated to women.
However, even though some studies have demonstrated
differences in metaboreflex control of circulation between
men and women (Ettinger et al. 1996), it appears
that the mechanisms involved in these responses are
similar between the sexes (Laprad ef al. 1999). Future
studies should address these aspects in women. Another
important point is the high prevalence of overweight and
obese subjects in our sample. Hypertension is commonly
associated with weight excess (Bramlage ef al. 2004), and
the presence of obese and overweight subjects in the
sample increases the applicability of the results. However,
because obesity may affect cardiovascular and autonomic
responses to exercise (Dimkpa & Oji, 2010), it may
be argued that obesity partially explains the effects of
metaboreflex on HRR in both groups. However, previous
studies suggest that obesity reduces instead of increases
metaboreflex sensitivity (Negrao et al. 2001; Trombetta
etal.2003). Thus, this factor probably does not explain the
present results. In addition, because the presence of being
overweight and obese was properly balanced between
groups, this factor may not explain the differences between
the groups.

An important limitation of the present study is that
circulatory occlusion caused pain in the subjects. Thus,
it could be speculated that the delayed HRR in the
occlusion session was a result of cardiovascular responses
to pain instead of to metaboreflex activation. However,
increased BLC after the occlusion session, compared to
the control session, indicates that circulatory arrest was
effective in promoting metabolic stimulus. In addition,
Iellamo et al. (1999) demonstrated that leg circulatory
occlusion without previous exercise, despite promoting
pain, was unable to increase HR. Finally, we performed
an additional experiment with five HT and four NT men.
They underwent a short exercise bout (~5 min) at ~70%
of HRy,.x, and post-exercise circulatory occlusion was
applied for 5 min. Compared to the results of the present
study, this protocol generated lower metabolic activation
(BLC = 1.9 £ 0.6 mMm 17!) and similar pain levels (6 + 2)
and resulted in faster HRR (HRR60s = 30 + 6 beats min™"
and HRR300s = 40 + 17 beats min~!). Taken together,
such evidence supports the major role of metaboreflex,
instead of pain, on the cardiovascular responses observed
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in the present study. In addition, despite greater pain in the
occlusion than in the control session, pain perception was
similar between the NT and the HT groups, showing that
the greater metaboreflex-induced delay in HRR for the HT
group could not be attributed to pain mechanisms.

Regarding other limitations, it is not possible to rule
out the hypothesis that deactivation of cardiopulmonary
reflex as a result of reductions in venous return in the
occlusion session might have played a role in the HRR
delay observed in this session. However, this mechanism
could not explain the increased V in the occlusion session
because deactivation of cardiopulmonary receptors pre-
sents a negligible influence on V; under normoxic
conditions (Hildebrandt et al. 2000). Another aspect
is that, as a result of technical difficulties, it was not
possible to collect venous blood from the leg during the
occlusion; however, the use of capillary blood samples is
considered as a valid surrogate measure of venous lactate
(Dassonville et al. 1998) and the 1 min interval between
the cuff release and blood collection from the earlobe
was sufficient for the spreading of lactate to the whole
body, allowing an adequate evaluation of the impact of
post-exercise circulatory occlusion. Finally, we recognize
a limitation when considering lactate as being responsible
for metabolic acidosis (Robergs et al. 2004) and even as
the main mediator of the metaboreflex responses (Vissing
et al. 2001). However, studies have demonstrated that an
increased lactate concentration is associated with other
metabolites (Sahlin et al. 1976; Robergs et al. 2004)
arguably promoting blood acidosis and triggering the
metaboreflex response (Boushel, 2010). Thus, increases
in BLC during the occlusion session might be considered
as an indirect marker of metabolic stress and metaboreflex
activation caused by the occlusion protocol.

In conclusion, in NT and HT men, metaboreflex
activation after exercise delayed HRR, cardiac
parasympathetic activation and sympathetic withdrawal,
which was accompanied by a reduction in cBRS. The
effect of metaboreflex on delaying HRR was greater in HT
men, suggesting an increased metaboreflex sensitivity in
this population. However, greater metaboreflex-induced
delay in HRR in HT men occurs independently of changes
in cBRS responses.
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