physiologia

Article

Heat Stress but Not Capsaicin Application Alleviates the
Hypertensive Response to Isometric Exercise

Alexandros Sotiridis 1'2*({0, Anastasios Makris 1, Maria D. Koskolou ! and Nickos D. Geladas !

check for
updates

Citation: Sotiridis, A.; Makris, A.;
Koskolou, M.D.; Geladas, N.D. Heat
Stress but Not Capsaicin Application
Alleviates the Hypertensive
Response to Isometric Exercise.
Physiologia 2024, 4, 64-80. https://
doi.org/10.3390/physiologia4010004

Academic Editor: Philip J. Atherton

Received: 8 November 2023
Revised: 17 January 2024
Accepted: 19 January 2024
Published: 23 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Section of Sports Medicine and Biology of Exercise, School of Physical Education and Sport Science, National
and Kapodistrian University of Athens, 106 79 Athens, Greece; tasosmakris@phed.uoa.gr (A.M.);
mkoskolu@phed.uoa.gr (M.D.K.); ngeladas@phed.uoa.gr (N.D.G.)

Department of Automation, Biocybernetics and Robotics, Jozef Stefan Institute, SI-1000 Ljubljana, Slovenia
*  Correspondence: asotiridis@phed.uoa.gr

Abstract: Heat stress and cutaneous capsaicin application act independently to reduce mean arterial
blood pressure (MAP) at rest. The present study investigated whether a mixed intervention might
alleviate to a greater extent the hypertensive response to isometric exercise. An end-exercise systolic
blood pressure (SBP) lower than 215 mmHg or higher than 220 mmHg was set for the inclusion in the
group observed with typical (CON, n = 9) or hypertensive (HRE, n = 8) response to dynamic exercise,
respectively. The participants performed four trials held in thermoneutral (TN:23 °C) or hot (HT:33
°C) conditions with capsaicin (CA:4.8 mg-patch~!) or placebo (PL) patches (12 x 18 cm?) applied to
their two quadriceps, left pectoralis major and left scapula. The trials comprised: a 5 min baseline
period preceding patch application, a 30 min rest period and a 5 min isometric handgrip exercise
(20% maximal voluntary contraction, 10.1 &= 1.9 kg). Thermoregulatory and cardiovascular data
were analyzed using mixed three-way ANOVA. End-resting MAP and pain sensation were higher in
PL-TN (p = 0.008) and CA-HT (p = 0.012), respectively. End-exercise SBP tended to be higher in HRE
individuals across environments (p = 0.10). Total peripheral resistance and MAP remained lower in
HT across groups (p < 0.05). Despite the alleviating effect of the heat stressor, an augmented burning
sensation-induced peripheral vasoconstriction might have blunted the pressure-lowering action
of capsaicin.

Keywords: capsaicin; heat exposure; hypertensive response to exercise; isometric handgrip
exercise; thermoregulation

1. Introduction

Arterial hypertension is defined as systolic (SBP) and diastolic (DBP) blood pressure,
>140 mmHg and >90 mmHg, respectively [1]. According to a recent national epidemiologi-
cal study, the prevalence of hypertension in Greece seems to be rising and affects 40% of
the adults [2]. If not treated early, arterial hypertension might cause the development of
cardiovascular diseases such as strokes, heart and renal failure [3] or harm other systems
of the body with severe complications further, including elevated blood sugar levels [4],
hypertensive retinopathy [5] and erectile dysfunction [6]. Among others, capsaicin—the
major ingredient of red hot chilli peppers—has been shown to counteract acute increases in
blood pressure [7]. Although capsaicin is rapidly absorbed by a nonactive process from
the stomach and whole intestine [8] due to the lipophilic nature of the substance [9], oral
administration remains a clinical challenge in humans [10]. As capsaicin is absorbed by
human skin following local application [11], commercially available capsaicin creams or
patches have been deemed safe and effective enough to be sold without medical prescrip-
tion. Skin application might provide individuals that feel pain at the oral cavity and/or
gastrointestinal disorders following the consumption of spicy foods [12] with a safe alterna-
tive. By contrast, whether the previously reported capsaicin-elicited burning sensation [13]
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might potentiate sympathetic vasoconstrictor outflow [14,15] and act against the expected
dilatory effect of capsaicin is unknown.

The transient TRPV1 ion channels that are stimulated at temperatures higher than
43 °C act mainly as nociceptors in the human body. From a clinical perspective, capsaicin
skin application reduces pain by a process best described as defunctionalization of no-
ciceptor fibres [16]. TRPV1 channel stimulation mediates the secretion of NO-synthase
and eventually nitric oxide [17]. As such, TRPV1 ion channels contribute to the cutaneous
hyperemia observed following local extreme heat application [18]. Capsaicin application
to the skin has been further shown to augment the expected cutaneous vasodilation in
humans resting under hot conditions [13,19].

As a separate stressor, heat is long known to lower arterial blood pressure by up
to 10 mmHg depending on the level of heating [20-23]. The heat-related significant fall
in systemic vascular resistance is counteracted by cardiovascular adjustments, including
increases in sympathetic activity [24] and cardiac output [25]. Dynamic exercise profoundly
increases cardiac output if metabolic demands of the exercising muscles are to be sufficiently
met. Since systemic vascular resistance is not decreased to the same degree, systolic arterial
pressure is substantially increased. Despite the fact that there is no consensus on the cut-off
values of systolic blood pressure [26], the hypertensive response to exercise is generally
defined as an abnormally exaggerated rise in arterial blood pressure during the end stages
of dynamic incremental exercise [27], usually reflected in values of SBP >210 mmHg and
>190 mmHg for men and women, respectively [28]. Since the previous definition applies
only to maximal exercise, a threshold SBP of 160 mmHg has been recommended that in-
volves a submaximal cycling power output of 100 W [28]. While ACSM has suggested that
an exercise test be terminated when SBP exceeds 250 mmHg [29], recent evidence suggests
that an end-exercise SBP pushed over a predetermined “critical” limit could be targeted
as a means to enhance aerobic performance [30]. The hypertensive response to exercise
has been correlated with relatively high 24 h SBP levels [31], increased risk for future
hypertension [32] and cardiovascular events [33]. Similarly, the cardiovascular responses
to isometric exercise result from the intramuscular tension that mechanically compresses
the surrounding vasculature and hinders blood flow therein. Muscular contraction of an
intensity exceeding 20% of maximal voluntary contraction would amplify the chemore-
flex activity and thus increase muscle sympathetic nerve activity [34] and both SBP and
DBP [34,35]. Past studies have applied capsaicin cream/patches and reported lower isomet-
ric exercise-induced increases in arterial blood pressure [7] being present even during the
application of post-exercise ischemia [36]. These studies had selected this specific exercise
type and site of application to isolate the activation of mechano- and metabo-receptors in
the muscular group of finger flexors (activated during handgrip exercise). The exercise
pressor reflex is a feedback neural mechanism originating in human skeletal muscle that
elicits circulatory adjustments to exercise and raises blood pressure [37]. More specifically,
group IIT and IV muscle afferent fibres are stimulated by metabolic and mechanical stimuli.
Lower arterial blood pressure values have been reported after the local application of
capsaicin in cats [38]. Somewhat paradoxically, local capsaicin administration might block
nociceptive neurons and render them unable to be subsequently stimulated [39]. Whether
capsaicin application would bear an effect on the activation of the exercise pressor reflex
remains unresolved.

Arterial hypertension emerges as a major health problem, and has been recently cor-
related with the hypertensive response to isometric exercise [40]. Whereas heat exposure
alleviates the rise in blood pressure both at rest [25] and during isometric exercise [41],
the combined thermoregulatory and antianalgesic action of capsaicin patches remains
underexplored on that regard. We have selected isometric exercise as a means to acutely
increase arterial blood pressure. A capsaicin-induced inhibition of central command would
be reflected in lower heart rate and higher RPE values during constant-load isometric
exercise [7]. An augmented peripheral vasodilation would indirectly support the hypoth-
esis that the metabolic component of the exercise pressor reflex is impaired following
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capsaicin patch application on the exercising muscles [42]. The purpose of the present
study was to investigate whether application of commercially available capsaicin patches
on an extensive region of the human skin (4 x 12 x 18 cm?) would decelerate the expected
increase in arterial blood pressure with particular reference to individuals that demonstrate
an exaggerated response. We tested the hypothesis that capsaicin skin application and
acute heat stress would act synergistically to blunt the expected increase in arterial blood
pressure during isometric exercise.

2. Results
2.1. Thermoregulatory Parameters

Tgk was higher in HT (main effect of environment, p < 0.001). No main effects for
patch application, environment or group were observed on baseline Tre (p > 0.05). ATy was
lower across groups in HT, and capsaicin application did not affect that response (Figure 1)
(main effects of group, environment and patch: p = 0.43, 0.003 and 0.28, respectively).
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Figure 1. Relative changes in rectal temperature during rest and isometric exercise with individuals
grouped together (1 = 17).

Across groups, whole-body sweat rate was higher in HT (main effect of environment:
p = 0.005) with the CON group sweating more than the HRE group in that specific envi-
ronment (group X environment interaction: p = 0.047). Interestingly, T¢.¢ was lower in HT
(main effect of environment: p = 0.005) but tended to be higher in CA conditions (main
effect of patch: p = 0.064) (Figure 2).
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Figure 2. Forearm—fingertip temperature difference during 30 min rest and the following 5 min
isometric exercise. Panels (a,b) indicate values for the individuals presented with typical (n = 9) and
hypertensive (1 = 8) response to exercise, respectively.
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2.2. Cardiovascular Parameters
2.2.1. Resting Values

Table 1 presents end-resting values of several cardiorespiratory parameters. End-
resting SBP was lower in PL-HT conditions (environment X patch interaction: p = 0.024),
with the difference to PL-TN reaching significance only for the HRE group (114 & 13 vs.
137 £ 18, p = 0.013). A tendency for correlation (r = 0.50, p < 0.079) was noted between peak
dynamic and isometric exercise SBP when values across groups were grouped together.

Table 1. Cardiorespiratory parameters measured during the last 5 min of the resting period.

Temperature
HRE Group CA PL Main Effects X Patch
Interaction
HT TN HT TN Temperature Patch
Systolic Pressure (mmHg) 131 + 15 136 + 18 114 + 13 137 + 18 0.001 0.21 0.024
Diastolic Pressure (mmHg) 80 + 11 78 + 10 69 + 10 77 £ 11 0.059 0.58 0.025
Mean Arterial Pressure
(mmHg). . 96 £ 8 94 +£10 86 +6 100 £ 10 0.05 0.69 0.008
Total Peripheral Resistance 7)1 0954026 070+£009  0.89 +0.19 0.088 0.545 0.591
(mmHg-s-mL™")
Heart Rate (bpm) 63 £ 23 58 4+ 20 66 £ 23 57 +22 0.006 0.516 0.435
Cardiac Output (L-min~1) 6.89 +1.24 6.87 £1.17 5.98 £+ 1.07 6.01 £1.23 0.17 0.36 0.15
VO, (mL O,- kgfl- minfl) 4.45 £+ 0.69 4.00 +£ 047 3.92 +£0.39 4.07 +£0.39 0.36 0.72 0.048
Main
CON group CA PL Effect of
Group
HT TN HT N
Systolic Pressure (mmHg) 122 +£13 132 £ 16 119 £ 11 135 + 13 0.42
Diastolic Pressure (mmHg) 70+ 6 75+7 70 +4 81+6 0.386
Mean Arterial Pressure 88+ 8 96 + 10 85+ 13 99 +7 0.828
(mmHg) )
Total Peripheral Resistance 0.91 + 0.17 0.91 + 036 090+0.14 098 +0.18 0.172
(mmHg-s-mL™")
Heart Rate (bpm) 75+ 12 65+ 11 72+ 8 68 £ 6 0.077
Cardiac Output (L-min~1) 7.49 £+ 0.87 6.35 + 1.04 742 +1.03 6.85 +1.21 0.20
VO, (mL O;- kg’l- min~1) 4.05+0.76 4.06 + 0.68 4.05 +0.36 440 +£041 0.93

Values are means + SD. Abbreviations: HRE: hypertensive responders to exercise, CON: control group, CA:
capsaicin trials, PL: placebo, HT: trials in the heat, TN: trials in thermoneutral environment, VO,: oxygen uptake.

A main effect of environment (p = 0.059) and patch X environment interaction effect
(p = 0.025) but no main effect of patch (p = 0.58) were (or tended to be) observed for DBP
across groups. With values grouped together, end-resting MAP was higher in PL-TN (main
effect of environment: p = 0.05, patch X environment interaction effect, p = 0.008). Cardiac
output was not affected by environmental conditions, whereas time-average values were
higher in the heat (main effects of environment: p = 0.17 and p = 0.077, respectively) across
groups and patch conditions. Heart rate tended to be lower in the HRE group (main effect
of group: p = 0.077) but higher in HT across groups and patch conditions (main effect of
environment: p = 0.001). Expectedly, total peripheral resistance was higher in TN conditions
across groups (main effect of environment: p = 0.048). Again, the HRE group tended to
demonstrate higher total peripheral resistance values across the resting period (main effect
of group: p = 0.056).

2.2.2. Exercise Values

Table 2 presents end-exercise values of cardiorespiratory parameters. SBP, DBP and
MAP increased over exercise time (main effects of time: p < 0.001). The exercise-induced
increase in SBP remained unaltered across groups (p = 0.44), patch (p = 0.21) or environ-
mental conditions (p = 0.71). End-exercise SBP tended to be higher in the HRE group across
environments (main effect of group, p = 0.10, Figure 3). A patch X environment interaction
(p = 0.031) together with a main effect of environment (p < 0.001) indicates lower values of
end-exercise SBP in HT with the exception of the HRE group in CA conditions (p = 0.61).
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Table 2. Cardiorespiratory parameters and rating of perceived exertion measured during isometric

handgrip exercise performed at 20% maximal voluntary contraction.

. Temperature
HRE Group CA PL rn X Patch
Interaction
HT TN HT TN Temperature Patch
Systolic Pressure (mmHg) 171 + 11 178 + 5 161 + 11 187 + 6 <0.001 0.125 0.031
Diastolic Pressure (mmHg) 102 + 13 103 + 8 92 +13 102 + 13 0.007 0.089 0.27
Mean Arterial Pressure 114+ 15 121+ 18 113+ 12 125+ 11 0.003 0.023 0.295
(mmHg)
Total Peripheral Resistance 05 | g15 1104029 0784020 103030 0.017 03 0.764

(mmHg-s-mL™")

Heart Rate (bpm) 89 +21 81 £18 92 £17 84 £10 0.001 0.92 0.074
Cardiac Output (L-min~1) 2.36 +1.95 1.27 £ 1.46 3.30 +2.84 2.04 +£1.79 <0.001 0.349 0.40
VO, (mL O, - kg™!- min~!)  510+£1.23 5.03 £ 0.94 4.57 +0.58 5.44 £+ 0.40 0.909 0.445 0.046

End-exercise rating of 16 +3 16+3 15+2 16 +2 0.907 0.498 0.863

perceived exertion (a.u.)
Main effect
CON group CA PL of group
HT N HT TN

Systolic Pressure (mmHg) 156 & 20 165 + 24 151 + 15 169 £+ 19 0.100
Diastolic Pressure (mmHg) 90 £ 13 9 + 14 89 + 11 101 +7 0.505

Mean Arterial Pressure (mmHg) 126 + 16 133+9 115+ 14 131 + 19 0.657
Total Peripheral Resistance 0.75 £ 0.18 1114+ 0.38 0754013  1.0740.30 0.133

(mmHg-s-mL™")

Heart Rate (bpm) 85+ 14 72+ 11 80 + 10 72 +4 0.039
Cardiac Output (L-min~1) 1.83 +1.88 0.36 + 0.92 172 +£1.48 0.36 + 0.48 0.103
VO, (mL Oy- kg~!- min1) 511+1.01 434+ 054 451 +0.52 421 +0.90 0.127

End-exercise ratnga (ilf )percelved exertion 1643 1543 1642 1543 0473
Statistic effects refer to time-pooled values except for systolic pressure and A cardiac output (end values). Main
effects of time were significant (p < 0.05) across parameters. Values are means £+ SD. Abbreviations: HRE:
hypertensive responders to exercise, CON: control group, CA: capsaicin trials, PL: placebo, HT: trials in the heat,
TN: trials in thermoneutral environment, VO,: oxygen uptake.
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Figure 3. Systolic blood pressure (SBP) during 5 min of isometric exercise @ 20% of maximal voluntary
contraction. Panels (a,b) indicate values for the individuals presented with the typical (n = 9) and
hypertensive (1 = 8) response to exercise, respectively.

DBP remained lower in HT across time, groups and patch conditions (main effect
of environment: p = 0.007). Post hoc tests revealed lower (time-pooled) DBP values for
the HRE group in PL-HT (81 £ 12) as compared to CA-HT (92 & 10, p = 0.04) and PL-TN
(91 £ 12, p = 0.05). End-exercise MAP values for the HRE group in PL-HT (115 + 14) were
lower as compared to CA-HT (126 £ 16, p = 0.007) and PL-TN (131 £ 19, p < 0.001). The
exercise-induced rise in cardiac output tended to be higher in the HRE group across envi-
ronments (main effect of group: p = 0.10). While cardiac output expressed in absolute values
was higher in HT (main effect of environment: p = 0.020), the increase in cardiac output
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was lower in HT conditions for the CON group (PL: 1.72 & 1.48 vs. 0.36 & 0.48 L-min !,
p=0.017; CA: 1.83 + 1.88 vs. 0.36 + 0.92 L-min !, p = 0.042). Total peripheral resistance
increased over time only in TN conditions (environment X time interaction: p = 0.002) across
groups (main effect of group: p = 0.13) and remained lower in HT conditions (main effect
of environment: p = 0.017). Oxygen uptake during exercise was higher compared to resting
conditions (main effect of time: p < 0.001) and remained lower in PL-HT (4.53 £ 0.53 mL
0O,-kg~!min~!) when compared to PL-TN (4.74 4 0.95 mL O,-kg~!-min~!, p = 0.018) and
CA-HT (5.10 £ 1.09 mL Op-kg~!-min~!, p = 0.004).

3. Discussion

We investigated the thermoregulatory and cardiovascular responses to combined heat
exposure and capsaicin application on the skin during rest and a 5 min bout of isometric
exercise. The main findings of the study were (a) heat stress but not capsaicin application
alleviated the hypertensive response to exercise, as reflected in lower SBP; and (b) the
blood pressure-related lowering action of capsaicin was confirmed during rest. Acute
heat stress was found to alleviate the exaggerated increase in hypertensive responders to
isometric exercise.

3.1. Cardiovascular Responses
3.1.1. Rest

The multifaceted impact of capsaicin (chili pepper extract) on human health and
performance remains underexplored. Recent meta-analyses have attempted to explore the
effects of capsaicin supplementation on obesity [43], energy balance [44], blood pressure [45]
and even endurance performance [46]. The present study confirmed the hypotensive effect
of capsaicin application during rest, as end-resting MAP remained higher in the PL-TN
condition across groups. In a cross-over design, a notable reduction in arterial blood
pressure was reported when four capsaicin patches were applied at the skin of young
males in hot conditions [13]. Not only are commercial capsaicin patches/creams highly
used without medical prescription, but also, their application on the skin emerges as
an alternative to oral ingestion. We opted for our participants not to eat capsaicinoids
to ensure a high degree of external validity as well as to protect them from reported
symptoms of gastrointestinal discomfort such as pain and diarrhea [12]. As far as the
classification of our participants into groups is concerned, individuals that were included
in the HRE group demonstrated relatively high blood pressure values in the 30 min rest
period. Since they were not actually resting (they were anticipating to perform isometric
exercise), HRE participants should not necessarily be reported with arterial hypertension
(SBP > 130 mmHg) [47]. A central command-initiated effect might have influenced the
arterial blood pressure response especially towards the end of the resting period in the
HRE group. Indeed, the groups were not characterized by different baseline values in mean
arterial pressure, total peripheral resistance or cardiac output (unpublished data, p > 0.10).

In our past study, resting MAP was lower only when capsaicin application at the skin
was superimposed to the heat stressor [13], whereas a higher MAP is currently reported
in the absence of both stressors (condition: PL-TN, Table 1). The temperature-dependent
nature of the capsaicin action on arterial blood pressure was reasoned to be explained
by the involvement of differential TRPV channels on vascular regulation. Among other
TRPV channels, characteristic activation temperatures for TRPV1 and TRPV4 range from
mild to extreme heat (ambient temperatures, >43 and 25 °C, respectively) [48,49]. As
such, exposure to a warm environment would preferentially stimulate TRPV4 but not
TPRV1 ion channels. Independent stimulation of both channel types has been shown
to inhibit x-adrenergic vasoconstriction in human skeletal muscle feed arteries [50,51].
Even though total peripheral resistance was not affected by capsaicin application, the
possibility that the commercial patches were spread over a relatively small region of the
body (~5% of body surface area) to exert a physiologically meaningful effect can be safely
excluded as the sites of application remained similar compared to the previous study from
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our laboratory [13]. From an integrative physiology standpoint, redundant mechanisms
might have been recruited to prevent an excessive drop in arterial blood pressure [52] in
the simultaneous presence of heat and capsaicin stressors. As a separate stressor, heat is
known to elicit reductions in arterial blood pressure [53] mediated by reductions in arterial
stiffness [54], even in young individuals, which were reflected in lower total peripheral
resistance in HT conditions [55]. As such, capsaicin application could serve as an adjunct
to heat exposure if the goal is to regulate resting blood pressure within physiological
limits. Whether this finding is of clinical relevance and capsaicin-based treatments could
be included in antihypertensive therapy warrants further investigation.

3.1.2. Exercise

The hypertensive response to dynamic exercise is defined as an abnormally exag-
gerated rise in systolic arterial blood pressure [27]. In the present study, wherein blood
pressure values were measured during isometric exercise, end-exercise SBP tended to be
again higher in the HRE group across environments. The exercise-mediated rise in SBP was
not different between groups. Thus, higher values observed in the HRE group might be
attributed to higher SBP values observed at the onset of isometric exercise. At that specific
timepoint, the feedforward neural mechanism of central command could be activated at
the absence of sensory input from the isometrically exercising muscles [56]. Beyond the
suspected influence of the central command, the hypertensive response to exercise—as
observed in young individuals—has been further attributed to overactivity of the exercise
pressor reflex [57]. The exercise pressor reflex is a feedback neural mechanism originating
in human skeletal muscle that elicits circulatory adjustments to exercise and raises cardiac
output and total peripheral resistance; both adjustments function to increase blood pressure
and enhance tissue oxygenation [37]. In disease states like heart failure [58] or arterial
hypertension [59], the heart demonstrates a failing ability to increase cardiac output during
exercise; whether the exercise-induced increase in SBP reported in our HRE individuals
is predominantly driven by cardiac output or total peripheral resistance remains unclear,
as marginal changes were observed for either factor (main effects of group: p = 0.10 and
0.13, respectively). To further investigate the origin of the response, the cardiac output
to total peripheral resistance ratio is proposed as an index of sympathetic stimulation to
be assessed in future studies. Lower and higher values of the proposed ratio would be
indicative of reduced aortic compliance (peripheral) and augmented myocardial contractil-
ity (central), respectively [60]. Even though a recent study highlighted “large” correlation
values between end-handgrip exercise and 24 h SBP and DBP [40], no study to date has
investigated the connection between peak dynamic and isometric exercise values. Given
the between-exercise type differential hemodynamic (cardiac output and central peripheral
resistance) response, the tendency for correlation, observed herein, could postulate that the
reported increase in SBP might be predominantly of central origin.

Even in hot conditions and across individuals, SBP was increased during intense
isometric handgrip exercise. The exercise pressor reflex is initiated during isometric
exercise through the activation of the central command and the stimulation of muscle
metabo/mechanoreceptors; these mechanisms act in synergy to lower vascular conduc-
tance, with the values remaining higher in the heat compared to thermoneutral condi-
tions [41]. The findings of the present study confirm that the end-exercise increase in SBP is
alleviated in the presence of the heat stressor (Figure 2) and a concomitantly lower total
peripheral resistance.

In sharp contrast to the effect of the heat, the extent to which capsaicin application
on the skin ameliorates the exercise-induced increase in arterial blood pressure seems
rather limited. Previous studies have investigated whether capsaicin cream application
would suppress the expected increase in arterial blood pressure as elicited during bouts of
isometric exercise. The capsaicin-induced TRPV1 channel activation has been suggested
to attenuate the release of prostaglandins and the concomitant activation of group III
and IV afferent fibers and partly deactivate the exercise pressor reflex [7]. Regarding the
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impact of capsaicin application on central command, unaltered values of heart rate and
RPE speak against the activation of the proposed mechanism. The inability of capsaicin
application to attenuate the exercise-induced rise in arterial blood pressure might be fur-
ther explained by additional mechanisms. The intramuscular tension developed during
isometric exercise and the concomitant partial restriction of blood flow might not have
been of the intensity required to activate the exercise pressor reflex. A dose-response
relationship between handgrip exercise intensity and the stimulation of metabo-sensitive
skeletal muscle afferents has been implied but not directly verified to date. Dawson,
Walser, Jafarzadeh and Stebbins [7] had their participants perform a 90 sec bout of iso-
metric handgrip exercise (@40% maximal voluntary contraction) before and 50 min after
the application of 100 mg of commercially available capsaicin cream at the respective
forearm. Whereas the exercise-induced increase in arterial blood pressure was lower in
the capsaicin condition, the brachial artery blood flow was higher in the experimental
condition at rest but not following isometric exercise. To further isolate the influence of
capsaicin on metaboreceptors, Vianna, Fernandes, Barbosa, Teixeira and Nobrega [36] in-
vestigated the effect of capsaicin cream application on the (180 sec period of) post-exercise
ischemia-induced metaboreflex stimulation. Local application of capsaicin cream did not
affect the exercise-induced increases in arterial blood pressure and heart rate. During
the post-exercise ischemia intervals, the increases in muscle sympathetic nerve activity
and arterial blood pressure were of a lower magnitude 30 and 60 min following capsaicin
application. Taken together, an attenuated increase in blood pressure has been reported
when the muscles rendered ischemic via occlusion but not during submaximal isometric
exercise following capsaicin cream application. In contrast to past studies, we aimed to
apply commercially available capsaicin patches on an extensive region of the human skin
(4 x 12 x 18 cm?) investigating a systemic (or not localized) cardiovascular effect. Presum-
ably, capsaicin application did not exert an additive effect to the heat-related reduction
in total peripheral resistance and end-exercise blood pressure potentially owing to the
augmented pain sensation experienced during the specific (CA-HT) trial. Ever-increasing
values of thermal and pain sensation on the sites of patch application might further in-
dicate a capsaicin-induced increase in muscle sympathetic nerve activity that can lead to
peripheral vasoconstriction [14]. Future studies are warranted to examine the interaction
between exercise intensity, capsaicin application and pain/burning sensation on arterial
blood pressure regulation.

3.2. Thermoregulatory Responses

Core temperature increases when humans perform dynamic exercise. The capsaicin-
related mitigation of the increase has been attributed to enhanced convective (vasodilation)
and evaporative (sweating response) heat loss [61]. Such thermoregulatory responses to
exercise in the heat are probably mediated by the action of the NO-synthase enzyme [62,63].
Changes in core temperature reflect the balance between heat production and heat loss
responses. Whereas core temperature remained lower in thermoneutral as compared
to hot conditions (Figure 2), capsaicin application on the skin did not act additively to
further reduce core temperature. This finding comes in contrast to previous findings
from our laboratory: a profound decrease in rectal temperature had been observed in
our capsaicin-treated resting individuals across environmental conditions [13]. Such an
effect was attributed to both enhanced heat loss and reduced metabolic heat production.
With regards to the metabolic heat production, oxygen uptake remained unaltered across
conditions during rest, and the respective increase during exercise should not have been of
physiological relevance (CA-HT vs. PL-HT: ~ +0.5 mL O,-kg~!-min~!). Paradoxically, the
forearm—fingertip temperature difference—serving as an index of local vasomotor tone—
tended to be higher when capsaicin patches were applied to our participants (Figure 3).
Again, a pain/burning sensation-induced vasoconstriction effect could be mediating such
a response [14]. The discrepancy might be explained by the time interval between the
application of capsaicin and the start of the resting period; a time interval that was longer in
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the present (31 &= 11 min) and other studies (isometric exercise conducted 50 min following
the application of capsaicin cream in Dawson, Walser, Jafarzadeh and Stebbins [7]) since
the resting phase “started immediately upon patch application” in the former study [61].
Similar to the forearm—fingertip temperature difference, the heat-induced reduction in total
peripheral resistance serves the thermoregulatory as well as the cardiovascular function of
the human body; the former by augmenting convective cutaneous heat loss and thereby
offsetting the gain in core temperature, and the latter by counteracting the exercise-induced
rise in SBP. Interestingly, three participants (all selected for the HRE group) requested
to terminate the CA-HT trial early in the recovery phase with excessive symptoms of
discomfort such as pain-induced tremor or inability to remain seated and still. In contrast
to the HRE group, CON individuals displayed an augmented sweating response in HT.
Given the response being observed specifically in HT, the possibility that the superposition
of heat facilitated the activation of muscle metaboreflex during a short bout of isometric
exercise (a nonthermal stimuli) should be investigated [64,65]. Nevertheless, the brevity
of the exercise protocol, the low exercise intensity (together with the limited degree of
occlusion) and the fact that whole-body sweat rate was assessed using changes in body
mass in the end of the experimental protocol (lasting ~2 h) render this hypothesis difficult
to evaluate.

3.3. Limitations

The non-invasive photoplethysmograph (Finometer, FMS, 2003, Enschede, The Nether-
lands) that was used to record arterial blood pressure parameters has been shown to mea-
sure mean arterial pressure reliably at rest and during exercise [66]. Reconstruction of
intrabrachial artery pressure from finger artery pressure attained using the corrective meth-
ods of waveform filtering and height correction (use of external arm cuff) as implemented
in the Finometer device reduces the pressure differences substantially [67]. The exclusive
use of arm cuffs is not recommended as it would substantially reduce the sampling rate
(minute values as opposed to beat-by-beat values, cf. [68]) and would result in low accuracy
levels [69]. In view of the marginal changes in hemodynamic parameters, we acknowl-
edge that the statistical power might have been benefited from the inclusion of additional
participants in both (CON and HRE) groups.

The hypertensive response to exercise of dynamic [31] or isometric [40] type has been
related to high 24 h SBP levels. As such, we opted for recruiting healthy young individuals
that demonstrate a hypertensive response to dynamic exercise. The hypertensive response
to dynamic exercise has been described as an exaggerated SBP response to exercise of
submaximal [70,71] or maximal intensity [72,73]. To date, consensus is lacking regarding
the definition criterion of such a phenomenon. More specifically, the hypertensive response
for males undertaking maximal exercise has been defined as systolic arterial blood pressure
exceeding higher (214 mmHg in Allison, et al. [74], 210 mmHg in Lorbeer, Ittermann,
Volzke, Glaser, Ewert, Felix and Dorr [28] or lower [181 mmHg in Jae, Franklin, Choo, Choi
and Fernhall [32]] thresholds. Since the non-invasive determination of the limited DBP
response to incremental dynamic exercise lacks reliability [75,76], a rather high value of SBP
was selected as the cut-off threshold for inclusion in the group of hypertensive responders
to exercise. As the cycling mode of exercise allows for isometric contractions of the trunk
and the upper part of the body during later stages of the trial, the expected higher values
of systolic pressure were to be detected sufficiently using the photoplethysmograph (as
compared to intra-arterial monitoring) at least in laboratory measurements [77]. Even with
the potential confounding factors of body mass index, fitness level, Wpeax and maximal
voluntary contraction eventually matched across groups (Table 3), the HRE group demon-
strated higher maximal SBP values during dynamic as well as isometric (condition: PL-TN)
exercise. Taken collectively, we are quite confident that the applied experimental design
enabled us to differentiate between individuals of an exaggerated (HRE group) or a modest
(CON group) exercise-induced rise in blood pressure; the former group deemed susceptible
to develop arterial hypertension at a later stage of life. Future studies are warranted to de-
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lineate whether a rise in end-exercise blood pressure exceeding a “critical” limit [30] could
further serve alternatively to enhance aerobic performance; the hypertensive response
to exercise would emerge as an adaptive response to training rather than a pathological
outcome [78].

Table 3. Participants’ baseline characteristics.

Group HRE, n=8 CON,n=9 p-Value

Age (years) 20+ 1 25+ 2 <0.001

Height (cm) 174+ 8 181+ 8 0.043

Body mass (kg) 716 £7.5 83.8+7.6 0.003

Body mass index (kg~m*2) 253+1.0 23.6 £1.7 0.053
Baseline SBP (mmHg) 130 + 10 128 + 12 0.73
Baseline DBP (mmHg) 73+ 8 74+ 6 0.72
End-dynamic SBP (mmHg) 234 + 14 209 £8 0.002
End-isometric SBP (mmHg) 187+ 6 165 + 16 0.026
VOspeak (mL-kg™!-min~1) 464458 433 4+9.1 0.43
Woeak (W) 292 + 57 317 + 51 0.36
Maximal voluntary contraction (kg) 493 £89 51.3 +10.8 0.71

Values are means + SD. Abbreviations: HRE: hypertensive responders to exercise, CON: control group, SBP:
systolic arterial blood pressure, DBP: diastolic arterial blood pressure, VO,: oxygen uptake, Wpeax: peak
power output.

The participants were requested to replicate their meals during the days preceding
the experimental trials but that does not preclude their adherence to the diet. Given that
even small fluctuations in salt and potassium intake could affect the hydration status of
the participants, our inability to account for mineral intake poses another limitation in
the results presented herein. We are quite confident though that circadian-rhythm-related
hormonal imbalances are of minor concern since our experimental design involved trials
scheduled for the same time of the day within each individual (see Materials and Methods).
The participants’ emotional status should not have affected skin temperature to an extent
expected to interfere with the internal validity of the study since their weighted mean skin
temperature was ~3 °C higher when performing in the hot environment.

4. Materials and Methods
4.1. Participants

In total, 42 volunteers completed the preliminary visits. Seventeen healthy young
male volunteers [age = 22.8 £ 3.4 years, body mass = 78.1 & 9.3 kg, stature = 178 £ 8 cm,
peak oxygen uptake (VO, peax) = 44.8 £ 7.7 mL Oy- kg~ ! min~!, peak power output
(Wpeak) = 306 + 49 Watts] were recruited to participate in the study. Inclusion criteria
included male participants between 18 and 35 years of age, non-smokers, physically active
and medication-free. Confounding variables of caffeine and alcohol consumption 24 h
prior to testing and prolonged exposure/acclimation to hot conditions (>30 °C) in the
30 days preceding testing, were all controlled for, in line with our previous work involving
capsaicin skin application [13,61]. Participants were also instructed to record their diet
the night before the first trial and they were requested to consume the same meals during
the nights preceding the remaining exercise trials. Following institutional ethics approval
and a detailed description of experimental procedures, all participants completed medical
questionnaires (to explore inter alia parental history of arterial hypertension [79]) and
provided written informed consent following the principles outlined by the declaration of
Helsinki of 1975, as revised in 2013. Participants were informed that the aim of the study
was to investigate the effects of capsaicin skin application and environmental temperature
on cardiovascular responses during isometric exercise. However, they were blinded to the
fact that the data would be analyzed in groups according to their arterial blood pressure
response to exercise.
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4.2. Preliminary Trials

During the screening procedure, the participants were informed of the procedures
to be followed, familiarized themselves with the laboratory equipment and were tested
for an allergic reaction to capsaicin; a capsaicin patch was applied on their right forearm
skin area. As a surrogate measure of body composition, the body mass index (BMI) was
calculated as: BMI = body mass x eight 2 [kg:m~2]. The maximal isometric handgrip
strength was assessed with the participants on a seated position holding the dynamometer
(Jamar Hydraulic Hand Dynamometer, Sammons Preston, Bolingbrook, IL, USA) with their
self-reported dominant hand and their back held upright. Shoulder and elbow were flexed
at 45° and 90°, respectively. On instruction, participants performed maximal isometric
handgrip twice for 5 s with a 60 s rest between the exertions. Strong verbal encouragement
was provided throughout both trials. The participant’s maximum handgrip strength was
determined as the highest force (kg) obtained in the two trials. For the participants who
were included in the study, the measured maximal voluntary contraction (MVC) was used
to determine the individual workloads performed during the exercise tests (20% of the
MVC attained during the preliminary test).

On a separate occasion, individuals completed an incremental exercise test to exhaus-
tion on a cycle ergometer (Lode, Groningen, The Netherlands) to establish their arterial
pressure responses as well as VOyppeax and Wieai. As a warm-up procedure, and following
a 5 min resting period, the participants were requested to cycle at the initial workload
for 3 min. The initial workload was set at 30 W or 60 W depending on the estimated
fitness level of the participant. During exercise, each participant pedalled at a preferred
cadence (between 60 and 90 rpm), which they maintained via visual and verbal feedback
throughout the trial. A metabolic cart (MedGraphics, CPX-D, Saint Paul, MN, USA) was
used to obtain the breath-by-breath respiratory responses. Before each trial, the O, and
CO; analyzers were calibrated using two different gas mixtures (atmospheric air and gas
made up of 15% O, and 5% CO;) and the pneumotachograph was calibrated with a 3 L
syringe, in accordance with the manufacturer’s recommendation. Attainment of VOypeak,
defined as the highest VO, averaged over 30 s, was confirmed when participants met
the following criteria: (a) inability to maintain exercise at a given workload reflected in a
cycling cadence lower than 60 rpm; (b) a plateau in VO, as indicated by breath-by-breath
values, despite an increase in power output; and (c) end-exercise respiratory quotient > 1.10.
Woeak was calculated according to the following equation: Wpeak = work rate of last stage
completed + [(work rate increment) x (time into current stage/60)]. All graded tests were
held under thermoneutral (23 °C) normoxic (FiO, = 0.21) conditions at a laboratory located
~80 m above sea level (Daphne, Athens, Greece).

Arterial blood pressure parameters were continuously recorded non-invasively using a
photoplethysmograph with the cuff attached to the middle finger of the left hand (Finometer,
FMS, 2003, Enschede, The Netherlands). The device was automatically calibrated for
pressure, distance of finger sensor from the heart level and detection of sound derived
from “return to arm flow”, according to the manufacturer’s standards. Further information
on the software used to measure accompanying cardiovascular parameters is given in the
section ‘Experimental Trials’.

4.3. Study Design

The experimental protocol is summarized in Figure 4. Participants were separated
into two groups that were characterized by the arterial blood pressure response to dynamic
exercise. The hypertensive response to exercise was defined based on end-exercise SBP.
An end-exercise SBP lower than 215 mmHg or higher than 220 mmHg was deemed as
a prerequisite for the participation in the group observed with the typical (CON) or hy-
pertensive (HRE) response to exercise, respectively, in agreement with values reported in
previous studies [28,74]. Ten individuals were considered as hypertensive responders to
exercise. Another ten individuals were selected from those that demonstrated a typical
response and were thereby included in the control group. By design, the two groups were
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matched for body mass index, maximal voluntary contraction, VOspeak and Wy, As such,
20 participants commenced the experiment; however, three (n = 2, hypertensive responders
to exercise; n = 1, control group) withdrew having completed two/three experimental visits
for reasons unrelated to the experiment. Participants’ baseline characteristics are presented
in Table 3.

Experimental Design environment & "¢ HT30) N2
capsaicin (CA)
placebo (PL)

N=10 / 14 x [18x12 cm?] patches <

Peak SBP > 220 mmHg
HRE

30min  5min@ 20%MVC 40min

ISOMETRIC
HANDGRIP

Incremental Test

/>”)/\
\,Kj
to Exhaustion

n

Peak SBP < 210 mmHg CON | CA: skin thermal sensation > 1| |

m==) 4 X baseline | REST ‘RECOVERY

i

N =32
13: Hot

11: Warm

9: Slightly warm
7: Neutral

5: slightly cool
3: cool

1::cold

Figure 4. Overview of the study design. Abbreviations: HRE: hypertensive responders to exercise,
CON: control group, MVC: maximal voluntary contraction, SBP: systolic arterial blood pressure.

Following inclusion into the experimental groups, the participants completed four
experimental trials in a randomized incomplete Latin square design. The independent
variables were environmental condition [hot (HT: 33 °C)/thermoneutral (TN: 22 °C)] and
patch application [capsaicin (CA)/placebo (PL)].

4.4. Experimental Trials

Participants completed four experimental trials that were each separated by 2-5 days.
They were requested to record and replicate their diet, hydration and physical activity
levels as well as avoid strenuous exercise for the 36 h preceding each trial. To exclude the
effect of the circadian rhythm on variables under investigation, individuals were scheduled
to attend the laboratory at the same time of day (£1 h). Upon arrival, participants had their
body mass measured (Bilance Salus, Milan, Italy) and rested at a sitting position for 15 min.
To enable the measurement of core temperature, they were administered and self-inserted
a rectal thermistor (MSR 145, Henggart, Switzerland) ~10 cm beyond the anal sphincter
according to the manufacturer’s instructions. Skin temperature was measured at four sites
(chest, calf, forearm, and fingertip) using thermistors (MSR 147WD, Henggart, Switzerland)
attached to the skin with a single piece of adhesive tape with the participants resting in
a seated position. The assessment of calf, chest, and forearm skin temperature enabled
the calculation of weighted mean skin temperature (Tsk) [80]. The forearm—fingertip
temperature difference (T¢f) has been validated as an index of skin vasomotor tone, even
during exercise [81]. Followingly, participants entered the thermal chamber and their
position was set at the cycle ergometer (Lode, Groningen, The Netherlands) and noted for all
subsequent visits. Similar to the preliminary trials, the cardiovascular parameters of arterial
blood pressure, total peripheral resistance, cardiac output, stroke volume and heart rate
were recorded non-invasively using a photoplethysmograph with the cuff attached to the
middle finger of the left hand (Finometer, FMS, 2003, Enschede, The Netherlands). The exact
derivation of cardiovascular parameters has been extensively described in our previous
work [13,61]. Briefly, the Modelflow technique computes stroke volume values from the
(peripheral) arterial pressure waveform using a nonlinear three-element [(a) impedance of
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the aorta, (b) total arterial compliance (c) peripheral vascular resistance] model of the aortic
input impedance. The first two nonlinear elements depend on the elastic properties of
the aorta while the third element is calculated for each beat by model simulation. Cardiac
output is calculated as the product of stroke volume and heart rate. Participants were then
connected to a metabolic cart (MedGraphics, Saint Paul, MN, USA) so that oxygen uptake
can be measured. The pneumotachograph, the metabolic cart and the photoplethysmograph
were calibrated before each session as described in the “Preliminary Trials” section.

Following instrumentation, 5 min baseline values were collected at a thermoneutral
environment (~22 °C). Four capsaicin (C:4.8 mg-patch™!) or placebo (PL) patches of similar
colour and size (12 x 18 cm?) were subsequently applied to the two quadriceps, left
pectoralis major and left scapula. These sites were selected to represent body regions
of varying thermosenitivity [82]. All application sites had been previously shaved. The
thermal chamber was set to mimic a hot (33 °C) or thermoneutral environment (22 °C).
From the baseline period onwards, the participants reported subjective ratings of whole-
body and regional (under the patches) thermal sensation on a 1-13 numeric scale (1, cold;
3, cool; 5, slightly cool; 7, neutral, 9; slightly hot, 11; hot, 13; very hot) (ASHRAE, 1966,
modified) at 5 min intervals. Immediately after the patch application on the skin, pain
sensation was reported on a 0-10 numeric pain scale (0, none; 1-3, mild; 4-6, moderate;
7-10, severe), again at 5 min intervals. As soon as the regional thermal sensation reported
was > 11 (31 £ 11 min following patch application), a rest period of 30 min was initiated
and preceded the 5 min isometric handgrip exercise. This was the case for all capsaicin
trials. With regard to the placebo trials, the onset of the resting period was delayed not
to imply to the participants the nature of the patch (placebo vs. active substance). The
elapsed time between the 5 min baseline and the 30 min rest periods was 21 &+ 11 min for
the placebo trials. In contrast to the 5 min baseline period (whereby no patches had been
applied and the environment was kept thermoneutral), the 30 min period was included
to outline the effects of each specific condition on resting individuals. The body position
of the participants during exercise was rather similar to the position they held during the
determination of their MVC. In order to ensure that the participants would tolerate a rather
lengthy bout of isometric exercise (and the concomitant rise in arterial blood pressure), the
intensity was set at 20% of the individuals’ MVC as assessed during the preliminary trial.
The absolute workload of the isometric exercise remained unaltered across experimental
trials. Cardiovascular data as well as ratings of perceived exertion (RPE; 620 [83]) were
collected at the end of each minute and at the end of isometric exercise, respectively. In
order to investigate potential post-exercise hypotension episodes, the participants were
requested to stay seated and motionless during the 40 min recovery period. Data for the
recovery period are not presented here. Body mass was measured again at the end of the
recovery period. Whole-body sweat rate was calculated as the difference between body
mass values collected pre- and post-trial (rounded to the nearest 0.05 kg), as the individuals
were not provided with fluids throughout the ~2 h experimental trial.

4.5. Data Analysis

Statistical analyses were performed using Statistica 5.0 (StatSoft, Tulsa, OK, USA).
The effects of the non-repeated factor of group (two levels: CON and HRE) and the
repeated factors of environmental condition (two levels: TN and HT) and patch (two
levels: PL and CA) on the dependent thermoregulatory and cardiovascular parameters
were detected using a mixed three-way ANOVA. When ANOVA revealed a significant
F-ratio for interaction and/or main effect, pairwise comparisons were performed with
Tukey’s honestly significant difference post hoc test. In the event that the statistical analysis
revealed a non-normal distribution of the data, a nonparametric test was performed. Such
was the case for local and environmental thermal sensation ratings and RPE, as well as
pain sensation, which were analyzed using the Friedman nonparametric test. Planned
comparisons were carried out using Kruskal-Wallis or Wilcoxon tests to locate specific
differences. When failing to demonstrate statistically different levels between groups,
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values were grouped together into a single group. Linear regression was also used to
determine the Pearson’s product-moment correlation coefficient (r) between peak values as
measured during (a) incremental dynamic exercise and (b) constant-work isometric exercise
(condition: PL-TN). Data are presented as means =+ standard deviation unless indicated
otherwise. The x-level of significance was set a priori at 0.05.

5. Conclusions

The findings of the present study suggest that heat exposure but not capsaicin applica-
tion alleviates the hypertensive response to exercise by virtue of lower values of arterial
blood pressure observed during moderate isometric exercise. Environmental temperature,
application sites as well as the temporal characteristics of capsaicin action stand out as
factors that should be controlled for when assessing the ability of capsaicin patches to
attenuate exercise-induced hypertension.
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