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Abstract

Purpose This study aimed to evaluate the effectiveness of bench step (BS) exercise for ameliorating arterial stiffening caused
by acute mental stress (MS).

Methods Fifteen young healthy men participated in two randomized trials: rest (RE) and exercise (EX) trials. Following a
5-min MS task (first task), the RE trial participants rested on a chair for 10 min (from 10 to 20 min after task cessation); the
EX trial participants performed BS exercise for the same duration. At 40 min after the first task, the participants performed
the same task (second task) again. Heart—brachial pulse wave velocity (PWV) (hbPWYV), brachial-ankle PWV (baPWV),
heart—ankle PWV (haPWV), and the cardio-ankle vascular index (CAVI) were measured simultaneously at 5, 30, and 50 min
after the first task.

Results Both trials caused significant elevations in hbPWYV, haPWV, and CAVI at 5 min after the first task; these changes
persisted until 30 min after the task in the RE trial, while they were abolished in the EX trial. baPW'V significantly increased
at 30 min after the task in the RE trial, but not in the EX trial. After the second task (from 30 to 50 min after the first task),
none of the parameters significantly increased in the RE trial, although the values remained above baseline levels. In the EX
trial, hbPWYV, haPWV, and CAVI showed significant elevations.

Conclusion Our findings suggest that a 10-min BS exercise after acute MS can counteract stress-induced arterial stiffening,
but has only a limited effect against subsequent acute MS.
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Introduction

Mental stress (MS), which is common in daily life, is a
known cause of deterioration of vascular health (Kivimiki
and Steptoe 2018). Even a brief acute episode of MS
results in a transient increase in arterial stiffness (Kume
et al. 2020, 2021; Vlachopoulos et al. 2006); this would be
attributed to various physiological factors, such as changes
in endothelial function, sympathetic nerve activity, hor-
monal status, inflammation, and oxidative stress (Kume
et al. 2020, 2021; Poitras and Pyke 2013; Vlachopoulos
et al. 2006, 2009). Since it has been suggested that both
acute response and chronic adaptation of the vasculature to
MS are probably relevant (Chida and Steptoe 2010; Lima
et al. 2019), chronic repetition of episodic increases in
arterial stiffness due to acute MS in daily life may con-
tribute to persistent arterial stiffness. In this context, it is
important to devise an effective strategy for ameliorating
arterial stiffening associated with acute MS to maintain
vascular health.

We have recently shown that acute MS-caused arte-
rial stiffening can be reversed by incorporating aerobic
exercise on a cycle ergometer for only 10 min thereafter
(Kume et al. 2021). Such an exercise strategy is advanta-
geous in terms of vascular health maintenance. However,
the applicability of exercise on a cycle ergometer in real
life is relatively limited; thus, more easily accessible prac-
tical exercises are warranted as a countermeasure for acute
MS-induced arterial stiffening. Bench step (BS) exercise
can be conveniently performed at a variety of locations,
such as the office and home, without the need for special
equipment; the exercise can also be easily performed using
stairs. Because regular BS exercise training ameliorates
the basal arterial stiffness levels (Ohta et al. 2012), it is
possible that acute BS exercise can be used as a counter-
measure for the detrimental vascular effects of acute MS.
This aspect, however, has not been clarified.

Traditionally, aerobic exercise has been known to posi-
tively modulate cardiovascular response to subsequent
acute MS, including an attenuated increase in blood pres-
sure (BP) during stress (Hamer et al. 2006). Sales et al.
(2014) have recently reported that a 50-min exercise
session prevented an impairment of endothelial func-
tion resulting from subsequent acute MS. Because arte-
rial stiffness is largely regulated by endothelial function
(McEniery et al. 2006), exercise may have a similar ben-
eficial effect on arterial stiffness response to subsequent
acute MS.

Based on this background, the present study aimed to
evaluate the effectiveness of BS exercise for ameliorat-
ing acute MS-induced arterial stiffening. To achieve this
objective, we first examined the effect of a single bout of
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10-min BS exercise on arterial stiffness (experiment 1).
Second, we investigated whether the 10-min BS exercise
after acute MS would counteract arterial stiffening caused
by stress and further examined the effect of exercise on the
arterial stiffness response to subsequent acute MS (experi-
ment 2).

Methods
Participants

We calculated the sample size required for this study using
G*Power 3.1 power calculations. Based on our previous
studies (Kume et al. 2020, 2021), the effect size was set
as 0.25 using a within-between interaction of two-way
repeated-measures analysis of variance (ANOVA). The a-
and f-levels were set to 0.05 and 0.2 (80% power), respec-
tively. The minimum number of participants required was
12.

Fifteen young healthy men (means + SE; age:
21.6 +0.2 years; height: 170.8 +1.1 cm; body weight:
60.9 + 1.3 kg) participated in experiment 1. In experiment
2, 15 healthy young men (age: 21.9 +£0.3 years; height:
171.4+ 1.1 cm; body weight: 62.4 + 1.0 kg), including 12
individuals who participated in experiment 1, were studied.
None of the participants were smokers, and none were tak-
ing medications. All participants provided written informed
consent, and the study purpose, experimental procedure, and
associated risks were fully explained to them. The study
was approved by the Human Ethics Committee at the Osaka
Institute of Technology (#2021-10) and was conducted
in accordance with the guidelines of the Declaration of
Helsinki.

Experimental procedures

Experiments 1 and 2 were conducted at least 3 months apart
in each participant subjected to both experiments. In both
experiments, the participants visited three times through-
out the experimental period. During the first visit, the par-
ticipants were allowed to familiarize themselves with the
experimental apparatus. Subsequently, a 5-min resting heart
rate (HR) measurement was taken while the participant was
seated on a comfortable chair; the participants then engaged
in a submaximal incremental exercise test using a step bench
(Stepwell 2; Konami, Tokyo, Japan). The height of the step
bench was 20 cm and the step rhythm was controlled by
an electronic metronome. During the exercise test, HR
was recorded continuously. The resting HR value and step
rhythm-HR data were used to determine the step rate for the
subsequent experimental visit.
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During the second and third visits (i.e., experimental vis-
its), the participants were subjected to exercise (EX) and
rest (RE) trials in a random order, which was separated by
approximately 1 week. All experiments were conducted in a
quiet air-conditioned room (24-26 °C). To avoid any poten-
tial diurnal effects, the experiments were conducted at the
same time of the day for each participant. The participants
were asked to refrain from performing strenuous exercise,
consuming alcohol (>24 h) and caffeine (> 12 h), and eating
(=3 h) before the trials.

Experiment 1

A schematic representation of the experimental protocol for
experiment 1 is presented in Fig. 1. Baseline measures of
arterial stiffness and hemodynamic variables were obtained
from the participants in the supine position after a 15-min
rest period. Subsequently, the participants in the RE trial

- Seated rest
RE trial (10 min)
- BS exercise
EX trial (10 min)
I 1 1 1 ]
I I I T i
_
Baseline 0 10 20 30 (min)

t Measurements of hbPWV, baPWV, haPWV, CAVI, HR, and BP

—> Measurement of HR

Fig. 1 Experimental protocol of experiment 1. RE rest, EX exercise,
BS bench step, hbPWV heart-brachial pulse wave velocity, baPWV
brachial-ankle pulse wave velocity, haPWV heart-ankle pulse wave
velocity, CAVI cardio-ankle vascular index, HR heart rate, BP blood
pressure

rested on a chair for 10 min, whereas those in the EX trial
performed BS exercise at 35-40% of HR reserve (HRR) for
the same duration. This is considered as light-intensity aero-
bic exercise (Garber et al. 2011) and was chosen because of
the potentially high applicability in daily life. The targeted
HR range was calculated using the Karvonen formula: tar-
geted HR range =[220—age—resting HR]x 0.35 or 0.40
(exercise intensity 35-40%) + resting HR. The exercise was
started at a predetermined step rhythm while monitoring HR
using a three-lead electrocardiogram (ECG) (413; Intercross,
Tokyo, Japan); the step rhythm was adjusted manually, if
necessary, to maintain the targeted HR value (Kume et al.
2021). After the seated rest or exercise period, the partic-
ipants were allowed to recover in the supine position for
30 min. This recovery period was set because a decrease in
arterial stiffness was reported to last for 30 min after short-
term cycling exercise (Zhou et al. 2015).

Experiment 2

A schematic representation of the experimental protocol for
experiment 2 is shown in Fig. 2. The baseline measurements
were taken in the same manner as in experiment 1, and the
participants then performed a 5-min MS task (first task) in
both trials. Subsequently, from 10 to 20 min after the first
task, the participants either rested while being seated on a
chair (RE trial) or performed BS exercise (EX trial) using
the same procedure as in experiment 1. From 40 min after
the cessation of the first task, the participants were again
exposed to the MS task (second task). Except for the seated
rest or exercise periods, the participants remained in supine
position throughout the experimental session.

Based on our previous studies (Kume et al. 2020, 2021),
we used mental arithmetic as the MS task. The participants
were asked to serially subtract 13 from a three-digit number
as quickly and accurately as possible for a period of 5 min.

Fig.2 Experimental protocol -

of experiment 2. RE rest, EX RE trial F('gs:nti?]s)k S?fée:“:]eft SeE:SO rr}r(ljir:?Sk

exercise, BS bench step, ibPWV

heart—brachial pulse wave

velocity, baPWYV brachial-ankle EX trial First task BS exercise Second task

pulse wave velocity, haPWV (5 min) (10 min) (5 min)

heart—ankle pulse wave velocity,

CAVI cardio-ankle vascular I } f } } } } } |

index, HR heart rate, BP blood t 1\ 1\ 1\ A t /W /IF t 1\ 1\ 1\ A t

pressure
 —— _—  ——

Baseline 5 10 20 30 40 45 50 (min)

t Measurements of hbPWYV, baPWV, haPWV, CAVI, HR, and BP

1\ Measurement of BP  —>> Measurement of HR

Measurement of perceived stress /W\ Measurement of mood
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During the task, the participants were asked to perform
faster and were corrected immediately if wrong answers
were provided to intentionally cause frustration. A metro-
nome was played loudly for additional distraction. When the
number was < 13 (the answer was not allowed to go below
0), the participants restarted the task using the original three-
digit number. Each participant completed four MS tasks with
a different starting number in a random order.

Measurements
Experiment 1

At baseline and every 10 min after the seated rest or exer-
cise, pulse wave velocity (PWV), an established marker
of arterial stiffness, HR, systolic and diastolic BP (SBP
and DBP), and mean arterial pressure (MAP) were meas-
ured using a vascular testing system (VaSera VS-1500AN;
Fukuda Denshi, Tokyo, Japan). For the measurements, BP
cuffs were wrapped around both the upper arms and ankles.
A phonocardiograph and ECG electrodes were placed on
the pectoral region and on both wrists, respectively. ECG,
heart sounds, and arterial pressure waveforms at the brachial
and posterior-tibial arteries were simultaneously recorded.
According to our previous study, we measured heart—bra-
chial PWV (hbPWYV), brachial-ankle PWV (baPWV), and
heart—ankle PWV (haPWV) (Kume et al. 2020, 2021). Spe-
cifically, hbPWYV, baPWV, and haPWV were calculated
from each arterial path length along with the time intervals
between the second heart sound and the dicrotic notch on
the brachial arterial pressure waveform, between the foot
of the brachial arterial pressure waveform and the foot of
the posterior-tibial arterial waveform, and the sum of these
time intervals (Nishiwaki et al. 2017; Sugawara et al. 2019;
Tomoto et al. 2017). Furthermore, the cardio-ankle vascu-
lar index (CAVI) was automatically calculated. hbPWV
reflects stiffness from the heart to the brachial artery and
can serve as a marker of proximal aortic stiffness (Sugawara
et al. 2019). baPWYV reflects the stiffness of the abdominal
aorta and the leg arteries. haPWYV reflects the stiffness from
the aorta to the ankle, and CAVI is a parameter of haPWV
adjusted by BP (Shirai et al. 2011). In our laboratory, the
day-to-day coefficients of variation for hbPWV, baPWV,
haPWV, and CAVI were 2.4 +0.2%, 1.5+0.1%, 1.5+0.1%,
and 2.5 +0.3%, respectively.

Experiment 2

Arterial stiffness and hemodynamic variables were measured
at baseline and at 5 min, 30 min, and 50 min after the first
task using the same system. The degrees of change in arte-
rial stiffness measures before and after the first (i.e., from
baseline to 5 min after the first task) and second (i.e., from
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30 to 50 min after the first task) tasks in both trials were
calculated.

Before and during both the first and second tasks, SBP,
DBP, and MAP were measured using an automated sphyg-
momanometer (Tango M2; SunTech Medical Instruments,
North Carolina, USA). The BP measurement was carried out
twice (approximately, 2 min and 4 min after the beginning
of the task) during the task, and the average value was cal-
culated. HR was also measured continuously using the same
ECG system. The HR data obtained concurrently with the
BP measurement were averaged. Furthermore, after com-
pletion of the task, the participants were asked to rate their
perceived stress during the task using a standard five-point
scale of 0 (not stressful), 1 (somewhat stressful), 2 (stress-
ful), 3 (very stressful), and 4 (very, very stressful) (Callister
et al. 1992).

HR was continuously recorded using the same ECG sys-
tem during the 10-min BS exercise in the EX trial; it was
also obtained during the seated rest period in the RE trial.
Because of the unstable states at the beginning of the exer-
cise in the EX trial, the HR data for the last 5 min in each
trial were averaged. The step rhythm during the same time
in the EX trial was recorded and averaged.

To assess mood alterations associated with the 10-min
seated rest or BS exercise immediately before and after rest
or exercise, the participants rated their perceived level of
irritation, confusion, anxiety, and vigor using a 0—10 Likert
scale.

Statistics

Data are expressed as means + SE. The perceived stress lev-
els pertaining to each task were compared between the tri-
als, and the degrees of change in arterial stiffness measures
before and after the first and second tasks were compared
between the tasks; both comparisons were performed using a
paired Student’s ¢ test. Two-way (time X trial) repeated-meas-
ures ANOVA with Bonferroni-corrected post hoc testing was
performed for arterial stiffness measures and hemodynamic
and mood variables. Statistical significance was considered
at a P value <0.05. The statistical analyses were conducted
using SPSS version 28.0 (IBM SPSS Japan, Tokyo, Japan).

Results
Experiment 1

In the RE trial, the average HR during seated rest was
71+ 1 bpm. In the EX trial, the value during the BS exer-
cise was 120+ 1 bpm, which corresponded to 38.5 +0.3% of
HRR; the average step rhythm was 114 + 2 steps/min.
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Fig.3 Measurements of hbPWYV (a), baPWV (b), haPWV (c¢), and
CAVI (d) in experiment 1. RE rest, EX exercise, hbPWV heart-bra-
chial pulse wave velocity, baPWYV brachial-ankle pulse wave velocity,

All arterial stiffness measures exhibited a significant
decrease for 30 min after the exercise in the EX trial (Fig. 3).
Changes in hemodynamic variables are presented in Online
Resource 1. HR significantly increased at 10 and 20 min
after the exercise in the EX trial and was significantly higher
in the EX trial than in the RE trial. SBP and MAP were sig-
nificantly higher at 10 min after the exercise in the EX trial
than in the RE trial.

Experiment 2

The average HR value during seated rest was 69 +2 bpm
in the RE trial. In the EX trial, the HR value during exer-
cise was 120+ 1 bpm, which corresponded to 38.8 +0.4%
of HRR; the average value of the step rhythm was 110+2
steps/min.

HR and BP measures increased significantly in both tri-
als in response to the first task, with no significant differ-
ence between the trials (Table 1). In both trials, HR and
SBP increased significantly in response to the second task,
with no significant difference between the trials. DBP and
MAP increased significantly in both trials; however, this
increase was significantly smaller in the EX trial than in the
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haPWV heart—ankle pulse wave velocity, CAVI cardio-ankle vascu-
lar index. *P <0.05 vs. baseline. #P <0.05 vs. the RE trial. Data are
expressed as means +SE

RE trial. We found no significant difference in the perceived
stress level between the trials for both the first task (RE trial:
2.940.1 vs. EX trial: 2.8 +0.2) and second task (RE trial:
2.7+0.2 vs. EX trial: 2.7+0.2).

The results of the arterial stiffness are presented in Fig. 4.
Both trials resulted in significant elevations in hbPWYV,
haPWYV, and CAVI at 5 min after the first task. The values
remained elevated at 30 min after the task in the RE trial,
while they returned to baseline levels at this time point in the
EX trial. In the RE trial, baPWYV increased significantly at
30 min after the task, whereas it did not change significantly
in the EX trial over the same period. At 30 min after the
task, baPWV, haPWV, and CAVI were significantly lower
in the EX trial than in the RE trial. As for the second task
(changes from 30 to 50 min after the first task), the variables
tended to increase in the RE trial, but this did not reach sta-
tistical significance. In the EX trial, hbPWV, haPWV, and
CAVI exhibited significant elevations. At 50 min after the
task, baPWV and haPWV were significantly lower in the EX
trial than in the RE trial. Changes in hemodynamic variables
are summarized in Online Resource 2. HR was significantly
elevated at 30 min and 50 min after the first task in the EX
trial; it was significantly higher than that in the RE trial at
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Table 1 Hemodynamic variables before and during the first and second tasks in experiment 2

Trial Before Task ANOVA

First task

HR (bpm) RE 61+1 744+2% Time: P <0.001; Trial: P=0.510
EX 60+2 73+3% Interaction: P=0.874

SBP (mmHg) RE 114+2 130+3%* Time: P<0.001; Trial: P=0.809
EX 114 +2 129 £2%* Interaction: P=0.805

DBP (mmHg) RE 68+2 83 +2% Time: P <0.001; Trial: P=0.156
EX 66+2 81+2% Interaction: P=0.718

MAP (mmHg) RE 83+2 99 + 2% Time: P<0.001; Trial: P=0.226
EX 82+2 97 2% Interaction: P=0.728

Second task

HR (bpm) RE 60+2 T3 +2% Time: P<0.001; Trial: P=0.057
EX 64+2 76 +2% Interaction: P=0.397

SBP (mmHg) RE 119+2 131+2% Time: P<0.001; Trial: P=0.375
EX 120+2 129 +2% Interaction: P=0.195

DBP (mmHg) RE 69+2 83 +2% Time: P <0.001; Trial: P=0.009
EX 68+2 T8+ 2%# Interaction: P=0.057

MAP (mmHg) RE 86+2 99 4 2% Interaction: P=0.014
EX 85+2 95 £2%#

Data are expressed as means + SE

HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure, RE rest, EX exercise, ANOVA analysis of

variance
*#P <0.05 vs. before the task
#P<0.05 vs. the RE trial

30 min after the task. In the EX trial, the SBP increased
significantly at 30 min after the first task, which was signifi-
cantly higher than that in the RE trial. In both trials, DBP
and MAP increased to a similar extent at 5 min after the first
task; however, statistical significance was reached only in the
RE trial. Compared with the baseline values, DBP and MAP
values were significantly higher at 50 min after the first task
in the RE trial and at 30 min after the task in the EX trial.

In the RE trial, AhbPWYV, AhaPWYV, and ACAVI were
significantly lower with the second task than with the first
task (Table 2), whereas there were no significant differences
in any variables between the tasks in the EX trial.

Irritation decreased significantly in both trials, with no
significant difference between the trials (Table 3). No signifi-
cant change was noted in confusion in either trial, whereas
a significant decrease was found in anxiety in the EX trial.
Vigor was significantly elevated in the EX trial and was sig-
nificantly higher than that in the RE trial.

Discussion
The present study aimed to evaluate the effectiveness of BS

exercise for ameliorating acute MS-induced arterial stiff-
ening. Our major findings are as follows. In experiment 1,
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we observed a decrease in arterial stiffness after 10 min of
BS exercise. In experiment 2, we found that an elevation in
hbPWYV, baPWV, haPWV, and CAVI after the first task was
completely reversed by performing a 10-min BS exercise.
However, hbPWYV, haPWV, and CAVI exhibited significant
elevations in response to the second task, even among those
who had previously exercised. Collectively, these findings
suggest that a 10-min BS exercise after acute MS counter-
acts stress-induced arterial stiffening, but confers only lim-
ited protection against the effects of subsequent acute MS.

Although beneficial vascular adaptation has been shown
previously for chronic BS exercise training (Ohta et al.
2012), the effect of acute BS exercise on arterial stiffness
remains to be investigated. Thus, in experiment 1, we sought
to resolve this point and found that a 10-min BS exercise
decreased hbPWYV, baPWV, haPWYV, and CAVI for 30 min.
The decrease was observed in all arterial segments measured
in this study, suggesting a systemic modulation of arterial
stiffness; this finding is supported by previous studies on
other exercise modalities (Kingwell et al. 1997; Kume et al.
2021; Okamoto et al. 2018). The present study demonstrates
that short-term BS exercise can acutely decrease arterial
stiffness and suggests that this exercise has the potential to
ameliorate acute MS-induced arterial stiffening.
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Fig.4 Measurements of hbPWYV (a), baPWV (b), haPWV (c¢), and
CAVI (d) in experiment 2. The dashed lines indicate the time point
of the first and second tasks. The shaded boxes indicate the dura-
tion of seated rest or bench step exercise. "dbPWV heart—brachial

Table 2 Degrees of change in arterial stiffness measures before and
after the first and second tasks

First task Second task

RE trial

AhbPWYV (cm/s) 32+8 16 +6%*

AbaPWV (cm/s) 12+6 4+6

AhaPWV (cm/s) 25+7 12 +4%

ACAVI (unit) 0.3+0.1 0.1+0.1*
EX trial

AhbPWYV (cm/s) 29+6 26+5

AbaPWV (cm/s) T+4 6+5

AhaPWV (cm/s) 21+4 18+3

ACAVI (unit) 0.3+0.1 0.4+0.1

Data are expressed as means +SE

RE rest, AhbPWV degree of change in heart-brachial pulse wave
velocity before and after the task, AbaPWV degree of change in bra-
chial-ankle pulse wave velocity before and after the task, AhaPWV
degree of change in heart—ankle pulse wave velocity before and after
the task, ACAVI degree of change in cardio-ankle vascular index
before and after the task, EX exercise

“P<0.05 vs. the first task

ORE trial @EX trial
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pulse wave velocity, baPWV brachial-ankle pulse wave velocity,
haPWYV heart—ankle pulse wave velocity, CAVI cardio-ankle vascular
index. *P <0.05 vs. baseline. TP <0.05 vs. 30 min after the first task.
#P <0.05 vs. the RE trial. Data are expressed as means + SE

In experiment 2, the first task caused an elevation in
hbPWYV, haPWV, and CAVI, which persisted until 30 min
after the task in the RE trial; baPWV was also elevated at
30 min after the task. This response pattern is congruent
with the findings of our previous study (Kume et al. 2021).
The possible physiological reasons for the delayed elevation
in baPWV have already been described (Kume et al. 2020,
2021). Specifically, the vasodilatory response and increases
in blood flow in the limb vasculature are elicited during
acute MS (Carter et al. 2005; Kuipers et al. 2008). There-
fore, it is possible that vasodilation and the accompanying
increases in blood flow and shear stress in the lower-limb
vasculature occurred in the present study, which alleviated
arterial stiffening in the leg segment transiently (Heffernan
et al. 2007b). This may have led to a delay in the elevation of
baPWV. In the same trial, arterial stiffness measures tended
to additively increase in response to the second task, but this
did not reach statistical significance; indeed, the increases in
arterial stiffness measures with the second task were clearly
smaller than those with the first task. Endothelial function,
a determinant of arterial stiffness (McEniery et al. 2006), is
known to be impaired by acute MS (Ghiadoni et al. 2000;
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Table 3 Mood outcome

Trial Before After ANOVA
Irritation RE 5.0+0.5 3.7+0.4% Time: P<0.001; Trial: P=0.662
EX 5.1+0.5 3.3+0.3* Interaction: P=0.384
Confusion RE 3.9+0.5 3.4+0.5 Time: P=0.048; Trial: P=0.688
EX 4.1+0.5 34+04 Interaction: P=0.484
Anxiety RE 4.1+03 3.7+04 Time: P <0.001; Trial: P=0.206
EX 4.1+0.4 2.9+0.4% Interaction: P=0.115
Vigor RE 5.0+04 45+04 Interaction: P<0.001
EX 45+04 6.1 +0.3%#

Data are expressed as means +SE

RE rest, EX exercise, ANOVA analysis of variance
*P <0.05 vs. before the trial

#P <0.05 vs. the RE trial

Sales et al. 2014; Spieker et al. 2002), and a significant
further impairment was evoked upon re-exposure to stress
(Sales et al. 2014). The inconsistency in vascular response
to re-exposure to acute MS between this study and the pre-
vious one (Sales et al. 2014) might be because there was
little room for an increase in arterial stiffness in response to
this insult, although a more pronounced increase has been
reported in response to other stimuli (Heffernan et al. 2007a;
Okamoto et al. 2017). Additionally, the difference in par-
ticipants’ characteristics (young healthy individuals in this
study vs. individuals with metabolic syndrome in the previ-
ous study) could play a role.

Using cycling as an exercise modality, we have previously
demonstrated that acute MS-induced arterial stiffening can
be counteracted by incorporating 10 min of exercise thereaf-
ter (Kume et al. 2021). In this study, we determined whether
such a positive effect could also be obtained by BS exercise.
As expected, in the EX trial, exercise completely reversed
the elevation in hbPWYV, baPWV, haPWYV, and CAVI at
30 min after the first task. Notably, the exercise effect was
seen in all parameters; this is in agreement with the systemic
modulation observed in experiment 1. Our findings reveal
for the first time that a 10-min BS exercise after acute MS
counteracts arterial stiffening caused by stress. The precise
physiological mechanisms of the counteracting effect of BS
exercise are currently unclear. In our previous study (Kume
et al. 2021), we proposed that the restoration of endothelial
function was a major contributor of a similar effect obtained
by cycling exercise, based on literature concerning endothe-
lial vasodilatory response to exercise (Goto et al. 2007,
Morishima et al. 2019a; Restaino et al. 2015). We speculate
that the endothelial mechanism was likely affected similarly
in the present study. Some studies have suggested that ben-
eficial mood alternation would lead to a transient ameliora-
tion of arterial stiffness or endothelial function (Miller et al.
2006; Sugawara et al. 2010; Vlachopoulos et al. 2009). In
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this study, an immediate improvement induced by exercise
was found in some mood assessment items, which was also
likely involved in the observed counteracting effect on arte-
rial stiffness. Further work is needed to clarify the relevant
mechanisms.

In the present study, we further examined the effect of
a 10-min BS exercise on arterial stiffness response to sub-
sequent acute MS. As a result, although increases in DBP
and MAP were attenuated during the second task in the EX
trial, a significant elevation was seen in the hbPWV, haPWV,
and CAVI after the task. The increases in arterial stiffness
measures in the second task were comparable to those of
the first task. In experiment 1, the BS exercise induced a
lowering of arterial stiffness for 30 min, and the stiffness
parameters were measured at 30 min after the exercise
ended. Therefore, it is plausible that the observed signifi-
cant elevation in hbPWYV, haPWV, and CAVI was because
the MS-induced stiffening overrode the destiffening by exer-
cise and not because of the disappearance of the exercise
effect. The lack of elevation in baPWYV in response to the
second task in the same trial could be explained by the fact
that the task-induced increase in this parameter was delayed,
making it difficult to detect a change at the predetermined
time point (5 min after the task); however, the underlying
mechanism is not clear. The present findings suggest that the
effect of a 10-min BS exercise on arterial stiffness response
to subsequent acute MS may be minor. One possible reason
for this may be that the duration of the exercise session in
this study was insufficient. We used a 10-min exercise dura-
tion, based on our previous study (Kume et al. 2021). This
duration was considerably shorter than that employed by
Sales et al. (2014) in a study showing the preventive effect
of exercise on adverse vascular response to subsequent
acute MS. Arterial stiffness can be decreased further by
prolonged exercise (compared to a short exercise session)
(Kobayashi et al. 2017). If a longer exercise period is used
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in this setting, the arterial stiffness response to the second
task may be offset, but this would result in reduced appli-
cability of this exercise approach in daily life. Morishima
et al. (2019a) have reported that resistance exercise induces
a transient endothelial dysfunction, which can be restored
by a short-term (10-min) cycling exercise after resistance
exercise. However, when a 45-min cycling exercise was per-
formed prior to resistance exercise, a sufficient preventive
effect was not found (Morishima et al. 2019b). Hence, it
may be argued that prior exercise cannot always positively
modulate adverse vascular effects of a subsequent stimulus.

Our study provides important evidence showing that a
10-min BS exercise after acute MS is effective to counteract
arterial stiffening caused by stress. There has been a dra-
matic increase in the number of people working from home
because of the COVID-19 pandemic (Organisation for Eco-
nomic Cooperation and Development 2020). A recent study
(Fukushima et al. 2021) reported that engaging in working
from home resulted in less physical activity and longer sed-
entary behavior time during work, compared with working
at a worksite. BS exercise can be readily performed at home
as well as in the office and would thus be a feasible means
to protect the vasculature from daily stress. Conversely,
we showed that the 10-min BS exercise did not offset an
increase in arterial stiffness in response to subsequent acute
MS, implying that it may be preferable to engage in brief
exercise every time a stressful situation arises. Furthermore,
the effectiveness of an exercise as short as 3 min as a coun-
termeasure for adverse physiological consequences has been
demonstrated for other types of insults (Dempsey et al. 2016;
Moore et al. 2020). Therefore, further work applying BS
exercise with a shorter duration (i.e., 3 min) is warranted.
We believe that this series of studies will be helpful in for-
mulating a practical and realistic strategy for ameliorating
the detrimental vascular effects of acute MS.

There are some limitations to this study. First, only young
healthy men were included. Therefore, the study findings
may not be generalizable to other populations. Second,
although we determined changes in hbPWYV (a useful marker
of proximal aortic stiffness) (Sugawara et al. 2019), we did
not measure carotid—femoral PWYV, the standard technique
for assessing aortic stiffness.

Conclusion

The present study suggests that a 10-min BS exercise after
acute MS can counteract arterial stiffening caused by stress,
but the mitigating effect of exercise on subsequent acute
MS is limited.
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