
Clinical Study
Impact of Resistance Exercise under Hypoxia on Postexercise
Hemodynamics in Healthy Young Males

Masahiro Horiuchi ,1 Arisa Ni-i-nou,2 Mitsuhiro Miyazaki,2

Daisuke Ando,3 and Katsuhiro Koyama3

1Division of Human Environmental Science, Mt. Fuji Research Institute, Japan
2Faculty of Education and Human Sciences, University of Yamanashi, Japan
3Graduate School Department of Interdisciplinary Research, University of Yamanashi, Japan

Correspondence should be addressed to Masahiro Horiuchi; mhoriuchi@mfri.pref.yamanashi.jp

Received 30 March 2018; Revised 10 June 2018; Accepted 28 June 2018; Published 26 July 2018

Academic Editor: Omotayo O. Erejuwa

Copyright © 2018 Masahiro Horiuchi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

We investigated the effects of resistance exercise under hypoxia on postexercise hemodynamics in eight healthy young males. The
subjects belonged to a track & field club (sprinters, hurdlers, and long jumpers) and engage in regular physical training (1-2 h per
day, 3-5 days per week). Each participant performed eight sets of bilateral leg squats with a one-minute interval under normoxia
(room air) and hypoxia (13 % FiO2). During a 60-minute recovery, we set normoxic condition either after normoxic or hypoxic
exercise. These two experimental protocols (normoxia and hypoxia) were performed in a random order with a one-week washout
period. The leg squat exercise consists of 50 % 1-RM (14 repetitions) × 5 sets and 50% 1-RM (repetitions max; 7 repetitions) ×
3 sets. The resting period between each set was 1 min, and a total of 91 repetitions were performed. Blood pressure, heart rate
(HR), and several biomarkers were measured pre- and postexercise.Themean arterial pressure (MAP) significantly decreased after
exercise compared to the pre-exercise values under both conditions (P < 0.05). The MAP at 20 and 30 min of recovery in hypoxia
was significantly lower than in normoxia (P < 0.05, respectively). The antidiuretic hormone significantly increased after 60 min of
recovery in both conditions; moreover, the values in hypoxia were significantly higher than those in normoxia (P < 0.05).The delta
changes in MAP from baseline (pre-exercise) were significantly related to changes in HR from baseline in normoxia (r = 0.560, P
< 0.001) but not in hypoxia. These results suggest that the hypoxic condition elicits greater hypotension after resistance exercise in
comparison to normoxia. Moreover, the underlying mechanisms for the attenuation of hypotension after resistance exercise may
differ between normoxia and hypoxia.

1. Introduction

In healthy individuals, an acute single bout of physical
exercise elicits reductions in arterial blood pressure for
approximately 2 h when compared to the baseline (pre-
exercise) levels; this phenomenon is so-called postexercise
hypotension (PEH) [1–3]. In addition, recent findings suggest
that the magnitude of reductions in blood pressure (BP) with
acute exercise may be associated with chronic reductions in
the resting BP caused by exercise training [4, 5].These results
suggest that PEH with acute exercise may be relevant for
predicting the long-term effects of BP changes.

Although these studies were conducted with aerobic
exercise [4, 5], several studies have observed the occurrence
of PEH after acute resistance exercise [6–10]. Moreover, a
recent meta-analysis revealed that a single bout of resistance
exercise can lower the BP in normotensive and hypertensive
populations and the use of larger muscle groups resulted in
greater BP reductions after resistance exercise [11]. Resistance
exercise may exert some additional advantages; for example,
resistance exercise is recommended for prevention of sar-
copenia, wherein age-induced muscular degeneration often
leads to compromised performance in activities of daily living
[12]. Moreover, it has been suggested that resistance exercise
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in hypoxia reportedly has beneficial effects in terms of
increasedmuscle strength and size [13, 14].However, it should
be noted that greater PEH may frequently cause syncope
after exercise [15] and higher intensity exercise induces a
postexercise syncope compared to lower intensity exercise
[16].These results suggest that negative effects of PEH should
also be considered, in particular, higher exercise intensity
(e.g., high intensity aerobic or resistance exercise). Indeed,
it was reported that the arterial blood pressure reached
320/250 mmHg during the maximal bilateral leg press [17]
but the pressure subsequently fell rapidly after lifting [18]. As
a result, the cerebral perfusion pressure falls below the pre-
exercise levels, leading to an increased risk of syncope [18, 19].
Indeed, we reported that, after prolonged leg cycling, there
was a greater reduction in the mean arterial blood pressure
(MAP), and the decrease in MAP was positively related to
decreases in cerebral oxygenation only in hypoxia [20].These
results suggest that resistance exercise in hypoxiamay involve
an increased risk of syncope even for healthy individuals,
indicating that clarification of the mechanisms of PEH after
resistance exercise in hypoxia is important. However, little is
known about how resistance exercise in hypoxia may affect
postexercise hemodynamics.

The aim of this study, therefore, was to investigate the
influence of resistance exercise in hypoxia on postexercise
hemodynamics in healthy youngmales.Wehypothesized that
resistance exercise in hypoxia elicits greater reductions in
arterial blood pressure than in normoxia. To test this hypoth-
esis, we used bilateral leg squats at 50% 1-RM (repetitionmax)
with the inspiration of oxygen (FiO2) at ∼13% based on a
previous study [21]. In addition, we measured several potent
vasoconstrictors (antidiuretic hormone and aldosterone) and
vasodilators (human atrial natriuretic peptide and adenosine)
that may influence BP regulation.

2. Methods

2.1. Participants. This study was approved by the Ethical
Committee of the University of Yamanashi in Japan and
was performed in accordance with the guidelines of the
Declaration of Helsinki (No: 201606). Eight healthy male
subjects with a mean age of 19.9 ± 0.8 years, a height of
170.0 ± 3.1 cm, and a body mass of 65.1 ± 11.3 kg (mean
± standard deviation [SD]) participated in this study. The
subjects belonged to the track & field club at the University
of Yamanashi (sprinters, hurdlers, and long jumpers) and
engage in regular physical activity (1-2 h per day, 3-5 days
per week). None of the subjects had been exposed to an
altitude higher than 1500 m within the six months prior to
the study. All subjects were nonsmokers and had no prior
history of cardiovascular disease (i.e., hypertension, diabetes,
or hyperlipidemia) or orthopedic disease. After receiving a
detailed explanation of the study, including the procedures,
possible risks, and benefits of participation, each subject
signed an informed consent form.

2.2. Control of Diet and Physical Activity. Throughout the
study, including the washout period (please refer to the exper-
imental procedures), the subjects were asked to avoid alcohol

consumption and were only allowed to drink water.The diets
consumed by the subjects on the night before the day of
the study and the breakfast on the day of the study (when
resistance exercise was performed in normoxia or hypoxia)
were controlled. Briefly, the same dinner (containing: energy
967 kcal, protein 27 g, fat 30.5 g, carbohydrate 146 g, and
sodium 1457 mg) and breakfast (energy 320 kcal, protein 3 g,
fat 0 g, carbohydrate 80 g, and sodium 112 mg) were prepared
for all the subjects. Strenuous exercise was prohibited 48 h
before each main study session.

2.3. Experimental Procedures. The subjects were requested to
abstain fromcaffeinated beverages for 12 h before each session
and from strenuous exercise and alcohol for 24 h before
each session. Throughout all the study sessions, we carefully
controlled the room temperature at 20 ± 1∘C to prevent the
effects of change in BP, and external stimuli were minimized.
All subjects performed two trials: (a) normobaric normoxic
exercise (room air; equivalent altitude to 400 m) and (b)
normobaric hypoxic exercise (fraction of inspired oxygen:
FiO2 = 0.13). These two trials were performed in a random
order and at the same time (8:30 -11:30) of the day to avoid the
effect of the circadian rhythm, with at least a 1-week washout
period. During this washout period, the subjects were asked
tomaintain their usual life and to avoid strenuous exercise. In
the hypoxic trial, a 5-minute normoxic sitting rest condition
was set while breathing room air. After this period, a 10-
minute sitting and a 5-minute standing rest, followed by the
bilateral leg squat exercise, was set while breathing hypoxic
gas (FiO2 = 0.13). Thereafter, a 60-minute sitting recovery
was set while breathing room air (Figure 1). Hypoxic gas was
supplied via a 200 liter Douglas bag reservoir through a two-
way, nonrebreathing valve and face mask using a hypoxic
generator system (HypoxicoEverest Summit II:Will Co., Ltd.,
Tokyo, Japan), as previously reported in our recent study
[22]. The inspired oxygen concentration was verified before
and after each experiment (AE-310; Minato Medical Science,
Osaka, Japan). In the normoxic trial, the same protocol as the
hypoxic trial was adopted, but the subjects breathed room
air throughout the study. The resistance exercise consisted
of bilateral leg squats (1 repetition/2 sec) at 50% of 1-RM for
eight sets with 1-minute intervals based on a previous study
[21] and preliminary test in our laboratory. During the first
five sets, they performed 14 reps, while during the last three
sets, they performed seven reps. Thus, there was a total of
91 reps for the leg squats (14 reps × 5 sets plus 7 reps × 3
sets). The 1-RM trials were designed using increments of 10
kg until 60–80% of the perceivedmaximumwas reached.The
load was then gradually increased by small weights (2.5–5 kg)
until lift fail, which was defined as the participant’s failure to
maintain proper form or to completely lift the weight. Proper
technique and a complete range of motion were required
for each successful 1-RM trial [23]. For further confirmation,
each subject repeated the 1-RM trails, and we confirmed the
same 1-RM for all the subjects. No injuries were observed
during the 1-RM testing. This test was performed 1 week
before themain study.The last acceptable lift with the highest
possible load was determined as 1-RM.
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Figure 1: Experimental protocol of the present study. BP: blood pressure, HR: heart rate, and SpO2: arterial oxygen saturation. RPE: rate of
perceived exertion. Black arrows indicate measuring points and periods.

2.4. Measurements. BP was measured by the oscillometric
method (HEM-907, OMRON, Tokyo, Japan) at baseline (pre-
exercise) and at 10, 20, 30, 40, 50, and 60min after exercise. At
rest, BP was measured twice, and the average BP of the two
measurements was considered as the subject’s BP value. We
also confirmed that the difference in the SBP or DBP was <
5mmHg compared to the values of one before measurement
at rest [24]. According to the technical details provided
by the manufacture (Omron, Co., Ltd., Tokyo, Japan), this
device can adjust for different arm circumference (e.g., using
different width of cuffs). Indeed, the validity of this device
(e.g., the values of repeated measurements were different
by < 5 mmHg) has been confirmed in previous studies
[25–27]. During 60 min recovery period, BP was measured
once to minimize the time course effect. Heart rate (HR)
and arterial oxygen saturation (SpO2) were continuously
monitored using a wireless HR monitor (RS 800CX, Polar
Electro, Japan) and automatic vital sensor (TM-256, A&D,
Tokyo, Japan), respectively, throughout the experiment.

2.5. Blood Sampling and Analysis. Venous blood samples
(20 ml) were taken from the antecubital vein at baseline
and after 60 min of recovery. Samples were immediately
centrifuged at 3000 rpm for 15 min at 4∘C (MX-300 Tomy
Seiko Co, Ltd., Tokyo, Japan) to separate the plasma and
serum and were then frozen at -80∘C for further analysis of
the antidiuretic hormone (ADH), aldosterone, human atrial
natriuretic peptide (hANP), adenosine, osmotic pressure
(OSM), and free fatty acid (FFA) by SRL Co. Ltd. (Tokyo,
Japan).

2.6. Data Analysis. The mean arterial pressure (MAP) was
calculated using the following:

MAP =
[systolic BP (SBP) − diastolic BP (DBP)]

3

+ DBP
(1)

The values of HR and SpO2 were adopted at baseline,
immediately after each set of leg squats and after 1, 2, 5, 10, 20,
30, 40, 50, and 60 min of recovery for further analysis. These
values were averaged during the last 1 min at sitting baseline
and during the 10 s immediately after each exercise and each
recovery period.

2.7. Statistics. The values are expressed as the mean ± SD.
Two-way repeated-measures with pairwise (Dunnet) post
hoc tests were used to evaluate the changes in all phys-
iological variables across different oxygen levels. First, as
these variables were continuous variables, we analyzed them
as parametric dataset. However, the sample size was small;
therefore, equal variance failed in the variables, and Friedman
nonparametric and pairwise (Scheffe) post hoc tests were
used. The Spearman correlation coefficient was used for the
relationship between changes in the MAP and HR from
baseline to the values during recovery periods. A P value
of less than 0.05 was considered statistically significant. Sta-
tistical analyses were performed using commercial software
packages (Sigma Stat 3.5; Hulinks, Chicago, IL, USA).
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Figure 2: Changes in systolic blood pressure (SBP: panel (a)), diastolic blood pressure (DBP: panel (b)), and mean arterial blood pressure
(MAP: panel (c)) at baseline (pre) and during 60 min recovery under normoxia (open circles) and hypoxia (closed circles). ∗ indicates a
significant difference between normoxia and hypoxia within the same time period.

3. Results

Thechanges in BP variables are shown in Figure 2.Therewere
no significant differences in the pre-exercise values of SBP,
DBP, and MAP between normoxia and hypoxia. Significant
main effect for time and interaction (time × oxygen) was
observed for all BP variables. The SBP after 10 and 20 min of
recovery in hypoxia was significantly lower than in normoxia
(P < 0.05). Similarly, the DBP and MAP after 20 and 30 min
of recovery in hypoxia were also lower than in normoxia (P
< 0.05). Moreover, the SBP after 30 min and the MAP after
10 min of recovery in hypoxia showed lower values than in
normoxia (P < 0.1).

The HR during the first five sets of exercise increased
from about 150 bpm to 175 bpm, while they decreased slightly
during the last three sets to ∼160 bpm. After eight sets of
exercise, the HR decreased acutely within the first 2 min
and then decreased gradually until 60 min after exercise.

There were no significant differences in HR at any of the time
points between normoxia and hypoxia (Figure 3(a)). SpO2
decreased ∼10% during exercise in the normoxic trial and
∼20% in the hypoxic trial. During recovery, the SpO2 in both
trials recovered to baseline values within 1 min. There were
significant differences in SpO2 between trials for each exercise
set, but no differences were observed at baseline or during
recovery (Figure 3(b)).

Table 1 shows the biomarker changes between normoxia
and hypoxia. A significant main effect for time (pre vs.
post) was observed in ADH, aldosterone, hANP, and OSM
(P < 0.05). Additionally, a significant main effect for the
condition (normoxia vs. hypoxia) was observed in ADH,
resulting in the values forADHafter exercise in hypoxia being
significantly higher than in normoxia.

The baseline values (pre-exercise) for both epinephrine
and norepinephrine showed similar values between condi-
tions. Immediately after exercise, both values remarkably
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Table 1: Blood biomarkers between pre- and poststudy in two different oxygen conditions.

Normoxia Hypoxia Time Oxygen Interaction
ADH, pg ml−1 Pre 1.48 ± 1.56 1.59 ± 1.16 0.015 0.023 0.220

Post 2.35 ± 1.39† 3.44 ± 2.27∗†

Aldosterone, pg ml−1 Pre 153 ± 38 161 ± 26 <0.001 0.401 0.336
Post 267 ± 83† 313 ± 87†

hANP, pg ml−1 Pre 16.5 ± 7.6 16.1 ± 7.4 0.024 0.966 0.456
Post 11.8 ± 3.1† 12.5 ± 4.6†

Adenosine, u l−1 Pre 20.6 ± 8.7 19.3 ± 7.0 0.844 0.350 0.429
Post 20.9 ± 8.2 19.2 ± 6.1

OSM, mOsm kgH20−1 Pre 283 ± 1 285 ± 2 0.007 0.361 0.402
Post 280 ± 2† 280 ± 4†

Free fatty acid, 𝜇Eq L−1 Pre 100.4 ± 52.8 94.8 ± 74.0 0.104 0.071 0.204
Post 207.4 ± 151.5 126.1 ± 61.9

Values are mean ± standard deviation. ADH: antidiuretic hormone (vasopressin); hANP: human atrial natriuretic peptide.
OSM: osmotic pressure. ∗�푃 < 0.05 between normoxia and hypoxia within the post.
†
�푃 < 0.05 between pre and post within the same condition.
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Figure 3: Changes in HR (panel (a)) and SpO2 (panel (b)) at baseline (pre) and during exercise and recovery. Circles indicate the same as in
Figure 2. ∗ indicates a significant difference between normoxia and hypoxia within the same time period.

increased fourfold over the pre-exercise values; thereafter,
both parameters decreased in accordance with time changes.
No significant differences were observed between trials at
any point (Figure 4). Summarized results of the statistical
analysis [i.e., F values, effect size (partial 𝜂2) and statistical
power (1-𝛽)] of the biomarkers and BP variables are shown in
Table 2.

Changes in the MAP from the baseline values during
recovery were related to the changes in HR from the baseline
values during recovery in normoxia when all data were
included (6 points during recovery× 8 participants = 48 plots,
Figure 5(a)); however, this correlation was not statistically
significant in hypoxia (Figure 5(b)).

4. Discussion

To the best of our knowledge, this is the first study to
investigate the influence of resistance exercise under hypoxia
on postexercise hemodynamics. The major findings of the
present study were threefold: (1) the reductions in BP and the
increases in ADH responses during recovery after resistance
exercise were greater in hypoxia than in normoxia, (2) the
HR responses throughout the study were similar between
normoxia and hypoxia, and (3) the changes in HR from the
baseline values during the recovery period were associated
with theMAP changes in normoxia, but this relationship was
not observed in hypoxia. Collectively, these results suggest
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Table 2: Summarized results of statistical analysis in the subset of outcomes.

F value Effect size (partial 𝜂2) Power (1-𝛽)
df Time Oxygen Interaction Time Oxygen Interaction Time Oxygen Interaction

ADH (1, 7) 8.408 10.365 1.815 0.546 0.597 0.206 0.702 0.788 0.215
Aldosterone (1, 7) 44.125 0.800 1.066 0.863 0.103 0.132 0.999 0.122 0.146
hANP (1, 7) 8.262 0.002 0.622 0.541 0.000 0.082 0.695 0.050 0.105
Adenosine (1, 7) 0.042 1.001 0.704 0.006 0.125 0.091 0.054 0.140 0.113
OSM (1, 7) 14.044 0.955 0.798 0.667 0.120 0.102 0.893 0.136 0.121
Free fatty acid (1, 7) 3.495 4.542 1.966 0.333 0.394 0.219 0.366 0.452 0.229
Epinephrine (3, 21) 18.527 1.327 1.045 0.726 0.159 0.130 1.000 0.170 0.243
Norepinephrine (3, 21) 92.469 0.035 0.078 0.930 0.005 0.011 1.000 0.053 0.062
SBP (6, 42) 9.464 3.316 3.761 0.575 0.321 0.350 1.000 0.350 0.933
DBP (6, 42) 6.451 3.088 2.768 0.480 0.306 0.283 0.997 0.330 0.824
MAP (6, 42) 8.661 3.629 4.370 0.553 0.341 0.384 1.000 0.377 0.966
df : degree of freedom.
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Figure 4: Changes in plasma epinephrine (panel (a)) and norepinephrine (panel (b)) at baseline (pre), immediately after resistance exercise
(time = 0) and during the first 30 min of recovery. Circles indicate the same as in Figure 2.
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that hypoxic resistance exercise caused greater hypotension
after exercise and increased in ADH responses. From observ-
ing the results of the relation between HR and MAP during
recovery periods, the underlying mechanisms of PEH after
resistance exercise may be different between normoxia and
hypoxia.

Since MAP is a functional product of cardiac output
(HR × stroke volume [SV]) and systemic vascular resistance
(SVR), it may at first be reasonable to focus on these
two basic components (three parameters). Previous studies
have demonstrated controversial findings regarding how
these parameters (i.e., cardiac output [CO], SV, and SVR)
change after resistance exercise. Some studies found that CO
decreased [6, 7, 9, 10], probably due to reductions in SV
[7, 9, 10], while one study showed unchanged CO [8]. On the
other hand, it was reported that SVR increased [6], remained
unchanged [8, 10], or decreased [7] after resistance exercise.
Unfortunately, these previous studies were conducted in
normoxia and not hypoxia [6–10]; in the present study, we
assessed only HR and did not find any differences between
trials. Therefore, it is uncertain whether reductions in CO
(including SV) and/or SVR caused greater hypotension in
hypoxia. However, a previous study reported that there were
no differences in HR, SV, and CO between normoxia and
hypoxia after exercise [28]. Additionally, it has been reported
that endothelialmediated vasodilationwas greater in hypoxia
than in normoxia after exercise [29]. Although we did not
measure blood flow, meaning without parameters of SVR
(i.e., MAP/blood flow), there may be a possibility that the
greater postexercise hypotension in hypoxia in the present
study might be induced by reductions in SVR. It may be
worth mentioning that the relationship between the changes
in MAP and HR differed between trials despite similar HR
responses per se in both trials. All the previously mentioned
studies above found increases in HR during recovery after
resistance exercise, which suggests that this increased HR
during the hypotensive period may play an important role
in maintaining BP, namely, the prevention of syncope after
exercise. A positive relation between these parameters, which
was observed in the normoxia trial, may indicate that
reductions in MAP are compensated for by a higher HR,
while other mechanisms should be considered in the hypoxia
trial. Our analysis included all data (i.e., all the subjects and
time points); however, interindividual and intraindividual
variations should be considered in future studies.

The hypoxia trial led to greater ADH secretion than
the normoxia trial. A classic hemodynamics study reported
that ADH increased to about two times the pre-exercise
level after treadmill walking [30]. Furthermore, it has been
reported that acute hypoxic exposuremayproduce significant
hypotension with consequent increased plasma arginine
vasopressin (i.e., increased ADH) [31]. Therefore, our results
may be partly supported by these studies. In contrast, a sub-
sequent study reported that release of arginine vasopressin
was unaffected by hypoxia per se (i.e., at resting condition);
moreover, arginine vasopressin increased during exercise,
and its release was primarily stimulated by increased OSM
[32]. Although the study settings of previous studies and
the present study were completely different, the results of

OSM in the preset study that showed significant decreases
from the prevalues in both normoxia and hypoxia seemed
inconsistent. We must acknowledge that measured points
were only before exercise and 60 min after exercise and,
therefore, further explanation about the relationship among
changes in MAP, ADH, and OSM during this longer period
(more than 60min) cannot be obtained at this stage. Another
concern is the longer exposure in hypoxia. In the present
study, the subjects were exposed to hypoxia for ∼ 90 min
(13% FiO2). Similar long exposure to hypoxia ∼60min (10.5%
FiO2) was present in a previous study [31], while a relatively
shorter period of exposure to hypoxia with exercise ∼20 min
(13% FiO2) was reported in another study [32].Therefore, our
results indicated that longer exposure to hypoxia could be a
secondary effect of hypoxia, including greater release of ADH
and greater reductions in BP after resistance exercise that was
in the previous study [31]. Nonetheless, we did not find any
significant association or causal relationship between changes
in the BP and ADH; therefore, future studies that explore this
subject are warranted.

With regard to other biomarkers, we obtained confusing
findings. Previous hemodynamic studies highlighted the
potential role of exaggerated circulating epinephrine levels
in syncope under hypoxia [33, 34]. Indeed, fourfold higher
epinephrine levels were found at the onset of hypotension in
hypoxia [35]. Moreover, exaggerated circulating epinephrine
levels may have been linked with skeletal muscle vasodilation
and/or vasodilation or splanchnic circulation [36, 37]. In
the present study, the epinephrine and norepinephrine levels
immediately after exercise were fourfold higher than the
baseline values, but there were no statistical differences
between normoxia and hypoxia.

One difficulty in interpreting our results against the
previous studies is that we did not assess orthostatic tolerance
and no subjects claimed (pre) syncope symptoms throughout
the study. By contrast, hANP and adenosine, which are potent
vasodilators, decreased or remained unchanged and there
were no differences between the trials. These may also be
difficulties in interpreting the BP responses during recovery
in the present study. However, as the circulating half-life of
ANP is only 2-3min, it is questionable whether hANP release
may relate to BP responses [38]. In addition, a previous study
reported that decreased BP after exercise was not directly
related to the release of ANP [39]. It was also reported that
adenosine is responsible for vasodilation during the initial
phase after ischemic exercise in dogs, but the re-uptake of
adenosine is very rapid following exercise [40]. It is well
known that the renin–angiotensin–aldosterone system is a
hormone system that regulates BP and fluid balance. Briefly,
renin is released from the kidneys during low perfusion
pressure; thereafter, it converts angiotensin to angiotensin
I, followed by angiotensin II, which is a powerful vasocon-
strictor. Angiotensin II also stimulates the secretion of the
hormone aldosterone [41]. We found significant increases in
aldosterone after 60 min of recovery, but there were no dif-
ferences in the aldosterone levels between the trials. A classic
hemodynamic study found that aldosterone levels increased
∼twofold at 15 min after exercise [30]. Therefore, although
this is highly speculative with regard to the hypotension
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period, decreased hANP and increased aldosterone levels
may prevent further reductions in BP (i.e., the prevention of
syncope).

However, these biomarker results (i.e., epinephrine, nore-
pinephrine, hANP, adenosine, and aldosterone responses)
may not account for the different BP regulation between
normoxia and hypoxia; therefore, further results are required.
Since higher levels of FFA in rats, following acute infusion
into the portal vein, mediate the pressor response [42], there
may be a possibility that the FFA levels affected the BP
response during recovery in the present study. Indeed, a
previous study demonstrated that both the FFA and the BP
variables increased in parallel after a heparin infusion acti-
vated lipoprotein lipase activity and facilitated the turnover
of triglycerides to FFAs [43]. In the present study, we found
that oxygen, time, and, interaction had no significant effect
on the FFA levels; however, the FFA in both trials increased
slightly and showed a lower trend in hypoxia 60 min post-
recovery.Therefore, our results for BP can be partly explained
by previous studies. We must acknowledge that this is
also speculative, and we should assesse glucose and lipid
metabolism directly in future studies.

4.1. Methodological Considerations. There are several limita-
tions in interpreting the results of the present study. First,
the relatively small sample size should be considered. Thus,
based on our previous study [24], we also conducted post hoc
power analysis for pairwise comparisons that were observed
with significant differences in variables (i.e., SBP, DBP, MAP,
and ADH) as the standard of 80% power with a two-sided
significance level of 0.05 (G Power 3.1). We estimated that a
sample size of eight would have been necessary to achieve the
appropriate statistical power for BP comparisons (SBP at 10
min and 20 min and DBP and MAP at 20 min and 30 min),
while 13 subjects would have been required for ADH values
postexercise. However, 7 of the 8 subjects showed higher
ADH values in hypoxia than in normoxia, and the statistical
power was high enough for the BP variables. Although
future studies are required, it is unlikely that additional data
will strongly affect our conclusions. Second, we recruited
only young males in this study. It is therefore uncertain
whether our results can be generalized to other populations,
such as females and aged people. Similarly, the lack of
differences in the physical fitness level of the study subjects
should be considered to account for individual differences
in future studies. Finally, the precise mechanisms causing
greater hypotension after hypoxic resistance exercise than
after normoxic resistance exercise are still unclear.We cannot
account for this, and therefore the assessment of other poten-
tial candidates for influencing BP regulation (e.g., cardiac
output, vascular resistance, baroreflex sensitivity, and various
vasodilator substances [e.g., nitric oxide, prostaglandins,
ATP, and histamine]), alterations in muscle metabolism, and
the promotion of angiogenesis may be required in future
studies [2, 44].

5. Conclusion

Our results demonstrate that bilateral leg squats in hypoxia
elicit greater hypotension during recovery than in normoxia.

Moreover, ADH release was greater during the recovery
period in hypoxia than in normoxia. Changes in HR from
baseline during recovery from baseline were related to
changes in MAP only in normoxia.These results suggest that
the higher HR values during recovery may compensate for
hypotension only in normoxia; thus, the underlying mech-
anisms for the attenuation of hypotension after resistance
exercise may differ between normoxia and hypoxia. These
findings could help explain the increased risk of syncope after
resistance exercise at high-altitudes.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declared that there are no conflicts of interest.

Acknowledgments

The authors thank all participants for their time and effort.
They also offer thanks to Miss Yumi Asakawa and Mr.
Masataka Kiuchi for their technical assistance. This study
was financially supported in part by Japan Society for the
Promotion of Science (26440268JP to Masahiro Horiuchi,
17K01757 to Katsuhiro Koyama).

References

[1] J. R. MacDonald, “Potential causes, mechanisms, and implica-
tions of post exercise hypotension,” Journal of Human Hyper-
tension, vol. 16, no. 4, pp. 225–236, 2002.

[2] J. R. Halliwill, “Mechanisms and Clinical Implications of Post-
exercise Hypotension in Humans,” Exercise and Sport Sciences
Reviews, vol. 29, no. 2, pp. 65–70, 2001.

[3] M. J. Kenney and D. R. Scals, “Postexercise hypotension: Key
features, mechanisms, and clinical significance,” Hypertension,
vol. 22, no. 5, pp. 653–664, 1993.

[4] A. Hecksteden, T. Grütters, and T. Meyer, “Association between
postexercise hypotension and long-term training-induced
bloodpressure reduction:Apilot study,”Clinical Journal of Sport
Medicine: Official Journal of the Canadian Academy of Sport
Medicine, vol. 23, no. 1, pp. 58–63, 2013.

[5] S. A. M. Liu, J. Goodman, R. Nolan, S. Lacombe, and S.
G. Thomas, “Blood pressure responses to acute and chronic
exercise are related in prehypertension,” Medicine & Science in
Sports & Exercise, vol. 44, no. 9, pp. 1644–1652, 2012.

[6] L. Teixeira, R.M. Ritti-Dias, T. Tinucci, D.Mion Jr., andC. L. De
Moraes Forjaz, “Post-concurrent exercise hemodynamics and
cardiac autonomic modulation,” European Journal of Applied
Physiology, vol. 111, no. 9, pp. 2069–2078, 2011.

[7] A. C. C. Queiroz, J. C. S. Sousa, N. D. Silva et al., “Captopril
does not Potentiate Post-Exercise Hypotension: A Randomized
Crossover Study,” International Journal of Sports Medicine, vol.
38, no. 4, pp. 270–277, 2017.

[8] A. C. Queiroz, J. C. Sousa, A. A. Cavalli et al., “Post-resistance
exercise hemodynamic and autonomic responses: Comparison



International Journal of Hypertension 9

between normotensive and hypertensive men,” Scandinavian
Journal of Medicine & Science in Sports, vol. 25, pp. 486–494,
2015.

[9] A. C. C. Queiroz, C. C. Rezk, L. Teixeira, T. Tinucci, D. Mion,
and C. L. M. Forjaz, “Gender influence on post-resistance exer-
cise hypotension and hemodynamics,” International Journal of
Sports Medicine, vol. 34, no. 11, pp. 939–944, 2013.

[10] C. C. Rezk, R. C. B. Marrache, T. Tinucci, D. Mion Jr.,
and C. L. M. Forjaz, “Post-resistance exercise hypotension,
hemodynamics, and heart rate variability: Influence of exercise
intensity,” European Journal of Applied Physiology, vol. 98, no. 1,
pp. 105–112, 2006.

[11] J. Casonatto, K. F. Goessler, V. A. Cornelissen, J. R. Cardoso,
and M. D. Polito, “The blood pressure-lowering effect of a
single bout of resistance exercise: A systematic review andmeta-
analysis of randomised controlled trials,” European Journal of
Preventive Cardiology, vol. 23, no. 16, pp. 1700–1714, 2016.

[12] American College of Sports M, “American College of Sports
Medicine position stand. Progression models in resistance
training for healthy adults,”Medicine and Science in Sports and
Exercise, vol. 41, pp. 687–708, 2009.

[13] B. Yan, X. Lai, L. Yi, Y. Wang, and Y. Hu, “Effects of Five-
Week Resistance Training inHypoxia onHormones andMuscle
Strength,” The Journal of Strength and Conditioning Research,
vol. 30, no. 1, pp. 184–193, 2016.

[14] M. Kon, N. Ohiwa, A. Honda et al., “Effects of systemic hypoxia
on humanmuscular adaptations to resistance exercise training,”
Physiological Reports, vol. 2, article e12033, 2014.

[15] J. R. Halliwill, D. C. Sieck, S. A. Romero, T. M. Buck, and M.
R. Ely, “Blood pressure regulation X: What happens when the
muscle pump is lost? Post-exercise hypotension and syncope,”
European Journal of Applied Physiology, vol. 114, no. 3, pp. 561–
578, 2014.

[16] T. Mündel, B. G. Perry, P. N. Ainslie et al., “Postexercise ortho-
static intolerance: Influence of exercise intensity,” Experimental
Physiology, vol. 100, no. 8, pp. 915–925, 2015.

[17] J. D. MacDougall, D. Tuxen, D. G. Sale, J. R. Moroz, and J. R.
Sutton, “Arterial blood pressure response to heavy resistance
exercise,” Journal of Applied Physiology, vol. 58, no. 3, pp. 785–
790, 1985.

[18] M. R. Edwards, D. H. Martin, and R. L. Hughson, “Cerebral
hemodynamics and resistance exercise,” Medicine & Science in
Sports & Exercise, vol. 34, no. 7, pp. 1207–1211, 2002.

[19] S. A. Romero and W. H. Cooke, “Hyperventilation before
resistance exercise: Cerebral hemodynamics and orthostasis,”
Medicine & Science in Sports & Exercise, vol. 39, no. 8, pp. 1302–
1307, 2007.

[20] M. Horiuchi, S. Dobash, M. Kiuchi, J. Endo, K. Koyama,
and A. W. Subudhi, “Reduction in cerebral oxygenation after
prolonged exercise in hypoxia is related to changes in blood
pressure,” Advances in Experimental Medicine and Biology, vol.
876, pp. 95–100, 2016.

[21] M. Kon, T. Ikeda, T. Homma, and Y. Suzuki, “Effects of low-
intensity resistance exercise under acute systemic hypoxia on
hormonal responses,”The Journal of Strength and Conditioning
Research, vol. 26, no. 3, pp. 611–617, 2012.

[22] M. Horiuchi, Y. Fukuoka, Y. Handa, D. Abe, and H. Pontzer,
“Measuring the Energy of Ventilation and Circulation during
HumanWalking using InducedHypoxia,” Scientific Reports, vol.
7, article e4938, 2017.

[23] T. Suga, K. Okita, N. Morita et al., “Intramuscular metabolism
during low-intensity resistance exercise with blood flow restric-
tion,” Journal of Applied Physiology, vol. 106, no. 4, pp. 1119–1124,
2009.

[24] M. Horiuchi, S. Oda, T. Uno, J. Endo, Y. Handa, and Y. Fukuoka,
“Effects of short-term acclimatization at the summit of Mt.
Fuji (3776 m) on sleep efficacy, cardiovascular responses, and
ventilatory responses,” High Altitude Medicine & Biology, vol.
18, no. 2, pp. 171–178, 2017.

[25] K. Gurpreet, G. H. Tee, and C. Karuthan, “Evaluation of the
accuracy of the Omron Hem - 907 blood pressure device,”
Medical Journal of Malaysia, vol. 63, no. 3, pp. 239–243, 2008.

[26] S. Omboni, I. Riva, A. Giglio, G. Caldara, A. Groppelli, and
G. Parati, “Validation of the Omron M5-I, R5-I and HEM-
907 automated blood pressure monitors in elderly individuals
according to the international protocol of the European society
of hypertension,” Blood Pressure Monitoring, vol. 12, no. 4, pp.
233–242, 2007.

[27] W. B. White and Y. A. Anwar, “Evaluation of the overall efficacy
of the Omron office digital blood pressure HEM-907 monitor
in adults,” Blood Pressure Monitoring, vol. 6, no. 2, pp. 107–110,
2001.

[28] E. M. Snyder, T. P. Olson, B. D. Johnson, and R. P. Frantz,
“Influence of sildenafil on lung diffusion during exposure to
acute hypoxia at rest and during exercise in healthy humans,”
European Journal of Applied Physiology, vol. 103, no. 4, pp. 421–
430, 2008.

[29] K. Katayama, O. Fujita, M. Iemitsu et al., “The effect of acute
exercise in hypoxia on flow-mediated vasodilation,” European
Journal of Applied Physiology, vol. 113, no. 2, pp. 349–357, 2013.

[30] R. Wilcox, T. Bennett, I. Macdonald, B. F. Pipkin, and P. Baylis,
“Post-exercise hypotension: the effects of epanolol or atenolol
on some hormonal and cardiovascular variables in hypertensive
men,” British Journal of Clinical Pharmacology, vol. 24, no. 2, pp.
151–162, 1987.

[31] M. P. Heyes, M. O. Farber, F. Manfredi et al., “Acute effects of
hypoxia on renal and endocrine function in normal humans,”
The American Journal of Physiology, vol. 243, no. 3, pp. R265–
R270, 1982.

[32] A. Takamata, H. Nose, T. Kinoshita, M. Hirose, T. Itoh, and
T. Morimoto, “Effect of acute hypoxia on vasopressin release
and intravascular fluid during dynamic exercise in humans,”
American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, vol. 279, no. 1, pp. R161–R168, 2000.

[33] J. R. Halliwill, “Hypoxic regulation of blood flow in humans:
Skeletal muscle circulation and the role of epinephrine,”
Advances in Experimental Medicine and Biology, vol. 543, pp.
223–236, 2003.

[34] J. R. Halliwill and C. T. Minson, “Cardiovagal regulation
during combined hypoxic and orthostatic stress: Fainters vs.
nonfainters,” Journal of Applied Physiology, vol. 98, no. 3, pp.
1050–1056, 2005.

[35] F. A. Dinenno, M. J. Joyner, and J. R. Halliwill, “Failure of
systemic hypoxia to blunt 𝛼-adrenergic vasoconstriction in the
human forearm,” The Journal of Physiology, vol. 549, no. 3, pp.
985–994, 2003.

[36] L. B. Rowell and J. R. Blackmon, “Hypotension induced by
central hypovolaemia and hypoxaemia,”Clinical Physiology, vol.
9, no. 3, pp. 269–277, 1989.

[37] R. G. J. Westendorp, G. J. Blauw, M. Frölich, and R.
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