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Abstract: The aim of the study was to investigate any indication of diminished orthostatic tolerance
as a result of fatiguing intensive acute concentric exercise with a successive isometric wall-sit followed
by an orthostatic stress test, with a special focus on any distinguishable alterations due to a delayed-
onset muscle soreness effect. The exercise protocol was carried out among nineteen (10 female, 9 male)
junior swimmers from the Hungarian National Swim Team. All athletes showed a positive orthostatic
stress test right after our exercise protocol. The diastolic blood pressure was significantly lower
due to the delayed-onset muscle soreness effect in the standing position after the supine position of
the orthostatic stress test, in contrast to the athletes who did not experience delayed-onset muscle
soreness. Furthermore, the heart rate was dysregulated in athletes with a delayed-onset muscle
soreness effect when they assumed a supine position after the sustained standing position during the
orthostatic stress test, in contrast to the athletes without delayed-onset muscle soreness. Interesting to
note is that, in three subjects, the sustained standing position decreased the heart rate below the level
of the initial supine position and six athletes experienced dizziness in the standing position, and all of
these athletes were from the group that experienced delayed-onset muscle soreness. Accordingly, this
study, for the first time, demonstrated that delayed-onset muscle soreness impairs orthostasis after
unaccustomed fatiguing intensive acute concentric exercise with a successive isometric weight-loaded
wall-sit; however, validation of this association should be investigated in a larger sample size.

Keywords: delayed-onset muscle soreness; Piezo2 channelopathy; Piezol ion channel; orthostatic
stress test; blood pressure; heart rate; isometric wall-sit

1. Introduction

Delayed-onset muscle soreness (DOMS) is a late-onset pain condition experienced after
unaccustomed and/or strenuous eccentric or isometric exercise but not from concentric
exercise [1]. The associated symptoms are as follows: muscle stiffness, swelling, force
production loss, reduced range of motion, and impaired proprioception [2]. Several theories
have tried to explain this mysterious, largely unknown mechanism for more than 120 years,
like lactic acid, muscle spasm, inflammation, connective tissue damage, muscle damage,
and enzyme efflux theories [1].

One recent neurocentric hypothesis postulates that the primary damage of the bi-
phasic injury mechanism of DOMS is a transient Piezo2 channelopathy of the intrafusal
proprioceptive terminal [3,4]. According to this argument, this primary microinjury could
impair the crosstalk of Piezol-Piezo2 ion channels; transiently miswire proprioception;
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activate N-methyl-D-aspartate (NMDA) receptors on the spinal dorsal horn, leading to
transient autonomic imbalance; and, last but not least, impair orthostasis [3-6]. It is widely
viewed among scientists that impaired proprioception in DOMS is associated with higher
risk of sport injuries, and if DOMS impairs orthostasis, then it could further add to this
higher injury risk.

It has been demonstrated that the impairment of baroreceptors could lead to insuf-
ficient control of blood pressure due to postural change or physical activity [7,8]. The
exact molecular mechanotransductory background of these baroreceptors has not been
understood until recently, when it was shown in mice that Piezo2, in conjunction with
Piezol, contributes to the baroreflex [9]. In another study, the same Piezo2 ion channel
was found to be primarily responsible for baroreceptor activity [10], as the microinjury
of Piezo2-containing proprioceptive terminals could be the cause of the aforementioned
primary damage in DOMS [3,4]. Moreover, the proposed 1-2 day time window of an acute
Piezo2 channelopathy overlaps the complete return of cardiac parasympathetic activity
to pre-exercise levels after high-intensity exercise, indicating an imbalanced autonomic
control [3].

The orthostatic stress test (OST) is a widely used measure to evaluate cardiac auto-
nomic responsiveness in cardiology [11]. Hence, our goal was to examine any indication
of decreased orthostatic tolerance as a result of unaccustomed fatiguing exercise with a
successive isometric weight-loaded wall-sit test, as well as to find any distinguishable
alterations due to the DOMS effect. Our aim for this investigation is especially interesting
in light of a recent finding that static isometric exercise, like a wall-sit, best serves resting
blood pressure in the long run, in contrast to other exercise methods, like dynamic resis-
tance training, high-intensity interval training, etc. [12]. The theorized peripheral intrafusal
Piezo2 channelopathy-induced transient disruption of Piezol-Piezo2 crosstalk and NMDA
activation in DOMS could be the reason why orthostasis may be impaired.

Another suspicion was that DOMS could abnormally alter diastolic blood pressure
(BP) and heart rate (HR) during the OST after DOMS-inducing fatiguing exercise. The
ground for this suspicion was that diabetes mellitus can cause a neuron terminal microin-
jury similar to the mechano-energetic one proposed in DOMS. This analogy may be used
regardless of profound differences between these insults [13]. Correspondingly, abnormal
diastolic BP and HR are a consequence of tilting in diabetes mellitus, indicating an im-
paired autonomous nervous system [14]. Furthermore, recent findings showed atypical
hippocampal-like metabotropic PLD-mGIuR on intrafusal primary afferents that were
homomeric to metabotropic GluK2 [15]. Of note is that the GluK2 receptor has a role
in glucose homeostasis maintenance [16]. Additionally, mGluRs contributes to glucose-
stimulated insulin secretion in pancreatic beta cells [17], and Piezol has a critical role in
this process [18]. That being so, a further aim was to specifically test diastolic BP and HR
alterations in DOMS during the OST.

2. Materials and Methods
2.1. Study Design

We performed a prospective observational study with the participation of the Hun-
garian Junior Swim Team in March 2022. Informed consent was obtained from all subjects
and/or their legal guardian(s). The Semmelweis University Regional and Institutional
Committee of Science and Research Ethics (SE RKEB 282/2021) and the Hungarian Central
Ethics Committee (ETT TUKEB IV /10282-1/2020/EKU) approved the study.

2.2. Participants

Altogether, 19 junior swimmers were included in our study. All participants had
qualified for the European Championships in summer 2022. As all of the athletes were
preparing for the same competition that year, they had the same training status during our
examinations. The athletes were asked to carry out their usual routine on the day of the test,
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which included eating breakfast and consuming an adequate amount of fluids. After the
execution of the exercise protocol of the current study, 16 athletes reported DOMS (Table 1).

Table 1. Baseline characteristics (mean +/— SD) of the sample (VAS: visual analog scale, VO, max:
maximal aerobic capacity).

With DOMS Without DOMS
(n=16) (n=3)
Age (years) 16.8 +£2.9 153+ 2.1
Female (1,%) 8 (50%) 2 (67%)
Training (hours/week) 211+£22 18.7+£23
Training history (years) 119 £35 103 £12
Last training before exam (h) 28.5+18.2 13.7 £ 8.5
Last training length (min) 103.8 4+ 39.8 110.0 £ 45.8
Wall-sit time (s) 119.2 £ 44.0 169.4 £+ 39.0
Muscle fever pre-exercise (VAS ! 1-10) 1.7+ 21 -
Muscle fever post-exercise 1st day (VAS ! 1-10) 38423 -
Muscle fever post-exercise 2nd day (VAS ! 1-10) 35+£23 -
Load time (min) 1344+1.0 132+ 1.6
Peak lactate (mmol /L) 10.1 +£2.7 116+1.4
Restitution lactate (mmol/L) 9.6 +29 94+19
VO, max 2 male (mL/kg/min) 58.0 + 1.8 59.6 £ 0
VO, max 2 female (mL/kg/min) 529 +£ 3.1 50.1 £2.5
VO, max 2 (mL/kg/min) 55.5+ 3.6 53.3 + 5.8

Volume consumption (mL) 500.0 + 316.2 733.3 + 251.7

1 VAS: visual analog scale, > VO, max: maximal aerobic capacity.

2.3. Procedures

The sports cardiology screening protocol and weight-loaded wall-sit test were the
same as described in our earlier study [19], and an OST followed (Figure 1).

2.3.1. Sports Cardiology Screening with Wall-Sit Test

The detailed sports cardiology screening contained a sports-specific questionnaire,
laboratory test, resting electrocardiogram (ECG), echocardiography, body composition anal-
ysis, and cardiopulmonary exercise test (CPET). All of the examinations were performed
by the same medical staff.

The sports-specific questionnaire assessed the athletes” personal medical history. We
particularly focused on the muscle soreness level of the athletes, which was assessed before
the screening, 24 h after the screening, and 48 h after the screening on a 1 to 10 visual analog
scale (VAS).

We used the same exercise protocol as described in our earlier study [19]. It contained
a 1 min preparation phase in a standing position, a 2 min walking warm-up phase (6 km/h),
a running phase (8 km/h) with a progressive increment in inclination rate of 1.5% every
2 min until exhaustion, and a recovery period with 1 min active walking recovery and
4 min passive recovery. The athletes were instructed not to hold the handrail. Of note
is that swimmers are unaccustomed to this running test, as the repeated loading of the
anti-gravitational muscles in a gravitational force environment significantly differs from
the load on these athletes” musculoskeletal system in the water. Therefore, the occurrence
of DOMS in the case of some swimmers in the study sample could be expected even from
this part of the exercise protocol.
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ePreparation phase: standing position on the treadmill
*Duration: 1 minute

e Warm-up phase: walking on the treadmill (6 km/h)
eDuration: 2 minutes

*Running phase: with a progressive increment in inclination rate of 1.5% in every 2 min (8 km/h)
*Duration: until exhaustion

*Recovery period I: active walking recovery
*Duration: 1 minute

*Recovery period II: passive recovery
*Duration: 4 minutes

*Wall-sit test: Athletes had to hold a 5 kg weight on their quadriceps muscles in a wall-sit position.
®Duration: until exhaustion

J

¢OST RR1: Subjects were asked to assume a supine position, and their BP was recorded in this position, marked )
as the RR1 measure in this study.
eDuration: 5 minutes of rest Y,

*OST RR2-3: Subjects were instructed to assume the orthostatic posture by the bedside on their own, and after 2)
minutes of doing so, an additional BP was recorded to detect postural hypotension, marked as RR2-RR3.

eDuration: 2 minutes )

*OST RR4: The subjects were asked to assume a supine position without any assistance again, and the final BP

was recorded after 5 minutes in this supine resting position, marked as the RR4 measure in this study.

*Duration: 5 minutes in orthostatic posture

) £ € € < ¢ << ¢

Figure 1. Flowchart of the exercise protocol of the current pilot study followed by an orthostatic

stress test (OST).

The weight loading of the lower extremities was carried out after the running test
using a wall-sit test. During the wall-sit test, the athletes had to hold a 5 kg weight on their
quadriceps muscles in a wall-sit position until exhaustion. Important to note, again, is that
not only are swimmers unaccustomed to the isometric weight-loaded wall-sit but also that

it could induce DOMS.

Resting ECG was performed with a system called CardioSoft PC (GE Healthcare,
Helsinki, Finland). Laboratory diagnostics contained a qualitative and quantitative com-
plete blood count, creatine kinase, creatine kinase-MB, highly sensitive troponin T, and
NK cell activity. A blood test was carried out two times, before and after the exercise and
wall-sit tests, on venous blood samples. A GE T-2100 treadmill ergometer was used to
detect cardiorespiratory fitness (Healthcare, Finland). Gas parameters were calculated
with a breath-by-breath automated cardiopulmonary exercise system (Respiratory Ergostik,
Geratherm, Bad Kissingen, Germany). The athletes were encouraged to reach maximal
exertion, which was confirmed by the respiratory exchange ratio and by reaching the

predicted maximal HR and VO, values.

2.3.2. Orthostatic Stress Test

BP was measured with an oscillometric method-based validated automatic electric
device (Omron Healthcare Co., Tokyo, Japan) on the left arm. The subjects were asked to
assume a supine position with 5 min of rest, and their BP was recorded in this position,
marked as the RR1 measure in this study. Afterwards, the subjects were instructed to
assume the orthostatic posture by the bedside on their own, and after 2 min of doing so, an
additional BP was recorded to detect postural hypotension, marked as the RR2 and RR3
measures in this study. After 5 min in the orthostatic posture, the subjects were asked to
assume a supine position without any assistance again, and the final BP was recorded after

5 min in this supine resting position, marked as the RR4 measure in this study.
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2.4. Statistical Tests

Variables for the selected samples are presented as means and standard deviations.
For the purpose of selecting an adequate statistical procedure and considering the limited
sample size, Shapiro-Wilk’s W test of normality was carried out. For the comparison
of the measured datasets, an independent sample t-test and the Mann—-Whitney U test
were performed. Statistical calculations were executed with Statistica version 12 software
(StatSoft Europe GmbH, Hamburg, Germany) and JASP software (jasp-stats.org, installed
version 0.16). The significance level was determined in all cases at p < 0.05.

3. Results
3.1. Orthostatic Hypotension

The findings show that every single subject, regardless of the DOMS effect, who
undertook the OST experienced orthostatic hypotension (OH) after the exercise proto-
col, according to the guidelines of the European Society of Cardiology (ESC). Corre-
spondingly, a systolic BP fall of >20 mmHg from a baseline value, a diastolic BP fall
of >10 mmHg, or a systolic BP decrease to <90 mmHg was seen among the investigated
athletes (Tables 2 and 3).

Table 2. Responses in the systolic BP values (mean +/— SD) during the different measurement points
(RR1 to RR4) in the orthostatic stress test. Significant difference in systolic BP data between RR1-RR2
(®) and RR3-RR4 (°) (p < 0.05).

RR11 RR22 RR33 RR4 4
Systolic BP (mmHg) average 156.12 111.22 113.1 P 129.9b
SD 14.6 22.1 17.6 13.3

1 RR1: The subjects were asked to assume a supine position after the exercise protocol, and their BP was recorded
in this position, marked as the RR1 measure in the study. 2 RR2: After, the subjects were instructed to assume the
orthostatic posture by the bedside on their own, and BP was recorded, marked as the RR2 measure. 3 RR3: After 2
min of doing so, an additional BP was recorded to detect postural hypotension, marked as RR3. # RR4: Finally,
the subjects were asked to assume a supine position without any assistance again, and the final BP was recorded
after 5 min in this supine resting position, marked as the RR4 measure in this study.

Table 3. Average and SD diastolic BP values of every subject for the RR1 to RR4 measurements.

RR1 RR2 RR3 RR4
Diastolic BP (mmHg) average 80.7 75.8 72.1 73.6
SD 9.7 18.1 124 11.2

3.2. VAS Survey

Based on the VAS surveys, the muscle soreness level of the athletes was assessed
before the screening, 24 h after the screening, and 48 h after the screening. Only 3 out of
19 athletes did not report DOMS (Table 1).

3.3. Decreased Diastolic BP in DOMS

The current study also discovered that diastolic BP was significantly decreased in
the DOMS group, where the mean absolute difference of diastolic BP was 9.68 mmHg
(SD: +/—5.38) in the standing position after the supine position during the OST, in contrast
to the group that did not experience DOMS, where the mean absolute difference of diastolic
BP was only 2.22 mmHg (SD: +/—1.38). To quantify dysregulation differences in BP from
RR1 to RR?2, the individual values were calculated and the average and SD values were
determined for the groups with and without DOMS.

3.4. Dysregulated HR in DOMS

Significant dysregulation of HR was observed in the group of athletes who experienced
DOMS when they assumed a supine position after the sustained standing position during
the OST, in contrast to the group of subjects who did not experience DOMS. To quantify
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dysregulation differences of individual values from group means, absolute differences
from the group means were calculated for the participants’ data values individually, and
average (called “statistical variability” in Table 4) and SD values were determined from
these derived values for the groups with and without DOMS.

Table 4. Average and SD of absolute difference from group means (statistical variability) for HR3 and
HR4 for the groups with and without DOMS. The values indicate significant difference between the
two groups @n (p < 0.05).

HR Absolute Statistical Variability

With DOMS Without DOMS
HR3 1 HR4 2 HR3! HR4 2
Average 1642 12.7° 2,62 04°
SD 112 21.1 1.5 0.2

1 HR3: After 2 min of the orthostatic posture, an additional heart rate (HR) was recorded, marked as the HR3
measure. 2 HR4: Finally, the subjects were asked to assume a supine position without any assistance again, and
the final HR was recorded after 5 min in this supine resting position, marked as the HR4 measure in this study.

3.5. Substantial Drop in HR in Sustained Standing Position in Some DOMS Subjects

Interestingly, the sustained standing position substantially decreased HR below the
HR of the supine position in only three subjects; hence, HR3 was substantially lower than
HR1 (Table 5). All three subjects experienced a DOMS effect afterwards. This drop in HR
came after HR increased in basically every single subject when they stood up from the
supine position; hence, HR2 was higher than HR1.

Table 5. Three subjects experiencing DOMS, with substantially lower HR3 than HR1.

Subjects Experiencing DOMS, with Substantially Lower HR3 than HR1

HR1! HR3 2
Subject 1 143 74
Subject 2 109 74
Subject 3 119 79

1T HR1: Subjects were asked to assume a supine position after the exercise protocol, and their heart rate (HR) was
recorded in this position, marked as the HR1 measure in this study. 2 HR3: The subjects were asked to assume a
supine position without any assistance again, and the third HR was recorded after 5 min in this supine resting
position, marked as the HR3 measure.

3.6. Self-Reported Dizziness

Six participants experienced self-reported dizziness during the standing position, and
interestingly, all subjects were from the group that experienced DOMS.

4. Discussion

The primary aim of the current pilot study was to use an OST to test whether ortho-
static tolerance is reduced due an acute intensive exercise protocol combined with a wall-sit
isometric one. The secondary aim was to use an OST to test whether we could see any
distinguishable alteration in diastolic BP and HR due to the DOMS effect, as is observed in
diabetes. Indeed, our study demonstrated reduced orthostatic tolerance in our subjects and
found identifiable alterations due to the DOMS effect, resembling the ones experienced
in diabetes.

The OST is a widely adopted measure to evaluate cardiac autonomic responsiveness
in cardiology [11]. The guidelines of the ESC changed the definition of OH in 2018. Con-
sequently, it refers to a fall in systolic BP from a baseline value of >20 mmHg, a fall in
diastolic BP of >10 mmHg, or a decrease in systolic BP to <90 mmHg [20]. In our study,
all subjects fell under these defined categories after they executed our exercise protocol
followed by an OST regardless of whether they had experienced DOMS. However, our
investigation showed a further differentiated indication of autonomic dysregulation in
subjects who had experienced DOMS.
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It has long been known that regular exercise training increases plasma and blood
volume [21]. The positive correlation between plasma and blood volume with orthostatic
tolerance has also been noted, as well as the negative correlation between baroreceptor
sensitivity and orthostatic tolerance [22]. Moreover, it was demonstrated that an enhance-
ment in orthostatic tolerance can be accomplished through an increase in plasma volume
and a decrease in baroreceptor sensitivity in untrained subjects [23]. Furthermore, in inten-
sive acute exercise (IAE), increased hemoconcentration can elevate shear stress detection
through endothelial Piezol in Piezo2 of somatosensory terminals in resistance arteries. As a
result, Piezol in smooth muscle cells of resistance arteries can also contribute to vascular di-
latation. Additionally, Piezol can regulate osmolality and water outflow dynamics [24,25],
possibly in correlation with exercise intensity and especially in fatigue-induced somatosen-
sory hyperexcitability [26]. The intimate excessive cross-activation and hyperexcitation of
Piezol and Piezo2 ion channels, together forming the Piezo system [27], could be one good
explanation for the decreased orthostatic tolerance as a consequence of fatiguing IAE.

Nonetheless, the regulation of orthostatic challenge does not stop here if we take a
neurocentric view. When fatigue restrains muscle performance and force production cannot
be sustained or enhanced cognitively, then an overreaching response can be induced. This
response is often used by coaches in training sessions [6,28-30]. This overreaching response,
or the extension of homeostasis, is also called “allostasis” when it comes to neuroenergetics,
meaning the sustainment of stability in a perturbed environment when the neural energy
demand is high [31], as could be the case in IAE. Repeated overreaching training sessions
with intermittent recovery periods could result in an elevated level of homeostasis. This
adaptation, with an increased homeostasis level, is called “supercompensation” [6,30,32]
and is guided by the autonomic nervous system, like in the case of the overreaching re-
sponse [29]. Both processes involve motor learning and memory through the use of the
proprioceptive system [6,30]. The homeostatic driver of the overreaching response is an
acute stress response (ASR) [6,30]. The proposed critical gateway in this allostatic stress
time window are the Piezo2 channels at the proprioceptive sensory terminals [27]. The
inactivation of Piezo2 channels in response to hyperexcitation during allostatic stress is a
homeostatic response [3,33]. Correspondingly, a recent theory postulated that Piezo2 ion
channels can be inactivated in baroreceptors during IAE [34]. In that case, the Cay1.3 chan-
nels in the sinoatrial node (SAN) could be unopposed, with ever-increasing pacemaking
during the sustained IAE activity. Hence, it means that Piezo2 inactivation in baroreceptors
could be the excitatory neural upper limit of entrainment activity between baroreceptors
and SAN [34]. However, it is suggested that synchronization deactivation is not complete
because Piezol can maintain residual entrainment activity from this aspect [34]. The current
authors interpret that the athletes produced the observed positive OST after the exercise
protocol due to the insufficient abrupt return of Piezo2 reactivation-induced entrainment
between baroreceptors and SAN, likely accompanied by hypovolemia and transiently
increased hemoconcentration, in which mechanism Piezol proteins are also suggested to
have a primary role.

Nevertheless, the overreaching response could go beyond homeostatic limits, and
that is the proposed primary damage or transient Piezo2 channelopathy [4]. It was noted
earlier that the return of cardiac parasympathetic activity returns to pre-exercise levels only
1 to 2 days after high-intensity exercise [29], which is an overlap with the time window
of the proposed transient Piezo2 channelopathy in DOMS [3]. Hence, functional crosstalk
is suspected between the autonomic nervous system and the proprioceptive Piezo2 ion
channels [3,35]. Correspondingly, it was put forward that Piezo2 channelopathy-derived
subthreshold-imbalanced CaZ* currents could induce NMDA activation, and the activated
NMDA receptors could have a central signaling role in this functional crosstalk during
the aforementioned transient autonomic disbalance, not to mention that Piezol-Piezo2
crosstalk might have additional importance in this process [4]. It was argued that tran-
sient Piezo2 channelopathy also means a transient loss of crosstalk between Piezol and
Piezo2 [27]. This impaired crosstalk could have significant relevance, because Piezol
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channels have the features to increase the performance of the whole body by resetting
cardiovascular homeostasis [36] beyond sensing and responding in a spatially restricted
manner [37]. As a result of Piezo2 deactivation in baroreceptors, the residual Piezol activity
could be disturbed in the presence of the transient loss of Piezol-Piezo2 crosstalk elsewhere.
The authors of this paper translate this phenomenon as the DOMS-induced lost Piezol-
Piezo2 crosstalk promoting NMDA activation, which could impair diastolic depolarization
and hence could induce the observed decrease in diastolic pressure in DOMS as a conse-
quence of post-exercise OST. Indeed, activated NMDA receptors can increase the pacing
frequency in a single SAN pacemaker cell, and these pacemaker cells are demonstrated to
have glutamatergic neuron-like features [38]. This influence of increased NMDA activation
could possibly impair the pacemaker potential or the slow diastolic depolarization in the
absence of Piezol-Piezo2 crosstalk. Cay1.3 L-type calcium channels have a central role in
the initiation of this rapid depolarization, and, not surprisingly, Ca,1.3 knockout mice can-
not maintain stable pacing, experiencing bradycardia and intermittent sinus arrests [39,40].
Interesting to note is that, in proprioceptive signaling, when Piezo2 is inactivated, then
Nay1.1 takes over the encoding [41]. As an analogy, the role of sodium channels in SAN is
not entirely known; however, the mutation of the cardiac-specific voltage-gated sodium
channel Nay1.5 isoform-encoding SCN5A gene in SAN causes cardiac conduction dis-
ease [42]. The current authors propose that, when Piezo2 is activated in baroreceptors and
synchronized with the cardiac vagal afferents, then cardiac-specific Nay1.5, in collaboration
with Cay1.2 and Cay1.3, maintains the proper pacing and conduction in the SAN. On
the contrary, when Piezo2 is deactivated in baroreceptors, entrainment is suggested to
diminish to undetectable levels, and Ca,1.3 could gain dominance in pacemaking [34,43].
Indeed, animal research shows that Cay1.3 is needed for beta-adrenergic-triggered au-
tomaticity in SAN pacemaker cells [44]. However, when transient, chronic, or terminal
Piezo2 microinjury is present in the Piezo system, the dominance of Cay1.3 is proposed
to be sustained without proper neural plasticity [45], and possibly in pacemaking as well.
Therefore, activated NMDA receptors could impair slow diastolic depolarization, leading
to an increased reduction in diastolic BP in this perturbed state, as was observed in the
athletes with DOMS during the post-exercise OST.

Of note is that the primary damage in DOMS is proposed to be a Piezo2 channelopathy
with associated impairment of glutamate vesicular release [5]. Hence, it is theorized that the
glutamate vesicular release of SAN cells with glutamatergic features could be also impaired,
leading to increased activation of NMDA receptors in the central nervous system. Moreover,
the increased glycolytic metabolism and excessive excitation of activated voltage-gated
sodium channels in these types of neurons could increase extracellular acidification [46],
possibly even in SAN pacemaker cells. This proposed mechanism could be analogous
with the impaired lactate shuttle mechanism postulated in DOMS, which certainly implies
perturbed glucose metabolism [47]. Furthermore, this extracellular acidification process
could activate cardiac acid-sensing ion channel 3 (ASIC3) exclusively on sensory neurons,
like in myocardial ischemia [48] and as suggested in DOMS [47].

After all, Piezo2 channelopathy and impaired glutamate vesicular release in DOMS
could have relevance in cardiac pacemaking, in conjunction with activated NMDA receptors
and activated ASIC3 ion channels [45], having led to the observed significant diastolic
BP drop and impaired HR adaptation as a consequence of the OST after unaccustomed
fatiguing IAE with a successive weight-loaded isometric wall-sit.

It is a common agreement among scientists that impaired proprioception is associ-
ated with higher risk of sport injuries. The current finding that DOMS not only reduces
proprioception but also impairs orthostasis when it is induced by unaccustomed fatiguing
intensive acute concentric exercise with a successive isometric weight-loaded wall-sit could
additionally explain why DOMS may contribute to higher injury incidence.

The low number of athletes without DOMS in the current pilot study is recognized;
however, this limitation could not have been predicted or controlled in advance. A possible
source of bias could have been the homogenous population sample, and the top athletes
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may represent only a minority of the general population. Accordingly, in our view, it is
important to reflect upon these observations with a novel mechanistic interpretation in
reference to the differences between the group with DOMS and the group without DOMS
in spite of the fact that the sample size was low for the group without DOMS.

Finally, further research is needed to investigate the function of Piezo2 channels,
which are not only responsible primarily for proprioception but also for constructing the
molecular transduction mechanism of baroreception. Future studies are proposed to be
conducted on larger sample sizes to investigate the observed phenomena in DOMS, along
with an examination of the time window of the observed impaired orthostasis, especially
considering that the proposed acute Piezo2 channelopathy could last 1-2 days, which
leads to a complete return of cardiac parasympathetic activity to pre-exercise levels after
high-intensity exercise.

Author Contributions: Conceptualization, B.S. and N.S.; methodology, E.C., B.S. and N.S.; validation,
E.C. and N.S.; formal analysis, B.K.; investigation, E.C. and N.S; resources, N.S. and B.M.; data
curation, E.C. and N.S.; writing—original draft preparation, B.S.; writing—review and editing, B.S.,
E.C, T.R.and N.S; visualization, E.C., B.S. and B.K.; supervision, T.R. and B.M.; project administration,
E.C. and N.S. All authors have read and agreed to the published version of the manuscript.

Funding: Project no. TKP2021-NKTA-46 was implemented with the support provided by the Ministry
of Innovation and Technology of Hungary from the National Research, Development and Innovation
Fund, financed under the TKP2021-NKTA funding scheme. This project was also supported by a
grant from the National Research, Development and Innovation Office (NKFIH) of Hungary (K135076
to B.M.).

Institutional Review Board Statement: The study was approved by the Semmelweis University
Regional and Institutional Committee of Science and Research Ethics (SE RKEB 282/2021) and the
Hungarian Central Ethics Committee (ETT TUKEB IV /10282-1/2020/EKU).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The first author of this manuscript is grateful to Sandor Sonkodi for his lifelong
professional commitment and devotion to blood pressure control and hypertension research, not to
mention his love for regular sports activities, which was an inspirational example in life.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cheung, K.; Hume, P.; Maxwell, L. Delayed onset muscle soreness: Treatment strategies and performance factors. Sports Med.
2003, 33, 145-164. [CrossRef]

2. Clarkson, PM.; Nosaka, K.; Braun, B. Muscle function after exercise-induced muscle damage and rapid adaptation. Med. Sci.
Sports Exerc. 1992, 24, 512-520. [CrossRef] [PubMed]

3. Sonkodi, B.; Kopa, Z.; Nyirady, P. Post Orgasmic Illness Syndrome (POIS) and Delayed Onset Muscle Soreness (DOMS): Do They
Have Anything in Common? Cells 2021, 10, 1867. [CrossRef] [PubMed]

4. Sonkodi, B. Delayed Onset Muscle Soreness and Critical Neural Microdamage-Derived Neuroinflammation. Biomolecules 2022,
12,1207. [CrossRef] [PubMed]

5. Sonkodi, B.; Hegedts, A Kopper, B.; Berkes, I. Significantly Delayed Medium-Latency Response of the Stretch Reflex in
Delayed-Onset Muscle Soreness of the Quadriceps Femoris Muscles Is Indicative of Sensory Neuronal Microdamage. J. Funct.
Morphol. Kinesiol. 2022, 7, 43. [CrossRef]

6.  Sonkodi, B. Delayed Onset Muscle Soreness (DOMS): The Repeated Bout Effect and Chemotherapy-Induced Axonopathy May
Help Explain the Dying-Back Mechanism in Amyotrophic Lateral Sclerosis and Other Neurodegenerative Diseases. Brain Sci.
2021, 11, 108. [CrossRef]

7. De Burgh Daly, M. A method for eliciting baroreceptor reflexes from the isolated carotid sinus. J. Physiol. 1955, 128, 33-5P.

8.  De Daly, M.B.; Luck, C.P. The effects of carotid sinus baroreceptor reflexes on pulmonary arterial pressure and pulmonary blood
flow in the dog. J. Physiol. 1958, 143, 343-368. [CrossRef]

9. Zeng, W.Z.; Marshall, K.L.; Min, S.; Daou, I.; Chapleau, M.W.; Abboud, FM.; Liberles, S.D.; Patapoutian, A. PIEZOs mediate

neuronal sensing of blood pressure and the baroreceptor reflex. Science 2018, 362, 464—467. [CrossRef]


https://doi.org/10.2165/00007256-200333020-00005
https://doi.org/10.1249/00005768-199205000-00004
https://www.ncbi.nlm.nih.gov/pubmed/1569847
https://doi.org/10.3390/cells10081867
https://www.ncbi.nlm.nih.gov/pubmed/34440637
https://doi.org/10.3390/biom12091207
https://www.ncbi.nlm.nih.gov/pubmed/36139045
https://doi.org/10.3390/jfmk7020043
https://doi.org/10.3390/brainsci11010108
https://doi.org/10.1113/jphysiol.1958.sp006064
https://doi.org/10.1126/science.aau6324

Sports 2023, 11, 209 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Min, S.; Chang, R.B.; Prescott, S.L.; Beeler, B.; Joshi, N.R.; Strochlic, D.E.; Liberles, S.D. Arterial Baroreceptors Sense Blood Pressure
through Decorated Aortic Claws. Cell Rep. 2019, 29, 2192-2201.e2193. [CrossRef]

Molina, G.E.; da Cruz, C.J.G.; Fontana, K.E.; Soares, E.; Porto, L.G.G.; Junqueira, L.F,, Jr. Post-exercise heart rate recovery and its
speed are associated with cardiac autonomic responsiveness following orthostatic stress test in men. Scand Cardiovasc. J. 2021, 55,
220-226. [CrossRef] [PubMed]

Edwards, J.J.; Deenmamode, A.H.P,; Griffiths, M.; Arnold, O.; Cooper, N.J.; Wiles, ].D.; O'Driscoll, ] M. Exercise training and
resting blood pressure: A large-scale pairwise and network meta-analysis of randomised controlled trials. Br. ]. Sports Med. 2023,
57,1317-1326. [CrossRef] [PubMed]

Cashman, C.R.; Hoke, A. Mechanisms of distal axonal degeneration in peripheral neuropathies. Neurosci. Lett. 2015, 596, 33-50.
[CrossRef]

Sundkvist, G.; Lilja, B.; Almer, L.O. Abnormal diastolic blood pressure and heart rate reactions to tilting in diabetes mellitus.
Diabetologia 1980, 19, 433—438. [CrossRef] [PubMed]

Thompson, K.J.; Watson, S.; Zanato, C.; Dall’Angelo, S.; De Nooij, ].C.; Pace-Bonello, B.; Shenton, E.C.; Sanger, H.E.; Heinz, B.A;
Broad, L.M.; et al. The atypical ‘hippocampal’ glutamate receptor coupled to phospholipase D that controls stretch-sensitivity in
primary mechanosensory nerve endings is homomeric purely metabotropic GluK2. Exp. Physiol. 2023, 1-19. [CrossRef] [PubMed]
Abarkan, M.; Gaitan, |.; Lebreton, F.; Perrier, R.; Jaffredo, M.; Mulle, C.; Magnan, C.; Raoux, M.; Lang, J. The glutamate receptor
GluK2 contributes to the regulation of glucose homeostasis and its deterioration during aging. Mol. Metab. 2019, 30, 152-160.
[CrossRef] [PubMed]

Brice, N.L.; Varadi, A.; Ashcroft, S.J.; Molnar, E. Metabotropic glutamate and GABA(B) receptors contribute to the modulation of
glucose-stimulated insulin secretion in pancreatic beta cells. Diabetologia 2002, 45, 242-252. [CrossRef]

Ye, Y,; Barghouth, M.; Dou, H.; Luan, C.; Wang, Y.; Karagiannopoulos, A.; Jiang, X.; Krus, U.; Fex, M.; Zhang, Q.; et al. A critical
role of the mechanosensor PIEZO1 in glucose-induced insulin secretion in pancreatic beta-cells. Nat. Commun. 2022, 13, 4237.
[CrossRef]

Sonkodi, B.; Péllinger, E.; Radovits, T.; Csulak, E.; Shenker-Horvath, K.; Kopper, B.; Buzas, E.I; Sydo, N.; Merkely, B. CD3+/CD56+
NKT-like Cells Show Imbalanced Control Immediately after Exercise in Delayed-Onset Muscle Soreness. Int. . Mol. Sci. 2022,
23,11117. [CrossRef]

Brignole, M.; Moya, A.; de Lange, F]J.; Deharo, ].C.; Elliott, PM.; Fanciulli, A.; Fedorowski, A.; Furlan, R.; Kenny, R.A.; Martin, A;
et al. 2018 ESC Guidelines for the diagnosis and management of syncope. Eur. Heart ]. 2018, 39, 1883-1948. [CrossRef]

Saltin, B.; Blomqvist, G.; Mitchell, ].H.; Johnson, R.L., Jr.; Wildenthal, K.; Chapman, C.B. Response to exercise after bed rest and
after training. Circulation 1968, 38, VII1-VII78. [PubMed]

el-Sayed, H.; Hainsworth, R. Relationship between plasma volume, carotid baroreceptor sensitivity and orthostatic tolerance.
Clin. Sci. 1995, 88, 463—-470. [CrossRef] [PubMed]

Mtinangi, B.L.; Hainsworth, R. Effects of moderate exercise training on plasma volume, baroreceptor sensitivity and orthostatic
tolerance in healthy subjects. Exp. Physiol. 1999, 84, 121-130. [CrossRef] [PubMed]

Faucherre, A.; Kissa, K.; Nargeot, J.; Mangoni, M.E.; Jopling, C. Piezol plays a role in erythrocyte volume homeostasis.
Haematologica 2014, 99, 70-75. [CrossRef]

Uchida, T,; Shimizu, S.; Yamagishi, R.; Tokuoka, S.M.; Kita, Y.; Honjo, M.; Aihara, M. Mechanical stretch induces Ca(2+) influx
and extracellular release of PGE(2) through Piezol activation in trabecular meshwork cells. Sci. Rep. 2021, 11, 4044. [CrossRef]
Komka, Z.; Szilagyi, B.; Molnar, D.; Sipos, B.; Toth, M.; Sonkodi, B.; Acs, P; Elek, J.; Szasz, M. Exercise-related hemoconcentration
and hemodilution in hydrated and dehydrated athletes: An observational study of the Hungarian canoeists. PLoS ONE 2022,
17, €0277978. [CrossRef]

Sonkodi, B.; Resch, M.D.; Hortobagyi, T. Is the Sex Difference a Clue to the Pathomechanism of Dry Eye Disease? Watch out for
the NGF-TrkA-Piezo2 Signaling Axis and the Piezo2 Channelopathy. . Mol. Neurosci. 2022, 72, 1598-1608. [CrossRef]

Issurin, V.B. New horizons for the methodology and physiology of training periodization. Sports Med. 2010, 40, 189-206.
[CrossRef]

Stanley, J.; Peake, ].M.; Buchheit, M. Cardiac parasympathetic reactivation following exercise: Implications for training prescrip-
tion. Sports Med. 2013, 43, 1259-1277. [CrossRef]

Sonkodi, B.; Bardoni, R.; Hangody, L.; Raddk, Z.; Berkes, I. Does Compression Sensory Axonopathy in the Proximal Tibia
Contribute to Noncontact Anterior Cruciate Ligament Injury in a Causative Way?—A New Theory for the Injury Mechanism. Life
2021, 11, 443. [CrossRef]

Mason, S. Lactate Shuttles in Neuroenergetics-Homeostasis, Allostasis and Beyond. Front. Neurosci. 2017, 11, 43. [CrossRef]
[PubMed]

Bompa, T.O.; Haff, G. Periodization: Theory and Methodology of Training, 5th ed.; Human Kinetics: Champaign, IL, USA, 2009.
Sonkodi, B.; Berkes, I.; Koltai, E. Have We Looked in the Wrong Direction for More Than 100 Years? Delayed Onset Muscle
Soreness Is, in Fact, Neural Microdamage Rather Than Muscle Damage. Antioxidants 2020, 9, 212. [CrossRef]

Sonkodi, B. LF Power of HRV Could Be the Piezo2 Activity Level in Baroreceptors with Some Piezol Residual Activity Contribu-
tion. Int. J. Mol. Sci. 2023, 24, 7038. [CrossRef] [PubMed]

Abboud, EM. Four evolving concepts in molecular and clinical autonomic research. Clin. Auton. Res. 2021, 31, 467-471. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.celrep.2019.10.040
https://doi.org/10.1080/14017431.2021.1879394
https://www.ncbi.nlm.nih.gov/pubmed/33517781
https://doi.org/10.1136/bjsports-2022-106503
https://www.ncbi.nlm.nih.gov/pubmed/37491419
https://doi.org/10.1016/j.neulet.2015.01.048
https://doi.org/10.1007/BF00281822
https://www.ncbi.nlm.nih.gov/pubmed/7450319
https://doi.org/10.1113/EP090761
https://www.ncbi.nlm.nih.gov/pubmed/37656490
https://doi.org/10.1016/j.molmet.2019.09.011
https://www.ncbi.nlm.nih.gov/pubmed/31767166
https://doi.org/10.1007/s00125-001-0750-0
https://doi.org/10.1038/s41467-022-31103-y
https://doi.org/10.3390/ijms231911117
https://doi.org/10.1093/eurheartj/ehy037
https://www.ncbi.nlm.nih.gov/pubmed/5696236
https://doi.org/10.1042/cs0880463
https://www.ncbi.nlm.nih.gov/pubmed/7789049
https://doi.org/10.1111/j.1469-445X.1999.tb00077.x
https://www.ncbi.nlm.nih.gov/pubmed/10081712
https://doi.org/10.3324/haematol.2013.086090
https://doi.org/10.1038/s41598-021-83713-z
https://doi.org/10.1371/journal.pone.0277978
https://doi.org/10.1007/s12031-022-02015-9
https://doi.org/10.2165/11319770-000000000-00000
https://doi.org/10.1007/s40279-013-0083-4
https://doi.org/10.3390/life11050443
https://doi.org/10.3389/fnins.2017.00043
https://www.ncbi.nlm.nih.gov/pubmed/28210209
https://doi.org/10.3390/antiox9030212
https://doi.org/10.3390/ijms24087038
https://www.ncbi.nlm.nih.gov/pubmed/37108199
https://doi.org/10.1007/s10286-021-00816-3
https://www.ncbi.nlm.nih.gov/pubmed/34191210

Sports 2023, 11, 209 11 of 11

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Rode, B.; Shi, J.; Endesh, N.; Drinkhill, M.].; Webster, PJ.; Lotteau, S.J.; Bailey, M.A.; Yuldasheva, N.Y.; Ludlow, M.].; Cubbon,
R.M; et al. Piezol channels sense whole body physical activity to reset cardiovascular homeostasis and enhance performance.
Nat. Commun. 2017, 8, 350. [CrossRef]

Ellefsen, K.L.; Holt, J.R.; Chang, A.C.; Nourse, J.L.; Arulmoli, J.; Mekhdjian, A.H.; Abuwarda, H.; Tombola, F,; Flanagan, L.A;
Dunn, A.R; et al. Myosin-II mediated traction forces evoke localized Piezol-dependent Ca(2+) flickers. Commun. Biol. 2019,
2,298. [CrossRef] [PubMed]

Liang, D.; Xue, Z.; Xue, J.; Xie, D.; Xiong, K.; Zhou, H.; Zhang, F,; Su, X.; Wang, G.; Zou, Q.; et al. Sinoatrial node pacemaker cells
share dominant biological properties with glutamatergic neurons. Protein. Cell 2021, 12, 545-556. [CrossRef]

Aziz, Q.; Li, Y.; Tinker, A. Potassium channels in the sinoatrial node and their role in heart rate control. Channels 2018, 12, 356-366.
[CrossRef]

Mangoni, M.E.; Couette, B.; Bourinet, E.; Platzer, J.; Reimer, D.; Striessnig, J.; Nargeot, J. Functional role of L-type Cav1.3 Ca2+
channels in cardiac pacemaker activity. Proc. Natl. Acad. Sci. USA 2003, 100, 5543-5548. [CrossRef]

Espino, C.M.; Lewis, C.M.; Ortiz, S.; Dalal, M.S.; Garlapalli, S.; Wells, K.M.; O’Neil, D.A.; Wilkinson, K.A.; Griffith, TN. Na(V)1.1
is essential for proprioceptive signaling and motor behaviors. Elife 2022, 11, €79917. [CrossRef]

Lei, M.; Jones, S.A.; Liu, J.; Lancaster, M.K.; Fung, S.S.; Dobrzynski, H.; Camelliti, P.; Maier, S.K.; Noble, D.; Boyett, M.R.
Requirement of neuronal- and cardiac-type sodium channels for murine sinoatrial node pacemaking. J. Physiol. 2004, 559, 835-848.
[CrossRef] [PubMed]

Nagy, Z.F,; Sonkodi, B.; Pal, M.; Klivenyi, P.; Szell, M. Likely Pathogenic Variants of Ca(v)1.3 and Na(v)1.1 Encoding Genes in
Amyotrophic Lateral Sclerosis Could Elucidate the Dysregulated Pain Pathways. Biomedicines 2023, 11, 933. [CrossRef] [PubMed]
Louradour, J.; Bortolotti, O.; Torre, E.; Bidaud, I.; Lamb, N.; Fernandez, A.; Le Guennec, J.Y.; Mangoni, M.E.; Mesirca, P. L-Type
Ca(v)1.3 Calcium Channels Are Required for Beta-Adrenergic Triggered Automaticity in Dormant Mouse Sinoatrial Pacemaker
Cells. Cells 2022, 11, 1114. [CrossRef] [PubMed]

Sonkodi, B. Miswired Proprioception in Amyotrophic Lateral Sclerosis in Relation to Pain Sensation (and in Delayed Onset
Muscle Soreness)—Is Piezo2 Channelopathy a Principal Transcription Activator in Proprioceptive Terminals Besides Being the
Potential Primary Damage? Life 2023, 13, 657. [PubMed]

Lin, H.Y,; Huang, R.C. Glycolytic metabolism and activation of Na(+) pumping contribute to extracellular acidification in the
central clock of the suprachiasmatic nucleus: Differential glucose sensitivity and utilization between oxidative and non-oxidative
glycolytic pathways. Biomed. ]. 2022, 45, 143-154. [CrossRef]

Sonkodi, B. Should We Void Lactate in the Pathophysiology of Delayed Onset Muscle Soreness? Not So Fast! Let’s See a
Neurocentric View! Metabolites 2022, 12, 857. [CrossRef] [PubMed]

Yagi, ].; Wenk, H.N.; Naves, L.A.; McCleskey, E.W. Sustained currents through ASIC3 ion channels at the modest pH changes that
occur during myocardial ischemia. Circ. Res. 2006, 99, 501-509. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-017-00429-3
https://doi.org/10.1038/s42003-019-0514-3
https://www.ncbi.nlm.nih.gov/pubmed/31396578
https://doi.org/10.1007/s13238-020-00820-9
https://doi.org/10.1080/19336950.2018.1532255
https://doi.org/10.1073/pnas.0935295100
https://doi.org/10.7554/eLife.79917
https://doi.org/10.1113/jphysiol.2004.068643
https://www.ncbi.nlm.nih.gov/pubmed/15254155
https://doi.org/10.3390/biomedicines11030933
https://www.ncbi.nlm.nih.gov/pubmed/36979911
https://doi.org/10.3390/cells11071114
https://www.ncbi.nlm.nih.gov/pubmed/35406677
https://www.ncbi.nlm.nih.gov/pubmed/36983813
https://doi.org/10.1016/j.bj.2021.02.004
https://doi.org/10.3390/metabo12090857
https://www.ncbi.nlm.nih.gov/pubmed/36144262
https://doi.org/10.1161/01.RES.0000238388.79295.4c

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Procedures 
	Sports Cardiology Screening with Wall-Sit Test 
	Orthostatic Stress Test 

	Statistical Tests 

	Results 
	Orthostatic Hypotension 
	VAS Survey 
	Decreased Diastolic BP in DOMS 
	Dysregulated HR in DOMS 
	Substantial Drop in HR in Sustained Standing Position in Some DOMS Subjects 
	Self-Reported Dizziness 

	Discussion 
	References

