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Abstract: Unaccustomed and/or strenuous eccentric contractions are known to cause
delayed-onset muscle soreness. In spite of this fact, their exact cause and mechanism have
been unknown for more than 120 years. The exploration of the diverse functionality of
the Piezo2 ion channel, as the principal proprioceptive component, and its autonomously
acquired channelopathy may bring light to this apparently simple but mysterious pain
condition. Correspondingly, the neurocentric non-contact acute compression axonopathy
theory of delayed-onset muscle soreness suggests two damage phases affecting two muscle
compartments, including the intrafusal (within the muscle spindle) and the extrafusal
(outside the muscle spindle) ones. The secondary damage phase in the extrafusal muscle
space is relatively well explored. However, the suggested primary damage phase within
the muscle spindle is far from being entirely known. The current manuscript describes
how the proposed autonomously acquired Piezo2 channelopathy-induced primary damage
could be the initiating transient neural switch in the unfolding of delayed-onset muscle
soreness. This primary damage results in a transient proprioceptive neural switch and in a
switch from quantum mechanical free energy-stimulated ultrafast proton-coupled signaling
to rapid glutamate-based signaling along the muscle-brain axis. In addition, it induces
a transient metabolic switch or, even more importantly, an energy generation switch in
Type la proprioceptive terminals that eventually leads to a transient glutaminolysis deficit
and mitochondrial deficiency, not to mention a force generation switch. In summary, the
primary damage or switch is likely an inward unidirectional proton pathway reversal
between Piezo2 and its auxiliary ligands, leading to acquired Piezo2 channelopathy.

Keywords: delayed-onset muscle soreness; eccentric contraction; Piezo2; channelopathy;
proton; quantum mechanical free energy stimulation; force production

1. Introduction

Delayed-onset muscle soreness (DOMS) is a delayed-onset pain sensation usually due
to unaccustomed and/or strenuous eccentric or isometric muscle contractions. No single
theory or cause of DOMS has been validated in more than a century. Correspondingly,
several theories are running to explain the evolvement of this mysterious pain condition,
like the lactic acid, muscle spasm, inflammation, connective tissue damage, muscle damage
and enzyme efflux theories [1].

One recent neurocentric theory, the non-contact acute compression axonopathy theory
of DOMS [2], encompasses all these aforementioned theories, but from a neural angle.
Accordingly, DOMS may start off as a neural microdamage of the proprioceptive Type
Ia afferent terminals within the muscle spindle [2]. One result of this suggested primary
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intrafusal painless microdamage is impaired proprioception, which could lead to a painful,
harsher tissue damage in the extrafusal space when unaccustomed or strenuous eccentric
contractions are excessively prolonged [2]. Not long after the description of this theory, the
non-contact or autonomous microdamage of an ion channel, namely, Piezo2, was suggested
to be the critical initiator of this proprioceptive microdamage in the primary damage phase
of the suggested bi-phasic and bi-compartmental injury mechanism in DOMS [3]. Worthy
to note that Piezo2 was shown to be the principal mechanosensory ion channel responsible
for proprioception [4], and mechanotransduction is the conversion of external physical
cues into internal biological and chemical ones. For years, scientists were skeptical about
whether this protein could be microdamaged in an acquired fashion, as was proposed for
autonomously acquired Piezo2 channellopathy in 2021 [3]. However, lately, more and more
scientists are focusing on this hypothesis [5,6].

The above-mentioned microdamage of Piezo2 in primary proprioceptive afferent
terminals within the muscle spindle could be analogous to the explosion of a protective
“airbag” and resultant lost proprioceptive or injury protection. The impairment of this
intrafusal (within the muscle spindle) proprioceptive protection may be followed by the
aforementioned harsher secondary tissue damage within the extrafusal (outside the muscle
spindle) space if the damaging eccentric contractions are sustained after the primary
damage. It is noteworthy that this concept of a primary and a secondary damage was
first introduced by Morgan et al. for extrafusal muscle fibers [7]. This bi-phasic concept
was supported by an earlier observation of Fridén et al. that muscle fibers went through
morphological abnormalities right after eccentric exercise, and these abnormalities were
gradually extended to other muscle fibers in the next 2-3 days post-exercise [8]. However,
Sonkodi et al. argued that the critical chain of the microdamaging events under prolonged
forced lengthening or eccentric contractions starts at proprioceptive neuron terminals in
the muscle spindle and not in muscle fibers in the extrafusal space [2].

Indeed, eccentric contractions involve higher cortical excitability with a lower motor
unit discharge and higher force production than concentric contractions [9,10], and en-
hanced proprioceptive primary afferent loading is suggested when eccentric contractions
are prolonged in order to support postural control [11]. In support of this, muscle fibers
have a good aptitude to stretch, in contrast to neurons, which are far from being so resilient
against stretch, compression and indentation. This difference in stretch resistance between
the two tissues underlies the critical chain of events in this neurocentric microdamage
process under forced lengthening contractions. Moreover, the theory of Sonkodi et al.
entails both the intrafusal compartment as the locus of primary damage and the extrafusal
compartment as the place of secondary damage. Hence, the neurocentric DOMS concept is
not only bi-phasic, but bi-compartmental as well [2].

Weerakkody et al. demonstrated earlier that large fiber proprioceptive sensory neurons
in the muscle spindle are involved in DOMS [12,13]. However, Mizumura and Taguchi
found methodological errors in their research [14]. Later, Torres et al. also provided a
demonstration of muscle spindle-derived reduced proprioception in DOMS, but rather
attributed this eccentric exercise-induced microdamage to intrafusal muscle fibers and not
to neurons [15]. As an important underlying mechanism of DOMS, eccentric exercise is
known to damage proprioception [16]. In support of this, it was theorized that the static
phase firing encoding of the stretch reflex is switched from the Piezo2-containing intrafusal
Type la fibers to the acid-sensing ion channel 3 (ASIC3)-containing intrafusal Type II fibers
due to the aforementioned intrafusal primary damage [11,17]. As a result of this switch,
the medium-latency response (MLR) of the stretch reflex is delayed in DOMS, leading
to impaired proprioception [11,17]. More recently, Espino et al. showed that miswired
proprioceptive afferents indeed cause connection to inappropriate motoneuron pools;
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however, they demonstrated this invisible abnormality through the deletion of the Nav1.1
ion channel, a part of proprioceptive encoding in the primary afferents [18]. The authors of
this manuscript suggest that an acquired channelopathy of the principal proprioceptive
Piezo2 ion channel in the primary afferents could impair the function of Nav1l.1, leading to
miswiring or to a switch to the secondary proprioceptive afferents [18,19] and, hence, to
connection to inappropriate motoneuron pools.

For this reason, the current paper aims to demonstrate why the initiating primary
damage in DOMS or the acquired proprioceptive terminal Piezo2 microdamage could be
viewed as a transient neural switch, leading to the unfolding of DOMS.

2. Proprioceptive Switch

Kouzaki et al. showed in their electromyography study that eccentric exercise-induced
muscle damage increases the M-wave latency [20]. They considered this transient mi-
crodamage as extrafusal, hence arising from motoneurons and not from the muscle spin-
dle [20].

It is noteworthy that Bennet et al. suggested a novel somatosensory terminal lesion,
called terminal arbor degeneration (TAD), which could be observed as a result of paclitaxel
chemotherapy [21]. Correspondingly, Vincent et al. demonstrated that platinum-analogue
chemotherapy induced a complex intrafusal Type la proprioceptive impairment in either
a transient or a chronic fashion [22,23]. It is noteworthy that a recent paper attributes
the initiation of this proprioceptive impairment to a platinum-induced proton affinity
switch in Piezo2 in proprioceptive Type la terminals [24]. Underpinning this propriocep-
tive impairment, Alvarez et al. and Bullinger et al. demonstrated the central synaptic
disconnection of proprioceptors and the loss of vesicular glutamate transporter (VGLUT)
1/1a synapses in motoneurons as a result of nerve injury [25,26]. Sonkodi et al. hinted that
the intrafusal origin of increased M-wave latency in extrafusal motoneurons after eccentric
exercise-induced muscle damage should not be ruled out [17]. They suggested that the
acutely impaired intrafusal primary Type la proprioceptors and the consecutive VGLUT1
disconnection in motoneurons are the cause of the increased M-wave latency in DOMS [17].
Furthermore, Sonkodi et al. also demonstrated that, as a result of this microdamage, the
MLR of the stretch reflex was indeed significantly delayed in DOMS [17]. Later, McIntosh
et al. showed in the SOD1-G93A mouse model of amyotrophic lateral sclerosis (ALS), as
the delay in the MLR in DOMS was first proposed through an ALS-based theory [11], that
abnormalities first evolve in neuromuscular junctions in the form of dysfunction, but later
even postsynaptic structures detach from the neuromuscular junctions, and all happens
before the appearance of ALS motor symptoms [27].

Recently, it has been theorized that the activation of the intrafusal Piezo2 ion channel
in the Type Ia terminals not only could initiate an ultrafast proton-signaled proprioceptive
feedback to motoneurons, but also could initiate an ultrafast proton-signaled long-range
synchronization to the hippocampal theta rhythm through VGLUT2 (Figure 1), constructing
an ultrafast muscle-brain axis [28-31]. It is noteworthy that this theory could be viewed
as a more definite extension of the earlier coupled oscillator model of Cathers et al., who
suggested the entrainment of the imposed forcing intrafusal Type Ia afferent peripheral
oscillator to the oscillator(s) of the central nervous system [32]. Later, it was also proposed
that the acquired channelopathy of Piezo2 in Type Ia terminals could not only disconnect
VGLUT1 in motoneurons, but also impair allosteric transmission regulation at a distance
through VGLUT?2 towards the hippocampal theta rhythm, in a transient fashion in DOMS
and in a progressive and irreversible fashion in ALS [29]. It is important to highlight
again that unaccustomed and/or strenuous eccentric contractions could induce DOMS.
Therefore, this unaccustomed and/or strenuous exercise-induced VGLUT2 disconnection,
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as the consequence of the primary damage in DOMS, may impair the ultrafast spatial and
even speed input to the hippocampal theta rhythm [29,31]. In support of this theory, the
hippocampus is responsible for initial learning and spatial memory task retention [33-35].
It is noteworthy that a recent paper indicated the so-called swap error, i.e., the swapping
of the location of recognized items, as a reflection of impaired short-term hippocampal
memory [34,36]. This phenomenon is likely due to the proposed impairment of the ultrafast
proton signaling in the muscle-brain axis due to the Piezo2 channelopathy [24].
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Figure 1. Proposed intrafusal proprioceptive terminal Piezo2-initiated ultrafast proton-based long-
range synchronization to hippocampal theta rthythm through VGLUT2—the current figure is an
English adaption of the figure from Hungarian Rheumatology [37].

One indirect proof of the proprioceptive Piezo2 channelopathy-derived lost ultrafast
long-range proton-signaled synchronization towards the hippocampal theta rhythm, or
the impairment of ultrafast signaling in the muscle-brain axis, in DOMS was provided
by Keriven et al. They demonstrated that paired associative transcranial and peripheral
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electromagnetic stimulation could mitigate the symptoms of DOMS [28,38]. Additional
substantiation of this theory was provided by the observation that solo peripheral electro-
magnetic stimulation, without transcranial stimulation, was ineffective in DOMS [39].

In summary, the sequence of events resulting in primary microdamage in DOMS is
as follows. Allostatic stress-induced overexertion of the Type Ia proprioceptive terminal
under repetitive forced lengthening contractions could lead to an autonomously acquired
Piezo2 channelopathy [3,40]. This primary damage entirely switches the static-phase
firing encoding to Type Il intrafusal fibers, which is reflected in the delayed MLR of the
stretch reflex [17]. Moreover, this primary damage, in association with impaired vesicular
glutamate release, leads to impaired VGLUT1 connection in motoneurons and impaired
VGLUT2 connection towards the synchronization with the hippocampal theta rhythm.
Eventually, these proprioceptive switch/miswiring and impaired VGLUT1/2 connections
will lead to the transiently increased M-wave latency in motoneurons and transiently
dysfunctional neuromuscular junctions.

It is important to note that eccentric exercise-induced DOMS is generally considered
to cause muscle microdamage, but Yu et al. showed with immunoelectron microscopy that
these myofibrillar and cytoskeletal alterations rather represent the adaptive remodeling
of myofibrils [41]. Accordingly, the current author suggests that transient dysfunctional
neuromuscular junctions are to blame for this adaptive remodeling of myofibrils present in
the ultrastructural enigmatic picture of DOMS, namely, Z-disc streaming, Z-disc smearing
and Z-disc disruption, as indicated by Yu et al. [41]. It is notable that Sonkodi also viewed
acquired Piezo2 channelopathy as the breach of remodeling [29,42] and the gateway from
physiology to pathophysiology [3]. In support of this theory, Mizumura and Taguchi found
no injured muscle fibers using light microscopy in their DOMS model and showed that
damage could be provoked only in very high exercise settings [14]. It is remarkable that this
finding is also in line with the neurocentric DOMS theory and may support the notion that
nerves are less capable of stretching than muscles and, hence, more prone to microdamage.

Furthermore, the current author also proposes that the transient Piezo2 channelopathy-
induced miswired motoneural or dysfunctional neuromuscular junctions may contribute
to nerve growth factor (NGF) production by muscle cells and/or satellite cells and glial
cell line-derived neurotrophic factor (GDNF) production in muscle cells. A significant
finding is that NGF and GDNF are indeed involved in DOMS, as was first demonstrated
by Mizumura and Taguchi [14]. However, this NGF and GDNF production could be the
result of proprioceptive terminal Piezo2 channelopathy-derived switched signaling and
impaired cross-frequency coupling of Piezo2-Piezo2 and Piezo2-Piezol [29,31], leading
to impaired Piezol-driven cell orientation and adjustment, as was suggested by Sonkodi
et al. [42]. Accordingly, NGF and GDNF may induce the involvement of Type III and IV
fibers in the extrafusal space as a backup or fortification of proprioception by ASIC3, which
is present in these fibers [14]. ASIC3 could be considered as the ion channel responsible for
compensatory or secondary proprioception [28,43,44] following primary proprioceptive
Piezo2 microdamage [3,28,40] or the aforementioned explosion of the protective “airbag”.
As a research-based verification, Khataei and Benson demonstrated the compensatory and
protective proprioceptive role of ASIC3 in DOMS [45]. Further support derives from recent
research that implicates Piezo2 as a negative regulator of neurotrophic factor release and
shows that its deficiency is associated with elevated neurotrophic release [46]. This function
of Piezo2 or, more importantly, its deficiency may explain why NGF and GDNF production
is heightened in DOMS as a nerve microinjury-derived trophic signaling activation, most
likely due to the aforementioned acquired Piezo2 channelopathy-induced impaired Piezo2-
Piezo2 and Piezo2-Piezol crosstalk.
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Increased blood flow-induced shear stress and arterial pressure pulsation are impor-
tant factors in the activation of Piezo2 when acute intensive sport activities are initiated [47].
Recent research highly supports that Piezo2 might be capable of inducing an intrinsic oscil-
latory interoceptive mechanism through a pressure pulsation transduction pathway [48].
This Piezo2-derived interoceptive signaling modulates olfactory bulb activity in arousal, not
to mention that it is synchronized to brain activities [48]. It is noteworthy that an analogous
Piezo2-based synchronization mechanism was theorized earlier by Sonkodi [31,47]. Blood
flow restriction is known to induce muscle damage and the repeated bout effect (RBE) in
reference to DOMS [49]. Correspondingly, the current author proposes that muscle damage
could be the result of blood flow restriction-derived lost pressure-pulse detection and lost
Piezo2-initiated oscillatory synchronization. Hence, hypoxia-associated mechanoenergetic
primary proprioceptive impairment or Piezo2 channelopathy-induced impaired oscillatory
synchronization will prevail and also lead to the secondary damage phase of DOMS and
RBE if reinjury is introduced again.

3. Ultrafast Signaling and Transcription Switch

Auxiliary protein subunits of Piezo2 may also have a role in the development of its
channelopathy, since allostatic stress could induce the aforementioned conformational
changes in protein—protein interactions as well. One example is the myoblast determi-
nation protein 1 (MyoD)-family inhibitor protein [50]. The transmembrane protein 120A
(TMEM120A), also called TACAN, is another auxiliary protein that inhibits Piezo2 [51].
Interestingly, TMEM120A contributes to leakage currents [52], and part of the Piezo2
channelopathy theory suggests that Piezo2 microdamage induces subthreshold leakage
currents [3].

Activated N-methyl-D-aspartate (NMDA) receptors, following the aforementioned
proprioceptive switch, were proposed earlier as the gate controllers of DOMS [11] in line
with the gate control theory of pain [53]. In addition, this pain theory has long implicated
wide-dynamic-range neurons (WDR neurons) in the spinal dorsal horn [54,55]. Accordingly,
WDR neurons could be activated by NMDA receptors in conjunction with L-type calcium
currents and calcium-activated nonspecific cationic currents [56]. Proprioceptive acquired
Piezo2 channelopathy, as the primary damage in DOMS, is proposed to induce NMDA
receptor activation due to the associated impairment in the vesicular glutamate release
machinery [3,40]. Moreover, it also induces L-type calcium currents as a direct result of the
transiently lost functionality of Piezo2 and calcium-activated nonspecific cationic currents
due to the suggested dissociation of TMEM120A, leading to imbalanced subthreshold
leakage currents [19]. In support of this theory, Piezo indeed contributes to L-type calcium
current negative modulation [57].

The aforementioned WDR neurons participate in the pain sensitization mechanism in
the spinal dorsal horn [58]. In support of this observation, loss-of-function mutations in
PIEZO2 lead to loss of pain and sensitization [59]. Indeed, the primary damage phase or
Piezo2 channelopathy in the absence of the secondary damage phase in DOMS is suggested
to be a pain-free condition [3]. It is important to note that ASIC3 also has the capability
to activate the WDR neurons in the spinal dorsal horn [60]. Therefore, activated ASIC3
in intrafusal Type II fibers and, later, in Type III fibers, could also contribute to the initial
activation of the WDR neurons due to the autonomously acquired Piezo2 channelopathy-
induced proprioceptive switch [19].

It is noteworthy that the suggested impairment in the ultrafast Piezo2-initiated proton-
signaled long-range pathway in the muscle-brain axis to the hippocampus will result in
another switch, namely, from proton-coupled signaling through VGLUT?2 to glutamate-
based signaling [31]. This switch from proton to glutamate signaling may even result in
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the crosstalk with nociceptive C-fibers if the secondary damage phase is present [2,3,29].
However, this signaling will not be ultrafast anymore, though still rapid. In support of this,
the hippocampus is indeed one of the central regions where pain signals are modulated [61].

Neural stem cells sense excitatory neural activity through L-type Ca?* channels and
activated NMDA receptors, leading to changes in gene expression and neurogenesis [62].
Osteocalcin had also been suggested to have a role in this process [31], as the non-contact
acute compression axonopathy theory of DOMS proposes that osteocalcin could be re-
sponsible for inducing the acute stress response involved in the primary damage phase
of DOMS [2]. In support of this, physical exercise is indeed capable of increasing the
activation of immediate early genes in the hippocampus, and no other part of the brain
can do so [63]. Furthermore, the hippocampus is a key region for arousal, stress regulation
and anxiety [63], not to mention that there is a direct link between stress signaling and
hippocampal theta rhythm [64].

Mizumura and Taguchi rightly introduced their earlier and recent significant findings
in their paper in reference to NGF and GDNF [14]; however, these factors most likely play
a role only in the secondary damage phase of DOMS, following the primary damage [44].
Accordingly, cyclooxygenase-2 (COX2) upregulation of GDNF is an essential process in
DOMS [65]. It is noteworthy that syndecan-3 is a novel receptor for GDNF [66]. Therefore,
syndecan-3 signaling could be mitigated by GDNF in Type III sensory terminals under
sensory hyperexcitation. In addition, GDNF and NGF also crosstalk extrafusally [67].
Moreover, NGF sensitizes nociceptive C-fibers in DOMS through COX2 and bradykinin [68],
hence leading the way to pain sensation and neuroinflammation in a critical way [69].
Interestingly, Ota et al. demonstrated that the transient receptor potential 1 (TRPV1) ion
channel in nociceptive Type IV neurons also contributes to DOMS in the extrafusal muscle
space [70] and that TRPV1 could also induce the WDR neuron response as a result of tissue
injury [71]. After all, the crosstalk and cross-activation of all four types of overexcited
muscle-derived somatosensory neurons, namely, Type la, Type II, Type III and Type C
fibers, are essentially involved in the unfolding of DOMS [2,40]. Moreover, the crosstalk
and cross-activation initiator is suggested to be the Piezo2 channel [31,42].

Finally, Piezo2 microdamage is suggested to be accompanied by the aforementioned
imbalanced subthreshold leakage currents [3]. Indeed, intracellular calcium currents are
more sensitive to protons than extracellular ones [72]. Therefore, it is likely that the
conformational change in TMEM120A, leading to its functional dissociation from Piezo2
under allostatic stress and the resultant undesired proton leak into the intracellular space,
may explain the presence of intracellular imbalanced subthreshold leakage calcium currents
when they should not be present [29-31]. It has been suggested that these imbalanced
subthreshold leakage calcium currents may be the calcium-activated nonspecific cationic
currents that participate in WDR neuron activation in the spinal dorsal horn [29]. Further
in support of this theory, TMEM120A contributes to mechanical hyperalgesia [73], and it is
worthy to note that DOMS is a mechanism of muscular mechanical hyperalgesia. Moreover,
itis also likely that the conformational change in the MyoD-family inhibitor protein, leading
to its functional dissociation from Piezo2 under allostatic stress and the resultant undesired
proton leak into the intracellular space, may explain transcription activation. This is in line
with the proposition that Piezo2 channelopathy is a principal transcription activator [19].

4. Metabolic and Energy Generation Switch

The autonomously acquired Piezo2 channelopathy was also suggested to cause im-
paired cross-frequency coupling between proprioceptive Piezo2 and Piezol in peripheral
cells through lost Huygens synchronization in a given compartmental micromilieu in-
volving mitochondria and protons [31,42]. Furthermore, this proprioceptive ion channel
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microdamage was also proposed to impair not only Piezo2-Piezo2 crosstalk between the
intrafusal and the extrafusal space, but also Piezo2-Piezo2 crosstalk with the autonomic
nervous system [47]. As a result, transient dysautonomia may prevail [3]. In support of
this theory, Sonkodi et al. demonstrated in a pilot study with an orthostatic stress test
in competitive swimmers that orthostatic tolerance was reduced after DOMS-inducing
exercise [74]. Moreover, this orthostatic impairment resembled the one experienced in
diabetic patients [74], involving abnormal diastolic blood pressure and heart rate [75].
Further in line with these findings, it was observed that the greater was the eccentric
exercise-induced muscle damage reflected in the plasma level of creatine kinase, the greater
was insulin resistance [76]. Sonkodi et al. attributed this negative correlation to the action
of the atypical hippocampal-like metabotropic glutamate receptor (mGluR) phospholi-
pase D (PLD) complex in primary afferents, identified by Thomson et al. [77], which is
a homomeric excitatory ionotropic glutamate receptor (GluK2) [77]. In fact, Gluk2 has a
role in the regulation of glucose homeostasis [78]. However, this negative homeostatic
regulation could be derailed by the acquired Piezo2 channelopathy-induced DOMS effect.
As a result, impaired Piezo2-Piezo?2 crosstalk-induced autonomic dysregulation and im-
paired Piezo2-Piezol crosstalk could prevail, resulting in insulin resistance, because Piezol
has a role in glucose-induced insulin secretion [79]. Another consideration in addition
to this negative homeostatic glucose regulation is that eccentric contractions may induce
lactate consumption by proprioceptive afferent terminals in the muscle spindle through a
proposed astrocyte-neuron lactate shuttle (ANLS)-like mechanism [43]. Furthermore, pro-
prioceptive terminal Piezo2 channelopathy, due to fatigue-inducing eccentric contractions
under allostatic stress, is suggested to be associated with impairment in vesicular glutamate
release [17], which could be the direct result of the impairment in the aforementioned
ANLS-like machinery [43]. Hence, Piezo2 channelopathy is not only a proprioceptive
switch or miswiring mechanism, but also a metabolic switch, as was indicated by Sonkodi,
in DOMS and ALS [29].

Another metabolic alteration due to eccentric exercise-induced muscle damage regards
lipid markers, as the higher the magnitude of the muscle damage, the lower the levels of
lipid markers [76]. One explanation for this phenomenon could be that the activation and
excitation of Piezo ion channels could lead to lipid and cholesterol depletion [40]. This
depletion could be likely due to the fact, recently observed, that Piezo pore opening creates
interhelical gaps that are abruptly filled with lipids in order to sustain pore conduction [80].
Moreover, Maughan et al. showed increased lipid peroxidation right after DOMS-inducing
downhill running, a typical eccentric exercise, which later increased further and peaked
6 h after the exercise [81]. The emblematic propeller blade in Piezo2 structure is in fact
neighbored by negatively charged membrane lipids [82-84], and protein-lipid interaction
could endure conformational alterations under allostatic stress. Correspondingly, phos-
phatidylinositol 4,5-bisphosphate (PIP2) depletion could activate phospholipase C (PLC),
and the resultant activation of TRPV1 could inhibit Piezo ion channels [85]. Moreover,
PLD produces phosphatidic acid, which could also inhibit Piezo2 [86]. Mechanical shear
stress could cause disruption in the nanodomains of lipid rafts with a resultant interaction
between PLD and activated PIP2 [87]. It is noteworthy that PLD and phosphatidic acid
might have a role in the biogenesis and cargo loading of extracellular vesicles as well [88].
This could be relevant in light of the Piezo2 channelopathy theory, because it is suggested
to be associated with impairment of vesicular glutamate release [3,19].

In summary, these protein-lipid conformational changes are worthy of note, since it
seems that PLD might have role in Piezo2 inhibition of Type la proprioceptive terminals
within the muscle spindle. In support of this, a recent paper suggested the role of Piezo2 and
proprioceptive primary afferent terminals containing atypical hippocampal-like mGIluR
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coupled to PLD in the Piezo2-initiated proton-signaled long-range ultrafast synchronization
to the hippocampal theta rhythm [29]. On the contrary, PLC may participate in the inhibition
of Piezol and Piezo2 in the extrafusal muscle compartment.

This transmembrane and extracellular membrane surface lipid depletion phenomenon
was emphasized in DOMS by Sonkodi, who suggested that this is why the dual COX2
and lipoxygenase inhibitory function of diclofenac is effective in the prevention of DOMS
evolvement [40]. Even more importantly, lipoxygenase could be considered as a cata-
lyst of the proton-coupled electron transfer (PCET) reaction and hydrogen tunnelling,
besides catalyzing the deoxygenation of polyunsaturated fatty acids, including linoleic
acid [89]. This effect is dependent on the local electrostatic micromilieu [89]. This local
electrostatic field may promote conformational changes in the enzyme, and the resultant
shorter donor—acceptor distance would be preferential for the aforementioned efficient
hydrogen tunnelling and proton transfer [89]. The hydrogen atom abstraction capability
of lipoxygenase would also facilitate the concerted proton tunneling—electron tunneling
(PTET) reaction [90]. These tunnelling reactions are highly in support of the quantum me-
chanical /molecular mechanical free energy stimulation aspect of Piezo2-initiated ultrafast
long-range proton signaling theory [29,31]. This is especially true when we consider the
distance dependence due to the forced lengthening nature of DOMS-inducing eccentric
contractions, or the stretch and poking/indentation detection capability of Piezo2 channels.
Moreover, it is suggested that Piezo2 channelopathy is associated with impairment of the
vesicular glutamate release [3] and the ANLS like machinery [43]. Interestingly, compart-
mentalized glutamate leakage activates the lipoxygenase pathway, leading to reversed
glutamate transport, and promotes oxidative astrocyte death [91]. This is also in support of
the acquired Piezo2 channelopathy theory [29,31]. Accordingly, the suggested transmem-
brane proton affinity switch or proton pathway reversal between Piezo2 and its auxiliary
subunits will not only induce impairment of the vesicular glutamate release, but VGLUT1
disconnection as well [29,31].

Another interesting observation provided by Ochi et al. is that eicosapentaenoic acid-
rich fish oil supplementation 8 weeks prior to DOMS-inducing eccentric exercise showed
to be protective of motoneuronal function [92]. This dietary supplementation strategy
significantly shortened M-wave latency, as well as mitigated the loss of force and reduced
the range of motion and the pain intensity in DOMS [92]. This is suggestive of the role of
lipids in reference to the neurocentric Piezo2 channelopathy theory according to which
linolenic acid supplementation in Angelman syndrome alleviates the dysfunction [93] or
the acquired channelopathy of Piezo2. Another interesting finding is that Piezo2 causes
a voltage block in cell membranes and the Piezo2 channel itself is strongly modulated by
membrane voltage [94]. Therefore, the negatively charged membrane lipid and protein
conformational changes around Piezo2 may have high relevance under allostatic stress,
leading to impaired voltage block function of Piezo2.

TMEM120A also has a role in lipid metabolism and in the regulation of the innate
immune response [51]. Hence, TMEM120A may dissociate functionally from Piezo2 un-
der allostatic stress when their interaction undergoes conformational changes in DOMS,
leading to the proposed inducement of imbalanced subthreshold leakage currents [3,17],
dysregulation of lipids [3,95] and dysregulation of the innate immune system [3], as was
demonstrated in DOMS [96].

DOMS-inducing full-body resistance training was demonstrated to elevate resting
energy expenditure for up to 72 h not only in untrained, but also in resistance-trained
individuals [97]. The current author suggests that the underlying critical energy generation
switch of the impairment of the ANLS-like mechanism in Type la proprioceptive terminals
in DOMS [43] is due to the derailment of the mitochondrial oxidative phosphorylation



Int. J. Mol. Sci. 2025, 26,2319

10 of 17

system (OXPHOS). As a result of energy generation from oxidative phosphorylation,
electrons are transferred within the mitochondrial electron transport system, and protons
are translocated to the outer surface of the cell membrane. This process leads to chemical
energy generation through adenosine triphosphate (ATP) production from the transfer of
electrons and the proton motive force. Furthermore, it also explains the aforementioned
quantum mechanical free energy stimulation.

However, when the aforementioned auxiliary subunit TMEM120A and/or MyoD go
through conformational change and functional dissociation from Piezo2 in proprioceptive
terminals under allostatic stress, as proposed in DOMS, inward leakage of extracellular
protons or proton pathway reversal may occur. Hence, this microdamage not only impairs
the theorized low-frequency Schottky barrier semiconductor diode-like feature of Piezo2
function [31], but also could impair the intracellular electrochemical proton gradient and
efficient quantum mechanical free energy stimulation. Protons are not needed for glutamine
uptake by neurons during the glutamine—glutamate cycle, since a low pH is enough [98].
However, the aforementioned impaired intracellular proton gradient could switch mito-
chondrial energy metabolism from the evolutionarily superior energy-generating OXPHOS
and glutamine respiration pathways to the mitochondrial glucose and, even more im-
portantly, glutamine fermentation pathways [24]. During fast growth, this glucose and
glutamine respirofermentation may run simultaneously [99], like in. cancer and immune
cells [99]. Indeed, Sonkodi et al. suspected that this special metabolic programming could
be involved in the dysregulated increase in innate immune natural killer T cells (NKT cell)
in DOMS [96]. Not to mention that Sonkodi et al. also suggested that “DOMS could play
an important role in ontogenesis by triggering muscle growth and adapting the nervous
system in the growth process” [2]. Accordingly, coaches often use DOMS as a muscle-gain
trigger mechanism during training sessions under the credo of “no pain, no gain”.

After all, the impairment of the aforementioned ANLS-like mechanism in Piezo2-
containing Type la proprioceptive terminals in DOMS [16] could be explained by this
simultaneous switch to glucose and, more importantly, glutamine fermentation induced by
the deficit in mitochondrial OXPHOS-dependent energy generation and glutaminolysis.
It is noteworthy that glycolysis is essentially the preferred and more efficient energy
(in the form of ATP) generation method, and respiration generates a higher ATP yield
than fermentation [99]. This proposed energy-generating switch due to a glutaminolysis
deficit is transient and lasts for up to 72 h or until the intracellular impaired proton
gradient ceases due to the functional restitution of TMEM120A and/or MyoD as the
auxiliary ligands of Piezo2. In support of this energy metabolism derailment is the fact that
the expression of skeletal muscle mitochondria-related genes is affected in DOMS [100].
However, the current author proposes that this mitochondrial damage is initiated in the
intrafusal proprioceptive terminals in the primary damage phase of DOMS due to the
above-mentioned energy metabolism switch. Paradoxically, this primary damage-derived
energy generation switch induces higher energy metabolism in the nervous and muscle
system, because the proprioceptive switch involves increased neuron and muscle cell
activation in circuitries as a compensatory mechanism. On the side of the above energy-
generating switch it is long known that glutamine supplementation indeed attenuates
strength loss and muscle soreness after eccentric exercise [101] and even mitigates muscle
damage [102].

Nonetheless, genetic predisposition or environmental exposure, not to mention aging,
may present an impediment to the full functional restitution of Piezo2 in proprioceptive
terminals in ALS [19]. As a result of progressive dysfunctional mitochondria, energy
generation is reduced in affected neurons and muscle cells in ALS [19]. Correspondingly,
energy metabolism in muscles shows severe degradation in ALS with mitochondrial dys-
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function [103]. However, it is proposed that the underlying pathomechanism is again
initiated in the proprioceptive terminals of the muscle spindle [11] due to an irreversible
autonomously acquired Piezo2 channelopathy [29,31,95]. In support of this, common-
and rare-variant association analyses highlighted a cell-autonomous disease initiation
in glutamatergic neurons in ALS [104], and it has been suggested earlier that intrafusal
proprioceptive Type la fibers are these glutamatergic neurons [11] damaged by the pro-
gressive irreversible Piezo2 channelopathy [19,29,95,105]. Further substantiation of this
energy generation switch-induced depletion and metabolic switch in ALS is provided by
the lower level of ATP, higher level of mitochondrial uncoupling proteins, and higher lipid
and carbohydrate metabolism in ALS [29,103].

5. Force Generation Switch

An unanswered question of science regards the mechanism of higher force generation
and lower motoneuron excitability associated with eccentric contractions. It is noteworthy
that eccentric contractions induce DOMS. The author of this manuscript posits that the
above-proposed quantum mechanical free energy stimulation pathway could explain
not only the above-mentioned high energy generation, but also the enigmatic high force
generation capability of eccentric contraction.

It is indicative that a recent study found that a lower voluntary activation of eccentric
contractions is partly due to lower corticospinal excitability [10]. Ruas et al. devoted the
shorter corticospinal silent periods during eccentric contractions to extra muscle spindle-
derived excitation and not to lower intracortical inhibition [10]. Accordingly, the sug-
gested proton-coupled ultrafast quantum mechanical free energy stimulation provides the
additional excitatory modulation directly to motoneurons through VGLUT1 and to the
hippocampus through VGLUT2. Moreover, this may explain why motoneuron excitability
is lower but force generation is higher in eccentric contractions, as opposed to isometric or
concentric contractions.

In conclusion, the suggested acquired inward unidirectional proton pathway between
Piezo2 and its auxiliary ligands, leading to Piezo2 channelopathy, impairs force production,
which is one key symptom of DOMS.

6. Conclusions

The root cause of ageing or the “primary damage” is a long-searched research subject,
but remains unexplained [106]. Recently, it was proposed that autonomously acquired
Piezo2 channelopathy in proprioceptive nerve terminals could be the searched primary
damage [3,29,31]. Even though it sounds esoteric, mechanotransduction, namely, the con-
version of external physical inputs to internal biological and chemical ones, is miraculous,
especially at an ultrafast pace, involving quantum mechanical free energy stimulation.
Not to mention that it shifts the scientific focus to the protonic world of regulation, since
scientists know that not all neurotransmission could be explained during acute intensive
exercise activities by the action of known classic neurotransmitters. Intact ultrafast neuro-
transmission seems to be essential for competitive athletes under strenuous allostatic stress,
not to mention under unaccustomed circumstances, to avoid DOMS.

Consequentially, other conditions and diseases are suspected to start off with the
aforementioned primary damage or the acquired Piezo2 channelopathy in proprioceptive
terminals, as suggested for DOMS. DOMS could be an excellent research model for neuro-
scientist to explore this pain-free initiating primary damage phase of a bi-phasic mechanism,
because we have knowledge of how to induce DOMS. After all, it is not surprising that
abusing DOMS and the RBE could lead to a chronic condition if DOMS-inducing eccentric
contractions are exerted every day without an adequate regeneration periodization [107].
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Therefore, in chronic conditions, we see only a chronic compensatory and depletory clinical
picture with increased necrotic and regenerating cells, and it is hard to understand how the
pathophysiology initiated.

However, our diagnostic tools are still too limited to investigate this proposed pain-
free initiating primary damage phase, though neuroscience is accumulating findings in
a fast pace to enhance our understanding in order to find new investigative angles and
manipulate the proposed “switches”. One suggested consequence of DOMS is the transient
switch from proton-coupled ultrafast signaling to rapid glutamate-based signaling along the
peripheral muscle-brain axis. This switch is an especially intriguing area of future research,
because the switch on this central link to the hippocampus, the hub for neurogenesis, could
be one key mechanism leading to neurodegeneration or accelerated aging.
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Abbreviations

ALS Amyotrophic lateral sclerosis

ANLS Astrocyte-neuron lactate shuttle
ASIC3 Acid-sensing ion channel 3

ATP Adenosine triphosphate

COX-2 Cyclooxygenase-2

GluK2 Ionotropic glutamate receptor
DOMS Delayed-onset muscle soreness
GDNF Glial cell line-derived neurotrophic factor
mGIluR Metabotropic glutamate receptor
MLR Medium-latency response

MyoD Myoblast determination protein 1
NGF Nerve growth factor

NKT cells Natural killer T cell

NMDA N-methyl-D-aspartate

OXPHOS Oxidative phosphorylation system
PCET Proton-coupled electron transfer
PIP2 Phosphatidylinositol 4,5-bisphosphate
PLC Phospholipase C

PLD Phospholipase D

PTET Proton-tunneling—electron-tunneling
RBE Repeated bout effect

TAD Terminal arbor degeneration
TMEMI120A Transmembrane protein 120A
TRPV1 Transient receptor potential 1
VGLUT Vesicular glutamate transporter
WDR neurons  Wide-dynamic-range neurons



Int. J. Mol. Sci. 2025, 26,2319 13 of 17

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. 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] [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]

4. Woo, S.H.; Lukacs, V.; de Nooij, ].C.; Zaytseva, D.; Criddle, C.R.; Francisco, A.; Jessell, T.M.; Wilkinson, K.A.; Patapoutian, A.
Piezo2 is the principal mechanotransduction channel for proprioception. Nat. Neurosci. 2015, 18, 1756-1762. [CrossRef] [PubMed]

5. Fernandez-Trillo, J.; Gomis, A.; Viana, F. Piezo2 channels and tactile pain: An intriguing voltage connection. Brain 2024, 147,
3268-3270. [CrossRef] [PubMed]

6.  Husain, M. Mechanistic insights into allodynia in diabetic peripheral neuropathy. Brain 2024, 147, 3261-3262. [CrossRef]

7. Morgan, D.L.; Allen, D.G. Early events in stretch-induced muscle damage. J. Appl. Physiol. 1999, 87, 2007-2015. [CrossRef]

8. Friden, J.; Seger, J.; Sjostrom, M.; Ekblom, B. Adaptive response in human skeletal muscle subjected to prolonged eccentric
training. Int. J. Sports Med. 1983, 4, 177-183. [CrossRef]

9.  Hody, S.; Croisier, J.L.; Bury, T.; Rogister, B.; Leprince, P. Eccentric Muscle Contractions: Risks and Benefits. Front. Physiol. 2019,
10, 536. [CrossRef]

10. Ruas, C.V,; Taylor, J.L.; Latella, C.; Haff, G.G.; Nosaka, K. Neuromuscular characteristics of eccentric, concentric and isometric
contractions of the knee extensors. Eur. J. Appl. Physiol. 2024, 1-16. [CrossRef]

11.  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]

12.  Weerakkody, S.N.; Percival, P.; Hickey, W.M.; Morgan, L.D.; Gregory, E.J.; Canny, ].B.; Proske, U. Effects of local pressure and
vibration on muscle pain from eccentric exercise and hypertonic saline. Pain 2003, 105, 425-435. [CrossRef] [PubMed]

13.  Weerakkody, N.S.; Whitehead, N.P.; Canny, B.J.; Gregory, ].E.; Proske, U. Large-fiber mechanoreceptors contribute to muscle
soreness after eccentric exercise. J. Pain 2001, 2, 209-219. [CrossRef] [PubMed]

14. Mizumura, K.; Taguchi, T. Neurochemical mechanism of muscular pain: Insight from the study on delayed onset muscle soreness.
J. Physiol. Sci. 2024, 74, 4. [CrossRef] [PubMed]

15. Torres, R.; Vasques, J.; Duarte, J.A.; Cabri, ].M. Knee proprioception after exercise-induced muscle damage. Int. J. Sports Med.
2010, 31, 410-415. [CrossRef]

16. Proske, U.; Gandevia, S.C. The proprioceptive senses: Their roles in signaling body shape, body position and movement, and
muscle force. Physiol. Rev. 2012, 92, 1651-1697. [CrossRef]

17.  Sonkodi, B.; Hegedtis, A.; Kopper, B.; Berkes, 1. 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]

18. Espino, C.M.; Lewis, C.M.; Ortiz, S.; Dalal, M.S.; Garlapalli, S.; Wells, K.M.; O’Neil, D.A.; Wilkinson, K.A.; Griffith, T.N. Na(V)1.1
is essential for proprioceptive signaling and motor behaviors. eLife 2022, 11, €79917. [CrossRef]

19.  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. [CrossRef]

20. Kouzaki, K.; Nosaka, K.; Ochi, E.; Nakazato, K. Increases in M-wave latency of biceps brachii after elbow flexor eccentric
contractions in women. Eur. |. Appl. Physiol. 2016, 116, 939-946. [CrossRef]

21. Bennett, G.J; Liu, G.K,; Xiao, W.H.; Jin, H.W.; Siau, C. Terminal arbor degeneration--a novel lesion produced by the antineoplastic
agent paclitaxel. Eur. J. Neurosci. 2011, 33, 1667-1676. [CrossRef]

22. Vincent, ].A.; Nardelli, P; Gabriel, HM.; Deardorff, A.S.; Cope, T.C. Complex impairment of IA muscle proprioceptors following
traumatic or neurotoxic injury. J. Anat. 2015, 227, 221-230. [CrossRef]

23.  Vincent, J.A.; Wieczerzak, K.B.; Gabriel, HM.; Nardelli, P.; Rich, M.M.; Cope, T.C. A novel path to chronic proprioceptive
disability with oxaliplatin: Distortion of sensory encoding. Neurobiol. Dis. 2016, 95, 54-65. [CrossRef]

24.  Sonkodi, B. Proton-Mediated PIEZO2 Channelopathy: Linking Oxaliplatin Treatment to Impaired Proprioception and Cognitive
Deficits. Cancers 2024, 16, 3898. [CrossRef]

25. Bullinger, K.L.; Nardelli, P.; Pinter, M.].; Alvarez, E]J.; Cope, T.C. Permanent central synaptic disconnection of proprioceptors

after nerve injury and regeneration. II. Loss of functional connectivity with motoneurons. J. Neurophysiol. 2011, 106, 2471-2485.
[CrossRef]


https://doi.org/10.2165/00007256-200333020-00005
https://doi.org/10.3390/antiox9030212
https://www.ncbi.nlm.nih.gov/pubmed/32150878
https://doi.org/10.3390/cells10081867
https://doi.org/10.1038/nn.4162
https://www.ncbi.nlm.nih.gov/pubmed/26551544
https://doi.org/10.1093/brain/awae290
https://www.ncbi.nlm.nih.gov/pubmed/39258358
https://doi.org/10.1093/brain/awae280
https://doi.org/10.1152/jappl.1999.87.6.2007
https://doi.org/10.1055/s-2008-1026031
https://doi.org/10.3389/fphys.2019.00536
https://doi.org/10.1007/s00421-024-05626-9
https://doi.org/10.3390/brainsci11010108
https://doi.org/10.1016/S0304-3959(03)00257-4
https://www.ncbi.nlm.nih.gov/pubmed/14527703
https://doi.org/10.1054/jpai.2001.22496
https://www.ncbi.nlm.nih.gov/pubmed/14622819
https://doi.org/10.1186/s12576-023-00896-y
https://www.ncbi.nlm.nih.gov/pubmed/38267849
https://doi.org/10.1055/s-0030-1248285
https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.3390/jfmk7020043
https://doi.org/10.7554/eLife.79917
https://doi.org/10.3390/life13030657
https://doi.org/10.1007/s00421-016-3358-2
https://doi.org/10.1111/j.1460-9568.2011.07652.x
https://doi.org/10.1111/joa.12312
https://doi.org/10.1016/j.nbd.2016.07.004
https://doi.org/10.3390/cancers16233898
https://doi.org/10.1152/jn.01097.2010

Int. J. Mol. Sci. 2025, 26,2319 14 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Alvarez, EJ.; Titus-Mitchell, H.E.; Bullinger, K.L.; Kraszpulski, M.; Nardelli, P; Cope, T.C. Permanent central synaptic disconnec-
tion of proprioceptors after nerve injury and regeneration. I. Loss of VGLUT1/IA synapses on motoneurons. ]. Neurophysiol. 2011,
106, 2450-2470. [CrossRef]

Mclntosh, J.; Mekrouda, I.; Dashti, M.; Giuraniuc, C.V.; Banks, R.W.; Miles, G.B.; Bewick, G.S. Development of abnormalities
at the neuromuscular junction in the SOD1-G93A mouse model of ALS: Dysfunction then disruption of postsynaptic structure
precede overt motor symptoms. Front. Mol. Neurosci. 2023, 16, 1169075. [CrossRef]

Sonkodi, B. Commentary: Effects of combined treatment with transcranial and peripheral electromagnetic stimulation on
performance and pain recovery from delayed onset muscle soreness induced by eccentric exercise in young athletes. A randomized
clinical trial. Front. Physiol. 2024, 15, 1380261. [CrossRef]

Sonkodi, B. Progressive Irreversible Proprioceptive Piezo2 Channelopathy-Induced Lost Forced Peripheral Oscillatory Synchro-
nization to the Hippocampal Oscillator May Explain the Onset of Amyotrophic Lateral Sclerosis Pathomechanism. Cells 2024,
13,492. [CrossRef] [PubMed]

Sonkodi, B. Does Proprioception Involve Synchronization with Theta Rhythms by a Novel Piezo2 Initiated Ultrafast VGLUT2
Signaling? Biophysica 2023, 3, 695-710. [CrossRef]

Sonkodi, B. PIEZO2 Proton Affinity and Availability May Also Regulate Mechanical Pain Sensitivity, Drive Central Sensitization
and Neurodegeneration. Int. . Mol. Sci. 2025, 26, 1246. [CrossRef]

Cathers, I.; O'Dwyer, N.; Neilson, P. Entrainment to extinction of physiological tremor by spindle afferent input. Exp. Brain Res.
2006, 171, 194-203. [CrossRef]

Morris, R.G.; Garrud, P.; Rawlins, ].N.; O’Keefe, J. Place navigation impaired in rats with hippocampal lesions. Nature 1982, 297,
681-683. [CrossRef]

Sutherland, R.J.; Kolb, B.; Whishaw, 1.Q. Spatial mapping: Definitive disruption by hippocampal or medial frontal cortical damage
in the rat. Neurosci. Lett. 1982, 31, 271-276. [CrossRef]

Clark, R.E.; Broadbent, N.J.; Squire, L.R. Hippocampus and remote spatial memory in rats. Hippocampus 2005, 15, 260-272.
[CrossRef]

Husain, M. The human hippocampus contributes to short-term memory. Brain 2024, 147, 2593-2594. [CrossRef]

Sonkodi, B.; Poor, G. Piezo2 Channelopathy and the Quad-Phasic Non-Contact Injury Model. Hung. Rheumatol. 2024, 65, 68-74.
Keriven, H.; Sanchez Sierra, A.; Gonzalez de-la-Flor, A.; Garcia-Arrabe, M.; Bravo-Aguilar, M.; de la Plaza San Frutos, M.; Garcia-
Perez-de-Sevilla, G.; Tornero-Aguilera, J.F.; Clemente-Suarez, V.J.; Dominguez-Balmaseda, D. Effects of combined treatment with
transcranial and peripheral electromagnetic stimulation on performance and pain recovery from delayed onset muscle soreness
induced by eccentric exercise in young athletes. A randomized clinical trial. Front. Physiol. 2023, 14, 1267315. [CrossRef]
Keriven, H.; Sanchez-Sierra, A.; Minambres-Martin, D.; Gonzalez de la Flor, A.; Garcia-Perez-de-Sevilla, G.; Dominguez-
Balmaseda, D. Effects of peripheral electromagnetic stimulation after an eccentric exercise-induced delayed-onset muscle soreness
protocol in professional soccer players: A randomized controlled trial. Front. Physiol. 2023, 14, 1206293. [CrossRef] [PubMed]
Sonkodi, B. Delayed Onset Muscle Soreness and Critical Neural Microdamage-Derived Neuroinflammation. Biomolecules 2022,
12,1207. [CrossRef]

Yu, J.G.; Carlsson, L.; Thornell, L.E. Evidence for myofibril remodeling as opposed to myofibril damage in human muscles with
DOMS: An ultrastructural and immunoelectron microscopic study. Histochem Cell Biol. 2004, 121, 219-227. [CrossRef] [PubMed]
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. J. Mol. Neurosci. 2022, 72, 1598-1608. [CrossRef] [PubMed]
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]

Sonkodi, B.; Varga, E.; Hangody, L.; Poor, G.; Berkes, I. Finishing stationary cycling too early after anterior cruciate ligament
reconstruction is likely to lead to higher failure. BMC Sports Sci. Med. Rehabil. 2021, 13, 149. [CrossRef]

Khataei, T.; Benson, C.J. ASIC3 plays a protective role in delayed-onset muscle soreness (DOMS) through muscle acid sensation
during exercise. Front. Pain. Res. 2023, 4, 1215197. [CrossRef] [PubMed]

Suttinont, C.; Maeno, K.; Yano, M.; Sato-Numata, K.; Numata, T.; Tsutsumi, M. Role of Piezo2 in Schwann Cell Volume Regulation
and Its Impact on Neurotrophic Release Regulation. Cell. Physiol. Biochem. 2024, 58, 292-310. [CrossRef]

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

Jammal Salameh, L.; Bitzenhofer, S.H.; Hanganu-Opatz, I.L.; Dutschmann, M.; Egger, V. Blood pressure pulsations modulate
central neuronal activity via mechanosensitive ion channels. Science 2024, 383, eadk8511. [CrossRef]

Sieljacks, P.; Matzon, A.; Wernbom, M.; Ringgaard, S.; Vissing, K.; Overgaard, K. Muscle damage and repeated bout effect
following blood flow restricted exercise. Eur. J. Appl. Physiol. 2016, 116, 513-525. [CrossRef]

Zhou, Z.; Ma, X,; Lin, Y.; Cheng, D.; Bavi, N.; Secker, G.A.; Li, ].V.; Janbandhu, V.; Sutton, D.L.; Scott, H.S.; et al. MyoD-family
inhibitor proteins act as auxiliary subunits of Piezo channels. Science 2023, 381, 799-804. [CrossRef]


https://doi.org/10.1152/jn.01095.2010
https://doi.org/10.3389/fnmol.2023.1169075
https://doi.org/10.3389/fphys.2024.1380261
https://doi.org/10.3390/cells13060492
https://www.ncbi.nlm.nih.gov/pubmed/38534336
https://doi.org/10.3390/biophysica3040046
https://doi.org/10.3390/ijms26031246
https://doi.org/10.1007/s00221-005-0258-9
https://doi.org/10.1038/297681a0
https://doi.org/10.1016/0304-3940(82)90032-5
https://doi.org/10.1002/hipo.20056
https://doi.org/10.1093/brain/awae194
https://doi.org/10.3389/fphys.2023.1267315
https://doi.org/10.3389/fphys.2023.1206293
https://www.ncbi.nlm.nih.gov/pubmed/37465698
https://doi.org/10.3390/biom12091207
https://doi.org/10.1007/s00418-004-0625-9
https://www.ncbi.nlm.nih.gov/pubmed/14991331
https://doi.org/10.1007/s12031-022-02015-9
https://www.ncbi.nlm.nih.gov/pubmed/35507012
https://doi.org/10.3390/metabo12090857
https://doi.org/10.1186/s13102-021-00377-y
https://doi.org/10.3389/fpain.2023.1215197
https://www.ncbi.nlm.nih.gov/pubmed/37795390
https://doi.org/10.33594/000000713
https://doi.org/10.3390/ijms24087038
https://doi.org/10.1126/science.adk8511
https://doi.org/10.1007/s00421-015-3304-8
https://doi.org/10.1126/science.adh8190

Int. J. Mol. Sci. 2025, 26,2319 15 of 17

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Del Rosario, ].S.; Gabrielle, M.; Yudin, Y.; Rohacs, T. TMEM120A /TACAN inhibits mechanically activated PIEZO2 channels. J.
Gen. Physiol. 2022, 154, €202213164. [CrossRef]

Ke, M.; Yu, Y.; Zhao, C,; Lai, S.; Su, Q.; Yuan, W,; Yang, L.; Deng, D.; Wu, K,; Zeng, W,; et al. Cryo-EM structures of human
TMEM120A and TMEM120B. Cell Discov. 2021, 7, 77. [CrossRef] [PubMed]

Melzack, R.; Wall, P.D. Pain mechanisms: A new theory. Science 1965, 150, 971-979. [CrossRef]

Chung, ].M.; Surmeier, D.J.; Lee, K.H.; Sorkin, L.S.; Honda, C.N.; Tsong, Y.; Willis, W.D. Classification of primate spinothalamic
and somatosensory thalamic neurons based on cluster analysis. . Neurophysiol. 1986, 56, 308-327. [CrossRef]

Price, D.D.; Dubner, R. Mechanisms of first and second pain in the peripheral and central nervous systems. J. Investig. Dermatol.
1977, 69, 167-171. [CrossRef] [PubMed]

Aguiar, P; Sousa, M.; Lima, D. NMDA channels together with L-type calcium currents and calcium-activated nonspecific cationic
currents are sufficient to generate windup in WDR neurons. ]. Neurophysiol. 2010, 104, 1155-1166. [CrossRef]

Fang, Y,; Li, Q.; Li, X,; Luo, G.H.; Kuang, S.J.; Luo, X.S.; Li, Q.Q.; Yang, H.; Liu, Y.; Deng, C.Y,; et al. Piezol Participated in
Decreased L-Type Calcium Current Induced by High Hydrostatic Pressure via. CaM/Src/Pitx2 Activation in Atrial Myocytes.
Front. Cardiovasc. Med. 2022, 9, 842885. [CrossRef] [PubMed]

Puja, G.; Sonkodji, B.; Bardoni, R. Mechanisms of Peripheral and Central Pain Sensitization: Focus on Ocular Pain. Front. Pharmacol.
2021, 12, 764396. [CrossRef]

Szczot, M.; Liljencrantz, J.; Ghitani, N.; Barik, A.; Lam, R.; Thompson, J.H.; Bharucha-Goebel, D.; Saade, D.; Necaise, A.;
Donkervoort, S.; et al. PIEZO2 mediates injury-induced tactile pain in mice and humans. Sci. Transl. Med. 2018, 10, eaat9892.
[CrossRef]

Pidoux, L.; Delanoe, K.; Barbier, J.; Marchand, F.; Lingueglia, E.; Deval, E. Single Subcutaneous Injection of Lysophosphatidyl-
Choline Evokes ASIC3-Dependent Increases of Spinal Dorsal Horn Neuron Activity. Front. Mol. Neurosci. 2022, 15, 880651.
[CrossRef]

Mutso, A.A.; Radzicki, D.; Baliki, M.N.; Huang, L.; Banisadr, G.; Centeno, M.V.; Radulovic, J.; Martina, M.; Miller, R.J.; Apkarian,
A.V. Abnormalities in hippocampal functioning with persistent pain. J. Neurosci. 2012, 32, 5747-5756. [CrossRef] [PubMed]
Deisseroth, K.; Singla, S.; Toda, H.; Monje, M.; Palmer, T.D.; Malenka, R.C. Excitation-neurogenesis coupling in adult neural
stem/progenitor cells. Neuron 2004, 42, 535-552. [CrossRef]

Korotkova, T.; Ponomarenko, A.; Monaghan, C.K,; Poulter, S.L.; Cacucci, F; Wills, T.; Hasselmo, M.E.; Lever, C. Reconciling the
different faces of hippocampal theta: The role of theta oscillations in cognitive, emotional and innate behaviors. Neurosci. Biobehav.
Rev. 2018, 85, 65-80. [CrossRef] [PubMed]

Ma, S.; Blasiak, A.; Olucha-Bordonau, EE.; Verberne, A.J.; Gundlach, A L. Heterogeneous responses of nucleus incertus neurons
to corticotrophin-releasing factor and coherent activity with hippocampal theta rhythm in the rat. J. Physiol. 2013, 591, 3981-4001.
[CrossRef]

Murase, S.; Terazawa, E.; Hirate, K.; Yamanaka, H.; Kanda, H.; Noguchi, K.; Ota, H.; Queme, F; Taguchi, T.; Mizumura,
K. Upregulated glial cell line-derived neurotrophic factor through cyclooxygenase-2 activation in the muscle is required for
mechanical hyperalgesia after exercise in rats. J. Physiol. 2013, 591, 3035-3048. [CrossRef] [PubMed]

Bespalov, M.M.; Sidorova, Y.A.; Tumova, S.; Ahonen-Bishopp, A.; Magalhaes, A.C.; Kulesskiy, E.; Paveliev, M.; Rivera, C.; Rauvala,
H.; Saarma, M. Heparan sulfate proteoglycan syndecan-3 is a novel receptor for GDNF, neurturin, and artemin. J. Cell Biol. 2011,
192, 153-169. [CrossRef]

Murase, S.; Kobayashi, K.; Nasu, T.; Kihara, C.; Taguchi, T.; Mizumura, K. Synergistic interaction of nerve growth factor and glial
cell-line derived neurotrophic factor in muscular mechanical hyperalgesia in rats. J. Physiol. 2021, 599, 1783-1798. [CrossRef]
Murase, S.; Terazawa, E.; Queme, F.; Ota, H.; Matsuda, T.; Hirate, K.; Kozaki, Y.; Katanosaka, K.; Taguchi, T.; Urai, H.; et al.
Bradykinin and nerve growth factor play pivotal roles in muscular mechanical hyperalgesia after exercise (delayed-onset muscle
soreness). J. Neurosci. 2010, 30, 3752-3761. [CrossRef]

Kubo, A.; Koyama, M.; Tamura, R.; Takagishi, Y.; Murase, S.; Mizumura, K. Absence of mechanical hyperalgesia after exercise
(delayed onset muscle soreness) in neonatally capsaicin-treated rats. Neurosci. Res. 2012, 73, 56—60. [CrossRef]

Ota, H.; Katanosaka, K.; Murase, S.; Kashio, M.; Tominaga, M.; Mizumura, K. TRPV1 and TRPV4 play pivotal roles in delayed
onset muscle soreness. PLoS ONE 2013, 8, e65751. [CrossRef]

McGaraughty, S.; Chu, K.L.; Brown, B.S.; Zhu, C.Z.; Zhong, C.; Joshi, S.K.; Honore, P,; Faltynek, C.R.; Jarvis, M.F. Contributions
of central and peripheral TRPV1 receptors to mechanically evoked and spontaneous firing of spinal neurons in inflamed rats.
J. Neurophysiol. 2008, 100, 3158-3166. [CrossRef] [PubMed]

Irisawa, H.; Sato, R. Intra- and extracellular actions of proton on the calcium current of isolated guinea pig ventricular cells. Circ.
Res. 1986, 59, 348-355. [CrossRef] [PubMed]

Bonet, I.].M.; Araldi, D.; Bogen, O.; Levine, ].D. Involvement of TACAN, a Mechanotransducing Ion Channel, in Inflammatory
But Not Neuropathic Hyperalgesia in the Rat. J. Pain. 2021, 22, 498-508. [CrossRef]


https://doi.org/10.1085/jgp.202213164
https://doi.org/10.1038/s41421-021-00319-5
https://www.ncbi.nlm.nih.gov/pubmed/34465718
https://doi.org/10.1126/science.150.3699.971
https://doi.org/10.1152/jn.1986.56.2.308
https://doi.org/10.1111/1523-1747.ep12497942
https://www.ncbi.nlm.nih.gov/pubmed/326991
https://doi.org/10.1152/jn.00834.2009
https://doi.org/10.3389/fcvm.2022.842885
https://www.ncbi.nlm.nih.gov/pubmed/35252406
https://doi.org/10.3389/fphar.2021.764396
https://doi.org/10.1126/scitranslmed.aat9892
https://doi.org/10.3389/fnmol.2022.880651
https://doi.org/10.1523/JNEUROSCI.0587-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22539837
https://doi.org/10.1016/S0896-6273(04)00266-1
https://doi.org/10.1016/j.neubiorev.2017.09.004
https://www.ncbi.nlm.nih.gov/pubmed/28887226
https://doi.org/10.1113/jphysiol.2013.254300
https://doi.org/10.1113/jphysiol.2012.249235
https://www.ncbi.nlm.nih.gov/pubmed/23587883
https://doi.org/10.1083/jcb.201009136
https://doi.org/10.1113/JP280683
https://doi.org/10.1523/JNEUROSCI.3803-09.2010
https://doi.org/10.1016/j.neures.2012.02.005
https://doi.org/10.1371/journal.pone.0065751
https://doi.org/10.1152/jn.90768.2008
https://www.ncbi.nlm.nih.gov/pubmed/18829846
https://doi.org/10.1161/01.RES.59.3.348
https://www.ncbi.nlm.nih.gov/pubmed/2429781
https://doi.org/10.1016/j.jpain.2020.11.004

Int. J. Mol. Sci. 2025, 26,2319 16 of 17

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sonkodi, B.; Radovits, T.; Csulak, E.; Kopper, B.; Syd6, N.; Merkely, B. Orthostasis Is Impaired Due to Fatiguing Intensive Acute
Concentric Exercise Succeeded by Isometric Weight-Loaded Wall-Sit in Delayed-Onset Muscle Soreness: A Pilot Study. Sports
2023, 11, 209. [CrossRef] [PubMed]

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]

Chen, T.C.; Huang, M.].; Lima, L.C.R; Chou, T.Y.; Wang, H.H.; Tu, ].H.; Lin, S.C.; Nosaka, K. Changes in Insulin Sensitivity and
Lipid Profile Markers Following Initial and Secondary Bouts of Multiple Eccentric Exercises. Front. Physiol. 2022, 13, 917317.
[CrossRef]

Thompson, K.J.; Watson, S.; Zanato, C.; Dall’Angelo, S.; De Nooij, ].C.; Pace-Bonello, B.; Shenton, EC.; 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. 2024, 109, 81-99. [CrossRef]
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]

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]

Li, S.; Wijerathne, T.; Bhatt, A,; Jiang, W.; Lacroix, ].; Han, W.; Luo, Y.L. A two-step clockwork mechanism opens a proteo-lipidic
pore in PIEZO2 channels. bioRxiv 2025. [CrossRef]

Maughan, R.J.; Donnelly, A.E.; Gleeson, M.; Whiting, P.H.; Walker, K.A.; Clough, P.J. Delayed-onset muscle damage and lipid
peroxidation in man after a downhill run. Muscle. Nerve. 1989, 12, 332-336. [CrossRef]

Lin, Y,; Buyan, A.; Corry, B. Characterizing the lipid fingerprint of the mechanosensitive channel Piezo2. J. Gen. Physiol. 2022,
154, 369a. [CrossRef] [PubMed]

Lin, Y.; Buyan, A.; Corry, B. Computational studies of Piezol yield insights into key lipid-protein interactions, channel activation,
and agonist binding. Biophys. Rev. 2022, 14, 209-219. [CrossRef] [PubMed]

Buyan, A.; Cox, C.D,; Barnoud, J.; Li, J.; Chan, H.S.M.; Martinac, B.; Marrink, S.J.; Corry, B. Piezol Forms Specific, Functionally
Important Interactions with Phosphoinositides and Cholesterol. Biophys. J. 2020, 119, 1683-1697. [CrossRef]

Borbiro, I.; Badheka, D.; Rohacs, T. Activation of TRPV1 channels inhibits mechanosensitive Piezo channel activity by depleting
membrane phosphoinositides. Sci. Signal. 2015, 8, ral5. [CrossRef] [PubMed]

Gabrielle, M.; Yudin, Y.; Wang, Y.; Su, X.; Rohacs, T. Phosphatidic acid is an endogenous negative regulator of PIEZO2 channels
and mechanical sensitivity. bioRxiv 2024, 15, 1-16. [CrossRef]

Petersen, E.N.; Chung, H.W.; Nayebosadri, A.; Hansen, S.B. Kinetic disruption of lipid rafts is a mechanosensor for phospholipase
D. Nat. Commun. 2016, 7, 13873. [CrossRef]

Egea-Jimenez, A.L.; Zimmermann, P. Phospholipase D and phosphatidic acid in the biogenesis and cargo loading of extracellular
vesicles. J. Lipid. Res. 2018, 59, 1554-1560. [CrossRef]

Li, P; Soudackov, A.V.; Hammes-Schiffer, S. Fundamental Insights into Proton-Coupled Electron Transfer in Soybean Lipoxygenase
from Quantum Mechanical /Molecular Mechanical Free Energy Simulations. J. Am. Chem. Soc. 2018, 140, 3068-3076. [CrossRef]
Lehnert, N.; Solomon, E.I. Density-functional investigation on the mechanism of H-atom abstraction by lipoxygenase. . Biol.
Inorg. Chem. 2003, 8, 294-305. [CrossRef]

Re, D.B.; Nafia, I.; Melon, C.; Shimamoto, K.; Kerkerian-Le Goff, L.; Had-Aissouni, L. Glutamate leakage from a compartmen-
talized intracellular metabolic pool and activation of the lipoxygenase pathway mediate oxidative astrocyte death by reversed
glutamate transport. Glia 2006, 54, 47-57. [CrossRef] [PubMed]

Ochi, E.; Tsuchiya, Y.; Yanagimoto, K. Effect of eicosapentaenoic acids-rich fish oil supplementation on motor nerve function after
eccentric contractions. J. Int. Soc. Sports Nutr. 2017, 14, 23. [CrossRef]

Romero, L.O; Caires, R.; Kaitlyn Victor, A.; Ramirez, J.; Sierra-Valdez, FJ.; Walsh, P; Truong, V.; Lee, J.; Mayor, U.; Reiter, L.T.; et al.
Linoleic acid improves PIEZO2 dysfunction in a mouse model of Angelman Syndrome. Nat. Commun. 2023, 14, 1167. [CrossRef]
[PubMed]

Sanchez-Carranza, O.; Chakrabarti, S.; Kuhnemund, J.; Schwaller, F.; Begay, V.; Garcia-Contreras, ].A.; Wang, L.; Lewin, G.R.
Piezo2 voltage-block regulates mechanical pain sensitivity. Brain 2024, 147, 3487-3500. [CrossRef]

Sonkodi, B.; Hortobagyi, T. Amyotrophic lateral sclerosis and delayed onset muscle soreness in light of the impaired blink and
stretch reflexes —watch out for Piezo2. Open Med. 2022, 17, 397-402. [CrossRef] [PubMed]

Sonkodi, B.; Péllinger, E.; Radovits, T.; Csulak, E.; Shenker-Horvath, K ; Kopper, B.; Buzés, E.I; Sydd, 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]


https://doi.org/10.3390/sports11110209
https://www.ncbi.nlm.nih.gov/pubmed/37999426
https://doi.org/10.1007/BF00281822
https://doi.org/10.3389/fphys.2022.917317
https://doi.org/10.1113/EP090761
https://doi.org/10.1016/j.molmet.2019.09.011
https://doi.org/10.1038/s41467-022-31103-y
https://doi.org/10.1101/2025.02.10.637531
https://doi.org/10.1002/mus.880120412
https://doi.org/10.1085/jgp.202113064
https://www.ncbi.nlm.nih.gov/pubmed/35861699
https://doi.org/10.1007/s12551-021-00847-0
https://www.ncbi.nlm.nih.gov/pubmed/35340596
https://doi.org/10.1016/j.bpj.2020.07.043
https://doi.org/10.1126/scisignal.2005667
https://www.ncbi.nlm.nih.gov/pubmed/25670203
https://doi.org/10.1038/s41467-024-51181-4
https://doi.org/10.1038/ncomms13873
https://doi.org/10.1194/jlr.R083964
https://doi.org/10.1021/jacs.7b13642
https://doi.org/10.1007/s00775-002-0415-6
https://doi.org/10.1002/glia.20353
https://www.ncbi.nlm.nih.gov/pubmed/16673373
https://doi.org/10.1186/s12970-017-0176-9
https://doi.org/10.1038/s41467-023-36818-0
https://www.ncbi.nlm.nih.gov/pubmed/36859399
https://doi.org/10.1093/brain/awae227
https://doi.org/10.1515/med-2022-0444
https://www.ncbi.nlm.nih.gov/pubmed/35340618
https://doi.org/10.3390/ijms231911117

Int. J. Mol. Sci. 2025, 26,2319 17 of 17

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Hackney, K.J.; Engels, H.]J.; Gretebeck, R.J. Resting energy expenditure and delayed-onset muscle soreness after full-body
resistance training with an eccentric concentration. J. Strength Cond. Res. 2008, 22, 1602-1609. [CrossRef]

Chaudhry, FA.; Schmitz, D.; Reimer, R.J.; Larsson, P.; Gray, A.T.; Nicoll, R.; Kavanaugh, M.; Edwards, R.H. Glutamine uptake by
neurons: Interaction of protons with system a transporters. J. Neurosci. 2002, 22, 62-72. [CrossRef]

Ewald, J.; He, Z.; Dimitriew, W.; Schuster, S. Including glutamine in a resource allocation model of energy metabolism in cancer
and yeast cells. NPJ Syst. Biol. Appl. 2024, 10, 77. [CrossRef]

Li, Z.; Peng, L.; Sun, L.; Si, J. A link between mitochondrial damage and the immune microenvironment of delayed onset muscle
soreness. BMC Med. Genomics. 2023, 16, 196. [CrossRef]

Street, B.; Byrne, C.; Eston, R. Glutamine Supplementation in Recovery From Eccentric Exercise Attenuates Strength Loss and
Muscle Soreness. . Exerc. Sci. Fit. 2011, 9, 116-122. [CrossRef]

Cordova-Martinez, A.; Caballero-Garcia, A.; Bello, H.J.; Perez-Valdecantos, D.; Roche, E. Effect of Glutamine Supplementation on
Muscular Damage Biomarkers in Professional Basketball Players. Nutrients 2021, 13, 2073. [CrossRef] [PubMed]

Dupuis, L.; Echaniz-Laguna, A. Skeletal muscle in motor neuron diseases: Therapeutic target and delivery route for potential
treatments. Curr. Drug Targets 2010, 11, 1250-1261. [CrossRef] [PubMed]

van Rheenen, W.; van der Spek, R.A.A.; Bakker, M.K,; van Vugt, J.; Hop, PJ.; Zwamborn, R.AJ.; de Klein, N.; Westra, H.J.; Bakker,
O.B; Deelen, P; et al. Common and rare variant association analyses in amyotrophic lateral sclerosis identify 15 risk loci with
distinct genetic architectures and neuron-specific biology. Nat. Genet. 2021, 53, 1636-1648. [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]
Medvedev, Z.A. An attempt at a rational classification of theories of ageing. Biol. Rev. Camb. Philos. Soc. 1990, 65, 375-398.
[CrossRef]

Hayashi, K.; Ozaki, N.; Kawakita, K.; Itoh, K.; Mizumura, K.; Furukawa, K.; Yasui, M.; Hori, K.; Yi, 5.Q.; Yamaguchi, T.; et al.
Involvement of NGF in the rat model of persistent muscle pain associated with taut band. J. Pain 2011, 12, 1059-1068. [CrossRef]
[PubMed]

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/10.1519/JSC.0b013e31818222c5
https://doi.org/10.1523/JNEUROSCI.22-01-00062.2002
https://doi.org/10.1038/s41540-024-00393-x
https://doi.org/10.1186/s12920-023-01621-9
https://doi.org/10.1016/S1728-869X(12)60007-0
https://doi.org/10.3390/nu13062073
https://www.ncbi.nlm.nih.gov/pubmed/34204359
https://doi.org/10.2174/1389450111007011250
https://www.ncbi.nlm.nih.gov/pubmed/20840067
https://doi.org/10.1038/s41588-021-00973-1
https://www.ncbi.nlm.nih.gov/pubmed/34873335
https://doi.org/10.3390/biomedicines11030933
https://doi.org/10.1111/j.1469-185X.1990.tb01428.x
https://doi.org/10.1016/j.jpain.2011.04.010
https://www.ncbi.nlm.nih.gov/pubmed/21719352

	Introduction 
	Proprioceptive Switch 
	Ultrafast Signaling and Transcription Switch 
	Metabolic and Energy Generation Switch 
	Force Generation Switch 
	Conclusions 
	References

