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Abstract: Piezo2 transmembrane excitatory mechanosensitive ion channels were identified as the
principal mechanotransduction channels for proprioception. Recently, it was postulated that Piezo2
channels could be acutely microdamaged on an autologous basis at proprioceptive Type Ia terminals
in a cognitive demand-induced acute stress response time window when unaccustomed or strenuous
eccentric contractions are executed. One consequence of this proposed transient Piezo2 microinjury
could be a VGLUT1/Ia synaptic disconnection on motoneurons, as we can learn from platinum-
analogue chemotherapy. A secondary, harsher injury phase with the involvement of polymodal
Aδ and nociceptive C-fibers could follow the primary impairment of proprioception of delayed
onset muscle soreness. Repetitive reinjury of these channels in the form of repeated bout effects
is proposed to be the tertiary injury phase. Notably, the use of proprioception is associated with
motor learning and memory. The impairment of the monosynaptic static phase firing sensory
encoding of the affected stretch reflex could be the immediate consequence of the proposed Piezo2
microdamage leading to impaired proprioception, exaggerated contractions and reduced range of
motion. These transient Piezo2 channelopathies in the primary afferent terminals could constitute the
critical gateway to the pathophysiology of delayed onset muscle soreness. Correspondingly, fatiguing
eccentric contraction-based pathological hyperexcitation of the Type Ia afferents induces reactive
oxygen species production-associated neuroinflammation and neuronal activation in the spinal cord
of delayed onset muscle soreness.

Keywords: delayed onset muscle soreness; Piezo2 ion channel; proprioception; neuroinflammation;
nuclear factor-kappa B; noncontact injury

1. Introduction

Delayed onset muscle soreness (DOMS) has been defined as delayed onset soreness,
muscle stiffness, swelling, loss of force-generating capacity, reduced joint range of motion,
and decreased proprioceptive function [1]. Unaccustomed or strenuous exercises involving
eccentric contractions are known to induce DOMS with neuromuscular changes for several
days [2–4]. The pain of DOMS is not felt for approximately 8 h, peaks 1 or 2 days later [3],
and subsides within 7 days after exercise [5]. Theodore Hough first described DOMS in
1902, attributing soreness to ruptures in the muscles [6]. However, the mechanism of DOMS
is still far from entirely understood. Several theories, such as lactic acid, muscle spasm,
inflammation, connective tissue damage, muscle damage, enzyme efflux and most recently
neuronal damage and the Piezo2 microdamage theory attempt to explain the mechanism
of DOMS [7–9], but no single theory or factor has answered the question entirely. Notably,
DOMS is different from pain experienced during or immediately after exercise [10], as
DOMS could be induced without muscle damage [11], similarly to vibration [12]. Fur-
thermore, exercise-induced muscle damage could exist without DOMS, and even earlier
findings seemed to conclude that DOMS inducement is independent of inflammation [13]
or that it is not essential for DOMS [5].
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The current review highlights the critical pathways in the DOMS mechanism, espe-
cially focusing on proprioceptive sensory microdamage as a principal mechanism leading
to neuroinflammation.

2. Neural Microdamage of DOMS

It is important to note certain milestones that led to the neuronal microdamage theory
of DOMS. Weerakkody et al. was the first to demonstrate the contribution of muscle
spindle-derived proprioceptors in DOMS [12,14]. Later, Torres et al. showed that reduced
proprioception in DOMS is muscle spindle-induced; however, they theorized that the
eccentric exercise-derived damage is from intrafusal muscle fibers [2]. Proske and Gandevia
reported that eccentric exercise indeed damages proprioception [15].

A significant milestone was the novel concept, put forward by Bennet et al., of neu-
ronal terminal lesions, called terminal arbor degeneration (TAD), that could be learned from
paclitaxel chemotherapy [16]. Kouzaki et al. demonstrated that eccentric exercise-induced
muscle damage increased the M-wave latency and implicated reversible motoneuronal
damage, but excluded muscle spindle origin [17]. However, it is known from Vincent et al.
that platinum analogue chemotherapy causes complex Type Ia proprioceptive impairment,
and this lesion could evolve in an acute and chronic fashion as well [18,19]. Furthermore,
Alvarez et al. and Bullinger et al. showed permanent central synaptic disconnection of pro-
prioceptors from motoneurons after nerve injury, and this phenomenon is associated with
the loss of vesicular glutamate transporter (VGLUT) 1/Ia synapses on motoneurons [20,21].
Sonkodi et al. suggested that the muscle spindle origin of increased M-wave latency on mo-
toneurons after eccentric exercise-induced muscle damage should not be excluded [22] and
even proposed that the transiently impaired muscle spindle-derived proprioceptors and the
resultant synaptic disconnection on motoneurons are responsible for the increased M-wave
latency in DOMS, in line with the findings of Vincent, Alvarez and Bullinger et al. [19–22].

The significant findings of Murase et al. that bradykinin and nerve growth factor
(NGF) are pivotal in DOMS inducement were supplemented by Kubo et al. and Ota et al.,
who showed that C-fiber and transient receptor potential vanilloid (TRPV) 1/TRPV4 also
play an essential role in the DOMS mechanism [23–25].

The earlier research work of Bewick et al. was fulfilled by Than et al. on glutamatergic
autoexcitation in muscle spindles, substantially helping the understanding of glutamate-
based signaling of static phase firing sensory encoding [26,27].

Sonkodi et al. hypothesized that DOMS is an acute stress response-induced acute com-
pression proprioceptive axonopathy derived from muscle spindles [8]. Sonkodi et al. even
suggested that the primary microinjury of the dichotomous noncontact injury mechanism
of DOMS is a transient Piezo2 channelopathy at the peripheral terminal of Type Ia proprio-
ceptors [9]. Notably, Piezo2 channels are shown to be the principal mechanotransduction
channels for proprioception [28], involved in vibration sensing [29], and bone-derived
osteocalcin was demonstrated to mediate an acute stress response [30].

Sonkodi also theorized that the result of acute Type Ia proprioceptive terminal mi-
croinjury is represented in the delayed latency of the medium latency response (MLR)
of the affected stretch reflex due to a switch of monosynaptic Type Ia static phase firing
sensory encoding to polysynaptic Type II static phase firing encoding [9,31,32]. Notably,
MLR is commonly viewed by scientists as dominantly Type II afferent mediated [33–41].
Indeed, Sonkodi et al. demonstrated that delayed latency of MLR is a consequence of
unaccustomed fatiguing exercise that induced DOMS [32].

Most recently, Borghi et al. showed that intense acute DOMS-inducing swimming
causes spinal cord neuroinflammation [42], as was hypothesized by Sonkodi et al. [8,31].

3. Transient Piezo2 Channelopathy

In order to understand the proposed dichotomous noncontact injury mechanism of
DOMS, first, the suggested Piezo2 gateway to pathophysiology should be introduced.
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3.1. Piezo Ion Channels

Piezo proteins are giant force-gated excitatory mechanosensitive and nonselective
ion channels with numerous transmembrane segments [43]. In fact, they are the largest
pore-forming transmembrane ion channel proteins known so far [44]. They are responsible
for mechanotransducing life-sustaining signals, such as touch sensation, proprioception
and cardiovascular regulation [45]. Two types of Piezo proteins are found in humans,
and both Piezo1 and Piezo2 channels have interesting structural properties, such as their
propeller blades and fairly similar conformations [46]. Nevertheless, the exact topology and
functions, such as pore formation, mechanical force detection and gating, are not entirely
understood [43]. However, recent findings are rapidly emerging to provide answers to
these questions.

Piezo1 channels have an important role in mechanotransduction to maintain home-
ostasis in peripheral tissues such as in cartilage [47], blood pressure regulation [48], urinary
osmolarity [49], and dorsal root ganglion (DRG) neuron physiology [50]. Moreover, Piezo1
channels take part in cell alignment based on their shear stress sensor capability [51,52],
and this signaling could have relevance in the loading of tissues, such as muscles, bones
and joints, not to mention their remodeling [53]. In contrast, Piezo2 ion channels contribute
to maintaining homeostasis in somatosensory neurons [51,54,55].

Overall, it is safe to say that Piezo2 ion channels dominantly guard homeostasis in so-
matosensory neurons, while Piezo1 ion channels maintain homeostasis in neuromodulator
peripheral cells. Accordingly, the Piezo1 channels in peripheral tissues serve the purpose of
cellular mechanoreceptors, and they could be neuromodulators through cross-talk with the
sensory Piezo2 ion channels, which are the homeostatic gatekeepers of the central nervous
system (CNS) [56].

3.2. Piezo2 Microinjury

Recently, it was hypothesized that acute stress response (ASR) induced, fatiguing
eccentric contraction-based mechano-energetic microdamage of Piezo2 channels in pro-
prioceptive sensory terminals could open a path to pathophysiology on an autologous or
noncontact basis, as suggested, for example, in the mechanism of delayed onset muscle
soreness (DOMS), noncontact anterior cruciate ligament (ACL) injury and post-orgasmic
illness syndrome (POIS) [8,9,53]. Since the critical gateway to pathophysiology is proposed
to be initiated at neural loci, neural interpretation and tracing of the pathophysiology
from the neuronal angle could serve us with a better clinical understanding in the future.
Notably, this type of somatosensory terminal impairment caused by damaging eccentric
contractions is proposed to be analogous to the so-called TAD, often seen in platinum-
analogue and paclitaxel chemotherapy [8,57]. These TAD lesions do not result in classical
Wallerian-type neuronal degeneration [8,16,19]. Furthermore, it has been demonstrated that
this neurotoxic effect of oxaliplatin impairs only the static phase firing sensory encoding
and hardly affects the dynamic sensory component [19].

If harsher tissue injury with polymodal Aδ and C-fiber sensory contribution follows
the pain-free primary proprioceptive Piezo2 microinjury, then the clinical picture of an
acute compression sensory axonopathy could evolve with a delayed onset of pain sensa-
tion [8,9]. ASR-induced axon terminal mitochondrial mechano-energetic deficiency could
also impair glutamate vesicular release, leading to glutamate spillover at the affected pe-
ripheral proprioceptive terminals [9,31]. Furthermore, the microdamaged Piezo2 channels
are theorized to become “leaky” to Piezo currents and even to glutamate in a supposedly
inactivated state [9]. Notably, the pores of Piezo channels are nonselective to cations;
however, Piezo currents slightly favor Ca2+ [46,58]. In line with this theory, recent animal
research on mice showed that glutamate vesicular release is essential for the maintenance
of muscle spindle afferent excitability, especially during stretch maintenance, but not for
dynamic sensitivity [27]. Since Piezo2 ion channels are also found to be the primary mechan-
otransduction channels for proprioception [28], the aforementioned impairment of muscle
spindle-derived static phase firing sensory encoding could be expected due to the proposed
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Piezo2 microinjury [9,59]. Finally, glutamate excitotoxicity at the peripheral terminal could
activate N-methyl-D-aspartate (NMDA) receptors at the other axonal endings of the same
pseudounipolar proprioceptive neurons, namely, at the presynaptic central terminal on
the spinal dorsal horn [31,60,61]. Notably, Murase et al. also suspected the involvement of
activated NMDA receptors in the DOMS mechanism [23].

Finally, Alvarez et al. showed that in the case of peripheral nerve injury, the VGLUT1
synapses of Type Ia central terminals are lost permanently on motoneurons, leading to a loss
of proprioceptive feedback from the muscle spindles [21]. Sonkodi et al. proposed a similar
disruption, however acutely or transiently, in VGLUT1 transmission on motoneurons in
DOMS when transient Piezo2 channelopathy is present [22]. As a result of the lost VGLUT1
synapses, the NMDA receptors at the axonal endings of the same pseudounipolar proprio-
ceptive neurons could be activated, namely, at the presynaptic central terminal on the spinal
dorsal horn [31,60,61]. Indeed, Ia monosynaptic excitatory postsynaptic potentials do not
involve NMDA receptor activation substantially under homeostatic circumstances [62].
However, it is important to note that the inactivation of Piezo ion channels is a physiological
response to hyperexcitation and is within homeostasis [26,63]. For example, other ion chan-
nels, such as noxious heat and capsaicin-activated TRPV1, have a role in Piezo2 channel
inactivation [64]. Moreover, stress-induced modified kinetics of Piezo are also known in
pathology [63]. Correspondingly, it has been suggested that Piezo2 could transiently trans-
form from a physiological state to a pathophysiological state in hyperexcited proprioceptive
terminals under an induced ASR when unaccustomed or strenuous eccentric contractions
should be sustained, which could be the aforementioned “leakiness” to Piezo currents and
even to glutamate when it should not be [9]. Correspondingly, Sonkodi et al. suggested
that proprioceptive Piezo2 microdamage and the loss of the VGLUT1 connection could
involve NMDA receptor activation [9,22].

Notably, various leakage currents could be sidetracked from the main logic pathway
of currents, and subthreshold current is one major type of leakage current. The current
author suggests that the leakiness of Piezo2 microinjuries could induce such imbalanced
subthreshold currents due to defective conversion of steady depolarization into repetitive
firing, as was proposed in platinum-analogue chemotherapy [65].

The current author is emphasizing the difference between two states, namely, that
proprioceptive terminal hyperexcitation without leakiness leads to inactivation of Piezo2,
as opposed to hyperexcitation with leakiness that could lead to pathology and transient
Piezo2 channelopathy [9]. Furthermore, it is suggested that the repetitive reinjury or
permanent microdamage of these Piezo2 channels could lead to increased sensitivity
longitudinally due to primary TAD-like lesions [9,59]. Accordingly, platinum-analogue
and paclitaxel chemotherapy-induced TAD lesions are observed in an acute and chronic
way as well [16,19].

One explanation for the aforementioned transient Piezo2 microinjury theory [9] could
be learned from the favorable effect of diclofenac on DOMS [7,66]. Notably, proprioceptive
Piezo2 channelopathy is suspected to be the critical cause of DOMS [9]. Diclofenac is a
dual-action nonsteroidal anti-inflammatory drug that inhibits both the cyclooxygenase and
lipoxygenase pathways [7,66]. The positive effect of diclofenac could be translated as the
attenuation of proprioceptive hyperexcitation through the inhibition of the cyclooxygenase
pathway and stabilization of membrane lipids around the Piezo2 ion channel through
the inhibition of the lipoxygenase pathway. Piezo2 ion channels are indeed bordered
by lipids in the cell membrane [43] and deformed by lipid bilayers [45]. Importantly, a
force-from-lipid hypothesis exists to explain the force-coupled gating of these types of
mechanosensitive channels [46,67]. Accordingly, abrupt elevation of the tension of these
lipid bilayers could open these mechanosensitive channels [67]. However, the hyperexcited
Piezo2 channels could be inactivated, but the ASR-derived excessive lipid peroxidation
could indirectly destabilize the structures of the labile hyperexcited and inactivated Piezo2
channels and, as a result, could become “leaky” to Piezo imbalanced subthreshold currents
and possibly even to glutamate [9] when they should not be. Another explanation could
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be that the phospholipid substrate PIP2 of myotubularin-related protein-2 is excessively
damaged by the ASR-derived heightened lipid peroxidation activity, since these phos-
pholipids participate in the control of Piezo2-dependent mechanotransduction [68]. The
current author proposes that this is why eicosapentaenoic acid-rich fish oil supplementation
could have a favorable effect on DOMS prevention, as demonstrated by Ochi et al. [69].
Another significant underlying factor could be that the excitatory functioning of Piezo
channels depletes membrane cholesterol locally [70,71]. In addition, dysfunctional mito-
chondria trafficking and mitochondrial mechano-energetic depletion are suspected, as in
platinum-analogue and paclitaxel chemotherapy [16,19], at the proprioceptive terminals in
the proposed ASR-derived TAD-like lesion of noncontact injuries, such as DOMS due to
fatiguing forced lengthening contractions [8].

3.3. Impaired Proprioception, Static Phase Firing Encoding and Delayed MLR

The signs of the suggested silent proprioceptive terminal Piezo2 microinjury could
be impaired proprioception and transient autonomic disbalance [9,31]. The grounds of
proprioceptive impairment were suggested and lately demonstrated to be a minor alteration
of the stretch reflex in the affected striated muscles [22,31,53]. This impairment is attributed
to the aforementioned compromised static phase firing sensory encoding of the stretch
reflex [22,31,32,53]. Accordingly, it has been observed that stretch-evoked static firing in
muscle spindle primary mechanosensory terminals is more sensitive to glutamate than
dynamic firing [26]. Furthermore, glutamate vesicular release is essential for muscle spindle
primary afferent excitability in stretch maintenance but not for dynamic sensitivity, as was
noted previously [27]. This Type Ia afferent terminal Piezo2 channelopathy could cause
some of the monosynaptic static phase firing sensory encoding of the stretch reflex to be
altered to the secondary Type II fiber-induced polysynaptic pathways, and this could be the
basis of the proposed delayed latency of the medium latency response (MLR) of the stretch
reflex and the reduced range of motion [22,31,32,53]. As a result, the constantly firing,
non-adapting Type II static impulses could arrive earlier on the spinal dorsal horn than the
microinjured adapting Type Ia sensory inputs [31]. This silent exchange of static phase firing
sensory encoding could be the explanation for the compensatory exaggerated contractions
and reduced range of motion [31], as in the case of paclitaxel-based chemotherapy [18].

Accordingly, there could be three consequences of the proposed transient Piezo2
microinjury and the VGLUT1 synaptic disconnection on motoneurons. First, Piezo2
channelopathy-induced imbalanced subthreshold currents and the resultant defective con-
version of steady depolarization into repetitive firing could be the reason why DOMS delays
the M-wave latency for 2 days after exercise, as reported by Kouzaki et al. [17]. Second,
glutamate signaling is switched from vesicular-based to activated NMDA receptor-based
signaling, which could be the equivalent of the aforementioned switch from monosynaptic
Type Ia static firing to polysynaptic Type II static firing. Third, the lost VGLUT1 sensory
encoding and the activated NMDA receptors could induce NaPICs or, even more likely,
NMDA PICs [72] on motoneurons, leading to exaggerated contractions and reduced range
of motion, as was suggested by Sonkodi [57], demonstrated by Del Rosario et al. [57] and
could be observed after nerve crush injury [73,74].

In summary, the ASR-related microinjury of the Piezo2 channels at the proprioceptive
terminal, which is analogous to the compromised primary preprogram of postural control,
could lead to a switch to a secondary preprogram of postural control in the form of
exaggerated contractions and reduced range of motion to enhance postural control and
to provide supranormal protection against gravity and shock attenuation [9,31,53]. For
the time being, proprioception is impaired, because the neuro-energetic demand of the
compensatory preprogram of postural control is so high segmentally that it could lead
to lost control of other unaffected segments due to the resource limitation of the overall
proprioceptive system [31].

The mechano-energetic loading is suggested to accumulate in a dose-limiting manner,
as is observed in TAD lesions [16], due to the autologous superposition of compression
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and shear forces [8,53]. This mechano-energetic overloading could eventually lead to the
stress-derived terminal lesion of the Type Ia proprioceptive sensory neurons innervating the
muscle spindles. Correspondingly, it could impair the static phase firing sensory encoding
of eccentric contractions.

3.4. Transient Autonomic Disbalance

When fatigued muscle is not capable of sufficient force production but muscle perfor-
mance should be maintained or heightened cognitively, then “overreaching” is induced to
accomplish the desired exercise task. Coaches and athletes repeatedly use this “overreach-
ing” process as a goal in training and learning sessions [31,53,75,76]. Moreover, repetitive
“over-reaching” training sessions with adequate recovery periods could develop a higher
level of homeostasis due to acute adaptation. This elevation from resting homeostasis
is called “supercompensation” [31,53,77]. The “overreaching” response and “supercom-
pensation” are guided by the autonomic nervous system [76], and this process entails the
use of motor learning and memory in accordance with the proprioceptive system [31,53].
The aforementioned ASR is suggested to be a homeostatic driver in this “overreaching”
response when force production is depleted in strenuous or unaccustomed eccentric ex-
ercise moments, but the performance should be maintained or heightened to accomplish
the cognitive demand-derived exercise task [31,53]. Piezo2 channels at the propriocep-
tive sensory terminal are proposed to exhibit a critical path in the osteocalcin-induced
“overreaching” ASR time window. In this state, the inactivation of Piezo2 channels is a
physiological response to hyperexcitation and is still within homeostasis [8,9]. However,
this “over-reaching” response could go overboard, leading to the previously mentioned
hyperexcitation with leakiness, which is the proposed transient Piezo2 channelopathy.

Interestingly, complete cardiac parasympathetic activity measured by heart rate vari-
ability (HRV) can return to pre-exercise levels only within 1 to 2 days; accordingly, the
number of days positively correlates with higher exercise intensities [76]. This transient
autonomic imbalance time interval overlaps the proposed transient Piezo2 channelopathy
in DOMS [9]. Correspondingly, this time overlap could have two implications. First, an
intimate crosstalk between the autonomic nervous system and the Piezo2 ion channels
could exist, as is insinuated by Abboud and Sonkodi et al. [9,78], and as a result, the
transient dysfunctionality of the microinjured Piezo2 could induce a transient autonomic
disbalance. Even more precisely, the cardiac parasympathetic activity after an ASR, which
is a full parasympathetic withdrawal [30], cannot return until the Piezo2 channelopathy is
functionally regenerated or becomes unleaky in the hyperexcited states. Correspondingly,
the current author suggests that the mechano-energetically dysfunctional proprioceptive
terminal mitochondria, impaired glutamate vesicular release, imbalanced subthreshold
currents and the resultant NMDA receptor activation due to Piezo2 microdamage are re-
sponsible for the transient autonomic disbalance in DOMS. Indeed, animal research in rats
showed that activation of NMDA receptors reduced HRV and induced cardiac autonomic
imbalance [79]. Second, the aforementioned intimate cross-talk between Piezo1 and Piezo2
ion channels should also exist, more likely in the form of Piezo currents, and the microinjury
of Piezo2 could alter the functionality of this communication.

Overall, it is safe to address a Piezo system instead of individual Piezo channels, which
is even more than the proprioceptive system and based on the aforementioned implication
of cross-talk between Piezo channels [56]. Notably, this Piezo system appears to principally
contribute to the regulation of proprioception, postural orientation, orthostasis and the
alignment of cells, tissues and organs. An indication of this notion is the finding that
Piezo1 channels sense and respond not only in a spatially restricted manner [80] but also
throughout the entire body holistically to enhance performance and reset cardiovascular
homeostasis accordingly [81]. However, pain-free proprioceptive Piezo2 channelopathy,
which also means the impairment of the static phase firing sensory encoding of the af-
fected stretch reflex, opens the gateway to pathophysiology and could lead to impaired
postural control and impaired orthostasis. In addition, humans seem to have a secondary
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preprogrammed compensatory pathway for these noncontact primary proprioceptive
terminal microinjuries.

4. Noncontact Injury Mechanism of DOMS

Proprioception, described as our sixth sense by Sir Charles Bell in 1830 [82], is a
mysterious, diagnostically challenging system referring to the sense of the positions and
actions of the extremities and providing our postural control effortlessly [46]. It is often
the no man’s land in clinical medicine because it rather pertains to the peripheral nervous
system; however, it has profound preprogrammed pathways in the central nervous system.
Morgan et al. [83] and Hody et al. [84] identified earlier the dichotomous injury mechanism
of DOMS. The biphasic acute proprioceptive compression axonopathy or neuronal noncon-
tact injury mechanism was first described through the new noncontact neuroinflammation
theory of DOMS [8,9].

4.1. Primary Injury Phase or Piezo2 Channelopathy

The proprioceptive primary microinjury is hypothesized to occur when ASR-induced
energy depletion at the primary afferent’s peripheral terminal prevails, and as a result, the
mechano-energetically dysfunctional mitochondrial supply could impair the glutamate
vesicular release system in addition to the autologous microinjury of the proprioceptive
Piezo2 ion channels [8,9,31]. The realization that these types of lesions could behave in an
analogous way that is experienced as a side effect of axonopathy-causing paclitaxel and
platinum-analogue chemotherapy could enhance our understanding because it evolves
in a dose-limiting, threshold-driven manner and is not associated with classical Wallerian
axonal degeneration [8,9,16,19,31]; however, it could disrupt the monosynaptic static phase
firing sensory encoding on motoneurons [19–21].

4.2. Secondary Injury Phase or Axonopathy

As a result of the primary noncontact microdamage, a secondary injury phase could
succeed in the form of harsher tissue damage [8,53]. This more pervasive tissue damage
in DOMS is due to the primary impairment of proprioceptive protection, as we could
experience in other noncontact injuries [8,31,53,57,85]. The pivotal involvement of other
sensory neurons, such as nociceptive neurons [24], and other ion channels, e.g., TRPV1
and TRPV4 [25], could occur in this stage of the noncontact pathophysiology of DOMS [8].
Notably, nociceptive C-fiber involvement in mechanical hyperalgesia of DOMS could
be correspondingly secondary but pivotal because these neurons contribute to the slow
temporal summation of pain [8,24,86] (see Table 1).

Table 1. The two phases of DOMS adapted from the quad-phasic non-contact injury model [56].

Piezo2 Channelopathy Induced DOMS Injury Model

Primary injury phase
Repetitive superposition of compression forces due to fatiguing eccentric contractions

Fatigue and cognitive demand induced acute stress response
Acute stress derived energy depletion of the mitochondria in the affected proprioceptive terminals

Mechano-energetic impairment of Piezo2 and impairment of vesicular glutamate release
Painless Piezo2 channelopathy

Secondary injury phase
Harsher tissue damage due to impairment of Piezo2 with C-fiber contribution

Painful compression axonopathy

Recent research is evolving in support of the noncontact neuroinflammation theory
of DOMS [8,9,42]. Muscle spindle-derived proprioceptive large fiber involvement has
been demonstrated in DOMS, as suggested by the acute proprioceptive compression
axonopathy theory [8,12]. Moreover, eccentric exercise-derived damage, implicated within
the muscle spindle, reduces proprioception immediately after DOMS-inducing exercise
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and not with a delayed onset [2]. The current author interprets these findings to mean that
muscle spindle-derived proprioceptive terminal Piezo2 microinjury is the critical gateway
to pathophysiology in DOMS, but mechanical hyperalgesia cannot evolve without the
secondary, harsher tissue injury and resultant C-fiber contribution [9] (see Table 1).

A secondary preprogrammed compensatory pathway could come into play as a
consequence of the primary noncontact Piezo2 microdamage to enhance postural control,
enhance shock attenuation and support the body against gravity at the injured segmental
level [9,31,53]. The basis for the switch to this secondary compensatory pathway is the
aforementioned silent exchange of static phase firing sensory encoding and the heightened
inducement of NaPICs or, even more likely, NMDA PICs [72] on motoneurons, resulting in
compensatory exaggerated contractions and reduced range of motion [31].

Notably, the lost function of Piezo channels indeed induces exaggerated mechanore-
flexes and contractions in compromised Aδ or Type III sensory endings [87]. However, the
impaired Type III fiber-associated compensatory exaggerated contractions and reduced
range of motion induced from extracellular matrix or muscles are suggested to evolve
only in the secondary injury phase of DOMS, as hypothesized by the acute autologous
proprioceptive compression axonopathy theory [8,31].

Accordingly, the C-fiber pain pathway is interlinked with Type III fibers during the
secondary phase of the DOMS mechanism [8] due to muscle or extracellular matrix damage.
Indeed, chemical and enzymatic destruction of the extracellular matrix impairs Piezo2
mechanogating putatively [46,88], and the deep fascia seems to be more sensitive to noxious
chemical stimuli than skeletal muscles in DOMS [89]. However, it cannot be the primary
damage because the impairment of proprioception could be experienced immediately
after DOMS-inducing exercise, and certainly, the secondary damage is not muscle spindle
derived [2] (see Table 2). It is important to note that muscle spindles cannot be viewed as
entirely isolated anatomical structures, but rather as a continuum with extrafusal space.
Most intrafusal muscle fibers extend beyond the ends of the muscle spindle capsule and are
clearly attached to the surrounding connective tissue [90]. Furthermore, it is speculative
but likely that numerous transverse connections exist from the intracellular space across
the cell membrane to the extracellular matrix and between extrafusal fibers, distal muscle
spindle capsules and terminating intrafusal fibers [91]. The current author suggests that a
good candidate for this extracellular matrix-based trans-spindle cross-talk between Type Ia
Piezo2 and Type III Piezo2 channels could be the Piezo1 ion channels. Correspondingly,
cellular traction forces produce spatially restricted Piezo1-mediated Ca2+ flickers on a
noncontact or no external mechanical force basis [80]. Notably, the pores of Piezo channels
are nonselective to cations; however, Piezo currents slightly favor Ca2+ [46,58], and this
preference could have special importance in Piezo2-based sensing of these Ca2+ flickers,
especially in a “leaky” microinjured state. Indeed, recent findings put forward a force-from-
filament or tether model based on Piezo channels tethered to the actin cytoskeleton, and
the perturbation of this tethering could impair Piezo-transduced feedback [92].

Table 2. Exercise-induced microdamages.

Painless Condition
Exercise Induced
Muscle Damage

(EIMD)

Delayed Onset
Muscle Soreness

(DOMS)

Primary Injury
Phase in the Muscle

Spindle

Proprioceptive
terminal

microdamage

No proprioceptive
terminal

microdamage

Proprioceptive
terminal

microdamage

Secondary Injury
Phase

No extrafusal
microdamage and no
C-fiber contribution

Extrafusal
microdamage with
C-fiber contribution

Extrafusal
microdamage with
C-fiber contribution

Condition
Painless microinjured
state without DOMS

lasting up to 2–3 days

Exercise-induced
soreness without

delayed onset

DOMS lasting up to
7 days
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The current author interprets these findings to mean that enzymatically impaired
Piezo2 mechanotransduction of Type III fibers exert an additional, but this time delayed on-
set presynaptic inhibitory, effect on the already mechano-energetically microinjured muscle
spindle-derived proprioceptive central terminals. This mechanism could be analogous to
that presented by Fernández-Trillo et al., where the eye blinks of Piezo2 knockout mice
were lower when von Frey filaments were applied to corneal Aδ sensory fibers compared
to those of wild-type mice [93]. Notably, the short latency blink reflex is induced by the
stretching of extraocular muscles and elicited in the extraocular muscle spindles [94].

In summary, polymodal Aδ fibers that contain Piezo2 ion channels could be good
candidates for cross-talk with nociceptive C-fibers in the secondary phase of the DOMS
mechanism, as suggested earlier [8,31]. Notably, Borghi et al. found upregulated c-Fos at
locations where proprioceptive primary afferents enter the spinal dorsal horn [42], further
supporting the hypothesis and observation that the primary microdamage is rather at the
Piezo2-containing Type Ia terminals [9,32], and the secondary damage is more related to
Type III/C-fibers [8].

4.3. Tertiary or Longitudinal Injury Phase

Emerging evidence supports that DOMS has a tertiary or longitudinal injury phase,
lasting up to a year, in the form of the repeated bout effect (RBE). RBE is a reduced DOMS
effect of the initial one when the same exercise bout is repeated [9,31,53,95]. Accordingly,
the initial bout of severe DOMS-inducing unaccustomed exercise comprising eccentric con-
tractions could evoke reduced DOMS symptoms for at least 6 months, but this adaptation
is lost within 9 to 12 months [96]. This “adaptation” phenomenon is attributed to neural,
connective tissue and cellular mechanisms [5]. The current author proposes that the critical
gateway to this “adaptation” process is the microinjury of the Piezo2 ion channels and is
primarily orchestrated by the proposed intimate Piezo current-based cross-talk between
Piezo2 and Piezo1 channels involving the sensory neurons, connective tissue, or more
precisely, the extracellular matrix and peripheral cells. Notably, recent studies are emerging
in support of this autologous injury mechanism theory since the aforementioned myosin-II-
mediated cellular traction forces could induce spatially restricted Piezo1-transduced Ca2+

flickers even in the absence of external mechanical force [80]. Furthermore, the suggested
proprioceptive Piezo2 channelopathy-induced NMDA receptor activation opens several
memory pathways at the central terminal on the spinal dorsal horn, such as pain mem-
ory, inflammation, working and episodic memory [31]. This NMDA receptor activation
process is in addition to the one that is suggested to be the result of ASR inducing osteo-
calcin in the CNS [31]. Notably, osteocalcin exerts a strong influence on spatial learning
and memory [97].

5. Oxidative Stress and Redox Imbalance

The relevance of reactive oxygen species (ROS) production in DOMS has been estab-
lished, although with a temporal disassociation [98]. Earlier, the source of production was
attributed solely to inflammatory agents in the muscle [99]. Correspondingly, free radicals
are involved in the degeneration process of removing the damaged muscle. Furthermore,
free radicals also have a role in the regeneration process as signaling molecules to regulate
muscle cell growth, remodeling, differentiation, and proliferation [100].

Importantly, the nervous system is highly susceptible to free radical damage due to its
high energetic demand [101,102]. Nitric oxide has a protective nourishing effect on neurons
through vasodilatation, yet its radical could harm their proteins, lipids, and cells [103],
even leading to energetic failure [104] and apoptosis [105,106]. The accumulation of these
radicals could enhance nociception and instigate distal degeneration of nerve fibers [16].
The noncontact acute proprioceptive compression axonopathy theory of DOMS implied
already that ASR-derived autologous superposition of compression forces could possibly
cause such a severe mechano-energetic insult on axonal mitochondrial trafficking to the
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proprioceptive terminals of the muscle spindles that microdamages the axon’s energy
supply [57], which is akin to the aforementioned TAD-like lesion [16].

Nevertheless, the oxidative damage and redox imbalance affecting the spinal cord and
Type Ia proprioceptive terminal could be evidence of neuroinflammation. Accordingly,
recent findings demonstrated that intense acute swimming (IAS) induces oxidative stress
in the spinal cord, and the resultant redox imbalance was shown to have a role in IAS-
associated hyperalgesia and nuclear factor-kappa B (NF-kappa B) activation [107]. In
line with this finding, Borghi et al. presented earlier in mice that unaccustomed IAS
indeed increased the level of superoxide anion, lipid peroxidation and oxidative stress
in the spinal cord at the height of DOMS [42]. Moreover, intrathecal administration of
glial and NF-kappa B inhibitors could diminish superoxide anion production and lipid
peroxidation, as well as overall oxidative stress and pain [42]. Notably, astrocytes and
microglia can elevate ROS generation under pathological conditions [31,42,108,109]. The
current author proposes that primary afferent peripheral terminal hyperexcitation with
“leakiness” at Piezo2 is such a pathological condition in DOMS. Accordingly, it is not
surprising that platinum-analogue drugs also elevate ROS production as the primary
mechanism of platinum-induced peripheral neuropathy [110] with the activation of the
NF-kappa B pathway [111].

ROS-induced NF-kappa B activation might also have an analogous role in the pe-
riphery in NGF upregulation in muscle cells [23]. Notably, NGF has a key role in DOMS
maintenance because the time window of NGF upregulation correlates with the time win-
dow of DOMS with the same delay [23]. This upregulation of NGF is propelled by B2
bradykinin-induced NF-kappa B activation on muscle cells [23]. Interestingly, bradykinin is
known to upregulate Piezo2 currents and essentially contributes to mechanical hyperalge-
sia [23,43,112]. Bradykinin could enhance the permeability of the muscle spindle’s selective
membrane capsule under the proposed ASR-induced pathological hyperexcitation [8] and,
therefore, possibly contribute to lipid peroxidation and eventually to the suggested Piezo2
microinjury [9]. Furthermore, NF-kappa B activation also has a role in oxidative metabolism
through nicotinamide adenine dinucleotide phosphate (NADPH) [42,113].

In summary, unaccustomed or strenuous eccentric contraction-based pathological
hyperexcitation of Type Ia afferents, proposed to be an acute Piezo2 channelopathy, induces
ROS production-associated neuroinflammation and neuronal activation in the spinal cord
of DOMS patients in addition to ROS generation in muscles.

6. Conclusions

Cognitive demand-derived acute stress response could microdamage the Piezo2 chan-
nels in an autologous manner of proprioceptive sensory terminals under repetitive unaccus-
tomed or strenuous eccentric contractions. This over-reaching related mechano-energetic
noncontact proprioceptive microdamage is proposed to be one principal gateway be-
tween physiology and pathophysiology in DOMS. The consequences of this proposed
transient Piezo2 microinjury will be a VGLUT1/Ia synaptic disconnection on motoneu-
rons, as we can learn from platinum-analogue chemotherapy. Furthermore, the Piezo2
channelopathy of these proprioceptive terminals seems to impair the static phase firing
sensory encoding of the stretch reflex of the affected musculoskeletal system responsible
for postural control. The secondary injury phase of DOMS with harsher tissue damage
will be the result of primary proprioceptive impairment. The aforementioned fatiguing
eccentric contraction-based pathological hyperexcitation of Type Ia afferents also induces
ROS production-associated neuroinflammation and neuronal activation in the spinal cord
of DOMS in addition to ROS generation in DOMS-affected muscles.
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22. Sonkodi, B.; Hegedűs, Á.; 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] [PubMed]

23. 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]

24. 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] [PubMed]

25. 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]

26. Bewick, G.S.; Banks, R.W. Spindles are doin’ it for themselves: Glutamatergic autoexcitation in muscle spindles. J. Physiol. 2021,
599, 2781–2783. [CrossRef]

http://doi.org/10.1249/00005768-199205000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1569847
http://doi.org/10.1055/s-0030-1248285
http://www.ncbi.nlm.nih.gov/pubmed/20301043
http://doi.org/10.1016/S0022-510X(00)00258-6
http://doi.org/10.1007/s004210050336
http://doi.org/10.1007/s12576-015-0397-0
http://doi.org/10.2165/00007256-200333020-00005
http://doi.org/10.3390/antiox9030212
http://doi.org/10.3390/cells10081867
http://doi.org/10.1016/S0304-3959(03)00257-4
http://doi.org/10.1080/026404199366091
http://doi.org/10.1054/jpai.2001.22496
http://www.ncbi.nlm.nih.gov/pubmed/14622819
http://doi.org/10.1152/physrev.00048.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073629
http://doi.org/10.1111/j.1460-9568.2011.07652.x
http://www.ncbi.nlm.nih.gov/pubmed/21395870
http://doi.org/10.1007/s00421-016-3358-2
http://www.ncbi.nlm.nih.gov/pubmed/26994769
http://doi.org/10.1111/joa.12312
http://doi.org/10.1016/j.nbd.2016.07.004
http://doi.org/10.1152/jn.01097.2010
http://doi.org/10.1152/jn.01095.2010
http://www.ncbi.nlm.nih.gov/pubmed/21832035
http://doi.org/10.3390/jfmk7020043
http://www.ncbi.nlm.nih.gov/pubmed/35736014
http://doi.org/10.1523/JNEUROSCI.3803-09.2010
http://doi.org/10.1016/j.neures.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22381959
http://doi.org/10.1371/journal.pone.0065751
http://doi.org/10.1113/JP281624


Biomolecules 2022, 12, 1207 12 of 15

27. Than, K.; Kim, E.; Navarro, C.; Chu, S.; Klier, N.; Occiano, A.; Ortiz, S.; Salazar, A.; Valdespino, S.R.; Villegas, N.K.; et al.
Vesicle-released glutamate is necessary to maintain muscle spindle afferent excitability but not dynamic sensitivity in adult mice.
J. Physiol. 2021, 599, 2953–2967. [CrossRef] [PubMed]

28. Woo, S.H.; Lukacs, V.; de Nooij, J.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]

29. 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] [PubMed]

30. Berger, J.M.; Singh, P.; Khrimian, L.; Morgan, D.A.; Chowdhury, S.; Arteaga-Solis, E.; Horvath, T.L.; Domingos, A.I.;
Marsland, A.L.; Yadav, V.K.; et al. Mediation of the Acute Stress Response by the Skeleton. Cell Metab. 2019, 30, 890–902.
[CrossRef] [PubMed]

31. 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] [PubMed]

32. Sonkodi, B.; Hortobágyi, 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]

33. Thompson, A.K.; Mrachacz-Kersting, N.; Sinkjaer, T.; Andersen, J.B. Modulation of soleus stretch reflexes during walking in
people with chronic incomplete spinal cord injury. Exp. Brain Res. 2019, 237, 2461–2479. [CrossRef] [PubMed]

34. Corna, S.; Grasso, M.; Nardone, A.; Schieppati, M. Selective depression of medium-latency leg and foot muscle responses to
stretch by an alpha 2-agonist in humans. J. Physiol. 1995, 484, 803–809. [CrossRef]

35. Sinkjaer, T.; Andersen, J.B.; Nielsen, J.F. Impaired stretch reflex and joint torque modulation during spastic gait in multiple
sclerosis patients. J. Neurol. 1996, 243, 566–574. [CrossRef]

36. Schieppati, M.; Nardone, A. Medium-latency stretch reflexes of foot and leg muscles analysed by cooling the lower limb in
standing humans. J. Physiol. 1997, 503, 691–698. [CrossRef] [PubMed]

37. Nardone, A.; Schieppati, M. Medium-latency response to muscle stretch in human lower limb: Estimation of conduction velocity
of group II fibres and central delay. Neurosci. Lett. 1998, 249, 29–32. [CrossRef]

38. Sinkjaer, T.; Andersen, J.B.; Nielsen, J.F.; Hansen, H.J. Soleus long-latency stretch reflexes during walking in healthy and spastic
humans. Clin. Neurophysiol. 1999, 110, 951–959. [CrossRef]

39. Grey, M.J.; Ladouceur, M.; Andersen, J.B.; Nielsen, J.B.; Sinkjaer, T. Group II muscle afferents probably contribute to the medium
latency soleus stretch reflex during walking in humans. J. Physiol. 2001, 534, 925–933. [CrossRef]

40. Uysal, H.; Boyraz, I.; Yagcioglu, S.; Oktay, F.; Kafali, P.; Tonuk, E. Ankle clonus and its relationship with the medium-latency
reflex response of the soleus by peroneal nerve stimulation. J. Electromyogr. Kinesiol. 2011, 21, 438–444. [CrossRef]

41. Uysal, H.; Larsson, L.E.; Efendi, H.; Burke, D.; Ertekin, C. Medium-latency reflex response of soleus elicited by peroneal nerve
stimulation. Exp. Brain. Res. 2009, 193, 275–286. [CrossRef]

42. Borghi, S.M.; Bussulo, S.K.D.; Pinho-Ribeiro, F.A.; Fattori, V.; Carvalho, T.T.; Rasquel-Oliveira, F.S.; Zaninelli, T.H.; Ferraz, C.R.;
Casella, A.M.B.; Cunha, F.Q.; et al. Intense Acute Swimming Induces Delayed-Onset Muscle Soreness Dependent on Spinal Cord
Neuroinflammation. Front. Pharmacol. 2021, 12, 734091. [CrossRef] [PubMed]

43. Volkers, L.; Mechioukhi, Y.; Coste, B. Piezo channels: From structure to function. Pflugers Arch. 2015, 467, 95–99. [CrossRef]
[PubMed]

44. Coste, B.; Xiao, B.; Santos, J.S.; Syeda, R.; Grandl, J.; Spencer, K.S.; Kim, S.E.; Schmidt, M.; Mathur, J.; Dubin, A.E.; et al. Piezo
proteins are pore-forming subunits of mechanically activated channels. Nature 2012, 483, 176–181. [CrossRef]

45. Guo, Y.R.; MacKinnon, R. Structure-based membrane dome mechanism for Piezo mechanosensitivity. eLife 2017, 6, e33660.
[CrossRef]

46. Szczot, M.; Nickolls, A.R.; Lam, R.M.; Chesler, A.T. The Form and Function of PIEZO2. Annu. Rev. Biochem. 2021, 90, 507–534.
[CrossRef] [PubMed]

47. Lee, W.; Leddy, H.A.; Chen, Y.; Lee, S.H.; Zelenski, N.A.; McNulty, A.L.; Wu, J.; Beicker, K.N.; Coles, J.; Zauscher, S.; et al. Synergy
between Piezo1 and Piezo2 channels confers high-strain mechanosensitivity to articular cartilage. Proc. Natl. Acad. Sci. USA 2014,
111, E5114–E5122. [CrossRef] [PubMed]

48. Zeng, W.Z.; Marshall, K.L.; Min, S.; Daou, I.; Chapleau, M.W.; Abboud, F.M.; Liberles, S.D.; Patapoutian, A. PIEZOs mediate
neuronal sensing of blood pressure and the baroreceptor reflex. Science 2018, 362, 464–467. [CrossRef]

49. Martins, J.R.; Penton, D.; Peyronnet, R.; Arhatte, M.; Moro, C.; Picard, N.; Kurt, B.; Patel, A.; Honore, E.; Demolombe, S.
Piezo1-dependent regulation of urinary osmolarity. Pflugers Arch. 2016, 468, 1197–1206. [CrossRef]

50. Roh, J.; Hwang, S.M.; Lee, S.H.; Lee, K.; Kim, Y.H.; Park, C.K. Functional Expression of Piezo1 in Dorsal Root Ganglion (DRG)
Neurons. Int. J. Mol. Sci. 2020, 21, 3834. [CrossRef]

51. Xu, X.; Liu, S.; Liu, H.; Ru, K.; Jia, Y.; Wu, Z.; Liang, S.; Khan, Z.; Chen, Z.; Qian, A.; et al. Piezo Channels: Awesome
Mechanosensitive Structures in Cellular Mechanotransduction and Their Role in Bone. Int. J. Mol. Sci. 2021, 22, 6429. [CrossRef]
[PubMed]

52. Li, J.; Hou, B.; Tumova, S.; Muraki, K.; Bruns, A.; Ludlow, M.J.; Sedo, A.; Hyman, A.J.; McKeown, L.; Young, R.S.; et al. Piezo1
integration of vascular architecture with physiological force. Nature 2014, 515, 279–282. [CrossRef] [PubMed]

http://doi.org/10.1113/JP281182
http://www.ncbi.nlm.nih.gov/pubmed/33749829
http://doi.org/10.1038/nn.4162
http://www.ncbi.nlm.nih.gov/pubmed/26551544
http://doi.org/10.1126/scitranslmed.aat9892
http://www.ncbi.nlm.nih.gov/pubmed/30305456
http://doi.org/10.1016/j.cmet.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31523009
http://doi.org/10.3390/brainsci11010108
http://www.ncbi.nlm.nih.gov/pubmed/33467407
http://doi.org/10.1515/med-2022-0444
http://doi.org/10.1007/s00221-019-05603-1
http://www.ncbi.nlm.nih.gov/pubmed/31309252
http://doi.org/10.1113/jphysiol.1995.sp020705
http://doi.org/10.1007/BF00900943
http://doi.org/10.1111/j.1469-7793.1997.691bg.x
http://www.ncbi.nlm.nih.gov/pubmed/9379421
http://doi.org/10.1016/S0304-3940(98)00383-8
http://doi.org/10.1016/S1388-2457(99)00034-6
http://doi.org/10.1111/j.1469-7793.2001.00925.x
http://doi.org/10.1016/j.jelekin.2010.11.005
http://doi.org/10.1007/s00221-008-1621-4
http://doi.org/10.3389/fphar.2021.734091
http://www.ncbi.nlm.nih.gov/pubmed/35069187
http://doi.org/10.1007/s00424-014-1578-z
http://www.ncbi.nlm.nih.gov/pubmed/25037583
http://doi.org/10.1038/nature10812
http://doi.org/10.7554/eLife.33660
http://doi.org/10.1146/annurev-biochem-081720-023244
http://www.ncbi.nlm.nih.gov/pubmed/34153212
http://doi.org/10.1073/pnas.1414298111
http://www.ncbi.nlm.nih.gov/pubmed/25385580
http://doi.org/10.1126/science.aau6324
http://doi.org/10.1007/s00424-016-1811-z
http://doi.org/10.3390/ijms21113834
http://doi.org/10.3390/ijms22126429
http://www.ncbi.nlm.nih.gov/pubmed/34208464
http://doi.org/10.1038/nature13701
http://www.ncbi.nlm.nih.gov/pubmed/25119035


Biomolecules 2022, 12, 1207 13 of 15

53. Sonkodi, B.; Bardoni, R.; Hangody, L.; Radák, 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]

54. Ranade, S.S.; Woo, S.H.; Dubin, A.E.; Moshourab, R.A.; Wetzel, C.; Petrus, M.; Mathur, J.; Begay, V.; Coste, B.; Mainquist, J.; et al.
Piezo2 is the major transducer of mechanical forces for touch sensation in mice. Nature 2014, 516, 121–125. [CrossRef]

55. Woo, S.H.; Ranade, S.; Weyer, A.D.; Dubin, A.E.; Baba, Y.; Qiu, Z.; Petrus, M.; Miyamoto, T.; Reddy, K.; Lumpkin, E.A.; et al.
Piezo2 is required for Merkel-cell mechanotransduction. Nature 2014, 509, 622–626. [CrossRef] [PubMed]

56. Sonkodi, B.; Resch, M.D.; Hortobágyi, 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]

57. Del Rosario, J.S.; Gabrielle, M.; Yudin, Y.; Rohacs, T. TMEM120A/TACAN inhibits mechanically activated Piezo2 channels.
bioRxiv 2021. [CrossRef] [PubMed]

58. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Piezo1 and Piezo2 are essential
components of distinct mechanically activated cation channels. Science 2010, 330, 55–60. [CrossRef] [PubMed]

59. Sonkodi, B.; Varga, E.; Hangody, L.; Poór, 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] [PubMed]

60. Bardoni, R.; Torsney, C.; Tong, C.K.; Prandini, M.; MacDermott, A.B. Presynaptic NMDA receptors modulate glutamate release
from primary sensory neurons in rat spinal cord dorsal horn. J. Neurosci. 2004, 24, 2774–2781. [CrossRef] [PubMed]

61. Russo, R.E.; Delgado-Lezama, R.; Hounsgaard, J. Dorsal root potential produced by a TTX-insensitive micro-circuitry in the turtle
spinal cord. J. Physiol. 2000, 528, 115–122. [CrossRef]

62. Engberg, I.; Tarnawa, I.; Durand, J.; Ouardouz, M. An analysis of synaptic transmission to motoneurones in the cat spinal cord
using a new selective receptor blocker. Acta Physiol. Scand. 1993, 148, 97–100. [CrossRef] [PubMed]

63. Suchyna, T.M. Piezo channels and GsMTx4: Two milestones in our understanding of excitatory mechanosensitive channels and
their role in pathology. Prog. Biophys. Mol. Biol. 2017, 130, 244–253. [CrossRef]

64. Borbiro, I.; Badheka, D.; Rohacs, T. Activation of TRPV1 channels inhibits mechanosensitive Piezo channel activity by depleting
membrane phosphoinositides. Sci. Signal. 2015, 8, ra15. [CrossRef] [PubMed]

65. Rich, M.M.; Housley, S.N.; Nardelli, P.; Powers, R.K.; Cope, T.C. Imbalanced Subthreshold Currents Following Sepsis and
Chemotherapy: A Shared Mechanism Offering a New Therapeutic Target? Neuroscientist 2020, 28, 103–120. [CrossRef] [PubMed]

66. Connolly, D.A.; Sayers, S.P.; McHugh, M.P. Treatment and prevention of delayed onset muscle soreness. J. Strength Cond. Res.
2003, 17, 197–208. [CrossRef] [PubMed]

67. Kung, C. A possible unifying principle for mechanosensation. Nature 2005, 436, 647–654. [CrossRef]
68. Narayanan, P.; Hutte, M.; Kudryasheva, G.; Taberner, F.J.; Lechner, S.G.; Rehfeldt, F.; Gomez-Varela, D.; Schmidt, M. Myotubularin

related protein-2 and its phospholipid substrate PIP2 control Piezo2-mediated mechanotransduction in peripheral sensory
neurons. eLife 2018, 7, e32346. [CrossRef]

69. 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]

70. Buyan, A.; Cox, C.D.; Barnoud, J.; Li, J.; Chan, H.S.M.; Martinac, B.; Marrink, S.J.; Corry, B. Piezo1 Forms Specific, Functionally
Important Interactions with Phosphoinositides and Cholesterol. Biophys. J. 2020, 119, 1683–1697. [CrossRef]

71. Chong, J.; De Vecchis, D.; Hyman, A.J.; Povstyan, O.V.; Ludlow, M.J.; Shi, J.; Beech, D.J.; Kalli, A.C. Modeling of full-length Piezo1
suggests importance of the proximal N-terminus for dome structure. Biophys. J. 2021, 120, 1343–1356. [CrossRef]

72. Manuel, M.; Li, Y.; Elbasiouny, S.M.; Murray, K.; Griener, A.; Heckman, C.J.; Bennett, D.J. NMDA induces persistent inward and
outward currents that cause rhythmic bursting in adult rodent motoneurons. J. Neurophysiol. 2012, 108, 2991–2998. [CrossRef]
[PubMed]

73. Prather, J.F.; Nardelli, P.; Nakanishi, S.T.; Ross, K.T.; Nichols, T.R.; Pinter, M.J.; Cope, T.C. Recovery of proprioceptive feedback
from nerve crush. J. Physiol. 2011, 589, 4935–4947. [CrossRef] [PubMed]

74. Schultz, A.J.; Rotterman, T.M.; Dwarakanath, A.; Alvarez, F.J. VGLUT1 synapses and P-boutons on regenerating motoneurons
after nerve crush. J. Comp. Neurol. 2017, 525, 2876–2889. [CrossRef]

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

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

77. Bompa, T.O.; Haff, G. Periodization: Theory and Methodology of Training, 5th ed.; Human Kinetics: Champaign, IL, USA, 2009.
78. Abboud, F.M. Four evolving concepts in molecular and clinical autonomic research. Clin. Auton. Res. 2021, 31, 467–471. [CrossRef]
79. Shi, S.; Liu, T.; Wang, D.; Zhang, Y.; Liang, J.; Yang, B.; Hu, D. Activation of N-methyl-d-aspartate receptors reduces heart rate

variability and facilitates atrial fibrillation in rats. Europace 2017, 19, 1237–1243. [CrossRef]
80. 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 Piezo1-dependent Ca(2+) flickers. Commun. Biol. 2019,
2, 298. [CrossRef]

http://doi.org/10.3390/life11050443
http://doi.org/10.1038/nature13980
http://doi.org/10.1038/nature13251
http://www.ncbi.nlm.nih.gov/pubmed/24717433
http://doi.org/10.1007/s12031-022-02015-9
http://doi.org/10.1085/jgp.202213164
http://www.ncbi.nlm.nih.gov/pubmed/35819364
http://doi.org/10.1126/science.1193270
http://www.ncbi.nlm.nih.gov/pubmed/20813920
http://doi.org/10.1186/s13102-021-00377-y
http://www.ncbi.nlm.nih.gov/pubmed/34823577
http://doi.org/10.1523/JNEUROSCI.4637-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15028770
http://doi.org/10.1111/j.1469-7793.2000.00115.x
http://doi.org/10.1111/j.1748-1716.1993.tb09537.x
http://www.ncbi.nlm.nih.gov/pubmed/7688929
http://doi.org/10.1016/j.pbiomolbio.2017.07.011
http://doi.org/10.1126/scisignal.2005667
http://www.ncbi.nlm.nih.gov/pubmed/25670203
http://doi.org/10.1177/1073858420981866
http://www.ncbi.nlm.nih.gov/pubmed/33345706
http://doi.org/10.1519/1533-4287(2003)0172.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/12580677
http://doi.org/10.1038/nature03896
http://doi.org/10.7554/eLife.32346
http://doi.org/10.1186/s12970-017-0176-9
http://doi.org/10.1016/j.bpj.2020.07.043
http://doi.org/10.1016/j.bpj.2021.02.003
http://doi.org/10.1152/jn.00518.2012
http://www.ncbi.nlm.nih.gov/pubmed/22972966
http://doi.org/10.1113/jphysiol.2011.210518
http://www.ncbi.nlm.nih.gov/pubmed/21788349
http://doi.org/10.1002/cne.24244
http://doi.org/10.2165/11319770-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20199119
http://doi.org/10.1007/s40279-013-0083-4
http://www.ncbi.nlm.nih.gov/pubmed/23912805
http://doi.org/10.1007/s10286-021-00816-3
http://doi.org/10.1093/europace/euw086
http://doi.org/10.1038/s42003-019-0514-3


Biomolecules 2022, 12, 1207 14 of 15

81. Rode, B.; Shi, J.; Endesh, N.; Drinkhill, M.J.; Webster, P.J.; Lotteau, S.J.; Bailey, M.A.; Yuldasheva, N.Y.; Ludlow, M.J.;
Cubbon, R.M.; et al. Piezo1 channels sense whole body physical activity to reset cardiovascular homeostasis and enhance
performance. Nat. Commun. 2017, 8, 350. [CrossRef]

82. McCloskey, D.I. Kinesthetic sensibility. Physiol. Rev. 1978, 58, 763–820. [CrossRef]
83. Morgan, D.L.; Allen, D.G. Early events in stretch-induced muscle damage. J. Appl. Physiol. 1999, 87, 2007–2015. [CrossRef]

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

10, 536. [CrossRef]
85. Sonkodi, B.; Bardoni, R.; Poór, G. Osteoporosis in Light of a New Mechanism Theory of Delayed Onset Muscle Soreness and

Non-Contact Anterior Cruciate Ligament Injury. Int. J. Mol. Sci. 2022, 23, 9046. [CrossRef] [PubMed]
86. Sufka, K.J.; Price, D.D. Gate control theory reconsidered. Brain Mind 2002, 3, 277–290. [CrossRef]
87. Grotle, A.K.; Garcia, E.A.; Harrison, M.L.; Huo, Y.; Crawford, C.K.; Ybarbo, K.M.; Stone, A.J. Exaggerated mechanoreflex in

early-stage type 1 diabetic rats: Role of Piezo channels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2019, 316, R417–R426.
[CrossRef] [PubMed]

88. Hu, J.; Chiang, L.Y.; Koch, M.; Lewin, G.R. Evidence for a protein tether involved in somatic touch. EMBO J. 2010, 29, 855–867.
[CrossRef]

89. Gibson, W.; Arendt-Nielsen, L.; Taguchi, T.; Mizumura, K.; Graven-Nielsen, T. Increased pain from muscle fascia following
eccentric exercise: Animal and human findings. Exp. Brain Res. 2009, 194, 299–308. [CrossRef]

90. Banks, R.W.; Ellaway, P.H.; Prochazka, A.; Proske, U. Secondary endings of muscle spindles: Structure, reflex action, role in motor
control and proprioception. Exp. Physiol. 2021, 106, 2339–2366. [CrossRef]

91. Maier, A. Extracellular matrix and transmembrane linkages at the termination of intrafusal fibers and the outer capsule in chicken
muscle spindles. J. Morphol. 1996, 228, 335–346. [CrossRef]

92. Wang, J.; Jiang, J.; Yang, X.; Zhou, G.; Wang, L.; Xiao, B. Tethering Piezo channels to the actin cytoskeleton for mechanogating via
the cadherin-beta-catenin mechanotransduction complex. Cell Rep. 2022, 38, 110342. [CrossRef] [PubMed]

93. Fernandez-Trillo, J.; Florez-Paz, D.; Inigo-Portugues, A.; Gonzalez-Gonzalez, O.; Del Campo, A.G.; Gonzalez, A.; Viana, F.;
Belmonte, C.; Gomis, A. Piezo2 Mediates Low-Threshold Mechanically Evoked Pain in the Cornea. J. Neurosci. 2020, 40, 8976–8993.
[CrossRef] [PubMed]

94. Bratzlavsky, M. Blink reflex in man in response to stretching of extraocular muscles? Eur. Neurol. 1972, 7, 146–154. [CrossRef]
95. McHugh, M.P.; Connolly, D.A.; Eston, R.G.; Gleim, G.W. Exercise-induced muscle damage and potential mechanisms for the

repeated bout effect. Sports Med. 1999, 27, 157–170. [CrossRef]
96. Nosaka, K.; Sakamoto, K.; Newton, M.; Sacco, P. How long does the protective effect on eccentric exercise-induced muscle damage

last? Med. Sci. Sports Exerc. 2001, 33, 1490–1495. [CrossRef]
97. Obri, A.; Khrimian, L.; Karsenty, G.; Oury, F. Osteocalcin in the brain: From embryonic development to age-related decline in

cognition. Nat. Rev. Endocrinol. 2018, 14, 174–182. [CrossRef] [PubMed]
98. Close, G.L.; Ashton, T.; Cable, T.; Doran, D.; MacLaren, D.P. Eccentric exercise, isokinetic muscle torque and delayed onset muscle

soreness: The role of reactive oxygen species. Eur. J. Appl. Physiol. 2004, 91, 615–621. [CrossRef] [PubMed]
99. Camus, G.; Deby-Dupont, G.; Duchateau, J.; Deby, C.; Pincemail, J.; Lamy, M. Are similar inflammatory factors involved in

strenuous exercise and sepsis? Intensive Care Med. 1994, 20, 602–610. [CrossRef]
100. Vina, J.; Borras, C.; Gomez-Cabrera, M.C.; Orr, W.C. Part of the series: From dietary antioxidants to regulators in cellular signalling

and gene expression. Role of reactive oxygen species and (phyto)oestrogens in the modulation of adaptive response to stress. Free
Radic. Res. 2006, 40, 111–119. [CrossRef]

101. Metodiewa, D.; Koska, C. Reactive oxygen species and reactive nitrogen species: Relevance to cyto(neuro)toxic events and
neurologic disorders. An overview. Neurotoxic. Res. 2000, 1, 197–233. [CrossRef]

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

103. Vincent, A.M.; Russell, J.W.; Low, P.; Feldman, E.L. Oxidative stress in the pathogenesis of diabetic neuropathy. Endocr. Rev. 2004,
25, 612–628. [CrossRef] [PubMed]

104. Janes, K.; Doyle, T.; Bryant, L.; Esposito, E.; Cuzzocrea, S.; Ryerse, J.; Bennett, G.J.; Salvemini, D. Bioenergetic deficits in peripheral
nerve sensory axons during chemotherapy-induced neuropathic pain resulting from peroxynitrite-mediated post-translational
nitration of mitochondrial superoxide dismutase. Pain 2013, 154, 2432–2440. [CrossRef] [PubMed]

105. Jiang, Y.; Guo, C.; Vasko, M.R.; Kelley, M.R. Implications of apurinic/apyrimidinic endonuclease in reactive oxygen signaling
response after cisplatin treatment of dorsal root ganglion neurons. Cancer Res. 2008, 68, 6425–6434. [CrossRef] [PubMed]

106. Scuteri, A.; Galimberti, A.; Maggioni, D.; Ravasi, M.; Pasini, S.; Nicolini, G.; Bossi, M.; Miloso, M.; Cavaletti, G.; Tredici, G. Role of
MAPKs in platinum-induced neuronal apoptosis. Neurotoxicology 2009, 30, 312–319. [CrossRef] [PubMed]

107. Borghi, S.M.; Pinho-Ribeiro, F.A.; Fattori, V.; Bussmann, A.J.; Vignoli, J.A.; Camilios-Neto, D.; Casagrande, R.; Verri, W.A., Jr.
Quercetin Inhibits Peripheral and Spinal Cord Nociceptive Mechanisms to Reduce Intense Acute Swimming-Induced Muscle
Pain in Mice. PLoS ONE 2016, 11, e0162267. [CrossRef]

108. Chen, Y.; Qin, C.; Huang, J.; Tang, X.; Liu, C.; Huang, K.; Xu, J.; Guo, G.; Tong, A.; Zhou, L. The role of astrocytes in oxidative
stress of central nervous system: A mixed blessing. Cell Prolif. 2020, 53, e12781. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-017-00429-3
http://doi.org/10.1152/physrev.1978.58.4.763
http://doi.org/10.1152/jappl.1999.87.6.2007
http://www.ncbi.nlm.nih.gov/pubmed/10601142
http://doi.org/10.3389/fphys.2019.00536
http://doi.org/10.3390/ijms23169046
http://www.ncbi.nlm.nih.gov/pubmed/36012312
http://doi.org/10.1023/A:1019996809849
http://doi.org/10.1152/ajpregu.00294.2018
http://www.ncbi.nlm.nih.gov/pubmed/30840487
http://doi.org/10.1038/emboj.2009.398
http://doi.org/10.1007/s00221-008-1699-8
http://doi.org/10.1113/EP089826
http://doi.org/10.1002/(SICI)1097-4687(199606)228:3&lt;335::AID-JMOR5&gt;3.0.CO;2-0
http://doi.org/10.1016/j.celrep.2022.110342
http://www.ncbi.nlm.nih.gov/pubmed/35139384
http://doi.org/10.1523/JNEUROSCI.0247-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33055278
http://doi.org/10.1159/000114422
http://doi.org/10.2165/00007256-199927030-00002
http://doi.org/10.1097/00005768-200109000-00011
http://doi.org/10.1038/nrendo.2017.181
http://www.ncbi.nlm.nih.gov/pubmed/29376523
http://doi.org/10.1007/s00421-003-1012-2
http://www.ncbi.nlm.nih.gov/pubmed/14685863
http://doi.org/10.1007/BF01705731
http://doi.org/10.1080/10715760500405778
http://doi.org/10.1007/BF03033290
http://doi.org/10.1016/j.neulet.2015.01.048
http://www.ncbi.nlm.nih.gov/pubmed/25617478
http://doi.org/10.1210/er.2003-0019
http://www.ncbi.nlm.nih.gov/pubmed/15294884
http://doi.org/10.1016/j.pain.2013.07.032
http://www.ncbi.nlm.nih.gov/pubmed/23891899
http://doi.org/10.1158/0008-5472.CAN-08-1173
http://www.ncbi.nlm.nih.gov/pubmed/18676868
http://doi.org/10.1016/j.neuro.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19428505
http://doi.org/10.1371/journal.pone.0162267
http://doi.org/10.1111/cpr.12781
http://www.ncbi.nlm.nih.gov/pubmed/32035016


Biomolecules 2022, 12, 1207 15 of 15

109. Wolf, S.A.; Boddeke, H.W.; Kettenmann, H. Microglia in Physiology and Disease. Annu. Rev. Physiol. 2017, 79, 619–643. [CrossRef]
110. Hu, X.; Jiang, Z.; Teng, L.; Yang, H.; Hong, D.; Zheng, D.; Zhao, Q. Platinum-Induced Peripheral Neuropathy (PIPN): ROS-Related

Mechanism, Therapeutic Agents, and Nanosystems. Front. Mol. Biosci. 2021, 8, 770808. [CrossRef]
111. Huang, J.Q.; Li, H.F.; Zhu, J.; Song, J.W.; Zhang, X.B.; Gong, P.; Liu, Q.Y.; Zhou, C.H.; Wang, L.; Gong, L.Y. SRPK1/AKT axis

promotes oxaliplatin-induced anti-apoptosis via NF-kappaB activation in colon cancer. J. Transl. Med. 2021, 19, 280. [CrossRef]
112. Dubin, A.E.; Schmidt, M.; Mathur, J.; Petrus, M.J.; Xiao, B.; Coste, B.; Patapoutian, A. Inflammatory signals enhance piezo2-

mediated mechanosensitive currents. Cell Rep. 2012, 2, 511–517. [CrossRef] [PubMed]
113. Anrather, J.; Racchumi, G.; Iadecola, C. NF-kappaB regulates phagocytic NADPH oxidase by inducing the expression of gp91phox.

J. Biol. Chem. 2006, 281, 5657–5667. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-physiol-022516-034406
http://doi.org/10.3389/fmolb.2021.770808
http://doi.org/10.1186/s12967-021-02954-8
http://doi.org/10.1016/j.celrep.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22921401
http://doi.org/10.1074/jbc.M506172200
http://www.ncbi.nlm.nih.gov/pubmed/16407283

	Introduction 
	Neural Microdamage of DOMS 
	Transient Piezo2 Channelopathy 
	Piezo Ion Channels 
	Piezo2 Microinjury 
	Impaired Proprioception, Static Phase Firing Encoding and Delayed MLR 
	Transient Autonomic Disbalance 

	Noncontact Injury Mechanism of DOMS 
	Primary Injury Phase or Piezo2 Channelopathy 
	Secondary Injury Phase or Axonopathy 
	Tertiary or Longitudinal Injury Phase 

	Oxidative Stress and Redox Imbalance 
	Conclusions 
	References

