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Abstract

Purpose of Review—In this review, we discuss the mechanism of action of gabapentinoids and
the potential consequences of long-term treatment with these drugs on the musculoskeletal system.

Recent Findings—Gabapentinoids, such as gabapentin (GBP) and pregabalin (PGB) were
designed as antiepileptic reagents and are now commonly used as first-line treatment for
neuropathic pain and increasingly prescribed off-label for other pain disorders such as migraines
and back pain. GBP and PGB exert their analgesic actions by selectively binding the a,8;
auxiliary subunit of voltage-sensitive calcium channels, thereby inhibiting channel function.
Numerous tissues express the a6 subunit where GBP and PGB can alter calcium-mediated
signaling events. In tissues such as bone, muscle, and cartilage, a6, has important roles in
skeletal formation, mechanosensation, and normal tissue function/repair that may be affected by
chronic use of gabapentinoids.
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Summary—Long-term use of gabapentinoids is associated with detrimental musculoskeletal
outcomes, including increased fracture risk. Therefore, understanding potential complications is
essential for clinicians to guide appropriate treatments.
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Introduction

Neuropathic pain is caused by a lesion or disease of the somatosensory system that leads

to altered transmission of sensory signals in the spinal cord and brain. Neuropathic pain

is often experienced as burning and/or electric-like sensations, including pain from non-
painful stimuli (allodynia), and low responsiveness to pain medications [1]. Neuropathic
changes result from alterations in ion channels within affected nerves leading to increased
neurotransmitter release, upregulated neuronal expression of the a,81 subunit of voltage-
sensitive calcium channels (VSCCs) [2, 3], and enhanced excitatory synaptic transmission
in the nociceptive circuit. Conditions associated with neuropathic pain include post-herpetic
neuralgia, diabetic neuropathy, painful radiculopathy, HIV infection, leprosy, amputation,
peripheral nerve injury, and stroke [4].

Gabapentinoids, such as gabapentin (GBP) and pregabalin (PGB), are synthetic compounds
originally designed to treat epileptic seizures but are now used as first-line treatments

for neuropathic pain. GBP (Neurontin®) and PGB (Lyrica®) are approved by the Federal
Drug Administration (FDA) for the treatment of four neuropathic pain conditions, including
post-herpetic neuralgia, fibromyalgia, neuropathic pain associated with diabetes, and spinal
cord injuries [5]. However, in practice, these drugs are commonly prescribed, often as an
alternative to opioid therapy, for essentially any type of chronic pain, including off-label
conditions such as low back pain, osteoarthritis-related pain [5], and migraines [6]. In fact,
in 2018, PGB was the 10t highest-selling drug globally [7] and the 15" most sold drug in
the United States [8]. Furthermore, between 2012 and 2016, there was a 64% increase in the
number of GBP prescriptions in the United States [5]. GBP and PGB are currently taken by
millions of individuals each year, and forecasts indicate that both drugs will remain among
the top-selling medications for the foreseeable future. In the ranking of the pharmaceutical
products by global sales compiled from GlobalData’s pharmaceutical revenue figures, Lyrica
(PGB) is projected to continue to be among the top 50 produced pharmaceuticals through
2023, the last year included in the analysis [9]. More recently, in a market research report,
the global GBP market size in 2020 was valued at more than 1.5 billion USD and is
expected to continue growing at a compound annual growth rate (CAGR) of 1.8% during
2021-2027 [10].

While GBP and PGB decrease neuronal transmission and are therefore effective treatments
for epileptic seizures, uncontrolled pain, and allodynia [3], these drugs have unintended
effects in other tissues because of their effects on VSCCs. In this narrative review, we detail
the mechanisms by which GBP and PGB function. We delineate how the function of these
drugs differs within various tissue types and emphasize their often-unappreciated effects
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on the musculoskeletal system, including bone, muscle, and cartilage. The implications to
medicine and physical rehabilitation of musculoskeletal tissues also are discussed.

Gabapentin and Pregabalin Mechanisms of Action

GBP and PGB were designed originally as pharmacological mimetics of gamma-amino

acid butyric acid (GABA) [11, 12], the primary inhibitory neurotransmitter within the
cerebral cortex, which maintains the inhibitory tone necessary for counterbalancing neuronal
excitation [13]. An imbalance within this feedback system increases seizure activity.

Despite their structural similarity to GABA, GBP [14, 15] and PGB [12] are essentially
inactive against the canonical GABA and GABAg receptors. Instead, GBP binds with
nearly exclusive affinity to the extracellular a.,8; subunit of VSCCs [16], whereas PGB has
direct and selective interactions with the a,61 and a8, subunits [12].

VSCCs are transmembrane ion channels that selectively enable calcium (Ca2*) influx

across the electrochemical gradient of the plasma membrane. There are several classes

and subclasses of these channels (for review, see [17¢]). VSCCs are typically found in
excitable tissues, such as neurons and skeletal muscle, and are essential for transducing
changes in the electrical membrane potential into biochemical signals. The influx of Ca2*
through VVSCCs regulates many physiological processes, including cardiac action potentials,
neurotransmitter release, and muscle contraction. VSCCs typically are composed of several
protein subunits forming a multimeric complex [18]. The a4 subunit comprises the pore of
the VSCC complex enabling translocation of Ca%* across the plasma membrane. While the
a4 pore is the primary functional subunit of the VSCC complex, several auxiliary subunits
associate with the pore, contributing to VSCC activity [19]. These auxiliary subunits include
the intramembranous y subunit, the intracellular g subunit, and the extracellular a.,8&
subunit, which is the proteolytically cleaved protein product of a single gene [20]. The a.,6
subunit remains membrane-bound via a glycosylphosphatidylinositol (GPI) anchor on the
C-terminal portion of the protein [21], and associates with the a.; pore via a von Willebrand
Factor A domain (VWFA) within the a, portion of the peptide [22]. Regulation of VSCCs by
a6 subunits is mediated in two ways. First, the association of a,8 increases trafficking of
the a1 subunit to the plasma membrane, thereby increasing channel density, and second, a8
subunits influence the biophysical properties of the calcium currents (for review, see [23]).
There are four variants of a,8, each encoded by a distinct gene (Cacna2d-1, Cacna2d-2,
Cacna2d-3, or Cacna2d-4) [24, 25], and they all share a similar topology.

GBP binds to a51 with high affinity but binds to a.,8, with only 1/3 of the affinity to that of
a,81 [16]. GBP reduces the cell surface accumulation of a6, and affects VSCC trafficking
[26]. GBP does not bind a83 [27] nor a.»84 [25]. Thus, a8, is the predominant binding
site for GBP and this interaction is mediated by an Arg-Arg-Arg (RRR) motif within the
extracellular (ay) region of the subunit [28]. Mutation of a single amino acid in the RRR
motif of a6 or a8, prevents GBP binding [26].

GBP does not disrupt the association of a8, to the a1 pore-forming unit [29]; however,
it does alter the properties of VSCCs. GBP impairs the trafficking of the a1 subunit to the

Curr Osteoporos Rep. Author manuscript; available in PMC 2023 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reyes Fernandez et al.

Page 4

plasma membrane, reducing the magnitude of Ca2* currents [30, 31]. Deletion or disruption
of a»81 renders similar effects to that of chronic GBP administration, where the absence of
a»81 impairs CaZ* influx and decreases pore opening times [19, 26] (Fig. 1).

Altered expression of a,81 leads to current density changes in calcium channels, thereby
affecting sensory information processing [2]. In neurons, elevated neuronal a.,8; expression
contributes to specific pain states through a mechanism partially mediated by enhanced
VSCC activity in sensory neurons and hyperexcitability in dorsal horn neurons in response
to peripheral stimulation. Thus, modulation of a»8 and VSCC activity by gabapentinoids
likely underlies the analgesic actions of these drugs [2].

The a8 subunit has been proposed to interact with other proteins to influence VSCC
function, and, in some cases, a,5 exerts its function independent of VSCCs [23].

The binding of a.»86 with the low-density lipoprotein receptor-related protein 1 (LRP1)
influences N-type VSCC trafficking [32]. In neurons, a8, binds matricellular proteins
called thrombospondins (TSPs) [33] to promote synaptogenesis. The a.,& subunit also binds
N-methyl-D-aspartate (NMDA\) receptors to modulate their activity [34], and synaptic cell-
adhesion molecules a-neurexins [35]. In many cases, gabapentinoids block the association
of these proteins with a,81 and impair their respective actions in various tissues, not just
neurons. Gabapentinoids modify specific NMDA-sensitive glutamate receptors and limit
some neurexin-1la, and TSP actions [36¢]. These effects could contribute to the analgesic
actions of gabapentinoids.

Binding of GBP and PGB to a.»6 is not tissue specific. Non-selective binding to a6
subunits has been associated with adverse outcomes in patients treated long-term with

these drugs [37, 38, 39ee, 40+, 41-48]. VSCCs have critical physiological functions in
tissues other than neurons, including bone, skeletal muscle, and smooth muscle [49]. In
bone, VSCCs are critical regulators of skeletal formation and are necessary for the anabolic
responses of bone to mechanical loading [50-52]. In muscle, a8 regulates satellite cell
commitment to the muscle lineage [53], muscle development, and repair [54]. The following
sections will summarize the potential unintended adverse effects of GBP and PGB in
musculoskeletal tissues resultant from the targeting of a8 in patients treated with GBP or
PGB for extended periods of time.

Effects of GBP and PGB in Bone

In vitroand in vivo studies demonstrate the function of VSCCs in skeletal development
and maintenance. Treatment with the long-lasting activation (L-type) VSCC inhibitors,
verapamil, and nifedipine, impairs skeletal structure and inhibits osteogenesis, resulting
in vertebral defects, decreased mineral apposition rates, and impaired bone formation in
animals [51, 55].

VSCC:s are critical for the anabolic bone responses to mechanical stimuli. During cell
mechanotransduction, the earliest event that takes place within 1 min of mechanical
stimulation is an increase in the intracellular Ca?* concentration [56]. This Ca2*
mobilization is triggered by the activation of VSCCs [57]. Our group showed that L-type
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channels are predominantly expressed in osteoblasts [58]. In contrast, osteocytes produce
transiently activated (T-type) channels but lack L-type channels [59]. Treatment with L-type
channel inhibitors partially suppressed the load-induced skeletal response in mice compared
to vehicle-treated controls [52]. As osteocytes are the most abundant and mechanosensitive
cells within bone [60], the presence of T-type channels in these cells likely maintains
skeletal mechanosensitivity in the absence of L-type VSCC activity. T-type VSCCs are
necessary for mechanically induced Ca2* oscillations in osteocytes [61]. While auxiliary
subunits do not bind T-type VSCCs in all tissues [62], we have shown that the a.»81 subunit
binds T-type (Ca,3.2) VSCCs in osteocytes, where it influences channel activity and plays
an essential function in mechanical activation /n vitro [50].

Mice with a,81 global deletion were generated by targeting exon 2 of Cacna2dl (the gene
encoding a»61). These animals lack high-affinity GBP binding sites, resulting in altered
Ca?* currents but no changes in other VSCC subunits [63]. Our group used these mice to
study the effects of a,81 in the bone at baseline and in response to mechanical loading. We
assessed structure (DXA), microarchitecture (UCT), and morphological changes (dynamic
histomorphometry) of bones from 18-week-old mice lacking a,61 and their respective
controls (7= 8-6 mice/genotype) subjected to axial ulnar loading (1 bout of loading ever-
other-day during a 10-day period). We found a8, knockout mice exhibited osteopenia with
impaired bone mass, density, trabecular structure, and blunted anabolic bone responses

to mechanical loading compared with control mice (unpublished data). Impaired bone
responses to mechanical stimuli were also observed in mice with pharmacological inhibition
of the a.»81 subunit by GBP treatment. In 16-week-old male C57BL/6J mice injected daily
with either GBP (300mg/kg) or saline during a 4-week ulnar loading scheme, we found
that in contrast to vehicle-injected mice, which had increased bone mineralizing surface
(MS/BS) and bone formation rate (BFR/BS) with loading, the GBP treated mice did not
[64]. Similarly, transcriptomic analyses identified CacnaZd1 as an important differentially
expressed gene in response to mechanosensation in bone [65, 66¢]. While CacnaZd1
MRNA expression increased following mechanical stimulation in vertebral osteocytes [65],
Cacna2dl mRNA levels decreased in the bones of mice subjected to hindlimb unloading
[66¢]. Taken together, these studies demonstrate not only that the a,84 subunit is necessary
for skeletal responses to mechanical force, but that production of this auxiliary VSCC
subunit is sensitive to applied loads.

Several studies in rodents [67, 68] and population-based analyses in humans [37-41] report
adverse skeletal effects after chronic treatment with gabapentinoids. Oral administration

of GBP in rats (equivalent dosing to the human regimen of 1200 mg/day) negatively
affected bone repair after femoral fracture and biomechanical strength of the callus [67].

In another study, Sprague-Dawley rats treated with GBP (150 mg/kg, administrated orally)
daily for 12 weeks demonstrated decreased bone formation and enhanced bone resorption
compared to controls, ultimately decreasing bone mass and strength. This work also
showed that GBP regulates both osteoblasts and osteoclasts by impairing the former (i.e.,
decreased mineralization surface and serum osteocalcin levels), while activating the latter
(i.e., increased osteoclast number/surface, and TRAP serum levels) [68].
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In a recent study, feeding with GBP- and PGB-enriched diets (30 mg/kg of PGB or GBP)
for 12 weeks significantly increased serum RANKL levels (a marker for osteoclast activity)
in orchiectomized rats, but this effect was not observed in gonadally-intact animals. Neither
bone mineral density (BMD) nor biomechanical strength were affected with GBP or PGB
[69]. These data suggest that the negative impact of these drugs on bone has a dose-response
effectand is dependent on the hormonal status of the animals. In the same study, a
PGB-containing diet increased sclerostin levels, a negative regulator of bone formation,

in gonadally-intact animals compared with untreated controls [69]. Thus, although bone
changes were not found in this study, the changes in biochemical markers observed could
precede later changes in bone mass and strength, which were not apparent in these studies
due to the length of the intervention.

In humans, long-term treatment with antiepileptic drugs (AEDS) is associated with
detrimental bone health. In a large population-based sample of males and females, the

use of anticonvulsants, including PGB and GBP, was associated with lower bone quantity
(BMD) and quality (lower bone strength and higher risk of bone fragility), determined by
DXA at the spine and hip, and quantitative heel ultrasound (QUS), respectively [39¢¢]. A
new cross-sectional study investigated the association between AEDs and decreased BMD
in a large population of Danish patients with epilepsy. Even after accounting for several
risk factors, this study showed that both enzyme-inducing antiepileptic drugs (EIAEDs) and
polytherapy with AEDs were associated with osteoporosis risk [40e¢]. Consistent with these
data, the use of AEDs (including GBP and PGB) significantly increased rates of bone loss
at the hip in a cohort of older men (=65 years old) [38], while most AEDs were associated
with an increased risk of non-traumatic fractures in individuals aged 50 years or older [37].
Although age is an increasing risk factor for bone loss, similar results were shown in young
males in which long-term treatment with AEDs correlated with significant bone loss at the
hip in the absence of vitamin D deficiency [41].

A recent study investigated the cellular and molecular effects of different AEDs on human
primary bone cells [70]. This work showed that GBP inhibits both osteoclastogenesis

and osteoblastogenesis by significantly increasing osteoclast apoptosis and decreasing
expression of osteoclast- (TRAP, CATK) and osteoblast-specific genes (COL1, ALP, and
BMP?2). Interestingly, we showed the a»81 subunit of VSCC is absent (protein levels)

in primary mouse osteoclasts (vnpublished data). Thus, GBP modulation of osteoclast
behavior may involve a mechanism other than direct binding to a8 in these cells. The
impact of GBP on osteoblast and osteoclast functions observed in culture could account
for some of the harmful bone effects of GBP /in vivo. In contrast, a recent study evaluated
the local cellular effects of PGB treatment on human primary osteoblasts (hOB), human
mesenchymal stem cells (hMSC), and the human osteosarcoma cell line (MG63) [71]. This
work showed short-term osteoanabolic effects on all cells tested after 14 days of PGB
treatment (i.e., increased cell proliferation, and increased activity of the osteogenic markers
ALP, von Kossa, and Alizarin red). Conflicting data reported /in vivo could be attributed to
the differences in administration (delivery), the systemic effects, and the duration of PGB
treatment versus the /n vitro short-term effects evaluated in this study.
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Several reports describe skeletal anomalies associated with prenatal GBP exposure.

GBP treatment during pregnancy can disrupt bone development in utero, including those
leading to delayed ossification, growth retardation, skull and vertebral column deformities in
rodents [72, 73], as well as jaw and oral malformation in humans [74]. Collectively, these
studies highlight the adverse skeletal consequences of GBP and PGB treatment and the need
for regular monitoring of changes in bone density among patients prescribed gabapentinoids.
Bone loss or other bone outcomes are not included in the list of PGB or GBP side effects.

It is essential to acknowledge the potential disruption of bone metabolism in individuals
taking increasing doses of gabapentinoids over long periods and those with an already
compromised hormonal status (i.e., menopause, testosterone, or estradiol depletion). For
these patients, osteoprotective strategies may need to be combined with gabapentinoids to
reduce the potential side effects of these drugs on musculoskeletal tissues.

Effects of GBP and PGB in Skeletal Muscle

Cross-analysis of three human multi-omics data sets in different tissues (HPA, GTEX, and
FANTOMDS) showed that gene expression and mRNA levels of CacnaZdl are 3-fold higher
in skeletal muscle than in the brain. Protein profiles of a.,8; in human normal tissues also
showed that a8 expression is higher in skeletal muscle compared to the hippocampus,
cerebral cortex, and cerebellum [75].

Similar to its function in bone, a,81 regulates the density of L-type VSCCs and activation

of Ca2* current kinetics in skeletal muscle [76]. The a,8; subunit is also a component of the
dihydropyridine receptor (DHPR), a slowly activating calcium channel that functions as the
voltage sensor in excitation-contraction (E.C.) coupling and supports Ca%* current dynamics
[76, 77]. The DHPR a,64 subunit is the major a8 isoform of skeletal muscle, and although
a»81 is not necessary for E.C. coupling, it is a functional modulator of the VSCC function in
muscle [77].

In addition to the direct function of a8, in the regulation of VSCCs, a.»81 influences
extracellular signaling and interactions of muscle cells with their environment [54].
Knocking down a.»81 in myotubes, using small interfering RNA (siRNA), disrupted the
cells” interactions with the extracellular matrix (ECM), resulting in reduced attachment,
spreading, and myoblast migration. These changes were independent of calcium currents
and were attributed to direct non-gating functions of a,81. Such findings suggest a role for
a81 in muscle development and repair, where cell migration is crucial for these processes
[54]. Consistent with these observations, a.,81 is expressed in isolated satellite cells [53],
the skeletal muscle stem cells (MuSCs), involved in muscle maintenance and regeneration in
response to injury (for review see [78]). a.»8; protein was detected in MuSCs earlier and at
higher levels than other VSCC subunits, and cells that expressed a,81 were more likely to
commit to muscle lineage than those cells lacking this protein [53]. These data indicate a,61
serves an essential function in muscle cell differentiation in addition to direct modulation of
gating of VSCCs.

Data demonstrating the effects of gabapentinoids on skeletal muscle are lacking. Modulation
of calcium channels in skeletal myocytes by gabapentinoids through binding to a.,8, has
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been hypothesized as the mechanism associated with various pathologies; however, the exact
pathogenesis of the detrimental effects of gabapentinoids in skeletal muscle in patients is

not yet fully understood. Because the a6 subunit influences VSCC gating kinetics, E.C.
coupling, and interactions with the extracellular matrix, GBP binding and disruption of these
events can reprogram multiple aspects of skeletal muscle structure and/or function.

In a recent report, GBP treatment showed no effects on Ca2* currents in cardiac myocytes:
however, GBP did attenuate Ca2* currents in skeletal myotubes. These alterations in

Ca?* currents led to uncoupling of DHPR function in GBP-treated myotubes, resulting

in impaired ability of the DHRP to trigger Ca2* release and function as a calcium channel
[79]. In this study, mice were exposed to one-time (1, 2, or 5 g/kg) or daily (20, 40,

or 80 mg/kg) intraperitoneal injections of PGB for 21 days to test acute and sub-acute
toxicity, respectively. PGB administration, particularly at higher doses and for longer-term
interventions, resulted in muscle atrophy, inflammatory cell infiltration, cell degeneration,
and increased serum levels of muscle injury markers creatinine kinase (CK-MM) and
troponin | (fsTn1) [80].

Muscles require innervation to function and thus maintain muscle mass and strength. In
this context, neuromuscular junctions allow the motor neuron to transmit signals to the
muscle fiber. The basic properties of synaptic transmission at the neuromuscular junction
are similar to the process of neuron-to-neuron synaptic transmission, in which Ca2* influx
through VSCCs at nerve terminals enables action potentials and transmitter release [81].
Transmission at the neuromuscular junction begins when an action potential reaches the
presynaptic terminal of a motor neuron activating VSCCs to allow Ca?* to enter the
neuron. Ca2* then triggers neurotransmitter release, causing a cascade of events resulting
in muscle contraction [81]. While there is no data directly linking GBP treatment with
changes in neuromuscular signaling, compromised synaptic transmission between a motor
neuron and a muscle cell could result in neuromuscular dysfunction. As such, calcium
channel blockers [82] have been associated with exacerbating weakness in myasthenia
gravis (a neuromuscular disorder characterized by muscle weakness). Similarly, although
rarer, clinical studies caution about the use of GBP and PGB, raising concern about the
development or worsening of muscle conditions, such as myasthenia gravis [45, 46] and
myoclonus [47, 48]. Particularly, the latter condition has been noted to occur even with
short, low dosage treatments and among patients with normal renal function. Thus, GBP
and/or PGB could alter Ca2* currents at the neuromuscular junction, resulting in decreased
neuromuscular transmission, impaired skeletal muscle contraction, and ultimately muscle
weakness.

While the mechanisms regulating GBP/PGB-induced muscle dysfunction remain unclear,
several clinical studies indicate that these drugs are associated with muscular pathology.
Case reports in humans found an association between GBP and PGB treatment with the
occurrence of myopathy [42, 43], myositis, and rhabdomyolysis [44]. Additionally, muscle
pain and weakness, muscle cramps, rhabdomyolysis, myalgia, and myasthenia are listed

in the FDA’s approved labeling for the consumer as possible side effects associated with
PGB/GBP use [83, 84].
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Effects of GBP and PGB in Cartilage

Similar to bone and muscle cells, VSCCs are expressed in chondrocytes, where they regulate
intracellular Ca%* influx [85]. Several in vitroand in vivo studies using VSCC inhibitors
demonstrate an essential function of these channels in chondrocyte biology at various
developmental stages. VSCCs influence resting membrane potential in chondrocytes,
extracellular matrix synthesis, chondrogenic differentiation and proliferation, chondrocyte
metabolism during cartilage formation, endochondral ossification, and chondrocyte
mechanosensation and mechanotransduction [86].

While blockage of VSCCs in healthy chondroblasts and chondrocytes is deleterious (i.e.,
impaired cell proliferation and primary and terminal differentiation), VSCCs have a
contrasting function in the setting of inflammatory osteoarthritis (OA). In this context,

the increase in VVSCC activity and voltage-sensitive Ca2* signaling in early-degenerated
cartilage could be involved in the pathogenesis of OA [86, 87]. In response to the

altered CaZ* signaling, chondrocytes increase the expression of matrix metalloproteinases
(MMPs) and inflammatory cytokines, potentially contributing to the onset/progression of
OA [87]. Thus, selective modulation and targeting of VSCC function could be beneficial
for developing new means to treat OA. While these studies suggest important functions of
VSCCs in cartilage, less is known regarding how auxiliary subunits, such as a»8, influence
cartilage pathophysiology.

In one study, the effects of the gabapentin-like analog PD-0200347, an a.»56 ligand of VSCCs
that selectively blocks Ca2* currents, were examined in an experimental canine model

of OA. Treatment with PD-0200347 significantly reduced the progression of structural
changes in cartilage by reducing the production of MMPs and nitric oxide synthase (iNOS)
(catabolic factors involved in cartilage degradation) [88] and inhibiting ERK1/2 activation
via a Ras-independent mechanism [89]. The pharmacological properties of PD-0200347

in these experiments were mainly associated with its binding to a,61 and the subsequent
reduction in Ca2* influx in chondrocytes. This work suggests that this gabapentin-like drug
may prevent cartilage degradation. While the mechanisms underlying those effects remain
unclear, unregulated Ca2* influx leading to high intracellular calcium is cytotoxic [90].
Thus, one could speculate that the protective effects observed by this group reflect the
reduction of Ca2* influx by PD-0200347 treatment, reducing chondrocyte cell apoptosis.
As is the case with the use of GBP and PGB to treat neuropathic pain, chronic use of

a»81 ligands such as PD-0200347, although beneficial in certain pathologies, may have
unintended, even deleterious, effects on healthy bone, cartilage, or muscle that should be
considered when prescribing these drugs.

Other a.,6 Ligands

While gabapentinoids can alleviate neuropathic pain, these drugs are not always effective
and often are accompanied by severe side effects. Gabapentinoids are the first-line therapy
for neuropathic pain; however, they are only 30% effective in 30% of patients, and based on
the average number of people who must be treated to achieve 50% pain relief in one person,
these drugs can be considered to be largely ineffective [91]. Moreover, many patients cannot
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continue their treatment because of common side effects including somnolence, dizziness,
and edema [92]. In the past decade, efforts and resources have been directed to discover
new drugs to treat neuropathic pain with increased efficacy and fewer or more tolerable side
effects. Like PD-0200347, some of these new drugs also bind a8. In the following section,
we will describe the use and potential of some of these alternative drugs.

Mirogabalin Besilate

Phenibut

Developed by Daiichi Sankyo Co., Ltd. (Tokyo, Japan), Mirogabalin (MGB) ([(1R,5S,6S)-6-
(aminomethyl)-3-ethylbicyclo[3.2.0]hept3-en-6-ylI] acetic acid) is a selective ligand for a8
designed to treat pain associated with diabetic peripheral neuropathy and post-herpetic
neuralgia [93]. Mirogabalin was approved to treat peripheral neuropathic pain in Japan in
January 2019 under the market name Tarlige®, and in Korea and Taiwan in 2020. MGB is
being evaluated as a therapy for diabetic neuropathy [94] and effectively provides pain relief
in rat models of fibromyalgia [95¢¢]. However, this drug still is awaiting approval for its use
in other countries [96]. MGB has a selective and potent binding affinity for a»8 subunits in
humans, which reduces Ca?* influx. The binding affinity of MGB to a,8 is higher (Kp=
13.5 nmol/L) [97] than that of GBP (Kp =59 nmol/L) [96] or PGB (Kp=62.5 nmol/L),

but the association time for the a»61 (11.1 h)) and a8, subunits (2.4 h) is longer for MGB
than for PGB (1.4 h from both a,61 and a.»6, subunits) [97]. The high affinity and slow
dissociation kinetics from a,81 contribute to MGB’s greater analgesic efficacy. Thus, the
equianalgesic daily dose for 30 mg of MGB is 600 mg of PGB and over 1200 mg of GBP
[96]. In other words, MGB is equally effective at smaller doses, at least when considering
its effects on pain relief. Additionally, recent evidence from several clinical trials and case
reports found that, compared to PGB, MGB had fewer adverse side effects, less patient
withdrawal, and lower abuse potential [96]. Although binding of MGB to 84 is necessary
for the pain-relieving effect of this drug, a new study reported that the mechanism of MGB’s
analgesic effects may be due to the actions of this drug on the activity of sodium-gated
channels in excitable cells [98].

Collectively, these data indicate that MGB may offer a superior and more efficient treatment
for various neuropathic pain syndromes compared to GBP and PGB. However, the fact

that MGB binds with both higher affinity and for a longer period to a.,81 could lead to
unintended effects on off-target tissues. Thus, the long-term effects of this drug on the
musculoskeletal system remain unknown, thus warranting future research.

Phenibut (PHB), also known as Anvifen, Fenibut, or Noofen [99], is a clinically used
anxiolytic and nootropic drug structurally related to gabapentin. R-phenibut ((3R)-phenyl-4-
aminobutyric acid) mimics the structure of the neurotransmitter GABA, and unlike GBP and
PGB, its activity correlates with its binding affinity to GABAg receptors [100]. However,
subsequent binding experiments in rat brain membrane preparations revealed that the affinity
of R-phenibut for a6 is four times higher than its affinity for the GABAg receptors.
Additionally, the anti-nociceptive effects of this drug, in an experimental pain model, were
associated with its action on a.»6 rather than on GABAg receptors [101]. Although PHB has
been suggested as a novel candidate to treat neuropathic pain, there have been recent reports
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of acute toxicity/withdrawal [99] and physical dependence associated with its use [102].
PHB was synthesized at the Department of Organic Chemistry of the Herzen Pedagogic
Institute in St. Petersburg [103] and is used for various medical conditions in Russia,
Ukraine, Belarus, and Latvia. To date, the US Food and Drug Administration (FDA) has not
approved the use of PHB as a prescription medication [104¢], and has recently issued several
warning letters for the use of PHB, classifying it as an unsafe product [105]. However,

PHB has been marketed as a dietary supplement in the USA and can be obtained via the
internet or over-the-counter, in higher doses (up to 450%) than the typical pharmaceutical
tablet (250mg) [104¢]. Considering that PHB could result in adverse musculoskeletal effects
due to its binding to a,84, together with its potential toxic and addictive effects and its
marketing as an uncontrolled substance, extra caution should be taken when this drug is used
for therapeutic purposes.

Gabapentin enacarbil (GEn) (also known as XP13512, GSK1838262, Horizant) is a
prodrug to gabapentin, specifically designed (XenoPort, Inc., California) for increased
oral bioavailability over gabapentin [106]. GBP absorption from the upper small intestine
occurs by an active, saturable pathway, dependent on system L-amino acid transporters.
The saturable absorption of GBP results in dose-dependent pharmacokinetics reflected

as a decrease in GBP bioavailability as the dose of the drug increases [107]. XP13512
was engineered to be recognized as a substrate by two high-capacity nutrient transporters
broadly distributed in the intestinal tract of humans: the monocarboxylate transporter
type 1 (MCT-1) and the sodium-dependent multivitamin transporter (SMVT) [106]. This
property allows absorption throughout the length of the intestine, including the colon, and
sustained, dose-dependent exposure to GBP as the prodrug is metabolized. Pharmacokinetic
comparisons in humans of the XP13512 immediate- and extended-release formulations with
oral GBP showed that XP13512 had overall higher bioavailability and prolonged delivery
to the circulation than GBP [108]. These results suggest treatment with GEn could reduce
dosing frequency, improve compliance, and have prolonged effects in patients compared
to those treated with GBP. In 2011, the FDA approved the use of the extended-release
formulation of GEn (Horizant) to treat moderate-to-severe primary restless legs syndrome
(RLS), for which this prodrug has shown efficacy in several clinical trials [109, 110],

and in 2012, for the management of postherpetic neuralgia. As there is no therapeutically
equivalent version of Horizant available in the USA (i.e., generic product), the costs of
Horizant are significantly higher than GBP.

Long-Term Use of Gabapentinoids—Implications for Physical Rehabilitation

As gabapentinoids in general, and GBP in particular, are widely used for many different
conditions that influence pain and thus physical mobility, the effects of these drugs on the
musculoskeletal system should be considered when designing pharmacological and physical
rehabilitation regimens. While GBP can enable restoration of function by alleviation of
pain in some individuals, there may be additional long-term adverse consequences that
affect long-term rehabilitation because of interactions in musculoskeletal tissues that are
not always considered in treatment planning. Additionally, withdrawal effects of GBP/PGB
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include confusion, disorientation, and weakness that can last for up to 10 days after quitting
the medication [111], which could increase the risk of falls in adults.

Long-term treatment with gabapentinoids could compromise bone and muscle quality and
quantity, repair processes, cartilage formation, and the anabolic bone and cartilage in which
VSCCs are critical for various functions (Fig. 2). As these effects are not well known

in the treatment community, the detrimental outcomes in skeletal tissues resulting from

the long-term pharmacological blockage of a,61 with GBP/PGB in patients treated with
these drugs are not routinely considered in clinical practice. It is unclear if some of these
adverse effects appear after the GBP/PGB therapy has ceased, as they have not been studied
systematically.

We identified a series of potential considerations for clinicians and rehabilitation specialists
when working with patients taking GBP/PGB. These are summarized below:

1 Increased use of GPB and PGB. Both drugs are prescribed largely worldwide as
an alternative to addictive opioids. Moreover, the US generic availability of GBP
in 2014 and PGB in 2019 has lowered the costs, increased the availability, and
amplified the use of already heavily prescribed medications.

2. Off-label uses of gabapentinoids. Gabapentinoids often are prescribed in the
periand post-operative periods, and to treat generalized, multifactorial, non-
specific pain, despite the lack of data showing efficacy for these uses.

3. Aaverse effects and potential misuse of PGB and GBP. Besides the negative
impact of GBP/PGB on bone and muscle, the use of gabapentinoids is associated
with adverse reactions in the central nervous system, and there is growing
evidence reporting withdrawal symptoms, and the abuse and misuse of these
drugs.

4, Questionable effectiveness of GBP/PGB. Although some alternatives have
been developed to improve the efficacy and selectivity of current medications
to treat neuropathic pain, much work remains to be done. GBP and PGB
often are ineffective for pain conditions and other pathologies for which their
use is approved. Some of the reasons for ineffectiveness include poor drug
bioavailability and a substantial inter-individual variation in drug absorption.
The average bioavailability of a 600 mg oral dose of GBP is reported to be
49% in healthy individuals, and it is even lower with greater GBP doses [112].
Similarly, significant variation in GBP absorption is seen among individual
subjects ranging from 5 to 74%, which could account for the large placebo
responses and inadequate response to the drugs in some individuals as observed
in multiple clinical trials [112].

5. Physical rehabilitation relies on mechanical stimuli. Physical therapy
interventions use extrinsic and/or intrinsic mechanical forces (i.e., via therapist
intervention or exercise therapy) to enhance tissue regeneration, healing, or
remodeling [113]. Patients treated with gabapentinoids may exhibit desensitized
responses to mechanical signals at the cellular level in musculoskeletal tissues.
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Thus, the efficacy of these interventions may be blunted among individuals
taking these medications. GBP is absorbed slowly after oral administration,
peak plasma concentrations occur within 3 to 4 h, both GBP and PGB exhibit
short elimination half-life of approximately 6 h [114]. Thus, traditional GBP
treatment regimens include doses of 600 mg, 3 times a day, for a maximum

of 1800 mg/day. Pain relief may start after one week, reach a maximum

effect after 4 weeks, and the drug is usually taken for long periods of times.
Understanding how gabapentinoids influence mechanically induced anabolic
responses in musculoskeletal tissues will provide physicians and rehabilitation
specialists with critical information to inform the design of both pharmacological
and non-pharmacological interventions for pain and musculoskeletal disorders.

Conclusions and Future Directions

Given the consequences associated with gabapentinoids, musculoskeletal rehabilitation in
patients taking these drugs can be challenging. Hence, health professionals must exercise
caution and appropriately consider the risks posed when recommending the use of
gabapentinoids, particularly in vulnerable individuals. At risk populations include elderly
patients presenting with age-associated bone loss, those experiencing sarcopenia and loss of
physical function; postmenopausal women with increased fracture-risk; patients recovering
from surgery for which these drugs are often prescribed long-term; and conditions in which
bone healing/repair could be compromised, such as post-surgery after total knee replacement
(TKR) or total hip arthroplasty (THA). As gabapentinoids are often co-administered with
other medications, the potentially harmful effects of drug synergism must be considered.
Finally, several questions remain unclear regarding gabapentinoid therapy, including the
following: How long is the calcium channel function altered after treatment? Should
physical rehabilitation be delayed until concentrations decline and mechanosensation has
recovered? Can drug regimen be adjusted to account for musculoskeletal effects? Could an
increase in physical activity and/or channel function offset the negative effects of the drugs
on the musculoskeletal system?

There is a need to develop safer, more effective, and specific drugs acting on new pain
targets. The evidence is growing indicating that gabapentinoids may have modest efficacy
in many patients receiving them. Given the growth in prescriptions for off-label use, the
potential effects on unintended tissues such as the musculoskeletal system are concerning.
Future clinical trials should include better phenotypic patient profiling and long-term
evaluations of the risks/benefits of gabapentinoids and related drugs. Additionally, genome-
wide association studies could be helpful to identify appropriate therapeutic targets and
biomarkers for responses to gabapentinoids, reduce adverse drug-associated outcomes, and
improve drug efficacy in individual patients [115]. Educational efforts to reduce off-label
prescriptions, increase monitoring of patients treated with gabapentinoids, and incorporate
therapies to protect the musculoskeletal system by limiting long-term prescriptions in new
patients may improve outcomes in patients receiving rehabilitative therapies.
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Gabapentinoids bind the a.»8; subunit of VSCC impairing Ca?* influx. A Opening of
the voltage-sensitive Ca2* channels (VSCC) is modulated by the a.,8; auxiliary unit

Fig. 1.

and activated by Ca2* influx. B) The a8 subunit is the predominant binding site for

gabapentinoids, whereby these drugs alter VSCC function and impair Ca?* currents
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Fig. 2.
Potential effects of gabapentinoids in musculoskeletal tissues. Ca?* influx through VSCCs

regulates many physiological processes, including neurotransmitter release, bone, and
chondrocyte mechanosensation, and muscle contraction. In neurons, elevated neuronal a8,
expression contributes to specific pain states through a mechanism partially mediated by
enhanced VSCC activity (green square). Thus, gabapentinoids modulate VSCC activity by
acting through a»81, which underlies the analgesic actions of these drugs (purple circle).
However, the binding of gabapentinoids to a,8 subunits in bone, muscle, and cartilage
potentially interferes with normal VSCC function (orange squares), resulting in adverse
physiological impairments in patients treated long-term with these drugs
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