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Abstract: Restless legs syndrome (RLS)/Willis-Ekbom disease is a neurologic disorder character-
ized by a strong desire to move when at rest (usually in the evening) and paraesthesia in their lower
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legs. The most widely used therapies for first-line treatment of RLS are dopaminergic drugs; how-

ever, their long-term use can lead to augmentation. 028 Ligands, opioids, iron, glutamatergic drugs,
adenosine, and sleep aids have been investigated as alternatives. The pathogenesis of RLS is not
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well understood. Despite the efficacy of dopaminergic drugs in the treatment of this disorder, unlike
in Parkinson’s disease dopaminergic cell loss in the substantia nigra has not been observed in RLS.

The etiology of RLS is likely complex, involving multiple neural pathways. RLS-related genes
DOI: identified in genome-wide association studies can provide insight into the mechanistic basis and

10.2174/1570159X19666201230150127

underlying RLS.

pathophysiology of RLS. Here we review the current treatments and knowledge of the mechanisms
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1. INTRODUCTION

Restless legs syndrome (RLS)/Willis-Ekbom disease
(WED) is a neurologic disorder characterized by the desire to
move when at rest (usually in the evening) and paraesthesia
in the lower legs [1]. RLS is underdiagnosed, and it is only
recently that it has become widely recognized and studied [2-
4]. In 1982, levodopa became the first drug used to treat RLS
[5]; while effective, it has augmentation as a side effect at all
doses [5-7]. Dopamine agonists such as pramipexole, ropini-
role, and rotigotine were approved for RLS treatment be-
tween 2004 and 2009 [8, 9], and are now used in the first-
line setting [10]. However, augmentation still occurs to vary-
ing degrees with dopaminergic drugs. To address this prob-
lem, neurologists have sought to optimize drug usage or seek
alternatives such as a29 ligands [11] and opioids [12]. The
former—which include gabapentin enacarbil, gabapentin,
and pregabalin—have been used for the treatment of RLS
since 2000, although they are less frequently prescribed than
dopaminergic drugs. Pregabalin is a relatively new drug and
has been the focus of just a few clinical studies since 2010
[13-15]. Nonetheless, owing to their efficacy and the fact
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that they do not cause augmentation, 029 ligands hold prom-
ise for the treatment of RLS. Opioids were approved as sec-
ond-line therapy to treat refractory RLS in 2013 [16].

Most research on the pathologic mechanisms of RLS has
focused on the dopaminergic system, iron deficiency, or ge-
nomic imprinting [17-20]. Despite their demonstrated effi-
cacy, the mechanism of action of dopaminergic drugs in the
treatment of RLS is not well understood. One positron emis-
sion tomography (PET) study reported a decreased number
of dopamine transporters in RLS [19] and another PET study
showed that mesolimbic D2/3 receptor binding may be re-
duced, which is supported by the observation that the D2/3
receptor agonist pramipexole is effective as a treatment [21].
However, dopaminergic neuron loss in the substantia nigra
(SN) or related A1l hypothalamic region, which is a feature
of neurodegenerative diseases such as Parkinson’s disease
(PD) that are managed with dopaminergic drugs, has not
been observed in autopsy studies of patients with RLS [22,
23]. Moreover, unlike in PD [24], iron levels in the SN were
found to be reduced in RLS [23, 25-27]. Iron deficiency ac-
tivates the hypoxia pathway in the central nervous system
(CNS) [28]. Iron is a cofactor for tyrosine hydroxylase (TH)
and is important for D2 receptor function [29]. Thus, altera-
tions in the dopaminergic system caused by iron deficiency
may contribute to RLS. A meta-analysis of 3 genome-wide
association studies (GWASs) that included a total of 15,126
patients with RLS identified 19 risk gene loci for RLS [30].
Rare variants of the Meis homeobox 1 (MEISI) gene have
been identified in RLS; MEISI was shown to influence the
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dopaminergic system at both the spinal and supraspinal lev-
els in mice, suggesting a possible mechanism underlying
RLS pathology [31]. Recently, the role of BTB domain-
containing 9 (BTBDY) gene in the pathogenesis of RLS has
been increasingly noticed. It is known that mutations in
BTBDY are closely associated with high risk of RLS [32],
while knockout of BTBDY in mice may cause RLS-like phe-
notypes, and dysfunction of the dopaminergic system, which
contribute to develop RLS [33]. However, the mechanisms
of BTBDY is not fully understood. New therapeutic options
are also emerging for RLS including glutamatergic or adeno-
sine therapy [34]. This review discusses the drugs that are
currently used for RLS treatment and what is known of their
mechanisms of action.

2. DOPAMINERGIC DRUGS
2.1. Dopaminergic Drugs

Levodopa has demonstrated efficacy in the treatment of
RLS [5-7]. However, augmentation often occurs with pro-
longed daily use, especially at a dose of 200 mg or higher [6,
7, 35]. Because of the short half-life of levodopa, symptom
rebound often occurs in the early morning in patients [36].
The intermittent use of low-dose levodopa has been pro-
posed for the treatment of intermittent RLS. Dopamine ago-
nists such as pramipexole, ropinirole, and rotigotine were
approved by the U.S. Food and Drug Administration and
European Medicines Agency between 2004 and 2009 as
first-line treatments for RLS [8, 9]. Patients with moderate to
severe RLS can be treated with pramipexole, which is well
tolerated at daily doses of 0.25-0.75 mg [8]; the most com-
mon adverse events (AEs) are augmentation, dizziness, som-
nolence, and gastrointestinal symptoms, with long-term use
and higher doses known to cause augmentation [13]. Ropini-
role is also well tolerated, with effective daily doses of 0.78—
4 mg [8]; the most common AEs are augmentation, nausea,
dizziness, headache, and daytime somnolence. In long-
standing RLS (mean duration of symptoms=26.1 years), the
incidence of augmentation was <4% after 26 weeks on
ropinirole [37]. Rotigotine is well tolerated, and transdermal
administration at doses of 2-3 mg was shown to be effective
for managing RLS symptoms. Skin reactions, augmentation,
and nausea are the most common AEs, although these are
mostly of low grade [38].

PD is associated with a loss of dopaminergic neurons;
exogenous dopaminergic drugs such as levodopa and dopa-
mine agonists alleviate PD symptoms by increasing brain
dopamine levels [39]. Given the efficacy of these drugs for
RLS treatment, it has been suggested that loss of dopaminergic
neurons in the SN or related A1l hypothalamic region may
also be a feature of RLS. However, there has been no such
evidence from autopsy studies [22, 23]. This implies that
dopaminergic drugs alleviate RLS not through simple dopa-
mine supplementation but by altering neural circuits, although
the precise mechanism remains unclear. RLS/WED com-
prises both motor and sensory symptoms; the relevant neural
circuits along with sensorimotor integration are controlled by
descending monoaminergic neuron clusters with spinal cord
projections in the dorsal raphe (5-hydroxytryptamine), locus
coeruleus (norepinephrine), and the A1l area of the posterior
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hypothalamus (dopamine) [40]. Injury to the A1l area leads
to hyperactivity in mice, which serves as an animal model of
RLS [41]. Hypersensitivity of corticostriatal neuron termi-
nals was demonstrated in a rodent RLS model, which was
counteracted by local perfusion of pramipexole or ropinirole
[42]. Long-term levodopa administration reduced hyperalge-
sia in patients with RLS, suggesting that the underlying
pathophysiology is related to the regulation of supraspinous
pain involving the basal ganglia and/or dopaminergic path-
way [43]. The characteristics of dopaminergic drugs used to
treat RLS are summarized in Table 1.

3. NONDOPAMINERGIC DRUGS

3.1. 026 Ligands

028 Ligands drugs have been used for the treatment of
RLS since the 2000s. Representative drugs are gabapentin
enacarbil, gabapentin, and pregabalin. Gabapentin enacarbil
is effective at dose of 1200 mg and well tolerated, and is a
pro-drug of gabapentin, which has received regulatory ap-
proval in the U.S. and Japan [44]. On the other hand, only
one study has shown that a dose of 600 mg was effective
[45], while 2 studies found it to be ineffective in relieving
RLS symptoms [46, 47]. Somnolence and dizziness are the
most common side effects of gabapentin enacarbil [44].
Gabapentin at a dose of 800 mg was found to alleviate RLS,
and a dose of 200 mg has been used in patients undergoing
hemodialysis. The most common AEs associated with
gabapentin are dizziness, somnolence, and peripheral edema
[6, 48-50]. Pregabalin is a relatively new drug for the treat-
ment of RLS that has been investigated in 3 clinical studies.
At doses of 150—450 mg/day, pregabalin produced good out-
comes in moderate to severe idiopathic RLS, with lower
rates of augmentation compared to pramipexole [13]. The
most common AEs are dizziness, somnolence, fatigue, and
headache [13-15].

The mechanism of action of 026 ligands is thought to be
related to the inhibition of glutamatergic neurotransmission.
020 ligands bind with high affinity to L-type voltage-
regulated calcium channels that regulate Ca*" influx at nerve
endings in response to depolarization, leading to a reduction
in excitatory neurotransmitter (mainly glutamate) release
[51, 52].

3.2. Opioid Drugs

In Europe, oxycodone—naloxone is approved as second-
line therapy for severe RLS. A 12-week double-blind and
40-week open-label trial of 306 patients with severe RLS
showed that 5.0 mg oxycodone and 2.5 mg naloxone twice
daily—which was up titrated to a maximum of 40 and 20 mg
twice daily, respectively—was effective in patients with se-
vere RLS who did not respond to dopaminergic drugs [16].
In a small open-label study evaluating the use of methadone
in 27 RLS patients who failed on dopaminergic drugs, 17
patients remained on methadone for 23+12 months at a dose
of 15.5+7.7 mg (range, 5-40 mg), with a 75% reduction in
symptoms and no occurrence of augmentation [53]. In other
studies, oxycodone (mean dose of 15.9 mg/day) improved
RLS symptoms [54] and demonstrated long-term efficacy in
the treatment of RLS [55]. In a postmortem study, there was
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Table 1. Dopaminergic drugs for the treatment of RLS.
Longest Study Effective Adverse Effects Clinical Benefits Mechanism of Action
Period (N) Daily Dose
Levodopa 30 weeks [7] <200 mg Augmentation, symptom Improves nighttime RLS symptoms; Unknown; may alter motor
(N=361) [6,7] rebound in the early reduces pain; well tolerated by control- | neuron excitability by reduc-
morning [36] ling augmentation [7] ing inhibition [43]
Unknown; may counteract
. . corticostriatal hypersensitiv-
Dopamine agonists .
ity or alter D2/3 receptor
activation [42]
Pramipexole 52 weeks 0.25,0.50, Augmentation, dizziness, Improves nighttime RLS symptoms
(N=719) [13] 0.75 mg [8] somnolence, headache, and subjective nighttime sleep; pain )
nausea, abdominal dis- reduction; well tolerated by controlling
comfort [13] augmentation [13]
Ropinirole 26 weeks 0.78-4 mg Augmentation, nausea, Improves nighttime RLS symptoms
(N=404) [37] [8] dizziness, headache, and subjective nighttime sleep; reduces )
daytime somnolence [37] pain; well tolerated by controlling
augmentation [37]
Rotigotine 24 weeks 2-3 mg [8] Skin reactions, nausea, Improve nighttime RLS symptoms and
(N=505) [38] augmentation [38] subjective nighttime sleep; reduces )
pain; well tolerated by controlling
augmentation and skin reactions [38]

no difference in the number of opioid receptors in the SN
between patients with RLS and controls [56]. However,
opioid and dopaminergic systems are known to interact:
functional imaging of dopamine receptor occupancy in hu-
mans showed that stimulation of opioid receptors especially
of the mu type promotes dopamine release [57].

3.3. Iron Therapy

Intravenous ferric carboxymaltose (1000 mg) is a first-
line treatment in adult patients with RLS with iron defi-
ciency or serum ferritin <100 pg/l [58, 59]. Brain iron levels
may be low even if the serum iron is normal [60]; therefore,
iron supplementation can be beneficial for alleviating RLS
symptoms, although there is insufficient evidence for the
efficacy of oral or intravenous iron in RLS treatment [61].

Iron levels in the SN were found to be reduced in autopsy
studies of RLS [22], which was substantiated by imaging
data and cerebrospinal fluid examination [25-27, 60]. Iron is
a cofactor for TH and is important for D2 receptor function
[29]; thus, iron deficiency can lead to changes in the dopa-
minergic system and RLS. Iron-deficient rats exhibited al-
terations in dopaminergic function including a decrease in
D2 receptors and dopamine transporter function and elevated
levels of extracellular dopamine [62]. Iron deficiency also
activates the CNS hypoxia pathway. Autopsy of the SN of
RLS patients revealed nitric oxide-mediated hypoxia-
inducible factor 1o (HIF-1a) activation in the cerebral mi-
crovasculature along with increased vascular endothelial
growth factor (VEGF) expression. HIF-1a regulates the tran-
scription of various genes involved in iron metabolism [28].
Interestingly, in a mouse model of PD induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine showing excessive lev-

els of iron, HIF-1a, TH, and VEGF were upregulated in the
SN and striatum in the presence of an iron chelator [24].
Consistent with these findings, reducing iron content acti-
vated the CNS hypoxia pathway. In animal models, iron de-
ficiency in the brain resulted in downregulation of adenosine
Al receptors in the striatum and cortex [41].

3.4. Glutamatergic and Adenosine Therapy

Perampanel has significant therapeutic effects on both
sensory and motor symptoms in RLS patients [63]. One
study evaluated the efficacy of perampanel at doses of 3.8
mg/day in 20 RLS patients over a period of 8 weeks, and a
small open-label controlled clinical trial that enrolled 13 un-
treated idiopathic RLS patients showed that treatment with
dipyridamole (starting at 100 mg, with uptitration to 400 mg
if necessary) had significant clinical benefits in RLS [64].
Perampanel acts as a noncompetitive selective antagonist of
postsynaptic ionic a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) glutamate receptor (AMPA-R),
reducing excessive glutamate stimulation [63]. The nonselective
equilibrative nucleoside transporter 1 (ENT1)/ENT2 inhibitor
dipyridamole may exert pharmacologic effects through hy-
poadenosinergic mechanisms. Ultimately, hypoadenosinergic
may lead to enhanced cortical dopaminergic and glutamatergic
functions of RLS/WED [64].

The interactions between dopaminergic, adenosine,
opioid, and glutamatergic systems and iron in RLS are illus-
trated in Fig. 1.

3.5. OTHER Therapies

Vitamins C (200 mg) and E (400 mg) were used to treat
uremic patients with RLS a randomized, controlled study
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Fig. (1). Potential mechanisms of restless legs syndromes (RLS). Although the precise mechanism remains unclear, the etiology of RLS is
likely complex, involving multiple neural pathways. I. In iron-deficient rats of RLS, exhibited alterations in dopaminergic function including
a decrease in D2 receptors and dopamine transporter function and elevated levels of extracellular dopamine. II. Iron-deficient resulted in
downregulation of adenosine A1 receptors in the striatum and cortex. III. Iron-deficient activates the CNS hypoxia pathway, then upregula-
tion of tyrosine hydroxylase (TH) in the CNS. IV. Hypoadenosinergic may enhance cortical dopaminergic and glutamatergic functions, thus
lead to RLS. V. The mechanism of action of 02§ ligands is thought to be related to the inhibition of excitatory neurotransmitter (mainly glu-
tamate) release. VI. Stimulation of opioid receptors especially of the mu type promotes dopamine release. Finally, corticostriatal hypersensi-

tivity and hyperglutamatergic state may result in RLS.

RLS [65]. In another report of 21 RLS patients with vitamin
D deficiency, vitamin D supplementation improved RLS
symptoms [66]; and in an open-label randomized study com-
paring the efficacy of clonazepam (0.5 mg) and nortriptyline
(25 mg) in women with RLS, both drugs resulted in clinical
improvement, with the latter showing greater benefits [67].
Benzodiazepines, as a group of gamma-aminobutyric acid
(GABA)-ergic sedative-hypnotic agents, are also used for
treating RLS to improve the sleep quality, alleviate periodic
leg movements in sleep [68] and reduce RLS-related anxiety
[69]. Kurlan and Rabin found that benzodiazepines are bene-
fit for augmentation during the RLS treatment [70]. How-
ever, benzodiazepines were not recommended as the first-
line treatment for RLS as per the American Academy of
Sleep Medicine Practice Guideline [71]. Carlos et al. con-
ducted a systematic review concerning the efficacy and

safety of benzodiazepines for RLS, they could not obtain
compelling evidence regarding the efficacy and safety of
benzodiazepines for RLS, however, they believed that treat-
ment of benzodiazepines is a useful adjuvant therapy for
treating RLS [72]. Nondopaminergic drugs used in the
treatment of RLS are summarized in Table 2.

4. GENETIC FACTORS

A meta-analysis of 3 GWAS studies involving 15,126
patients with RLS identified 19 risk genes for RLS [30].
These genes are related to dopaminergic neurotransmission,
brain iron metabolism, or neurodevelopmental processes [30,
73]. The functions of the candidate genes MEISI, BTB do-
main-containing 9 (BTBDY), and protein tyrosine phospha-
tase receptor type D and their involvement in dopaminergic
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Table2. Nondopaminergic drugs for the treatment of RLS.
Longest Study Effective Adverse Effects Clinical Benefits Mechanism of Action
Period (N) Daily Dose
Well tolerated Regulates Ca®" influx
25 Ligands and reduces ‘exc1tat0ry
neurotransmitter levels
[51,52]
Gabapentin 24 weeks 600 or 1200 mg [8] Somnolence, Improves nighttime RLS symptoms -
enacarbil (N=327) [44] dizziness [44-47] and subjective nighttime sleep;
reduces pain [44-47]
Gabapentin 6 weeks 800 mg; uremic Somnolence, dizziness, Improves nighttime RLS symptoms -
(N=24) [50] RLS: 200 mg [8] peripheral edema [6, 48-50] and subjective nighttime sleep;
reduces pain [6, 48-50]
Pregabalin 52 weeks 150450 mg [8] Somnolence, dizziness, Improves nighttime RLS symptoms -
(N=719) [13] fatigue, headache [13-15] and subjective nighttime sleep;
reduces pain [13-15]
. Well tolerated but side effects should |  Stimulates dopamine
Opioids .
be monitored release [57]
Oxycodone— 12 weeks plus 1 | Mean dose, 21.9 mg | Addictive tendency, possible | Improves nighttime RLS symptoms -
naloxone year open trial [8] respiratory problems [16] and subjective nighttime sleep;
(N=306) [16] reduces pain [16]
Methadone 92 weeks Mean dose, 15.6 mg | Addictive tendency, possible | Improves nighttime RLS symptoms -
N=27 [53] [8] respiratory problems [53] and subjective nighttime sleep;
reduces pain [53]
Oxycodone 2 weeks Likely efficacious | Addictive tendency, possible | Improves nighttime RLS symptoms -
(N=11)[54] Mean dose:15.9 mg respiratory problems [54] and subjective nighttime sleep;
(8] reduces pain [54]
Iron supplementation
Intravenous 12 weeks Likely efficacious [8] | Nausea, headache; requires | Improves nighttime RLS symptoms; | Regulates dopaminergic
ferric (N=110) [58] more time to stabilize RLS; well tolerated [58] system; controls central
carboxymaltose lack of pain and subjective nervous system hypoxia
nighttime sleep assessments pathways; regulates
[58] adenosine A1 receptors
[28,29,41, 62]
Glutamatergic therapy
Perampanel 8 weeks Likely efficacious Somnolence, dizziness, Improves nighttime RLS symptoms | Inhibits glutamate re-
(N=20) [63] Mean dose: 3.8 mg headache, irritability; lack of | and subjective nighttime sleep; well lease [63]
[63] pain assessment [63] tolerated [63]
Regulates h d i-
Adenosine therapy caus és ypoadenost
nergic state [64]
Dipyridamole 8 weeks Likely efficacious | Abdominal cramps, diarrhea, | Improves nighttime RLS symptoms -
(N=13) [64] Mean dose: 281.8 mg dizziness, flushing; lack of | and subjective nighttime sleep; well
[64] pain assessment [64] tolerated [64]

neurotransmission and iron metabolism have been investi-
gated in animal models [74-77]. MEIS] gene mutation has
been observed in RLS patients and may be associated with
impaired neurodevelopment [31]. In RLS model mice,
MEISI was shown to act on the dopaminergic system at both
the spinal and supraspinal levels [31]. D2 receptor activity

was reduced in BTBDY mutant mice, which may contribute
to RLS [33]; BTBDY deficiency results in changes in the
cerebral cortex—specifically, in cortical projections to D1
medium spinous neurons (MSNs) [32], and increased stria-
tum MSN activity may contribute to RLS onset through
modulation of striatum cholinergic interneurons [78].



Treatment of Restless Legs Syndrome

5. AUGMENTATION

The phenomenon of augmentation was first described in
1996 following the treatment of RLS with carbidopa/
levodopa [79]. It is regarded as one of the most severe com-
plications of RLS, which is characterized by worsening
symptoms, such as an increase in the symptom severity or
earlier onset time [80]. Even after dopaminergic agonists
replaced levodopa as first-line therapy for RLS, augmenta-
tion remains a significant clinical challenge. Augmentation is
thought to be related to the dopaminergic system. The D3
receptor has a high affinity for dopamine; in the spinal cord,
low dopamine concentrations activate the D2/3 receptor to
mediate dorsal spinal cord inhibition. However, high concen-
trations stimulate the D1 receptor, which induces locomotor
activity. Dopaminergic drugs used to treat RLS activate D1-
like receptors, which can lead to augmentation [81]. Aug-
mentation occurs when patients who have been treated with a
stable drug dose for at least 6 months require more medica-
tion to achieve a response [82]. Clinically, it is important to
distinguish augmentation from “loss of efficacy”, which may
be caused by “progression of RLS” or “tolerance” [83]. Al-
though augmentation and loss of efficacy” exhibit a worsen-
ing of symptoms, and sometimes it might be difficult to dis-
tinguish in an individual patient. The progression of RLS is a
relatively chronic process over time, and the increase in se-
verity of symptoms is progressive; whereas the increase of
symptom severity is reported “more dramatic” in augmenta-
tion [83]. With respect to “tolerance”, the symptoms cannot
be severer than the situation when the treatment was initi-
ated. Reversely, augmentation commonly causes more se-
vere symptoms in comparison with the situation when the
treatment was initiated. Moreover, Williams and Garcia-
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Borreguero pointed out that augmentation should be differ-
entiated with neuroleptic-induced akathisia and early morn-
ing rebound [83]. Prevention and treatment are important for
avoiding augmentation, as discussed below.

5.1. Prevention

The choice of initial treatment for RLS is critical. 028
Ligands improved symptoms without resulting in augmenta-
tion compared to pramipexole in a 1-year study [11]. There-
fore, 023 ligands may be selected as an initial treatment op-
tion, although the common side effects of dizziness, somno-
lence, fatigue, weight gain, and constipation should be taken
into account [8]. If dopaminergic drugs are used as the start-
ing treatment, certain points must be considered. Firstly, the
maximum recommended dose should not be exceeded
(pramipexole, 0.5-0.75 mg; ropinirole, 4 mg; rotigotine, 3
mg) [84]. Secondly, longer-acting dopamine agonists may be
preferable: in a 12-week double-blind, placebo-controlled
study, transdermal rotigotine continuously released over 24 h
was shown to improve daytime symptoms without augmen-
tation [85]. Thirdly, if the frequency of RLS is <1-2 per
week, intermittent medication is recommended and levodopa
can be considered; daily use of dopaminergic drugs should
only be started when symptoms significantly affect the qual-
ity of life. However, larger clinical trials are needed to com-
pare the efficacy and safety of the various treatment options
for RLS.

5.2. Treatment

In mild cases of RLS, dopamine agonist therapy can be
continued after augmentation by dividing or advancing the
dose before symptom onset while ensuring that the maxi-
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Fig. (2). RLS treatment and the prevention and treatment of augmentation.
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mum recommended dose is not exceeded. Moreover, a
switch from pulsatile to continuous delivery (e.g., using
transdermal rotigotine patches) may be beneficial. There are
no RCT studies verifying the effect of pramipexole ER on
RLS by far. However, some available literatures indicated a
satisfactory efficacy of pramipexole ER [82, 86, 87]. Maestri
et al. observed the efficacy of long-acting, extended-release
(ER) formula of pramipexole in 24 consecutive RLS outpa-
tients suffered from augmentation. They found that
pramipexole ER has persisted efficacy against augmentation
in patients with RLS [86]. The efficacy and safety of
pramipexole ER for RLS require further verification by the
future RCTs. Adding 028 ligand may or may not be useful
[87]. In severe cases, a 10-day washout of dopaminergic
drugs followed by a different drug such as 026 ligand or
opioid is recommended [82]. However, the potential emer-
gence of transient, extremely severe RLS symptoms during
the washout period and risks associated with reintroduction
of low-dose dopamine agonists should be taken into account.
Low doses of opioid (e.g., prolonged-release oxycodone—
naloxone [16] or methadone [53]) are effective for the treat-
ment of severe RLS; however, possible side effects include
addiction and respiratory depression. The therapeutic options
for RLS treatment are illustrated in Fig. 2.

6. NON-PHARMACOLOGIC AND ALTERATIVE
TREATMENTS FOR RLS

In addition to the pharmacologic treatments we intro-
duced above, many non-pharmacologic treatments are also
introduced for RLS. Giannaki et al. enrolled 24 RLS pa-
tients who underwent hemodialysis to investigate the effi-
cacy of progressive exercise for RLS. They found that a 6-
month intradialytic progressive exercise can improve the
functional capacity, sleep quality, depression score, and RLS
severity. No adverse events were reported [88]. Another
RCT enrolled 41 patients with RLS also verified that exer-
cise contributes to ameliorate the RLS symptoms [89]. Let-
tieri and Eliasson conducted a RCT to verify the efficacy and
safety of pneumatic compression devices (PCDs). They
found that PCDs significantly improved the RLS-related
indices, which may be an effective adjunctive therapy for
RLS [90]. Lin et al. reported that repetitive transcranial mag-
netic stimulation (rTMS) in high frequency remarkably ame-
liorates RLS-related motor symptoms, sleep disturbance and
anxiety [91]. In addition, other alternative therapies, such as
acupuncture [92], infrared device [93, 94], vibration pads
[95], cold air chamber [96] and yoga [97] were also
employed to treat RLS. However, these studies could not
provide convincing evidence regarding the efficacy and
safety of alternative treatments because of low study quality
[98]. Our previous study pointed out that the flaws of ex-
perimental design might confuse the placebo/nocebo effects
with identifying efficacy/adverse events during the study
verifying the efficacy/safety of a certain complementary
therapy [99]. Furthermore, well-designed studies are there-
fore desired for verifying these alternative treatments.

7. DISCUSSION

In patients who meet the diagnostic criteria for RLS, it is
important first to determine whether the syndrome is primary
or secondary. In the latter case, risk factors such as iron defi-
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ciency [58, 59] and vitamin D deficiency [66] must be ac-
tively treated. For primary RLS, the initial treatment choice
is important. While a2d ligands are a first-line option [8],
gabapentin enacarbil is approved for RLS treatment only in
the U.S. and Japan. Dopaminergic drugs are also the first-
line treatment for primary RLS even though augmentation
can occur with long-term use. Hence, dosing is critical and
the maximum recommended doses should not be exceeded.
Longer-acting dopamine agonists may have benefits. Finally,
once augmentation occurs, the dose of dopaminergic drugs
should be reduced while introducing low-dose 028 ligand, or
else patients should be switched to a long-term dopaminergic
drug regimen. If transdermal rotigotine is used, the shorter-
acting dopamine agonist should be discontinued. Opioids are
recommended when 026 ligand is ineffective in severe cases.
Augmentation should be monitored for any drug that is ad-
ministered over the long term.

Clarifying the pathogenesis of RLS can help to identify
alternative therapeutics to dopaminergic drugs. For instance,
iron deficiency directly affects the dopaminergic system
[62], but also caused downregulation of adenosine receptors
in the striatum and cortex in an animal model, thereby de-
creasing adenosine energy activation, which could result in
enhanced cortical dopaminergic and glutamatergic neuro-
transmission in RLS [84]. Iron deficiency leads to activation
of CNS hypoxia pathways and upregulation of TH in the
CNS, which may be implicated in RLS [100]. Additionally,
the opioid and dopaminergic systems interact with each other
[57] and with the adenosine and glutamatergic systems. In-
vestigations of genomic imprinting (e.g., of the RLS-related
MEISI] and BTBD9 genes) have provided insight into the
mechanisms of RLS; impairment of neurodevelopmental
processes and dysregulation of the dopaminergic system are
presumed to be involved based on experiments using MEIS]
and BTBD9 mutants [31-33, 78].

CONCLUSION

Although RLS was first described in the 1940s, a detailed
understanding of the disease emerged in recent years. RLS
pathogenesis is considered to be a complex process involv-
ing multiple signaling pathways. Application of molecular
technologies will provide clarification of the etiology of RLS
and a basis for the development of individualized treatment
approaches. Augmentation needs to be given special consid-
eration in the clinical management of RLS. While dopa-
minergic drugs will continue to be useful, the therapeutic
potential of iron, glutamatergic, and adenosine therapies and
sleep medicines for the treatment of RLS warrants further
investigation.
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