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Abstract: Lower-sodium oxybate (LXB) is an oxybate medication approved to treat cataplexy or excessive daytime sleepiness (EDS)
in patients with narcolepsy 7 years of age and older in the United States. LXB was developed as an alternative to sodium oxybate
(SXB), because the incidence of cardiovascular comorbidities is higher in patients with narcolepsy and there is an elevated
cardiovascular risk associated with high sodium consumption. LXB has a unique formulation of calcium, magnesium, potassium,
and sodium ions, containing 92% less sodium than SXB. Whereas the active oxybate moiety is the same for LXB and SXB, their
pharmacokinetic profiles are not bioequivalent; therefore, a phase 3 trial in participants with narcolepsy was conducted for LXB. This
review summarizes the background on oxybate as a therapeutic agent and its potential mechanism of action on the gamma-
aminobutyric acid type B (GABAB) receptor at noradrenergic and dopaminergic neurons, as well as at thalamocortical neurons.
The rationale leading to the development of LXB as a lower-sodium alternative to SXB and the key efficacy and safety data supporting
its approval for both adult and pediatric patients with narcolepsy are also discussed. LXB was approved in August 2021 in the United
States for the treatment of idiopathic hypersomnia in adults. Potential future developments in the field of oxybate medications may
include novel formulations and expanded indications for other diseases.
Keywords: narcolepsy, therapeutics, drug development, cataplexy, excessive daytime sleepiness, idiopathic hypersomnia

Plain Language Summary
Lower-sodium oxybate (Xywav™) is a medication for people with narcolepsy 7 years of age and older. Xywav treats excessive
daytime sleepiness (EDS) and cataplexy (attacks of muscle weakness triggered by emotion). Xywav was developed as an
alternative to the first such medication, sodium oxybate (Xyrem®), as patients with narcolepsy have a higher rate of cardiovascular
disease, and lowering the amount of sodium they consume could help to reduce their cardiovascular risk. Researchers combined
calcium, magnesium, and potassium ions with a small amount of sodium to make Xywav, containing 92% less sodium than Xyrem.
Strict controls are in place that have successfully restricted how they are distributed due to the potential for abuse of Xyrem and
Xywav.

Xywav and Xyrem have the same amount of oxybate, which is the part that affects narcolepsy symptoms. How oxybate affects
EDS and cataplexy is not well understood, but it may act on a specific receptor (gamma-aminobutyric acid type B [GABAB]) present
in parts of the brain controlling sleep and wake. Although the body absorbs and processes Xywav slightly differently than Xyrem, both
medications bring about improvements in EDS and cataplexy symptoms in narcolepsy. Adverse side effects with Xywav are like those
seen in previous studies with Xyrem. Xywav is also approved to treat idiopathic hypersomnia, another sleep disorder, in adults.
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Introduction
Sodium oxybate (SXB), first developed in the 1960s, is a central nervous system depressant recommended by the
American Academy of Sleep Medicine, European guidelines, and expert statements for the treatment of excessive
daytime sleepiness (EDS) and cataplexy in narcolepsy.1,2 SXB was first approved to treat cataplexy in patients with
narcolepsy in the United States (2002) and in Europe (2006).3–6 SXB is currently approved in the United States for the
treatment of cataplexy or EDS in patients 7 years of age and older with narcolepsy and in Europe for the treatment of
narcolepsy with cataplexy in patients 7 years of age and older.4,7 The initial approvals of SXB for use in adult patients
with narcolepsy in the early 2000s were based on a number of short- and long-term clinical trials evaluating its safety and
efficacy in improving symptoms of narcolepsy, including EDS, cataplexy, and disrupted nighttime sleep.8–12 The
mechanism of action for the therapeutic effect of SXB is incompletely understood but is hypothesized to be driven
primarily by activity of its active oxybate moiety on neurons with gamma-aminobutyric acid (GABA) type B (GABAB)
receptors in regions controlling sleep-wake homeostasis.4 Although illicit use of the active drug oxybate, also known as
gamma-hydroxybutyrate (GHB), was reported around the time of its approval, monitoring for instances of abuse through
a strictly controlled access program has shown low diversion of prescription SXB.6,13 GHB is at times used to refer to
gamma-hydroxybutyrate (as above), and other times to its sodium salt (sodium gamma-hydroxybutyrate or sodium
4-hydroxybutyrate14); SXB is the international nonproprietary name for sodium gamma-hydroxybutyrate.

Lower-sodium oxybate (LXB; Xywav™; previously known as JZP-258), which preserves the active oxybate moiety,
was developed as a lower-sodium alternative to SXB to reduce the cardiovascular risk associated with high sodium
intake.15–18 In line with recent efforts from the US Food and Drug Administration (FDA) to reduce dietary sodium intake
in the general population,19 LXB was designated as clinically superior to SXB in patients with narcolepsy by means of
greater safety due to its greatly reduced chronic sodium burden; the FDA expects that

“The differences in the sodium content of the two products at the recommended doses will be clinically meaningful in reducing
cardiovascular morbidity in a substantial proportion of patients for whom the drug is indicated.”18

Although the pharmacokinetic (PK) profile of LXB is not bioequivalent to SXB, its efficacy and safety are
comparable.20–22 Similar to SXB, LXB has been approved in the United States for the treatment of cataplexy or EDS
in patients 7 years of age and older with narcolepsy.4,23
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The objective of this review is to describe the history leading to the development of LXB and its place in the
treatment of patients with narcolepsy.

Historical Perspectives on Oxybate Development
Early Studies of Oxybate
Oxybate (as GHB) is both an endogenous metabolite and a precursor of the inhibitory neurotransmitter GABA; thus,
GHB and GABA may be interconverted by endogenous metabolic processes.24 GHB was first synthesized in the late
1800s by adding a hydroxyl group on the 4th carbon of butyric acid, whereas the sodium salt of oxybate, SXB (also
known as sodium 4-hydroxybutyrate), was developed in the early 1960s.25,26 This modification was made following the
observation that butyric acid had a sedative effect but was mostly rendered inactive via β-oxidation, limiting its
therapeutic potential, and ultimately excreted in urine.27,28 In their characterization of SXB, Laborit et al noted an
inhibitory effect on synaptic firing and muscle responses in rat and cat models as well as a hypnotic effect when SXB was
used in patients with psychiatric disorders such as depression and psychosis.29,30 Following this, SXB (then called GHB)
was studied in patients with narcolepsy with cataplexy in the 1970s under the rationale that it could normalize the
disrupted nighttime sleep seen in these patients. In this early trial, SXB was found to improve nighttime sleep quality and
reduce symptoms of both EDS and cataplexy in patients with narcolepsy.31 SXB has also been used as a general
anesthetic when administered intravenously, but does not produce complete surgical anesthesia when administered alone
in adults.26

Clinical Trials and Approval
The first approval for SXB was granted in Italy and Austria in 1992 for the treatment of alcohol dependence.3 SXB has
been shown to suppress symptoms of alcohol withdrawal syndrome in humans by mimicking the effects of ethanol within
the central nervous system and leading to indirect activation of GABA type A (GABAA) receptors, converting oxybate to
GABA. However, a study published in 2021 failed to find a significant difference between SXB and placebo for the primary
efficacy endpoint of percentage of days abstinent from alcohol.32 In 2002, SXB was granted its initial approval (as Xyrem®)
by the FDA for the treatment of cataplexy in adults with narcolepsy.4 In line with its demonstrated efficacy for reducing
EDS as well as improving overall disease severity in participants with narcolepsy during a set of randomized-controlled
trials (Table 1),8–12,21,33,34 SXB was granted an additional FDA approval for the treatment of EDS in adult patients with
narcolepsy in 2005.6 In the same year, SXB also received approval for the treatment of cataplexy in patients with narcolepsy
by Health Canada’s Therapeutic Products Directorate and marketing authorization for the treatment of patients with
narcolepsy with cataplexy from the European Medicines Agency. SXB has also demonstrated efficacy for the treatment
of cataplexy and EDS in pediatric patients with narcolepsy,33 and its approval has since been extended to patients 7 years of
age and older.4,23

Oxybate Safety, Abuse, and Misuse
Although SXB has been approved as a pharmacotherapy after demonstrating clinical efficacy and safety in multiple trials,
and is approved in some countries to treat alcohol withdrawal syndrome, there is also potential for illicit use. Although
not a common adverse effect of SXB or LXB when taken therapeutically, seizures have been noted in people who misuse
GHB, likely via its effect on GABAB receptors.35 In the United States, illicit GHB is designated a Schedule I controlled
substance under the Controlled Substances Act; however, FDA-approved products containing SXB are controlled under
Schedule III.36 Schedule I includes drugs with no currently accepted medical use and high potential for abuse.37 Schedule
III includes drugs with moderate to low potential for physical and psychological dependence. In the year following
SXB’s approval by the FDA, the Xyrem® Risk Management Program (RMP) was initiated to control distribution of the
drug, thereby minimizing the potential for diversion and promoting safe use.38 This program involved the utilization of
a highly secure, centralized pharmacy as well as the implementation of both a physician and patient education program to
ensure compliance with guidelines for SXB prescription and use, and the collection of post-marketing data around safety
and incidences of misuse and abuse for consideration by the FDA.
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Table 1 Key Findings from Historical Studies of Sodium Oxybate in Narcolepsy and a Recent Study of Lower-Sodium Oxybate in Idiopathic Hypersomnia8–12,21,33,34

Study Trial Design and Dosing Efficacy Outcomes Key Efficacy Results

The US
Xyrem®

Multicenter

Study Group,
20028

Design: Multicenter, double-blind, placebo-controlled in
participants with narcolepsy with cataplexy (N=136)

Dosing: 3, 6, or 9 g/night

Primary: Change from baseline in weekly cataplexy attacks
Secondary: Change from baseline in EDS (ESS),

inadvertent daytime naps/sleep attacks, nighttime

awakenings, and clinician impression of change in disease
severity (CGI-c)

SXB dose-dependently reduced cataplexy attacks, ESS
scores, and the frequency of inadvertent naps and

nighttime awakenings, and improved CGI-c ratings, with

the largest changes at 9 g/night

The US
Xyrem®

Multicenter

Study Group,
20039

Design: 12-Month, multicenter, open-label extension trial in
participants with narcolepsy with cataplexy (N=118)

Dosing: 3–9 g/night

Primary: Change from baseline (of prior 4-week trial) in
weekly cataplexy attacks

Secondary: Change from baseline in EDS (ESS),

inadvertent daytime naps/sleep attacks, nighttime
awakenings, and clinician impression of change in disease

severity (CGI-c)

SXB reduced weekly cataplexy attacks and ESS scores
from baseline

Improvements (relative to baseline) were reported for

≈80% of patients on the CGI-c

The US

Xyrem®

Multicenter
Study Group,

200410

Design: Long-term open-label extension study with a 2-week,

double-blind, randomized withdrawal phase in patients with

narcolepsy with cataplexy (N=55)
Dosing: Individually optimized (3–9 g/night)

Primary: Change in incidence of cataplexy in patients

randomized to placebo compared with continued

SXB treatment

Mean weekly number of cataplexy attacks was stable in

participants randomized to continued SXB (n=26), but

increased significantly in participants randomized to
placebo (n=29) during the 2-week double-blind

withdrawal period

The Xyrem®

International

Study Group,
200511

Design: 8-Week, multicenter, double-blind, placebo-controlled

trial in participants with narcolepsy with cataplexy (N=228)

Dosing: 4.5, 6, and 9 g/night

Primary: Change in EDS from baseline to endpoint (ESS)

Secondary: Change in EDS (MWT) and inadvertent naps

from baseline and clinician impression of change in
disease severity (CGI-c)

Mean ESS scores and weekly inadvertent naps

decreased with SXB treatment at 6 or 9 g/night; sleep

latency on the MWT decreased with SXB treatment at
9 g/night

50%, 51.7%, and 63.8% of participants were reported as

much/very much improved on the CGI-c at the 4.5-g,
6-g, and 9-g doses, respectively, compared with 22% for

placebo

Black, 200612 Design: Multicenter, double-blind, placebo-controlled trial in

participants with narcolepsy (N=278)

Treatment groups: placebo (n=55), SXB alone (n=50), modafinil
alone (n=63), or SXB plus modafinil (n=54)

Dosing: SXB at 6 g/night (4 weeks) then 9 g/night (4 weeks)

during the double-blind period; as monotherapy or in
conjunction with modafinil (at established stable dose, 200–

600 mg/day)

Primary: Sleep latency on the MWT relative to placebo

Secondary: EDS (ESS), clinician impression of change in

disease severity (CGI-c), and subjective reports of
inadvertent naps and changes in sleep quality

Mean MWT and ESS scores improved and weekly

inadvertent naps decreased with SXB treatment alone

or in conjunction with modafinil
48.0% and 46.3% of participants in the SXB and SXB/

modafinil group were reported as much/very much

improved, respectively, compared with 21.8% in the
placebo group

SXB was superior to modafinil monotherapy on the ESS,

CGI-c, and weekly number of inadvertent naps
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Plazzi, 201833 Design: Double-blind, placebo-controlled, randomized
withdrawal multisite study and open-label investigation in

pediatric patients with narcolepsy with cataplexy (N=106)

Dosing: Individually optimized (median, 7 g/night)

Primary: Change in weekly number of cataplexy attacks
from the last 2 weeks of the stable-dose period to the 2

weeks of the double-blind treatment period

Key Secondary: Change in clinician impression of change
in cataplexy severity (CGI-c) at the end of the double-

blind treatment period and change in EDS (ESS-CHAD)

from the end of the stable-dose period to the end of
double-blind treatment period

Other Secondary: Change in CGI-c for narcolepsy

overall and SF-10 Health Survey for Children

Weekly cataplexy attacks increased, median ESS-CHAD
scores were greater, and CGI-c ratings for cataplexy

severity worsened in participants randomized to

placebo (n=32) compared with those who continued
taking SXB treatment (n=31)

CGI-c ratings for narcolepsy overall worsened in

participants randomized to placebo (59% much/very
much worse) compared with continued SXB (10%

much/very much worse)

Meaningful differences were not observed on the SF-10

Bogan, 202121 Design: Double-blind, placebo-controlled, randomized

withdrawal study in adult patients with narcolepsy with
cataplexy (N=201)

Dosing: Individually optimized (median, 7.5 g/night)

Primary: Change in weekly number of cataplexy attacks

from during the 2-week stable-dose period to during
the 2-week double-blind treatment period

Key Secondary: Change in ESS score from the end of

the stable-dose period to the end of the double-blind
treatment period

Median number of weekly cataplexy attacks and median

ESS score increased significantly in the participants
randomized to placebo (n=65) compared with those

who continued taking LXB treatment (n=69)

Dauvilliers,
202234

Design: Double-blind, placebo-controlled, randomized
withdrawal study in adult patients with idiopathic hypersomnia

(N=154)

Dosing: Individually optimized (median, 4.5 g/night for once
nightly, 7.5 g/night for twice nightly)

Primary: Change in EDS (ESS) from the end of the
2-week stable-dose period to the end of the 2-week

double-blind treatment period

Key Secondary: Change in PGI-c at the end of the
double-blind treatment period and change in Idiopathic

Hypersomnia Severity Scale (IHSS) total score from the

end of the stable-dose period to the end of the double-
blind treatment period

ESS scores, PGI-c ratings, and IHSS total scores
worsened in participants randomized to placebo (n=59)

compared with those who continued taking LXB

treatment (n=56)
PGI-c ratings worsened in participants randomized to

placebo (88% minimally/much/very much worse)

compared with continued LXB (21% minimally/much/
very much worse)

Abbreviations: CGI-c, Clinical Global Impression of Change; EDS, excessive daytime sleepiness; ESS, Epworth Sleepiness Scale; ESS-CHAD, Epworth Sleepiness Scale for Children and Adolescents; IHSS, Idiopathic Hypersomnia Severity
Scale; LXB, lower-sodium oxybate; MWT, maintenance of wakefulness test; PGI-c, Patient Global Impression of Change; SXB, sodium oxybate.
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A review of post-marketing safety data collected in the 5 years following approval found that, among approximately
26,000 patients prescribed SXB, there were 14 cases of SXB abuse reported worldwide.6 Cases of potential abuse
included inappropriate daytime use, solicitation of a higher dose, intentional overdose, and providing the drug to others;
10 patients (0.039%) met the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition criteria for substance
abuse. Of the approximately 600,000 bottles of SXB distributed during the study timeframe, 5 (0.0009%) were diverted
and used by someone other than the intended patient.6

The Xyrem® Risk Evaluation and Mitigation Strategy (REMS) program began in 2015, succeeding the prior RMP.
Following the approval of LXB, this program was expanded to include Xywav. Data collected from 17,037 patients in the
REMS over 2016 and 2017 evidenced that controlled access to SXB was maintained, with no patients shipped SXB
under more than 1 name or under overlapping active prescriptions.13 Thirteen out of 146,426 (0.009%) shipments and 26
out of 375,173 (0.007%) bottles of SXB were lost and unrecovered. Additionally, few notifications regarding abuse (n =
31), misuse (n = 343), or diversion (n = 22) were discussed by the central pharmacy with providers.

These data illustrate that the restricted distribution and patient and physician education programs employed to prevent
SXB misuse and diversion have been effective, and that the abuse potential for prescribed oxybate medications is low.

The Symptomatology of Narcolepsy
Narcolepsy is a commonly used name of 2 central disorders of hypersomnolence (type 1 [NT1] and type 2 [NT2]), with an
estimated overall prevalence of 30.6 to 56.3 per 100,000 persons in the United States and 1 per 2000 persons globally.39–42

The core symptom of narcolepsy is EDS (cataplexy, which is sudden loss of muscle tone, is observed only in NT1); patients
also often experience hypnagogic/hypnopompic hallucinations, sleep paralysis, and disrupted nighttime sleep.41–44 The
symptomatology associated with narcolepsy is hypothesized to result in part from a combination of genetic predisposition
and environmental triggers that lead to improper or reduced functioning of the hypocretin-producing neurons.45 In terms of
cataplexy, the exact neural mechanisms are unknown, but it has been hypothesized to result from the inappropriate
occurrence of REM sleep paralysis during periods of wakefulness.46 During wakefulness in healthy individuals, hypocretin-
producing neurons stimulate locus coeruleus neurons, which suppress REM sleep and provide excitatory input to motor
neurons to maintain muscle tone.46,47 When there is a loss of hypocretin-producing neurons, this pathway can become
unstable, weakening the suppression of REM sleep and allowing episodes of motor neuron inhibition (manifested as episodes
of cataplexy) to occur more easily during wakefulness.47 Importantly, however, deficiency of hypocretin (also called orexin)
does not always lead to narcolepsy, and not all patients with narcolepsy have impaired hypocretin circuitry.45

The Mechanism of Action for Oxybate’s Therapeutic Effect
Despite its long history of study and demonstrated efficacy for reducing symptoms of narcolepsy, SXB’s mechanism of
action remains largely unknown. The physiological regulation of sleep is coordinated across multiple systems of wake-
promoting and sleep-promoting neuron groups.48 Although a pathological loss of the neuropeptide hypocretin underlies
NT1,45,49 SXB’s therapeutic effect is not thought to depend on modulating the hypocretin system. Instead, SXB’s
therapeutic effects on cataplexy and EDS are hypothesized to be driven through the GABAB receptor at noradrenergic
and dopaminergic neurons, as well as at thalamocortical neurons (Figure 1).4,50–59

GABA
GABA is the primary inhibitory neurotransmitter in the central nervous system, and is active at 3 receptors, GABAA,
GABAB, and GABAC.60 GABAergic neurons in the sleep-promoting ventrolateral preoptic nucleus and median
preoptic nucleus strongly innervate and inhibit wake-promoting dopaminergic neuron groups in the ventral tegmental
area and noradrenergic neuron groups in the locus coeruleus, suppressing their activity and thereby allowing sleep to
occur.61 SXB, when metabolized to GHB, binds to both the GHB-specific receptor and the GABAB receptor, but is
thought to primarily exert its therapeutic effects through the GABAB receptor. Several lines of evidence support this,
including the findings that most actions of exogenous GHB have been shown to be blocked by GABAB receptor
antagonists and that GHB has minimal behavioral or physiological effects in mice lacking functional GABAB

receptors.51
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Dopamine
Dopamine is a monoaminergic neurotransmitter that is involved in the regulation of sleep-wake states through its actions
in the striatum and ventral tegmental area and is involved in the therapeutic response to many wake-promoting
therapeutics.62 Such agents primarily increase extracellular dopamine levels either by blocking its reuptake (eg,
modafinil, methylphenidate) or by enhancing its release from presynaptic terminals (eg, amphetamine).63,64 The ventral
tegmental area contains a high concentration of endogenous GHB, indicating that GHB has the potential to modulate the
activity of dopamine neurons.24

In hypocretin knockout mice, specific activation of dopamine-1 receptors decreased sleep attacks, whereas specific
blockade of the same receptors increased sleep attacks. Specific activation and blockade of dopamine-2 receptors increased
and decreased cataplexy, respectively, indicating that dopamine could differentially impact on symptoms of narcolepsy in
a receptor-specific manner.65 SXB has been shown to inhibit dopaminergic neuron activity,57,66,67 which is later followed by
enhanced release of dopamine.56 This mechanism is hypothesized to acutely promote sleep during the night by suppressing
dopamine concentrations when oxybate levels are high and to enhance wakefulness during the day as the accumulated
dopamine is subsequently released. Chronic treatment with SXB increases dopamine-1 and dopamine-2 receptor mRNA
expression,59 possibly contributing to the therapeutic effect on cataplexy, which takes several weeks to manifest.65

Norepinephrine
Norepinephrine (also called noradrenaline) is another monoaminergic neurotransmitter implicated in the control of
muscle tone and sleep.68 Noradrenergic neurons are prominent in the locus coeruleus where they exhibit sleep/wake-
dependent activity, with their highest activity during wakefulness and inactivity during rapid-eye movement (REM)
sleep. Norepinephrine re-uptake inhibitors reduce narcoleptic episodes in hypocretin-deficient mice.69 No prominent
differences were observed for cerebrospinal fluid levels of monoamines, their metabolites, and trace amine levels, and
few associations were found between those molecules and important clinical or neurophysiological parameters in
NT1, narcolepsy type 2 (NT2), idiopathic hypersomnia, and participants without objective sleepiness.70

Because the therapeutic effect of oxybate is not thought to be dependent on the hypocretin system, the precise mechanism
via which oxybate may improve cataplexy is still unclear. In rats, sustained oxybate administration attenuated the evoked

Neurobiological Effects 

Oxybate

Effects on 
dopamine 
neurons

Altered
thalamocortical 
networks

Effects on 
norepinephrine
neurons

• Decreased dopaminergic activity (Pardi  2006)

• Accumulation and storage of newly 
formed dopamine is increased
(Roth 1976;Spano 1971;Howard 1996;Aghajanian 1970)

• Enhanced dopamine release occurs after 
initial inhibition (Hechler 1991)

• Increased dopamine -1/2 receptor mRNA 
expression with long- term treatment
(Schmidt Mutter 1999)

• SXB inhibits thalamocortical neurons
(Pardi 2006;Crunelli 2006)

• Inhibition leads to slow-wave sleep
activity mode (Crunelli 2006)

• Decreased noradrenergic activity, in part 
via GABAB(Roth 1973;Szabo 2004)

• Increased norepinephrine synthesis and 
utilization (Pardi 2006)

• Enhanced norepinephrine release occurs 
after initial inhibition (Szabo 2004)

Hypothetical Role in 
Symptom Improvement 

• Improved nighttime 
sleep

• Improved daytime 
wakefulness

• Improvement of 
cataplexy

• Improved nighttime 
sleep

• Improved daytime 
wakefulness

• Improvement of 
cataplexy

• Improved nighttime 
sleep

• Improved daytime 
wakefulness

Experimental Evidence

Effects on 
GABAergic 
neurons

• SXB is the sodium salt of GHB(Pardi 2006)

• GHB is a metabolite of GABA (Pardi 2006)

• GHB actions are mediated by GABAB

receptors (Crunelli 2006)

• GABA- mediated 
inhibitory effects 
on arousal

Figure 1 Neurobiological effects of oxybate. Data from 4,50–59

Abbreviations: GABA, gamma-aminobutyric acid; GHB, gamma-hydroxybutyrate; mRNA, messenger ribonucleic acid; SXB, sodium oxybate.
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burst firing of norepinephrine neurons in the locus coeruleus,58 which are known to be inhibited in a GABAB-dependent
manner.71 Similar to what has been hypothesized for dopamine, SXB is therefore hypothesized to improve symptoms of
narcolepsy by inhibiting noradrenergic signaling at night to promote improved sleep and allow for the accumulation of
synaptic norepinephrine, which may subsequently increase wakefulness and reduce cataplexy during the day.

Thalamocortical Neurons
Experimental evidence has also demonstrated that SXB specifically inhibits thalamocortical neurons through a GABAB-
dependent mechanism, which may increase slow-wave sleep and improve sleep consolidation.51,72–75 This improvement
in nighttime sleep quality is likely to be beneficial for daytime alertness. The therapeutic effect of oxybate medications on
the diverse symptomatology of narcolepsy is therefore likely to involve a multifaceted modulation of multiple neuronal
groups across several brain areas regulating sleep and muscle tone.

Rationale for the Development of Lower-Sodium Oxybate
Patients with narcolepsy have a high comorbidity burden, including both medical and psychiatric diseases.76,77 Of
particular relevance to SXB, patients with narcolepsy are more likely to be obese and have higher odds for developing
multiple cardiovascular diseases (CVDs), including hypertension, stroke, myocardial infarction, and heart failure,
especially when treated with wake-promoting agents.78–81 Hypocretin is thought to regulate autonomic processes in
sync with sleep/wake cycles, and hypocretin deficiency in NT1 is associated with disrupted nighttime blood pressure
regulation, resulting in attenuated nocturnal blood pressure dipping (an independent risk factor for the development of
CVD).82–85 Furthermore, consumption of dietary sodium and sodium-containing medications is associated with increased
cardiovascular risk in the general population,15–17 and the FDA recently published guidelines seeking to reduce dietary
sodium intake.19

In 2019, the National Academy of Sciences, Engineering, and Medicine established 2300 mg/day as the Chronic
Disease Risk Reduction (CDRR) intake at which sodium reduction is expected to reduce chronic disease risk within an
apparently healthy, adult population; thresholds are as low as 1200 mg/day in children.86 At the recommended dosages in
adults with narcolepsy (6–9 g/night), SXB contributes 1100–1640 mg to daily sodium intake. For pediatric doses of 1–9
g/night, SXB contributes 182–1640 mg sodium per day.4 In consideration of the high sodium content of SXB and the
cardiovascular risk in patients with narcolepsy, LXB was developed as an alternative to SXB. As previously noted, LXB
contains the same active moiety as SXB, but has a unique composition of calcium, magnesium, potassium, and sodium
cations resulting in 92% less sodium (87–131 mg in the dose range of 6–9 g/night).21 By preserving the active oxybate
moiety but reducing the total sodium content, LXB is thought likely to reduce CVD risk for patients with narcolepsy
relative to treatment with SXB.18

Early Development of LXB and Pharmacokinetics Data
In an effort to reduce the sodium content of oxybate-containing medications, the first patent application for a mixed-cation
oxybate formulation was filed by Jazz Pharmaceuticals in 2012 and granted in 2013.87 Key considerations in developing a new
formulation included reduced sodium across all dosages, cation concentrations well within dietary reference intake guidelines,
and the management of cation levels per dose to minimize the potential for adverse effects. It was also deemed important to
maintain the concentration of oxybate at the same concentration found in SXB (0.413 g/mL; 3.96M) and to preserve the same
total oxybate salts concentration as in SXB (0.5 g/mL) to simplify dosing and transitioning from SXB. A multiple-cation
formulation was therefore pursued in order to avoid exceeding recommended intake levels for any individual cation.

A set of preclinical studies was therefore carried out to identify the best candidate formulation with which to
move forward.87 One such preclinical study found that oxybate permeability was similar for individual cations and
mixed-cation formulations in vitro and that there was no difference in gastrointestinal motility in mice when
comparing SXB with individual-cation oxybates (potassium, calcium, or magnesium oxybate) or with comparing
SXB with 2 mixed-cation oxybate formulations. A PK study comparing individual- and mixed-cation formulations in
rats found that plasma concentration-time (area under the curve [AUC]) values were greatest for SXB and lowest for
magnesium oxybate and mixed-cation formulations. Finally, a bioavailability study in dogs comparing SXB and 2
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doses of a mixed-cation oxybate demonstrated bioequivalence between both formulations based on the maximum
plasma concentration (Cmax) and AUC. Based on these studies, 2 lead mixed-cation candidates containing different
formulations of cations were identified for further exploration, JZP-507 and LXB, with 50% and 92% less sodium
than SXB, respectively. The amounts of calcium, magnesium, potassium, and sodium in LXB are all within
recommended intake levels, even at the highest recommended dose, and are thus unlikely to be associated with
adverse effects.87

In Phase 1 PK studies, JZP-507 demonstrated bioequivalence (similar AUC and Cmax) compared with SXB, whereas
LXB compared with SXB had a similar AUC but a lower Cmax and delayed time to Cmax (tmax).20 Since absorption of
oxybate is primarily mediated by active transport and dependent on sodium concentration, this delayed absorption is
hypothesized to be due to the reduced sodium content in LXB.88 Though LXB was not bioequivalent to SXB and thus
required a phase 3 clinical trial for regulatory approval, a decision was made to pursue this formulation over JZP-507
given its greater reduction in sodium content.

Key Data from the Phase 3 Study of LXB for Adult Patients with
Narcolepsy
In 2017, the first pivotal study of LXB was begun; the clinical trial had a placebo-controlled, double-blind, randomized
withdrawal design and was conducted in adult participants with narcolepsy with cataplexy (15–006; NCT03030599;
Table 1).21 Participants could enter this study taking either SXB alone, SXB plus other anticataplectics, or other
anticataplectics alone, or they could be anticataplectic treatment naive. Enrolled participants tapered and eventually
stopped anticataplectics during a 12-week open-label optimized treatment and titration period, during which all
participants were titrated to their individually optimized dose of LXB with a maximal increase of 1.5 g/night/week
(up to a maximum total dose of 9 g/night). The titration rate in the clinical study was the same as is recommended in the
labels for LXB and SXB.4,7,23 Following a 2-week stable-dose period (SDP), participants were randomized 1:1 to either
continue LXB treatment or switch to placebo during a 2-week, double-blind, randomized withdrawal period (DBRWP).
Participants then completed a 2-week safety follow-up period with optional enrollment into a 24-week open-label
extension study.

LXB demonstrated efficacy for the treatment of both cataplexy and EDS in narcolepsy. Changes in the frequency of
cataplexy attacks and cataplexy-free days during open-label LXB treatment in the OLOTTP and SDP depended on the
type of treatment at study entry (Figure 2). Randomization to placebo treatment during the DBRWP (n = 65) was
associated with a median increase of 2.35 in the weekly number of cataplexy attacks, whereas the median change was
0.00 in participants (n = 69) randomized to continued LXB treatment. Randomization to placebo treatment during the
DBRWP was associated with a median increase of 2.0 in Epworth Sleepiness Scale (ESS) score from the end of SDP,
whereas the median change was 0.0 in participants randomized to continued LXB treatment. Participants randomized to
placebo during the DBRWP evidenced worsening on the Patient Global Impression of Change and Clinical Global
Impression of Change measures, as well as poorer results on quality of life measures (36-item Short-Form Health Survey
Version 2 and EuroQoL EQ-5D-5L visual analog scale) relative to those who continued LXB.21

LXB’s safety profile in this trial was similar to that previously described for SXB,4,8,10–12 though participants
transitioning from SXB to LXB had a lower overall incidence of the most common treatment-emergent adverse events
(TEAEs; headache, nausea, and dizziness). In a post hoc analysis, it was reported that the majority of TEAEs with LXB
occurred early in the study and were generally of short duration (except for decreased appetite).89 This is consistent with
findings on the timing of the incidence of TEAEs in clinical trials of SXB in participants with narcolepsy.90

Although there are insufficient data on the developmental risk associated with the use of either LXB or SXB in
pregnant women, the prescribing information for both medicines contains a warning that they may cause fetal harm based
on data in animals.4,23 Although there was no conclusive evidence of developmental toxicity in rats or rabbits
administered SXB during organogenesis, oral administration to rats (during pregnancy and lactation) at clinically relevant
doses led to increased stillbirths and lower offspring viability and growth. Further, it is known that GHB is excreted in
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human milk after oral administration of SXB, but there is a lack of evidence relating to the impact of SXB or LXB on
breast milk production in mothers or any associated risk for a breastfed infant.

The hypothesis that reducing the sodium content in LXB may reduce the CVD risk for patients with narcolepsy has
not been confirmed. The pivotal clinical trial of LXB in narcolepsy was designed to establish efficacy and the overall
safety profile, but was not designed to assess cardiovascular risk (such as with surrogate endpoints including ambulatory
blood pressure monitoring or measures of endothelial functioning81). Additional research comparing cardiovascular
outcomes between patients with narcolepsy taking different oxybate formulations would be of interest; however, such
trials would be difficult or impossible to conduct, given that narcolepsy is a rare disease and the studies would require
long-term follow-up of large populations. Nonetheless, prior research has demonstrated that CVD risk and cardiovascular
risk factors are elevated in patients with narcolepsy compared with controls.78–81 Furthermore, the FDA continues to
stress the importance of reducing total sodium intake in the general population, given the well-established role of high
sodium intake as a cardiovascular risk factor.19,91,92 Finally, the FDA has recognized the clinical superiority of LXB as
compared with SXB in patients with narcolepsy, specifically because of the greatly reduced chronic sodium burden and
expected clinically meaningful reductions in cardiovascular morbidity in a substantial proportion of patients for whom
the drug is indicated.18

Approval of LXB for Pediatric Patients with Narcolepsy
Together with its approval for adult patients with narcolepsy, LXB was also granted FDA approval for pediatric patients
with narcolepsy. The FDA approved LXB for use in this population in the absence of a separate registration trial.22

Instead, pediatric approval was granted based on the established efficacy and safety of SXB in this population, the
equivalent efficacy and safety of SXB and LXB in adults, and population PK studies.

A clinical study of SXB in pediatric patients with narcolepsy93 showed that SXB had comparable efficacy in
pediatric and adult participants, while clinical studies of LXB21 and SXB8,10 demonstrated comparable efficacy across
both formulations in adults. It was therefore hypothesized that LXB and SXB were likely to have similar efficacy in
pediatric patients. As discussed previously, a PK study of SXB and LXB in healthy adult participants found that LXB
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had a later tmax, and a lower Cmax, but a similar AUC compared with SXB.20 The PK properties of SXB also were
determined to be similar in both adults and children with narcolepsy based on 2 additional PK studies.94,95 A population
PK model previously developed to support the SXB pediatric regulatory filing was then adapted to include data from
LXB95; this model identified that weight was the major contributing factor to oxybate PK for both SXB and LXB, and
showed that a similar dose-exposure relationship existed for SXB and LXB in both adult and pediatric participants with
narcolepsy.

Based on comparable efficacy of SXB and LXB in adults with narcolepsy, the demonstrated efficacy of SXB in
children and adolescents with narcolepsy, and similar modeled adult and pediatric population PK for SXB and LXB,
regulatory approval was granted for the use of LXB to treat cataplexy or EDS in pediatric patients (7 years of age and
older) with narcolepsy.23 The weight-based dosing recommendations for LXB in pediatric patients are the same as those
for SXB, and prescribers may transition their SXB dose gram-for-gram to LXB.

Guidelines on Oxybate Use in Patients with Central Disorders of
Hypersomnolence
In 2007, SXB was recommended by the American Academy of Sleep Medicine (AASM) as a standard of care for the
treatment of cataplexy, EDS, and disrupted nighttime sleep due to narcolepsy, with an optional recommendation for its
use in the treatment of hypnagogic hallucinations and sleep paralysis.96 In 2021, an update to these guidelines was
published based on literature searches performed in 2017, 2018, and August 2020 that were reviewed using the Grading
of Recommendations Assessment, Development and Evaluation (GRADE) framework. SXB was given a strong recom-
mendation for its use in narcolepsy in adults, based on the findings that treatment with SXB led to clinically significant
improvements in cataplexy, EDS, and overall disease severity.1,97 SXB was also given a conditional recommendation for
the treatment of pediatric narcolepsy due to its demonstrated clinical improvements in EDS, cataplexy, and disease
severity, but the quality of the evidence was downgraded in accordance with the GRADE framework, as fewer than 100
patients were analyzed in the clinical trial of SXB in pediatric participants with narcolepsy. SXB was also given
a conditional recommendation for its use in other disorders of central hypersomnolence (idiopathic hypersomnia and
hypersomnia secondary to alpha synucleinopathies [Parkinson’s disease]), reflecting its potential for the treatment of EDS
outside of narcolepsy.

A corresponding update to the European guidelines on the management of narcolepsy in adults and children was
developed by a task force nominated by the European Academy of Neurology, European Sleep Research Society, and
European Narcolepsy Network. Following a systematic literature review performed from July to October 2018, and an
updated literature review in July 2020, the task force strongly recommended SXB in adults for the treatment of EDS,
cataplexy, and disrupted nighttime sleep, with a weak recommendation for the treatment of sleep paralysis/hypnagogic
and hypnopompic hallucinations.2 In pediatric patients (>6 years of age), SXB was strongly recommended for the
treatment of cataplexy and EDS, and given a weak recommendation for the treatment of disrupted nighttime sleep, sleep
paralysis, and hypnagogic and hypnopompic hallucinations.

Though LXB demonstrated comparable efficacy and safety to SXB in its phase 3 trial,21 as previously discussed,
these data were not considered during the development of either set of 2021 guidelines. This was not due to the quality of
evaluable evidence; rather, LXB was excluded because the publication of the data on its pivotal trial (in October 2020)
came after the final update to the literature searches performed by either task force.

Perspectives on Future Directions in Oxybate Development and Clinical
Use
Despite a nearly 70-year history of research and clinical use, advancements in the field of oxybate-based medications are
ongoing and include both the development of new formulations and the assessment of oxybate for use in patients with
other disease states. Based on the current knowledge of oxybate’s mechanism of action and its utility in patients with
EDS without hypocretin deficiency (such as NT2 and idiopathic hypersomnia), oxybate can improve sleepiness even
without the hypocretin deficiency observed in NT1. As such, oxybate-based medications are therefore likely to be
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effective for multiple hypersomnolence disorders. SXB was given a conditional recommendation for the treatment of
EDS in idiopathic hypersomnia in the 2021 AASM guidelines, and LXB is now approved by the FDA for the treatment
of idiopathic hypersomnia in adults on the basis of a pivotal study.98 In the pivotal study in participants with idiopathic
hypersomnia (Table 1), LXB met the primary efficacy endpoint (change in ESS score from the end of SDP to the end of
DBRWP) and key secondary endpoints (score change in the Idiopathic Hypersomnia Severity Scale [a reliable and valid
clinical tool for the quantification of idiopathic hypersomnia symptoms and consequences99] and Patient Global
Impression of Change rating from the end of SDP to the end of DBRWP) and showed a similar safety profile to that
in patients with narcolepsy.34

Though there are no ongoing trials examining the use of LXB in participants with hypersomnolence or muscle-related
disorders currently registered with the US National Institutes of Health, active trials for SXB (as of July 2021) include
studies examining its use for spasmodic dysphonia and voice tremor, nocturnal memory consolidation in major
depressive disorder, and REM sleep behavior disorder.

Another progression in the field of oxybate is the development of extended-release formulations that seek to
overcome the need to dose oxybate twice per night. Two candidates currently in development are Avadel’s FT218,
which was examined in the REST-ON pivotal phase 3 study and is currently under FDA review for use in patients with
narcolepsy,100 and Jazz Pharmaceuticals’ JZP324, which is currently in phase 1 clinical trials. Data from the REST-ON
trial showed that once-nightly FT218 improved EDS (as measured by sleep latency on the Maintenance of Wakefulness
Test) in patients with NT1 or NT2 and reduced the weekly number of cataplexy attacks (in patients with NT1).101 If
approved, FT218 may therefore offer an alternative dosing schedule, but is not reported to have a reduction in sodium
relative to SXB. In contrast, JZP324 uses a lower-sodium formulation of oxybate and, pending results of clinical studies,
could potentially offer once-nightly dosing in conjunction with the hypothesized cardiovascular benefit associated with
reduced sodium intake compared with SXB. In addition, a novel analog of oxybate that does not contain sodium or other
cations, XWPharma’s XW10172, has also been designed to deliver oxybate in a once-nightly dosing regimen. Recent
clinical studies evaluating the safety, tolerability, and PK profile of XW10172 support its progression into further clinical
development studies.102

Conclusion
In conclusion, LXB, which contains a unique formulation of calcium, magnesium, potassium, and sodium ions,
represents a significant advancement in the clinical use of oxybate-based medication for patients with narcolepsy,
idiopathic hypersomnia and, potentially, other central disorders of hypersomnolence. Developed as an alternative to
SXB in response to a need to reduce sodium intake in an already at-risk patient population, LXB offers similar efficacy
and safety to SXB, with 92% less sodium, and can be directly transitioned dose-for-dose in both adult and pediatric
patients with narcolepsy. LXB has recently been shown to be efficacious in reducing EDS not only in patients with
narcolepsy, but also in those with idiopathic hypersomnia.

Abbreviations
AASM, American Academy of Sleep Medicine; AUC, area under the curve; CGI-c, clinician global impression of
change; Cmax, maximum plasma concentration; CVD, cardiovascular disease; DBRWP, double-blind randomized-
withdrawal period; EDS, excessive daytime sleepiness; ESS, Epworth Sleepiness Scale; FDA, US Food and Drug
Administration; GABA, gamma-aminobutyric acid; GHB, gamma-hydroxybutyrate; GRADE, Grading of
Recommendations Assessment, Development and Evaluation; LXB, lower-sodium oxybate; mRNA, messenger ribonu-
cleic acid; NT1, narcolepsy type 1; NT2, narcolepsy type 2; PGI-c, Patient Global Impression of Change; PK,
pharmacokinetic; REM, rapid-eye movement; REMS, risk evaluation and mitigation strategy; RMP, risk management
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