
2278 |     Clin Transl Sci. 2021;14:2278–2287.www.cts-journal.com

Received: 1 October 2020 | Revised: 29 April 2021 | Accepted: 18 May 2021

DOI: 10.1111/cts.13087  

A R T I C L E

Pharmacokinetics, bioavailability, and bioequivalence of  
lower- sodium oxybate in healthy participants in two open- label, 
randomized, crossover studies

Cuiping Chen |   Jack Jenkins |   Katie Zomorodi |   Roman Skowronski

This is an open access article under the terms of the Creat ive Commo ns Attri bution-NonCo mmercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and Therapeutics

Jazz Pharmaceuticals, Inc, Palo Alto, 
California, USA

Correspondence
Cuiping Chen, Jazz Pharmaceuticals, 
3170 Porter Drive, Palo Alto, CA 94304, 
USA.
Email: Cuiping.Chen@jazzpharma.com

Funding information
This study was sponsored by Jazz 
Pharmaceuticals.

Abstract
American Academy of Sleep Medicine practice parameters designate sodium oxybate 
(SXB) as a standard of care for cataplexy, excessive daytime sleepiness (EDS), and 
disrupted night- time sleep in narcolepsy. Recently, a lower- sodium oxybate (LXB) 
with 92% less sodium than SXB was approved in the United States for the treatment 
of cataplexy or EDS in patients 7 years of age and older with narcolepsy. Two phase 
I, open- label, randomized, single- dose crossover pharmacokinetic studies in healthy 
adults were conducted. Single 4.5- g oral doses of LXB and SXB were administered in 
a fasted or fed state. In the fasted state at equivalent oxybate doses, LXB, compared 
with SXB, had a lower maximum plasma concentration (Cmax; study 1 [total aque-
ous volume, 240 ml]: 101.8 vs. 135.7 µg/ml; study 2 [60 ml]: 94.6 vs. 123.0 μg/ml), 
delayed time to Cmax (Tmax; study 1: 0.75 vs. 0.5 h; study 2: 1.0 vs. 0.5 h), but simi-
lar area under the curve (AUC; study 1: AUC0- t, 235.4 vs. 263.9 μg∙h/ml; AUC0- ∞, 
236.5 vs. 265.2 μg∙h/ml; study 2: AUC0- t, 241.5 vs. 254.7 μg∙h/ml; AUC0- ∞, 243.1 
vs. 256.3 μg∙h/ml). Bioequivalence criteria were met for AUC but not Cmax (both 
studies). Cmax and AUC were lower under fed than fasted conditions (LXB and SXB); 
differences between fed versus fasted were smaller for LXB than SXB. These phar-
macokinetic differences between LXB and SXB are likely due to the lower sodium 
content in LXB. Pooled analyses demonstrated that a higher Cmax is associated with a 
higher incidence of nausea and vomiting.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Sodium oxybate (SXB) and lower- sodium oxybate (LXB) are approved in the United 
States for the treatment of cataplexy or excessive daytime sleepiness in patients greater 
than or equal to 7 years of age with narcolepsy. The pharmacokinetics (PK) of SXB 
includes a negative food effect (reduced maximum plasma concentration [Cmax] and 
area under the curve [AUC]) and greater than dose- proportional increase in exposure.
WHAT QUESTION DID THIS STUDY ADDRESS?
What are the relative bioavailability and bioequivalence of LXB and SXB in the 
fasted state, and how is the PK of LXB affected by food?
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INTRODUCTION

Narcolepsy is a lifelong neurologic disorder characterized 
by a pentad of symptoms: excessive daytime sleepiness 
(EDS), cataplexy, disrupted night- time sleep, sleep- related 
hallucinations (hypnagogic and hypnopompic), and sleep 
paralysis.1 Symptom onset typically occurs in adolescence 
or early adulthood, but diagnosis may be delayed by 10 years 
or more due to lack of symptom recognition by healthcare 
professionals.2

The American Academy of Sleep Medicine practice 
parameters designate sodium oxybate (SXB; Xyrem) as a 
standard of care for cataplexy, EDS, and disrupted night- 
time sleep in narcolepsy.3 SXB is approved in the United 
States for cataplexy or EDS in patients greater than or equal 
to 7 years of age with narcolepsy.4 The safety and efficacy 
of SXB for the treatment of cataplexy and EDS in adults and 
children/adolescents with narcolepsy have been established 
in randomized controlled trials; commonly observed adverse 
events included nausea and vomiting.5– 9 The therapeutic ef-
fects of SXB in narcolepsy are hypothesized to be mediated 
through effects at gamma- aminobutyric acid B (GABAB) 
receptors on noradrenergic, dopaminergic, and thalamocor-
tical neurons.4

SXB is administered orally as a solution, diluted before 
ingestion with 60 ml water, with the total nightly dose typ-
ically divided into two doses, the first at bedtime and the 
second 2.5– 4 h later. The effective dosage range in adults 
is 6– 9  g/night.4 In pediatric patients, dosing is based on 
weight, with an effective dose range of 3– 9 g/night.4,5 The 
pharmacokinetics (PK) of SXB has been characterized in 
adult and pediatric populations.6 SXB is rapidly absorbed 
(average time to reach maximum plasma concentration 
[Tmax], 0.5– 1.25 h) and quickly metabolized and eliminated 
from the body (average half- life, 0.5– 1 h).4 Dosing recom-
mendations include the instruction to allow 2 h after eating 
before dosing due to the known effect of food, which causes 
a reduction in exposure with administration immediately 

following ingestion of a high- fat meal, compared with the 
fasted state.4

At the recommended adult dosage (6– 9  g/night), SXB 
contributes 1100– 1640  mg to daily sodium intake.4 The 
American Heart Association recommends total daily sodium 
intake of less than 1500 mg as ideal and less than 2300 mg 
as the upper limit.7 The National Academy of Sciences es-
tablished 2300 mg/day as the sodium Chronic Disease Risk 
Reduction Intake.8 Reductions in sodium intake have been 
shown to reduce blood pressure and risk of hypertension and 
cardiovascular disease.9,10

Calcium, magnesium, potassium, and sodium oxybates 
(lower- sodium oxybate [LXB]; Xywav; formerly designated 
JZP- 258) is a novel oxybate medication with a unique com-
position of cations resulting in 92% less sodium compared 
with SXB (a reduction of 1013– 1509 mg at a dosage range 
of 6– 9 g/night, from 1100– 1640 mg with SXB to 87– 131 mg 
with LXB). Like SXB, LXB is approved in the United States 
for the treatment of cataplexy or EDS in patients 7 years of 
age and older with narcolepsy.11 In a phase III clinical trial 
in participants with narcolepsy with cataplexy, LXB demon-
strated positive effects on cataplexy and EDS, compared 
with placebo.12 The active moiety of LXB, oxybate (gamma- 
hydroxybutyrate), is the same as for SXB, and the mechanism 
of action is considered to be the same.4,13

The primary objectives of the studies described in this 
article were to compare the bioavailability and bioequiv-
alence of LXB and SXB in the fasted state and assess the 
effect of food (high- fat, high- calorie meal) on the PK pa-
rameters of LXB and SXB. Additional objectives were to 
examine the effect of the volume of water taken with the 
medication on the PK parameters of LXB and to evaluate 
the safety and tolerability of LXB and SXB following a 
single dose in healthy volunteers. Post hoc analyses were 
conducted to compare the magnitude of the food effect be-
tween LXB and SXB and evaluate the relationship between 
oxybate PK parameters and adverse events (AEs) of nausea 
and vomiting.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
At equivalent oxybate doses, in the fasted state, LXB had a lower Cmax, delayed time 
to Cmax, and similar AUC versus SXB (bioequivalence criteria met for AUC). Cmax 
and AUC were lower under fed conditions (LXB and SXB); reduction in Cmax with 
food was less for LXB compared with SXB. Lower oxybate Cmax was associated with 
lower incidence of nausea and vomiting.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
PK differences between LXB and SXB may stem from reduced sodium. LXB repre-
sents a novel oxybate treatment for narcolepsy.
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METHODS

Study design and participants

Data from two phase I, open- label, randomized, single- dose 
crossover studies (13– 010 [study 1] and JZP258- 101 [study 
2]) were included in these analyses. Eligible participants 
were healthy adults 18– 50 years (study 1) or 18– 45 years of 
age (study 2), with a body mass index (BMI) between 18 
and 30 kg/m2 (study 1) or between 20 and 30 kg/m2 (study 
2). The study protocol also specified that eligible participants 
were White and not Hispanic or Latino.

Study 1 comprised two parts. In part 1, the PK, relative 
bioavailability, bioequivalence, and food effect for LXB com-
pared with SXB, administered in single doses under fasted 
and fed conditions, were evaluated (primary objective). In 
part 2, the PK of LXB at a lower dose (2.25 g) was evaluated 
under fasted conditions, in addition to evaluations of other 
oxybate formulations (not reported here). Separate cohorts of 
participants were enrolled for each part of the study.

In study 1, part 1, participants were randomized to receive 
the following treatments, on different days (with a minimum 
1- day washout period separating each crossover treatment), 
in one of four treatment sequences (Table  S1): 4.5  g LXB 
(240 ml) under fasted conditions (treatment A), 4.5 g LXB 
(240  ml) under fed conditions (treatment B), 4.5  g SXB 
(240  ml) under fasted conditions (treatment C), and 4.5  g 
SXB (240 ml) under fed conditions (treatment D; Table S1). 
SXB and LXB were supplied as 500- mg/ml solutions. 
Participants took a 9- ml volume of drug solution (4.5 g SXB 
or LXB) diluted with 51 ml of water; this 60- ml solution was 
taken with an additional 180 ml of water, for a total volume 
of 240 ml. Throughout this article, we will refer to the water 
volume in these treatments as 240 ml. In study 1, part 2, par-
ticipants received 2.25 g LXB (240 ml; treatment E). For this 
treatment, a 4.5- ml volume of LXB 500 mg/ml oral solution 
(2.25 g) was diluted with 51 ml of water, and then taken with 
180 ml of water.

In study 2, the relative bioavailability and bioequiva-
lence of LXB were compared with SXB (primary objective); 
the effects of food (secondary objective) and water volume 
(exploratory measure) on oxybate PK were also evaluated. 
Participants were randomized, stratified by sex, to receive 
the following treatments, on different days (with a minimum 
1- day washout period separating each crossover treatment), 
in one of six treatment sequences: 4.5 g LXB (60 ml) under 
fasted conditions (treatment F); 4.5  g SXB (60  ml) under 
fasted conditions (treatment G); 4.5 g LXB (60 ml) under fed 
conditions (treatment H); 4.5 g SXB (60 ml) under fed con-
ditions (treatment I); 4.5 g SXB (240 ml) under fasted con-
ditions (treatment J); and 4.5 g LXB (240 ml) under fasted 
conditions (treatment K; Table S1). Throughout this article, 

we will refer to the water volume in study 2, treatments F, G, 
H, and I as 60 ml and in treatments J and K as 240 ml.

In studies 1 and 2, for fasted conditions, participants re-
ceived study drug in the morning following a 10- hour fast 
and continued fasting for an additional 4 h after dosing. For 
fed conditions, participants fasted for at least 10 h before dos-
ing, ate a standard high- fat (~ 50% of total caloric content 
of the meal), high- calorie (approximately 800– 1000 calories) 
breakfast immediately before dosing, and then fasted until 4 h 
after dosing. This test meal was to derive ~ 150, ~ 250, and  
~ 500– 600 calories from protein, carbohydrate, and 
fat, respectively, as specified by the US Food and Drug 
Administration (FDA) guidance.14 Participants completely 
consumed this meal in 30 min or less. Study drug was admin-
istered ~ 30 min after the start of the meal.

Assessments

Blood samples to determine oxybate PK profiles were col-
lected predose; at 10, 20, 30, 45, and 60 minutes postdose; 
and at 1.25, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, and 8 h postdose 
following each treatment on days 1, 3, 5, and 7 (study 1, part 
1 and part 2) or on days 1, 3, 5, 7, 9, and 11 (study 2). Blood 
samples for PK analysis were obtained within ±2 min of the 
specified time points for the first hour after each dose and 
within ±5 min of the specified time points after 1 h.

Safety was assessed throughout the studies, and follow- up 
safety assessments occurred on the final day of the studies 
or early termination. Safety assessments included AE mon-
itoring, clinical laboratory tests (chemistry, hematology, 
coagulation, and urinalysis), vital sign measurements, pulse 
oximetry, electrocardiograms, and physical examinations.

Analysis of oxybate concentrations in 
plasma samples

A validated liquid chromatography– tandem mass spectrom-
etry method was used to determine oxybate concentrations in 
the plasma samples collected from the two studies. The assay 
was validated for use on human samples according to FDA 
guidance.15 The linear range for the assay was between 0.75 
and 192 µg/ml with the lower limit of quantitation (LLOQ) 
of 0.75 µg/ml. The intra- assay accuracy was 1.5% to 12.5% at 
LLOQ and −3.4% to 5.7% above LLOQ; the intra- assay pre-
cision was 6.4% to 13.2% at LLOQ and 0.9% to 4.7% above 
LLOQ. The interassay accuracy was 8.5% at LLOQ and 
−0.9% to 3.9% above LLOQ; the interassay precision was 
11.5% at LLOQ and 2.9% to 3.8% above LLOQ. Oxybate 
was stable in plasma at ambient and refrigerated tempera-
tures for 74 h and at −20°C for 92 days.
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Statistical analyses

Baseline demographic and safety data were analyzed for the 
safety population, defined as participants who took greater 
than or equal to 1 dose of study drug, and summarized using 
descriptive statistics.

PK parameters calculated for plasma oxybate concentra-
tions included area under the plasma concentration- time curve 
(AUC), maximum plasma concentration (Cmax), and Tmax; PK 
parameters were estimated by noncompartmental methods and 
summarized by treatment period using descriptive statistics. 
The PK completer population, defined as all participants who 
received study drug and provided postdose PK data for at least 
one treatment regimen, did not vomit within two times the oxy-
bate median Tmax, and completed all treatment periods, was 
used for the primary descriptive PK summaries.

An analysis of variance (ANOVA) for natural logarithm– 
transformed PK parameters (AUC0- t, AUC0- ∞, and Cmax), with 
terms for sequence, period, and treatment as fixed effects and 
subject nested within sequence as a random effect, was per-
formed. From these analyses, least squares (LS) means, LS mean 
treatment differences, and 90% confidence intervals (CIs) for the 
treatment differences on the log scale were estimated. The results 
were transformed back to the original scale by exponentiation 
to provide treatment geometric LS means, point estimates of the 
geometric LS mean ratios, and the 90% CIs for these ratios.

To assess bioequivalence between LXB and SXB, both 
under fasted conditions, the 90% CIs for the ratio of geomet-
ric LS means of log- transformed AUC0- t, AUC0- ∞, and Cmax 
were used. Bioequivalence was declared if the 90% CIs for the 
ratios of all three parameters were entirely contained within 
80% and 125%. In a post hoc analysis, a similar statistical 
model was used to assess bioequivalence between LXB and 
SXB, both under fed conditions. In an exploratory analysis, 
relative bioavailability was evaluated to assess potential bio-
equivalence between different total volumes (60 compared 
with 240 ml; study 2) for the same formulations.

To assess if the impact of food on Cmax was similar for 
LXB and SXB, a similar statistical model to that used for the 
assessment of bioequivalence was used. The ratio of fed/fasted 
treatments for LXB was compared with the ratio of fed/fasted 
treatments for SXB. This comparison was assessed at the 0.005 
significance level (Bonferroni adjusted for 10 comparisons).

AE summaries include only treatment- emergent AEs 
(TEAEs). Events were considered to be treatment emergent if 
they had an onset date and time on or after the date and time 
of the first dose of study medication or if they were present 
before the first dose of study medication but increased in se-
verity after dosing.

An exploratory analysis was conducted to evaluate the re-
lationship between nausea and vomiting occurrences and PK 
parameters (Cmax and AUC), utilizing pooled data from both 
studies. A generalized linear mixed model (GLIMMIX) was 

utilized, with AE occurrence (nausea and vomiting) as the 
dependent variable, study number, period, and treatment as 
fixed effects, and participant as a random effect.

In study 1, SAS version 9.4 or later was used for all statis-
tical analyses. In study 2, WinNonlin version 6.3 was used for 
noncompartmental analyses and SAS version 9.4 was used 
for all other statistical analyses.

Informed consent and ethics

Studies 1 and 2 were conducted in accordance with the 
Declaration of Helsinki. All participants provided written in-
formed consent in accordance with local institutional review 
board/independent ethics committee requirements before the 
performance of any study- related procedures.

RESULTS

Demographics and participant disposition

Participant disposition and demographics are presented in 
Table 1. In study 1, part 1, 36 participants were enrolled and 
randomized to a treatment sequence; 35 (97.2%) participants 
completed the study; and 1 (2.8%) participant withdrew for per-
sonal reasons. In study 1, part 2, 24 participants were enrolled 
and randomized to a treatment sequence; 21 (87.5%) partici-
pants completed the study; and three (12.5%) participants with-
drew because of AEs, including vomiting (two participants) and 
nausea, vomiting, and somnolence (one participant). In study 
2, 48 participants were enrolled and randomized to a treat-
ment sequence; 45 (93.8%) participants completed the study; 
and 3 (6.3%) participants withdrew because of AEs, including 
bradypnea, atrioventricular block second degree, and follicu-
litis. In both studies, about half of the participants were men, 
with a mean age of ~ 26 years and a mean BMI of ~ 24 kg/m.2

Oxybate concentration profiles and 
PK parameters

The oxybate plasma concentration profile for study 1 is pre-
sented in Figure 1; data for study 2 are similar (Figure S1). A 
summary of oxybate PK parameters is presented in Table 2.

Bioavailability and bioequivalence of LXB and 
SXB in the fasted state

In study 1, part 1, under fasted conditions with treatments 
administered in a total volume of 240 ml, Cmax of LXB (test) 
was lower compared with SXB (reference), and Tmax of LXB 
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was delayed compared with SXB (Cmax, 101.8 vs. 135.7 μg/
ml; Tmax, 0.75 vs. 0.5  h; Table  2). AUC was comparable 
between LXB and SXB (AUC0- t, 235.4 vs. 263.9 μg∙h/ml; 
AUC0- ∞, 236.5 vs. 265.2 μg∙h/ml). The ratios of geometric 
mean oxybate PK parameters Cmax and AUC0- ∞ for LXB 
and SXB were 74.2% (90% CI: 67.8% to 81.2%) and 88.3% 
(84.4% to 92.4%), respectively (Table 3). LXB and SXB met 
bioequivalence criteria under fasted conditions for oxybate 
plasma AUC but not for oxybate plasma Cmax.

In study 2, under fasted conditions with treatments admin-
istered in a total volume of 60 ml of water, Cmax of LXB was 
lower compared with SXB, and Tmax of LXB was delayed 
compared with SXB (Cmax, 94.6 vs. 123.0 μg/ml; Tmax, 1.0 
vs. 0.5 h; Table 2). AUC was comparable between LXB and 
SXB (AUC0- t, 241.5 vs. 254.7 μg∙h/ml; AUC0- ∞, 243.1 vs. 
256.3  μg∙h/ml). The ratios of geometric mean oxybate PK 
parameters Cmax and AUC0- ∞ for LXB and SXB were 77.1% 
(90% CI: 71.9% to 82.6%) and 94.3% (90.5% to 98.2%), 

respectively (Table  3). LXB and SXB met bioequivalence 
criteria under fasted conditions for AUC but not for Cmax.

In part 2 of study 1, when LXB was administered at a dose of 
2.25 g in a total volume of 240 ml, mean Cmax was approximately 
half that for a 4.5- g dose (51.3 vs. 101.8 μg/ml; Table 2). Tmax 
was the same for both doses (0.75 h). AUC at a dose of 2.25 g 
was approximately one- third that for a 4.5- g dose (AUC0- t, 77.7 
vs. 235.4 μg∙h/ml; AUC0- ∞, 81.0 vs. 236.5 μg∙h/ml).

Effect of food on PK parameters of 
LXB and SXB

In both studies, plasma oxybate Cmax and AUC were lower 
under fed versus fasted conditions for LXB and SXB 
(Table 2). However, the PK parameters were similar between 
LXB and SXB under the fed state. In study 1, in the fed state, 
Cmax values were 77.4 and 84.3  μg/ml for LXB and SXB, 

Characteristic Study 1 (part 1) Study 1 (part 2) Study 2

Number of participants, n (%)

Enrolled and randomizeda 36 (100.0) 24 (100.0) 48 (100.0)

Discontinued 1 (2.8) 3 (12.5) 3 (6.3)

Adverse event 0 (0.0) 3 (12.5)b 3 (6.3)c 

Withdrawal by participant 1 (2.8)d 0 0 (0.0)

Completed 35 (97.2) 21 (87.5) 45 (93.8)

PK completer populatione 30 (83.3)f 16 (66.7)g 42 (87.5)h 

Age (y), mean (SD) 27.6 (5.5) 26.7 (6.6) 25.4 (5.6)

Sex, n (%)

Male 19 (52.8) 14 (58.3) 24 (50.0)

Female 17 (47.2) 10 (41.7) 24 (50.0)

BMI (kg/m2), mean (SD) 22.9 (2.8) 23.1 (2.8) 24.9 (2.6)

Abbreviations: BMI, body mass index; LXB, lower- sodium oxybate; PK, pharmacokinetics; SD, standard 
deviation; SXB, sodium oxybate; Tmax, time to maximum plasma concentration.
aSafety population. Defined as all participants who took greater than or equal to 1 dose of study drug.
bVomiting (moderate, related to study drug, fasted LXB 2.5 g and SXB 2 g); vomiting (severe, related to study 
drug, fasted SXB 4.5 g); and nausea (severe, related to study drug, fasted LXB 2.5 g and SXB 2 g), vomiting 
(severe, related to study drug, fasted SXB 4.5 g), and somnolence (severe, related to study drug, fasted SXB 
4.5 g).
cBradypnea (moderate, related to study drug, SXB fasted, 60 ml water); atrioventricular block second degree 
(mild, not related to study drug, SXB fasted, 240 ml water); and folliculitis (moderate, related to study drug, 
SXB fasted, 240 ml water).
dPersonal reasons.
eDefined as all participants who received study drug and provided postdose PK data for at least one treatment 
regimen, who did not vomit within two times the oxybate median Tmax, and who completed all treatment 
periods, which was used for the primary descriptive PK summaries.
fOf 35 participants who completed part 1 of study 1, five were excluded from PK analysis due to vomiting 
within two times the median Tmax.
gOf 21 participants who completed part 2 of study 2, five were excluded from the overall PK analysis due to 
vomiting within two times the median Tmax.
hOf 45 participants who completed study 2, three were excluded from PK analysis due to vomiting within two 
times the median Tmax.

T A B L E  1  Participant disposition and 
demographics
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respectively, and AUC0- ∞ values were 214.8 and 229.6 μg·h/
ml, respectively; median Tmax values were 0.75  h for both 
treatments. In study 2, in the fed state, Cmax values were 64.8 
and 69.7 μg/ml for LXB and SXB, respectively, and AUC0- ∞ 
values were 208.6 and 209.8 μg·h/ml, respectively; median 
Tmax values were 1.0 h for LXB and 0.875 for SXB.

Fed conditions reduced Cmax by ~  25% and ~ 41% for 
LXB and SXB, respectively, in study 1, and by ~ 33% and  
~ 44% for LXB and SXB, respectively, in study 2 (Table S2). 
Fed conditions reduced AUC by ~ 10% and ~ 16% for LXB 
and SXB, respectively, in study 1, and by ~ 16% and ~ 19% 
for LXB and SXB, respectively, in study 2.

The post hoc analysis assessing whether the impact of food 
on oxybate PK was similar for LXB and SXB indicated Cmax 
was reduced less for LXB compared with SXB in study 1 (nom-
inal p = 0.0034) and study 2 (nominal p = 0.0016), whereas 
reduction in AUC was similar for LXB and SXB (Table S3).

Effect of water volume on PK parameters of 
SXB and LXB

In study 2, there appeared to be no effect of water volume 
on the PK of oxybate for either LXB or SXB (Table  S4). 

F I G U R E  1  Concentration- time profile 
of oxybate following oral administration of 
LXB and SXB in study 1.a LXB, lower- 
sodium oxybate; SXB, sodium oxybate. 
aTreatments were A: LXB 4.5 g fasted, 
240 ml water; B: LXB 4.5 g fed, 240 ml 
water; C: SXB 4.5 g fasted, 240 ml water; 
D: SXB 4.5 g fed, 240 ml water; E: LXB 
2.25 g fasted, 235.5 ml water
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T A B L E  2  Oxybate plasma PK parametersa

Study Treatment Description

Arithmetic mean (coefficient of variation percentage)

Cmax (µg/ml) Tmax
b  (h)

AUC0- t 
(µg·h/ml)

AUC0- ∞ 
(µg·h/ml)

Study 1, part 1 A LXB 4.5 g fasted, 240 ml water 101.8 (21.2) 0.75 (0.33– 1.50) 235.4 (32.3) 236.5 (32.3)

B LXB 4.5 g fed, 240 ml water 77.4 (25.0) 0.75 (0.33– 2.50) 213.3 (33.9) 214.8 (34.0)

C SXB 4.5 g fasted, 240 ml water 135.7 (14.8) 0.50 (0.33– 1.00) 263.9 (30.0) 265.2 (30.1)

D SXB 4.5 g fed, 240 ml water 84.3 (31.3) 0.75 (0.33– 2.50) 228.0 (33.5) 229.6 (33.5)

Study 1, part 2 E LXB 2.25 g fasted, 235.5 ml water 51.3 (40.1) 0.75 (0.33– 3.00) 77.7 (49.4) 81.0 (47.5)

Study 2 F LXB fasted, 60 ml water 94.63 (20.5) 1.000 (0.33– 3.00) 241.5 (38.8) 243.1 (39.0)

G SXB fasted, 60 ml water 123.0 (21.5) 0.520 (0.33– 1.52) 254.7 (36.4) 256.3 (36.5)

H LXB fed, 60 ml water 64.8 (27.4) 1.000 (0.33– 2.50) 206.4 (43.1) 208.6 (43.3)

I SXB fed, 60 ml water 69.65 (26.4) 0.875 (0.33– 3.00) 208.2 (41.3) 209.8 (41.5)

J SXB fasted, 240 ml water 130.5 (20.3) 0.500 (0.33– 1.50) 262.1 (38.5) 263.6 (38.6)

K LXB fasted, 240 ml water 96.34 (20.3) 0.750 (0.50– 2.50) 238.8 (39.8) 240.5 (39.9)

Abbreviations: AUC0- t, area under the plasma concentration- time curve from time 0 to time t of the last quantifiable concentration; AUC0- ∞, area under the plasma 
concentration- time curve from time 0 to infinity; CI, confidence interval; Cmax, maximum plasma concentration; LXB, lower- sodium oxybate; PK, pharmacokinetics; 
Tmax, time to maximum plasma concentration; SXB, sodium oxybate.
aPK completer population (study 1, part 1, n = 30; study 1, part 2, n = 16; study 2, n = 42).
bMedian (minimum– maximum).
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Oxybate exposure as measured by Cmax, AUC0- t, and AUC0- ∞ 
demonstrated bioequivalence between the two dosing condi-
tions: 60 and 240 ml water.

Safety

The overall incidences of TEAEs, and TEAEs with an in-
cidence greater than or equal to 10% in any group, are pre-
sented in Table 4 (study 1) and Table 5 (study 2). Overall 
incidence of TEAEs was comparable across treatments 
in study 1 (91.7% to 100%) and study 2 (87.0% to 97.9%). 
Somnolence was the most frequently reported TEAE in both 
studies (71.4% to 88.9% across treatments in study 1 and 
71.7% to 87.2% across treatments in study 2), followed by 
dizziness (36.1% to 58.3% across treatments in study 1 and 
39.1% to 51.1% across treatments in study 2), nausea (11.1% 
to 47.2% across treatments in study 1 and 6.5% to 44.7% 
across treatments in study 2), and headache (8.3% to 22.9% 
across treatments in study 1 and 12.8% to 21.3% across treat-
ments in study 2).

Exploratory analyses using pooled data from studies 1 
and 2 indicated that a higher Cmax is associated with a higher 
incidence of nausea and vomiting for both LXB and SXB 
(Figure 2); no such relationship was found for AUC.

DISCUSSION

LXB is a novel formulation of oxybate with 92% less sodium 
than SXB at an equivalent dose, which is approved in the 
United States for the treatment of cataplexy or EDS in pa-
tients 7 years of age and older with narcolepsy.11 Reduction 
of sodium intake has been shown to reduce risk of hyperten-
sion, stroke, and cardiovascular disease in the general popu-
lation.16,17 The primary goals of the studies described here 

were to assess the relative bioavailability and bioequivalence 
of LXB and SXB in the fasted state and evaluate the effect 
of food on oxybate PK following oral administration of LXB 
and SXB. In both studies, bioequivalence criteria were met 
for AUC but not Cmax when comparing LXB and SXB; LXB 
had a lower Cmax compared with SXB.

The presence of a certain level of sodium in the LXB oral 
solution appears to be critical to achieve a Cmax similar to that 
of SXB, as oxybate absorption has been reported to be medi-
ated by both sodium-  and proton- dependent monocarboxyl-
ate transporters (MCTs), which are expressed throughout the 
intestine.18 In vitro experiments with a human breast cancer 
cell line (MDA- MB- 23119), which expresses several MCTs, 
showed that uptake of oxybate at pH 7.5 was significantly 
reduced in the absence of sodium.20 Based on these in vitro 
studies, the lower sodium content of LXB relative to SXB 
is projected to result in a lower rate of oxybate transport via 
sodium- dependent MCTs (SMCTs), and thus the lower Cmax 
and delayed Tmax with LXB compared with SXB.21

The effect of dosing water volume on Cmax was also 
considered after the results of study 1 showed a lower Cmax 
for LXB than SXB using a standard 240- ml water volume, 
per FDA guidance on bioavailability and bioequivalence 
studies.14 The lower Cmax and delayed Tmax could be related 
to slower gastric emptying arising from the different cat-
ion composition/osmolarity of LXB compared with SXB.22 
Therefore, study 2 was designed to include two total water 
volumes: 60 ml (as recommended in the SXB prescribing 
information)4 and 240 ml (as in study 1). It was hypothe-
sized that reducing the total water volume from 240 ml to 
60 ml might increase the osmolarity of both SXB and LXB 
so that, if gastric emptying became the rate- limiting step 
for oxybate absorption, it would result in a more compara-
ble Cmax. However, there appeared to be no effect of water 
volume on the relative bioavailability and PK of oxybate 
for either LXB or SXB; both met bioequivalence criteria 

T A B L E  3  Statistical analysis of bioequivalence for oxybate plasma PK parameters following a single dose of LXB or SXB under fasted 
conditionsa

Treatment Description Parameter
Percentage of ratio of 
geometric means 90% CIb 

Study 1 A vs. C LXB vs SXB fasted, 240 ml water Cmax 74.21 67.803, 81.222

AUC0- t 88.29 84.343, 92.423

AUC0- ∞ 88.31 84.389, 92.415

Study 2 F vs. G LXB vs SXB fasted, 60 ml water Cmax 77.05 71.89, 82.58

AUC0- t 94.24 90.42, 98.22

AUC0- ∞ 94.27 90.49, 98.20

Abbreviations: AUC0- t, area under the plasma concentration- time curve from time 0 to time t of the last quantifiable concentration; AUC0- ∞, area under the plasma 
concentration- time curve from time 0 to infinity; CI, confidence interval; Cmax, maximum plasma concentration; LXB, lower- sodium oxybate; PK, pharmacokinetics; 
SXB, sodium oxybate.
aPK completer population (study 1, n = 30; study 2, n = 42).
bThe bold numbers denote the geometric mean 90% CIs that are not contained within 80% and 125% and, therefore, do not meet criteria for bioequivalence.
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comparing exposure between 240- ml and 60- ml water dos-
ing conditions.

In the two studies, the incidence of AEs of nausea and vom-
iting was higher after SXB (fasted) than after LXB (fasted); in 
addition, in a post hoc analysis of pooled data, lower oxybate 

Cmax was associated with fewer AEs of nausea and vomiting. 
Further study is needed to determine whether the lower Cmax 
of LXB compared with SXB will confer improved tolerabil-
ity with respect to nausea and vomiting; if demonstrated, this 
may be an important factor for physicians and their patients, 

T A B L E  4  TEAEs in study 1

Part 1a Part 2a 

TEAE, n (%)

Treatment A
LXB Fasted
(n = 35)

Treatment B
LXB Fed
(n = 36)

Treatment C
SXB Fasted
(n = 36)

Treatment D
SXB Fed
(n = 36)

Treatment E
LXB Fasted
(n = 23)

Any TEAE 34 (97.1) 33 (91.7) 36 (100) 33 (91.7) 36 (100.0)

TEAEs in ≥10% participants in any group

Somnolence 25 (71.4) 27 (75.0) 32 (88.9) 27 (75.0) 11 (47.8)

Dizziness 17 (48.6) 13 (36.1) 21 (58.3) 15 (41.7) 9 (39.1)

Nausea 11 (31.4) 4 (11.1) 17 (47.2) 4 (11.1) 2 (8.7)

Headache 8 (22.9) 3 (8.3) 5 (13.9) 6 (16.7) 3 (13.0)

Fatigue 6 (17.1) 4 (11.1) 4 (11.1) 3 (8.3) 0

Euphoric mood 5 (14.3) 2 (5.6) 4 (11.1) 1 (2.8) 0

Vomiting 1 (2.9) 1 (2.8) 5 (13.9) 0 0

Feeling hot 4 (11.4) 4 (11.1) 4 (11.1) 3 (8.3) 1 (4.3)

Abdominal pain 4 (11.4) 1 (2.8) 3 (8.3) 0 0

Hypotonia 4 (11.4) 2 (5.6) 2 (5.6) 1 (2.8) 1 (4.3)

Hyperhidrosis 2 (5.7) 1 (2.8) 4 (11.1) 0 0

Back pain 0 2 (5.6) 4 (11.1) 0 1 (4.3)

Abbreviations: LXB, lower- sodium oxybate; SXB, sodium oxybate; TEAE, treatment- emergent adverse event.
aA: LXB 4.5 g fasted, 240 ml water; B: LXB 4.5 g fed, 240 ml water; C: SXB 4.5 g fasted, 240 ml water; D: SXB 4.5 g fed, 240 ml water; E: LXB 2.25 g fasted, 
235.5 ml water.

T A B L E  5  TEAEs in study 2a

TEAE, number (%)  
of participants

Treatment F
LXB
(n = 47)

Treatment G
SXB
(n = 47)

Treatment H
LXB
(n = 46)

Treatment I
SXB
(n = 46)

Treatment J
SXB
(n = 47)

Treatment K
LXB
(n = 47)

60 ml water, fasted 60 ml water, fed 240 ml water, fasted

Any TEAE 44 (93.6) 46 (97.9) 40 (87.0) 41 (89.1) 45 (95.7) 45 (95.7)

TEAEs in ≥10% participants in any group

Somnolence 39 (83.0) 41 (87.2) 34 (73.9) 33 (71.7) 38 (80.9) 37 (78.7)

Dizziness 22 (46.8) 23 (48.9) 21 (45.7) 18 (39.1) 24 (51.1) 19 (40.4)

Nausea 13 (27.7) 21 (44.7) 5 (10.9) 3 (6.5) 16 (34.0) 16 (34.0)

Headache 9 (19.1) 10 (21.3) 7 (15.2) 10 (21.7) 6 (12.8) 10 (21.3)

Fatigue 5 (10.6) 5 (10.6) 4 (8.7) 3 (6.5) 1 (2.1) 2 (4.3)

Paresthesia 5 (10.6) 11 (23.4) 6 (13.0) 5 (10.9) 5 (10.6) 3 (6.4)

Vertigo 4 (8.5) 8 (17.0) 2 (4.3) 3 (6.5) 6 (12.8) 5 (10.6)

Euphoric mood 6 (12.8) 2 (4.3) 3 (6.5) 2 (4.3) 1 (2.1) 1 (2.1)

Abdominal pain 3 (6.4) 5 (10.6) 2 (4.3) 0 1 (2.1) 2 (4.3)

Vision blurred 3 (6.4) 5 (10.6) 0 0 3 (6.4) 3 (6.4)

Abbreviations: LXB, lower- sodium oxybate; SXB, sodium oxybate; TEAE, treatment- emergent adverse event.
aF: LXB 4.5 g fasted, 60 ml water; G: SXB 4.5 fasted, 60 ml water; H: LXB 4.5 g fed, 60 ml water; I: SXB 4.5 g fed, 60 ml water; J: SXB 4.5 g fasted, 240 ml water; 
K: LXB 4.5 g fasted, 240 ml water.



2286 |   CHEN Et al.

given that nausea is among the most common AEs in patients 
treated with LXB or SXB in clinical trials.4,11

Oxybate has been shown to slow intestinal transit in 
mice, thus potentially delaying absorption of food in the 
gut.23 A previous clinical study demonstrated a significant 
reduction in Cmax (59%) and AUC (37%) with adminis-
tration of SXB immediately after a high- fat, high- calorie 
meal, compared with the fasted state.4 The studies de-
scribed here also demonstrated a significant effect of food 
on PK parameters, with a larger effect on Cmax compared 
with AUC. Moreover, compared with SXB, LXB had a 
smaller reduction in Cmax between the fasted and fed states. 
The hypothesized mechanistic reason for reduced Cmax and 
AUC after food intake is reduction in gut absorption of 
oxybate in the presence of food. The oxybate molecule 
is a butyric acid, a short- chain fatty acid (SCFA). MCTs 
represent a major determinant in the absorption of oxy-
bate.24 SCFAs are transported across the gut membrane via 
MCTs and SMCTs.25 The hypothesized mechanism for the 
food effect is that under fed conditions, dietary- ingested 
SCFAs compete with oxybate for transport at MCTs and 
SMCTs, thereby reducing Cmax and AUC for both SXB and 
LXB. The hypothesized mechanistic reason for the higher 
Cmax with SXB is that the higher sodium in SXB allows 
for faster transport across the gut membrane by recruiting 
more SMCTs than LXB, which has 92% lower sodium. As 
the PK results from this study demonstrated a food effect 
with both SXB and LXB, dosing recommendations have 
been made to simplify labeling between LXB and SXB. 
The Xywav prescribing information recommends dosage 
administration 2 h after eating.11

Certain limitations of these studies should be noted. First, 
both explored single 4.5- g doses without titration in healthy, 
White, adult volunteers. In clinical practice, treatment is long 
term, dosing is typically twice nightly (recommended total 
in adults, 6– 9 g/night4), and patients are adults or children/
adolescents (≥7  years of age) of any race with narcolepsy 

and possible comorbidities. Second, administration of study 
drug occurred in the morning, whereas actual dosing in pa-
tients with narcolepsy would occur at night (at bedtime and 
2.5– 4 h later), which may explain the large number of TEAEs 
of somnolence reported.

In conclusion, at equivalent oxybate doses, in the fasted 
state, LXB has a lower Cmax, delayed Tmax, and similar AUC, 
compared with SXB. The reduction in Cmax in the fed state 
was more pronounced than the reduction in AUC for both 
LXB and SXB, but Cmax was reduced less with LXB com-
pared with SXB. There appeared to be no effect of water vol-
ume on the PK of oxybate for either LXB or SXB. A lower 
Cmax for oxybate was associated with lower incidence of nau-
sea and vomiting. The observed differences between LXB 
and SXB may stem from the reduction of sodium content in 
LXB.
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F I G U R E  2  Number of incidences of 
nausea and vomiting by tertiles of oxybate 
Cmax in studies 1 and 2. Cmax, maximum 
plasma concentration

Tertile 1
 Cmax

 Mean: 60.5 µg/mL
Range: 22.6–75.0 µg/mL

Tertile 2
 Cmax

 Mean: 90.0 µg/mL
 Range: 75.2–104.0 µg/mL

Tertile 3
 Cmax

 Mean: 130.8 µg/mL
 Range: 104.0–182.0 µg/mL
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