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Abstract

Background—Gamma-hydroxybutyrate (GHB) is a common drug of abuse that can produce
serious toxicity, particularly when used with other sedatives. We examined the individual and
combined effects of GHB and ethanol in human volunteers.

Methods—Sixteen healthy adults (7 men) were given 50 mg/kg GHB (Xyrem), 0.6 g/kg ethanol in
2 doses, alone and combined in a double-blind, placebo-controlled, crossover study. Plasma
concentrations, heart rate (HR), blood pressure (BP), and oxygen saturation (O2sat) were serially
monitored for 24 hours.

Results—Adverse events included 2 instances of hypotension and 6 episodes of vomiting with
GHB-plus-ethanol ingestion. Oxygen saturation was decreased by GHB and ethanol individually,
and maximally decreased by the drugs combined (max —2.1% % 0.3%, P < 0.0001 vs placebo).
Compared with baseline, systolic and diastolic BP were significantly decreased, and HR was
increased by ethanol but not affected by GHB alone (maximum systolic BP change —15.7 £ 3.0 mm
Hg, P = 0.0006; maximum HR change 13.5 * 2.3 beats per minute, P = 0.006). Ethanol coingestion
resulted in 16% higher GHB maximal plasma concentration and 29% longer elimination half-life,
indicating possible enhanced bioavailability or reduced clearance of GHB caused by ethanol,
however, these effects were not statistically significant.

Conclusions—Modest doses of GHB do not affect hemodynamic function, but O2sat was
decreased. Gamma-hydroxybutyrate-plus-ethanol resulted in more adverse effects, including
gastrointestinal disturbances, hypotension, and decreased O2sat, but only minimal pharmacokinetic
interactions were observed.

Gamma-hydroxybutyrate (GHB) has become a common drug of abuse in the United States and
Europe in recent years. GHB was used in the late 1980s by body builders as a honanabolic
steroid performance enhancer and became widely available for sale in health food stores,
gymnasiums, and via the Internet. Later, as the reputation for its euphoric effects grew, GHB
became popular as a drug of abuse at dance clubs and "rave" parties. More recently, GHB has
been used as a drug to facilitate sexual assault. Because of its abuse potential, GHB was
classified as a Schedule | controlled substance in 2000, with dual scheduling instituted 2 years
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later when GHB became Food and Drug Administration approved as the pharmaceutical
product Xyrem.

In recent years, GHB has been a major cause of emergency department visits for drug-induced
central nervous system depression.1 In overdose, GHB produces coma, often associated with
hypothermia, bradycardia, hypotonia, myoclonus, and seizure-like activity.2 In very high
doses, respiratory depression and death can occur.3~> At lower doses, the primary effects of
GHB are drowsiness, alcohol-like inebriation, dizziness, and induction of sleep.6:”

Gamma-hydroxybutyrate was previously studied as an anesthetic agent, and has also been
studied as a medication for the treatment of cataplexy, a symptom of narcolepsy. Some
effectiveness for this indication has been demonstrated, and GHB is currently Food and Drug
Administration approved for use as a Schedule 111 drug for the treatment of narcolepsy.8 In
addition, GHB has been marketed in Italy for the treatment of alcoholism since 1994.
Psychomotor performance has been studied in healthy volunteers receiving GHB 12.5 and 25
mg/kg, and no significant effects of GHB were observed.®

Gamma-hydroxybutyrate is found naturally in the human body as a degradation product of the
neurotransmitter, gamma-aminobutyric acid. GHB is extensively metabolized, in part to
succinic acid, then through the tricarboxylic acid pathway, and in part by beta oxidation.%:10
Alcohol dehydrogenase has been postulated to contribute to GHB metabolism in animal and
human liver.11 There is evidence of dose-dependent metabolism. The disposition kinetics of
GHB in humans have been described in 3 published studies using doses of 12.5 to 50 mg/kg
orally.12=14 The average elimination half-life after single doses ranged from 30 to 50 minutes,
and the time to peak concentration averaged 30 to 40 minutes, consistent with rapid
gastrointestinal absorption.

In recreational use, GHB is frequently ingested with other drugs, including most commonly
ethanol, which has sedative effects similar to those of GHB. There is a concern that these drugs
may interact synergistically in producing sedation. However, this has not been well studied in
doses of GHB that are relevant to therapeutic dosing or to recreational use. One study of the
combination of GHB and low-dose ethanol showed significant impairment of reaction time
with the combination.1® There have been no human studies conducted on the pharmacokinetic
interactions between GHB and ethanol.

We examined the effects of ethanol on the pharmacokinetics of GHB, and the
pharmacodynamic interactions between ethanol and GHB in healthy human volunteers. We
used a 50-mg/kg dose of GHB, which is comparable to doses used in the treatment of
narcolepsy. We administered 0.6-g/kg dose of ethanol, which was projected to produce blood
alcohol concentrations of about 50 mg/dL. Our objectives were to (1) identify any significant
pharmacokinetic interactions that exist between these 2 sedative-hypnotic drugs; (2) determine
if coingestion of ethanol and GHB produces greater cognitive, hemodynamic, and subjective
mood effects than either GHB or ethanol alone; and (3) explore differences in response to GHB
and ethanol between men and women, and people of different races. In this article, we report
our findings on the pharmacokinetics and the hemodynamic effects of GHB and ethanol.
Subjective drug effects, effects of race and sex, and cognitive testing will be reported
separately.

METHODS

Study Design and Procedures

Twenty-two healthy subjects between the ages of 21 and 45 years were recruited. Potential
subjects were not selected on the basis of race or ethnicity. The subjects were deemed healthy
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based on medical history, physical examination, and screening laboratory tests. Exclusion
criteria included any significant medical history, and history of pregnancy or obesity. Also
excluded were illicit drug users, prescription drug users (other than oral contraceptives), and
more than light users of alcohol (defined as greater than 3 drinks/week) or of GHB and its
derivatives (defined as greater than 2 times in last 6 months). Volunteers provided written
informed consent before enroliment. The Committee on Human Research at the University of
California San Francisco approved the study.

The study used a randomized, double-blinded, 4-arm, crossover design. Subjects were given
placebo, ethanol, GHB, or ethanol-plus-GHB in random order. Randomization was established
by use of a 4 x 4 Latin square. All subjects were admitted to the General Clinical Research
Center at San Francisco General Hospital for four 24-hour visits after an overnight fast from
food, caffeine, and tobacco. Subjects were asked not to drink alcoholic beverages for 3 days
before each study day. The washout period between treatments was a minimum of 2 days. At
approximately 8:00 am on each study day, subjects received a dose of ethanol 0.3 g/kg (in the
form of vodka) or placebo in orange or cranberry juice. Fifteen minutes later, the subjects
received GHB 50 mg/kg (Xyrem, Orphan Medical Co., Minnetonka, MN) or placebo, and a
second dose of ethanol 0.3 g/kg or placebo in juice.

Two predose recordings of heart rate (HR), blood pressure (BP), respiratory rate, and skin
temperature were made 30 and 15 minutes before dosing, and again at the time of dosing, and
then every 15 minutes for the first 2 hours, and every 30 minutes for the subsequent 2 hours.
A Critikon Dinamap automated BP instrument (GE Medical Systems Information
Technologies, Waukesha, WI) was used to monitor vital signs. Oxygen saturation (O2sat) was
monitored by continuous pulse oximetry for 4 hours. Subjects were asked to remain in a supine
position for 3 hours after ingesting the doses. They were then allowed caffeine-free meals and
beverages.

Blood samples were collected from a forearm vein through an intravenous catheter at the time
of each dose and at 15, 30, 45, 60, and 90 minutes, and 2, 3, 4, 5, 6, 12, and 24 hours after GHB
dosing. Urine was collected in intervals of 0 to 3, 3 to 6, 6 to 12, 12 to 24, and post-24 hours
after dosing. Plasma and urine samples were stored at —20°C until the time of analysis for GHB
and ethanol concentrations.

Study participants completed a visual analog scale to evaluate subjective drug effects and a
computerized cognitive battery. These findings will be reported separately.

Pharmacokinetic Analysis

Plasma concentration-versus-time data for GHB were evaluated by noncompartmental analysis
using WinNonlin (version 4.0, Pharsight Corporation, Mountain View, CA). The
pharmacokinetic parameters time at maximum concentration (Tmax) and maximum drug
concentration (Cmax) were obtained directly from the plasma concentration-versus-time data.
The area under the plasma concentration-time curve (AUC) was calculated using the
trapezoidal rule and extrapolated from the last measured concentration to infinity. The
elimination rate constant (k) was estimated from the slope of the linear portion of the log plasma
concentration-versus-time curve. The elimination half-life (t1/2) was calculated by dividing
0.693 by k. The clearance of each drug was calculated by dividing the oral dose by the AUC.
Renal clearance was calculated by dividing the total amount recovered in urine by the plasma
AUC from 0 to 24 hours. For ethanol, which undergoes zero-order elimination, a rate of blood
alcohol decline was calculated from the slope of the arithmetic curve of the concentration-
versus-time plot.
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Analytical Methods

Plasma and urine samples obtained from human volunteers administered GHB were stored
frozen at —20°C until the time of analysis. A novel gas chromatography-mass spectrometry
method for analysis of GHB in plasma and urine was developed and validated, which is
described in detail separately.16 Limits of detection for GHB were found to be 0.5 ug/mL in
plasma and 0.25 ug/mL in urine. For these analyses, we established a limit of quantitation of
5 pg/mL because concentrations below this threshold are in the range of endogenous GHB
levels.17 Blood ethanol concentrations were determined using an enzymatic DRI ethanol assay
(Microgenics Inc., Fremont, CA) on a Bayer ADVIA 1650 chemistry analyzer.

Statistical and Data Analysis

The primary aim of the study was to investigate the pharmacokinetic and pharmacodynamic
interactions between GHB and ethanol. The study was powered to detect a 25% difference in
the clearance of GHB caused by the presence of ethanol. A minimum sample size of 16 was
needed for 80% power and a 2-tailed test of significance of 0.05. Pharmacokinetic parameters
were analyzed by paired students t tests. For hemodynamic variables, baseline values were the
average of measurements taken at time 0, 15, and 30 minutes before dosing. For all
pharmacodynamic data, means, standard deviations, and 95% confidence intervals were
calculated for each treatment, followed by pair-wise comparisons. The AUC for change from
baseline over time was estimated using the trapezoidal rule from baseline until the end of the
measurement period for O2sat (0—4 hours) and from 0 to 6 hours for HR and BP, at which time
GHB plasma levels were nondetectable. These data were analyzed with a mixed effects
regression model with fixed effects of treatment, and all the 2-way interactions and a random
subject effect. The data were analyzed using SAS (Version 8.2., SAS Institute, Cary, NC).
Statistical significance was defined a priori as a 2-sided [alpha] < 0.05.

RESULTS

Subject Characteristics

Twenty-two healthy adults were enrolled, with 16 subjects (7 men and 9 women) aged 22 to
34 years completing the study. One male subject withdrew from the study because of disinterest
after his first visit. Five female subjects withdrew from the study (1 because of disinterest, 2
because of poor intravenous access, and 2 because of protocol violations). No adverse events
that necessitated subject withdrawal or medical intervention occurred during the study.
Subjects ranged in weight from 47.9 to 83.0 kg (mean, 66.2 kg) and in height from 146 to 183
cm (mean, 169 cm). Of the subjects completing the study, 7 (44%) were white, 6 (38%) were
Asian/Pacific Islander, 1 (6%) was Latino, and 2 (12%) reported multiple ethnicities.

Adverse Events

Vomiting was the most common adverse event, which occurred during 8 separate study days.
Six of these visits involved combined GHB and ethanol treatment, one involved GHB alone
and one involved ethanol alone. Two episodes of brief asymptomatic hypotension (systolic BP
[SBP], 71-73 mm Hg) lasting less than 15 minutes were also observed after GHB-plus-ethanol.
None of the adverse events necessitated therapeutic intervention, and all resolved
spontaneously.

Pharmacokinetics

Mean plasma concentration-over-time curves for GHB and ethanol, alone and in combination,
are shown in Figures 1A, B. The mean pharmacokinetic parameters for GHB and ethanol are
listed in Table 1 and Table 2, respectively. Although differences between treatments in

pharmacokinetics of GHB and ethanol were not statistically significant, Cmax for GHB was
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16% greater and t1/2 was 29% longer in the presence of ethanol, indicating possible enhanced
bioavailability or reduced clearance of GHB because of ethanol coingestion.

Pharmacodynamics

Blood Pressure—Ethanol significantly decreased mean SBP for 5 hours after dosing. The
peak decrease from baseline SBP occurred at 105 minutes with a mean change of —15.7 + 3.0
mm Hg (P = 0.0006 vs GHB alone). Gamma-hydroxybutyrate alone had no significant effect
on BP, and the 2 drugs combined did not have a greater effect on SBP than ethanol alone.

Ethanol also decreased diastolic BP (DBP) compared with placebo and GHB alone. There was
no significant difference between the DBP-lowering effects of ethanol administered alone or
in combination with GHB. The peak change in DBP from baseline observed 2 hours after
dosing with ethanol + GHB was —16.9 + 2.5 mm Hg (P = 0.012 vs placebo).

Heart Rate—Heart rate was significantly increased by ethanol taken alone. The maximum
HR change observed 45 minutes after dosing with ethanol was 13.5 + 2.3 beats per minute
(P =0.006 vs placebo). Gamma-hydroxybutyrate alone did not affect HR, and there was no
influence of GHB coadministration on the HR-accelerating effects of ethanol.

Oxygen Saturation—Oxygen saturation was significantly decreased by all 3 active
treatments relative to placebo (Fig. 2). Ethanol + GHB produced the greatest decrease in O2sat,
with a maximal effect at 90 minutes of —2.12% + 0.34%, which was significantly greater than
the effects of placebo (P < 0.0001), GHB (P = 0.027), or ethanol alone (P = 0.013). Oxygen
saturation remained significantly decreased from baseline with all 3 active treatments
throughout the 4-hour period of pulse oximetry monitoring.

Skin Temperature—Skin temperature was increased by all 3 active treatments relative to
placebo in the first post-dosing hour only. The maximal effect on skin temperature was
observed with ethanol + GHB at 45 minutes. The mean maximum increase was 2.9 + 0.7°F,
which was significantly higher than placebo (P < 0.001) or ethanol alone (P = 0.028).

DISCUSSION

This study provides novel clinical data on the effects and interactions of GHB and ethanol, a
combination that is frequently coingested in the setting of recreational drug use. Significant
pharmacokinetic interactions between GHB and ethanol were not observed; however, the 2
drugs taken together resulted in more adverse effects, including gastrointestinal disturbances,
hypotension, and decreased O2sat.

In overdose, GHB is well described to produce coma, bradycardia, agitation, hypotension,
hypothermia, and respiratory depression.1= Ethanol is a frequent coingestant in many
instances of GHB intoxication, which is believed to enhance the adverse sedative effects of
GHB.1:15.18 previous research involving rats showed that ethanol administration increases
endogenous GHB concentrations in the liver and brain.1%:20 Thus, it was postulated that ethanol
potentiates the sedative effects of GHB through pharmacokinetic interactions.1® However, a
recent study in rats found no differences in GHB plasma concentrations or AUCs with ethanol
coadministration, although significant pharmacodynamic interactions, including prolonged
sleeping time were seen.2! These findings are consistent with the results of our study in which
we found minimal pharmacokinetic interactions between GHB and ethanol after single oral
doses, but significant adverse effects were observed with the 2-drug combination.

A small effect of ethanol on the clearance and/or bioavailability of GHB was observed,
resulting in greater Cmax and longer t1/2 of GHB when the 2 drugs were coadministered.
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Although this finding did not reach statistical significance, this drug interaction could have a
more pronounced clinical effect at higher GHB doses, such as unintentional overdoses. We
also describe GHB pharmacokinetic parameters that are slightly different than previously
reported. In prior published studies using single doses of GHB ranging from 12.5 to 50 mg/kg
orally, the elimination half-life averaged 30 to 50 minutes, and the Tmax averaged
approximately 30 to 40 minutes.12=14 In the present study, Tmax and the elimination half-life
averaged around 1 hour. However, these differences are unlikely to be of clinical significance.

In the modest GHB dose used in this study, significant mean changes in vital signs were not
observed with GHB alone. In contrast, ethanol administration caused a pronounced decrease
in mean systolic and diastolic BP and increased HR. These findings confirm previous reports
that acute ethanol consumption causes short-term lowering of BP through peripheral
vasodilation, with a reflex increase in HR.22:23 Increased skin temperature observed in this
study could also be attributable to peripheral vasodilation. A new finding is that GHB, in the
modest dose administered, did not exacerbate the hypotensive or HR-accelerating actions of
ethanol.

Gamma-hydroxybutyrate intoxication is well described to result in respiratory depression, in
some cases, requiring mechanical ventilation.1= In 1 study of 88 patients presenting to the
emergency department with self-reported GHB intoxication, 11 were intubated and 21 had
documented arterial pCO2 of greater than 45 mm Hg.1 Other reports have documented
bradypnea, significant reductions in oxygen blood levels, and respiratory arrest associated with
GHB ingestion.3 In this study, we demonstrated that relatively small doses of GHB can
significantly decrease O2sat. The combination of GHB and ethanol was found to have increased
respiratory depressant effects compared with either drug alone. Although the 2% change in
O2sat was statistically significant, this is a modest difference in absolute terms. However, even
such a small decrement could be clinically important if a person has taken other respiratory
depressant drugs or has underlying pulmonary disease. Ethanol and sedative-hypnotic drugs
produce hypoventilation by central suppression of respiratory drive.24 In low doses, GHB has
been shown to slow respiratory rate, but ventilation depth is increased, so that minute
ventilation is maintained. Our results indicate that concomitant use of GHB and ethanol
intensifies respiratory depression, which may explain some of the severe toxicity and deaths
reported with recreational use of GHB.1™

In summary, we found that coadministration of modest doses of GHB and ethanol resulted in
increased episodes of vomiting and hypotension, and a greater decrease in O2sat, but only
minimal pharmacokinetic interactions were observed.
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FIGURE 1.

Mean plasma concentrations over time for GHB (A) and ethanol (B) after oral doses of the
drugs were administered alone (open circles) and in combination (solid squares) (n = 16). Note
that ethanol was dosed 15 minutes before GHB.
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FIGURE 2.

Mean change in percent O2sat relative to baseline after a single oral dose of GHB plus ethanol
(open circles), GHB (squares), ethanol (triangles), and placebo (solid diamonds). Data are
presented as means + 95% confidence interval.
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TABLE 2
Mean Pharmacokinetic Parameters of 600 mg/kg Ethanol Given Alone and in Combination With GHB

Chnax (mg/dL) T max (Min) AUC (mg: min/dL) Rate of Blood Ethanol

Decline (mg/dL-min)
Elhanol alone 70.7+11.6 46.9+154 19,810 + 5342 0.24 +0.07
Elhanol with GHB 76.6 £13.3 394+144 18,840 + 6450 0.26 £ 0.08

Values are expressed as means (n = 16) + standard deviations. All comparisons were not statistically significant (P > 0.05).
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