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Abstract
Background—The endocannabinoid system modulates the hypothalamic–pituitary–adrenal
(HPA) axis, but the effect of cannabinoid type 1 (CB1) receptor antagonism following chronic
CB1 receptor stimulation in humans is unknown.

Objectives—To evaluate effects of the CB1 receptor antagonist rimonabant on the HPA axis in
cannabis-dependent individuals.

Methods—Fourteen daily cannabis smokers received increasingly frequent 20 mg oral Δ9-
tetrahydrocannabinol (THC) doses (60–120 mg/day) over 8 days to standardize cannabis
tolerance. Concurrent with the last THC dose, double-blind placebo or rimonabant (20 or 40 mg)
was administered. Cannabinoid, rimonabant, and cortisol plasma concentrations were measured
1.5 hours prior to rimonabant administration and 2.0, 5.5, and 12.5 hours post-dose.

Results—Ten participants completed before premature study termination due to rimonabant’s
withdrawal from development. Five participants received 20 mg, three received 40 mg, and two
placebo. There was a significant positive association between rimonabant concentration and
change in cortisol concentration from baseline (r = .53, p < .01). There also was a borderline
significant association between rimonabant dose and cortisol concentrations when the dose-by-
time interaction was included. Four of eight participants receiving rimonabant (none of two
receiving placebo) had greater cortisol concentrations 2 hours after dosing (at 11:30) than at 08:00,
while normal diurnal variation should have peak concentrations at 08:00.
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Conclusion—Rimonabant 20 or 40 mg did not significantly increase plasma cortisol
concentrations, consistent with an absence of antagonist-elicited cannabis withdrawal.

Scientific Significance—Rimonabant doses >40 mg might elicit cortisol changes, confirming a
role for CB1 receptors in modulating the HPA axis in humans.

Keywords
cortisol; rimonabant; cannabis; antagonist; withdrawal

INTRODUCTION
Cannabis sativa (marijuana) is the most widely used illicit drug in the world (1). Its primary
psychoactive constituent, Δ9-tetrahydrocannabinol (THC) (2), acts at cannabinoid type 1
(CB1) receptors (3) to engage the endocannabinoid system (CB receptors and their
endogenous ligands).

The endocannabinoid system maintains brain homoeostasis. Endocannabinoids inhibit the
presynaptic release of neurotransmitters, thereby controlling the activation of neuronal
circuits, including those involved in neuroendocrine regulation. Exogenous cannabinoids
such as THC activate the hypothalamic–pituitary–adrenal (HPA) axis, the major
neuroendocrine stress response system of mammals. However, the function of the
endocannabinoid system in the regulation of stress hormone secretion remains unclear (4).

Cannabinoids alter HPA axis function by modulating corticotropin-releasing hormone
(CRH) concentrations, either directly through CB1 receptor-mediated effects on CRH
neurons in the paraventricular nucleus (5) or indirectly through other pathways (6).
Preclinical studies show that acute THC administration dose-dependently increases
adrenocorticotropic hormone, CRH, and cortisol concentrations (7,8). There is rapid
development of tolerance following chronic exposure to cannabinoid agonists (8), blunting
the cortisol response to subsequent acute exposure (6,7).

Human studies showed variable cannabinoid effects on the HPA axis. Similar to animals,
acute cannabis administration increased cortisol levels (9). However, no change in the
diurnal rhythm of cortisol secretion was observed during THC ingestion in chronic smokers
(10). Chronic, frequent cannabis smokers have normal levels of cortisol and prolactin (11),
suggesting tolerance development.

Tolerance to the stimulatory effects of THC on plasma adrenocorticotropic hormone
(ACTH) and cortisol occurs in humans (12). Frequent cannabis smokers had blunted
increases in cortisol release compared to healthy controls in response to intravenous THC
administration (13).

Drug withdrawal stimulates the HPA axis, generally increasing corticosteroid concentrations
(14-18). This is the case in rodents during CB1 antagonist-elicited cannabis withdrawal. In
rats treated for 2 weeks with the synthetic CB1 agonist HU-210, withdrawal elicited by the
selective CB1 antagonist rimonabant was associated with a 2.5-fold increase in CRH
concentration in the amygdala and a one-third increase in plasma corticosterone (rodent
equivalent of human cortisol) concentration (19).

To our knowledge, there was only one human study that examined effects of cannabis
withdrawal on the HPA system. In 30 healthy male cannabis smokers who smoked cannabis
cigarettes (2.2% THC) ad lib for 9 weeks while residing in a hospital unit, cortisol
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concentrations after 6 days of abstinence were unchanged compared to concentrations
during daily cannabis smoking (20).

As the HPA axis is integral to the hormonal stress response, it is important to investigate its
interaction with the endocannabinoid system, and specifically the impact of cannabis
withdrawal on the CRH system. CB1 antagonists were developed as potential treatments for
obesity, metabolic syndrome, and substance use disorders (21-23). As this drug class may
eventually have widespread use for one or more of these indications, it would be prudent to
assess the effects of antagonist-elicited withdrawal on the HPA axis. We report the effects of
rimonabant administration on plasma cortisol concentration in male cannabis smokers
following multiple daily oral THC doses to standardize cannabis tolerance.

METHODS
Participants

Participants provided written informed consent when not acutely intoxicated or in
withdrawal. The study was approved by the Institutional Review Boards of the National
Institute on Drug Abuse (NIDA) Intramural Research Program (IRP), the University of
Maryland School of Medicine, and the Maryland Department of Health and Mental
Hygiene. Inclusion criteria included 18–45 years old, smoked cannabis ≥1 year with daily
use for at least 3 months prior to admission, urine specimen positive for cannabinoids in the
30 days prior to study entry, normal cardiac function, and IQ ≥ 85 (Wechsler Abbreviated
Scale of Intelligence). Exclusion criteria included past or present clinically significant
medical disease that might interfere with safe study participation; history of psychosis or any
current Diagnostic & Statistical Manual, 4th edition (DSM-IV) axis I disorder (other than
cannabis, caffeine, or nicotine dependence, or simple phobia); current physical dependence
on substances other than cannabis, nicotine, or caffeine; history of clinically significant
adverse events associated with cannabis intoxication or withdrawal, for example, psychosis
or seizure; ≥6 alcohol drinks/day ≥4 times/week in the month prior to study entry; sesame
oil allergy; or interest in drug abuse treatment. Participants were admitted to a secure
research unit the evening of Day 1, 20 hours before the first THC dose, and discharged 22
hours after the last dose. The unit had 24-hour staffing, ensuring that subjects had no access
to drugs except those provided in the study.

Study Design
A randomized, placebo-controlled, double-blind, escalating dose design was utilized. A total
of 14 participants enrolled in the study and 10 completed. Subjects were enrolled in groups
of 6. Five participants in the first group received rimonabant 20 mg; 1 was randomly
assigned to receive placebo. The second dosing group received rimonabant 40 mg. Three
participants received this dose of rimonabant; 1 was randomly assigned to receive placebo.
The protocol was terminated prematurely during the second (40 mg) dosing group when
worldwide clinical trials were stopped by the manufacturer, ending all rimonabant clinical
development efforts (24).

Oral THC Administration
Oral synthetic THC (dronabinol, Marinol®, Unimed Pharmaceuticals, Marietta, GA, USA)
was administered in 20 mg capsules with increasing frequency (every 4–8 hours) for total
daily doses as follows: 40 mg on Day 2; 100 mg on Days 3–5; 120 mg on Days 6–8; and 40
mg on Day 9. The first dose was administered at 15:00 on Day 2 and the last at 09:30 on
Day 9. This regimen standardized cannabis tolerance across participants while minimizing
adverse events previously reported with 30 mg THC doses (25).
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Rimonabant Administration
Subjects received a single oral dose of active or placebo rimonabant (Sanofi-aventis,
Malvern, PA, USA) at 09:30 on Day 9.

Specimen Collection
Blood for cortisol, cannabinoids, and rimonabant was drawn from a peripheral vein on Day
9 at 08:00, 11:30, 15:00, and 22:00. For participants A, B, E, and I, an intravenous catheter
placed at least 16 hours prior to collecting the 08:00 specimen was used to obtain all
specimens. For the remaining subjects, the 08:00 specimen was drawn by venipuncture. An
intravenous catheter was then placed within 90 minutes and was used to collect subsequent
specimens.

Specimens for cannabinoids and rimonabant were collected in Vacutainer® tubes (BD
Diagnostics, Franklin Lakes, NJ, USA) with sodium heparin, stored on ice no more than 2
hours prior to centrifugation, and separated plasma stored refrigerated at 4°C (cannabinoid
specimens) or frozen at −20°C (rimonabant specimens) until analysis. Specimens for cortisol
analysis were collected in Vacutainers® containing ethylenediamine tetraacetic acid, stored
on ice no more than 2 hours prior to centrifugation, and separated plasma frozen at −70°C
until analysis.

Cannabinoid Analysis
Free plasma cannabinoids were determined by a fully validated, previously published
analytical method (26). Split calibration curves were employed for quantification of .25–100
ng/mL THC and 11-nor-9-carboxy-Δ9-tetrahydrocannabinol (THCCOOH) and .5–75 ng/mL
11-hydroxy-tetrahydrocannabinol (11-OH-THC). Intra- and inter-assay imprecision were
<11% and <14%, respectively, and analytical recoveries were 86–113%.

Cortisol Radioimmunoassay and Rimonabant Assay
Blood specimens for cortisol analysis were spun in a refrigerated centrifuge at 495 g for 10
minutes Plasma (25 μl) was assayed with a commercially available antibody coated-tube
[125I] cortisol RIA kit (MP Biomedicals, Irvine, CA, USA). All specimens were assayed in a
single run, and average intra-assay coefficient of variability was 6.7%. The lower limit of
assay sensitivity was 1.0 μg/dL.

Rimonabant plasma concentrations were measured by a validated liquid chromatography-
tandem mass spectrometry method with a 1.0 μg/L limit of quantification (Sanofi-aventis).

Statistical Methods
Baseline cortisol concentrations in the venipuncture and intravenous catheter groups were
compared using the nonparametric Wilcoxon two-sample test. Nonparametric methods were
used due to non-normality of data distributions. Because venipuncture might be expected to
elevate (but not depress) cortisol concentration compared to an indwelling catheter (27), a
one-tailed p-value was used.

The influence of rimonabant on plasma cortisol concentrations was evaluated by repeated
measures linear regression, with rimonabant dose as the independent variable and cortisol
concentration (expressed as change from pre-rimonabant baseline) as the dependent
variable. Change scores were employed to evaluate cortisol concentrations, as these were
fairly normally distributed, whereas raw concentration values were not. Planned single-df
contrasts evaluated the effect of each rimonabant dose relative to placebo. Because the
rimonabant dose groups appeared to have different cortisol trajectories over time, a second
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repeated measures regression model was fit, including dose, time, and a dose-by-time
interaction term. Because of the greater than twofold intersubject variability in plasma
rimonabant concentrations (Table 1), this regression model also was evaluated with plasma
rimonabant concentrations or the ratio of rimonabant/(THC + 11-OH-THC) plasma
concentrations as independent variables, rather than rimonabant dose. The bivariate
association between change in cortisol concentration and rimonabant concentration at each
time point was evaluated using Pearson’s correlation coefficient.

The associations between cortisol concentrations and (1) cannabinoid concentrations or (2)
rimonabant Cmax and AUC were evaluated using Spearman correlation coefficients (due to
non-normal distribution of the data). Correlations were calculated separately for each time
point because time also could affect the nature of the correlation.

Power calculations were performed using NCSS/PASS software 2004 release (Number
Cruncher Statistical Systems, Kaysville, UT, USA).

RESULTS
Baseline (08:00) cortisol concentrations (median ± SD [range]) did not differ significantly in
the venipuncture and intravenous catheter groups (12.9 ± 7.6 [7.2 –26.2] μg/dL and 9.4 ±
3.9 [6.1 – 13.7] μg/dL, respectively) (z = 1.17, p = .12), so the two groups were combined
for all further analyses.

Cortisol concentrations were generally highest at 08:00 (mean ± SE = 13.3 ± 2.5 for 8
rimonabant subjects, 10.4 ± 3.3 for 2 placebo subjects), followed by decreasing
concentrations later in the day (Figure 1), the expected normal diurnal rhythm. Four of eight
subjects (A, B, C, and F) receiving rimonabant had greater concentrations of cortisol at
11:30 than at 08:00, while neither of the two subjects receiving placebo did so.

Cortisol Concentrations and Rimonabant
There was no statistically significant effect of rimonabant dose on plasma cortisol
concentration (20 mg vs. placebo: F1,20 = .89, p = .36; 40 mg vs. placebo: F1,20 = .56, p = .
46). The model that included rimonabant dose, plus time, plus the dose-by-time interaction,
found the effect of dose to be nonsignificant (F2,17 = 1.17, p = .33), the effect of time to be
highly significant (F1,17 = 13.03, p = .002), and the effect of dose-by-time interaction term
to be borderline significant (F2,17 = 3.00, p = .08).

Table 1 lists plasma rimonabant concentrations for each participant. There was a statistically
significant positive association between change from baseline in plasma cortisol
concentration and rimonabant concentrations (Figure 2; F1,15 = 30.3, p < .0001). The
bivariate correlation also was significant (r = .53, p < .01). When time and interaction terms
were added to the regression model, none of the terms were statistically significant (F1,13 =
1.21, p = .29 for rimonabant; F1,13 = .39, p = .54 for time; F1,13 = .04, p = .85 for rimonabant
× time). There was no statistically significant association between plasma cortisol
concentration and the ratio of rimonabant/(THC + 11-OH-THC) plasma concentrations,
whether this was evaluated by itself (F1,15 = 2.06, p = .17) or including time and interaction
terms in the regression model (F1,13 = 2.44, p = .14 for rimonabant ratio; F1,13 = .00, p = .95
for time; F1,13 = 2.05, p = .18 for rimonabant ratio × time). There were no statistically
significant correlations between plasma cortisol concentrations at any time point and
rimonabant Cmax or AUC (data not shown).
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Cortisol Concentrations and Cannabinoid Concentrations
There was a significant negative correlation between plasma cortisol and THCCOOH
concentrations (r = −.64, p = .05). There were no other significant correlations between
cortisol concentration and any cannabinoid at any time point (data not shown).

DISCUSSION
Single doses of 20 or 40 mg rimonabant did not significantly increase plasma cortisol
concentrations in cannabis-dependent men. This is clinically relevant because 20 mg was the
recommended therapeutic dose for this first-in-class agent for the treatment of obesity,
metabolic syndrome, and substance use disorders. The lack of a significant effect on plasma
cortisol is possibly due to the fact that these doses did not robustly elicit other measures of
cannabis withdrawal (e.g., subjective symptoms, cardiovascular changes) in these cannabis-
dependent individuals (Gorelick et al., J Clin Psychopharmacol, in press). Higher
rimonabant doses might elicit withdrawal and increase cortisol concentrations.

Doses of rimonabant greater than the 20 or 40 mg single doses administered in this study are
required to block the acute subjective and physiological effects of smoked cannabis. A
single 90 mg rimonabant dose was required to significantly attenuate psychological and
cardiovascular effects of smoked cannabis (28). A second study replicated the significant
attenuation by a 90 mg single dose, and also found significant attenuation after 8 or 15 days
of 40 mg daily doses (29). The plasma rimonabant Cmax achieved in those blockade studies
was substantially higher (478.6 ng/mL following a single 90 mg dose and 307.8 and 334.6
ng/mL after 8 or 15 days, respectively, of daily 40 mg doses) than the Cmax achieved in this
study.

Another explanation for the failure to observe the expected increase in cortisol
concentrations may be the low power of the study as a result of premature termination.
Based on the mean differences actually observed, 19 subjects would need to receive
rimonabant to have 80% power to detect significant effects of rimonabant dose and time, as
well as a significant dose-by-time interaction.

A methodological limitation of this study was the collection of baseline plasma samples by
venipuncture (rather than indwelling catheter) in six subjects. Venipuncture is known to
acutely and transiently increase plasma cortisol concentration as part of a stress response
(27). However, this is unlikely to have substantially affected our results. There was no
statistically significant difference in cortisol concentrations between the venipuncture and
indwelling catheter groups. If venipuncture increased baseline cortisol concentrations, less
of a change from baseline would be expected with the cortisol measurement at 11:00.
Furthermore, the statistically significant positive association between cortisol and
rimonabant concentrations was based on change from baseline concentration, thus
minimizing the influence of baseline levels.

Precautions were taken to minimize the risk of adverse events which could spuriously
elevate cortisol levels. Increasingly frequent doses of THC 20 mg were administered during
the 8 days of continuous dosing to standardize cannabis tolerance across participants. The
dosing regimen utilized in this study was well tolerated by all participants.

Three aspects of the findings suggest that a true phenomenon may have been missed due to
early termination. First, there was a significant positive association between cortisol change
from baseline and rimonabant concentrations, albeit only when time and interaction terms
were ignored. Second, the statistical model that included rimonabant dose, plus time, plus
the dose-by-time interaction showed a trend toward statistical significance for the effect of
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dose-by-time. These results suggest possible group differences in cortisol trends over time
which might have achieved statistical significance with a larger sample size.

Finally, four of eight participants receiving rimonabant had greater cortisol concentrations at
11:30 (2 hours after dosing) than at 8:00, including one participant with a concentration of
38.7 μg/dL, well above the upper limit of normal. This is not consistent with the normal
diurnal rhythm of cortisol, in which concentrations peak in the morning (typical values up to
24 μg/dL at 08:00), followed by a progressive decline throughout the day. Concentrations at
16:00 in healthy adults are in the range of 3–12 μg/dL (30). This concentration range was
exceeded (at 15:00) by only one subject who achieved a peak plasma rimonabant
concentration which was likely needed to elicit cannabis withdrawal (see Gorelick et al., J
Clin Psychopharmacol, in press). Both participants receiving placebo showed the expected
diurnal rhythm of cortisol concentration.

These changes are of potential clinical significance, given the possible effects of elevated
cortisol concentrations on psychological and physiological function. Further studies with
larger sample sizes and adequate power are warranted to evaluate the effect of CB1
antagonists on the HPA axis.
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FIGURE 1.
Plasma cortisol concentrations (μg/dL) before and after single placebo, 20, or 40 mg
rimonabant doses in daily cannabis smokers. Ten cannabis smokers were administered Δ9-
tetrahydrocannabinol (THC) 20 mg orally every 4–8 hours in escalating daily doses for 8
days to maintain and standardize cannabis tolerance (120 mg/day for 3 days prior to
rimonabant). At 9:30 on the ninth day (arrow), subjects A, B, C, D, and E (dashed lines)
received oral rimonabant 20 mg concurrently with the last dose of THC; subjects F, G, and
H (gray lines) received oral rimonabant 40 mg concurrently with the last dose of THC.
Subjects I and J (black lines) received placebo rimonabant.
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FIGURE 2.
The association between plasma rimonabant concentrations and change from baseline
plasma cortisol concentrations up to 12.5 hours after 20 or 40 mg rimonabant. Eight daily
cannabis smokers were administered 20 mg Δ9-tetrahydrocannabinol (THC) orally every 4–
8 hours for 8 days. On the ninth day, baseline cortisol concentrations were obtained at 08:00
and subjects received oral rimonabant at 09:30 concurrently with the last dose of THC. Line
shows least squares linear regression best fit to all rimonabant concentrations.
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TABLE 1

Plasma rimonabant concentrations following a single 20 or 40 mg rimonabant dose in eight daily cannabis
smokers.

Rimonabant concentration (ng/mL)

Subject Dose

Time of sample

11:30 15:00 22:00

A 20 89.5 76.2 49.1

B 20 181 67.0 23.6

C 20 71.8 33.2 10.7

D 20 172 54.7 27.6

E 20 168 61.4 44.8

F 40 378 111 45.0

G 40 143 67.7 23.5

H 40 187 57.2 30.3

Note: Daily cannabis smokers were administered Δ9-tetrahydrocannabinol (THC) 20 mg orally every 4–8 hours over 8 days (120 mg THC/day for
last 3 days prior to rimonabant). At 9:30 on the ninth day, five subjects received rimonabant 20 mg and three subjects received rimonabant 40 mg
concurrently with the last dose of THC.
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