BRITISH

BPS/ PHARMACOLOGICAL
SOCIETY

British Journal of Pharmacology (2009), 158, 1330-1337
© 2009 The Authors
Journal compilation © 2009 The British Pharmacological Society Al rights reserved  0007-1188/09

www.brjpharmacol.org

BRITISH JOURNAL
OF PHARMACOLOGY

B]

RESEARCH PAPER

Reintoxication: the release of fat-stored
A’-tetrahydrocannabinol (THC) into blood is
enhanced by food deprivation or ACTH exposure
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Background and purpose: A°-tetrahydrocannabinol (THC), the main psychoactive constituent of cannabis, accumulates in
adipose tissue where it is stored for long periods of time. Here we investigated whether conditions that promote lipolysis can
liberate THC from adipocytes to yield increased blood levels of THC.

Experimental approach: In vitro studies involved freshly isolated rat adipocytes that were incubated with THC before exposure
to the lipolytic agent adrenocorticotrophic hormone (ACTH). A complementary in vivo approach examined the effects of both
food deprivation and ACTH on blood levels of THC in rats that had been repeatedly injected with THC (10 mg-kg™) for 10
consecutive days. Lipolysis promoted by ACTH or food deprivation was indexed by measurement of glycerol levels.

Key results: ACTH increased THC levels in the medium of THC-pretreated adipocytes in vitro. ACTH also enhanced THC release
from adipocytes in vitro when taken from rats repeatedly pretreated with THC in vivo. Finally, in vivo ACTH exposure and 24 h
food deprivation both enhanced the levels of THC and its metabolite, (-)-11-nor-9-carboxy-A°-tetrahydrocannabinol (THC-
COOH) in the blood of rats that had been pre-exposed to repeated THC injections.

Conclusions and implications: The present study shows that lipolysis enhances the release of THC from fat stores back into
blood. This suggests the likelihood of ‘reintoxication” whereby food deprivation or stress may raise blood THC levels in animals
chronically exposed to the drug. Further research will need to confirm whether this can lead to functional effects, such as
impaired cognitive function or ‘flashbacks’.
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Introduction 1979). Further, THC was detected in rat epididymal fat tissue

for up to 2 weeks after a single 4 mg-kg' injection and with

A’-tetrahydrocannabinol (THC), the main psychoactive con-
stituent of cannabis, is a highly lipophilic drug that is rapidly
absorbed and preferentially stored in the fat deposits of the
body. For example, THC accumulated in rodent gonadal fat at
significantly higher concentrations than in other organs such
as the liver, brain, lungs and other fatty tissue (Rawitch et al.,
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repeated administration, THC significantly accumulated in
this tissue (Kreuz and Axelrod, 1973). Similarly in humans,
THC was observed in fat biopsies up to 28 days following the
final exposure to the drug (Johansson et al., 1989). The long-
term storage of THC in fat is consistent with the observation
that heavy cannabis users continue to give positive urine
samples (>20 ng-mL™) after 77 days of drug abstinence (Ellis
etal., 1985).

Under normal conditions, THC appears to passively diffuse
from fat back into blood, thus explaining its long elimination
half-life. However it is possible that under conditions of



enhanced fat metabolism (lipolysis), THC might be released
from fat at much higher concentrations than normal. Inter-
estingly, there have been anecdotal forensic reports of anoma-
lously high levels of THC in post-mortem blood samples of
victims of traumatic death such as drowning (Collins et al.,
1997). We have also received recent anecdotal forensic reports
of high THC levels in the blood of ex-cannabis users who have
lost significant body weight immediately prior to test sam-
pling. Stress and food deprivation (FD) are reliable promoters
of lipolysis, and this can be largely ascribed to activation of
the sympathetic nervous system (Meisner and Carter, 1977;
Palou et al., 1981; Nonogaki, 2000). Activation of the sympa-
thetic nervous system increases the release of hormones such
as adrenaline and adrenocorticotrophic hormone (ACTH),
which in turn interact with adipocyte membrane-bound
receptors such as B-adrenoceptors and melanocortin receptors
(MC) that stimulate hormone-sensitive lipases (HSL) to
hydrolyse triglycerides into free fatty acids (FFA) and glycerol
(Meisner and Carter, 1977; Langin, 2006).

Here we investigated whether conditions that promote
lipolysis may cause THC to be released from adipocytes at a
higher concentration than under normal, non-lipolytic con-
ditions. Firstly, we examined whether a lipolytic concentra-
tion of ACTH enhances the release of THC from adipocytes
in vitro that had been pretreated with different concentrations
of THC. We also determined whether ACTH enhances THC
release from ex vivo adipocytes dissected from rats pretreated
with 10 daily injections of THC. Finally, we investigated
whether FD or a single systemic dose of ACTH can increase
the blood concentration of THC and its non-psychoactive
metabolite, (-)-11-nor-9-carboxy-A’-THC (THC-COOH)
in vivo.

Methods

Animals

A total of 105 male Australian Albino Wistar (AAW) rats
(Animal Resource Centre, Perth, Australia) were used for all
experiments with a weight range of 200-400 g (see figure
legends for the weight ranges used for specific experiments).
Rats were housed in large plastic tubs in groups of five to eight
in a temperature- and humidity-controlled colony room
maintained on a reverse 12 h light/12 h dark cycle (lights off
at 07 h 30 min). All experimental procedures were approved
by The University of Sydney Animal Ethics Committee in
accordance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes. Procedures con-
formed to the guidelines set out by the National Health and
Medical Research Council (NH&MRC).

Drug preparation and administration

A’-tetrahydrocannabinol was dissolved in absolute ethanol
before being added to an equal amount of Tween 80 and
diluted in saline to give a final stock solution of ethanol/
Tween 80/saline (1:1:18). THC was administered i.p. at a dose
of 10 mg-kg™ for in vivo experiments. THC used in vitro was
diluted in Dulbecco’s Modified Eagle medium (DMEM)
supplemented with 10% foetal bovine serum (FBS) to reach
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concentrations of 1 and 10 uM. ACTH was diluted in DMEM/
10% FBS to reach a concentration of 2 nM in vitro. ACTH used
in vivo was diluted in saline and administered i.p. at a dose of
0.2 mg-kg™'. All i.p. drug injections were administered at a
volume of 1 mL-kg™.

Adipocyte isolation

Adipocytes from epididymal adipose tissue were isolated
using Rodbell’s original procedure with some minor modifi-
cations (Rodbell, 1964). In brief, adipose tissue was finely
chopped and digested in a Krebs-Ringer (pH 7)/collagenase
solution [1.5 mg collagenase-(g tissue)™'] containing 5.6 mM
glucose and vigorously shaken at 37°C for 40 min. The upper
layer containing the adipocytes was passed through a 400 um
sieve filter before being washed with HEPES/Krebs-Ringer
solution. The adipocytes were added to complete DMEM/10%
FBS and maintained as freshly isolated cells.

Glycerol analysis

Adipocytes and plasma samples were analysed for glycerol
using a glycerol detection kit with a glycerol standard range of
0-3.4 mM. This is a colorimetric assay where the samples are
incubated with a detection reagent that contains enzymes
such as glycerol kinase, glycerol phosphate oxidase and horse-
radish peroxidase in the presence of a colorimetric substrate
to form a chromophore complex that is detectable in the
UV/visible range of the light spectrum particularly at 450 nm.

Detection and quantification of THC and THC-COOH

in blood samples

A 50 uL quantity of D*-THC : D*-THC-COOH (0.5 mg-L™":
1 mg-L") internal standard solution was added to each 0.5 mL
sample of whole blood. Acetate buffer was added (pH 4.5) and
THC and THC-COOH extracted with a hexane/ethyl acetate
(9:1) solvent mixture. Following their extraction and com-
plete drying under a nitrogen stream, the samples underwent
derivatization of the polar functional groups (COOH, OH)
with bis(trimethylsilyl)trifluroacetamide (BSTFA). To quantify
(5 ng-mL™ limit of quantification) the derivatized extract it
was analysed by gas chromatography-mass spectrometry (GC-
MS) (Agilent 6890/5973 GC-MS system) using electron impact
ionization in selective ion mode. Calibration standards were
prepared by spiking drug-free horse blood at concentrations
of 5-50 ng-mL™" for A’-THC and 10-100 ng-mL™" for THC-
COOH. The standards were vortexed and treated identically
to other blood samples.

Detection and quantification of THC and THC-COOH from
freshly isolated adipocytes

Solid-phase extraction was used to concentrate THC from the
medium of the freshly isolated adipocyte samples; 1 mL
DMEM/10% FBS from each adipocyte sample was passed
through a Certify II extraction column according to the
manufacturer’s instructions and spiked with the same inter-
nal standard as that described above. The column was washed
with 40% methanol and water before it was eluted using a
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methanol: ethyl acetate (1:9) solution to extract the THC.
Samples were then dried to completeness under nitrogen gas
and prepared for GC-MS analysis as described above. Calibra-
tion standards were prepared by spiking drug-free DMEM/
10% FBS at a concentration range of 5 ng-mL"-2 mg-mL™ of
THC and treated identically to the other samples.

In vitro experimental procedure

Rats were Kkilled via rapid decapitation and their epididymal
fat pads removed. Adipocyte cells were isolated as described
above and maintained in DMEM/10% FBS medium. Freshly
isolated adipocyte samples were incubated with different con-
centrations of THC (1 and 10 uM) at 37°C for 90 min. These
samples were then thoroughly washed three times with Krebs-
Ringer solution to remove residual THC from the medium
before being replenished with fresh DMEM/10% FBS. The
samples were then incubated at 37°C for a further 2 h with
either 2 nM ACTH or a water vehicle (VEH) solution. Finally
the medium was collected and prepared for GC-MS analysis of
THC and THC-COOH concentrations.

In vivo/in vitro experimental procedure

Rats were administered daily injections of THC (10 mg-kg™
i.p.) for 10 days before being killed via rapid decapitation 2 or
7 days after their final drug administration. Epididymal fat
pads were removed and adipocytes isolated. Cells were either
treated with VEH or 2 nM ACTH for 2 h at 37°C. A 50 uL
aliquot was taken from the medium for glycerol analysis, and
the rest of the sample underwent solid-phase extraction and
derivatization before GC-MS analysis of THC and THC-COOH
concentrations.

In vivo experimental procedure

Rats were administered daily injections of THC (10 mg-kg™
i.p.) for 10 days and then given a 2 or 7 day washout period.
One cohort of rats received an i.p. injection of VEH or
0.2 mg-kg™ ACTH at either 48 h or 168 h after their final
injection of THC. Thirty minutes after VEH or ACTH injec-
tions, the rats were killed via rapid decapitation, trunk blood
was collected in EDTA-coated tubes, and epididymal fat pads
were removed. Another cohort of rats received either no FD
(NFD) or 24 h of FD that occurred between 24-48 h or 144-
168 h after their final THC injection. These rats were then
killed via rapid decapitation, trunk blood was collected in
EDTA-tubes, and epididymal fat pads were removed. A small
aliquot of blood was immediately centrifuged at 13 400x g
for 10 min at 4°C to separate plasma for glycerol analysis.
Fat pads that were not used immediately were snap frozen
in isopentane cooled on dry ice before being stored at
-80°C.

Statistical analysis

All statistical tests were performed using either the STATVIEW
5.0.1 software program for Windows (SAS Institute, UK) or
PRISM 5.0 (GraphdPad Software, USA). Data from in vitro
experiments were analysed using a two-way analysis of vari-
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ance (ANOVA). The two factors were the effect of THC concen-
tration (1 uM and 10 uM) and the effect of ACTH treatment
(VEH and ACTH) on concentrations of THC in the medium of
freshly isolated adipocytes. A Tukey-Kramer post hoc test
(where THC and ACTH treatment was split by the correspond-
ing factor) was used to compare within each group when a
significant two-way ANOVA was found. A Pearson’s correlation
analysis was performed to correlate the levels of THC and
glycerol found in the medium of freshly isolated adipocytes.
Data for all other experiments were analysed using two-tailed
unpaired t-tests.

Drugs and materials

A’-tetrahydrocannabinol and ACTH were obtained from
Sigma-Aldrich (St Louis, MI, USA) (THC Pharm, Frankfurt,
Main, Germany); DMEM and FBS were from Gibco (Carlsbad,
CA, USA); the collagenase solution was from Worthington
Inc. (Lakewood, NJ, USA); the glycerol detection kit from
Cayman (Ann Arbor, MI, USA); D’-THC : D*-THC-COOH was
obtained from Novachem (Collingwood, Victoria, Australia),
and the Certify II extraction column was from Varian (Mul-
grave, Victoria, Australia).

Results

The effect of ACTH on the release of THC and glycerol from
adipocytes pretreated with THC
Two-way ANOVA revealed that 2nM ACTH significantly
increased the release of THC from adipocytes previously
treated with THC (Figure 1A), indicated by a significant effect
of ACTH treatment (F(1,19) =12.27, P < 0.01) on the levels of
THC in the medium. Further, this effect was concentration-
dependent as supported by an effect of THC concentration
(F(1,19) = 44, P < 0.001). There was no significant interaction
between ACTH treatment and THC concentration (P > 0.05).
Tukey-Kramer post hoc tests showed THC concentrations were
significantly higher in the medium of ACTH-treated adipo-
cytes than in that of VEH-treated adipocytes when pretreated
with either 1 uM (P < 0.01) or 10 uM THC (P < 0.01).
Two-way ANOVA showed that 2 nM ACTH promoted lipoly-
sis, as demonstrated by increased levels of glycerol in the
medium of freshly isolated adipocytes treated with ACTH
(F(1,19) = 70.18, P < 0.001) (Figure 1B). THC concentration
did not affect ACTH-induced glycerol levels, and no signifi-
cant interaction was observed between ACTH treatment and
THC concentration (P > 0.05). Tukey-Kramer post hoc tests
indicated that ACTH increased glycerol levels in the medium
similarly in both 1 uM and 10 uM THC-pretreated adipocytes
(P <0.001 and P < 0.001, respectively). A Pearson’s correlation
analysis revealed that THC levels significantly correlated with
glycerol levels in the medium of adipocytes pretreated with
1 uM THC (r=0.73, P<0.05) or 10 uM THC (r=0.70, P <0.05)
and then challenged with VEH or 2 nM ACTH.

The effect of ACTH on the release of THC and glycerol from
freshly isolated adipocytes of rats repeatedly pretreated with THC
in vivo

Figure 2A shows the effect of ACTH on the release of THC
from adipocytes taken from rats pretreated with THC
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Figure 1 The effect of ACTH (2 nM) on the release of (A) THC and

(B) glycerol from adipocytes (10° cells per sample) that were pre-
treated with either 1 or 10 uM THC (n = 5 per group). **P < 0.01
and ***P < 0.001, significant difference between ACTH and
VEH. Adipocytes were isolated from rats weighing between
250 and 300g. ACTH, adrenocorticotrophic hormone; THC,
A°-tetrahydrocannabinol; VEH, vehicle.

(10 mg-kg' i.p.). A t-test showed that 2nM ACTH signifi-
cantly increased the release of THC from adipocytes into
the medium compared with VEH treatment (#(8) = 7.18,
P < 0.001).

The results for glycerol are shown in Figure 2B. A f-test
indicated that 2 nM ACTH significantly increased glycerol
concentrations in the medium compared with the VEH treat-
ment (£(8) = 4.45, P < 0.01). A Pearson’s correlation analysis
revealed that THC levels significantly correlated with glycerol
levels in the medium of adipocytes taken from rats pretreated
with THC for 10 days and challenged with either VEH or 2 nM
ACTH (r=0.86, P < 0.001).

The effect of systemically administered ACTH on blood THC
and THC-COOH levels in rats repeatedly pretreated with THC

in vivo

The results are shown in Figure 3. A t-test indicated that i.p.
injection of ACTH (0.2 mg-kg™') significantly increased blood
concentrations of THC (t(14) = 3.81, P < 0.001) and THC-
COOH (t(14)=1.79, P < 0.05), relative to those in VEH-treated
animals, in rats that had previously been treated for 10 con-
secutive days with 10 mg-kg™ THC i.p. before a 2 day washout
period.
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Figure 2 The effect of ACTH (2 nM) on the release of (A) THC and
(B) glycerol from adipocytes (10° cells per sample) that were dis-
sected from rats repeatedly pretreated with THC (10 mg-kg™'-day™")
for 10 days before a 2 day washout period (n = 5 per group).
**P < 0.01 and ***P < 0.001, significant difference between ACTH
and VEH. Adipocytes were isolated from rats weighing between
300 and 350g. ACTH, adrenocorticotrophic hormone; THC,
A°-tetrahydrocannabinol; VEH, vehicle.
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Figure 3 The effect of ACTH (0.2 mg-kg™") on blood THC and THC-
COOH concentrations in rats (200-250 g) that were repeatedly pre-
treated with THC (10 mg-kg™'-day™") for 10 days before a 2 day
washout period (n = 8 per group). *P < 0.05 and ***P < 0.001,
significant difference between ACTH and VEH. ACTH, adrenocorti-
cotrophic hormone; THC, A’-tetrahydrocannabinol; THC-COOH,
(-)-11-nor-9-carboxy-A°-tetrahydrocannabinol; VEH, vehicle.

The effect of FD on blood THC, THC-COOH and glycerol

concentration 48 h after the final day of repeated THC treatment
Animals repeatedly pretreated with THC (10 mg-kg'-day i.p.
for 10 days) and deprived of food for 24 h had significantly
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Figure 4 The effect of 24 h FD on (A) blood THC and THC-COOH concentrations and (B) plasma glycerol in rats (300-400 g) that were
repeatedly pretreated with THC (10 mg-kg™'-day™") for 10 days before a 2 day washout period (n = 10 per group). The effect of 24 h FD on
(C) blood THC and THC-COOH concentrations and (D) plasma glycerol in rats that were repeatedly pretreated with THC (10 mg-kg™'-day™")
for 10 days and given a 7 day washout period (n = 7-8 per group). *P < 0.05, **P < 0.01 and ***P < 0.001, significant difference between FD
and NFD group. FD, food deprivation; NFD, non-food deprived; THC, A’-tetrahydrocannabinol; THC-COOH, (-)-11-nor-9-carboxy-A®-

tetrahydrocannabinol.

increased blood THC concentrations compared with NFD
controls (#(19) = 2.98, P < 0.05) (Figure 4A). Similarly, the
blood THC-COOH concentration was significantly increased
in FD rats compared with NFD rats (#(18) = 2.93, P < 0.01).
Food deprivation also significantly increased the plasma
glycerol concentrations (£(14) = 2.77, P < 0.05) compared with
levels observed in NFD rats (Figure 4B). Chronic THC treat-
ment per se did not significantly affect FD-induced enhance-
ment of blood glycerol concentrations as equivalent
FD-induced glycerol levels were observed in animals that had
received 10 daily i.p. injections of VEH (data not shown).

The effect of FD on the release of blood THC, THC-COOH

and glycerol 7 days following the final day of repeated

THC injections

There was no effect of FD on blood THC concentrations in rats
deprived of food from 144-168 h after the final THC injection
(P > 0.05, Figure 4C). Similarly, FD caused no significant
change in the blood THC-COOH concentration compared
with NFD rats (P > 0.05). Figure 4D shows that the plasma
glycerol concentration was significantly increased in FD rats
compared with NFD rats (t(12) = 6.21, P < 0.001).

Effects of ACTH on THC release from ex vivo adipocytes of FD
and NFD rats

As FD following a 48 h washout period increased blood THC
concentration, we were interested in whether there was an
inverse relationship between THC levels in blood and the
amount of THC remaining in these animals’ adipocytes. That

British Journal of Pharmacology (2009) 158 1330-1337

100+

*kk
\*
0 \

7days

I
T

-~ NFD
= FD

& o
T 2

THC (ng-mL~1+ SEM)
S

2 days

Figure 5 ACTH-induced THC release from adipocytes (10* cells per
sample) of FD or NFD rats (300-400 g) repeatedly pretreated with
THC (10 mg-kg™"-day™") for 10 days after a 2 (n = 8 per group) or 7
day (n = 6 per group) washout period. ***P < 0.001, significant
difference between FD and NFD group. ACTH, adrenocorticotrophic
hormone; FD, food deprivation; NFD, non-food deprived; THC,
A°-tetrahydrocannabinol.

is, if THC was being released from fat following FD, then THC
levels should be lower in the adipocytes of FD rats compared
with NFD rats (see Figure 5).

Two-way ANOVA showed there was a significant overall
effect of FD on THC concentration in the medium of freshly
isolated adipocytes (F(1,16) = 41.09, P < 0.001) and a signifi-
cant effect of the number of days of washout (F(1,16) = 58.84,
P < 0.001) but no significant interaction between FD and the
washout period. Tukey-Kramer post hoc tests showed that
ACTH treatment induced higher levels of THC in the medium



of adipocytes from NFD compared with FD rats that had
received either a 2 (P < 0.001) or 7 day (P < 0.001) washout
period. It was also observed that less THC was released from
freshly isolated adipocytes of rats that received a 7 day
washout compared with those that received a 2 day washout
period. ACTH-induced enhancement of glycerol levels in the
medium was not significantly different between FD and NFD
rats whether they received a 2 or 7 day washout period (data
not shown).

Discussion

Collectively the data obtained in the present study demon-
strate that lipolysis significantly enhances the release of THC
from fat tissue resulting in increased levels in the blood. The
lipolytic agent ACTH enhanced the release of THC from
adipocytes previously treated in vitro with THC. This effect
correlated with ACTH-induced lipolysis. Similarly, ACTH
enhanced the release of THC from ex vivo adipocytes of rats
that were repeatedly pretreated with systemic injections of
THC. Complementary in vivo experiments showed that sys-
temic ACTH or 24 h of FD both increased the blood concen-
trations of THC and its metabolite THC-COOH in rats
pretreated in vivo with THC. Importantly, the increased blood
THC levels following FD are probably due to THC release from
fat stores because ex vivo adipocytes from the food deprived
rats contained less THC than those from animals that had not
been deprived of food.

Adrenocorticotrophic hormone proved to be a very potent
lipolytic agent in vitro and enhanced THC release from adipo-
cytes that were directly pretreated with known THC concen-
trations and also from ex vivo adipocytes dissected from rats
previously repeatedly treated with THC. We observed a sig-
nificant, positive correlation between THC release and lipoly-
sis, which suggests that THC stored in fat is released under
such conditions. As ACTH-induced lipolysis enhanced the
release of THC directly from freshly isolated adipocytes, we
then aimed to demonstrate that such a local, in vitro enhance-
ment in THC release translates into augmented concentra-
tions when sampled from the blood in vivo. Indeed, systemic
acute administration of ACTH was found to increase the levels
of THC and THC-COOH in the blood of THC-pretreated rats.
This presumably occurred due to ACTH-induced lipolysis
in vivo. Previous studies, as well as the current one, have
shown that systemic administration of ACTH increases lipoly-
sis, as gauged by increased plasma levels of glycerol ( Spirovski
et al., 1975; Opmeer et al., 1978; Boston and Cone, 1996).

In addition, we determined whether FD, another robust
in vivo promoter of lipolysis (Migliorini et al., 1997), also
enhances the release of THC from fat stores. It was found that
rats, abstinent for 2 days following chronic THC treatment,
deprived of food for 24 h had increased levels of THC and
THC-COOH in their blood and this directly correlated with a
significant increase in plasma glycerol concentrations.
Furthermore, ACTH-treated adipocytes from these FD rats
showed a decreased level of THC release into the medium
compared with ACTH-treated adipocytes from NFD rats. This
indicates that at least some of the increase in blood THC levels
following FD in THC-pretreated rats can be attributed to the
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release of THC from the epididymal fat pads. While previous
studies have shown that cannabinoids accumulate in the epi-
didymal fat pads at higher concentrations than other fat
depots in the body (Rawitch etal., 1979), it is likely that
lipolysis in other fat depots may also contribute the enhance-
ment of cannabinoid levels in the blood of FD rats.

When comparing the cannabinoid blood profiles promoted
by ACTH and FD it is clear that FD caused a higher blood level
of THC-COOH than that seen in the ACTH-treated animals.
This difference is probably due to the different times of blood
sampling in FD rats compared with those that received an
ACTH injection. FD occurred over a 24 h period before blood
was sampled, whereas blood was collected only 30 min after
ACTH injection. Following the smoking of a cannabis ciga-
rette, blood THC levels have been shown to peak approxi-
mately 10 min after administration of the drug, whereas THC-
COOH reaches a peak much later at around 80 min (Huestis
etal., 1992). In addition we have obtained preliminary data
showing that after a single THC injection to rats (10 mg-kg™
i.p.), blood levels of THC peaked at 30 min while THC-COOH
levels peaked at 6 h post injection (Arnold JC, and McGregor
IS, unpubl. obs.). Therefore, THC released from adipocytes
30 min after ACTH injection is unlikely to have had sufficient
time to be metabolically converted to the levels of THC-
COOH observed following 24 h of FD.

Food deprivation did not significantly increase blood THC
and THC-COOH concentrations in rats that received the last
of 10 daily THC injections 6 days before the 24 h of FD.
Clearly then, 7 days of washout from THC exposure resulted
in most THC being passively diffused from fat stores and
subsequently excreted so that FD did not induce a measurable
increase in the very low THC levels found in the blood of NFD
rats. Interestingly, however, ex vivo studies of THC levels in
the adipocytes of these FD and NFD rats showed a similar
effect of FD to that observed for the 2 day washout animals,
albeit with much lower THC levels being recorded, since again
FD rats showed less ACTH-induced THC release compared
with NFD rats.

While the present study suggests that lipolysis-induced
THC release from fat stores may only occur after a relatively
short (2 day) cessation of THC exposure, it is possible that
extending the THC dosing regimen beyond 10 consecutive
days might lead to THC accruing in fat deposits at much
higher levels and for longer periods than that suggested by
the current study. Indeed, cannabis users may administer the
drug on a daily basis for years, and significant levels of THC
have been sampled in human fat samples up to 28 days
following abstinence from cannabis use (Johansson et al.,
1989).

Adrenocorticotrophic hormone and FD appear to promote
lipolysis via distinct mechanisms. ACTH is an agonist for MC
particularly of the MC, subtype that are expressed in murine
adipocytes (Boston, 1999; Voisey et al., 2003). Activation of
MC,; receptors increases intracellular cAMP levels to activate
HSL that hydrolyse and release the triglyceride content of the
cells in the form of glycerol and FFA (Schwartz and Jungas,
1971). While it is clear ACTH promotes lipolysis in rodents, it
is less clear that ACTH can induce triglyceride breakdown in
human cells (Xue et al., 1998; Kiwaki and Levine, 2003). In
any case, FD induces lipolysis irrespective of species via the
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release of many different hormones that interact in a complex
fashion to breakdown triglycerides. One of the most impor-
tant ways food restriction promotes lipolysis is by increasing
sympathetic activity to release adrenaline and noradrenaline
into the circulation, thus activating adrenoceptors in the
membrane of adipocytes (Migliorini et al., 1997). In rodents,
Bs-adrenoceptors are the most active in increasing cAMP
levels that in turn activate HSL, which hydrolyse triglycerides
to glycerol and FFA for release from the adipocyte. Accord-
ingly, future investigations could examine whether catechola-
mine and selective ;-adrenoceptor agonist-induced lipolysis
similarly enhances the release of THC from fat stores.

It is interesting to speculate on the mechanism whereby
lipolysis dislodges THC from its storage in adipocyte tissue. It
is understood that cannabinoids being lipophilic compounds
bind to triglycerides explaining why they are sequestered in
adipocyte tissue. It appears that no metabolism of THC occurs
in the adipocyte and that most of the cannabinoid content of
adipocytes can be attributed to unchanged THC or fatty acid
conjugates of 11-hydroxy-THC produced in the liver (Kreuz
and Axelrod, 1973; Leighty et al., 1976). When triglycerides
are hydrolysed the cannabinoids are expelled from the fat cell
bound to FFA and make their way into the blood circulation.
We speculate that THC is more likely to be bound to hydro-
phobic FFA than glycerol in the intracellular aqueous envi-
ronment of the fat cell, as glycerol is a much more polar
molecule. Thus, this THC-FFA complex may then diffuse out
of the cell, a process facilitated by adipocyte fatty acid binding
protein, which has recently been shown to assist in FFA trans-
port from adipocytes (Smith et al., 2007; Jocken and Blaak,
2008). Future studies are required to address the specific
nature of the sequestration of THC in adipocytes and how
lipolysis acts to liberate THC from its storage site in fat.

As FD and ACTH increase blood THC levels in THC-
pretreated rats, it is possible that THC concentrations
achieved in the blood reach sufficient levels to cause
cannabinoid-related cognitive deficits. Administration of
exogenous cannabinoids causes disruption of working
memory and other higher cognitive functions (Nakamura
etal., 1991; Lichtman and Martin, 1996; Varvel et al., 2001).
Future research might therefore explore whether a flashback
or ‘reintoxication’ phenomenon might occur, whereby cog-
nitive function is disrupted when stress or FD temporarily
increases blood THC levels in currently abstinent cannabis
users (Niveau, 2002).

Taken together, our results demonstrate for the first time
that lipolysis, induced under two distinct experimental con-
ditions (ACTH treatment or FD), may enhance the release of
THC from adipocytes and increase the levels of cannabinoids
present in the blood. Future studies could attempt to observe
whether other lipolysis-promoting conditions such as exercise
or, physical or psychological stress, are able to enhance the
release of THC from fat stores at sufficient levels to promote
typical cannabinoid behavioural effects. Furthermore, by
extending the period of cannabinoid exposure it might be
possible to enhance lipolysis-induced THC release from fat,
promoting even higher levels in blood long after use of the
drug has ceased. These results may provide a mechanism of
cannabinoid ‘flashback’ and might help to explain anoma-
lous cases where prior cannabis users, that were exposed to
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extreme stress or had undergone intensive weight loss, tested
positive for THC a long time after they had refrained from
cannabis use.
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