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Abstract

BACKGROUND—A?-Tetrahydrocannabinol (THC) is the primary psychoactive constituent of
cannabis and an active cannabinoid pharmacotherapy component. No plasma pharmacokinetic
data after repeated oral THC administration are available.

METHODS—Six adult male daily cannabis smokers resided on a closed clinical research unit.
Oral THC capsules (20 mg) were administered every 4-8 h in escalating total daily doses (40-120
mg) for 7 days. Free and glucuronidated plasma THC, 11-hydroxy-THC (11-OH-THC), and 11-
nor-9-carboxy-THC (THC COOH) were quantified by 2-dimensional GC-MS during and after
dosing.

RESULTS—Free plasma THC, 11-OH-THC, and THCCOOH concentrations 19.5 h after
admission (before controlled oral THC dosing) were mean 4.3 (SE 1.1), 1.3 (0.5), and 34.0 (8.4)
ug/L, respectively. During oral dosing, free 11-OH-THC and THCCOOH increased steadily,
whereas THC did not. Mean peak plasma free THC, 11-OH-THC, and THCCOOH concentrations
were 3.8 (0.5), 3.0 (0.7), and 196.9 (39.9) ng/L, respectively, 22.5 h after the last dose.
Escherichia coli -glucuronidase hydrolysis of 264 cannabinoid specimens yielded statistically
significant increases in THC, 11-OH-THC, and THCCOOH concentrations (P < 0.001), but
conjugated concentrations were underestimated owing to incomplete enzymatic hydrolysis.

CONCLUSIONS—PIlasma THC concentrations remained >1 xg/L for at least 1 day after daily
cannabis smoking and also after cessation of multiple oral THC doses. We report for the first time
free plasma THC concentrations after multiple high-dose oral THC throughout the day and night,
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and after Escherichia coli p-glucuronidase hydrolysis. These data will aid in the interpretation of
plasma THC concentrations after multiple oral doses.

A9-Tetrahydrocannabinol (THC)4 is the primary psychoactive constituent of cannabis, the
most commonly abused illicit drug (1). Although predominantly smoked, oral administration
occurs during illicit use and licit pharmacotherapy. Oral synthetic THC (dronabinol) is
FDA-approved for treating nausea, vomiting, and anorexia, and there is strong interest in
treatment with whole plant extracts containing THC and cannabidiol (2). Dronabinol also
suppresses cannabis withdrawal and withdrawal-associated drug relapse (3, 4).

Cannabinoids are commonly detected in impaired and fatally injured drivers (5). Smoked
cannabis (6, 7) and oral THC (8) markedly affect cognitive and psychomotor skills. Many
US and international jurisdictions have instituted per se laws for THC and/or its inactive
metabolite 11-nor-9-carboxy-THC (THCCOOH) in drivers’ blood, although detection times
after chronic exposure are unknown.

Chronic heavy cannabis use prolongs blood cannabinoid detection intervals. After acute
smoked cannabis in occasional users, blood THC was generally below detection limits
within 12 h (9). After frequent use, mean whole blood THC was >1 ug/L (n = 5) after 1
week of monitored abstinence (10). Serum THC was >1 ug/L up to 120 h after last use in
cannabis smokers reporting 1 to >7 cannabis cigarettes/week (11).

Oral THC bioavailability is only 6%—10%, variable, and influenced by vehicle (12) due to
gastric degradation and extensive first-pass metabolism (13). THC is rapidly oxidized to its
active metabolite (14) 11-hydroxy-THC (11-OH-THC) and further to THC COOH. Peak
THC concentrations are lower after oral than smoked administration (15), but conversely,
11-OH-THC/THC ratios are higher after oral than smoked drug (9, 16, 17). Cannabinoids
undergo phase Il metabolism with glucuronide and sulfate (13). There are few data on
cannabinoid conjugate concentrations after smoked cannabis or oral THC. There is a single
supplier for THC-glucuronide and no available 11-OH-THC-glucuronide and cannabinoid
sulfate standards. Little is known about the proportions of ether and ester glucuronide
conjugates in authentic specimens following oral or smoked cannabis. Furthermore,
different hydrolysis efficiencies were reported for g-glucuronidase from Helix pomatia and
Escherichia coli and after alkaline hydrolysis (18, 19). Finally, the stability of cannabinoid
glucuronide and sulfate conjugates in authentic specimens after cannabis use is unknown.
Most cannabinoid research requires frozen storage and specimen analysis after study
completion. To our knowledge, rapid authentic plasma analysis without frozen storage has
not been previously attempted.

Cannabinoid glucuronides have been estimated by subtracting free cannabinoids from
concentrations after enzyme or base hydrolysis (20-22). Available data do not differentiate
among individual cannabinoid glucuronides (16, 23) or describe only THCCOOH-
glucuronide (21, 24). Knowing free and glucuronidated cannabinoid disposition after
smoked and oral THC may improve interpretation of plasma cannabinoid concentrations in
clinical and forensic investigations.

Of several published human daily oral THC administration studies (25, 26), none report
plasma concentrations during continuous dosing. We previously described plasma
cannabinoids after oral THC 3 times/day for 5 days (17), but the highest daily dose was 14.8
mg, much lower than single 20-mg doses prescribed for appetite stimulation. Another study

4Nonstandard abbreviations: THC, Ag-tetrahydrocannabinol; THCCOOH, 11-nor-9-carboxy-THC; 11-OH-THC, 11-hydroxy-THC;
2D, 2-dimensional; BMI, body mass index; Cmax, maximum concentration; LOQ, limit of quantification; Tmax, time to maximum
concentration; Gl, gastrointestinal.
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determined only 14C-labeled plasma THC concentrations before and after, not during,
continuous dosing (27).

In this study, we characterized free and glucuronidated plasma THC, 11-OH-THC, and THC
COOH in daily cannabis users after self-administered smoked cannabis, after 20-mg oral
THC, during 2-7 daily THC doses for 7 days, and for 22.5 h after last THC dose. Authentic
plasma specimens stored at 4 °C were analyzed generally within 2 weeks.

Materials and Methods
PARTICIPANTS

Participants provided written informed consent for this Institutional Review Board—
approved protocol. Inclusion criteria for participants were 18-45 years old, smoked cannabis
>1 years with daily use >3 months, were urine cannabinoid positive, and had normal cardiac
function and 1Q >85. Clinically significant medical or psychiatric disease; illness within the
prior 2 weeks; physical dependence other than cannabis, nicotine, or caffeine; cannabis-
related psychosis or seizure; >6 alcoholic drinks/day >4 times/week; sesame oil allergy; or
drug treatment interest were exclusionary. Participants were admitted to the secure research
unit 20 h before the first THC dose and were discharged 24 h after the last dose.

ORAL THC ADMINISTRATION AND BLOOD COLLECTION

Participants received oral synthetic THC (dronabinol, Marinol®; Unimed Pharmaceuticals)
in 20-mg gelatin capsules with increasing frequency (every 4-8 h) for total doses of 40-120
mg/day (see Supplemental Table 1, which accompanies the online version of this article at
www.clinchem.org/content/vol55/issuel2). The first dose was day 1 (20 h after admission)
and the last at 0930 on day 8. This regimen standardized cannabis tolerance across
participants while minimizing adverse events documented with 30-mg doses (26). We
collected venous blood (7 mL) into lithium heparin Vacutainer tubes on admission and twice
before and every 30 min for 4 h after first dose to evaluate single-dose cannabinoid
pharmacokinetics. During continuous dosing, we collected blood daily at about 1000, 2000,
and 2200. After last dose, collections occurred every 30-180 min (see online Supplemental
Table 1). Collection preceded dosing when both were scheduled at the same time. Blood
was centrifuged and plasma separated within 2 h. Plasma was stored at 4 °C (with 1
exception) and analyzed as soon as possible. We assayed free cannabinoids within 10 (5)
days and conjugated cannabinoids within 15 (10) days of collection. Participant A’s plasma
was stored at —20 °C for approximately 10 weeks owing to laboratory relocation.

CANNABINOID ANALYSIS

We measured free cannabinoids using our previously reported method (28). Briefly, we
mixed 1 mL 0.1 mol/L phosphate buffer (pH 6.8), deuterated internal standards, and 1 mL
plasma. Proteins were precipitated with 2 mL cold acetonitrile and centrifuged. Solid-phase
extraction (ZSTHCO020; United Chemical Technologies) was followed by derivatization with
25 uL N,O-bis(trimethylsilyl)trifluoroacetamide and 1% trimethylchlorosilane at 70 °C for
40 min, and 3 xL was injected splitless onto a 2-dimensional (2D) Agilent 6890 GC-MS
(GC-FID/5973 MSD) with a Dean’s switch (Agilent Technologies) and cryotrap (Joint
Analytical Systems).

We estimated glucuronidated cannabinoids by subtracting free cannabinoids from
cannabinoids after E. coli f-glucuronidase hydrolysis. For hydrolysis of cannabinoid
glucuronide conjugates, we incubated 1 mL plasma, 1 mL 0.1 mol/L phosphate buffer (pH
6.8), and 5000 U E. coli p-glucuronidase at 37 °C for 16 h. Split calibration curves provided
quantification of 0.25-100 xg/L THC and THCCOOH and 0.5-75 ug/L 11-OH-THC. Intra-
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and interassay imprecision were <11% and <14%, respectively, and analytical recoveries
were 86%-113% (28).

EVALUATION OF E. coli B-GLUCURONIDASE HYDROLYSIS

We evaluated cannabinoid hydrolysis in plasma to determine E. coli g-glucuronidase
hydrolysis efficiency, glucuronide hydrolysis during derivatization after coextraction of free
and glucuronidated cannabinoids, potential sulfate conjugation, and tandem hydrolysis
efficiency (see online Supplemental Data). THC-glucuronide was first synthesized by EI-
Sohly Laboratories (29) and is commercially available on request. We purchased
THCCOOH-glucuronide from Cerilliant. Hydrolysis of 11-OH-THC-glucuronide could not
be evaluated, as reference standard is not commercially available. For all experiments,
glucuronides were hydrolyzed, derivatized, and analyzed according to the procedures
described in Materials and Methods.

CALCULATIONS AND STATISTICAL ANALYSIS

Results

Body mass index (BMI) was calculated as weight (kg)/height (m)2 and percentage free and
glucuronidated cannabinoids as (free/hydrolyzed) x 100 and (hydrolyzed — free/hydrolyzed)
% 100, respectively. Percentage free THC increase from baseline (before first 20-mg dose) to
maximum concentration (Cp,ax) Was calculated as [(Crax — baseline)/baseline] x 100;
percentage THC decrease from admission to predosing baseline as [(admission — baseline)/
admission] x 100; and percentage hydrolysis increase as [(hydrolyzed — free)/free] x 100.
Using paired t-tests, we compared within-subject free and glucuronidated cannabinoids (n =
264 specimens), percentage free self-administered cannabinoids (n = 18 specimens) and
after steady-state oral THC (n = 18, day 7 specimens), and 11-OH-THC/THC and
THCCOOH/THC ratios after cannabis self-administration (n = 18) and during steady-state
administration (n = 18, day 7 specimens). Association between oral dosing day and mean
concentration was obtained by least-squares linear regression analysis. A 2-tailed o = 0.05
was used for all comparisons. Statistical calculations used SPSS 13.0 for Windows.

GLUCURONIDE HYDROLYSIS EVALUATION

We verified THC- and THCCOOH-glucuronide calibrator concentrations and activity of the
E. coli g-glucuronidase by fortifying 5 replicates each of pH 6.8 phosphate buffer and blank
urine and plasma to 75 ug/L and determining recovery after our standard analysis procedure.
Mean THC vyields after hydrolysis in buffer, urine, and plasma were 108.7% (1.7%), 90.4%
(1.9%), and 21.3% (0.1%), respectively. THCCOOH yields were 50.1% (0.5%) in buffer,
47.9% (0.3%) in urine, and 37.3% (0.2%) in plasma. Evaluation of plasma cannabinoid
glucuronide hydrolysis in 5 different plasma pools yielded mean (SD) (median, range) yields
of 17.9% (1.5%) (17.3%, 15.8%-21.2%) and 43.9% (4.4%) (43.6%, 38.3%—49.6%) for
THC- and THCCOOH-glucuronides, respectively. Intraplasma pool imprecisions (%CV)
were 0.9%-6.2% and 0.4%-2% and interplasma pool imprecisions 8.6% and 10.1%,
respectively.

Spontaneous and/or extraction-induced THC-glucuronide conversion to free THC was not
measurable up to 75 ug/L and only 0.2% at 200 xg/L. Conversion to free THCCOOH was
less than the limit of quantification (LOQ) up to 20 xg/L and <0.8% up to 200 xg/L in
nonhydrolyzed plasma samples. Urine containing 75 ug/L THC-glucuronide yielded no
measurable THC in nonhydrolyzed samples, but the same concentration in buffer produced
1.6% free THC. Up to 2.2% THCCOOH was produced from 75 ug/L THCCOOH-
glucuronide in buffer.

Clin Chem. Author manuscript; available in PMC 2011 October 18.
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We also evaluated the potential for hydrolysis of glucuronidated THC and THCCOOH up to
200 ug/L during derivatization and found conversion rates of 2.8% and 25%, respectively, in
neat glucuronide samples simply evaporated and derivatized. As described above, however,
processing samples fortified only with THC- and THCCOOH-glucuronides by our method,
but without enzymatic hydrolysis, yielded low free drug concentrations.

We attempted to improve the recovery of cannabinoids by hydrolyzing samples with
Glusulase®, which potentially could free both glucuronide and sulfate conjugates; the results
were not statistically different from those with E. coli S-glucuronidase (data not shown).
These data suggested little or no sulfate conjugation, although 11-OH-THC could not be
measured owing to poor chromatography. In addition, we attempted to hydrolyze plasma
with our published tandem enzymatic and alkaline hydrolysis procedure for freeing urine
cannabinoid conjugates (19), but the chromatography was too poor to accurately quantify
analytes of interest. Furthermore, THC and 11-OH-THC could not be measured after
alkaline hydrolysis alone, although THCCOOH concentrations were approximately twice as
high as after S-glucuronidase or Glusulase hydrolysis. Only the E. coli g-glucuronidase
hydrolysis yielded acceptable chromatography at the method’s LOQ for THC and 11-OH-
THC.

PLASMA CANNABINOID DISPOSITION AFTER MULTIPLE ORAL THC DOSES

Participant demographics and drug use characteristics are reported in Table 1. One
individual was underweight (BMI <18.5), 3 were at normal weight (BMI 18.5-24.9), and 2
were overweight (BMI 25-29.9).

The mean (SE) (range) free plasma concentrations (n = 6) on admission for THC, 11-OH-
THC, and THCCOOH were 9.6 (4.8) (2.4-33.3), 3.6 (1.7) (1.3-11.7), and 59.2 (16.7) (24.8—
136.6) ug/L, respectively, representing cannabis self-administered before admission (Fig. 1).
After 19.5 h, THC, 11-OH-THC, and THCCOOH concentrations were 4.3 (1.1) (1.9-9.6),
1.3 (0.5) (0.7-3.7), and 34.0 (8.4) (13.3-73.2) ug/L, respectively, decreasing by 37.0%
(8.8%), 54.8% (6.4%), and 39.0% (6.2%) since admission.

After the first dose (Fig. 1), mean (SE) free Chax and time to maximum concentration
(Tmax) (n = 6) were 16.5 (3.4) ug/L at 2.8 (0.33) h for THC, 8.2 (2.0) ug/L at 2.5 (0.18) h for
11-OH-THC, and 75.8 (9.4) ug/L at 3.3 (0.56) h for THCCOOH. The mean (SE) (range)
free THC, 11-OH-THC, and THCCOOH (n = 6) increases from baseline to Cyax Were
421.6% (174.2%) (2.5%-1227.2%), 825.4% (254.6%) (0%— 1443.2%), and 172.8% (53.6%)
(4.7%-357.8%), respectively. Mean (SE) Cinax and Tmax during continuous dosing were
47.7 (8.1) ug/L on day 5 [98.1 (9.6) h after first dose] for free THC, 23.9 (3.1) ug/L on day 7
[142.8 (12.7) h after first dose] for free 11-OH-THC, and 327.2 (53.1) ug/L on day 9 [153.1
(9.9) h after first dose] for free THCCOOQOH. Table 2 provides mean (SE) plasma
cannabinoid concentrations during continuous dosing. Fig. 2 represents mean free
cannabinoid concentrations at 2200 or 2230 on days 1-7 with dosing 2 h before specimen
collection. Significant positive linear correlations between day of continuous dosing and
concentrations were observed for 11-OH-THC (P = 0.007) and THCCOOH (P < 0.001), but
not THC (P = 0.46). Free 11-OH-THC/THC and THCCOOH/THC ratios (Fig. 3)
significantly increased (P < 0.001) during 7 days of continuous dosing (n = 18). After last
dose, mean peak free plasma THC [18.5 (5.9), range 5.3— 42.4 ug/L] and 11-OH-THC [18.7
(5.0), range 5.8-37.8 ug/L] concentrations occurred within 1 h; mean peak free THCCOOH
[277.9 (44.1), range 90.4-390.8 ug/L] concentration was 0.5 h later, gradually decreasing
over time. Mean (SE) (range) free THC, 11-OH-THC, and THCCOOH concentrations 22.5
h after last dose were 3.8 (0.5) (2.4-5.2), 3.0 (0.7) (1.6-6.3), and 196.9 (39.9) (55.0-347.3)
1g/L, respectively (Fig. 1).

Clin Chem. Author manuscript; available in PMC 2011 October 18.
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Significant increases over free concentrations occurred after hydrolysis with -
glucuronidase: 9.5% (14.1%) for THC (n = 264, P < 0.001), 198.8% (135.2%) for 11-OH-
THC (n = 264, P < 0.001), and 166.8% (80.1%) for THCCOOH (n = 264, P < 0.001). Fig. 4
shows mean % free cannabinoids (n = 6). After 7 days of continuous dosing, mean % free
11-OH-THC was significantly lower (P < 0.001) and mean % free THCCOOH was
significantly higher (P < 0.001) than after smoked cannabis. A nonsignificant decreasing
trend was observed in % free THC (P = 0.08).

Discussion

In this study, we characterized for the first time free THC, 11-OH-THC, and THCCOOH
and their glucuronides in plasma during and after frequent oral THC administration. Our
data indicate that total cannabinoid concentrations are not currently measurable due to the
lack of cannabinoid sulfate and 11-OH-THC glucuronide standards. Total concentrations
cannot be estimated by GC-MS analysis because enzymatic and/or alkaline hydrolysis fails
to fully cleave cannabinoid conjugates and/or produces poor chromatography for accurate
cannabinoid measurement. A third problem is that stability of THC-, 11-OH-THC-, and
THCCOOH-glucuronides and sulfates at refrigerated and frozen storage temperatures has
not been adequately characterized in authentic plasma specimens. Thus, limitations of
current research methods are underestimation of cannabinoid glucuronide conjugates owing
to incomplete hydrolysis by E. coli f-glucuronidase and instability when stored at 4 °C for
approximately 2 weeks.

Despite these limitations, these unique data characterize cannabinoid disposition after
multiple oral THC doses, demonstrate differences in free cannabinoid concentrations after
cannabis smoking and oral THC, and document differences in E. coli g-glucuronidase
hydrolysis efficiency in 3 different matrices, i.e., buffer, urine, and plasma. Furthermore, for
the first time cannabinoid concentrations were quantified in authentic plasma specimens
collected after controlled oral THC administration and analyzed after only refrigerated
storage for about 2 weeks, to minimize conjugate instability.

Cannabinoid concentrations before first dose reflected self-administered smoked cannabis,
providing a valuable comparison to those after frequent oral THC. Mean (SE) plasma free
THC after 19.5 h monitored abstinence was 4.3 (1.1) /L. Prolonged THC excretion in
frequent cannabis users (10, 11) suggests that low free or hydrolyzed plasma THC
concentrations, such as 1-2 ug/L (per se THC concentrations), may not reflect recent
cannabis exposure. Prolonged daily cannabis use may extend detection times due to THC
tissue accumulation and slow release into blood. After 1 33.8-mg THC cigarette, the highest
THC concentration 12 h later was 0.7 ug/L (9), considerably less than the 1.9-9.6 ug/L free
THC concentrations observed 19.5 h after admission and the >2 ug/L concentration
observed 22.5 h after 7 days of continuous dosing in 6 heavy cannabis users in this study.

Pharmacokinetics after first dose were similar to peak plasma free THC concentrations (4.4—
11.0 ug/L) reported within 90 min (15), although we found T, Values of 4and 5 hin 2
subjects. In another study, after 20-mg oral dronabinol (16), mean (SE) plasma free THC
was 0.8 (0.4) ug/L at 45 min, peaking at 7.9 (3.6) xg/L at 135 min. A second peak [9.3 (3.5)
19/L] occurred at 6 h; THC was detected above 1 ug/L for 24 h. Free 11-OH-THC and THC
concentrations were equivalent at these times, whereas THCCOOH steadily increased from
6 (4) ug/L at 45 min to 65 (16) ug/L at 165 min, returning to 21 (8) xg/L at 24 h. Subtracting
mean baseline free THC of 4.1 ug/L from mean Cpax [16.5 (3.4) ug/L] reported here yielded
12.4 ug/L, similar to Cy,x Noted after a single dose.

Clin Chem. Author manuscript; available in PMC 2011 October 18.
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Concentrations during continuous dosing were variable due to erratic absorption,
enterohepatic recirculation, and differential timing of specimen collection after dosing, and
generally were higher than after a single dose (15, 16). 11-OH-THC and THCCOOH
increased over time, indicating accumulation, whereas THC did not. Lack of accumulation
of THC could be explained by induced gastrointestinal (GI) metabolism. Frytak et al. (30)
found only THCCOOH accumulation after 3 15-mg oral THC doses within 10 h. Frequent
cannabis smoking was reported to induce THC metabolism (31); however, this was not
replicated (32, 33). If hepatic metabolism could be induced, it likely would have occurred
during chronic cannabis smoking, before study entry.

Our data also suggest that THC distribution and elimination are approximately equal to Gl
absorption during chronic dosing. 11-OH-THC and THCCOOQOH accumulation may be
explained by more rapid THC oxidation than metabolite excretion. Plasma 11-OH-THC
elimination half-life in 3 infrequent cannabis users was 19-24 h (14); THCCOOH
elimination half-lives were 5.2 (0.08) and 6.2 (6.7) days in frequent and infrequent users,
respectively (21). After 5-mg intravenous THCCOOH to 10 non—cannabis users, terminal
serum THCCOOH elimination half-life was 17.6 (5.5) h; however, monitoring was for only
4 days, potentially underestimating this parameter (34). Considering our continuous THC
dosing and long plasma metabolite excretion half-lives, 11-OH-THC and THCCOOH
accumulation was expected. Mean 11-OH-THC/THC and THCCOOH/THC ratios on day 7
were significantly higher than after self-administered cannabis (P < 0.001), consistent with
constant plasma THC with increasing metabolite concentrations (Fig. 3).

E. coli p-glucuronidase hydrolysis yielded significant (P < 0.001) increases for all
cannabinoid analytes, despite incomplete hydrolysis efficiencies. We previously reported
nonsignificant THC increases [18% (17%), n = 4] and significant 11-OH-THC [40% (25%),
n=7] and THCCOOH [42% (12%), n = 9] increases after low-dose (4.9 mg) oral THC
administration and E. coli g-glucuronidase hydrolysis (22). THC increases after hydrolysis
in this study were similar (approximately 10%), but n = 264 specimens yielded improved
statistical power and significance. 11-OH-THC and THCCOOH increases were much
higher, 200% and 170%, respectively, possibly owing to higher doses and/or increased
metabolic capability in frequent users.

Mean percentage THC-glucuronide was low on admission and before first oral dose after
chronic cannabis smoking, but increased over 1 week of oral THC dosing, possibly owing to
increased conjugation in the gut and facilitated transport into portal circulation (Fig. 4).
Glucuronidation occurs predominantly in the liver (35); however, uridine diphosphate-
glucuronosyltransferase was found in human colon (36) and jejunum (37). Although GI
conjugation may be possible, to our knowledge, facilitated THC-glucuronide transport has
not been reported.

Mean 11-OH-THC-glucuronide increased from approximately 30% after self-administered
smoked use to approximately 60% 2 h after first oral dose, remained increased during
continuous oral dosing, and decreased to pre-oral THC dosing concentrations 22.5 h after
last dose (Fig. 4). There was a significant decrease in % free 11-OH-THC during continuous
oral dosing as compared to self-administered smoked cannabis (P < 0.001). Greater amounts
of glucuronidated 11-OH-THC may be formed in liver when THC is subject to first-pass
metabolism after oral administration.

Mean % THCCOOH-glucuronide exceeded mean % free THCCOOH throughout, but a
significant difference (P < 0.001) was noted between % free THCCOOH after 7 days of oral
THC and after self-administered smoked cannabis (Fig. 4). This could indicate
glucuronidation saturation, yielding higher free THCCOOH concentrations. E. coli -
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glucuronidase inefficiently cleaves ester-glucuronides, although free drug increases occur
after cleavage of ether-glucuronide linkages. Approximately 50% yield was achieved in
buffer, urine, and plasma, suggesting that plasma matrix components do not inhibit
THCCOOH-glucuronide hydrolysis.

Specimens were analyzed twice to obtain free and glucuronidated cannabinoid
concentrations, after only refrigeration (except subject A’s specimens). Fortified plasma
THCCOOH-glucuronide decreased <20% after 10 days storage at 4 °C, with corresponding
increases in THCCOOH (38, 39). It is unknown whether similar instability would occur in
authentic specimens and whether THC or 11-OH-THC-glucuronides would demonstrate
similar stability. The etherglucuronide bonds in THC and 11-OH-THC are believed to be
more stable than the ester-glucuronide bond in THCCOOH.

These data improve our knowledge of chronic oral THC plasma pharmacokinetics and will
aid interpretation of plasma cannabinoid concentrations after THC pharmacotherapy and in
clinical and forensic investigations. Low plasma THC concentrations do not necessarily
reflect recent cannabis exposure in daily cannabis users, as indicated by low plasma free
THC concentrations 19.5 h after admission and 22.5 h after last oral dose. Positive
correlations between time and concentration during frequent oral THC administration
indicate 11-OH-THC and THCCOOH, but not THC, accumulation in plasma. Clinicians and
investigators may now rely on multiple instead of single-dose pharmacokinetic data for
interpretation of plasma concentrations during and after repeated oral THC administration.

Supplementary Material
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Fig. 1. Free plasma THC, 11-OH-THC, and THCCOOH concentrations in 6 daily cannabis users
before and after first 20-mg oral THC dose (day 1) (panel A) and up to 22.5 h after 7 days of
continuous oral dosing (days 8 and 9) (panel B)

Blood was collected on admission, 12.5 and 19.5 h later, and multiple times after first and

last dose. *, day 9.
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Fig. 2. Mean (SE) free plasma THC (m), 11-OH-THC (A), and THCCOOH () accumulation
during continuous oral THC
Dronabinol (20 mg) was administered to 6 daily cannabis users continuously for 7 days.
Data points (n = 6) represent only blood collected at 2200 or 2230 from the second dose
(day 1, 2000) to the 34th dose (day 7, 2030).
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Mean (SE) free 11-OH-THC/THC and THCCOOH/THC ratios in 6 daily cannabis users
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dosing, and up to 22.5 h after last oral dose (day 8, 0930).
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dosing, and up to 22.5 h after last oral dose (day 8, 0930)

Percentage free cannabinoids were calculated as (free/hydrolyzed) x 100.
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