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A method using gas chromatography–mass spectrometry (GC–MS) and solid-phase extraction (SPE) was developed for the de
f ajulemic acid (AJA), a non-psychoactive synthetic cannabinoid with interesting therapeutic potential, in human plasma. When
alibration graphs, the assay linearity ranged from 10 to 750 ng/ml, and 750 to 3000 ng/ml AJA. The intra- and inter-day precisio
), assessed across the linear ranges of the assay, was between 1.5 and 7.0, and 3.6 and 7.9, respectively. The limit of quantitatio

0 ng/ml. The amount of AJA glucuronide was determined by calculating the difference in the AJA concentration before (“free A
fter enzymatic hydrolysis (“total AJA”). The present method was used within a clinical study on 21 patients suffering from neuropa
ith hyperalgesia and allodynia. For example, plasma levels of 599.4± 37.2 ng/ml (mean± R.S.D.,n= 9) AJA were obtained for sampl

aken 2 h after the administration of an oral dose of 20 mg AJA. The mean AJA glucuronide concentration at 2 h was 63.8± 127.9 ng/ml.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ajulemic acid (AJA), also known as CT-3 or IP-751, is a
ynthetic derivative of 11-nor-delta-9-tetrahydrocannabinol-
-carboxylic acid (THCCOOH), the main metabolite of the
annabis constituent delta-9-tetrahydrocannabinol (THC).
eplacement of then-pentyl side chain of THCCOOH
y a dimethylheptyl group leads to the compound 1′,1′-
imethylheptyl-11-nor-delta-8-tetrahydrocannabinol-9-car-
oxylic acid (for structures seeFig. 1) [1,2]. In preclini-
al and clinical studies this novel cannabinoid exhibited
nalgesic, anti-allodynic and anti-inflammatory activity

2–6]. The absence of psychoactive properties was shown
n 24 volunteers with doses of up to 10 mg of AJA[7]. In

∗ Corresponding author. Tel.: +41 31 632 87 14; fax: +41 31 632 87 21.
E-mail address:rudolf.brenneisen@dkf.unibe.ch (R. Brenneisen).

a mouse pain model, AJA was equipotent to morphine[8].
AJA also suppresses 5-lipoxygenase and cycloxygen
activities, but unlike the non-steroidal anti-inflammat
drugs, it is not ulcerogenic[6]. AJA was also effectiv
in experimental arthritis[9] and inhibited tumor growt
in vitro and in vivo [10]. It is unlikely that these effec
of AJA are mediated by CB-1 and CB-2 receptors, a
shows only low affinity for these cannabinoid receptors[11].
Recently it was reported that AJA binds to the peroxis
proliferator-activated receptor� (PPAR�), which is involved
in several important physiological processes includ
lipid metabolism and glucose homeostasis[12]. Based
on these findings, AJA has been recently approved
a controlled trial on patients suffering from neuropa
pain [13]. In this randomized, double-blind study, AJ
given orally in two daily doses of 40 and 80 mg, w
significantly more effective than placebo in reducing chro

570-0232/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of ajulemic acid, 11-nor-delta-9-tetrahydrocannabinol-9-carboxylic acid (THCCOOH, internal standard, I.S.), and delta-9-
tetrahydrocannabinol (THC).

neuropathic pain measured by the visual analog scale
(VAS).

To the best of our knowledge, no metabolism studies and
methods for AJA plasma analysis have yet been published.
It was therefore the aim of this study to establish the bioana-
lytical methodology enabling the determination of AJA and
AJA glucuronide in clinical samples.

2. Experimental

2.1. Chemicals

AJA was produced by Creapharm (Le Haillan, France)
with a purity of 98.1% (determined by high perfor-
mance liquid chromatography, HPLC). Identity and pu-
rity of AJA were checked in our lab by HPLC and
gas chromatography–mass spectrometry (GC–MS).�-
Glucuronidase, type IX-A fromEscherichia coli was
supplied by Sigma (Buchs, Switzerland), Bakerbond
octadecyl solid-phase extraction (SPE) columns (3 ml,
500 mg) by Stehelin (Basel, Switzerland), and 11-nor-delta-
9-tetrahydrocannabinol-9-carboxylic acid (THCCOOH,
internal standard, I.S.) by LCG Promochem (Mol-
sheim, France).N,O-Bis-(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% trimethylchlorosilane (TMCS) was ob-
t nts
a rom
M d).

2

ere
p .12,

0.3, 1.2, 3.0, 6.0, 9.0, 12.0, 24.0 and 36.0 ng AJA/�l and
3.0 ng I.S./�l. For the control samples, six working solutions
were prepared in ethanol at concentrations of 0.6, 3.6, 7.2,
10.2, 18.0 and 30.0 ng AJA/�l and 3.0 ng I.S./�l. The working
solutions were prepared from two different ethanolic AJA
stock solutions and were stored at−20◦C when not in use.
Calibration samples were prepared by the addition of 50�l
of working solution to 0.6 ml of blank plasma, giving final
concentrations of 10, 25, 100, 250, 500, 750, 1000, 2000
and 3000 ng/ml for AJA and 250 ng/ml for I.S. Low, medium
and high control samples were prepared in the same way,
giving final concentrations of 50, 300, 600, 850, 1500 and
2500 ng/ml for AJA and 250 ng/ml for I.S.

2.3. Sample preparation and derivatization

Frozen plasma samples (stored at−20◦C) were thawed
and centrifuged at 2000 rpm before further processing. For
the determination of free AJA, 0.6-ml aliquots were pipetted
into a 10-ml tube, spiked with 50�l of an ethanolic solution
containing 3 ng/�l I.S. and followed by addition of 2620�l of
a 0.1 M potassium phosphate buffer (pH 6.8). The samples
were then extracted on Bakerbond octadecyl SPE columns
by using a robotic sample preparation system (Aspec XL;
Gilson, Villiers Le Bel, France). The SPE procedure was as
f of
b -
s col-
u lled
w nd
7 s of
0 ss at
5 d by
a ng
ained from Fluka (Buchs, Switzerland). All other solve
nd chemicals were of analytical quality obtained f
erck (Basel, Switzerland) or Fluka (Buchs, Switzerlan

.2. Calibrators and controls

For the calibrator samples, nine working solutions w
repared in ethanol at the following concentrations: 0
ollows: after conditioning with 6 ml of methanol and 3 ml
idistilled water, an aliquot of 2725�l of the mixture (corre
ponding to 0.5 ml of plasma) was applied on the SPE
mn. Then the column was washed with 3 ml of bidisti
ater, 3 ml of 0.25 M acetic acid, 3 ml of bidistilled water a
5�l of acetone. Elution was performed by three portion
.5 ml of acetone. The eluate was evaporated to dryne
0◦C under nitrogen. The residue was then derivatize
dding 60�l of BSTFA + 1% TMCS, vortexing, and heati
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at 70◦C for 30 min. A 2�l-aliquot was injected splitless into
the GC–MS.

For the determination of “total” AJA, 50�l of an ethanolic
solution containing 3 ng/�l I.S., 2420�l of a 0.1 M potassium
phosphate buffer (pH 6.8) and 200�l of a 25,000 units/ml
solution of �-glucuronidase in 0.1 M potassium phosphate
buffer, corresponding to a total of 5000 units, were added
to 0.6-ml plasma aliquots. The tubes were capped, vortexed
and incubated at 37◦C for 16 h. The hydrolysis conditions
were the same as already used and optimized earlier in our
lab and by other groups for the determination of 11-nor-9-
carboxy-delta-9-tetrahydrocannabinol glucuronide, the main
THC metabolite, which is structurally related to AJA glu-
curonide[14–17]. After cooling to room temperature, extrac-
tion and derivatization were performed as for the free AJA.
A 2 �l-aliquot was injected splitless into the GC–MS.

2.4. Gas chromatography–mass spectrometry

The GC–MS system consisted of a Hewlett Packard (HP)
GC 5890A series II gas chromatograph with electronic pres-
sure control, a HP 7673 autosampler, a HP 5972 mass se-
lective detector, and a HP 5895A ChemStation software. For
the separation of the derivatized extracts, a DB-1 MS column
was used (30 m× 0.25 mm i.d., 0.25�m film; J&W Scien-
tific, supplied by MSP Kofel, Bern, Switzerland) with he-
l min.
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difference of the AJA concentration before (free AJA) and
after enzymatic hydrolysis (total AJA).

2.6. Validation

2.6.1. Selectivity
To evaluate the method’s selectivity, i.e. to check for ma-

trix peaks interfering with AJA and I.S., pooled blank plasma
as well as baseline plasma specimens from each patient were
analyzed as described before but without adding the analyte
and I.S.

2.6.2. Limits of quantitation and detection
Validation samples (n= 3) were used to determine the limit

of detection (LOD) and quantitation (LOQ) of AJA. The LOD
was the lowest concentration at which the ion signal-to-noise
ratio (peak height) was≥3:1 with acceptable peak shape and
resolution. The LOQ was the lowest concentration fulfilling
LOD criteria and reaching the AJA target value within±20%.

2.6.3. Accuracy and precision
Intra- and inter-day accuracy and precision for the AJA

compound were determined at six concentration levels over
the linear ranges (low, medium and high). For each concen-
tration level, blank plasma samples were spiked with a known
a -day
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ium as the carrier gas at a constant flow rate of 1.2 ml/
he injector and transfer line temperatures were 250
80◦C, respectively. The oven temperature was program

rom 200◦C (0.5 min) to 250◦C at 10.0◦C/min, from 250 to
80◦C at 3◦C/min and held at 280◦C for 5 min. The MS
ystem was operated in selected ion monitoring mode (S
he qualifier ionsm/z222 and 544 were used for identifyin
ndm/z460 for quantifying AJA. In the case of I.S.,m/z473
nd 488 were used as qualifying ions, andm/z 371 as the
uantifying ion. Peak assignment was achieved by rete

imes, the characteristic ions and the ion ratios of the ana
ompared to those of standards (control samples; 50-,
500- and 2500-ng/ml level; mean). The accepted tolera
ere±0.1 min and±15%.

.5. Calibration and quantitation

Calibration of AJA was performed by using the inter
tandard method and linear regression analysis over the
entration ranges of 10–750 ng/ml and 750–3000 ng/ml
he low concentration range (calibration graph 1), po
lank plasma from a blood bank was spiked with 250 ng
f I.S., and 10, 25, 100, 250, 500 and 750 ng/ml of AJA

he high concentration range (calibration graph 2), the
entrations were 250 ng/ml of I.S., and 750, 1000, 2000
000 ng/ml of AJA (calibration graph 2). Triplicates of ea
oncentration level were extracted and analyzed by GC
s described above. Quantitation of AJA was based o
eak area ofm/z460 versus the peak area of the I.S. ionm/z
71. The amount of AJA glucuronide was calculated by
mount of AJA and analyzed as described before. Intra
ccuracy and precision (n= 5) were established within th
ame day whereas inter-day values (n= 8) were based o
easurements done over a period of 1 month. Data wer

valuated using one-way analysis of variance (ANOVA)

.6.4. Recovery
The absolute overall recoveries of AJA and I.S. were

ermined at the low (50 ng/ml) and high (1500 ng/ml) conc
ration levels (n= 5). A first set of non-hydrolyzed samp
as analyzed as described before. A second set was an

he same way but without extraction, using working solut
f the same concentration levels. The absolute extractio
ciency was determined by comparing the analyte and
eak areas of the first and second set of samples.

.6.5. Stability
The AJA stability in the matrix and in plasma extra

as checked at low, medium and high concentration le
or the determination of AJA stability in the matrix, a se
nextracted spiked samples was stored at−20◦C for 30 days
rior to extraction and analysis. AJA concentrations in thi
ere calculated and compared with freshly prepared co
amples. The AJA stability in plasma extracts was asse
rom two other sets of samples; one set of derivatized ext
hich was analyzed after being stored for 30 days at−20◦C
nd the other set which was analyzed after the extracts

eft at room temperature for 36 h. Concentrations of AJ
tored samples were compared to the ones of freshly pre
ontrol samples.
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2.7. Subjects and clinical study

Twenty-one outpatients (8 females, 13 males), aged 29–65
years (mean 51 years), who suffered from neuropathic pain
with hyperalgesia and allodynia, participated in a random-
ized, placebo-controlled, double-blind, crossover trial con-
ducted at the Hannover Medical School from May to Septem-
ber 2002. Written informed consent was obtained from
all patients. Present or past recreational and/or therapeutic
Cannabis use was excluded by performing baseline urine
tests. This study was approved by the Hannover Medical
School institutional review board, Hannover, Germany, and
the German Federal Institute for Drugs and Medical Devices.
After an initial 7-day baseline period (baseline week 1), two
daily doses of 20 mg AJA (patients A–I) or placebo (pa-
tients J–R) were administered orally as capsules (packed by
Creapharm, Le Haillan, France) at 08:00 and 20:00 h from
day 8 to 11, followed by two daily doses of 40 mg AJA (pa-
tients A–I) or placebo (patients J–R) from day 12 to 14 (treat-
ment week 1). After a washout (washout week 1) and base-
line phase (baseline week 2) of 7 days each, patients crossed
over to the second 7-day treatment period (treatment week 2)
from day 29 to 32 and 33 to 35. For this period the same dose
regimen was used as for treatment week 1. The study ended
with a 7-day washout phase (washout week 2). Blood sam-
ples (10 ml) were collected at 10:00 h, i.e. 2 h after the first
d The
h uged
a red
a the
s

3. Results and discussion

3.1. Method

Two calibration graphs were established to cover the
broad range of AJA concentrations. The correlation coef-
ficients r of 0.9915 (calibration graph 1, low range) and
0.9988 (calibration graph 2, high range) indicate good linear-
ity from 10 to 750 ng/ml and 750 to 3000 ng/ml AJA, respec-
tively (seeTable 1). The SPE procedure resulted in overall
AJA recoveries from plasma of 52.0± 10.9 and 51.4± 3.6%
(mean± R.S.D.,n= 5) determined at the 50- and 1500-ng/ml
concentration levels, respectively. The I.S. recoveries were
51.4± 9.6 and 48.1± 5.7%. The most suited I.S. would be
deuterated AJA. However, this standard is (not yet) commer-
cially available. In cases, where Cannabis use by patients can-
not be excluded, deuterated THCCOOH should be the pre-
ferred I.S. However, within the present clinical study setting,
including basal urine tests for cannabinoids, Cannabis con-
sumption could be excluded. Recovery and selectivity exper-
iments with d3-THC COOH instead of THCCOOH have
shown that the proposed method can without major modifi-
cations be used with this alternate deuterated standard. The
limit of quantitation was 10 ng/ml corresponding to the lowest
calibrator. The lowest concentration of AJA still detectable
(limit of detection, LOD) was about 1 ng/ml. With a loss of
b atrix
a a-
t 3 to
8
r

T
L asurin , 25
7

C

7

T
R n adde 0, 600,
8

A

acyb (%)

1
2

aily dose, on day 1, 8, 12, 14, 22, 29, 33, 35 and 42.
eparinized blood specimens were immediately centrif
t 3000 rpm for 10 min at 4◦C, and the plasma samples sto
t −20◦C until required for analysis. Further details of
tudy are described elsewhere[13].

able 1
inearity data for the determination of AJA in plasma obtained by me
50, 1000, 2000 and 3000 ng/ml)

oncentration range (ng/ml) Linearity data (n= 3)

Slope (mean± S.D.)

10–750 0.3315± 0.0190
50–3000 0.3825± 0.0207

able 2
ecovery, intra- and inter-day precision and accuracy (±% of concentratio
50, 1500 and 2500 ng/ml-AJA concentration levels

JA (ng/ml) Recovery (n= 5)
(mean± R.S.D.a)

Intra-day (n= 5)

Precision (R.S.D.) Accur

50 52.0± 10.9 2.1 −9.1
300 7.0 3.9
600 4.9 1.0
850 1.8 −0.2
500 51.4± 3.6 4.3 12.2
500 1.5 −2.7
a Percent relative standard deviation.
b Percent difference between mean and target concentrations.
etween 0 and 9%, AJA proved to be stable in the m
fter 30 days of storage at−20◦C. When stored as a deriv

ized extract, the AJA content varied from 0 to 2% and
% after 36 h at room temperature and 1 month at−20◦C,
espectively. The validation data are summarized inTable 2.

g triplicates of each of the nine calibrator concentrations (10, 25, 1000, 500,

Intercept (mean± S.D.) r (mean± S.D.)

−0.0107± 0.0177 0.9915± 0.0056
−0.1654± 0.0916 0.9988± 0.0009

d), and limit of quantitation of AJA in plasma determined at the 50, 30

Inter-day (n= 8) Limit of quantitation
(ng/ml; S:N = 10:1)

Precision (R.S.D.) Accuracy (%)

5.3 −7.8
6.3 2.6
7.8 −2.9
5.0 0
8.3 10.0
5.8 −1.2 10
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Fig. 2. GC–MS–SIM profiles of plasma extracts; the ions recorded werem/z460 for AJA, andm/z371 for I.S. (A) blank plasma; (B) blank plasma spiked with
500 ng/ml AJA and 250 ng/ml I.S.; (C) non-hydrolyzed plasma specimen of patient 7 collected on day 29, containing 519.7 ng/ml free AJA; (D) hydrolyzed
plasma specimen of patient 7 collected on day 29, containing 547.4 ng/ml total AJA (free + glucuronidated AJA).

Table 3
Mean plasma levels of AJA and AJA glucuronide (expressed as the difference between the AJA concentration before and after enzymatic hydrolysis) after the
oral administration of placebo, two daily doses of 20 mg AJA, or two daily doses of 40 mg AJA; each treatment group consisted of nine patients

Day Patient group Treatment (mg AJA or placebo) AJA (ng/ml, mean± R.S.D.,n= 9a) AJA glucuronide (ng/ml, mean± R.S.D.,n= 9a)

1 A–R No (baseline week 1) n.d. n.d.

8
A–I 2 × 20 599.4± 37.2 63.8± 127.9
J–R Placebo 0 0

12
A–I 2 × 40 541.3± 71.7 54.7± 177.8
J–R Placebo 0 0

14
A–I 2 × 40 1271.2± 54.4 <LOQ
J–R Placebo 0 0

22 A–R No (baseline week 2) 0 0

29
A–I Placebo 0 0
J–R 2× 20 479.7± 65.6 37.8± 99.6

33
A–I Placebo 0 0
J–R 2× 40 708.6± 64.0 30.7± 133.1

35
A–I Placebo 0 0
J–R 2× 40 792.6± 63.9 38.9± 145.4

42
A–I No (washout week 2) 0 0
J–R No (washout week 2) <LOQ <LOQ

n.d.: not determined.
a Number of patients per patient group; two drop outs due to side effects on second day of treatment week 1; samples of one patient not analyzed because of

rejection of informed consent.
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These data show that the method is reproducible, accurate
and sensitive. One-way ANOVA analysis indicated no sta-
tistically significant difference (p≥ 0.12) between intra- and
inter-assay data sets, respectively. The good selectivity of the
method can be seen inFig. 2 depicting the GC–MS–SIM
profile of a blank patient plasma (A), a plasma spiked with
250 ng/ml I.S. and 500 ng/ml AJA (B), and a patient sample
before and after enzymatic hydrolysis (C and D). Only two
prominent endogenous compounds were detected and these
did not interfere with the analytes.

3.2. Plasma levels

An example of a clinical plasma sample, collected from
patient 7 on day 29 (2× 20 mg AJA) is shown inFig. 2C
and D. It contained 519.7 ng/ml free, unconjugated AJA
and 27.9 ng/ml AJA in conjugated, glucuronidated form,
corresponding to 5.1% of total AJA (free + conjugated AJA).
The concentrations of free and glucuronidated AJA in plasma
samples collected under different treatment conditions (base-
line, placebo, AJA, washout) are summarized inTable 3.
Samples of day 1 (baseline week 1) were not analyzed. At
day 8 (treatment week 1, AJA, patients A–I) and day 29
(treatment week 2, AJA, patients J–R), the levels of free AJA
were 599.4± 37.2 and 479.7± 65.6 ng/ml (mean± R.S.D.,
n= 9), respectively. 63.8± 127.9 and 37.8± 99.6 ng/ml,
r o be
c first
t the
a mg
A of
p y 14
( en).
A J–R
( the
b hout
p tion
o ples
s and
1 ould

show if this phenomenon is due to distribution and ac-
cumulation of AJA in fat tissue. Overall, the percentage
of AJA glucuronide related to the total amount of AJA
(free + conjugated AJA) varied enormously from 0 to 100%
(7.6± 203.9%).

In conclusion, the present method using SPE and GC–MS-
SIM is suited to quantify AJA and AJA glucuronide in clinical
plasma samples.
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