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a b s t r a c t

A parallel chiral/achiral LC–MS/MS assay has been developed and validated to measure the plasma and
urine concentrations of the enantiomers of ketamine, (R)- and (S)-Ket, in complex regional pain syndrome
(CRPS) patients receiving a 5-day continuous infusion of a sub-anesthetic dose of (R,S)-Ket. The method
was also validated for the determination of the enantiomers of the Ket metabolites norketamine, (R)-
and (S)-norKet and dehydronorketamine, (R)- and (S)-DHNK, as well as the diastereomeric metabolites
hydroxynorketamine, (2S,6S)-/(2R,6R)-HNK and two hydroxyketamines, (2S,6S)-HKet and (2S,6R)-Hket.
In this method, (R,S)-Ket, (R,S)-norKet and (R,S)-DHNK and the diastereomeric hydroxyl-metabolites
were separated and quantified using a C18 stationary phase and the relative enantiomeric concentrations
hiral separation
etabolism

of (R,S)-Ket, (R,S)-norKet and (R,S)-DHNK were determined using an AGP-CSP. The analysis of the results of
microsomal incubations of (R)- and (S)-Ket and a plasma and urine sample from a CRPS patient indicated
the presence of 10 additional compounds and glucuronides. The data from the analysis of the patient
sample also demonstrated that a series of HNK metabolites were the primary metabolites in plasma and
(R)- and (S)-DHNK were the major metabolites found in urine. The results suggest that norKet is the initial,
but not the primary metabolite and that downstream norKet metabolites play a role in (R,S)-Ket-related

ts.
pain relief in CRPS patien

. Introduction

Complex regional pain syndrome (CRPS) is a chronic debilitating
isease characterized by significant pain often resulting in severe
isability and lost productivity. The current clinical treatment of
RPS produces limited relief and there is a high rate of recurrence.
t the present time we are exploring an approach to the treat-
ent of this disease based upon a 5-day continuous infusion of a

ub-anesthetic dose of (R,S)-ketamine ((R,S)-Ket). In a recent study,

pilot study”, we demonstrated that this treatment produced sig-
ificant levels of pain relief in 10/16 CRPS patients, measured as a
30% reduction in a perceived pain score [1,2].

∗ Corresponding author at: Laboratory of Clinical Investigation, Biomedical
esearch Center, 8B133, National Institute on Aging, National Institutes of Health,
51 Bayview Boulevard, Baltimore, MD 21224, USA. Tel.: +1 410 558 8498;
ax: +1 410 558 8409.

E-mail address: wainerir@grc.nia.nih.gov (I.W. Wainer).

039-9140/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.talanta.2010.08.005
Published by Elsevier B.V.

As part of the “pilot study”, plasma samples were obtained from
the participants and analyzed for the concentrations of the enan-
tiomers of (R,S)-Ket, (R)-Ket and (S)-Ket, and its N-demethylated
metabolite (R,S)-norketamine, (R)-norKet and (S)-norKet. The data
from the plasma analyses and the changes in the perceived pain
were used to construct pharmacodynamic models to describe the
relationship between the plasma levels of (R,S)-Ket and (R,S)-
norKet and reported pain relief. No significant correlations were
observed between these variables suggesting that the systemic
exposure of a CRPS patient to (R,S)-Ket and (R,S)-norKet does not
entirely explain the drug’s analgesic properties [1,2].

One explanation of the results from the “pilot study” is
that the analgesic effect of (R,S)-Ket is due to the par-
ent drug and one or more of its metabolites. (R,S)-Ket is
extensively metabolized by microsomal enzymes producing (R,S)-

norKet, (R,S)-dehydronorketamine ((R,S)-DHNK), and a series
of diastereomeric hydroxynorketamines (HNK) and hydroxyke-
tamines (HKet), Fig. 1A,B [3–5]. In order to determine if
downstream metabolites play a role in (R,S)-Ket-related pain relief,
we have developed a parallel achiral–chiral LC–MS method for the
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Fig. 1. The key metabolic pathways of ketamine (Ket), where: (A) The direct conversion of Ket to hydroxyketamine (HKet) metabolites; (B) The conversion of Ket to norKet
to dehydronorketamine (DHNK) and hydroxynorketamine (HNK) metabolites.
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nalysis of (R)-Ket and (S)-Ket and their metabolites in plasma and
rine. The goal of the project is to use the analytical method to
stablish “responder” and “non-responder” metabolic patterns.

Previously reported enantioselective analytical methods have
tilized the �1-acid glycoprotein chiral stationary phase, AGP-CSP,
o determine the plasma concentrations of (R)- and (S)-Ket and
R)- and (S)-norKet in surgical patients [6] and volunteers [7,8] and
3,5-dimethyl carbamoylated cellulose CSP, the OD-CSP, to mea-

ure the same compounds in the plasma of volunteers receiving
R,S)-Ket via different routes of administration [9,10]. These studies
id not measure the other enantiomeric metabolite, (R,S)-DHNK,
r the diastereomeric HNK and HKet metabolites. The enantiose-
ective separations of (R,S)-Ket, (R,S)-norKet and (R,S)-DHNK have
lso been achieved using capillary electrophoresis with multiple
somer sulfated �-cyclodextrins as the chiral selector [11]. When
he CE method was applied to the analysis of the enantioselective
harmacokinetics of (R,S)-Ket in Shetland ponies, (R)-DNHK and
S)-DHNK were identified but not quantified due to the lack of ade-
uate standards and the HNK metabolites were observed but not

dentified [12–14]. The diastereomeric hydroxylated metabolites
f (R,S)-Ket and (R,S)-norKet, Fig. 1, have been previously stere-
selectivley separated and identified using achiral GC–MS and the
espective chirality at the two asymmetric centers examined using
pseudoracemic” mixtures of (R)- and (S)-D3-Ket [4]. Recently, an
chiral LC–MS/MS method was reported for the separation and
dentification of Ket, norKet, DHNK, HNK and HKet, as well as novel
henolic metabolites and HNK and HKet glucuronides, although the
tructures and stereochemistries of the hydroxylated metabolites
ere not definitively established [5]. In addition, this method was
ot capable of separating the enantiomers of Ket, norKet and DHNK
r was it validated for use in clinical studies.

We now report the development and validation of a paral-
el LC–MS/MS assay for the plasma and urine concentrations of
R,S)-Ket and 6 of its metabolites, and the identification of 10
dditional metabolites and glucuronides. In this method, (R,S)-Ket,
R,S)-norKet and (R,S)-DHNK and the diastereomeric hydroxyl-

etabolites and their glucuronides were separated and quantified
sing a C18 stationary phase and the relative enantiomeric concen-
rations of (R,S)-Ket, (R,S)-norKet and (R,S)-DHNK were determined
sing an AGP-CSP. The structure and stereochemistries of the
alidated metabolites were established through the microsomal
etabolism of (R)- and (S)-Ket and the syntheses of the Z- or cis-6-

ydroxy-HNK metabolites (2R,6R)-HNK and (2S,6S)-HNK [3,4], the
- or cis-6-hydroxy-HKet metabolite (2S,6S)-HKet [3,4] and the E-
r trans-6-hydroxy-HKet metabolite (2S,6R)-HKet [3,4]. Data from
he application of the method to plasma and urine samples obtained
rom a patient receiving (R,S)-Ket for the treatment of CRPS is also
eported.

. Experimental

.1. Standards

(R,S)-Ketamine hydrochloride ((R,S)-Ket HCl) and (S)-Ket HCl
ere purchased from Sigma–Aldrich (St. Louis, MO, USA), (R,S)-
orketamine hydrochloride (norKet) was purchased from Tocris
ioscience (Ellisville, MO, USA), (R,S)-dehydronorketamine (DHNK)
nd 3,4,5,6-tetradeuterophenyl-(R,S)-ketamine HCl (D4-(R,S)-Ket)
ere purchased from Cerillant (Round Rock, TX, USA). (R)-Ket was
repared from (R,S)-Ket using a modified version of the crystal-
ization method described by Hudyma et al. [15]. In brief, (R,S)-Ket
Cl was converted to the free base, treated with 1 equivalent of

-(+)-tartaric acid, recrystallized from acetone/water (91/6), the
rystals of (R)-Ket l-tartrate were collected and converted to the
ree base by treatment with 2.5 M HCl/MeOH. The (2S,6S)- and
2 (2010) 1892–1904

(2R,6R)-stereoisomers of hydroxynorketamine (HNK) were pre-
pared from (R,S)-norKet by the method of Leung and Baille [16] and
the (R,S)-norKet used in this synthesis was prepared using a modi-
fication of the method described by Chang Hong and Davisson [17],
see Supplemental material. The (2S,6S)- and (2S,6R)-stereoisomers
of hydroxyketamine (HKet) were synthesized and isolated using
the method of Woolf et al. [18].

The structures and purities of the synthesized compounds
were determined using 1H NMR spectra recorded on a Varian
VMX 300-MHz Nuclear Magnetic Resonance Spectrometer (Var-
ian, Inc., Palo Alto, CA, USA), LC/MS analysis performed using
a Thermo Fisher LCQ DUO Mass Spectrometer with a Surveyor
HPLC system (Thermo Fisher Scientific, Inc., Waltham, MA, USA),
optical rotations obtained using a Rudolph Autopol IV Automatic
Polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA)
and the enantiomeric purity was determined using the previously
described enantioselective separation on the AGP-CSP [8] using a
Waters Alliance HPLC system with 2695 Separations Module and a
2996 Photodiode Array Detector (Waters Corp., Milford, MA, USA).
See Supplemental material for the data.

2.2. In vitro microsomal metabolism of ketamine and
norketamine

Alamethicin, NADPH, acetonitrile and MgCl2 were purchased
from Sigma–Aldrich and the human liver microsomes were pur-
chased from BD Biosciences (San Jose, CA, USA). The in vitro
microsomal metabolism of (R)- and (S)-Ket was carried out using
a method modified from Turfus et al. [5]. Incubations were car-
ried out using a total volume of 500 �l containing 10 or 50 �M (R)-
or (S)-Ket, 1 mg/ml human liver microsomes, 2.5 mM NADPH and
5 mM MgCl2 in phosphate buffer [0.1 M, pH 7.4]. All reagents except
microsomes were pre-incubated in a 37 ◦C shaking water bath for
5 min and reactions were initiated with the addition of microsomes.
The samples were incubated in the shaking water bath (at 37 ◦C)
for 2 h and reactions were terminated with the addition of 125 �l
of cold acetonitrile. Following a quick vortex mixing and centrifu-
gation, the supernatants were transferred to new tubes and stored
at −80 ◦C until analysis.

2.3. In vitro synthesis of the glucuronides of (2S,6S)- and
(2R,6R)-hydroxynorketamine

The glucuronides of (2S,6S)- and (2R,6R)-hydroxynorketamine
were prepared using the UGT2B4 isoform of UDP-
glucuronosyltransferase (0.3 units/mg protein, cat# U3133-1VL),
Tris buffer, Triton X-100 and uridine diphosphate glucuronic acid
(UDPGA) were obtained from Sigma–Aldrich. A 2.5 mg portion
of the protein representing 0.75 units of enzymatic activity in
0.5 ml Tris buffer [100 mM, pH 7.5] was quickly thawed from
−80 to 0 ◦C by immersion in a 37 ◦C water bath and then a 0 ◦C
water bath. The resulting suspension was added to 4 ml of Tris
buffer [100 mM, pH 7.5] containing 8 mM MgCl2, 1 mg/ml Tri-
ton X-100, 25 �g/ml alamethicin. The resulting suspension was
incubated for 1 h at 0 ◦C and 10 mg (17 �mol) of UDPGA and
1 mg (4 �mol) of (2S,6S)/(2R,6R)-hydroxynorketamine in 10 �l
acetonitrile were added and the resulting mixture incubated at
37 ◦C for 3 days. The reaction was monitored by removing a 100 �l
aliquot and quenching it by adding 100 �l of ethanol followed by
centrifugation and LC/MS analysis monitoring the signal at m/z
416 (M+H). The reaction was quenched after 72 h with the addition

of 4 ml of ethanol followed by centrifugation. The precipitate was
washed with ethanol (3× 5 ml), shaken and centrifuged. The aque-
ous/ethanolic extracts were combined and evaporated in vacuo.
Solid phase extraction was performed with a Waters Sep-Pak C18
1 cc cartridge (Waters Corp.) that had been equilibrated with 1 ml
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Table 1
The multiple reaction monitoring (MRM) ion transitions used to identify the stan-
dard compounds used in this study.

Compound MRM transition

(R,S)-Ket 238 → 125
(R,S)-D4-Ket 242 → 129
(R,S)-norKet 223 → 125
(R,S)-DHNK 222 → 177
(2S,6S)-HNK, (2R,6R)-HNK 240 → 125; 240 → 151; 240 → 177;

240 → 179; 240 → 195
R. Moaddel et al. / Tal

ethanol followed by 1 ml Tris buffer [10 mM, pH 7.5] and 1 ml
ater. The product was eluted using water (3× 1 ml) followed by
ethanol (2× 1 ml). The (2S,6S)/(2R,6R)-hydroxynorketamine glu-

uronide was characterized using the following MRM transitions:
16.0 → 222.0, 416.0 → 240.0, 416.0 → 125.0 and 416.0 → 207.0.

.4. Chromatographic conditions

.4.1. Instrumentation
The chromatographic experiments were carried out on a Shi-

adzu Prominence HPLC system (Shimadzu, Columbia, MD, USA).
he samples were introduced to the analytical column using
himadzu SIL-20A autosampler and maintained at 4 ◦C in the
utosampler tray, and injections of 10 �l were made with a column
emperature kept at 30 ◦C.

.4.2. Achiral separation of Ket and its metabolites
The separations of Ket, norKet, DHNK, HNK, HKet and the glu-

uronides of HNK were accomplished using an Eclipse XDB-C18
uard column (4.6 mm × 12.5 mm) and an analytical column Varian
ursuit XRs 5 C18 (250 mm × 4.0 mm ID, 5 �m) purchased from Var-
an, Inc. The mobile phase consisted of ammonium acetate [5 mM,
H 7.6] as component A and acetonitrile as component B. A linear
radient was run as follows: 0 min 20% B; 5 min 20% B; 15 min 80%
; 20 min 20% B at a flow rate of 0.4 ml/min. The total run time was
0 min per sample.

.4.3. Enantioselective separation of Ket, norKet and DHNK
The enantioselective separation of (R,S)-Ket, (R,S)-norKet and

R,S)-DHNK was accomplished using a previously described HPLC
ethod [8]. In brief, the separation was carried out using a Chrial-
GP guard column (1 cm × 2.0 mm) and an analytical column
hiral-AGP (100 mm × 4.0 mm ID, 5 �m) purchased from Advanced
eparation Technologies (Whippany, NJ, USA). The mobile phase
onsisted of ammonium acetate [10 mM, pH 7.6] as component A
nd 2-propanol as component B. A linear gradient was run as fol-
ows: 0 min 6% B; 1 min 20% B; 8 min 8%; 8.1 min 6% at a flow rate
f 0.4 ml/min. The total run time was 20 min per sample.

.4.4. Mass spectrometry conditions
MS/MS analysis was performed using a triple quadrupole

ass spectrometer model API 4000 system from Applied Biosys-
ems/MDS Sciex equipped with Turbo Ion Spray® (TIS) (Applied
iosystems, Foster City, CA, USA). The data was acquired and ana-

yzed using Analyst version 1.4.2 (Applied Biosystems). Positive
lectrospray ionization data were acquired using multiple reaction
onitoring (MRM). The TIS instrumental source settings for tem-

erature, curtain gas, ion source gas 1 (nebulizer), ion source gas 2
turbo ion spray) and ion spray voltage were 550 ◦C, 20 psi, 70 psi,
0 psi and 5500 V, respectively. The TIS compound parameter set-
ings for declustering potential, entrance potential, and collision
ell exit potential were 70, 10, and 12 V, respectively. The collision
nergy setting was 40 V for Ket, 25 V for norKet and DHNK, 30 V
or HKet, HNK and D4-Ket and 35 V for the glucuronide. Ket and
ts metabolites were identified with collision activated dissocia-
ion parameter set up at a pressure setting at 5. The standards were
haracterized using the MRM ion transitions listed in Table 1.

.5. Sample preparation

The extraction of (R,S)-Ket and its metabolites were carried out

s previously described [8]. Briefly, the 1 ml solid phase extraction
SPE) cartridges (Oasis HLB, Waters Corp.) were preconditioned
ith 1 ml of methanol, followed by 1 ml of water and then 1 ml

mmonium acetate [10 mM, pH 9.5]. Subsequently, the micro-
omes, plasma or urine samples were added and washed with
(2S,6S)- and (2S,6R)-HKet 254 → 125; 254 → 141; 254 → 151;
254 → 163; 254 → 179; 254 → 195

1 ml of water and then the compounds were eluted with 1 ml of
methanol, which was transferred to the autosampler vial for anal-
ysis.

2.6. Validation of the achiral method

2.6.1. Stock solution
A concentrated stock solution was prepared containing

(R,S)-Ket (1000 �g/ml), (R,S)-norKet (1000 �g/ml), (R,S)-DHNK
(1000 �g/ml), (2R,6R)-/(2S,6S)-HNK (100 �g/ml), (2S,6S)-HKet
(10 �g/ml) and (2S,6R)-HKet (10 �g/ml). The solution was prepared
in ultra-pure water and stored in polypropylene tubes at −20 ◦C.
Serial dilutions of the stock solution were used to prepare the sam-
ples for the calibration curves and quality control standards (QC).

2.6.2. General procedures
The quantification of (R,S)-Ket, (R,S)-norKet, (R,S)-DHNK,

(2R,6R)-/(2S,6S)-HNK, (2S,6S)-HKet and (2S,6R)-HKet was accom-
plished using area ratios calculated using D4-(R,S)-Ket as the
internal standard, where the concentration of the internal standard
was set at 500 ng/ml. Quality control standards were prepared daily
by adding 50 �l of the corresponding spiking standard solution to
450 �l of drug free plasma or 450 �l of drug free urine purchased
from Bioreclamation (East Meadow, NY, USA).

2.6.3. Calibration curves and QC standards
The standards used in the calibration studies as QC standards

in the validation of the achiral analysis of (R,S)-Ket, (R,S)-norKet,
(R,S)-DHNK, (2R,6R)-/(2S,6S)-HNK, (2S,6S)-HKet and (2S,6R)-HKet
in plasma are listed in Table 2. The standards used in the calibration
studies as QC standards in the validation of the achiral analysis of
(R,S)-Ket, (R,S)-norKet, (R,S)-DHNK, (2R,6R)-/(2S,6S)-HNK, (2S,6S)-
HKet and (2S,6R)-HKet in urine are listed in Table 3.

2.7. Application of the analytical method

The validated assay was used to analyze plasma and urine sam-
ples obtained from a CRPS patient receiving (R,S)-Ket following a
previously described clinical protocol [1,2]. In brief, after approval
from the Cooper University Hospital Institutional Review Board,
the patient gave written informed consent and was admitted to a
monitored telemetry unit. (R,S)-Ket was mixed in a 500 ml bag of
normal saline and started at an infusion rate of 10 mg/h and titrated
to a maximum of 40 mg/h to achieve comfort without evidence
of significant side effects or oxygen desaturation (<92%). The infu-

sion was maintained for 5 days with 24 h monitoring of the subject.
Pre-dose and post-dose blood and urine samples were obtained as
proscribed by the protocol and frozen at −80 ◦C until analysis.
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Table 2
The concentrations of (R,S)-Ket, (R,S)-norKet, (R,S)-DHNK, (2R,6R)-/(2S,6S)-HNK, (2S,6S)-HKet and (2S,6R)-HKet in the calibration standards and quality control standards
used in the validation of the achiral method in plasma.

(R,S)-Ket (ng/ml) (R,S)-norKet (ng/ml) (R,S)-DHNK (ng/ml) (2R,6R)-/(2S,6S)-HNK (ng/ml) (2S,6S)-HKet (ng/ml) (2S,6R)-HKet (ng/ml)

Calibration
1 25,000 500 500 2000 40 30
2 18,750 375 375 1500 30 22.5
3 12,500 350 350 1000 20 15
4 6250 125 125 500 10 7.5
5 5000 94 94 375 7.5 5.6
6 3125 63 63 250 5 3.8

QC
High 21,875 437 437 1750 35 26
Medium 15,625 312 312 1250 25 18
Low 9375 187 187 750 15 11

Table 3
The concentrations of (R,S)-Ket, (R,S)-norKet, (R,S)-DHNK, (2R,6R)-/(2S,6S)-HNK, (2S,6S)-HKet and (2S,6R)-HKet in the calibration standards and quality control standards
used in the validation of the achiral method in urine.

(R,S)-Ket (ng/ml) (R,S)-norKet (ng/ml) (R,S)-DHNK (ng/ml) (2R,6R)-/(2S,6S)-HNK (ng/ml) (2S,6S)-HKet (ng/ml) (2S,6R)-HKet (ng/ml)

Calibration
1 25,000 750 12,500 12,500 40 30
2 18,750 562 9375 9375 30 22.5
3 12,500 375 6250 6250 20 15
4 6250 188 3125 3125 10 7.5
5 5000 141 2344 2344 7.5 5.6
6 3125 63 1563 1563 5 3.8

10,
7
4

3

3
(

(
o
w
e
˛
s
t
c
u
a
o
m

(
u
(
K
w
t
w
r
i
a
[
w
t
a

w

QC
High 21,875 656 10,938
Medium 15,625 469 7813
Low 9375 281 4688

. Results

.1. Enantioselective separation of (R,S)-Ket, (R,S)-norKet,
R,S)-DHNK

The enantioselective separations of (R,S)-Ket (peak 1R and 1S),
R,S)-norKet (2R and 2S) and (R,S)-DHNK (3R and 3S) were achieved
n the AGP-CSP, Fig. 2A, while the diastereomeric HNKs and HKets
ere not efficiently separated (data not shown). The observed

nantioselectivities (˛s) were ˛s(Ket) = 1.07, ˛s(norKet) = 1.21,
s(DHNK) = 1.46. The enantioselectivities for Ket and norKet were
imilar to the previously reported ˛s values, 1.09 and 1.46, respec-
ively, obtained on an AGP-CSP using similar chromatographic
onditions [8]. The elution order of 1S before 1R was confirmed
sing reference standards and the elution orders of 2S before 2R
nd 3S before 3R were confirmed by the independent metabolism
f (R)-Ket and (S)-Ket using human microsomes, see Supplemental
aterial (Figs. S1A, S1B).
The AGP-CSP was used to determine the relative (R)-/(S)-Ket,

R)-/(S)-norKet and (R)-/(S)-DHNK ratios in extracted plasma and
rine samples obtained on day 3 from a CRPS patient receiving
R,S)-Ket, Fig. 2B,C. The relative plasma concentrations of (R)-/(S)-
et and (R)-/(S)-norKet were 1.3 and 1.4, respectively, Fig. 2B,
hich is consistent with data from the previous study where

he average (R)-/(S)-Ket and (R)-/(S)-norKet plasma concentrations
ere 1.1 and 1.2, respectively [1,2]. The relative concentrations

eflect the previous reports that there is a significant difference
n the plasma clearance of (R)-Ket versus (S)-Ket and that the Cmax

nd AUC values for (R)-norKet are greater than those of (S)-norKet
1,2,6,7,10]. The relative plasma concentration of (R)-/(S)-DHNK

as 1.4, which represents the first report of the relative enan-

iomeric plasma concentrations of these compounds in humans
fter the administration of (R,S)-Ket.

The relative enantiomeric urine concentration of (R)-/(S)-norKet
as opposite of the plasma ratios, 0.83, while there was a significant
938 35 26
813 25 18
688 15 11

reduction in the relative enantiomeric concentrations of (R)-/(S)-
Ket and (R)-/(S)-DHNK from 1.3 to 1.0 and 1.4 to 1.1, respectively,
Fig. 2C. To our knowledge this represents the first report of the rel-
ative enantiomeric concentrations of these compounds in human
urine after the administration of (R,S)-Ket.

3.2. Achiral separation of Ket and Ket metabolites

A standard mixture of Ket (peak 1), norKet (2), DHNK (3),
(2S,6S;2R,6R)-HNK (4a), (2S,6R;2R,6S)-HNK (4b), (2S,6S)-HKet (5a)
and (2S,6R)-HKet (5b) was used to optimize the chromatographic
conditions and a representative chromatogram is presented in
Fig. 3A. The observed retention times are presented in Table 4 as
are the retention factors. The optimized chromatographic condi-
tions were applied to the analysis of samples obtained from the
incubation of (R)- and (S)-Ket with human microsomal prepara-
tions. Peaks 1, 2, 3, 4a, 4b and 5a were present in both incubates,
Fig. 3B,C.

The chromatogram obtained from the incubation of (R)-Ket
contained 4 additional peaks that displayed the same MRM ion
transitions as peaks 4a and 4b, Fig. 3B. Since previous stud-
ies demonstrated that norKet is hydroxylated at the C4, C5 and
C6 positions on the cyclohexanone ring [6,7], the four unknown
compounds were identified as HNK metabolites and labeled as
compounds 4c, 4d, 4e and 4f. While the structures of 4c–f have not
been definitively identified, it is possible to make tentative assign-
ments. These assignments are based on the observation that the
Z-isomers of the 6-hydroxy metabolites of norKet (4a) and Ket (5a)
elute before the corresponding E-isomers, 4b and 5b and that the
regio-selectivity of the hydroxylation of norKet by rat liver micro-

somes is C6 � C5 � C4 [3,4]. Therefore, compound 4c is listed in
Table 4 as (2R,5R)-HNK, 4d as (2R,4R)-HNK, 4e as (2R,4S)-HNK and
4f as (2R,5S)-HNK. The chromatogram obtained from the incuba-
tion of (S)-Ket, Fig. 3C, contained peaks 4a, 4b, 4c and 4f. Peaks 4c
and 4f are identified in Table 4 as (2S,5S)-HNK and (2S,5R)-HNK,



R. Moaddel et al. / Talanta 82 (2010) 1892–1904 1897

F (2R a
( ,S)-K
(

r
i

3

t
a
a
a
o
f

ig. 2. The enantioselective separations of (R,S)-Ket (peaks 1R and 1S), (R,S)-norKet
B) An extracted plasma sample obtained on day 3 from a CRPS patient receiving (R
R,S)-Ket. See text for experimental details.

espectively. No significant signals were observed for the peaks
dentified as 4d and 4e.

.3. Validation of the method

Based upon the data from the “pilot study” [1,2], the ini-
ial calibration curves for (R,S)-Ket and (R,S)-norKet were set

t 200–1500 ng/ml and 100–500 ng/ml, respectively. The plasma
nd urine samples assayed in this study were then analyzed
nd the range of the calibration standards were adjusted for the
bserved (R,S)-Ket and (R,S)-norKet concentrations and selected
or (R,S)-DHNK, (2R,6R)-/(2S,6S)-HNK, (2S,6S)-HKet and (2S,6R)-
nd 2S) and (R,S)-DHNK (3R and 3S) on the AGP-CSP, where: (A) Standard solutions;
et; (C) An extracted urine sample obtained on day 3 from a CRPS patient receiving

HKet, Tables 2 and 3. The resulting standard calibration curves
for spiked human plasma and human urine samples containing
all the standards were linear with correlation coefficients (r2)
values ranging between 0.997–0.999 (plasma) and 0.991–0.998
(urine).

The method was then validated for intra-day and inter-day
accuracy and reproducibility using the QC samples listed in
Tables 2 and 3. The results of these studies indicate that the achi-
ral analytical method is accurate and reproducible within accepted

limits, Tables 5 and 6, and can be used to analyze plasma and urine
samples obtained from CRPS patients participating in the (R,S)-Ket
study.
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.4. Application of the assay to plasma and urine samples
btained from a CRPS patient receiving (R,S)-Ket

Plasma and urine samples were obtained from a CRPS patient
eceiving (R,S)-Ket as a continuous infusion over a 5-day period. The
amples were obtained on day 3 of the treatment. This point was
hosen based on data from the “pilot study” [1,2] which demon-
trated that on day 3, (R,S)-Ket plasma levels were at steady-state
nd that significant pain relief was reported by a majority of the
RPS patients. Perceived pain, reported as the pain score, was

etermined using a visual analog scale, where 0 = no pain and
0 = intolerable pain, and pain relief was assessed by the differ-
nce in the perceived pain score reported before the initiation of
he (R,S)-Ket infusion (day 0) and the score on study days 2–5. In
his study, the patient reported a pain score of 8 at the initiation

able 4
he observed and relative retentions of ketamine (Ket) and its metabolites achieved usin

Compound Peaks R

(R.S)-Ketaminea 1 2
(R,S)-Norketaminea 2 1
(R,S)-Dehydronorketaminea 3 1
(2S,6S); (2R,6R)-Hydroxynorketaminea 4a 1
(2S,6R); (2R,6S)-Hydroxynorketaminea 4b 2
(2S,5S); (2R,5R)-Hydroxynorketamine 4c 1
(2S,4S); (2R,4R)-Hydroxynorketamine 4d 1
(2S,4R); (2R,4S)-Hydroxynorketamine 4e 1
(2S,5R); (2R,5S)-Hydroxynorketamine 4f 1
(2S,6S); (2R,6R)-Hydroxyketaminea 5a 1
(2S,6R); (2R,6S)-Hydroxyketaminea 5b 1
(2S,5S); (2R,5R)-Hydroxyketamine 5c 1
(2R,5S)-Hydroxyketamine 5d 1
(2S,6S); (2R,6R)-Hydroxynorketamine glucuronide 6a
Hydroxynorketamine glucuronide 6b
Hydroxynorketamine glucuronide 6c
Hydroxynorketamine glucuronide 6d
Hydroxynorketamine glucuronide 6e 1
(R,S)-D4-Ketaminea 7 2

o attempt was made to establish the stereochemistries of the glucuronide metabolites
on transitions presented in the table were used to quantify the compounds in the validat
CRPS patient undergoing treatment with (R,S)-Ket.
a The retention time of a compound was identified using standards and microsomal inc
nued ).

of the study and a score of 3 on day 3 at the time of the plasma
sampling, representing a ∼60% reduction in the perceived pain.

3.4.1. Plasma concentrations of (R,S)-Ket and metabolites
The plasma concentrations of (R,S)-Ket (1), (R,S)-norKet (2),

(R,S)-DHNK (3), (2S,6S)-/(2R,6R)-HNK (4a), (2S,6S)-HKet (5a) and
(2S,6R)-HKet (5b) at the time of the pain assessment were deter-
mined using the validated achiral chromatographic assay, Fig. 4A,
Table 7. The chromatogram of the extracted plasma sample con-
tained additional peaks which had been identified as HNKet

metabolites (4b–f) and the plasma concentrations of these com-
pounds were estimated using the standard curve created using
(2S,6S)-/(2R,6R)-HNK, Table 7. It should be noted that the plasma
concentration of (R,S)-Ket was ∼40-fold greater than the next high-
est validated component, (2S,6S)/(2R,6R)-HNKet, Table 7, and, for

g the achiral chromatographic separation developed in this study.

etention (min) Retention factor MRM ion transition

0.7 3.50 238 → 115
8.7 3.06 224 → 125
8.2 2.96 222 → 177
3.7 1.98 240 → 125
0.9 3.54 240 → 125
4.6 2.17 240 → 125
5.5 2.37 240 → 125
5.8 2.43 240 → 125
8.7 3.07 240 → 125
4.5 2.15 254 → 151
8.9 3.11 254 → 151
5.5 2.37 254 → 151
6.9 2.67 254 → 151
4.9 0.07 416 → 125
7.4 0.61 416 → 125
8.3 0.80 416 → 125
9.9 1.15 416 → 125
3.5 1.93 416 → 125
0.5 3.46 242 → 129

. The retention factors were determined. The multiple reaction monitoring (MRM)
ion studies and in the application to the analyses of plasma and urine samples from

ubates obtained with (R)-Ket and (S)-Ket and the established structures.
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Fig. 3. The achiral separation of (R,S)-Ket (peak 1), (R,S)-norKet (2), (R,S)-DHNK (3), (2S,6S;2R,6R)-HNK (4a), (2S,6R;2R,6S)-HNK (4b), (2S,6S)-HKet (5a) and (2S,6R)-HKet
( rom t
o Table
f

c
d
(
s
(

c
(
c
p

5b) on a C18 column, where: (A) Standard solution; (B) Extracted sample obtained f
btained from the incubation of (S)-Ket with human microsomal preparations. See
or experimental details.

larity, the peak corresponding to this compound (1) has been
eleted from Fig. 4A. The relative enantiomeric concentrations of
R,S)-Ket, (R,S)-norKet and (R,S)-DHNK assessed using the AGP-CSP,
ee Fig. 2B, were used to calculate the plasma concentrations of the
R)- and (S)-enantiomers, Table 7.
The analysis of the plasma sample indicated that the major cir-
ulating metabolites were the 6-hydroxylated norKet metabolites,
2S,6S)/(2R,6R)-HNK (4a) and (2S,6R)/(2R,6S)-HNK (4b), with con-
entrations of >600 ng/ml and >800 ng/ml, respectively. Significant
lasma concentrations, ≥100 ng/ml, of the other HNK metabolites
he incubation of (R)-Ket with human microsomal preparation; (C) Extracted sample
2 for the assignment of the structures for peaks 4c–f, 5c–d and 6a–e and the text

(4c–f) and (R,S)-DHNK (3) were observed, while the concentration
of (R,S)-norKet (2) was only ∼60 ng/ml. This was unexpected since
(R,S)-norKet has been assumed to be the primary circulating com-
pound after the administration of (R,S)-Ket and is the only metabo-
lite that is routinely measured in clinical studies. Only a minor con-

centration, <5 ng/ml, of (2S,6S)-HKet (5a) was detected in the sam-
ple. The low concentrations of (2S,6S)-HKet and the absence of any
other HKet metabolites may be due to the rapid N-demethylation
of these metabolites to the corresponding HNK metabolites, which
has been observed in in vitro microsomal studies [20].
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.4.2. Urine concentrations of (R,S)-Ket and metabolites
The urine concentrations of (R,S)-Ket (1), (R,S)-norKet (2),

R,S)-DHNK (3), (2S,6S)-/(2R,6R)-HNK (4a), (2S,6S)-HKet (5a) and
2S,6R)-HKet (5b) were determined in the morning urine of day

of the (R,S)-Ket infusion using the validated achiral chromato-
raphic assay, Fig. 4B, Table 7. The chromatogram of the extracted
rine sample contained additional peaks which had been identi-
ed as HNKet metabolites (4b–f) and the urine concentrations of
hese compounds were estimated using the standard curve cre-

ted using (2S,6S)-/(2R,6R)-HNK, Table 7. The relative enantiomeric
oncentrations of (R,S)-Ket, (R,S)-norKet and (R,S)-DHNK assessed
sing the AGP-CSP, see Fig. 2C, were used to calculate the urine
oncentrations of the (R)- and (S)-enantiomers, Table 7.

able 5
esults from the validation studies in plasma.

Ket norKet

QC1intra Mean 22,232.7 430.0
SD 0.028 0.059
RSD (%) 3.9 2.6
Accuracy (%) 101.6 98.3

QC2intra Mean 16,688.8 302.5
SD 0.010 0.084
RSD (%) 1.8 5.2
Accuracy (%) 106.8 96.8

QC3intra Mean 10,273.1 185.1
SD 0.015 0.055
RSD (%) 4.3 5.4
Accuracy (%) 109.6 98.7

QC1inter Mean 22,165.1 452.8
SD 0.018 0.061
RSD (%) 2.5 2.6
Accuracy (%) 101.0 102.7

QC2inter Mean 16,216.5 330.9
SD 0.015 0.065
RSD (%) 2.8 3.7
Accuracy (%) 103.9 104.0

QC3inter Mean 9854.9 195.6
SD 0.012 0.046
RSD (%) 3.5 4.3
Accuracy (%) 105.9 101.8
nued ).

The analysis of the urine sample indicated that the major
excreted metabolites were (R)- and (S)-DHNK (3), with an (R)-
/(S)-ratio of 1.2. The concentration of (R,S)-DHNK was more than
100-fold higher than the concentration of (R,S)-norKet. This dif-
ference is consistent with an earlier study of (R,S)-Ket excretion
in humans after a single i.v. dose in which the 24-h cumulative
urinary excretion of (R,S)-DHNK was 16.1% of the administered
dose while (R,S)-norKet accounted for only 1.6% of the dose, [19].
The urinary concentrations of the hydroxylated norKet and Ket

metabolites have not been previously determined. In this study,
the hydroxylated norKet metabolites constituted the second major
group of metabolites with the peak associated with the estimated
concentration of the peak identified as (2S,5R)/(2R,5S)-HNKet (4f)

DHNK HNK HK1 HK2

421.5 1794.4 33.4 31.1
0.013 0.010 0.001 0.002
3.5 2.8 4.1 2.8
98.6 102.5 87.6 95.9
270.0 1273.9 24.3 19.2
0.009 0.011 0.001 0.0003
3.7 4.8 5.5 2.2
95.3 96.9 94.6 102.5
168.3 736.2 15.1 11.2
0.005 0.006 0.0006 0.0003
3.2 4.7 5.2 3.9
94.3 98.2 101.6 99.6
452.2 1832.4 36.5 31.1
0.023 0.010 0.002 0.0007
5.5 2.9 5.2 2.9
103.1 103.9 109.2 115.6
320.4 1285.0 26.3 19.7
0.011 0.013 0.0012 0.0006
3.7 5.5 5.5 3.9
101.5 103.1 97.8 109.4
185.9 794.6 14.5 12.0
0.0051 0.0099 0.0006 0.0004
3.0 7.1 4.9 4.8
97.0 104.2 101.0 106.5
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Table 6
Results from the validation studies in urine.

Ket norKet DHNK HNK HK1 HK2

QC1intra Mean 23,230.7 630.5 9406.2 8355.3 26.3 32.7
SD 0.028 0.15 0.084 0.063 0.0011 0.00063
RSD (%) 2.97 6.03 3.82 3.97 6.16 3.02
Accuracy (%) 100.6 94.1 90.8 76.5 103.3 121.6

QC2intra Mean 17,170.9 468.6 7043.8 5898.0 18.8 23.7
SD 0.023 0.15 0.11 0.075 0.00044 0.00065
RSD (%) 3.26 4.51 2.87 6.89 4.09 4.41
Accuracy (%) 106.6 100.0 95.3 88.5 107.8 127.6

QC3intra Mean 10,905.9 296.1 4394.1 3763.4 11.3 14.9
SD 0.013 0.080 0.059 0.047 0.00026 0.00034
RSD (%) 2.91 2.89 1.81 7.09 4.39 4.02
Accuracy (%) 109.7 101.2 98.8 88.2 102.6 128.4

QC1inter Mean 22,162.1 531.6 10,035.0 8567.2 26.3 34.6
SD 0.018 0.58 0.27 0.094 0.0032 0.0015
RSD (%) 1.94 5.10 4.06 5.77 5.10 6.75
Accuracy (%) 104.6 109.8 86.9 78.1 93.1 113.3

QC2inter Mean 16,828.0 406.0 7584.2 6906.4 18.8 28.7
SD 0.026 0.51 0.13 0.087 0.0028 0.0018
RSD (%) 3.83 3.93 3.09 6.75 3.92 9.90
Accuracy (%) 106.4 111.7 89.4 77.8 87.8 114.3

a
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QC3inter Mean 10,472.9 249.6
SD 0.019 0.33
RSD (%) 4.26 2.45
Accuracy (%) 111.6 115.6

t 4000 ng/ml and the concentration of (2S,6S)/(2R,6R)-HNKet (4a)
t >2000 ng/ml, Table 7. No significant concentrations of the HKet
etabolites (5a–d) were detected, which was consistent with the

nalysis of the plasma sample.

.4.3. Urinary patters of the glucuronides of HNKet
Only the glucuronides of the HNKet were detected in the urine

ample (peaks 6a–e). The peak labeled as 6a was identified as the
lucuronide produced by the incubation of (2S,6S)-/(2R,6R)-HNKet
ith UGT 2B4 microsomal protein. No attempt was made to identify

he structures of peaks 6b–e or to determine the concentrations of
hese glucuronides.

. Discussion
The current “ketamine paradigm” assumes that (R,S)-Ket and
R,S)-norKet are the active agents responsible for the antinocicep-
ive response with the (S)-enantiomers of these compounds the

ore potent analgesic agents [21,22]. These assumptions have led

able 7
he calculated plasma and urine concentrations of (R)-Ket and (S)-Ket and their respective
s a continuous infusion over a 5-day period.

Compound Peaks

(S)-Ketamine 1S
(R)-Ketamine 1R
(S)-Norketamine 2S
(R)-Norketamine 2R
(S)-Dehydronorketamine 3S
(R)-Dehydronorketamine 3R
(2S,6S); (2R,6R)-Hydroxynorketamine 4a
(2S,6R); (2R,6S)-Hydroxynorketaminea 4b
(2S,5S); (2R,5R)-Hydroxynorketaminea 4c
(2S,4S); (2R,4R)-Hydroxynorketaminea 4d
(2S,4R); (2R,4S)-Hydroxynorketaminea 4e
(2S,5R); (2R,5S)-Hydroxynorketaminea 4f
(2S,6S); (2R,6R)-Hydroxyketamine 5a
(2S,6R); (2R,6S)-Hydroxyketamine 5b
(2S,5S); (2R,5R)-Hydroxyketamineb 5c
(2R,5S)-Hydroxyketamineb 5d

he samples were obtained during the morning of day 3 of the treatment. The compound
a The concentrations estimated using the standard curve for (2S,6S); (2R,6R)-hydroxyn
b The concentrations estimated using the standard curve for (2S,6S)-hydroxyketamine
4764.9 4138.9 11.3 16.0
0.13 0.054 0.0013 0.00044
1.96 7.32 2.45 4.70
92.7 82.6 88.0 116.7

to the design of pharmacokinetic and pharmacodynamic studies
which only measured the plasma concentrations of (R,S)-Ket and
(R,S)-norKet or the individual (R)- and (S)-enantiomers of these
compounds. This was the approach we employed in the “pilot
study” with the objective of determining the pharmacodynamic
relationship between the plasma concentrations of (R)- and (S)-Ket
and (R)- and (S)-norKet and perceived pain relief in CRPS patients.
However, the results of the “pilot study” indicated that the systemic
exposure to (R,S)-Ket and (R,S)-norKet may not be responsible for
all of this drug’s antinociceptive properties. In addition, the var-
ied responses to treatment observed in the “pilot study” and in
an earlier study also employing (R,S)-Ket in CRPS patients [24]
suggest that inter-individual differences in the ability to metab-
olize (R,S)-Ket and the resulting differences in the concentrations

of downstream metabolites may play a role in the observed thera-
peutic efficacy.

The primary “downstream” metabolites of (R,S)-Ket and (R,S)-
norKet have been identified as the enantiomeric (R,S)-DHNK and
a family of diastereomeric hydroxy metabolites [3–5]. However,

metabolites in samples obtained from a CRPS patient receiving (R,S)-Ket (40 mg/h)

Plasma (ng/ml) Urine (ng/ml)

12,496 1836
16,214 1933

27 74
38 62

109 7696
153 8917
656 1915
881 572
245 940
145 475
160 515
141 4099

4 13
ND 3
ND 4
ND 5

s that were not detected are denoted by N.D.
orketamine.
.
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Fig. 4. The analysis of the concentrations of (R,S)-Ket and its metabolites in clinical samples obtained from a CRPS patient on day 3 of a 5-day infusion of (R,S)-Ket obtained using
an achiral chromatographic method, where: (A) An extracted plasma sample, in which the peak corresponding to (R,S)-Ket (peak 1) has been deleted from the chromatogram;
( des of
e s of t
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B) An extracted urine sample in which the peaks corresponding to the glucuroni
xtracted urine sample in which only the peaks corresponding to the glucuronide
tructures for peaks 4c–f, 5c–d and 6a–e and the text for experimental details.

he antinociceptive properties of these “downstream” metabo-
ites have not been definitively established, nor has their plasma
harmacokinetics and urinary excretion in humans. Indeed, to our
nowledge only one study has measured the plasma concentrations
f (R,S)-DHNK after administration of (R,S)-Ket to intensive care
atients [23]. (R)-DHNK, (S)-DHNK and have also been identified
ut not quantified in studies of the enantioselective pharmacoki-

etics of (R,S)-Ket in Shetland ponies [12–14] and in the urine
f volunteers administered (R,S)-Ket [5]. Thus, the current study
as designed to measure the plasma and urinary concentrations

f (R,S)-DHNK and the diastereomeric HNK and HKet metabolites.
n this study, commercially available (R,S)-DHNK was used directly
the HNKs metabolites (6a–e) have been deleted from the chromatogram; (C) An
he HNKs metabolites (6a–e) are presented. See Table 2 for the assignment of the

in the development and validation of the assay. The HNK and HKet
metabolites were not available and had to be synthesized. Previ-
ous studies have identified 12 potential HNK and 12 potential HKet
metabolites arising from hydroxylation at the 4, 5 and 6 positions
on the cyclohexanone ring [3,4]. Since the synthesis and charac-
terization of (2R,6R)-HNK/(2S,6S)-HNK [16] and (2S,6S)-HKet and
(2S,6R)-HKet [18] had been reported, it was decided to synthe-

size these compounds and use them in the validation studies. The
approach utilized in this study was to use the calibration curves
developed and validated for (2R,6R)-HNK/(2S,6S)-HNK and (2S,6S)-
HKet to approximate the plasma and urine concentrations of the
other HNK and HKet metabolites using the same MRM transitions.
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Fig. 4.

The assay developed in this study was used to analyze plasma
nd urine samples obtained from an CRPS patient receiving (R,S)-
et. The data from these samples suggest that in this patient,

R,S)-norKet was not the primary metabolite, but the initial
etabolite. The primary circulating metabolites were the HNK
etabolites suggesting that these compounds may play a role in

ain relief experienced by the patient. However, there is only one
eported study of the pharmacological activity of these compounds
n which it was determined that (2S,6S)/(2R,6R)-HNK has no anes-
hetic activity, but reaches significant concentration in the CNS [16].
he pharmacological activity of these compounds and the (2S,6S)-
Ket and (2S,6R)-HKet metabolites is currently under investigation
nd will be reported elsewhere.

The analysis of the plasma and urine samples from this patient
lso demonstrate that the norKet is a relatively minor metabolite
elative to DNHK as the plasma concentration of this compound
s ∼40-fold greater than norKet and the urine concentration is
120-fold larger. The relationship between the plasma concen-
rations of DHNK and norKet are also consistent with data from
he earlier study in which intensive care patients received an ini-
ial i.v. bolus injection of (R,S)-Ket followed by a 2-h infusion of
he drug [23]. The plasma concentration–time curve demonstrated
hat (R,S)-Ket was rapidly cleared and replaced by (R,S)-norKet
s the major circulating compound, see Fig. 3 in [23]. Significant
oncentrations of (R,S)-DHNK were also observed after the initial
dministration of (R,S)-Ket and 4 h after the end of the infusion,
he plasma level of (R,S)-DHNK was greater than that of (R,S)-Ket
nd almost as great as (R,S)-norKet. These results led the authors
o suggest that (R,S)-norKet and (R,S)-DHNK may contribute to the
bserved pharmacological effects of (R,S)-Ket. The relative urine
oncentrations of DHNK and norKet are also consistent with the
otal urinary excretion of the two compounds in humans after a
ingle i.v. dose of (R,S)-Ket in which the 24-h cumulative urinary

xcretion of (R,S)-DHNK was 16.1% of the administered dose while
R,S)-norKet accounted for only 1.6% of the dose, [19]. The pharma-
ological activities of (R)- and (S)-DHNK have not been established
nd are currently under investigation. The results of these studies
ill be reported elsewhere.

[

nued ).

The data from this study demonstrate that an extended study of
the plasma and urine concentrations of (R,S)-Ket and its metabo-
lites in CRPS patients is feasible and possible, and that the currently
accepted “ketamine paradigm” may not explain the antinociceptive
activity of (R,S)-Ket in CRPS patients. These studies have been ini-
tiated using the assay and the standards prepared in this study and
the results will be reported elsewhere.
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