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a b s t r a c t

Definitive information on the metabolism of a drug candidate in humans is achieved through dosing
radiolabelled drug as part of a clinical study, and is typically conducted post-proof of concept in Phase III
of the clinical development plan. Here we describe a novel approach, using preparative high performance
liquid chromatography and cryoprobe-nuclear magnetic resonance spectroscopy, to determine the human
systemic exposure to a drug and its metabolites using samples derived from Phase I clinical studies. Using
the described methodology, novel human plasma metabolites, as low as 10 ng/ml can be detected and
Human plasma
Preparative HPLC
N
Q

quantified. This provides an opportunity, early in the development process to understand the potential
role of metabolites in the safety and efficacy of drugs in humans.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Having an appreciation of the human metabolism of puta-
ive drugs early in the development process can have important
onsequences for the assessment of a compound’s safety and effi-
acy. Many drugs on the market have been shown to have active
etabolites that can have a better efficacy profile than the orig-

nal parent compound [1]. Other drugs are known to have toxic
etabolites that may not have been adequately evaluated prior

o administration in a large population [2,3]. Traditionally, an ini-
ial understanding of human metabolism has relied on in vitro

etabolism from isolated human hepatocyte or microsomal prepa-
ations and the in vivo metabolism from a human radiolabelled
tudy (HRS) [4]. However, due to ethical implications and com-
lexity of the study design, human radiolabelled studies are often
onducted during Phase III of the drug development process and
ess frequently during the earlier phases. This means that the
pportunity for monitoring metabolites contributing to safety and
fficacy in Phase II studies may have been missed. If human metabo-

ites are unique or poorly represented in preclinical species, this
ould lead to a halt in the clinical investigations while these com-
onents are evaluated for toxicological liabilities. Having an earlier

dea of the metabolism in humans would mean that consideration

∗ Corresponding author. Tel.: +44 01920 884285.
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f any safety aspects could be made prior to exposing larger num-
ers of patients or subjects to such risks that may be associated
ith new chemical entities.

Earlier information on human metabolism can be obtained by
ollecting urine from subjects on Phase I studies and examining
his for metabolites using either mass spectrometry (MS) [5] or
uclear magnetic resonance (NMR) spectroscopy [6–9]. Analysis
f urine, by NMR, has the advantage of providing more definitive
nformation on the structures of metabolites and provides a reli-
ble estimate of the relative proportion of each metabolite because
t is an inherently quantitative technique [10]. However, the impor-
ance of urine as a route of elimination in humans is unlikely to be
nown at this stage of development and as such the metabolites
dentified may be misleading, when considering the significance of
n individual metabolite to the overall disposition and safety of a
rug in humans.

At present, a common surrogate for the assessment of a drug’s
afety is to measure systemic exposure of the drug in toxicology
pecies, compare this to the exposure seen in human, and then
et safety limits based on these data. More recently there has
een much interest in including metabolites in such considera-
ions [11–14]. The recently published Food and Drug Administration

FDA) Guidance for Industry on Safety Testing of Drug Metabo-
ites (FDA, 2008), highlights the need to adequately assess the
afety of unique and/or major human metabolites [15], implying
ome assessment of circulating metabolite quantities is required.
owever, the levels of metabolites in human plasma are relatively

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:gordon.j.dear@gsk.com
dx.doi.org/10.1016/j.jchromb.2008.10.040


atogr.

l
r
s
d
t
e
m

[
w
u
a
d
t
a
p
c
f
t
c
f
t
r
o
t
t
a
t
h
o
e

2

2

(
A
(
u
t
G
[
a
R
w
W

2

2

o
c
i
w
M
i
b
i
M
c
r

2

v
c
w
r
t
(
c
t
f
p
A
t
n
T
w
2
H
i
t
e
F
d
a
U
o
t

2

s
(
N
a
v
w
s
o
p
i
a
i
e
a
s
w
s

2

2

a
f
F
f
d
w
d

G.J. Dear et al. / J. Chrom

ow, and detection and characterisation has almost exclusively
elied on the use of MS [16]. Although, MS can provide many
tructural clues as to a metabolite’s identity, it is generally not
efinitive and without reference standards, the determination of
he amount of each metabolite is often unreliable due to differ-
nces in ionisation efficiency and the influence of the underlying
atrix [17].
The recent development of cryoprobe technology for NMR

18,19] has improved the sensitivity of this technique and herein
e describe an approach using preparative high performance liq-
id chromatography (HPLC) combined with cryoprobe-NMR to gain
reliable insight into the levels of metabolites, relative to parent
rug, in the circulation of humans from early Phase I studies. Given
hat the parent drug concentrations in human plasma are almost
lways explicitly known, because of the analysis of parent drug for
harmacokinetic evaluation, an estimate can then be made of the
oncentrations of the major metabolites. With these data, there-
ore, it is not only possible to identify any metabolite, including
hose which may be unique to human, but also to compare the cir-
ulating concentrations of each metabolite in human with those
ound during metabolism studies in animals. As an early prelude
o an HRS, this approach can be easily applied to both single and
epeat dose regimens using relatively little resource and requires
nly the plasma that remains once the parent drug has been quan-
itatively analysed. Such an approach provides an early opportunity
o assess the contribution that metabolites may make to the safety
nd tolerability of a drug-candidate, in advance of larger clinical
rials, and in accordance with the FDA guidance [15]. This approach
as been applied to a number of compounds and the determination
f metabolite levels in human plasma are described here, for two
xperimental drugs.

. Experimental

.1. Chemicals and materials

HPLC grade acetonitrile, methanol and dimethyl formamide
DMF) were obtained from Fisher Scientific (Loughborough, UK).
nalytical grade ammonium acetate was purchased from BDH

Poole, UK). De-ionised water was generated in the laboratory
sing a Millipore Mill-Q water filter unit (Molsheim, France). Deu-
erium oxide was purchased from GOSS Scientific Ltd (Essex, UK).
SK-1 and five metabolites (M1, M2, M3, M4 and M5), GSK-2,

2H9]-GSK-2, and a metabolite (M6), and GSK-3, [15N13C7]-GSK-3
nd metabolites M7 and M8 were synthesised by GlaxoSmithKline
esearch and Development, Stevenage, UK. Blank human plasma
as provided by GlaxoSmithKline Research and Development,
are, UK.

.2. Evaluation of methodology

.2.1. Preparation of spiked human plasma
Blank human plasma was spiked with known concentrations

f GSK-1 and its metabolite standards (M1–M5) at appropriate
oncentrations to mimic a sample typically generated from a clin-
cal study. Stock solutions of GSK-1 (1 mg/ml) and M2 (1 mg/ml)

ere prepared in acetonitrile and the remainder, M1 (0.5 mg/ml),
3 (1 mg/ml), M4 (0.5 mg/ml) and M5 (1 mg/ml) were prepared

n acetonitrile:de-ionised water (1:1, v/v). These were spiked into

lank human plasma to provide a 100 ml plasma sample contain-

ng a range of concentrations: GSK-1 (2.5 �g/ml), M1 (0.5 �g/ml),
2 (5.0 �g/ml), M3 (2.5 �g/ml), M4 (15 �g/ml) and M5 (1.0 �g/ml),

orresponding to approximately 5.5, 1.7, 15.7, 13.1, 52 and 4.0 �M
espectively.
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.2.2. Preparative HPLC (GSK-1)
An aliquot (10 ml) of spiked human plasma was treated with 4

olumes of acetonitrile and vortex mixed (3 min). The resulting pre-
ipitate was centrifuged (1200 × g × 10 min) and the supernatant
as aspirated and dried down using heated nitrogen at 37 ◦C. The

esidue was dissolved in methanol (1 ml) and reconstituted fur-
her by the addition of de-ionised water (9 ml). The entire sample
10 ml injection) was separated by preparative HPLC with fraction
ollection using a Waters 2767 inject/collect autosampler coupled
o a 2525 binary pump and a 2996 photodiode array (Waters, Mil-
ord, USA). Separations were carried out using a Clipeus C18, 5 �m
reparative HPLC cartridge column (100 mm × 10 mm i.d., Higgins
nalytical, Presearch Ltd, Hitchin, Hertfordshire, UK) at ambient

emperature with a mobile phase composition of 50 mM ammo-
ium acetate and an acetonitrile gradient at a flow rate of 4 ml/min.
he proportion of acetonitrile was programmed at 5% for 0–5 min,
ith an increase to 10% at 10 min, and further increases to 25% at

0 min and 45% at 30 min, with a final ramp to 100% at 35 min.
PLC eluent was collected into fractions, in a time-slice mode,

nto two 96 deep well plates using a frequency of 15 s per frac-
ion. This resulted in 140 fractions, each containing 1 ml of column
luent. System control was mediated through MassLynxTM and
ractionLynxTM (Waters, Milford, USA). The fractions were taken to
ryness under nitrogen at 37 ◦C within the 96 deep well plates using
Micro DS96 dry down station (Porvair Scientific Ltd, Shepperton,
K) and then reconstituted in approximately 0.6 ml of deuterium
xide:acetonitrile (1:1) before being transferred to 5 mm NMR
ubes.

.2.3. NMR quantification (GSK-1)
NMR experiments were performed using a Bruker DRX-600

pectrometer equipped with an inverse 5 mm TXI CryoProbeTM

1H/13C/15N) operating at 600.13 MHz under the control of XWIN-
MR (Bruker, Rheinstetten, Germany). 1H NMR spectra were
cquired using a standard NOESYPRESAT pulse sequence for sol-
ent suppression with time shared double presaturation of the
ater and acetonitrile frequencies. In these experiments 256 tran-

ients were acquired into 64 K data points over a spectral width
f 12,019 Hz (20 ppm) with an inter-scan delay of 2.4 s giving a
ulse repetition time of 5 s. Routinely, the optimum receiver gain

s determined solely by residual solvent signals due to the small
mounts of material present in the isolated fractions, therefore, to
mprove inter-sample reproducibility an identical receiver gain was
mployed for all data acquisitions. Prior to Fourier transformation,
n exponential line broadening function of 1 Hz was applied to each
pectrum to improve the signal-to-noise ratio. Appropriate peaks
ere quantified using the proton integration feature of XWIN-NMR

oftware.

.3. Analysis of samples from clinical studies (GSK-2 and GSK-3)

.3.1. Clinical studies
Individual studies were conducted to assess the safety and toler-

bility of GSK-2 (20 mg) and GSK-3 (300 mg) in human volunteers
ollowing single and repeated daily administration respectively.
ollowing administration of GSK-2, serial blood samples were taken
rom 12 volunteers at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 18 and 24 h post-
ose. On the last day of GSK-3 administration, serial blood samples
ere taken from nine volunteers at 0, 0.5, 1, 2, 4, 8, 12 and 24 h post-
ose. The derived plasma from each study were separately pooled

cross time points and subjects using the time-adjusted method
escribed by Hop et al. [20] to give a large plasma pool. The two
lasma pools were treated with 4 volumes of acetonitrile and then
ortex mixed for approximately 3 min. The resulting precipitates
ere centrifuged (1200 × g × 10 min), and the supernatants aspi-
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ated and then dried down under heated nitrogen at 37 ◦C. The
ried residues were dissolved in ca. 50 ml aqueous methanol (v/v,
0%).

.3.2. Preparative HPLC and NMR
The reconstituted extracts (ca. 50 ml) were separated by prepar-

tive HPLC using either a Waters 2767 or an Agilent series 1100
reparative-LC system (Waldbronn, Germany). The Agilent system
sed an additional 1100 pump as a loading pump to apply the large
olume plasma extract (50 ml) to the column [21]. Separations were
arried out on either a Zorbax SB-C18 (GSK-2) 5 �m preparative
PLC cartridge column (50 mm × 21.2 mm i.d., Crawford Scientific,
anarkshire, UK) or a Clipeus C18 (GSK-3), 5 �m preparative HPLC
artridge column (100 mm × 10 mm i.d., Higgins Analytical, Pre-
earch Ltd, Hitchin, Hertfordshire, UK) at ambient temperature with
mobile phase composition of 50 mM ammonium acetate and

n acetonitrile gradient, at a flow rate of 20 ml/min or 4 ml/min,
espectively. For GSK-2 the proportion of acetonitrile was initially
rogrammed at 20%, with an increase to 35% at 25 min, then a
urther increase to 70% at 30 min and finally maintained at 100%
or 31–35 min. For GSK-3 the proportion of acetonitrile was pro-
rammed at 0% for 0–3 min, with an increase to 50% at 33 min,
nd finally maintained at 100% for 33–35 min. HPLC fractions were
ollected in the time-slice mode, over 35 min, into 12 mm test
ubes using a frequency of 15 s per fraction to generate 140 frac-
ions. System control was mediated through either MassLynxTM

nd FractionLynxTM (Waters, Milford, USA) or ChemstationTM (Agi-
ent, Waldbronn, Germany). Each fraction was dried down under
itrogen at 37 ◦C and reconstituted in approximately 0.6 ml of deu-
erium oxide:acetonitrile (1:1) before being transferred to 5 mm
MR tubes. NMR analysis was carried out as described above.
esults based on NMR were compared with those obtained using
alidated LC/MS/MS assays, for both GSK-2, GSK-3 and metabolites
s described below.

.3.3. Preparation of standards for LC/MS/MS quantification
Stock solutions of GSK-2 (1 mg/ml), metabolite M6 (1 mg/ml)

nd internal standard [2H9]-GSK-2 (0.1 mg/ml) were prepared in
MF. These were further diluted in acetonitrile:de-ionised water

1:1) to provide standard working solutions. Duplicate calibration
tandards containing GSK-2 [range 1–1000 ng/ml] and M6 [range
0–10,000 ng/ml] were prepared by spiking blank human plasma.
uality control (QC) samples were prepared independently, from
separate weighing of compounds, by spiking batches of blank

lasma at 4, 50 and 800 ng/ml and 40, 500 and 8000 ng/ml for GSK-
and M6, respectively. The internal standard working solution was
repared in acetonitrile at 2 ng/ml.

Stock solutions of GSK-3, metabolite M7 and metabolite M8
1 mg/ml) and internal standard [15N13C7]-GSK-3 (1 mg/ml) were
repared in methanol. These were further diluted in methanol or
cetonitrile to provide standard working solutions. Duplicate cali-
ration standards containing GSK-3 [range 10–15,000 ng/ml] and
7 and M8 [range 10–15,000 ng/ml] were prepared by spiking

lank human plasma. Quality control (QC) samples were prepared
ndependently, from a separate weighing of compounds, by spik-
ng batches of blank plasma at 40, 200 and 12,000 ng/ml. The
nternal standard working solution was prepared in acetonitrile at
50 ng/ml.

.3.4. Sample preparation

For both GSK-2 and GSK-3 aliquots (50 �l) of calibration stan-

ards, blank plasma, QC samples and plasma samples were
ndividually dispensed into Eppendorf tubes and mixed thor-
ughly with the relevant internal standard working solution
150 �l) or equivalent amounts of acetonitrile for the blank

p
l
r
l
i
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lasma samples. Tubes were vortex mixed (10 min) and centrifuged
3000 × g × 20 min).

.3.5. LC/MS/MS
All quantitative LC/MS/MS experiments were conducted using

n Agilent 1100 HPLC system (Waldbronn, Germany) with a CTC
TS Pal autosampler (CTC Analytics, Zwingen, Switzerland) or
Symbiosis (Spark Holland, Emmen, NL) coupled to an API-

000 or 4000 triple quadrupole mass spectrometer controlled
hrough AnalystTM and equipped with a TurboIonspray® (TISP)
ource (Applied Biosystems, Toronto, Canada). Aliquots of plasma
xtract were separated using either a Hypersil GOLD, 5 �m col-
mn (50 mm × 4.6 mm i.d., ThermoHypersil, Cheshire, UK) or an
quasil C18, 5 �m column (20 mm × 2 mm i.d., ThermoHypersil,
heshire, UK) for GSK-2 and GSK-3 samples respectively, using a
obile phase composition of 10 mM ammonium acetate (A) and

cetonitrile (B) at 1 ml/min. The Hypersil GOLD column was oper-
ted under isocratic conditions (A:B, 35:65, v/v), while separations
n the Aquasil C18 column employed a step gradient. The pro-
ortion of acetonitrile was programmed at 5% for 0–0.3 min, and
hen increased to 95% at 0.4–1.0 min. The flow from both columns
as directed to a TISP interface operating in the positive-ion mode

500–600 ◦C, argon collision gas setting 3). Analytes and internal
tandard were detected by tandem mass spectrometry (MS/MS),
sing selected reaction monitoring (SRM) of appropriate transi-
ions. Chromatographic peaks were integrated using AnalystTM

Applied Biosystems, Toronto, Canada). Calibration curves were
onstructed by plotting peak area ratios of analytes to internal
tandard against concentration and then calibration lines fitted
sing a weighted (1/x2) linear regression model for all analytes.
oncentrations of the analytes in plasma and the QC samples
ere interpolated from these plots. The concentrations were
lotted against time and the area under the plasma concentration-
ime curve (AUC), for GSK-2, GSK-3 and metabolites, from just
rior to dosing to 24 h post-dose (AUC0–24h) were determined by
on-compartmental analysis using WinNonlinTM (Pharsight, CA,
SA).

. Results and discussion

.1. Initial evaluation

Herein we describe the application of preparative HPLC
ombined with cryoprobe-NMR for the quantification of drug
etabolites in human plasma using methodology that is now rou-

inely employed in the authors’ laboratory. An overall schematic
f the process is depicted in Fig. 1. The approach described takes
dvantage of the universal detection afforded by 1H NMR; all com-
onents containing protons will be detected, with the proviso that
here is sufficient sensitivity. The NMR analysis of drug metabo-
ites in human plasma has become possible through the advent of
ryoprobe-NMR, a technology which provides up to 4-fold increase
n sensitivity over conventional NMR [18,19]. Furthermore, a spec-
rum which needed 16 h of acquisition time on a conventional NMR
nstrument can now be acquired within 1 h. Unfortunately, direct
nalysis of plasma for drug metabolites is not routinely possible by
MR due to significant endogenous interference, and some degree
f sample separation is required. Historically solid-phase extrac-
ion (SPE) and liquid–liquid extraction (LLE) have been used for

reparing biological samples for NMR [22,23]. However, the reso-

ution of these approaches can be limited and the techniques are
arely capable of providing isolated fractions adequate for metabo-
ite identification (and quantification in this case), without the
ntervention of a secondary clean-up technique. In contrast, prepar-
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Fig. 1. Outline of process undertaken to identify and quantify drug metabolites in human plasma using preparative HPLC and cryoprobe-NMR.

Fig. 2. 1H NMR spectrum of authentic GSK-1 (in acetonitrile-d3:deuterium oxide, 1:1).
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Fig. 3. Representative 1H NMR spectra of GSK-1 m

tive HPLC has a large loading capacity and exhibits sufficient
hromatographic resolution to isolate drug metabolites from com-
lex biological samples. These separations are routinely performed

n the gradient mode on relatively narrow diameter preparative
olumns (7.8–21 mm i.d.) with small particle sizes (5–7 �m) and

re capable of isolating sufficient amounts (0.5–1000 �g) in a suit-
bly clean state for this application. The chromatographic isolates
re essentially free from salt, thereby affording the best sensitivity
ain from the cryoprobe.

o
m
(
p

Fig. 4. Expanded 1H NMR spectra of HPLC fractions 92–9
olites, M2 and M4, isolated from human plasma.

To evaluate the methodology, spiked control human plasma con-
aining known levels of a drug candidate (GSK-1) and five metabo-
ite standards was prepared. These were separated by preparative
PLC and all fractions were examined by 1H NMR spectroscopy for
rug-related material, as outlined in Fig. 1. The 1H NMR spectrum

f authentic GSK-1, 4-[({[({(2S)-4-[(3,4-dichlorophenyl)methyl]-2-
orpholinyl}methyl)amino]carbonyl}amino)methyl]benzamide

Fig. 2) was used to assist the assignment of drug and metabolite
roton resonances in the derived HPLC fractions. The 1H NMR

6, illustrating the elution of GSK-1 metabolite, M4.
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Table 1
1H NMR integrals for a common proton from drug related material in fractions
isolated by preparative HPLC from a spiked plasma sample.

Metabolite Fraction no. Integral

GSK-1 120 6
121 9

M1 52 4

M2 115 7
116 45
117 3

M3 85 12
86 15
87 5

M4 93 35
94 89
95 19

M5 85 12

o
7
d
H
3
H
2
(
t
d
d

e
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Table 2
Comparison of the nominal and measured concentrations of GSK-1 and its metabolites in

Plasma component

GSK-1

M1

M2

M3

M4

M5

DRM–observed drug-related material.
a Minor unresolved endogenous peak affected integration.
B 876 (2008) 182–190 187

f GSK-1 was assigned as follows: ı: 7.75 (2H, d, J = 8 Hz, H-12),
.48 (1H, d, J = 8.4 Hz, H-2), 7.46 (1H, d, J = 2 Hz, H-1), 7.34 (2H,
, J = 8 Hz, H-11), 7.23 (1H, dd, J = 8.4 Hz, 2 Hz, H-3), 4.28 (2H, s,
-10), 3.79 (1H, m, H-6eq), 3.55 (1H, m, H-6ax), 3.52 (1H, m, H-8),
.48,3.44 (1H each, d, J = 13.4 Hz, H-4), 3.13 (1H, dd, J = 14 Hz, 5 Hz,
-9), 3.08 (1H, dd, J = 14 Hz, 6.6 Hz, H-9), 2.68 (1H, m, H-7eq),
.60 (1H, m, H-5eq), 2.09 (1H, dt, J = 11.6 Hz, 3.8 Hz, H-5ax), 1.84
1H, t, J = 10.9 Hz, H-7ax). Partial 1H NMR spectra corresponding to
he dealkylated metabolites M2 and M4, are shown in Fig. 3 and
espite some endogenous material present in the samples, the
rug-related resonances can be readily distinguished.

Relative amounts of each metabolite and parent drug can be
stimated by comparison of the NMR integral of a common proton

n the spectra and this is simply conducted by selecting a pro-
on for quantification which is neither affected metabolically nor
oinciding with endogenous signals. Preferably, an identical proton
esonance should be selected for integration for each metabolite, to

a spiked plasma sample.

% DRM (nominal) % DRM (measured)

6.0 5.8

1.9 1.6

17 21a

14 12

56 55

4.4 4.5
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matogram following separation of pooled plasma is shown in Fig. 5
and illustrates the complexity of the sample matrix. Based on reten-
tion time comparison with authentic GSK-2, unchanged parent
drug was assigned in this chromatogram. 1H NMR of the resulting
140 HPLC fractions was firstly used to assist in the identification of

Table 3
Relative proportions of GSK-2 and its metabolites in human plasma taken from a
single dose clinical study using NMR and subsequently confirmed using LC/MS/MS
methodology.

Plasma component % DRM (NMR) % DRM (LC/MS/MS)

GSK-2
26 31

M6
74 69
Fig. 5. Preparative HPLC-UV chromatogram (254 nm

inimise any effects due to insufficient T1 relaxation. Alternatively,
n cases where this is not possible a conservatively long relax-
tion delay can be applied. At all times sufficient acquisition time
hould be applied to obtain a signal:noise ratio of approximately
:1 to ensure adequate integration. Although many NMR applica-
ions make use of flow-NMR [24] this approach is less suited to
uantification of samples since some of the resultant drug-related
ractions may require further data acquisition to increase the signal
o noise. With flow-NMR there is invariably some degree of sam-
le dilution with the transfer of a sample from plate to NMR probe
nd back. This dilution would have an unfavourable impact on the
uantification step described in this method.

Once fractions containing GSK-1 and its metabolites were
stablished, a more detailed assessment of drug and metabolite
uantities was therefore obtained and the integrals for a common
roton in each relevant fraction are shown in Table 1. Based on a
omparison with parent drug, resonances at 7.75 or 7.48 ppm were
ntegrated for each metabolite.

The process outlined in Fig. 1 produces discrete fractions which
ay contain drug and/or metabolites, together with co-eluting

r partially co-eluting endogenous components. In the authors’
xperience a time-slice regime of 15 s per fraction (ca. half the
ypical peak width) represents a suitable compromise between

aintaining some degree of chromatographic resolution while lim-
ting the number of fractions generated. Drug related components
ypically elute in more than one sequential fraction and this must
e accounted for when the spectral regions are integrated so that
he integrals are an accurate measure of relative quantities. This is
llustrated in Fig. 4 where M4, a metabolite of GSK-1, is visible in
ractions 93–95, and can be seen to increase and then decrease, as
t is eluted and collected across these fractions.

Using these values the total areas integrated for GSK-1 and each
etabolite were expressed as a percentage of the total drug related
aterial measured (%DRM, Table 2) and both the nominal and
easured %DRM were shown to be in good agreement. However,
difference of 23% was observed for M2 due to the presence of

n endogenous component with an interfering proton signal. This
ighlights the care needed in the selection of a common proton that

s free from interfering resonances. This is easily assessed through
esolution enhancement of the NMR resonance of relevant peaks
sing Gaussian multiplication.

This initial evaluation has demonstrated that preparative HPLC
ombined with cryoprobe-NMR is a viable approach for generat-
ng reliable information on the circulating levels of metabolites in
uman plasma.
.2. Analysis of clinical samples (GSK-2)

Following the initial evaluation described above (Fig. 1), the
pproach was applied to GSK-2, which was administered in a dose D
oled plasma, following the administration of GSK-2.

scending clinical safety and tolerability study. In addition, the rela-
ive quantities of human circulating metabolites were corroborated
y a subsequent validated LC/MS/MS assay, once suitable authen-
ic metabolite standards became available. This served to further
alidate the approach described in this work.

To ensure sufficient material for NMR analysis, it proved
ecessary to pool samples to maximise the amount of drug-
elated material available. Sufficiently large volumes of plasma
30–100 ml) can readily be generated by using a time and volume
djusted pooling strategy across a number of subjects. The com-
ined sample should reflect the relative proportions of the drug
nd its metabolites therefore providing a suitable understanding
f the human exposure to these components. Hop et al. [20] found
hat the analysis of a single pooled sample of dog plasma (0–24 h)
rom a number of animals where the plasma volume pooled at each
ime point was dependent on the time difference between adja-
ent sampling times, gave similar apparent exposure, as measured
y the area under the curve (AUC), to that obtained by LC/MS/MS
nalysis of individual samples.

For this study a large time-adjusted plasma pool was derived
rom 12 subjects following oral administration of GSK-2 (20 mg)
nd was extracted and fractionated in a similar manner to that
escribed above, and depicted in Fig. 1. The resulting UV chro-
RM—observed drug-related material.
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Fig. 6. Representative 1H NMR spectra of GSK-2

rug-related material present in human plasma. Complementary
C/MS of selected HPLC fractions was also used to aid structural
haracterisation. Parallel to this activity, identification of GSK-2
etabolites in human plasma was also undertaken by conventional

C/MS [16], to supplement the NMR based approach. Based on an
nitial assessment of the NMR fractions, only two notable drug-
elated components were present. Unchanged parent drug was
onfirmed, through comparison with the NMR (Fig. 6) and mass
pectra of authentic standard (m/z 384). The second component
roduced a protonated molecular ion at m/z 345, consistent with
mide cleavage of the parent drug, to produce a carboxylic acid
etabolite (M6). The associated NMR spectrum (Fig. 6) confirmed

hese findings. Following metabolite identification, the relative pro-
ortions of parent drug and the carboxylic acid metabolite (M6)
ere derived based on the integration of a relevant proton reso-
ance in the corresponding HPLC fractions (Table 3). Subsequent
ynthesis of authentic M6 enabled the amount of GSK-2 and the
etabolite, as determined by NMR to be compared with equivalent

UC values derived using a conventional LC/MS/MS assay (Table 3).
he data showed that M6 was present at 2–3 times the level of
SK-2 and values obtained by both techniques compare favourably.

These results show that the accuracy of the preparative HPLC
nd cryoprobe-NMR approach is sufficient to guide the next step in
evelopment with respect to assessing a drug candidate’s safety
nd efficacy. In this example, the formation of M6 was only a
inor route of metabolism in the toxicology species and incu-

ations of parent compound with human hepatocytes suggested
hat this metabolic route would likely be dominant in human (data
ot shown). By means of the NMR results presented here, M6 was
onfirmed as the predominant metabolite in human plasma and
hen compared with the radiometric estimates in rat and cynomol-

us monkey plasma, it was considered likely that there had been

nadequate exposure to M6 in the toxicology studies. By apply-
ng this approach, the information justified the need to quantify
he metabolite in future clinical and preclinical studies to evaluate
he requirement to dose the metabolite in subsequent toxicology
tudies.

o
i
s
M
d

s metabolite, M6, isolated from human plasma.

.3. Analysis of clinical samples (GSK-3)

In another example, plasma (day 14) taken following multi-
le oral administrations of drug-candidate GSK-3 (300 mg), were
gain pooled in a time and volume adjusted manner. Applying
he approach outlined in Fig. 1, two metabolites were notable in
uman plasma, along with parent drug. Unchanged parent drug
as confirmed, through comparison with the NMR and mass

pectra of authentic standard (m/z 451). NMR and MS were then
sed to characterize the isolated drug metabolites. Both metabo-

ites were identified as cleavage products, by interpretation of the
nsuing spectra. The first metabolite, M7 was characterised as an N-
ealkylation metabolite, giving rise to a protonated molecular ion
t m/z 318. The second metabolite (M8), m/z 290, was rationalised
hrough further N-dealkylation of the urea linkage with subsequent
xidation, to generate a carboxylic acid metabolite. Both structures
ere confirmed by interpretation of the associated 1H NMR spec-

ra. Again, identification of GSK-3 metabolites in human plasma
as also undertaken by conventional LC/MS [16], to provide com-
lementary data.

Following metabolite identification, the relative proportions of
arent drug, M7 and M8 were derived based on the integration
f a relevant proton resonance in the corresponding HPLC frac-
ions (Table 4). Subsequent synthesis of authentic M7 and M8 again
nabled the amount of GSK-3 and these metabolites, as determined
y NMR, to be compared with equivalent AUC values derived from
validated LC/MS/MS assay (Table 4). Again results generated by
MR are consistent with values from the validated assay. An inter-
sting feature of this example is that M8 could not be detected
r quantified via radiometric analysis in pre-clinical studies using

14C] GSK-3, prior to any human metabolism investigations, due to
he position of the radiolabel. Based on the pattern of hydrolysis

bserved here, M8 loses the radionuclide, and hence was invisible
n the radiometric analysis. M8 is also a poor ionizer in the mass
pectrometer, so in the absence of the NMR approach described,
8 could have potentially remained undetected, even following a

efinitive HRS.
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Table 4
Relative proportions of GSK-3 and its metabolites in human plasma taken from a
repeat dose clinical study using NMR and subsequently confirmed using LC/MS/MS
methodology.

Plasma component % DRM (NMR) % DRM (LC/MS/MS)

GSK-3

10 9

M7

16 12

M8
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RM—observed drug-related material.

.4. General remarks

Not only have these data provided early human metabolism
nformation to help guide further safety assessment and future
linical studies they have also aided the design of the definitive
RS. Indeed the authors’ have found that this approach can offer
n advantage and supplement the data from an HRS especially if
he compound is cleaved and loses radiolabel from a substantial
roportion of the drug-related material. Furthermore, the HRS is
enerally designed as a single dose study but a high proportion
f drugs are administered on a daily basis and as demonstrated
ere, the NMR procedure can be performed on plasma (or blood,
ata not shown) from any clinical study, including repeat dose, as

ong as a suitable dose level has been administered or where suffi-
ient sample is available. Based on the authors’ experience with this
pproach, if the sample contains ca. 5 �g of parent drug this typi-
ally allows for any metabolite representing approximately 10% of
arent drug levels, to at least be quantified, if not characterised.
or a large plasma volume (e.g. 50 ml) this may correspond to
etabolite levels as low as 10 ng/ml. This is consistent with FDA

uidelines [15] which recommend that metabolites identified in
uman plasma that account for greater than 10% of parent drug
hould be considered for their impact on patient safety. This gener-
lly precludes this application for compounds which are low dose
r inhaled, or where sample volumes may be limited. In general
ompounds that have been dosed at ≥50 mg have yielded valuable
ata to guide the next step of the drug development process.

Perhaps the drawback of the cryoprobe-NMR based approach
s still the relatively low sensitivity of NMR in comparison to other
nalytical techniques such as LC/MS. While the combination of cry-
probe technology and large-scale sample preparation has given us
he ability to analyse human plasma samples, the need for pool-
ng of plasma to get sufficient material does mean that any insight
nto inter-subject variability is lost. Further sensitivity gains in

MR or the use of smaller diameter cryoprobes would allow for
ork on smaller samples or lower metabolite concentrations. In

ddition, no routine assessment of drug or metabolite recovery
rom plasma is afforded by this technique, although the extraction

ethodology is generally guided by experience from preclinical

[
[

[

B 876 (2008) 182–190

adiolabel studies, to minimise any recovery losses or potential
egradation.

. Conclusions

Investigations into drug metabolism in humans is generally
chieved through dosing a radiolabel drug as part of a clinical
tudy and this is typically conducted post-proof of concept in the
linical development plan. Using preparative HPLC and cryoprobe-
MR, as described, to determine the systemic exposure of drug
etabolites using samples derived from Phase I clinical studies,

rovides an early understanding of human metabolism. Of the 25
rug candidates examined by this approach in the authors’ labora-
ory, to date, 17 had metabolites that were adequately represented
n one or more of the toxicology species. For the other 8 compounds
nsufficient preclinical exposure was demonstrated, such that in 4
xamples, one or more metabolites required synthesis and dosing
o animals prior to further evaluation in humans. This approach
herefore provides an early opportunity to assess the contribution

etabolites may make to the safety and tolerability of a drug-
andidate, in advance of larger clinical trials, and in accordance with
he FDA guidance.
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