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bstract

The metabonomic effects of hepatotoxic doses of pravastatin on the urinary metabolic profiles of female rats have been investigated using ultra
erformance liquid chromatography (UPLC)–oa-TOF-MS and, independently, by 1H NMR spectroscopy. UPLC was performed using a 1 mm
icrobore column packed with 1.7 �m particles. Examination of the data obtained from the individual animals, aided by statistical interpretation

f the data, made it possible to identify potential markers for toxicological effects, with both NMR and UPLC–MS analysis highlighting distinct
hanges in the urinary metabolite profiles. These markers, which included elevated taurine and creatine, as well as bile acids, were consistent with
epatotoxicity in some animals, and this hypothesis was supported by histopathological and clinical chemistry findings. The analytical data from

oth techniques could be used to define a metabolic “trajectory” as toxicity developed and to provide an explanation for the lack of hepatotoxicity for
ne of the animals. The two analytical approaches (UPLC–MS and NMR) were found to be complementary whilst the use of a 1 mm i.d. × 100 mm
olumn reduced the amount of sample required for analysis to 2 �L, compared with 10 �L for a 2.1 mm i.d. × 100 mm column. The 1 mm i.d.
olumn also provided increased signal-to-noise without loss of chromatographic efficiency.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metabonomics is a term applied to the global metabolite pro-
ling of biological samples, particularly biofluids such as urine
nd plasma, combined with multivariate statistical analysis in
rder to determine changes in response to, e.g. a toxic insult,
isease or genetic modification [1,2]. One area of considerable
nterest for the application of this approach is in the investigation
nd monitoring of xenobiotic toxicity (particularly drugs) as part
f the safety evaluation process. In this type of study both mark-

rs of toxicity and a mechanistic understanding are sought. The
otential of metabonomics in this area is well recognised [3]
nd there have already been initiatives to build metabonomic
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atabases that aim to characterise the effects of typical, well
nown toxins, and to further investigate the underlying mecha-
isms [4]. More recently studies have shown that it may in fact
e possible to use metabonomics techniques to predict toxicity
ased on pre-dose samples (pharmacometabonomics) [5].

In this type of analysis the aim is to discover potential
iomarkers and by definition these are not defined prior to the
nalysis. It is therefore important to obtain as wide as possible
overage of the metabolome and to this end a variety of analytical
echnologies are currently being used to generate profiles. These
nclude high field proton NMR spectroscopy [6], GC–MS and
C × GC–MS [7–9], HPLC/UPLC–MS [10–13], and CE–MS

14,15] (for a recent review of analytical methodology see Ref.

16]). We have previously demonstrated in a number of studies
hat HPLC–MS and 1H NMR spectroscopy provide complemen-
ary data (e.g. [17–19]) and, when these techniques are combined
ogether for the analysis of the same samples, they give a much

mailto:Eva.Lenz@astrazeneca.com
dx.doi.org/10.1016/j.jpba.2007.04.035
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Fig. 1. The structure of pravastatin (sodium salt).

ore comprehensive view of the effects of a particular treat-
ent or disease state (e.g. see Ref. [20] for the application of
PLC–MS, GC–MS and 1H NMR spectroscopy to the metabo-
omic analysis of rat plasma). As we have shown elsewhere, both
PLC–MS and UPLC–MS are proving to be valuable additions

o the techniques available for metabonomic analysis [12,21,22].
n particular the introduction of UPLC, based on the use of sub
�m particles and 2.1 mm i.d. narrow bore columns, is proving

o be of benefit. Thus UPLC, because it provides higher chro-
atographic resolution than HPLC, can either be used to give a
uch increased peak capacity for the equivalent analysis time

12,21], or a greatly increased throughput with the detection of
similar number of components [22].

Here 1H NMR spectroscopy and UPLC–MS, employing a
icrobore (1 mm i.d.) column, are applied for the metabo-

omic analysis of rat urine following the continuous infusion
f pravastatin, a cholesterol-lowering drug (structure in Fig. 1)
hat inhibits HMG-CoA reductase, the rate-limiting enzyme of
holesterol synthesis. A comparison with UPLC on an equiva-
ent narrow bore (2.1 mm i.d.) column was also performed. The
ose employed was designed to explore the toxicological prop-
rties of the compound and derive characteristic biomarkers.

. Experimental

.1. Chemicals

Acetonitrile (HPLC grade) was purchased from JT Baker
NJ, USA), ammonium formate and formic acid (spectroscopic
rade) was purchased from Sigma/Aldrich (MO, USA). Dis-
illed water was purified “in-house” using a MilliQ system

illipore (MA, USA). Leucine enkephalin was obtained from
igma–Aldrich (MO, USA). Pravastatin (sodium salt, Fig. 1),
atch 200107010 was supplied by South China Pharmachem
nternational Ltd., and had a purity of greater than 99%.

.2. Animal studies
Four female rats (13–15 weeks old) Wistar Han: substrain
rl:WI(Glx/BRL/Han) IGSBR were fitted with an indwelling
atheter (entering via a tail vein), for intravenous administration

M
i
w
s
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y continuous infusion, emptying into the thoracic vena cava.
terile physiological saline was continuously infused through

he cannula at a rate of between 0.5 and 1 mL/kg/h, for at least
days, to allow the animal to recover from surgery. Follow-

ng recovery, either infusion of vehicle (sterile physiological
aline) or pravastatin (10 mg/mL in sterile physiological saline)
ommenced at an infusion rate of 2 mL/kg/h, corresponding to
00 mg/kg/day. Pravastatin was administered to three animals
hilst the fourth animal was used as a control and was dosed
ith vehicle only.
The animals were housed in polypropylene cages and were

llowed free access to food and water throughout the experi-
ent. Urine samples were collected on the day prior to dosing

day −1) and days 1, 2, 3 and 4 following the commencement of
osing. Individual 18 h urine collections were taken commenc-
ng at about 15:00 h and finishing at about 09:00 h the next day.
amples were stored frozen at −20 ◦C prior to analysis.

At the termination of the study a blood sample was obtained
rom each animal for clinical chemistry and a small sample of
he left lateral liver lobe, preserved in neutral buffered formalin,
as also taken.

. Sample analysis

.1. Histopathology and clinical chemistry

Histological sections were prepared, stained with haema-
oxylin and eosin, and examined by light microscopy. Plasma
evels of alkaline phosphatase, alanine aminotransferase, aspar-
ate aminotransferase, glucose, cholesterol and triglycerides
ere determined using standard colorimetric assays.

.2. Chromatography

For UPLC–MS the samples were diluted 1:5 (20 �L sample
lus 80 �L of distilled water) and transferred to a total recovery
uto-sampler vial for analysis.

Chromatographic separations were performed on either a 1
r 2.1 mm i.d. × 100 mm ACQUITYTM 1.7 �m column (Waters
orp., Milford, USA) using an ACQUITYTM UPLC system.
olumns were maintained at 40 ◦C and eluted with a linear
radient of 0–95% B, where A = water with 0.1% formic acid
nd B = acetonitrile with 0.1% formic acid. The gradient dura-
ion was 30 min at a flow rate of 136 �L/min (1 mm i.d.) or
00 �L/min (2.1 mm i.d.) with a 2 min recycle time. Either 2 or
0 �L aliquots of sample were loaded onto the 1 and 2.1 mm
.d. columns, respectively. The column eluent was analysed by
ime of flight mass spectrometry using positive ion electrospray
onisation (ESI).

.3. Mass spectrometry

Mass spectrometry was performed on a Micromass Q-Tof

icroTM (Waters MS Technologies, Manchester, UK) operat-

ng in positive and negative ion mode. The nebulization gas
as set to 100 L/h for 1 mm separations and 300 L/h for 2.1 mm

eparations at a temperature of 250 ◦C. The cone gas was set to
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L/h and the source temperature set to 120 ◦C. The capillary and
one voltages were set to 3200 and 30 V, respectively. The Q-Tof
icro was operated with a collision energy alternating between
and 25 eV. The data acquisition rate was set to 0.1 s, with a

.1 s inter-scan delay. All analyses were acquired using the lock
pray to ensure accuracy and reproducibility; leucine enkephalin
as used as the lock mass (m/z 556.2771) at a concentration of
0 fmol/�L and flow rate 30 �L/min.

In the case of negative ESI the capillary voltage was set to
400 V and a cone voltage of 40 V again with an alternating col-
ision energy of 5 and 25 eV. Leucine enkephalin was employed
s the lockspray at a concentration of 50 fmol/�L.

Data were collected in centroid mode, the lockspray fre-
uency was set at 5 s, and data were averaged over 10 scans.

.4. Data analysis for UPLC–MS

The raw data were analysed by the Micromass Marker-
ynx applications manager Version 1.0 (Waters, UK); this
pplication manager integrates peaks in the LC/MS data by
sing ApexTrackTM peak detection. The LC/MS data are peak-
etected and noise-reduced in both the LC and MS domains such
hat only true analytical peaks are further processed by the soft-
are (e.g. noise spikes are rejected). A list of the intensities of

he peaks detected is then generated for the first sample, using
he retention time (RT) and m/z data pairs as the identifier for
ach peak. This process is repeated for each LC/MS run and
he data from each LC/MS analysis in the batch are then sorted
uch that the correct peak intensity data for each RT–m/z pair
s aligned in the final data table. The ion intensities for each
eak detected are then normalized, within each sample, to the
um of the peak intensities in that sample. The resulting nor-
alized peak intensities are then multiplied by 10,000 and the

RT–m/z pair) analysed by principal components analysis (PCA)
sing Pareto scaling. PCA analysis was carried out following the
emoval of the compound related ions for pravastatin itself and
ts glucuronide metabolite.

.5. 1H NMR spectroscopy

160 �L of neat urine were buffered with 80 �L 0.2 M phos-
hate buffer in D2O (pH 7.4, to provide a field-frequency lock)
ontaining TSP (sodium trimethyl-silylpropionic acid [2H4]),

sed as chemical shift reference (δ1H = 0.0) prior to analysis
y NMR spectroscopy. Urinalysis was carried out on a Bruker
RX500 NMR spectrometer operating at 500 MHz 1H reso-
ance frequency, equipped with a 2.5 mm SEI NMR probe. 1H

t
d
i
i

able 1
ffects of pravastatin on plasma enzymes and metabolites on day 4 of continuous int

nimal Alkaline phosphatase
(IU/L)

Alanine aminotransferase
(IU/L)

Asparta
(IU/L)

61 42 65
77 83 123

155 1339 2311
209 3167 3930
Biomedical Analysis 44 (2007) 845–852 847

MR spectra were acquired at 30 ◦C, with 90 ◦C pulse widths
ver a spectral width of 9980.04 Hz into 64,000 data points. Typ-
cally, 256 transients were collected (as the urines were dilute
s a consequence of continuous infusion) with an acquisition
ime of 3.28 s (and a relaxation delay of 2 s). Solvent suppres-
ion was achieved by applying the standard Noesypresat pulse
equence (Bruker Biospin Ltd.) with secondary irradiation of the
ominant water signal during the mixing time of 150 ms and the
elaxation delay of 2 s. No line broadening function was applied
rior to FT.

.6. Data analysis for 1H NMR spectroscopy

All 1H NMR spectra were manually corrected for phase and
aseline distortions within XWINNMRTM (Version 2.6, Bruker
pectrospin Ltd.). Spectra were referenced to TSP (δ1H 0.0) prior

o data-reduction into 245 spectral integral regions correspond-
ng to the chemical shift range of δ1H 0.2–10 utilising AMIX
version 2.7.5, Analysis of MIXtures, Bruker Spectrospin Ltd.).
he region of δ1H 4.52–6.0 was set to zero to remove the effects
f variations in the presaturation of the water resonance in all
MR spectra, and to alleviate cross-relaxation effects in the urea

ignal via solvent exchanging protons. Integration into bins (or
uckets) across the spectral regions of 0.04 ppm was performed
utomatically in AMIX.

The integral values in each spectrum were then normalized,
.e. scaled, to the total intensity for that spectrum to compensate
or differences in dilution between the samples. The resulting
ata matrix (peak integral values/bins per sample) was analysed
y principal components analysis (PCA) using SIMCA-P (Ver-
ion 10, UMETRICS AB, Box 7960, SE 90719, Umeå, Sweden).
he resonances arising from pravastatin-related material were

emoved from the data prior to PCA analysis.

. Results and discussion

.1. Histopathology and clinical chemistry

Conventional clinical chemistry was performed on samples
btained from both the control and dosed animals. Markedly
ncreased plasma enzyme values (Table 1) were observed for
wo of the dosed animals (numbers 3 and 4) and were generally
onsidered to be consistent with liver toxicity. Visual examina-

ion of the livers for animals 3 and 4 showed them to be pale and
iscoloured. Histopathology of the liver showed that continuous
nfusion of 500 mg/kg/day of pravastatin for 4 days caused min-
mal hepatocyte necrosis in one animal (number 2) and more

ravenous administration at 500 mg/(kg day)

te aminotransferase Glucose
(mmol/L)

Cholesterol
(mmol/L)

Triglycerides
(mmol/L)

13.7 1.2 0.81
7.8 1 0.36
8.1 0.5 0.38
5.9 1 0.46
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ronounced hepatocyte necrosis in two animals (numbers 3 and
). Continuous infusion of 500 mg/kg/day of pravastatin for 4
ays also markedly increased plasma levels of the liver-specific
nzymes alanine aminotransferase and aspartate aminotrans-
erase in animals 3 and 4 (Table 1). These data are consistent
ith pravastatin causing greater liver toxicity in animals 3 and 4

ompared to animal 2. Liver toxicity has been reported for statins
dministered at high doses in the rat [23,27] and other preclinical
pecies, including pravastatin in the cynomolgus monkey [28].
his is likely to occur through excessive pharmacology, as such
hanges are prevented by co-administration of mevalonate, the
roduct of HMG-CoA reductase [23]. Administration of toxico-
ogical doses of pravastatin and other statins has been shown to
ause elevations of plasma bile acids, which may be indicative
f cholestasis [29].

Effects were also noted on plasma glucose, cholesterol and
riglyceride concentrations in all of the dosed animals and were
f comparable magnitude in all three (Table 1). The reduced
holesterol and triglyceride values compared to the control were
robably, at least in part, related to a reduction in dietary intake
s well as the likely effects of both liver toxicity and the phar-
acology of pravastatin.

. UPLC–MS

A typical total ion current chromatogram obtained using gra-
ient RP-UPLC on a 1 mm i.d. column, of urine obtained from
he control and a dosed animal (rat 3) for day 4 of the study is
hown in Fig. 2 for positive ESI. These chromatograms reveal
lear differences between the profiles for the control and the
osed animal. Under these conditions UPLC produced sharp
hromatographic peaks with an average width of 5–7 s at the

ase, giving a theoretical peak capacity of ca. 360 resolved
eaks for the separation obtained here. This compares with tradi-
ional HPLC where analysis based on 3.5 �m particles generally
esults in average peak widths of 15–20 s, using optimal mobile

s
t
o
s

Fig. 3. A comparison of the chromatography obtained on 2.1 and 1 mm i.d
ig. 2. A comparison of the UPLC–MS TICs obtained using the 1 mm i.d.
olumn for the control (rat 1) and dosed (rat 3) animal on day 4 of pravastatin
dministration.

hase linear velocities, producing a peak capacity of 120. As
he application of 1 mm i.d. columns has proved to be problem-
tic in the past, due to some extent to the analytical instrument
esign (in particular the delay volume), the performance of the
mm i.d. column was compared to that of an equivalent 2.1 mm

.d. column. This comparison revealed that the microbore 1 mm

.d. columns provided significant advantages compared to the
.1 mm i.d. columns in terms of increased sensitivity, reduced
ample consumption and reduced chemical noise in the mass
pectrometer as a result of the low flow rate. The extracted ion
hromatograms for the m/z = 255 ion obtained for both 1 and
.1 mm i.d. columns are displayed in Fig. 3. The peak width for
oth columns was determined to be 7 s at the base. There was a

light difference in retention time but this was essentially due to
he delay volume in the instrument. The effect of column format
n assay sensitivity was determined with the injection volume
caled to compensate for the differences in column diameter.

. columns for the ion m/z 255 detected in the urine of one of the rats.
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Fig. 4. PCA of the UPLC–MS data obtained over the 4 days of the study. Key:
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lack squares, control animal (rat 1); red circles, rat 2; blue diamonds, rat 3;
reen triangles, rat 4. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of the article.)

hus 2 �L was injected onto the 1 mm i.d. column and 10 �L
nto the 2.1 mm i.d. column (the actual ratio should have been
etween 2 → 8.82) with a ca. 20% increase in signal-to-noise
atio, as a result of increased peak height, seen for the smaller
iameter column (s/n 197:1 for the 1 mm and 161:1 for the
.1 mm i.d. columns, respectively).

The UPLC/MS data generated on samples from the control
nd pravastatin-dosed animals were subjected to chemometric
nalysis (following the removal of the compound related ions
or pravastatin itself and its glucuronide metabolite). The sta-
istical analysis used employed mean centring of the data and
areto scaling; the results of which are displayed in Fig. 4 for the
ositive ESI data. Thus the scores plot (Fig. 4) shows, as would
e expected, that most of the day −1 samples from the control
nd dosed animals cluster closely together. However, on day −1

nimal 2 appears to be a statistical outlier (although there was
o evidence of this in the corresponding NMR spectrum), with
he major ions responsible for the observed variation being m/z
42, eluting at 18.09 min, m/z 333 (17.4 min), m/z 349 (15.6 min)

2
c
a
d

Fig. 5. The relative responses for the ions at m/z 209 (top), 233 (middle) and
Biomedical Analysis 44 (2007) 845–852 849

nd m/z 412 (16.2 min). The identities of these components are
nknown.

Whilst, following the commencement of pravastatin admin-
stration, the control animal remains in the “control” region of
metabolic space” for the rest of the study, this is not the case
or the animals dosed with pravastatin as these rats move away
rom the control animal and their own pre-dose position. Two
f the dosed animals (rats 3 and 4) progress through a metabolic
rajectory, moving steadily away from the control position and
eaching a maximum distance from the control/pre-dose sam-
les on day 4 of the study. The remaining dosed animal (rat 2),
hich was the outlier on day −1 of the study also moved into a
ifferent metabolic space on dosing. However, for rat 2, a clear
ime-related trajectory was not observed. Based on the relative
ntensities of the pravastatin-related ions (prior to their removal
or chemometric analysis) seen for the samples obtained for this
nimal it would appear that it had a lower exposure to the drug.

Whilst not readily detected in positive ESI pravastatin and its
etabolites were easily detected in negative mode, and indeed

ominated the dataset and confounded the interpretation of the
ata. Examination of the relative amounts of pravastatin-related
aterial in the urine samples (data not shown) confirmed the
uch lower exposure to the drug of rat 2 compared with rats 3

nd 4 (see also the NMR data below) and this may provide a
artial explanation of the different metabolic response of rat 2
ompared to the other animals.

The major ions contributing to the metabolic trajectory
ollowing dosing were, m/z = 279 at 13.5 min, m/z = 209.2 at
5.05 min, m/z = 233.21 at 15.05 min, and m/z = 183.18 eluting at
5.05 min, which were present in increased amounts in samples
rom the dosed (rats 3 and 4) compared to the control (rat 1). The
ata in Fig. 5 illustrates the relative response for the m/z = 279,

33 and 209 ions in animal 3 on day 2 of dosing compared to the
ontrol animal on the same day. These ions were present at low,
lmost undetectable, levels in the control samples, but rose on
ays 1 and 2 after the commencement of dosing (in all the dosed

279 (bottom) for a dosed animal (rat 3) and the control animal (rat 1).



850 E.M. Lenz et al. / Journal of Pharmaceutical and Biomedical Analysis 44 (2007) 845–852

F l (rat
o

a
i
3
m

w
e
p
i
F
t
b
a
a
a
r
t

6

u
f
r
d
o
i
r
a
n
t
e
t
w
3
n
a

i
a
s
d
o
i
t
s
p
o
t
w
i
i
(
r

e
s
a
m
r
t
a
t
t
e
U

c
i
h
i

ig. 6. The relative responses for a dosed animal (rat 3) and the control anima
btained for day 2 of dosing.

nimals), before falling back on days 3 and 4 of the study. The
ons responsible for the difference between the samples on days
and 4 were determined to be m/z = 357, eluting at 2.7 min, and
/z = 205, eluting at 5.50 min.
Another ion identified as contributing to the statistical result

as the m/z = 450 ion eluting at 15 min. This analyte gave an
xact mass value of 450.3212, which gives an elemental com-
osition of C26H43NO5 with a mass error of 1.6 ppm. A close
nspection of the resulting MS spectrum for this compound,
ig. 6, and the co-elution with an authentic standard confirmed

his analyte to be glycochenodeoxycholate, part of the bile acid
iosynthesis pathway. Increases in bile acids have been reported
s biomarkers in previous metabonomics studies examining hep-
totoxicity using 1H NMR spectroscopy [24]. In contrast to the
nimals 3 and 4, the concentrations of glycochenodeoxycholate
emained close to pre-dose values in the control animal 1 and
he dosed animal 2.

. 1H NMR spectroscopy

Visual examination of the NMR spectra clearly revealed that
rine collected from animals treated with pravastatin differed
rom their pre-dose spectra and samples taken from animals
eceiving vehicle alone (Fig. 7). Post the commencement of
osing, resonances that could be assigned to pravastatin were
bserved in the urine of all of the dosed rats, with an increase
n intensity occurring over time. However, drug-related mate-
ial was not present at the same concentration in the urine of
ll three dosed animals with the resonances being more promi-
ent in the samples obtained from animals 3 and 4 compared
o that of animal 2. Concomitantly, marked perturbations to the
ndogenous urinary metabolite profile associated with exposure
o pravastatin were observed for animals 3 and 4. Thus, decreases

ere observed in urinary hippurate concentrations on days 2,
and 4 post-dosing, and in citrate, �-ketoglutarate and succi-

ate on days 3 and 4 (with citrate being reduced for animal 3
lso on day 2). Furthermore, marked increases were observed

i
n
h
b

1) for the ion at m/z 450 corresponding to glycochenodeoxycholate for urine

n creatine on days 3 and 4 and taurine on day 2 (for animal 4)
nd days 3 and 4 (in animals 3 and 4). These changes were
upported by the PCA-generated loadings plot of the NMR
ata (data not shown). Further changes in the NMR spectra
f rats 3 and 4, although not highlighted in the loadings plot,
ncluded decreased concentrations of TMAO and slight reduc-
ions in acetate, DMG, allantoin and creatinine (based on the
ignal at 4.05 ppm), as these signals were either obscured by
ravastatin-resonances and hence, omitted from PCA-analysis,
r were overlapped with other signals, such as the case with
aurine and TMAO (the taurine-triplet at 3.26 ppm increased,
hile the TMAO-signal at 3.27 ppm decreased in the same

ntegral bucket). In addition, in the urine of both animals, an
ncrease in bile acid-related signals was observed on day 4
presumably glycochenodeoxycholate based on the UPLC–MS
esult).

In contrast, animal 2 showed no significant perturbation of the
ndogenous metabolite profile, which, based on the low inten-
ities of the pravastatin signals observed in the urine, implies an
pparent lower exposure to the drug (data not shown). Chemo-
etric analysis (PCA) of the data set, with the pravastatin

esonances removed prior to normalisation, clearly demonstrates
he marked response observed for animals 3 and 4 compared to
nimal 2 whose data points cluster near to the pre-dose and con-
rol data in the scatter plot (Fig. 8). For animals 3 and 4, the
ime course of the response, with the perturbations being great-
st on days 3 and 4 is also evident, and similar to that seen using
PLC–MS.
The perturbations in metabolite profiles described here are

haracteristic of hepatotoxicity and this general conclusion
s supported by the results of both clinical chemistry and
istopathology. Thus an 1H NMR-based metabonomic study
n rats on the hepatotoxin �-naphthylisothiocyanate observed

ncreased urinary taurine and creatine and bile acids accompa-
ied by decreased excretion of TCA cycle intermediates and
ippurate [24,25]. Alterations to hippurate excretion have also
een reported following changes to gut microflora, accompa-
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ig. 7. 1H NMR spectra of urine from a pravastatin-dosed animal (rat 3) for da
nternal reference standard (sodium trimethyl-silylpropionic acid [2H4]).
ied by other changes in the aromatic excretion profile [26].
f course where there is hepatic damage this may well be

eflected in, e.g. reduced bile output, that might well have
ignificant effects on the gut micro-environment leading to

ig. 8. NMR-PCA scatter plot t[1] vs. t[2] of data obtained from individual 1H
MR spectra of urine collected from the control (rat 1) and the dosed animals

rats 2–4) on days −1, 1, 2, 3, and 4 of the study: the samples are connected over
ime to produce a trajectory for each animal. The resonances arising from pravas-
atin were removed from the data prior to PCA analysis. Key: black squares, rat
; blue stars, rat 2; red circles, rat 3; green diamonds, rat 4. (For interpretation
f the references to colour in this figure legend, the reader is referred to the web
ersion of the article.)
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hanges in benzoic acid production and metabolism by the
icroflora (the precursor to hippurate biosynthesis in liver and

idney).
Clearly the small numbers of animals used here does not

ermit robust statements to be made from the metabonomics
ata concerning the mechanism of the toxicological effects of
ravastatin in this system. However, whilst it would obviously
e unwise to over-interpret the data it is nevertheless possible
o come to some general conclusions. Thus, despite the low
umber of animals used in this study we have successfully
emonstrated the detection of biomarkers characteristic of hepa-
otoxicity using both 1H NMR and UPLC–MS whilst providing
t least a partial explanation for the absence of liver damage in
ne of the animals (rat 2). The reduced level of urinary pravas-
atin seen for animal 2 may reflect a dosing problem, with the
nimal having received a lower exposure to the drug, or it may
eflect differences in the manner in which this particular animal
andled the compound. Irrespective of the reason for the lower
oxicity seen in rat 2, the fact that the pre-dose urine sample for
his animal was seen to be significantly different, by UPLC–MS,
rom the others is very interesting. Arguably, had these pre-dose
ata been available before the commencement of the study this

nimal might have been replaced. Given the speed with which
etabonomic analysis can be performed using both 1H NMR

nd UPLC–MS this is not beyond the bounds of possibility and,
ad a “metabonomically” more normal animal been selected, the
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esult would possibly have been a more robust set of data. Indeed
t would have been interesting, having collected urine samples
re-surgery, to see if this animal was metabolically normal or
hether in fact it was already metabolically distinct. Despite the
ery small sample set it is also worth noting that the metabo-
omic data were entirely consistent with, and supportive of the
esults obtained from the clinical chemistry and histopathology
ata.

When performing animal experiments as part of drug dis-
overy programs there is clearly a tension between the need to
btain robust data, which is often seen to require large numbers
o counter variability, and the ethical and economic desire to
se the minimum number of animals possible in order to make
rogress. In a study like the one described above, despite the
act that only a small number of animals formed the dataset, the
ombination of conventional and metabonomic techniques used
id enable the liver to be identified as the primary site of toxic-
ty, allowed the time course of the injury to be determined and
llowed a major source of variability, in the response of animal
, to be explained. It also provided some putative biomarkers for
alidation in further studies.

. Conclusion

Thus, despite the small numbers of animals employed, the
tudy was very information rich with concordant data from
istopathological, clinical chemical and metabonomic analy-
is (using two platforms). This study therefore provides some
onfidence that first, the target organ for toxicity has been
dentified and secondly, that metabonomics could be used to

onitor the onset and time course of this toxicity in subse-
uent studies, powered to generate a more robust statistical
esult.
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