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Use of Metabonomics to Identify Impaired Fatty Acid
Metabolism as the Mechanism of a Drug-Induced
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An increased diversity of therapeutic targets in the pharmaceutical industry in recent years
has led to a greater diversity of toxicological effects. This, and the increased pace of drug
discovery, leads to a need for new technologies for the rapid elucidation of toxicological
mechanisms. As part of an evaluation of the utility of metabonomics in drug safety assessment,
IH NMR spectra were acquired on urine and liver tissue samples obtained from rats
administered vehicle or a development compound (MrkA) previously shown to induce
hepatotoxicity in several animal species. Multivariate statistical analysis of the urinary NMR
data clearly discriminated drug-treated from control animals, due to a depletion in tricarboxylic
acid cycle intermediates, and the appearance of medium chain dicarboxylic acids. High-
resolution magic angle spinning NMR data acquired on liver samples exhibited elevated
triglyceride levels that were correlated with changes in the urinary NMR data. Urinary
dicarboxylic aciduria is associated with defective metabolism of fatty acids; subsequent in vitro
experiments confirmed that MrkA impairs fatty acid metabolism. The successful application
of metabonomics to characterize an otherwise ill-defined mechanism of drug-induced toxicity
supports the practicality of this approach for resolving toxicity issues for drugs in discovery
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and development.

Introduction

The nascent sciences of genomics, proteomics, and
metabonomics are attracting increasing attention from
the pharmaceutical industry, since they offer the poten-
tial for earlier identification of compounds that are likely
to fail for toxicological reasons and may provide a suite
of tools by which toxicological mechanisms can be more
rapidly elucidated (1). For example, where novel com-
pound classes cause unusual types of toxicity or act via
poorly understood mechanisms, a failure to resolve such
problems quickly leads to compound attrition. Each of
the “omic sciences” examines a different tier of biomo-
lecular organization of an organism’s response to insult
or pharmacology. Here, we focus on metabonomics, the
characterization of the way in which the relative con-
centrations of endogenous small molecule components of
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biofluids and tissues of complex organisms vary over time
(2, 3).

The primary goals of metabonomics are to identify
metabolic biomarkers associated with a specific biochemi-
cal event and to relate these to mechanism of effect.
Variations in one or more endogenous metabolites may
be associated with, and characteristic of, a pharmacologi-
cal or toxicological event. For example, concurrent changes
in more than 10 separate constituents of urine are
together sufficient to distinguish renal papillary damage
from renal tubular toxicity in rats (4). A substantial body
of research has determined the metabonomic conse-
guences on biofluids and target organs from animals
dosed with prototypical toxins (5). However, relatively
few reports have been published in which metabonomics
has been applied in drug discovery, presumably reflecting
the proprietary nature of pharmaceutical research. Three
notable examples stand out. First, a variety of compounds
that cause phospholipidosis all increased urinary excre-
tion of phenylacetylglycine (6, 7). Second, the antidiabetic
efficacy of BRL 49653, a potent insulin-sensitizing agent,
has been demonstrated in an animal model of diabetes
mellitus by metabonomic evaluation of urine (8). Finally,
Robertson et al. have described an metabonomic signa-
ture for vasculitis induced by phosphodiesterase type 4
inhibitors (9, 10). Although metabonomics is the newest
of the omic sciences, it is particularly attractive because
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it has relatively low per sample costs, is often noninva-
sive, and uses technology that is widely available.
Furthermore, changes that identify mechanism can be
relatively easily used as biomarkers in screening assays
for selection and development of compounds designed to
circumvent toxicity.

H NMR spectra of biological fluids provide information
on the relative concentrations of a wide variety of
endogenous metabolites. To reduce the interpretational
challenge presented by such large data sets, a strategy
of data reduction followed by multivariate analysis
techniques, such as PCA,! is typically employed (4). PCA
combines correlated changes in many variables into a
much smaller set of new orthogonal variables (PCs) while
maintaining a maximal amount of variability from the
original data (11). This permits the visualization of data
in two or three dimensions and the detection of separa-
tion or clustering due to biochemical, genetic, or toxico-
logical effects.

Intact tissues have historically been relatively intrac-
table to analysis by NMR spectroscopy, primarily due to
the constrained motion of the molecular species in the
sample, which causes a pronounced broadening of the
NMR spectrum. More recently, NMR spectra with im-
proved resolution of intact tissues have been obtained
using MAS NMR spectroscopy (12—15). Resonance broad-
ening effects from dipolar coupling and chemical shift
anisotropy scale with the function (3cos?6 — 1)/2, which
reduces to zero when the sample is oriented at an angle
of 54.7° to the magnetic field. Spinning of the sample to
mechanically induce “tumbling” of the low molecular
weight species within the magnetic field further reduces
broadening effects. These techniques yield NMR spectra
of a resolution and dispersion comparable with that
obtained from biological fluids.

Here, we describe the use of these techniques to
investigate the mechanism of hepatotoxicity induced by
a drug development candidate. MrkA (1, N-[3-{[4-(3-
benzyl-1-ethyl-1H-pyrazol-5-yl)piperidin-1-ylJmethyl}-4-
(3-fluorophenyl)cyclopentyl]-N-methylvaline) is a selec-
tive chemokine receptor 5 receptor antagonist that was
under development as an adjuvant HIV therapy (16, 17).
In preparation for clinical studies, MrkA was first evalu-
ated in 2 week oral toxicity studies in monkey and rats.
Following 2 weeks of administration to monkeys at 10,
30, and 100 mg/kg/day, mild to moderate serum tran-
saminase (ALT/AST) increases occurred at doses of 100
mg/kg/day. Five of the eight animals at that dose
exhibited ALT increases that were greater than the 95%
confidence interval for an historical set of control animal
data. The mean ALT value at that dose was increased
by 78% relative to concurrent controls. AST levels were
higher than pretest values in seven of the eight animals
with an overall mean increase of 47%. Pretest and control
ALT and AST levels were all within the normal range
for historical data. Moreover, these changes correlated
with granular centrilobular hypertrophy and, in some
animals, hepatic single cell necrosis (four of eight) and
acute cholangitis (three of eight). In a corresponding rat
study, there was only a slight increase in liver weights

1 Abbreviations: ALT, alanine-aminotransferase; AST, aspartate-
aminotransferase; DMSO, dimethyl sulfoxide; HIV, human immuno-
deficiency virus; LDH, lactate dehydrogenase; MAS, magic angle
spinning; MCDA, medium chain dicarboxylic acid; MCAD, medium
chain acyl-CoA dehydrogenase; PCA, principal components analysis;
PC, principal component; TSP, trimethylsilylpropionic acid.
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at the high dose with no associated histopathological
findings. However, subsequent experiments demon-
strated that under certain conditions the toxicity could
also be reproduced in rats, which provided a convenient
model in which to investigate the mechanism of toxicity.
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Together, these observations were indicative only of a
nonspecific hepatotoxicity of sufficient severity to con-
clude that the compound could not be further developed.
In vitro investigative studies were also conducted in
precision-cut liver slices from rats and monkeys, and
while toxicity was observed at relevant drug concentra-
tions, no further insight into the mechanism was ob-
tained. Because little was known about the possible
toxicological consequences of CCR-5 inhibition, it was
uncertain whether the observed toxicity was “mechanism-
based” (due to the intended pharmacological mechanism
of the drug) or an untoward off-target related feature of
the compound. The viability of CCR-5 knockout mice (18)
and the observation that CCR-5 is polymorphically
expressed in humans (19, 20) were consistent with the
latter hypothesis.

The distinction of mechanism-based from nonmecha-
nism-based toxicity is important since the latter can, in
principle, be designed out of a molecule. At the current
pace of drug discovery and development, the rational
design of a new molecule based on elucidation of the
mechanism of toxicity requires a more rapid determina-
tion of the mechanism than is often practical using
conventional toxicological techniques. This issue is one
of the principal factors driving the development of new
technologies, and the potential for rapidly identifying the
mechanism of MrkA toxicity led us to conduct metabo-
nomic studies.

Experimental Section

Materials. HPLC grade laboratory chemicals were obtained
from Sigma-Aldrich.

In Vivo Studies. Rats (Crl:CD (SD)IGS BR; ca. 6 weeks of
age) and mice (Crl:CD-1 (ICR) BR; ca. 40 days of age) were
obtained from Charles River, and Rhesus monkeys (Macacca
mulatta; ca. 2—3 years of age) were obtained from New lIberia
Research Center. All animal husbandry procedures were in
accordance with the Guide for the Care and Use of Laboratory
Animals (NIH Publication, Volume 25, Number 28, August 16,
1996, http://grantsl.nih.gov/grants/guide/notice-files/not96-208.ht-
ml), and all experimental procedures were approved by Insti-
tutional Animal Care and Use Committees (IACUC) of the
facilities in which the studies were conducted. All animals were
housed in standard laboratory animal facilities and were
provided free access to water and, except during urine collection,
measured amounts of food.

MrkA was administered orally as an aqueous suspension in
0.5% methylcellulose. Administration was once per day by
gavage in volumes of 5 mL/kg. Control animals received aqueous
0.5% methylcellulose only. Two investigative studies were
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conducted in rats. In the first study (study A), doses of 0 (control)
and 500 mg/kg/day were planned to be administered for 2 weeks
to 15 animals per sex in each dose group. After four doses, urine
was collected for metabonomic analysis and the study was
terminated due to excessive toxicity and mortality. A second 2
week study (study B) was conducted at doses of O (control), 100,
and 250 mg/kg/day for a planned 2 week study. Urine and
plasma were scheduled for collection from all rats in study B
after 1, 4, 7, and 14 doses. Early termination of some dose groups
was also necessary in this study because of excessive toxicity.
In both studies, in animals terminated early, clinical chemistry
samples were obtained at termination. Liver samples were
obtained for histological and metabonomic evaluation at termi-
nation, scheduled or otherwise.

When urine was collected for metabonomic analysis, animals
were placed in metabolism cages and food was removed to
prevent contamination of the urine. This procedure effectively
resulted in a fast during the entire urine collection period. Urine
was collected overnight (18 h) directly over dry ice from subsets
of animals before and after various lengths of drug treatment
or at the end of the study. In some cases, animals were termin-
ated immediately after urine collection and liver samples were
collected to correlate urinary metabonomic findings with his-
topathologic and metabonomic analysis of the liver. Urine and
tissue samples obtained for metabonomic analysis were stored
at —70 °C. For histopathological evaluation, tissue was fixed in
10% neutral buffered formalin, prepared by routine methods,
and stained with hematoxylin and eosin for microscopic evalu-
ation and with oil red-O for the potential presence of lipids in
vacuoles.

In Vitro Studies. Naive male rats were anesthetized with
isoflurane, and after exsanguination, their livers were removed
and placed in ice-cold Krebs—Henseleit buffer (pH 7.4). Cores
of tissue (0.8 cm diameter) obtained with a Tissue Coring Press
(Alabama Research and Development Corporation) were preci-
sion cut (ca. 300 um thickness) with a Krumdieck Liver Slicer
(Alabama Research and Development Corporation).

Toxicity Experiments. Liver slices were placed in vials
designed to ensure proper exposure to oxygen and incubated in
1.4 mL of Waymouth's MB752/1 medium (pH 7.4) supplemented
with 25 mM HEPES, 25 mM NaHCO; (pH 7.4), 10% fetal bovine
serum, 16.8 ug/mL gentamicin, 2.5 mg/mL fungizone (ampho-
tericin B), 5 uM dexamethasone, and 0.15 IU/mL insulin.
Incubations were conducted at 37 °C under a 95:5 O,/CO,
atmosphere. After a 45 min preincubation, the medium was
replaced with fresh medium supplemented with various con-
centrations of MrkA introduced in DMSO (final DMSO concen-
tration, 0.5—1.0%). After incubation for 24 or 48 h, LDH in the
medium was measured with a commercially available kit (Sigma
Chemical Co. catalog no. 228-20). For measurement of intrac-
ellular ATP and GSH, slices were homogenized in 0.5 mL of
10% perchloric acid and then centrifuged to obtain the super-
natant. A portion (0.4 mL) of the supernatant was treated with
0.09 mL of 8 N KOH to precipitate the perchloric acid and then
buffered with 0.1 mL of KHPO4 (1.5 M, pH 6.0). After centrifu-
gation, the supernatant was analyzed as described by Stocchi
et al. (21) to quantify ATP. The total, nonprotein sulfhydryl
(GSH) content of the supernatant was measured as described
by Ellman (22). For measurement of protein synthesis, slices
were pulse treated with [3H]leucine (0.3 xCi/mL) and incubated
for an additional 2 h after which the leucine incorporation was
quantified as described by Smith et al. (23). The protein content
of the liver slices was measured as described by Lowry et al.
(24).

Fatty Acid Oxidation Experiments. Slices (n = 3/treat-
ment) were preincubated at 37 °C on a Forma Scientific Orbital
Shaker at 110 rpm in 24 well culture plates with 0.5 mL of
Waymouth's 752/1 medium (pH 7.4) supplemented as described
above. Preincubations included MrkA at various concentrations
or etomoxir at 3 uM introduced in 0.5 or 1.0% DMSO. Control
samples contained only DMSO. After the preincubation, the
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medium was removed and replaced with 0.5 mL of fresh medium
including drug (vide supra) and 30 M [*H]palmitic acid (1.17
uCilumol; NEN) and incubated for an additional 4 h as described
above. The slices were then removed and sonicated with a Fisher
Sonic Dismembrator model 300 in 200 uL of 35% perchloric acid
and 500 uL of phosphate-buffered saline. After they were
incubated in ice-cold water for 10 min, the samples were
centrifuged at 17 500g for 5 min and filtered (Millipore Filter
System, MADVNG6510), and the filtrate was counted in 10 mL
of Ready Safe Scintillation Cocktail (Beckman) on a LS6000SC
Scintillation Counter (Beckman).

Preparation of NMR Samples and NMR Data Collec-
tion. Urinary NMR samples were prepared by buffering 1 mL
of raw urine with 0.5 mL of 0.2 M phosphate, centrifuging at
7000g for 10 min, and then transferring 200 uL aliquots of
supernatant into a 96 well plate, and adding 20 uL of a 10 mM
solution of TSP in D,O subsequently to each well. One-
dimensional (1D) 'H NMR spectra were acquired on a Bruker
DPX-400 NMR spectrometer equipped with a 4 mm flow probe
and Gilson 215 autosampler. Following transfer of 175 uL of
each sample into the flow cell, data were acquired at 400 MHz
into 32K points using a spectral width of 5200 Hz, a 1D noesy-
presat pulse sequence with a relaxation delay of 1.5 s, mixing
time of 100 ms, and 128 transients per sample. Sample
temperatures were maintained at 300 K.

For MAS NMR analysis of liver tissue, samples (~10 mg)
were placed into a 4 mm zirconium oxide rotor to which a single
drop of D,O had been added to act as field frequency lock. The
rotor was inserted into a high-resolution MAS NMR probe on a
Bruker DPX 400 spectrometer and spun at frequencies between
2000 and 8000 Hz. The sample temperature was regulated at
278 K following calibration of the probehead temperature at the
selected spin speed (25). All spectra were acquired using
standard methods of water suppression. Conventional H NMR
spectra were acquired using 128 scans into 64K data points over
a spectral width of 6410 Hz with an acquisition time of 2.55 s
and a total pulse recycle delay of 5.56 s. Carr—Purcell—
Meiboom—Gill 1D H NMR spectra were acquired using 256
scans into 64K data points over a spectral width of 6410 Hz
with a spin—echo time of 80 ms. Double quantum filtered
correlation (DQF-COSY), total correlation (TOCSY, 150 ms
mixing time), heteronuclear single quantum correlation (HSQC),
and heteronuclear multiple bond correlation (HMBC) experi-
ments were acquired using standard pulse sequences. Typically,
for each experiment, 512 increments of 2K data points were
acquired with 32 scans per increment and a 'H spectral width
of 8000 Hz.

NMR Data Analysis. One-dimensional NMR data were
subjected to 0.15 Hz exponential line broadening, Fourier
transformed, phase corrected, and baseline optimized, and then
prepared for analysis by reducing the 10 to —0.2 ppm region
down to 256 buckets each of 0.04 ppm using the software
package AMIX (version 2.7, Bruker Analytische Messtechnik,
Rheinstetten, Germany). Regions of the spectrum containing
resonances from residual water or urea were removed prior to
analysis. The resulting bucketed urinary spectra were normal-
ized for concentration by dividing the intensity of each bucket
by the total integral of the spectrum. Multivariate statistical
analyses were performed using Pirouette (v 3.02, Infometrix
Inc., Woodinville, WA), mean centering data prior to PCA.

Results

In Vivo Toxicological Findings. In the first inves-
tigative study in rats (study A), nine females and two
males in the 500 mg/kg/day group died after urine
collection on the 5th day of the study. Substantial
increases in mean transaminase values (ALT and AST)
were seen in drug-treated females (5.1- and 3.6-fold),
whereas less severe increases were seen in drug-treated
males (1.4- and 1.6-fold), relative to controls. Pretest
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Figure 1. First two PCs obtained by PCA on all 60 drug day
4 samples, classified by gender and dose group.
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Figure 2. (A) PC1 v PC2 for female control (CF) and female
dosed (TF) drug day 4 urine samples. (B) Loadings plot for panel
A (comparison of CF and TF animals), highlighting resonances
at 1.54, 2.18, and 1.30 ppm as primary contributors to the
discrimination between CF and TF groups and resonances at
3.26 and 3.42 ppm dominating the variance within the TF group.

serum chemistry values were not obtained, but control
values for both ALT and AST were within the normal
limits of an historical data set for the same species and
strain of rat. At gross examination, an increase in mean
liver weight (adjusted for body weight) was seen in drug-
treated males and females (50 and 90%, relative to
controls) and corresponded with liver pallor in both sexes.
Upon histopathological examination of the liver, hepa-
tocellular vacuolation was seen in all drug-treated ani-
mals (15/sex). Approximately half of all drug-treated
animals also had hepatic single cell necrosis, focal
necrosis, and/or neutrophilic infiltration.

In the second 2 week study in rats (study B, with doses
of 100 and 250 mg/kg/day), eight of 15 females in the 250
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Figure 3. (A) Comparison of high field regions of the NMR
spectra from CF (red) and DF (blue) rats. Starred resonances
derive from excreted MrkA. (B) Reference spectra of analytical
grade suberic (middle) and sebacic (bottom) acid.

mg/kg/day group died the evening after the first dose
during the 18 h fast necessitated by urine collection for
metabonomic analysis. Surviving rats in the 250 mg/kg/
day group were subsequently sacrificed and necropsied.
For comparative purposes, a subset of animals in the
control and 100 mg/kg/day groups (five/sex) were also
sacrificed after the second dose and necropsied and
samples were collected for analysis. Following the first
dose, mean ALT values in the 250 mg/kg/day group were
increased 8.9- and 2.8-fold in female and male rats,
respectively. In the 100 mg/kg/day group, the mean ALT
value for females was increased approximately 4.1-fold
following the first dose, whereas ALT values were unaf-
fected in male rats at this dose. On subsequent days,
there were no effects on ALT values in females or males
in the 100 mg/kg/day group. At gross examination,
increased liver weights (adjusted for body weight) were
seen in both sexes in the 100 and 250 mg/kg/day groups
and corresponded with liver pallor. Upon histological
examination, hepatocellular vacuolation was seen in both
sexes in the 100 and 250 mg/kg/day groups and cor-
responded with the gross findings.

Metabonomic Characterization of Urine. NMR
data were acquired on urine samples collected on drug
day 4 of study A in which 30 male and 30 female rats
were administered either 500 mg/kg/day of MrkA or
vehicle (yielding 15 animals per dose/gender group). The
resulting NMR spectra were reduced to 256 intensity
variables of 0.04 ppm each, normalized by expressing the
intensity of each variable as a fraction of the total
intensity for the spectrum, mean centered, and subjected
to PCA. Initial inspection of the NMR spectra and
comparison of the latter with the NMR spectrum of MrkA
revealed that the urinary excretion of MrkA and related
metabolites was relatively low and had a minimal
contribution to the observed variance between samples
(however, regions containing identifiable drug resonances
were subsequently excluded from the input data set).
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Figure 4. Box plots indicating substantive differences in metabolite excretion between groups, obtained by measuring the integral
of a single, resolved resonance from each metabolite. The center line denotes the median value, the box represents the ranges of the
25—75th centiles, and the outer line represents the 10—90th centiles. The outer circles denote the total range of the data. (A) MrkA,
(B) suberic/sebacic/pimelic acids, (C) 1-methylnicotinamide, (D) succinate, (E) citrate, and (F) 2-oxoglutarate. The Y-axis is scaled

independently for each component.

Figure 1 shows a plot of the first two PCs for all 60
samples in study A, accounting for 69% of total variance,
classified as CM (control male), TM (treated male), CF
(control female), and TF (treated female). A clear dis-
crimination of treated from control animals is evident.
The separation of TF from CF samples is somewhat
greater than the separation of TM from CM and cor-
relates with the increased mortality, greater transami-
nase (AST/ALT), and liver weight increases seen in drug-
treated females, relative to males.

To remove residual variation due to gender differ-
ences, the PCA was recalculated for the 30 spectra
obtained for treated and CF animals only (Figure 2A).
Inspection of the corresponding loadings plot (Figure 2B)
highlights those resonances in the NMR spectra respon-
sible for the separation of samples. Treated and control
groups are separated from one another in PC1, with
increases in the intensities of resonances at 1.30—1.34,

1.54—-1.58, and 2.18—2.22 ppm and decreases in the
intensities of resonances at 7.82—7.86, 2.42—2.66, and
3.98, among others, contributing substantially to var-
iations in PC1. Interpretation of these data was as
follows, accomplished by inspection of the original
NMR spectra. Three TF animals clustering toward the
bottom right of the scores plot exhibited elevated levels
of taurine (3.26 and 3.42 ppm). Citrate, succinate, 2-0xo-
glutarate, and hippurate were depleted in urine from
treated animals of both sexes but with more pronounced
depletions in females. On inspection, 1-methylnicotina-
mide was also identified as being increased approxi-
mately 3-fold in TFs but was not significantly increased
in TMs.

Changes in the NMR spectra of treated animals at
1.30—1.34, 1.54—1.58, and 2.18—2.22 ppm were remark-
able in that they indicated the excretion of novel nonen-
dogenous species—a comparison of these regions of the
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NMR spectra for treated and control animals is shown
in Figure 3A. A directed search of library data using
AMIX with SBASE 1.1.2 indicated that two MCDAs,
sebacic and suberic acids, had chemical shifts consistent
with the novel species observed in treated animals
(Figure 3B). Pimelic acid, although not contained in
SBASE 1.1.2, has a similar NMR spectrum. These
dicarboxylic acids have closely related NMR spectra, but
NMR spectroscopy cannot easily determine their relative
concentrations. Two-dimensional homonuclear (DQF-
COSY, TOCSY) and heteronuclear (HSQC, HMBC) ex-
periments were acquired on a typical urinary sample and
on authentic reference standards to confirm the assign-
ment of these proton resonances as MCDAs. These data
were entirely consistent with the presence of a mixture
of suberic, sebacic, and/or pimelic acids. Qualitatively,
one or all were present in the urine from treated animals.
None are normally present in urine from healthy animals
but are typically observed as a consequence of impaired
fatty acid metabolism. A comparison of the relative levels
of selected urinary components in treated and control,
male and female animals is shown in Figure 4, calculated
by measurement of the peak area (arbitrary units) of a
resolved resonance for each component.

Metabonomic Characterization of Liver Tissue.
MAS *H NMR spectra were acquired at 400 MHz on liver
tissue taken at sacrifice from male rats treated for 2 days
with vehicle (n = 5), MrkA at 100 (n = 4, day 2) or 250
mg/kg/day (n = 5), or 15 days with vehicle (n = 5) or
MrkA at 250 mg/kg/day (n = 5) (study B). Spectra were
normalized relative to the trimethylamine oxide/betaine
resonance envelope at 3.26 ppm. Solution *H NMR
spectra were also collected on urine samples obtained
prior to sacrifice. Figure 5A shows representative 400
MHz MAS 'H NMR spectra of liver tissue samples from
animals treated for 2 days with vehicle, 100, or 250 mg/
kg/day MrkA. The levels of glycogen and a/$-glucose in
control samples were substantially lower (and in some
cases, below the limit of detection) as compared with
other literature reports (26), presumably because animals
were fasted prior to urine collection. All of the assigned
triglyceride resonances (26) were seen in the NMR
spectra of control samples; however, the broad resonance
(or resonances) at 2.81 ppm was only seen in the NMR
spectra of samples from treated animals. The relative
levels of triglycerides in the NMR spectra (as judged by
the peak area of the resonance at 1.30 ppm relative to
the resonance envelope at 3.26 ppm assigned to trim-
ethylamine oxide/betaine) are shown in Figure 5B. After
2 days dosing with MrkA at 100 mg/kg/day, triglyceride
levels, as judged by MAS NMR, were not significantly
elevated, while at 250 mg/kg/day an approximate 10-fold
increase in liver triglycerides was noted. By day 15, liver
triglyceride levels in animals treated at 100 mg/kg/day
showed an approximate 5-fold increase over controls. The
relationship between urinary MCDA excretion (as judged
by the intensity of the resonance envelope at 1.54 ppm)
and levels of liver triglycerides at sacrifice (as judged by
the intensity of the resonance envelope at 1.30 ppm) is
shown in Figure 5C (27). While liver triglyceride levels
were not significantly elevated by day 2 at 100 mg/kg/
day, urinary excretion of MCDAs at this dose level
showed a 2-fold increase. By day 15, urinary MCDA
excretion had returned to control levels in 100 mg/kg/
day treated animals, while liver triglycerides were now
slightly elevated (1.3-fold increase). Interestingly, the 250
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Figure 5. (A) Comparison of 'H HR-MAS NMR data acquired
on liver tissue taken from rats dosed with MrkA at (a) O, (b)
100, and (c) 250 mg/kg/day for 2 days. (B) Dose dependency of
triglyceride levels (peak area of 1.30 ppm resonance envelope)
on days 2 and 15 (mean =+ 1 SD). (C) Relationship between liver
triglyeride and urinary MCDA levels (peak area measurements
for selected resolved resonances) determined from tissue and
urinary *H NMR data.

mg/kg/day animal showing the smallest increase in liver
triglycerides exhibited concomitantly low urinary MCDA
excretion.

In Vitro Toxicological Studies with MrkA. In vitro
assessment of MrkA toxicity in precision-cut liver slices,
as determined by traditional measures of cell viability
(LDH leakage, protein synthesis, and intracellular ATP
and GSH concentrations), indicated that MrkA was toxic
at concentrations similar to those associated with toxicity
in vivo (Figure 6A). Concentrations of MrkA in the livers
of rats treated with MrkA at 250 mg/kg/day ranged
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Figure 6. In vitro toxicity of MrkA measured in rat liver slices. (A) LDH (®) released into the culture medium, and intracellular
GSH (0), ATP (v), and protein synthesis (V) after 24 and 48 h incubations. (B) Chain shortening of [*H]palmitate after incubation
for 4 h with MrkA (@) and a single concentration of etomoxir (®) as a positive control. Error bars show standard deviation of three

measurements.

between 50 and 300 uM. The in vitro toxicity was shown
to be concentration- and modestly time-dependent; how-
ever, these limited end points did not reveal clues about
the possible mechanism of toxicity. After the metabo-
nomic results were obtained, additional histopathological
results from subsequent studies at higher doses showed
oil red-O positive vacuolation in the liver of rats treated
with MrkA, possibly due to a steatosis resulting from the
disruption of fatty acid metabolism. The observation in
the in vivo studies that fasting caused histopathological
changes at doses where there was little or no effect in
nonfasted animals treated with MrkA further substanti-
ated inhibition of fatty acid metabolism as the mecha-
nism of toxicity (vide supra). Inhibition of fatty acid
oxidation might have been expected to cause a more
distinct effect on ATP concentrations in the liver slice
studies, but high concentrations of glucose and other
sources of energy (necessary to sustain viable slices) may
have maintained ATP despite inhibition of fatty acid
metabolism.

The ability of MrkA to directly inhibit fatty acid
oxidation was evaluated to confirm the metabonomic
findings. The B-oxidation of [*H]palmitic acid in the

absence and presence of MrkA was studied in precision-
cut liver slices prepared from naive rats. Soluble palmi-
tate products (chain shortened by f-oxidation) were
measured after a 4 h incubation of 30 uM [*H]palmitic
acid and various concentrations of MrkA (Figure 6B),
using a concentration of etomoxir known to inhibit chain
shortening, as a positive control (28). Inhibition of fatty
acid oxidation occurred at concentrations of MrkA sub-
stantially lower than those associated with overt toxicity,
a distinction that is expected when comparing specific
and general end points. The differences were not due to
variations in the concentrations of free vs protein-bound
drug in the incubation medium since differences in free
drug in the two assays were small (ca. 2-fold, data not
shown) as compared to the difference between inhibition
of -oxidation and toxicity (ca. 20-fold). Additional studies
demonstrated that MrkA inhibited -oxidation of palmi-
toyl-CoA and palmitoyl-carnitine in isolated liver mito-
chondria (data not shown).

Discussion

The initial in vivo toxicological findings provided no
insight into the mechanism of toxicity caused by MrkA.
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These results only showed toxicity of sufficient severity
to warrant termination of the development of the com-
pound. Only with the subsequent investigative in vivo
studies in rats was a toxicity associated with fasting
indicated. Indeed, this observation correlated with the
metabonomic findings and served to corroborate a finding
of disruption of fatty acid utilization. When rats fed ad
libitum were dosed at 100 mg/kg/day, they survived for
2 weeks with no signs of toxicity. In another study at
the same dose, when rats were fasted during the course
of the study, severe toxicity ensued. At a higher dose of
250 mg/kg/day, animals survived for 5 days when they
were not fasted but mortality occurred after a single dose
with fasting. These observations indicated a possible
perturbation of energy utilization that correlated with
the metabonomic findings.

Depletions in urinary excretion of the tricarboxylic acid
cycle intermediates citrate, 2-oxoglutarate, and succinate
are consistent with an increased cellular energy demand.
By themselves, these changes do not unambiguously
identify the toxicological event specific to the liver nor
do they indicate any specific mechanism of toxicity. A
useful general marker of hepatotoxicity is taurinuria (29),
and a small number of MrkA-treated females exhibited
elevated levels of urinary taurine. 1-Methylnicotinamide
synthesis has been shown to be upregulated (ca. 2—4-
fold higher) in both regenerating liver and thioacetamide-
treated liver slices as compared with control slices (30).
Perturbations in urinary hippurate excretion during
metabonomic studies have been previously noted and are
often associated with changes in feeding regimes (31, 32).
The concerted relative changes in excretion of these
endogenous metabolites may be sufficient to define a
unique metabonomic profile for the hepatotoxicity, but
by themselves, they do not identify the mechanism of
toxicity observed with MrkA.

A specific mechanism for the observed hepatotoxicity
of MrkA is suggested by the appearance of MCDAs. These
components are not normal constituents of urine; their
appearance is typically associated with defective fatty
acid metabolism, specifically the inhibition of early steps
in the g-oxidation pathway. For example, MCAD defi-
ciency, an inborn error of metabolism, is characterized
by the detection of dicarboxylic and hydroxy acids derived
from w-oxidation and w-1 oxidation, respectively, of
accumulating monocarboxylic acids (33—35). The tet-
rahydropyridine analogue of haloperidol causes elevation
of urinary dicarboxylic acids in the baboon, and this is
considered to be a consequence of a defect in mitochon-
drial respiration (36). The hepatotoxic component (hy-
poglycin A) of the unripe Jamaican ackee fruit also causes
profound hypoglycemia, depletion of liver glycogen, and
an associated dramatic increase in the excretion of
dicarboxylic acids such as ethylmalonic, glutaric, sebacic,
and suberic acids (37).

Histological changes seen in the livers of rats treated
with MrkA at 500 mg/kg/day were consistent with those
seen in patients with MCAD deficiency (specifically,
hepatomegaly with micro- or macrovesicular lipid ac-
cumulation) (38). Patients with MCAD deficiency and
individuals exposed to hypoglycin A suffer exacerbated
symptoms during conditions of fasting and hypoglycemia,
due to their inability to shift metabolism from use of
glucose to fatty acids. In this regard, it is notable that
we observed increased mortality of MrkA-treated animals
during the fasting conditions used for urine collection.

Mortishire-Smith et al.

Steatosis is not always associated with the degree of
toxicity observed here nor does it necessarily indicate that
toxicity is due to impairment of fatty acid oxidation.
However, in the case of MrkA, the combination of the
metabonomic findings, the association of toxicity with
fasting, and the demonstrated potent in vitro inhibition
of fatty acid oxidation are consistent with the conclusion
that MrkA toxicity was due directly to an impaired
p-oxidation pathway.

Conclusion

Characterization of the urinary metabonome was the
key step in rapidly ascertaining the likely mechanism of
toxicity and led to the development of appropriate in vivo
and in vitro experiments confirming that MrkA impaired
fatty acid metabolism. Further studies on other com-
pounds in comparable situations are needed to determine
how substantial the role of metabonomics will be in drug
development and discovery.
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