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The time-related metabolic events in rat liver, plasma, and urine following hepatotoxic insult with allyl
formate (75 mg/kg) were studied using a combination of high-resolution liquid state and magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopic methods together with pattern
recognition analysis. The metabonomics results were compared with the results of conventional plasma
chemistry and histopathological assessments of liver damage. Various degrees of liver damage were
observed in different animals, and this variation was reflected in all of the analyses. Furthermore, each
analysis revealed a high degree of functional and structural recovery by the end of the study. The allyl
formate-induced changes included hepatocellular necrosis, hepatic lipidosis, decreased liver glycogen
and glucose, decreased plasma lipids, increased plasma creatine and tyrosine, increased urinary taurine
and creatine, and decreased urinary TCA cycle intermediates. The observed reductions in hepatic
glycogen and glucose suggest increased glucose utilization and are consistent with the expected
depletion of hepatic ATP following mitochondrial impairment, assuming that there is a consequent
increase in energy production from glycolysis. The increase in plasma tyrosine is consistent with
impaired protein synthesis, a known consequence of ATP depletion. Partial least squares-based cross-
correlation of the variation in the liver and plasma NMR profiles indicated that the allyl formate-induced
increase in liver lipids correlated with the decrease in plasma lipids. This suggests disruption in lipid
transport from the liver to plasma, which could arise through impaired apolipoprotein synthesis, as
with ethionine.
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Introduction

Metabonomics offers many opportunities for the study of
metabolic perturbation in whole organisms and has been
defined as “the quantitative measurement of the multipara-
metric metabolic response of living systems to pathophysi-
ological stimuli or genetic modification”.1 We and others have
shown that this approach can provide valuable information on

toxin-induced biochemical perturbations in a variety of bio-
fluids, with metabolic profiles carrying both site- and mecha-
nism-related information, and that the approach can be
regarded as complementary to genomics and proteomics
approaches.2-5 The main analytical methods used so far to
generate metabonomic (and metabolomic) data in mammalian
systems are Nuclear Magnetic Resonance (NMR) spectroscopy
and Liquid Chromatography coupled to Mass Spectrometry
(LC-MS).1,2,6,7 Most metabonomic studies have utilized biof-
luids as noninvasive or minimally invasive reporters of system
level biochemical change, but over recent years, the develop-
ment of high-resolution magic-angle-spinning (HRMAS) as a
1H NMR technique for studying samples of tissues such as liver
and kidney has allowed detailed metabolic information to be
obtained without tissue disruption, and this has become a
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useful adjunct to biofluid NMR studies.8-11 MAS NMR involves
rapid spinning of the sample (typically at 4-6 kHz) about an
axis with an angle of 54.7° relative to the applied magnetic field,
thus, reducing the line broadening effects from magnetic field
inhomogeneity, chemical shift anisotropy, residual dipolar
couplings, and sample heterogeneity.12 MAS NMR spectroscopy
is a nondestructive technique requiring small amounts of
sample (ca. 8-12 mg) and minimal sample preparation.13 High-
resolution 1H MAS NMR spectroscopy has been successfully
applied in the study of biological samples such as liver, kidney,
intestine, cardiac tissue, human prostate, and human breast
tissue.14-19 Pattern recognition methods enable the convenient
visualization of spectral changes in NMR data and are useful
for the detection of specific biomarkers of toxicity and for
disease diagnosis.20-22 Such multivariate analysis can also be
used to visualize inherent clustering behavior for organ-specific
toxins according to their toxic mechanism. The ability to
monitor many compartments using metabolic profiling of
biofluids and tissues has allowed us to cross-relate system level
reporters during the development of organ failure caused by
toxins.15,17 Here, we apply this integrated approach in a study
of the effects of a model periportal hepatotoxin, allyl formate.
Furthermore, we report an advance on previous data integra-
tion procedures for system level biochemical information
recovery in which metabolic profiles from liver and plasma
samples taken at the same time are statistically correlated with
one another by means of partial least squares (PLS).

Materials and Methods

In-Life Study. All studies were conducted in accordance to
the requirements of the relevant national legislation and local
guidelines. Twenty male Sprague-Dawley rats (250 g, Charles
River, St. Germain-sur-l’Abresle, France) were acclimatized in
individual metabolic cages with free access to water and a
standard rodent diet (diet A04C, Usine d’Alimentation Ra-
tionnelle, Villemoisson-sur-Orge, France). On day 1, 10 of the
20 rats were injected intraperitoneally with 75 mg/kg of allyl
formate (AF) in saline, while the other 10 were injected
intraperitoneally with saline only. Five animals of each treat-
ment group were euthanized using CO2 at day 2 and the
remainder at day 8. Individual pre- and post-dose urine
samples were collected into ice-cooled vessels containing
sodium azide (0.1 mL of a 100 mg/mL solution) for 7 h daily
with an additional overnight urine collection following the
initial 7 h collection on the day of dosing. Individual blood
samples were taken under isoflurane anaesthesia from the
orbital sinus, immediately prior to euthanasia. These were
collected into standard vials containing heparin as an anti-
coagulant, and the plasma was separated by centrifugation.

Necropsy and Histopathology. Necropsy was carried out
immediately after euthanasia. The liver was weighed, and
duplicate samples (ca. 20 mg each) of the left liver lobe were
immediately snap-frozen in liquid nitrogen and stored for
subsequent NMR analysis. The remaining liver tissues were
fixed and embedded in paraffin wax, sectioned (4-6 µm), and
stained with hematoxylin and eosin for histopathological
assessment. Selected liver samples were also stained with Oil
Red O and using the Periodic Acid-Schiff (PAS) method to
reveal lipid and glycogen deposition patterns, respectively.23-25

Clinical Chemistry. Clinical chemistry was carried on a
Monarch 200 centrifugal analyzer (Instrumentation Laboratory,
Warrington, U.K.). The plasma parameters urea, glucose, total
bile acids (TBA), total cholesterol, triglycerides, albumin, total

protein (TP), bilirubin, alkaline phosphatase, aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), 5′-nucle-
otidase (5′-NT), and γ-glutamyltransferase (GGT) were mea-
sured. The albumin/globulin ratio (A/G) was calculated as
albumin/(total protein-albumin).

1H HR MAS NMR Spectroscopy of Intact Liver. The liver
tissue samples were analyzed by 1H MAS NMR spectroscopy
at 400.13 MHz using a Bruker AV-400 spectrometer (Bruker
Biospin, Rheinstetten, Germany) equipped with a high-resolu-
tion magic-angle-spinning (HRMAS) probe head with a magic
angle field gradient coil. Each sample (approximately 12 mg)
was rinsed in saline D2O, placed in a 4 mm zirconium oxide
rotor, and spun at 4 kHz. To avoid sample degradation, the
NMR spectra were acquired at an external temperature of 276
K as measured by a Bruker VTU 3000 temperature control unit.
In total, 512 transients were collected into 16K data points using
a spectral width of 8 kHz and a standard 1D pulse sequence
for solvent presaturation suppression (RD-90°-t1-90°-tm-90°-
acquire data) with irradiation at the water frequency during
the relaxation delay, RD, of 2 s and during the mixing time, tm,
of 100 ms. The chemical shifts were referenced to that of the
anomeric proton resonance of R-glucose (δ 5.233).

1H NMR Spectroscopy of Blood Plasma. The plasma samples
were prepared for NMR analysis by mixing 150 µL of plasma
with 350 µL of saline (0.9% w/v NaCl in a mixture of 10% v/v
D2O and 90% v/v H2O). The samples were analyzed by 1H NMR
spectroscopy at 600.13 MHz using a Bruker AMX-600 spec-
trometer. The data were acquired at a nominal 310K with 64
transients being collected into 64K data points using the
standard 1D pulse sequence with solvent presaturation sup-
pression given above. A spectral width of 10 kHz and an
acquisition time per scan of 3.28 s were used. Water suppres-
sion irradiation was applied during RD (3 s) and during the
mixing time, tm, of 100 ms. Chemical shifts were referenced to
that of the anomeric proton resonance of R-glucose taken as δ
5.233. Standard Carr-Purcell-Meiboom-Gill (CPMG) spin-
echo spectra were also acquired for 128 transients using the
pulse sequence (RD-90°-(τ-180°-τ)n-acquire) with a total spin-
spin relaxation delay, 2nτ, of 87.8 ms. The CPMG spectrum
emphasizes resonances from metabolites having unconstrained
molecular motion (short rotational correlation time) with the
resonances of high molecular weight compounds being at-
tenuated via T2 relaxation in the 2nτ spin-spin relaxation delay
period.26

1H NMR Spectroscopy of Urine. Urine samples were pre-
pared by mixing 200 µL of phosphate buffer (81:19 v/v mixture
of 0.2 M Na2HPO4 and 0.2 M NaH2PO4; pH 7.4) with 400 µL of
urine. The urine-buffer mixture was left to stand for 10 min
at room temperature and then centrifuged at 13 000 rpm for a
further 10 min. The clear supernatant (500 µL) was then
pipetted into a 5 mm NMR tube together with 50 µL of TSP/
D2O. The former served as a chemical shift reference (δ 0.0),
and the latter served as a field-frequency lock. The urine
samples were analyzed at 303 K by 1H NMR spectroscopy at
600.13 MHz using a Bruker AMX-600 spectrometer. In total,
64 transients were collected into 64K data points using the
standard 1D pulse sequence with solvent presaturation sup-
pression as given above and with irradiation at the water
frequency during RD (3 s) and during the mixing time, tm, of
100 ms.

Multivariate Statistical Data Analysis. Fourier transformed
1H NMR spectra were manually phased and baseline-corrected
using XWINNMR 3.5 (Bruker Biospin, Rheinstetten, Germany).
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By the use of an in-house-developed MATLAB routine (Olivier
Cloarec, unpublished), the MAS NMR and plasma NMR spectra
were reduced to 30 999 data points over the range of δ 0.2-
8.6 after removal of the water resonance region (δ 4.5-5.0).
The urine NMR spectra were reduced to 26 999 data points over
the range of δ 0.5-9.0 after removing the water and urea
resonance region (δ 4.5-6.4). These data were scaled prior to
chemometrics to give the same total integration value (100%)
for each spectrum (biofluid or liver). While such scaling is
standard practice, it means that the output of the subsequent
multivariate statistical analyses must be interpreted with cau-
tion with any changes being relative to the total spectral
integration rather than absolute. Furthermore, a large increase,
for instance, in one component could cause apparent relative
decreases in others.

Principal Component Analysis (PCA) with mean centering
was carried out on each type of NMR data separately using
the SIMCA-P 10.5 software (Umetrics, Umeå, Sweden) in order
to discern the presence of inherent similarities of spectral
profiles. Partial Least Squares (PLS) analysis with mean center-
ing was also carried out in order to investigate the possibility
of a correlation between the changes observed in the plasma
and the changes observed in the liver. PLS is designed to relate
two data matrices, X (in this case liver NMR) and Y (in this
case plasma NMR), with each other by means of a linear

multivariate model. It provided a means to model the liver
NMR and plasma NMR data matrices as well as to identify input
and process variables (liver NMR) that are responsible for the
change in the output variables (plasma NMR) with the aim of
maximizing the correlation between liver and plasma data.
O-PLS-DA with unit variance scaling was carried out on
concatenated liver and plasma NMR data as well as on urine
NMR data using the method described previously by Cloarec
et al.27 in order to remove confounding variation and focus
solely on the effects of AF. The O-PLS-DA approach involved
decomposing the variation in X (the NMR data) into three parts,
the first being the variation in X related to Y (the class variable),
and the last two containing the specific systemic variation in
X and residual, respectively.27 The contribution of each me-
tabolite to sample classification is interpreted using the load-
ings with back-scaling transformation as well as weight of the
variable contributing to the discrimination in the models.27 The
colors projected onto the spectrum indicate the correlation of
NMR data with the class of treatment with red corresponding
to a high correlation and blue indicating no correlation with
sample class, as calculated from the correlation matrix with
back-transformation using the covariance in order to preserve
the original spectral data structure. The results from the NMR
and multivariate analysis were then compared with those from
histopathology and clinical chemistry to provide a compre-

Figure 1. Effects of allyl formate hepatotoxicity as visualized using 1H MAS NMR spectroscopy of intact rat liver. (A) Control liver; (B)
liver from an allyl formate-dosed animal. All spectra are from animals sampled on day 2. (C) PCA scores plot (first two PCs) of the 1H
MAS NMR spectra of day 2 liver samples from allyl formate-dosed (red circles) and control (black circles) rats, and (D) the corresponding
first component loadings plot. Key to numbering in Table 1.
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hensive analysis of time-related toxic effects and to allow
characterization of key metabolic events during the toxic insult.

Quantitation of Components of 1H NMR Spectra. Selected
urinary components were quantified relative to creatinine and
allantoin. Plasma tyrosine was quantified by reference to the
clinical chemistry values for glucose. Quantitation of liver
components is less certain, but spectral changes relating to
certain components were confirmed by rerunning samples with
a weighed piece of silicone rubber added as an internal
standard.

Results and Discussion

Histopathology and Clinical Chemistry. Histopathology
revealed periportal to diffuse lobular haemorrhagic coagulative
liver necrosis in all AF-dosed animals sampled on day 2 with
one animal showing mild necrosis, two animals showing
moderate necrosis, and two animals showing severe necrosis.
All AF-dosed animals sampled on day 8 showed multifocal
chronic postnecrotic hepatic inflammation. In the AF-dosed
animals sampled on day 2, plasma levels of ALT, AST, TBA,

Table 1. 1H Chemical Shift Assignment of the Metabolites in Liver, Plasma, and Urine Perturbed after Treatment with Allyl
Formatea

biological matrices keyb metabolites moieties δ 1H (ppm) and multiplicity

liver 1 lipids CH3 0.89(m)
2 lipids (CH2)n 1.27(m)
3 alanine CH3 1.47(d)
4 lipids CO-CH2-CH2 1.61(m)
5 lipids CH2-CdC 2.0(m)
6 lipids CH2-CdO 2.3(m)
7 glutamate CH2 2.36(m)
8 glutamine CH2 2.44(m)
9 lipids dC-CH2-Cd 2.78(m)
10 choline N-(CH3)3, RCH2 3.20(s), 4.05(t)
11 TMAO N-(CH3)3 3.27(s)
12 taurine S-CH2 3.40(t)
13 glucose/glycogen/R-H amino acids ring protons/R-CH 3.35-4.00
14 R-glucose CH 5.23(d)
15 glycogen CH 5.38-5.45
16 lactate RCH, âCH3 4.11(q), 1.32(d)
17 unsaturated lipids -CHdCH- 5.3(m)

plasma 1, 2 leucine γCH3,δCH3 0.91(d), 0.94(d)
3 valine γCH3 0.98(d)
4, 5 isoleucine γCH3,δCH3 0.99(t), 1.02(d)
6 U1 - 1.06-1.07
7 isobutyrate CH3 1.13(d)
8 acetoacetate CH3 2.29(s)
9 lipid CO-CH2 2.23(m)
10 pyruvate CH3 2.41(s)
11 glutamine γCH2 2.44(m)
12 lipids (VLDL/LDL) -CH3 0.87 (t)
13 lipids (VLDL/LDL) -CH2- 1.29(m)
14 lactate RCH, âCH3 4.11(q), 1.32(d)
15 lipids (VLDL/LDL) -(CH2)n 1.57(m)
16, 17 arginine/lysine âCH2, γCH2 1.89(m), 1.72(m)
18 N-acetyl glycoproteins CH3 2.04 (s)
19 methionine S-CH3 2.13(s)
20 creatine N-CH3, CH2 3.03(s), 3.92(s)
21 choline N-(CH3)3 3.20(s)
22 unsaturated lipids -CHdCH- 5.3(m)
23 phenylalanine ring-CH 7.40(m), 7.33(m), 7.35(m)
24 3-D-hydroxybutyrate γCH3 1.20(d)
25 alanine CH3 1.46(d)
26 acetate CH3 1.91(s)
27 citrate CH2(1/2), CH2(1/2) 2.55(d), 2.65 (d)
28 taurine S-CH2 3.40(t)
29 glucose/amino acids resonances ring protons/R-CH 3.40-4.00
30 TMAO N-(CH3)3 3.27(s)
31 R-glucose CH 5.23(d)
32 tyrosine CH, CH 7.16(m), 6.87(m)

urine 1 N-acetyl glycoproteins CH3 2.04 (s)
2 succinate CH2 2.42(s)
3,6 2-oxoglutarate CH2, CH2 2.45(t), 3.01(t)
4 citrate CH2(1/2), CH2(1/2) 2.55(d), 2.65(d)
5 dimethylglycine CH3 2.93(s)
7 TMAO N-(CH3)3 3.27(s)
8,9 taurine N-CH2, S-CH2 3.26(t), 3.40(t)
10 creatine N-CH3, CH2 3.03(s), 3.92(s)
11 hippurate RCH, mCH, pCH, oCH 3.97(d), 7.55(t), 7.64(t), 7.84(d)
12 creatinine N-CH3, CH2 3.04(s), 4.05(s)
13 phenylacetylglycine (PAG) CH, CH, CH 7.35(d), 7.35(t), 7.42(t)

a Keys: s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet, dd: doublet of doublet, U1, unidentified. b Numbers correspond with metabolites position
on NMR spectra in Figures.
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and GGT were increased, and the levels of plasma triglycerides,
albumin, and TP were decreased in comparison to the day 2
controls. On day 2, the average AF-induced decrease in plasma
triglycerides was 54%.

Characterization of AF Effects on the Liver Metabolite
Profiles. A typical 1H HRMAS NMR spectrum of intact liver
tissue from a control rat acquired using the standard 1D pulse
sequence for solvent suppression is shown in Figure 1A. The
main peaks arise from glucose, glycogen, TMAO, and lipid
moieties, mainly triglycerides and phospholipids (Table 1).28,29

A similar pattern of changes occurred in all the AF-dosed
animals sampled on day 2, with relative increases in lipid
signals at δ 0.90 and δ 1.30, relative decreases in the glucose
resonances in the region of δ 3.40-4.00 and δ 5.23, and relative
decreases in the glycogen signals at δ 5.42 and δ 3.80 (Figure
1B). Visual inspection of these spectra revealed that the extent
of the changes to the lipid peaks broadly reflected the extent
of the necrosis identified by histopathology with 2/5 animals
showing the smallest changes in these NMR signals, one
showing intermediate change in lipids, and the remaining two
showing the largest changes in total lipid intensity. In contrast,
the AF-dosed animals sampled at day 8 showed only minor
changes compared to controls. A PCA scores plot derived from

the day 2 data shows two clusters of samples relating to control
and AF-dosed animals with no overlap between the two groups
(Figure 1C). The corresponding loadings plot (Figure 1D)
confirmed the relative spectral changes identified above.

Characterization of AF Effects on the Plasma Metabolite
Profiles. A typical 1H CPMG NMR spectrum of a control blood
plasma is shown in Figure 2A and shows resonances from a
range of abundant low molecular weight metabolites with little
contribution from the high molecular weight moieties (Table
1). Most resonances have been assigned previously, and the
compounds detected include lipoproteins, both R- and â-ano-
mers of glucose, and various low molecular weight metabolites
such as lactate, pyruvate, valine, and alanine.28,29 Clear differ-
ences from controls were observed in the day 2 plasma spectra
of the AF-dosed animals with marked increases in the creatine
signals at δ 3.04 and δ 3.92. Additionally, 4/5 animals showed
an increase in tyrosine, and 4/5 animals showed an altered
lipoprotein profile (Figure 2B). No significant changes were
observed in the day 8 plasma profiles of the AF-dosed animals
as compared to controls. A PCA scores plot (Figure 2C) derived
from the day 2 1H NMR plasma spectra shows two distinct
clusters relating to control and AF-dosed animals. From the
PC loadings (Figure 2D), the metabolites discriminating be-

Figure 2. Effects of allyl formate hepatotoxicity as visualized using CPMG 1H NMR spectroscopy of rat plasma. (A) Control plasma; (B)
plasma from an allyl formate-dosed animal. All spectra are from animals sampled on day 2. (C) PCA scores plot (first two PCs) of the
1H NMR CPMG spectra of day 2 plasma samples from allyl formate-dosed (red circles) and control (black circles) rats, and (D) the
corresponding first component loadings plot. Note: One control sample was excluded due to imperfect water suppression. Key to
numbering in Table 1.
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tween the control and dosed animals include lipids (lower in
dosed animals) and acetate, N-acetylated compounds, pyru-
vate, and creatine, and tyrosine (all higher in dosed animals).

The Effects of AF on Urinary Metabolite Profiles. The effects
of AF treatment on endogenous urinary metabolites were
assessed using the sequence of daily urine samples from
animals euthanized at day 8. AF induced marked changes in
the endogenous urinary metabolites, and the overall pattern
of changes was strongly suggestive of hepatotoxicity.11,14,17 The
dominant changes observed were increases in creatine, taurine,
and phenylacetylglycine (PAG), and decreases in succinate,
citrate, 2-oxoglutarate, TMAO, and hippurate (Figure 3). 3-Hy-
droxypropylmercapturic acid (3-HPMA), an N-acetyl cysteine
conjugate derived from AF, was also detected in day 1 (0-7 h)
and day 1 (7-24 h) urine samples from the AF-dosed group.
The presence of 3-HPMA in the urine is consistent with the
metabolism of AF to toxic acrolein and the formation of a
glutathione conjugate.30-33

To investigate the time course of metabolic events in the
rat following dosing of allyl formate, mean PC scores trajec-
tories were calculated from the first two PCs of the normalized
1H NMR spectra of urine, describing 66% of the total variance
in the original data. The day 1 data were excluded from this

analysis because of the presence of 3-HPMA. In the mean
trajectory analysis, the degree of movement away from the
control space indicates the magnitude of the metabolic effect
after AF treatment. Maximum effects were reached at day 3
with apparent recovery by day 6. The modeled metabolic
evolution comprised three distinct phases. In phase one,
corresponding to movement to the day 2 time point, the
trajectory of the urine sample coordinates moved away from
the predose position along the first component. Thereafter, in
phase two, corresponding to movement to the day 3 time point,
the trajectory changes direction moving away from the origin
along the second component. Finally, in phase three, corre-
sponding to movement to the day 7 time point, the trajectory
returned to within the predose space indicating recovery.
Focusing, in a further PCA, on the urinary changes observed
at day 2, a PC scores plot shows two clusters of samples relating
to control and AF-dosed animals (Figure 4A). The correspond-
ing coefficients plot calculated from O-PLS-DA (Figure 4B)
indicated that urine from the AF-dosed rats exhibited lower
levels of hippurate, 2-oxoglutarate, succinate, citrate, and
trimethylamine-N-oxide (TMAO) and higher levels of phenyl-
acetylglycine (PAG), N-acetyl glycoproteins, creatine, and tau-
rine than the urine from the controls.

Figure 3. A series of 600 MHz 1H NMR spectra (δ 0.0-9.0) of urine from an AF-dosed animal at (A) predose, (B) day 1, (C) day 2, and
(D) day 7. Key: M* is 3-HPMA, a metabolite of AF. Key to numbering in Table 1.
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Integrated Analysis of the Effect of Allyl Formate in the
Rat. All the analyses performed (histopathology, plasma chem-
istry, liver NMR, plasma NMR, and urine NMR) revealed

substantial AF-induced changes and a high degree of recovery
by the end of the study. The changes observed on day 2 are
summarized in Table 2. Substantial interanimal variation in the

Figure 4. (A) PCA scores plot (first two PCs) derived from 1H NMR spectra of day 2 urine samples from allyl formate-dosed (red circles)
and control rats (black circles), and (B) O-PLS-DA coefficients related to the urinary NMR-based discrimination of control and allyl
formate-dosed animals on day 2 (Q2Y ) 64.1%). The aromatic spectral region (δ 6.8-8.8) is shown in the inset. Key to numbering in
Table 1.

Table 2. The AF-induced Changes Observed on day 2 in the Liver, Blood Plasma, and Urinea

allyl formate (75 mg/kg)

liver NMR plasma NMR urine NMR

histopathology
plasma

chemistry
metabolite

(/)
correlation
coefficients

metabolite
(/)

correlation
coefficients

metabolite
(/)

correlation
coefficients

Periportal to AST: v (***) Glycogen (16) V -0.97 VLDL (13) V -0.99 Hippurate (11) V -0.81
diffuse lobular ALT: v (***) Glucose (15) V -0.96 LDL (12) V -0.99 Succinate (2) V -0.76
haemorrhagic TBA: v (***) Lipids (9) v 0.91 N-acetyl glycoproteins (18) v 0.94 N-acetyl glycoprotein (1) v 0.75
coagulative GGT: v (***) Lipids (5) v 0.89 Methionine (19) v 0.94 2-oxoglutarate (3) V -0.73
necrosis with Triglycerides: V (***) Taurine (13) V -0.89 Isoleucine (1) v 0.91 PAG (13) v 0.73
various degree Albumin: V (**) Alanine (3) v 0.88 Unsaturated lipids (22) V -0.85 Citrate (4) V -0.65
of severity. TP: V (***) Lipids (4) v 0.77 Creatine (20) v 0.84 Creatine (10) v 0.61

Lipids (18) v 0.73 Arginine/Lysine (17) v 0.83 TMAO (7) V -0.54
‘Choline’ (11) v 0.59 Glutamine (11) v 0.81 Taurine (9) v 0.43
Lactate (17) v 0.52 ‘Choline’ (21) V -0.78
TMAO (12) V -0.5 Phenylalanine (23) v 0.77
Lipids (2) v 0.36 Tyrosine (32) v 0.72
Lipids (1) v 0.018 Pyruvate (10) v 0.66

Leucine (3) v 0.58
Acetate (28) v 0.53
Acetoacetate (8) v 0.53
3-D-hydroxybutyrate (26) v 0.52

a Key: Statistics, significant difference at (**) p < 0.01, and (***) p < 0.001 confidence level; * numbers correspond to the metabolite peak positions on NMR
spectra in Figures; the correlation coefficients shown are based on O-PLS-DA analysis of a two-class model (control and dosed), positive value indicate an
increase of the metabolite in the dosed group (also indicated by an up-arrow). ‘Choline’ indicates choline or choline-containing compounds such as
phosphatidylcholine.
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extent of the AF-induced changes was seen in all the analyses
performed (i.e., by histopathology; by clinical chemistry; and
in the NMR analysis of the urine, plasma, and liver). Interest-
ingly, the animals showing the greatest degree of liver necrosis
and the biggest increases in plasma AST and ALT also showed
the biggest relative increases in liver lipids as observed by MAS
NMR. Thus, these findings indicate that the NMR analysis of
the liver is detecting a toxicologically relevant change (i.e.,
lipidosis) that was not revealed by histopathology. The O-PLS-
DA coefficients of the concatenated day 2 liver and plasma
NMR data (Figure 5) indicate AF-induced hepatic lipidosis with
significant increases in liver lipids and lower levels of hepatic
glucose, glycogen, taurine, and TMAO. In addition, the coef-
ficients also indicate increases in liver alanine and in choline-
containing compounds. The O-PLS-DA coefficients also indi-
cate reduced levels of lipids and choline-containing compounds

in the plasma of AF-dosed animals in comparison with the
controls, together with increased levels of creatine, N-acetylated
compounds, acetate, acetoacetate, and 3-D-hydroxybutyrate.
The O-PLS-DA also indicated AF-induced increases in the levels
of plasma amino acids including lysine, isoleucine, leucine,
phenylalanine, glutamine, tyrosine, and methionine in decreas-
ing order of influence on class separation.

The indicated AF-induced increase in plasma tyrosine was
confirmed and suggests impaired protein synthesis within the
liver where tyrosine is normally converted to p-hydroxyphe-
nylpyruvate through the action of tyrosine aminotransferase
(TAT), which is an unusually short-lived enzyme with a half-
life of about 2.5 h.34 Thus, AF-induced impairment of hepatic
protein synthesis could rapidly lead to TAT depletion and to
consequent increases in tyrosine in the liver and blood. The
indicated increases in the levels of some other amino acids, in

Figure 5. (A) O-PLS-DA coefficients related to the discrimination between allyl formate-dosed and control rats in concatenated 1H
NMR spectra of day 2 liver and plasma samples (Q2Y ) 90.7%). (B) An expansion of the coefficients relating to the liver data. (C)
Expansions of the coefficients relating to the plasma data. Key to numbering in Table 1.
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particular isoleucine and leucine, are also suggestive of per-
turbed protein synthesis.

Reduced urinary excretion of the citric acid cycle intermedi-
ates, succinate, citrate, and 2-oxoglutarate, is a common
response to hepatotoxins and suggests perturbed energy
metabolism. The observed decreases in liver glycogen and
glucose suggest increased energy demand, with possible in-
creases in glycogenolysis and glycolysis, which is consistent
with previous studies indicating that AF and acrolein cause
severe depletion of hepatic ATP and inhibition of mitochondrial
respiration.35-44

PLS cross-correlation of the variation in the day 2 liver and
plasma NMR data (Figure 6A) showed two clusters of samples
relating to control and AF-dosed animals. The corresponding
loadings plot (Figure 6B) revealed an AF-induced increase in
liver triglycerides that appeared to correlate to a decrease in
plasma lipids, which could indicate reduced lipid transport
from the liver to the plasma, as in the case of the changes
induced in rats by ethionine where ATP depletion leads to
impaired protein synthesis and to a subsequent increase in liver
triglycerides.45,46

In the present study, AF-induced decreases in TMAO were
observed in both liver and urine. A major route of biosynthesis
of TMAO starts from the degradation of dietary choline, which
is first metabolized to trimethylamine (TMA) by the enzymes
of the gut microflora.47,48 The TMA produced is then normally
oxidized to TMAO by the flavin monooxygenase system of the
liver, and TMAO is subsequently excreted in the urine.47-51

Thus, the observed TMAO changes in AF-dosed animals could
potentially reflect a variety of factors such as reduced food
intake, disruption of intestinal bacteria, or disruption of liver
function. The possibility of an AF-induced effect on the gut
microflora is also suggested by the urinary changes in hippurate
and phenylacetylglycine (PAG), since their precursors, benzoic
acid and phenylacetic acid, are produced by bacterial metabo-
lism in the intestine.52-59 Furthermore, changes in urinary
hippurate and PAG have been previously linked to the effects
of xenobiotics on the intestinal microfloral metabolism of plant
phenolics.59 However, as with TMAO, the liver also has a major
role in the production of hippurate and PAG, with glycine
conjugation of the precursor acids being performed by the
hepatic mitochondria.55,57 Thus, AF-induced disruption of liver
function, and in particular of mitochondrial function, could

potentially be involved in the observed decrease in urinary
hippurate.55 However, the observed increase in urinary PAG
cannot be similarly attributed to mitochondrial impairment,
and one possibility is that glycine conjugation proceeds
normally, but an increase in phenylacetic acid production leads
to a reduction in the amount of glycine that is available to
conjugate with benzoic acid.52

Conclusion
The present study demonstrates the benefit of metabonomic

analysis of multiple biological compartments with each sample
type giving a different insight into the effects of the toxin. In
particular, the integrated NMR analysis of both liver and plasma
samples, collected at the same point in the study, 1 day after
AF-dosing, points to depletion of hepatic energy reserves, to
impairment of hepatic protein synthesis, and to hepatic lipi-
dosis arising from a consequent inability to transport lipids
from the liver to the plasma.

Abbreviations: 3-HPMA, 3-hydroxypropyl mercapturic acid;
AF, allyl formate; CPMG, Carr-Purcell-Meiboom-Gill; GSH,
glutathione; MAS, magic angle spinning; NMR, nuclear mag-
netic resonance; O-PLS-DA, orthogonal signal correction-
Projection to latent structure-discriminant analysis;PLS, partial
least squares; PAG, phenylacetylglycine; TMAO, trimethyl-
amine-N-oxide; TSP, sodium 3-trimethylsilyl-[2,2,3,3-2H4]-1-
propionate.
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