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NMR and pattern recognition studies on liver extracts and intact livers
from rats treated with a-naphthylisothiocyanate
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Abstract

The metabolite profiles from livers of toxin-treated rats were investigated using high resolution 'H NMR spectroscopy of aqueous
(acetonitrile/water), lipidic (chloroform/methanol) extracts and magic angle spinning (MAS)-NMR spectroscopy of intact tissue. Rats were
treated with the model cholestatic hepatotoxin, o-naphthylisothiocyanate (ANIT, 150 mg/kg) and NMR spectra of liver were analysed using
principal components analysis (PCA) to extract novel toxicity biomarker information. 'H NMR spectra of control aqueous extracts showed
signals from a range of organic acids and bases, amino acids, sugars, and glycogen. Chloroform/methanol extracts showed signals from a
range of saturated and unsaturated triglycerides, phospholipids and cholesterol. The MAS "H NMR spectra of livers showed a composite of
signals found in both aqueous and lipophilic extracts. Following ANIT treatment, 'H NMR-PCA of aqueous extracts indicated a progressive
reduction in glucose and glycogen, together with increases in bile acid, choline, and phosphocholine signals. '"H NMR-PCA of chloroform/
methanol extracts showed elevated triglyceride levels. The 'H MAS-NMR-PCA analysis allowed direct detection of all of the ANTT-
induced tissue perturbations revealed by 'H NMR of extracts, enabling metabolic characterisation of the lesion, which included steatosis,
bile duct obstruction and altered glucose/glycogen metabolism. MAS-NMR spectroscopy requires minimal sample preparation and, unlike
"H NMR spectroscopy of tissue extracts, does not discriminate metabolites based on their solubility in a particular solvent and so this is a
particularly useful exploratory tool in biochemical toxicology. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

High resolution 'H magic angle spinning (MAS)-NMR
spectroscopy promises to be a powerful technique for
investigating the metabolic state of various intact tissues
in the areas of drug toxicology [1-3] and disease diagnosis
[4,5]. For nonrigid solid materials or highly viscous
liquids, high resolution 'H MAS-NMR spectroscopy offers
an approach whereby some of the major line broadening
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contributions attributable to restricted molecular motion
and field inhomogeneity in biological tissues are reduced
considerably [6]. High resolution 'H NMR spectroscopic
studies on extracts of excised tissues, normally requiring
relatively large amounts of tissue (>0.25 g), are usually
extracted via protein precipitation methods to enable the
collection of high resolution spectra without interference
from cellular proteins. MAS-NMR spectroscopy of tissues
is nondestructive, requires no sample preparation and
additionally allows molecular compartmentation and
dynamic interactions to be investigated [3,7-12].

The 'H MAS-NMR spectroscopy has recently been
applied to the study of whole tissues such as renal cortex
and liver [7-9], adipose tissue [11], intact red blood cells
[10], prostate [S], and brain [4]. Procedures involved in this
technique have been optimised for many of these tissues to
validate the information gained from such MAS-NMR
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studies of toxicological episodes and disease processes
[7]. We have recently reported the capabilities of an
“integrated metabonomic approach” to studies of drug
toxicology, combining NMR-pattern recognition (PR)
studies on urine, plasma and MAS-NMR of liver, using
the model cholestatic hepatotoxin a-naphthylisothiocya-
nate (ANIT) as an example [1]. Prominent features of acute
ANIT hepatotoxicity include bile duct epithelial cell
necrosis, cessation of bile flow, hepatic parenchymal cell
injury and hyperbilirubinaemia [13—15]. Periportal injury
is characterised by cholangiolitic hepatitis; inflammation
of the liver and biliary capillaries, mediated by portal
oedema and neutrophil infiltration. As an extension of this
work, we present here a direct comparison of 'H MAS-
NMR spectroscopic analyses of control and toxin-treated
intact liver tissue with '"H NMR spectroscopic analyses of
aqueous and chloroform/methanol liver extracts using PR
methods. In particular we aimed to evaluate the differential
contributions of a range of chemical classes to the different
types of NMR spectra and their associated sample proces-
sing procedures to determine which approach is optimal for
recovery of pathological information.

2. Materials and methods
2.1. Animal handling and tissue preparation

Thirty-five male Han—Wistar rats were acclimatised for
13 days in plastic cages prior to group allocation and treat-
ment. Animals were transferred to individual metabolism
cages in a well-ventilated room at a temperature of 21 4 2°
and a relative humidity of 50 + 10%, with a 12/12 light/dark
cycle. Food (Rat & Mouse No. 1 Diet, Special Diet Services
Ltd., Cambridge, UK) and tap water were provided ad lib.
throughout the study. Body weights were measured daily.
Each rat received either a single dose of ANIT in corn oil
(p-o. 150 mg/kg, N = 25) or corn oil only (p.o. 10 mL/kg,
N = 10). Animals were sacrificed (N = 5) by exsanguina-
tion from the abdominal aorta under isoflurane anaesthesia
at 3, 7, 24, 31, and 168 hr after dosing with ANIT, and
vehicle-dosed control animals at 24 and 31 hr p.d. Triplicate
samples of the left lateral lobe of the liver, weighing between
15 and 23 mg, were excised and immediately snap-frozen
in liquid nitrogen. Another larger section of the left lateral
lobe was snap-frozen for tissue extraction. These samples
were stored at —70° until NMR spectroscopic analysis.

2.2. 'H MAS-NMR spectroscopic analysis of
intact liver tissue

Samples were rinsed in 0.9% saline D,O, placed in
zirconia 4 mm diameter rotors (Bruker Analytische GmbH,
Rheinstetten, Germany) and analysed by 'H MAS-NMR
spectroscopy at 600.13 MHz using a Bruker Avance 600
spectrometer operating at 600.13 MHz at an MAS rotor spin

rate of 6000 Hz [7]. The MAS-NMR spectra were acquired
at 283 K, as measured using a thermocouple system and
maintained at this temperature via the cooling of the inlet gas
pressures responsible for sample spinning. The exact in situ
temperature was calculated using an internal glucose ther-
mometer; the chemical shifts of the water resonance (tem-
perature sensitive) and the o-anomeric proton of glucose
(temperature insensitive) averaged 288 K [16]. For each
sample, 128 transients were collected into 32 K data points
using a water presaturation pulse sequence (D-90°-#,—90°—
tn—90°—acquire FID). A secondary irradiation field was
applied at the water frequency during the relaxation delay
of 3 s and during the mixing period ¢, (100 ms), with ¢, fixed
at 3 ps. A spectral width of 12,000 Hz and an acquisition
time per scan of 1.36 s were used. The 1D Carr—Purcell—-
Meiboom-Gill (CPMG) spin echo pulse sequence [90°—(7—
180°—7)y acquisition] (r = 200 ps, N = 200) with standard
presaturation of the water resonance, using a fixed total spin—
spin relaxation delay (2N7) of 80 ms was applied to measure
spin-echo 'H MAS-NMR spectra on all samples. The
standard CPMG spin-echo pulse sequence allows a certain
degree of spectral editing by the attenuation of signals
arising from components with short 'H T, relaxation times.

2.3. 'H NMR spectroscopy of extracted liver tissue

Samples of liver tissue (~250 mg) taken from the left
lateral lobe were homogenised in 2 mL of 50% acetonitrile
in an ice/water bath. The homogenates were centrifuged at
5070 g for 5 min at 4°. The supernatants were removed and
lyophilised before being reconstituted in 1 mL D,O. 2 mL
of 75% chloroform/25% methanol was added to the pellets
and extraction was followed by a further centrifugation
(5070 g for 15 min at 4°). The lipophilic supernatants were
removed, dried under a stream of nitrogen and reconstituted
in 500 pL of 75% CDCl3/25% CD;OD. The reconstituted
solutions were transferred to 5 mm (o.d.) NMR tubes
together with 0.1% 3-(trimethylsilyl)[2,2,3,3->H4] propio-
nate (TSP, an internal standard, chemical shift 6 0.0) and
1% sodium azide (bacteriostatic agent) in D,O. '"H NMR
spectra were acquired on each sample at 600.13 MHz on a
Bruker Avance spectrometer at ambient probe temperature
(298 K). 1D single pulse experiments were carried out
using the standard pulse sequence to achieve satisfactory
water suppression in the aqueous extracts (as described
previously). For each sample, 128 transients were collected
into 64 K data points with a relaxation delay of 2 s and a
mixing period of 100 ms. A spectral width of 9600 Hz and
an acquisition time per scan of 3.41 s were used.

2.4. Automatic data reduction of NMR spectra and
principal components analysis (PCA)

Single pulse and CPMG (MAS-) NMR spectra were
data reduced using the program AMIX (Bruker Analy-
tische GmbH, Rheinstetten, Germany). The spectral region
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0 0.2-10.0 was segmented into regions of 0.04 ppm width
giving a total of 245 integrated regions per NMR spectrum.
The area for each segmented region was expressed as an
integral value resulting in an intensity distribution descrip-
tion of the whole spectrum with 245 variables prior to PCA
analysis. The region of the spectrum, which included water
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Fig. 1. Series of 600 MHz single pulse 'H NMR spectra (6 0.5-6.0) of control liver taken from one individual: (a) liver tissue aqueous extract, (b) single
pulse "H MAS-NMR spectrum of intact control liver after Lorentzian-Gaussian function, and (c) liver tissue chloroform/methanol extract. Key: 3HB, 3-p-
hydroxybutyrate; Ace, acetate; Ala, alanine; Asp, aspartate; B, C21 bile acid methyl; Cho, choline; Glc, glucose; Gln, glutamine; Glu, glutamate; GPC,
glycerophosphorylcholine; GSH, glutathione; Ile, isoleucine; L;, C18/C19 cholesteryl methyls; L,, triglyceride terminal methyls; Ls, lipid (CH,),,; L4, lipid
CH,"CH,CO, Ls, lipid CH,C=C; L, lipid CH,CO; L, lipid C=CCH,C=C; Lg, lipid CH,NH;"; Lo, lipid N"(CH3)3; Ly, lipid (CH3);N"CH,"; Ly, lipid
CH,0PO,; L5, lipid CH,OCOR; L3, lipid CH=CH; Lac, lactate; Leu, leucine; Lys, lysine; NMN, N-methyl nicotinamide; PCho, phosphocholine;
glycogen; TMAO, trimethylamine-N-oxide; Val, valine. *o.CH resonances of amino acids.
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Fig. 2. Series of 600 MHz single pulse 'H NMR spectra (5 0.5-5.7) of liver tissue aqueous extracts (left lateral lobe) at various time-points following the
administration of ANIT (150 mg/kg): (a) control, (b) 24 hr, (c) 31 hr, and (d) 168 hr postdose. Key: As for Fig. 1 with the following additions Bet, betaine.

methanol liver extracts, the regions ¢ 3.3-3.9 (residual
water and methanol) and 6 7.3 (chloroform) were removed
from all spectra. Prior to PCA, all remaining spectral
segments were scaled to the total integrated area of each
spectrum [17]. In addition, the aromatic region (6 6.0—

10.0) of the aqueous liver extract spectra were segmented,
integrated and normalised for separate PCA analysis. In
order to directly compare the metabolite information
obtained by MAS-NMR vs. conventional NMR of extracts,
both the aqueous and chloroform/methanol liver extract
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Fig. 3. PC mean trajectory plot showing the average mapping position of aqueous liver tissue extract 'H NMR spectra obtained from individuals following

treatment with corn oil (control) or ANIT at various time-points postdose.
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normalised spectral datasets (0 0.5-5.5) were combined as
one data matrix prior to PCA analysis.

The single pulse and CPMG 'H NMR spectral data sets
were imported into the SIMCA-P8.0 software package
(Umetrics AB, Umea, Sweden) separately. These data were
then mean centred to zero prior to PCA. With mean-cen-
tring, the average value of each variable is calculated and
then subtracted from the data. PCA methods involve the
calculation of linear combinations of the original descrip-

tors, the PC’s, such that each PC is orthogonal to all others,
with the first PC (PC1) containing the largest amount of
variance with subsequent PC’s containing progressively less
variance [18,19]. Thus, a scores plot of PC1 vs. PC2 provides
the most efficient 2D representation of the information
contained in the data set. PCA data were also presented
as mean trajectory plots, where each point represents the
average position of all animals in a particular group for a
given sampling point. Further information can be extracted
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administration of ANIT (150 mg/kg): (a) control, (b) 3 hr, (c) 7 hr, (d) 24 hr, (e) 31 hr, and (f) 168 hr postdose. Key: As for Fig. 1 with the following additions
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from the dataset by connecting the average coordinates in a
time sequence to form a trajectory where the direction of
deviation from the control position is indicative of the nature
of the lesion, and the magnitude of change from the control
position is related to the severity of the lesion [20].

3. Results and discussion

3.1. Biochemical comparison of control intact and
extracted liver by '"H NMR spectroscopic techniques

High resolution solution-state 'H NMR spectroscopy of
liver extracts, both aqueous and lipophilic, produced char-
acteristic metabolite profiles distinct from high resolution
'"H MAS-NMR spectra of intact liver. Extraction of liver
tissue using acetonitrile and water led to spectra containing
signals from various organic acids and bases, amino acids,
sugars and the complex polysaccharide, glycogen (Fig. 1a).
On the other hand, extraction of liver tissue with chloro-
form and methanol gave spectra that were dominated by
signals from a variety of lipid moieties including saturated
and unsaturated triglycerides, phospholipids and choles-
terol (Fig. 1c). The representative 'H MAS-NMR spectrum
of intact liver (Fig. 1b) contains a combination of the
signals found in both the aqueous and lipophilic extracts.
The majority of metabolites observed by 'H NMR spectro-
scopic analysis of extracts are visible in the 1D 'H MAS-
IMR spectra of intact tissue.

High resolution '"H MAS-NMR spectroscopy of intact
tissue allows the measurement of cellular metabolites whilst
maintaining a significant degree of structural integrity of the
tissue and thus potentially allows the relatively unperturbed
study of dynamic molecular interactions and intracellular
compartmentation [3,7-12]. Conventional solution-state 'H
NMR spectral analysis of tissue extracts (as described
previously) requires extensive sample preparation, involv-

ing the destruction of the subcellular and molecular orga-
nisation within the tissue. Protein precipitation and removal
of the cellular lipid provides a purely aqueous sample
containing only those hydrophilic species within the cytosol
and other aqueous-based matrices. In this instance, the
approach is useful for the detection of low molecular weight
hydrophilic metabolites. Chloroform/methanol extracts of
tissue allows a complementary range of hydrophobic com-
pounds to be measured which are not found in aqueous
extracts and come from a variety of subcellular compart-
ments with different degrees of motional freedom.

The MAS-NMR enables the study of the intact ex vivo
state of a tissue and the spectra have contributions from
hydrophobic and hydrophilic substances. Enzymic pro-
cesses can also be studied using MAS-NMR spectra of
tissues, e.g. the selective deuteration of alanine by alanine
aminotransferase [7,8]. Furthermore, MAS-NMR can also
provide the means to investigate molecular compartmenta-
tion, for example, by employing differential spin speeds it is
possible to increase the spectral contributions from more
compartmentalised species [8] or by the use of magic angle
field gradients differentially motionally constrained species
can be investigated [12]. Since MAS-NMR spectroscopy
requires a much smaller sample size than that needed to
produce a tissue extract, thus enabling the study of needle
biopsy samples. The nondestructive nature of this technique
also provides the potential for studying histopathology on a
sample following MAS-NMR experiments potentially lead-
ing to direct tissue structure-function correlations [21].

3.2. 'H (MAS-) NMR spectroscopic analyses of intact and
extracted liver following ANIT treatment

The PCA of aqueous 'H NMR spectra showed
time-dependent alterations in the levels of endogenous
metabolites following ANIT treatment (Figs. 2 and 3).
These included a, subtle but progressive, reduction in the
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Fig. 5. PC map showing the mapping position of aqueous liver tissue extract 'H NMR spectra (aromatic region § 6.0-10.0) obtained from individuals
following treatment with corn oil (@) or ANIT at various time-points postdose: 3 hr (blue), 7 hr (green), 24 hr (purple), 31 hr (red), and 16 hr (orange).

Principal components 1 and 2 explain 82% of the data variance.
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intensity of glycogen and glucose signals from 3 to 31 hr
p.d., which recovered to control levels by 168 hr p.d., an
increase in choline and phosphocholine concentrations
from 3 to 168 hr p.d., raised lactate at 24-31 hr p.d. and
the appearance of the C18 bile acid methyl signal at
24-31 hr p.d. Closer inspection of the spectra revealed
augmented glutathione levels at 24 hr p.d. (Fig. 2).

PCA analysis of the selected aromatic region (6 6.0-
10.0) of the aqueous liver extracts revealed a number of
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ANIT-induced biochemical perturbations (Figs. 4 and 5). At
3-24 hr p.d., an increase in inosine signals was observed. At
24-168 hr p.d., elevated levels of uridine, uracil, adenine,
adenosine, nicotinuric acid and the monophosphates of
guanosine and thymidine (5 GMP and 5 TMP) were
observed. Furthermore, tyrosine, histidine, and phenyl-
alanine increased at 168 hr, fumarate decreased at 31 hr
and an unassigned multiplet (¢ 6.7) appeared transiently at
24 hr p.d. '"H NMR spectra of chloroform/methanol liver
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Fig. 6. Series of 600 MHz single pulse 'H NMR spectra (5 0.5-8.0) of liver tissue chloroform/methanol extracts (left lateral lobe) at various time-points

following the administration of ANIT (150 mg/kg): (a) control, (b) 3 hr, (c) 7 hr,

(d) 24 hr, (e) 31 hr, and (f) 168 hr postdose. Key: As for Fig. 1 with the

following additions U, unassigned signals tentatively identified as lipid hydroperoxide/conjugated diene or imidazole species.
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tissue extracts showed a number of treatment-related
changes in metabolite levels (Figs. 6 and 7). At 24—
168 hr p.d., there was an increase in many of the lipid
signals including the terminal methyl (6 0.9) and methylene
groups (0 1.3), a change in the ratio of the two CH,*CH,CO
signals at 6 1.6 and 1.7 and the appearance of unknown
signals at ¢ 1.42 (m), 4.22 (m) and at § 7.56 (s), 7.71(s).

The '"H MAS-NMR spectra of intact liver acquired at
various time-points after the administration of ANIT
showed marked and consistent changes in the levels of
endogenous metabolites from 7 hr p.d. onwards (Fig. 8).
The predominant changes identified in the PCA analysis
(Fig. 9) included an increase in the signal intensities of
triglycerides at 24 and 31 hr p.d., which fell to below
control levels at 168 hr p.d. and a reduction in the intensity
of glucose and glycogen resonances between 3 and 31 hr
p.d. before recovery to control levels at 168 hr p.d. This
was accompanied by elevated trimethylamine-N-oxide
(TMAO), betaine, phosphocholine, and choline signals
in all but one individual at 168 hr p.d. On closer inspection
of the 'H MAS-NMR spectra, a slight increase in the bile
acid C18 methyl signal (6 0.7) at 24 and 31 hr p.d. was
observed and in some individuals, a moderate elevation in
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the resonances from the amino acids leucine and isoleucine
at 24-31 hr p.d.

The majority of the ANIT-induced biochemical pertur-
bations detected by '"H NMR-PR analysis of aqueous
extracts were also found in the 'H MAS-NMR spectra
of intact liver, with the exception of changes in lactate and
glutathione. The increase in choline and phosphocholine
over the entire time-course in the 'H NMR spectra of
aqueous liver tissue extracts was not observed in the 'H
MAS-NMR spectra. It is possible that the extraction
procedure had released these species from a highly con-
strained motional environment (which would give dipolar
couplings greater than the spin rate, v;, e.g. membranous)
within the cellular matrix, into solution where an isotropic
motion had enabled their measurement by liquid state 'H
NMR spectroscopy. The elevated levels of choline and
phosphocholine maybe products of membrane breakdown
and lipid catabolism as a result of the action of ANIT,
which in the solid tissue contributed to the obstruction of
the bile ducts resulting in a constrained molecular motion.

'H NMR-PCA of the aqueous liver extracts also
identified a rise in the free nucleosides inosine, adenosine,
and uridine together with free adenine, uracil, and the
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nucleotide 5’ monophosphates GMP and TMP. It is pos-
sible that ANIT metabolites or the parent compound could
mimic purine and pyrimidine bases with consequent inhi-
bition of enzymes involved in nucleotide metabolism [22].
The observed increase in nicotinuric acid, an excretory
metabolite of nicotinate, suggests inhibition of coenzyme
biosynthesis, which could be manifested by ANIT in a
similar manner to that described for the nucleotide
enzymes. The rise in tyrosine, histidine, and phenylalanine
at 168 hr coincides with pathological observation of bile
duct hyperplasia and these may represent biomarkers of
this proliferative response. Decreased fumarate at 31 hr
p.d. indicates altered citric acid cycle metabolism.
Although both '"H NMR-PR analysis of lipidic extracts
and 'H MAS-NMR-PR of intact liver identified an increase
in lipid signals at 24-31 hr p.d., both methods produced
contradictory results at 168 hr p.d. MAS-NMR spectra
showed a decrease in triglyceride resonances to below
control levels whilst NMR spectra of chloroform/methanol
extracts showed a rise at this time-point. This may have

occurred as a consequence of the extraction procedure,
releasing a species previously in a constrained motional
environment. If this is the case, it suggests an ANIT-
induced redistribution of cellular lipid. Solid samples
usually exhibit anisotropic dipolar couplings in NMR
spectra (partially reduced by the MAS experiment) and
restricted molecular mobility, which in the solution state do
not exist due to the averaging nature of isotropic motion
and the lack of metabolite compartmentation. '"H NMR-
PCA analysis of chloroform/methanol liver extracts
identified a number of signals arising from unknown meta-
bolites not observed in the '"H MAS-NMR PCA analysis,
which may have originated in a motionally restricted
environment, prior to extraction into solution. These
unknown metabolites may include a lipid hydroperoxide
or conjugated diene formed as a result of ANIT-induced
lipid peroxidation [23-25]. Alternatively, it may be an
endogenous imidazole species elevated as a consequence
of ANIT-treatment, as the aromatic signals alone are
indicative of such a moiety. Certain imidazole derivatives
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map showing the mapping position of individuals following treatment with corn oil (@) or ANIT at various time-points postdose: 3 hr (blue), 7 hr (green),
24 hr (purple), 31 hr (red), and 168 hr (orange) as a function of the 'H NMR spectra from both aqueous and chloroform/methanol extracts of liver. Principal

components 1 and 2 explain 91% of the data variance.

are known to induce various phase II drug metabolising
enzymes including, 1-naphthol glucuronosyltransferase
[26], and it may be the case that levels of an endogenous
species are increased in order to induce rapid and efficient
removal of ANIT metabolites.

The combined PCA analysis of the aqueous and lipophilic
tissue extract spectra resulted in time-dependent clustering
and separation as a result of changes in those metabolites
also identified in the separate '"H NMR-PCA analysis of
each extract (Fig. 9b and c). However, the combined PCA of

tissue extracts indicates recovery at 168 hr (mapping nearest
control) whilst the MAS-NMR-PCA suggests this is not the
case, with 168 hr p.d. mapping from control (Fig. 9a). The
MAS-NMR data gives the better clustering of data points by
PCA. The combined extract NMR-PCA data suffers from
large variation within groups and time-points including
controls, emphasised in PC1. The MAS-NMR detected
biochemical differences at 168 hr (TMAO, betaine, choline
and phosphocholine) coincide with the bile duct hyperplasia
lesion observed by histopathology. As such, MAS-NMR
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spectroscopy provides an effective tool, providing a direct
correlation with histopathological data, not suffering meta-
bolite losses as a consequence of the sample preparation. At
present, high throughput automation of MAS-NMR spectro-
scopy is not possible for tissue samples due to sample
preparation and biochemical stability issues [7]. However,
recent technological advances in spectrometer hardware
should make automation of MAS-NMR spectroscopy a real
possibility in the near future.

Each of the "H NMR spectroscopic analyses of extracts
identified one or two of the well-documented ANIT-
induced biochemical perturbations in liver tissue including
steatosis, bile duct obstruction and altered glucose and
glycogen metabolism. However, it was 'H MAS-NMR
analysis of intact liver tissue that was able to detect all
of the reported ANIT-induced metabolic effects. The abil-
ity to measure and detect a multitude of tissue metabolites,
with minimal disruption to the system and without meta-
bolite discrimination, makes this technique a potentially
powerful tool for the study of drug-induced damage,
disease diagnosis and aetiology.

4. Conclusion

This work has illustrated the potential of high resolution
'"H MAS-NMR spectroscopy (coupled with pattern recog-
nition techniques) to probe the biochemistry of ex vivo
intact biological tissues compared to the laborious and
discriminatory process of producing tissue extracts for 'H
NMR spectroscopic analysis. Therefore, 'H MAS-NMR
spectroscopy offers a more efficient means of investigating
drug-induced tissue damage and disease aetiology, with the
added capability of disease diagnosis.
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