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Abstract

Mercury II chloride (HgCl2) toxicity was investigated in Sprague–Dawley rats using high-resolution magic angle spinning (HRMAS)1H
NMR spectroscopy in conjunction with principal component analysis (PCA). Intact renal cortex and papilla samples from Sprague–Dawley
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ats treated with HgCl2 at two dose levels (0.5 and 2 mg/kg) and from matched controls (n = 5 per group) were assessed at 48 h p.d. H2
aused depletion of renal osmolytes such as glycerophosphocholine (GPC), betaine, trimethylamineN-oxide (TMAO), myo-inositol and
aurine in both the renal cortex and the papilla. In addition, relatively higher concentrations of valine, isobutyrate, threonine and
ere observed in HgCl2-treated rats, particularly in the renal cortex, which may reflect a counterbalance response to the observ
ther classes of renal osmolytes. Increased levels of glutamate were present in the cortex of treated rats, which may be ass
gCl2-induced renal acidosis and disruption of the tricarboxylic acid cycle. A dose response was observed in both cortical and

issue with increasing severity of metabolic disruption in the high dose group.1H HRMAS NMR profiles of individual animals correlated w
ith conventional clinical chemistry and histology confirming the reproducibility of the technology and generating complementary m
athway information.
2005 Elsevier B.V. All rights reserved.
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. Introduction

High-resolution1H NMR spectroscopy coupled with var-
ous of pattern recognition methods have been successfully
pplied to studying endogenous metabolic changes in bioflu-

ds for a wide range of drug toxicity and disease states[1–4].
owever, histopathology, which remains the gold standard

or evaluating the extent of structural damage, topographical
istribution and morphological features, carries no molecular

Abbreviations: ALP, alkaline phosphatase; CPMG, Carr-Purcell-
eibom-Gill; FID, free induction decay; GPC, glycerophosphocholine;
RMAS, high-resolution magic angle spinning; NMR, nuclear magnetic

esonance; PCA, principal component analysis; TMAO, trimethylamineN-
xide; SD, Sprague–Dawley
∗ Corresponding author. Tel.: +44 20 7594 3195; fax: +44 20 7594 3226.

E-mail address: elaine.holmes@imperial.ac.uk (E. Holmes).

information. We have shown that high-resolution1H magic-
angle-spinning (HRMAS) NMR spectroscopy can prov
a metabolic link between histology and metabolite pro
of biofluids, and generates useful metabolic information
small intact tissue samples that can reflect toxicological
sequences or mechanisms[5–8]. HRMAS involves spinnin
tissue samples at high speed at the magic angle (θ = 54.7◦).
This procedure causes the major line broadening factors
as dipole–dipole interactions, NMR chemical shift anisotr
and magnetic field inhomogeneities to be attenuated, th
producing1H NMR spectra of a comparable resolution
those observed in the solution state[9]. 1H HRMAS NMR
spectroscopy has been successfully applied to study
types of tissue including liver[5,10], kidney[11] and testis
[7] in rats, and a range of human tissues from healthy an
eased populations[12,13]. 1H HRMAS approaches have al
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been applied to a few toxin studies in experimental animals
with toxins including arsenic (As3+) [8], cadmium[14,15]
2-bromoethanamine[6] and thioacetamide[16].

HgCl2 is a potent and well-known model for induction
of renal cortical toxicity and targets the S2/S3 portion of
the renal proximal tubules of experimental animals[17–20].
HgCl2 impairs the re-absorption function of the proximal
tubule, resulting in elevated urinary amino acids and glu-
cose and altering the secretion of hippurate and uric acid
[21,22]. Since HgCl2 targets many –SH containing enzymes,
the mechanism of action of HgCl2 involves inhibition of mito-
chondrial succinate and malate dehydrogenase with severe
consequential disruption of energy metabolism reflected in
the increased urinary excretion of�-ketoglutarate and succi-
nate and decreased excretion of citrate[22]. Augmentation of
the renin–angiotensin system exacerbates the degree of renal
tubular damage at Hg2+ dose levels higher than 1 mg/kg, as
renal cortical anoxia is caused by reduced glomerular and
tubular blood flow, which contributes to the elevated levels of
lactate and creatinine in plasma obtained from animals dosed
with high levels of Hg2+ [22]. 1H NMR studies of biofluids
have shown that toxins that target the S2/S3 region of the
renal cortex such as hexachlorobutadiene, uranyl nitrate,p-
aminophenol and thioacetamide induce similar perturbations
in the urinary metabolite profile that are indicative of general
renal cortical toxicity[23,24]. Metabolic profiling of HgCl-
t ange
i vely
l acid,
p lfated
c lfate
[ unds
i
b

sue
p amine
h -
e ,
d der
t tool
f gCl
a y
i A)
i hich
o Cl
a ting
t cal
p sue.

2

2

a 6–7

weeks and weighing between 200 and 260 g, at two-dose
levels of 0.5 mg/kg (n = 5) and 2 mg/kg (n = 5). A group of
control rats (n = 5) were treated with saline only. After sacri-
fice at 48 h post-dose, samples of renal cortex and papilla were
removed from both treated and control animals. All tissue
samples were immediately snap frozen and stored at−80◦C.
High-resolution1H HRMAS NMR spectroscopy was subse-
quently carried out without further extraction as extraction
procedures are by nature destructive and multiple extraction
procedures are required to obtain the optimal recovery of
metabolites present in tissue[27].

2.2. Clinical chemistry and histopathology

The right kidney was dissected free of fat and connec-
tive tissue, weighted and processed for histology. Samples of
renal and hepatic tissues were fixed in 10% buffered formol
saline. After processing wax embedded sections (5�m) were
cut, stained with haematoxylin and eosin and examined by
light microscopy. Clinical chemistry assays were performed
for serum, alkaline phosphatase (ALP), alanine, aminotrans-
ferase, and for urinary glucose and total protein using a
Hitachi 917 analyses and appropriate commonly available
kits.

2.3. 1H HRMAS NMR spectroscopy
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2
reated rats has also been achieved by HPLC–MS and ch
n the urinary excretion of metabolites present in relati
ow concentrations, such as kynurenic acid, xanthurenic
antothenic acid and 7-methylguanine and a range of su
ompounds including phenol sulfate and benzene diol su
25] have been found. Depletion of these sulfate compo
n the HPLC–MS profiles was consistent with HgCl2 pertur-
ation of the glutathione pathway.

To date, HRMAS NMR spectroscopy of renal tis
rofiles has been used to characterise 2-bromoethan
ydrochloride[6], cadmium[26], arsenic[8] and thioac
tamide[16] toxicity, which with exception of cadmium
o not primarily target the renal proximal tubule. In or

o further evaluate HRMAS NMR spectroscopy as a
or modeling tissue specific lesions, we have chosen H2
s a classic S2/S3 target.1H HRMAS NMR spectroscop

n combination with principal component analysis (PC
s employed to investigate the biochemical changes, w
ccur in the renal cortex and papilla of rats treated with Hg2
t acutely toxic and sub-toxic doses, with a view to evalua

he role of1H HRMAS NMR spectroscopy as a pathologi
robe to directly characterise nephrotoxicity in intact tis

. Experimental details

.1. Sample details

A single intraperitoneal dose of HgCl2 in saline was
dministrated to male Sprague–Dawley (SD) rats, aged
s
Samples of renal cortex and papilla tissue, each app

ately 15 mg, were infused with D2O and packed into 4 m
irconia rotors with spherical inserts and Kel-F caps.

All NMR experiments were carried out on a Bruker A
00 spectrometer operating at a1H frequency of 400.13 MHz
temperature of 300 K and a sample-spinning rate of 4

H NMR spectra were recorded using a standard Br
Bruker Analytik, Rheinstetten, Germany) high-resolu
agic-angle spinning probe with magic-angle gradient.
0◦ pulse length was adjusted individually for each sam
nd ranged between 8.15 and 8.40�s. For each spectrum 2

ransients were collected into 32k data points using a sp
idth of 6 kHz and a recycle delay of 2.0 s.
A standard one-dimensional pulse sequence using th

ncrement of the NOESY pulse sequence for water presa
ion [RD–90◦–t1–90◦–tm–90◦–ACQ] [28] was employed t
uppress the water peak, with irradiation at the water
uency during the recycle delay (RD), and mixing ti

m of 150 ms. The parametert1 was set to 3�s. An addi-
ional spectrum was acquired for each tissue sample
he water-suppressed spin-echo Carr-Purcell-Meibom
CPMG) pulse sequence[29] to suppress signals from mac
olecules and other substances with shortT2 values. A

pin–spin relaxation delay (2nτ) of 270 ms was used for a
amples and water suppression irradiation was applied d
he relaxation delay for 2 s. In order to aid NMR resona
ssignments, two-dimensional NMR spectroscopic ex
ents (COSY and TOCSY) were carried out on sele

issue samples[30].
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2.4. Data reduction and pattern recognition

Spectra were phased and baseline-corrected manually
using XWINNMR (Bruker Analytik, Rheinstetten, Ger-
many). All free induction decays were multiplied by an expo-
nential function equivalent to a 1 Hz line-broadening factor
prior to Fourier transformation. The spectra over the range
δ 0.2–10.0 were reduced using AMIX (Bruker Analytik,
Rheinstetten, Germany) to 245 regions, each 0.04 ppm wide
and the signal intensity in each region was integrated. The
regionδ 4.5–6.0 was removed to eliminate baseline effects
caused by imperfect saturation of the water resonance. Each
individual integral region was normalised to the summed inte-
gral for each spectrum, prior to pattern recognition analysis.
Principal Component Analysis (PCA) was carried out using
mean-centered NMR data with the software Simca-P 10.0
(Umetrics, Ume̊a, Sweden) as a means of data reduction.
Data were then visualised using the PC scores plots and load-
ings plots. Each co-ordinate on the scores plot represents
an individual sample and each co-ordinate on the loadings
plots corresponds to one NMR spectral region. Thus the load-
ings plots indicate which spectral regions are responsible for
any separation of samples into clusters in the corresponding
scores plots[31].
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ALP and urinary glucose and protein were observed in two
of the five animals in the low dose group and in all of the rats
from the high dose group. No abnormalities were reported
for any of the control animals.

3.2. Analysis of 1H HRMAS NMR spectra of renal
cortical and papillary tissue from control SD rats

No biochemical degradation was observed for any of the
tissue samples during NMR experiments. This is consistent
with previous studies that have shown that a decrease in the
intensities of lipids and TMAO resonances can occur in renal
cortex samples after maintaining samples at 303 K for 4 h,
but that no change in spectral integrity typically occurred
within the duration of measurement used in this study i.e. a
total of 30 min at a temperature of 300 K[32]. Typical 1H
HRMAS NMR spectra obtained from the renal cortex and
papilla from a control rat using the1H CPMG NMR pulse
sequence are shown inFig. 1. NMR resonances were assigned
according to literature values[11] and two-dimensional NMR
spectroscopic experiments that were performed on selected
samples (data not shown).

Although the spectra acquired for a single tissue region
i.e. cortex or papilla were highly consistent, large differences
between the biochemical composition of renal cortex and
papilla were observed from the NMR spectra of control ani-
m ious
s on-
t
( ,
w d of
h pho-
c -
s f

F x and re level, as
a ). Abbr ; GPC,
g lysine;
. Results and discussion

.1. Clinical chemistry and histopathology

At 48 h p.d, acute renal necrosis was observed in thre
f five rats from the low dose group. One animal was repo

o have inflammation in the liver. Severe tubular necrosis
bserved in all high dose animals. Elevated serum leve

ig. 1. Four-hundred megahertz HR MAS1H NMR spectra of renal corte
ll samples were comprised of very similar amount of tissues (15± 0.2 mg
lycerophosphocholine; ileu, isoleucine; lac, lactate; leu, leucine; lys,
als, which is consistent with observations from prev
tudies[11]. Typical spectra from renal cortical samples c
ained high levels of lipids, taurine, trimethylamine-N-oxide
TMAO), valine, glutamate, lysine, alanine, andiso-leucine
hereas the renal papillary spectrum mainly comprise
igh levels of renal osmolytes, such as glycerophos
holine (GPC), betaine andmyo-inositol, which is also con
istent with the study by Garrod et al.[11]. With exception o

nal papilla from a control rat. Spectra are scaled to the baseline noise
eviations: asp, aspartate; ala, alanine; gln, glutamine; glu, glutamate
thr, threonine; val, valine.
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Fig. 2. Typical 400 MHz HRMAS1H NMR spectra of renal cortex from a rat from the control group (A) and treated with 0.5 mg/kg (B) and 2.0 mg/kg (C) of
HgCl2. Abbreviations as forFig. 1.

TMAO, all renal osmolytes were present in relatively higher
concentrations in the renal papilla. GPC, betaine TMAO and
myo-inositol act as non-perturbing osmoprotective agents and
help to ameliorate the denaturating effects of high osmolar-
ity on medullary enzymes[33]. Renal osmolytes occur in
high levels in the papilla in order to counterbalance the high
urinary concentrations in the loops of Henlé.

3.3. Assessment of the metabolic effects of HgCl2 on the
renal cortex

From comparison of the1H HRMAS NMR spectra of
renal cortex from HgCl2-treated rats with matched controls
(Fig. 2), a number of differences were observed. Spectra of
renal cortical tissues from dosed rats were better resolved than
that of control renal cortex. This may be a result of HgCl2-
induced damage to the integrity of the proximal tubule cells
[34], resulting in a greater percentage of free metabolites in
the tissue. It has been observed previously that dosing ani-
mals with heavy metals including HgCl2 causes shortening
and focal loss of microvilli in the proximal tubule[34]. In
addition, isobutyrate and amino acids such as valine, threo-
nine and glutamate were increased in the renal cortex, whilst
the resonances from TMAO, taurine and GPC were decreased
in intensity. These effects were observed at both dose levels,
b the
e xin-
r d in
t play
a xin
t was
c f
t ectra

of renal cortex from control rats (�), rats treated with HgCl2
at dose level of 2 mg/kg (©) and 0.5 mg/kg (*) are shown
in Fig. 3. Three principal components were calculated for
the dataset accounting for 80.1% of the total variation in the
data. From the PCA derived scores plot (Fig. 3), the sepa-
ration of dosed tissue samples from controls was observed
in the second PC. The metabolites contributing most to this
separation were isobutyrate and amino acids such as valine,
threonine, glutamate which were elevated in samples from
HgCl2-treated animals and whilst TMAO, taurine and GPC
levels were decreased (Table 1). Statistical comparisons of
spectra were confirmed by visual analysis of the NMR spec-
tra. A dose response was also evident in the second principal
component with clear differentiation between the control and

F f
r
(

ut were most noticeable in the high dose group. With
xception of one sample from the high dose group, no to
elated variation in the lipoprotein profile was observe
he standard 1-D spectra. Since the lipoproteins did not
dominant role in differentiating between control and to

reated samples, principal components analysis (PCA)
arried out on the1H CPMG HRMAS after the removal o
he sample containing increased triglycerides. NMR sp
ig. 3. PC2 vs. PC3 scores plot from PCA of HRMAS1H NMR spectra o
enal cortex from control rats (�) and rats treated with HgCl2 at 0.5 mg/kg
*) and at 2.0 mg/kg (©).
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Table 1
Major observed metabolite changes in rat renal papilla and renal cortex after HgCl2 exposure

Metabolites Renal papilla Renal cortex

Low dose High dose Low dose High dose

Threonine (1.33 ppm) – – ↑ ↑↑
Isobutyric acid (1.13 ppm) ↓↓ ↓ ↑ ↑↑
Glutamate (2.0–2.1, 2.34 ppm) – ↑ ↑ ↑↑
Alanine (1.47 ppm) ↓↓ – ↑ ↑
Lysine (1.89, 1.70, 1.47 ppm) N/A N/A ↑ ↑↑
Valine (0.98, 1.03 ppm) – – ↑ ↑
TMAO (3.26 ppm) N/A N/A – ↓
Taurine (3.26, 3.4 ppm) N/A N/A – ↓
GPC (3.22, 4.32 ppm) ↓ ↓↓ – ↓
Betaine (3.25, 3.89 ppm) ↓ ↓ N/A N/A
myo-Inositol (4.05 ppm) ↓ ↓ – –

N/A: metabolites not observed. The arrows indicate the direction of the change, i.e.↓ for decrease and↑ for increase and number of arrows indicates intensity
of change with respect to control tissue.

high dose samples, whilst some overlap occurred between
the low dose and the control samples. The low dose samples
that were most different in profile from the control samples
were those confirmed by the histology and clinical chemical
assays to have more severe lesions than the other samples in
this group. One of the low dose samples, was differentiated
from the other samples in the third principal component. The
histology of the renal cortex of this rat was normal but inflam-
matory changes in the liver were noted. Examination of the
loading coefficients indicated that the spectral profile for this
animal was dominated by choline which may be a secondary
consequence of the hepatic lesion.

Reductions in the concentrations of osmoprotective agents
such, taurine and GPC in the cortex is a dominant feature of
HgCl2-induced toxicity. This is consistent with the observed
metabolic changes after the induction of acute renal cortical
toxicity with thioacetamide[16]. The decrease in concentra-
tion of renal cortical osmolytes in HgCl2-treated rats was
inversely correlated with increased levels of amino acids,
which also supports the previous study of thioacetamide-
induced renal proximal tubular toxicity[16]. However,
whereas TMAO concentrations decreased in the renal cor-
tex of HgCl2-treated rats, an increase in concentration was
observed after the administration of thioacetamide and 2-
bromoethanamine (primarily a renal medullary toxin with
secondary cortical effects), although this observation was
n p.d.
a hown
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[ 8 h
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f ntrol
a

-
t rox-
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a such

metabolites would either remain unaltered or decrease. How-
ever, in contrast to this assumption, an increase in tissue
concentrations of amino acids was observed in the current
study. This increase in the relative tissue concentrations of
amino acids may be due to disturbed protein synthesis as well
as necrosis-induced protein degradation[16]. An alternative
explanation may be that the reduction in renal osmolytes
observed after treatment of rats with HgCl2 is compensated
for by the elevation of amino acids in order to protect the
kidney from further injury. Previous studies into HgCl2 toxi-
city in Neuro-2a cells reported the protective effects of amino
acids against cell injury[36]. In another study focusing on
renal injury, it was suggested that amino acids act as renal
osmolytes against injury and are involved in a process criti-
cal for maintaining cellular integrity[37,38].

The increased amounts of glutamate observed in renal cor-
tex of HgCl2-treated rats suggests that exposure to HgCl2
might cause the acid–base equilibrium to shift in the acid
direction. Glutamate is a by-product of ammonia (base) syn-
thesis and an increase in glutamate is associated with an
increase in the rate of ammonia synthesis[39]. The produc-
tion of NH4

+ is needed to neutralise excessive amounts of
hydrogen ions in order to maintain acid–base equilibrium.
Arguably, high levels of glutamate could also arise from a
situation where elevated hydrogen ions are produced by sick
animals, which have a reduced food intake, which is known
t ,
f uce
s ciate
g t to
o
t t an
e y
s o-
s bed
p

nal
c he
i ing a
oted in spectral profiles at 6–7 h p.d. rather than at 48 h
s measured in the current study. Previous work has s

hat the urinary response of TMAO to renal toxicity gener
nvolves an initial elevation in levels (within 24 h p.d.) f
owed by decreased urinary excretion at later sampling t
35]. Therefore, it is possible that if in the current study (4
.d.) TMAO concentrations may have been substantially

erent at earlier time point respect to the matched co
nimals.

Many of the characteristic features of1H NMR urine spec
ra arise due to the impaired absorption capacity of the p
mal tubules and include glucose, amino acids and org
cids. Thus it would be expected that tissue levels of
o be the case with HgCl2-treated animals[40]. In this case
at would be utilised as a major source of energy to prod
trong acids such as aceto-acetate, which would disso
iving rise to hydrogen ions. However, we would expec
bserve an increase in concentration of acetate atδ 1.92 in

reated rat kidneys compared with control. The fact tha
levation of acetate was not observed in HgCl2 treated kidne
amples would imply that HgCl2 may instead cause acid
is in the kidney. HgCl2-induced acidosis has been descri
reviously in HgCl2- and cadmium-treated rats[14,22].

Alternatively, the elevated levels of glutamate in re
ortex samples from HgCl2-treated rats may arise from t

nhibition of malate and succinate dehydrogenases caus
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Fig. 4. Four-hundred megahertz HRMAS1H NMR spectra of renal papilla from a control rat (A) and rats treated with HgCl2 at 0.5 mg/kg (B) and 2.0 mg/kg
(C). Abbreviations as forFig. 1with the addition of N-Ac,N-acetyl glycoprotein fragments.

build up of�-ketoglutarate in the TCA cycle[22]. Glutamate
is directly transaminated to give�-ketoglutarate, therefore,
glutamate levels could rise in the renal cortex as a result of
disruption of the TCA cycle in HgCl2-treated rats.

Care should be taken when investigating metabolic effects
of drug and other xenobiotic-induced toxicity as non-specific
effects of toxicity such as weight loss due to a reduced food
intake may become prominent. It was reported that variations
in urinary citrate,�-ketoglutarate, hippurate, creatine are
associated with slight weight loss whereas urinary fumarate,
glucose, taurine,N-methylnicotinamide are associated with
more pronounced weight loss[41].

3.4. The effect of HgCl2 on renal papilla

The 1H CPMG HRMAS NMR spectra of renal papilla
from HgCl2-treated and control rats are shown inFig. 4.
Several marked changes in the renal papilla were observed
after exposure of rats to HgCl2, including decreases in the
concentrations of a range of osmoprotective agents such as
GPC, betaine andmyo-inositol. PC analysis of NMR spectra
acquired from papilla tissues of control and HgCl2-treated
rats at both low (*) and high (©) doses was carried out
(Fig. 5) using the same procedures for the renal cortex. As
with the renal cortical data, a clear dose response occurred
i s
i rved
i the
c ani-
m sely
a ere
r nges
h con-

sequence of HgCl2 toxicity [22]. The separation between
control and treated samples was attributed to the depletion
of GPC and TMAO, and elevated levels of threonine (δ

1.32), glutamate (δ 2.04,δ 2.12,δ 2.36). Depletion of renal
osmolytes in the papilla as a consequence of renal injury has
previously been observed in BEA-treated rats[6] exhibiting
renal papillary necrosis. It was suggested that the reduction
in osmolyte total concentration was due to a homeostatic
response to the BEA-induced onset of polyuria, resulting in a
decrease in the accumulation of the renal osmolytes[6]. Since
HgCl2 is a typical cortical toxin, reduction of osmolytes in
renal papilla are likely to be a result of a secondary renal
medullary toxicity.

F f
r
(

n PC1. Indeed, on a gross scale the HgCl2-induced change
n the renal papilla were more marked than those obse
n the renal cortex. Similar separation was observed from
omparison of control and low dose group although two
als from the low dose group appeared to be very clo
ssociated with the control group. No papillary lesions w
eported in the histopathology, however, medullary cha
ave been reported in other studies as a secondary
ig. 5. PC1 vs. PC2 scores plot from PCA of HRMAS1H NMR spectra o
enal papilla from control rats (�) and rats treated with HgCl2 at 0.5 mg/kg
*) and at 2.0 mg/kg (©).
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4. Conclusion

A series of biochemical consequences of HgCl2 adminis-
tration to rats has been identified using high-resolution magic
angle spinning1H HRMAS NMR spectroscopy in conjunc-
tion with PCA. Consistently depleted concentrations of the
renal osmolytes, and elevated concentrations of amino acids
were observed in tissues from both the renal cortex and papilla
after HgCl2 treatment. These observations are consistent with
changes in tissue metabolite profiles observed following the
administration of other renal cortical toxins. The observed
elevation in amino acid levels may infer an osmoprotec-
tive mechanism in response to the general depletion of other
classes of osmolytes such as choline derivatives and poly-
ols. Elevated levels of glutamate observed in the cortical and
papillary tissues of HgCl2-treated rats compared with con-
trols were attributed to renal tubular acidosis and disruption
of the TCA cycle. A strong correlation between the severity
of lesion as determined by histology and conventional clinical
chemistry and HRMAS profiles was identified. MAS NMR
spectroscopic profiling of intact tissue allowed the identifi-
cation of metabolic indicators of general renal toxicity, such
as increased amino acids and depleted osmolytes concen-
trations, but was also sensitive enough to detect changes
that were more specific to HgCl2-induced toxicity includ-
ing depletion of TMAO and increased levels of lysine and
i
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