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Abstract

Ethyl glucuronide (ethyl-b-D-6-glucosiduronic acid, EtG), a unique metabolite of ethanol, has received much recent attention as a
sensitive and specific biological marker of ethanol consumption. Formed in the liver via conjugation of ethanol with activated glucuro-
nate, EtG remains detectable in serum, plasma, and hair for days after ethanol abuse. Thus far, gas chromatography–mass spectrometry
and enzyme-linked immunosorbent assays have been developed to detect trace quantities of EtG for forensic purposes, but reports of the
nuclear magnetic resonance (NMR) properties of EtG have been scarce. Herein we present the first report of EtG determination using
proton NMR spectroscopy. We collected 700-MHz proton spectra of liver extracts from rats treated with a 4-day binge ethanol protocol
(average ethanol dose: 8.6 g/kg/day). An unexpected signal (triplet, 1.24 ppm) appeared in ethanol-treated liver extracts but not in con-
trol samples; based on chemical shift and multiplicity, we suspected EtG. We observed quantitative hydrolysis of the unknown species to
ethanol while incubating our samples with b-glucuronidase, confirming that the methyl protons of EtG were responsible for the triplet at
1.24 ppm. This study demonstrates that proton NMR spectroscopy is capable of detecting EtG and that future NMR-based metabolo-
mic studies may encounter this metabolite of ethanol.
� 2006 Elsevier Inc. All rights reserved.
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Ethyl glucuronide (ethyl-b-D-6-glucosiduronic acid,
EtG)2 is a minor direct metabolite of ethanol that has
received much recent attention as a sensitive and specific
biological marker of ethanol consumption. Due to interest
in developing methods capable of detecting minute quanti-
ties of this compound for forensic applications [1–3], efforts
have focused on gas chromatography–mass spectrometry
[4–6] and even enzyme-linked immunosorbent assay tech-
niques [7], but the nuclear magnetic resonance (NMR)
properties of EtG have not been reported to our knowl-
edge. In the emerging field of metabolomics, NMR spec-
troscopy is a prominent tool for the analysis of
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compounds found in biofluids and tissue extracts [8–10]
because it is capable of detecting many classes of molecules
in the same sample without preselection of analytes [11].
Moreover, the sensitivity of NMR has increased dramati-
cally in recent years due to technical advances such as cold
probes that increase the signal to noise ratio, small-volume
sample tubes that allow the detection of smaller amounts of
material, and improved digital electronics that increase the
effective dynamic range of the technique. These advances
extend the detection limit for NMR and thus increase the
number of compounds that may be identified during exper-
iments and screening tests. As the number of detected com-
pounds grows, it will be of great use to have access to
publications that give NMR spectral properties for mole-
cules that have not yet received great attention. Therefore,
we present what is to our knowledge the first published
report describing the detection of ethyl glucuronide by pro-
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ton NMR spectroscopy. We hope that the presentation of
this information will facilitate the correct interpretation of
NMR data from future clinical and animal metabolomic
studies in which ethanol intake is a possibility.

Materials and methods

Animals

Adult male Sprague–Dawley rats (275–325 g) were
treated with a modified 4-day binge ethanol protocol as
previously described [12]. A 15% (w/v) ethanol Reitz High
Fat diet was used with an appropriate isocaloric control.
Male Sprague–Dawley rats (250–300 g) were given an ini-
tial dose (5 g/kg, 25% w/v, in a vehicle of nutritionally
complete diet) with subsequent doses determined using a
six-point behavior scale [13]. Control animals received a
diet equal to the average of that of all ethanol-treated ani-
mals. All animals had free access to water throughout the
experiment. This protocol produces physical dependence
to ethanol [13] and induces neuropathology modeling that
found in human alcoholics [12]. Blood ethanol concentra-
tion was measured using electrochemical detection of an
enzymatic reaction with an Analox Instruments Model
GM-7 analyzer (Analox Instruments, MA). Ethanol
groups had mean blood levels around 300 mg/dl (range
250–375 mg/dl). Within 1 h after the last treatment, all ani-
mals were sacrificed, and liver samples were collected and
stored at �80 �C until further analysis. All protocols in this
study were approved by the Institutional Animal Care and
Use Committee and were in accordance with National
Institute of Health regulation for the care and use of ani-
mals in research.

Tissue extraction and sample preparation

Liver tissues were removed from the �80 �C freezer and
placed in liquid nitrogen. Tissues were then pulverized with
a stainless steel mortar and pestle and extracted with per-
chloric acid [14]. The extracts were lyophilized, dissolved
in D2O containing 3-(trimethylsily)propionic-2,2 0,3,3 0-d4

acid (TSP, d = 0 ppm) and formate (as frequency and con-
centration references, respectively), and adjusted to pH 7.0
(pD 6.6) with DCl or NaOD prior to NMR analysis.

Enzymatic hydrolysis

To confirm the presence of a glucuronide, we performed
an enzymatic hydrolysis by adding 2500 IU b-glucuroni-
dase (E.C. 3.2.1.31) [15] from Helix pomatia crude extract
(MP Biomedicals, Inc., Irvine, CA). The a-anomers of glu-
curonide conjugates are energetically unfavorable, and
therefore the a-anomers typically are not present. We
acquired ‘‘preincubation’’ proton spectra after adjusting
the pH of the liver extracts to 5.0 (pD 4.6) for optimal
activity of the H. pomatia enzyme using 7 M DCl. After
acquiring a pre-incubation spectrum, enzyme was added
to the liver extract samples, and the samples were incubat-
ed overnight in a 37 �C water bath. As a positive control,
methyl glucuronide (Sigma, St. Louis, MO) was incubated
with b-glucuronidase under the same conditions.

NMR spectroscopy

Initial studies were conducted on a Varian Inova 700-
MHz spectrometer. Proton spectra were acquired in fully
relaxed mode (duty cycle = 45 s), at 25 �C, with 1 s presat-
uration of water protons immediately prior to a 90� excita-
tion pulse. Other parameters were as follows: 16 transients,
spectral width 8600 Hz, 64 k data points. Hydrolysis of
EtG by b-glucuronidase was monitored on a Varian Inova
400-MHz spectrometer. Spectra collected before and after
overnight incubation were acquired at 25 �C with 45 s duty
cycle, 1.5 s presaturation of water protons, 90� excitation
pulse, 8 transients, 4000 Hz spectra width, and 16 k data
points. Sequential spectra acquired during incubation with
b-glucuronidase were acquired at 37 �C, with identical
parameters except that 32 transients were acquired for each
spectrum. Routine spectral analysis was accomplished
using software written in-house in the Matlab (The Math-
Works, Inc., Natick, MA) programming environment (PC
Nicholas). Peak fitting was accomplished using the ACD/
SpecManager 1D NMR Processor (Advanced Chemistry
Development, Inc. Toronto, Ontario, Canada).

Ethyl glucuronide standard

A sample of EtG (Aurora Analytics, Baltimore, MD)
was obtained to validate spectral assignments.

Results and discussion

Analysis of 700-MHz proton spectra of liver extracts
revealed an unexpected triplet at 1.2380 ± 0.006 ppm
(J = 7.11 ± 0.05 Hz) (data reported as means ± standard
deviation of 11 samples). This triplet was present in all
spectra of liver extracts from animals that received ethanol
(n = 11, see Figs. 1a and g–k for representative spectra)
and absent from control samples (n = 11, see Figs. 1b–f).
The multiplicity of this signal suggested the presence of
an ethyl group, but the chemical shift was inconsistent with
ethanol, which was confirmed by adding a small amount of
ethanol to the sample, reacquiring data at 400 MHz, and
observing a distinct triplet at 1.19 ppm (Fig. 2c).

Based on the presence of an ethyl group associated with
exposure to large doses of ethanol, we suspected that the
unassigned triplet was due to the methyl protons of ethyl
glucuronide (C8H14O7, see Fig. 2d for structure). We
searched our 700-MHz spectra for signals due to the b-ano-
meric proton of EtG and discovered a doublet at
4.4888 ± 0.0094 ppm (J = 7.95 ± 0.16 Hz), the intensity
of which appeared to be correlated to that of the putative
EtG triplet at 1.24 ppm (Figs. 1g–k). Based on the results
of peak fitting of these signals in five 700-MHz spectra,



Fig. 1. Expanded 700-MHz 1H spectrum (a) of liver extract from an animal treated with ethanol shows a triplet at 1.24 ppm which was later confirmed to
be due to ethyl glucuronide. This signal is not due to ethanol, which resonates at 1.19 ppm (see Fig. 2c). The triplet was absent from spectra of liver extracts
from animals that were not given ethanol (b–f). In ethanol-treated animals (g–k), the intensity of the triplet at 1.24 ppm appears to be correlated with the
intensity of the doublet at 4.49 ppm with a ratio of approximately 3:1, consistent with the triplet and the doublet originating from the methyl and anomeric
protons of EtG, respectively. Abbreviations: alanine, Ala; ethanol, EtOH; ethyl glucuronide, EtG; b-hydroxybutyrate, 3HB; lactate, Lac.
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the ratio of the triplet to doublet signal was 3.03 ± 0.66,
consistent with the assignment of the doublet to the ano-
meric proton of EtG. We attribute the variance to (i) quan-
tification of very small signals on an imperfect baseline and
(ii) inconsistencies in the effect of the presaturation
sequence on signals near the water resonance across differ-
ent spectra.

Comparison of spectra from a liver sample acquired
before (Fig. 2a) and after (Fig. 2b) overnight incubation
with b-glucuronidase reveals hydrolysis of EtG to
ethanol + glucuronate in a liver extract from an ethanol-
treated animal. Incubation with b-glucuronidase resulted
in decreased intensity of the triplet at 1.24 ppm (EtG meth-
yl group) and the doublet at 4.49 ppm (EtG anomeric pro-
ton), with a corresponding increase in the intensity of the
triplet at 1.19 ppm (ethanol). The identity of the triplet at
1.19 ppm was confirmed by observing an increased
intensity in this triplet in a spectrum acquired after adding
ethanol directly to the samples (Fig. 2c).

We performed several controls to validate our proce-
dures. To rule out the possibility that incubation at 37 �C
and pH 5 caused nonspecific formation of ethanol, we incu-
bated one extract from ethanol-treated liver without addi-
tion of b-glucuronidase, and as expected no ethanol
formation or EtG hydrolysis were observed (Figs. 3a and
b). This finding shows that the reaction observed in Figs.
2a and b was catalyzed by b-glucuronidase. In addition
we incubated one control (non-ethanol-treated) liver
extract which contained no detectable EtG (Fig. 3c) in
the presence of b-glucuronidase to demonstrate that addi-
tion of enzyme and overnight incubation do not cause eth-
anol to appear in the spectra (Figs. 3c and d). This finding
demonstrates that (i) the reaction in Figs. 2a and b required
the source of the unassigned triplet at 1.24 ppm as a



Fig. 2. Identification of ethyl glucuronide in proton NMR spectra of liver extracts. The 400-MHz 1H spectra acquired before (a) and after (b) overnight
incubation with b-glucuronidase show decreased intensity of the EtG methyl triplet (1.24 ppm) and the anomeric doublet (4.49 ppm), and formation of
ethanol. Spectrum (c) from the same sample after addition of pure ethanol, which resonates at 1.19 ppm, confirms that the triplet at 1.24 ppm is not
ethanol and that ethanol is the product of the reaction. (d) Shows the hydrolysis of EtG to glucuronate + ethanol catalyzed by b-glucuronidase.

Fig. 3. Spectra acquired before (a) and after (b) overnight incubation of an EtG-containing liver extract without addition of b-glucuronidase show no
evidence of either decreased EtG intensity or formation of ethanol, demonstrating that the reaction in Figs. 2a and b is due to enzymatic activity rather
than nonspecific degradation. Spectra of an extract from control liver that contained no EtG acquired before (c) and after (d) overnight incubation with
b-glucuronidase show no formation of ethanol due to incubation, demonstrating a specific requirement for the species that gives rise to the triplet at
1.24 ppm as a substrate for the production of ethanol.
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substrate and (ii) there was no contamination of the b-glu-
curonidase with ethanol. Next, we recorded sequential 400-
MHz proton spectra at 37 �C (Fig. 4a) to demonstrate the
stoichiometry during the enzymatic hydrolysis of EtG to
ethanol. By integrating the baseline-corrected signals from
ethanol and EtG and normalizing by the integral for for-
mate (which had been added as an exogenous concentra-
tion reference [16]), we were able to demonstrate that the
sum of [ethanol] + [EtG] was approximately constant over
the 49 h during which the data were recorded (Fig. 4b).
This finding is consistent with the hydrolysis of EtG to
form ethanol, and provides important support for our
assignment of the triplet at 1.24 ppm to EtG. In addition,
during the hydrolysis of EtG, we were able to observe an
increase of glucuronic acid by monitoring the a-H1
resonance at 5.22 ppm. Glucuronic acid exists as a- and
b-anomers in solution, but at 37 �C the residual water sig-
nal overlaps with the b-H1 signal at 4.62 ppm, and thus the
signal from the b-anomer cannot be quantified reliably.
During the 49 h incubation, the increase in signal from
the a-H1 proton was several times greater than the increase
in the ethanol signal, when adjusted for the number of pro-
tons contributing to each resonance. Whereas we observed
a quantitative increase in signals from a- and b-anomers of
free glucuronate during hydrolysis of methyl glucuronide
(a positive control, data not shown), it is likely that the
large increase in signal from free glucuronate in liver
extracts reflects hydrolysis of glucuronides other than
EtG that were present in liver. Nevertheless, increased sig-
nal due to free glucuronic acid is expected during hydroly-
sis of EtG and provides additional confirmation that our
unknown signal is caused by EtG.

Finally, a 400-MHz proton spectrum of pure EtG
(Fig. 5) helped to secure our assignments; the list of



Fig. 4. (a) Sequential 400-MHz proton NMR spectra of a single sample incubated with b-glucuronidase at 37 �C. Over time the intensity of EtG (triplet,
1.24 ppm) decreases while the intensity of ethanol (triplet, 1.19 ppm) increases, consistent with hydrolysis of EtG. (b) Relative concentrations of ethanol
and EtG over time. The sum of ethanol + EtG (triangles) is approximately constant over time, as would be expected during hydrolysis of EtG to ethanol.

Fig. 5. The 400-MHz 1H spectrum of EtG in D2O at pH 7, referenced to TSP at 0 ppm. Signals are assigned to the protons numbered as shown on the
structure (inset). Signals from trace amounts of ethanol (1.19 ppm, t, J = 7.1 Hz, 3H; 3.66 ppm, q, J = 7.1 Hz, 2H) and acetate (1.92 ppm, s) were noted,
but these do not interfere with the analysis of the EtG spectrum (see Table 1 for assignments). Of particular significance in the spectrum of pure EtG are
the triplet at 1.24 ppm and the doublet at 4.48 ppm, both of which are entirely consistent with the presence of EtG in our spectra from extracts of liver
tissue.
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resonances is presented in Table 1, and these are complete-
ly consistent with our interpretation of the enzymatic
hydrolysis results.

Previous NMR-based metabolomic studies have identi-
fied a triplet at 1.24 ppm. Teague et al.[17] report the detec-
tion of ethyl glucoside in the urine of human volunteers
who had recently consumed rice wine and sake. Ethyl glu-
coside, unlike EtG, is not a metabolite in humans [17].
Rather, it is the fourth most abundant constituent of sake
[18], formed during the production of this beverage [19].
Ethyl glucoside is structurally similar to EtG, with the
exception that the carbonyl is reduced to a methylene
group, and the two new protons give rise to a doublet of
doublets at 3.86 ppm that is not present in EtG. The methyl
group on ethyl glucoside would give a triplet at nearly the
same chemical shift as the one on EtG (1.24 ppm).
However, (i) we do not find a doublet of doublets at
3.86 ppm in our 700-MHz spectra of liver extracts
(Fig. 1), (ii) we found evidence of hydrolysis by b-glucuron-
idase, (iii) we found the signal from an anomeric proton at



Table 1
Ethyl glucuronide resonances observed in 400-MHz 1H NMR spectrum in
D2O at pH 7

1H d (ppm) Multiplicity (J) Assignment

1.24 t (J7,8 = 7.1 Hz) 8CH3

3.30 m 3CH
3.52 m 2CH + 4CH
3.71 m 7CH2

3.99 m 5CH
4.48 d (J1,2 = 8.0 Hz) 1CH
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4.49 ppm, whereas the anomeric proton of ethyl glycoside
resonates at 4.93 ppm [17], and (iv) ethyl glucoside is not
known to be a metabolite of ethanol. Thus, we conclude
that EtG rather than ethyl glucoside is the source of the
triplet observed in our liver samples.

Correct attribution of NMR spectral peaks to the mol-
ecules in a sample that give rise to these signals is crucial
to the proper interpretation of experimental results. Never-
theless, the process of signal assignment is usually the most
time-consuming and error-prone aspect of data analysis.
For example, a previous 400-MHz 1H NMR study of liver
extracts from ethanol-treated rats (36% ethanol liquid diet
for 1.5 months) attributed a triplet at 1.21 ppm (referenced
relative to the acetate singlet at 1.92 ppm at pH 7.5) to
residual ethanol that had not evaporated during lyophiliza-
tion [20], yet visual examination of the published spectra
reveals the presence of weak signals (possibly a triplet)
upfield of the triplet that the authors concluded was due
to ethanol. While it is possible that the assignment was cor-
rect, this pattern of a weak triplet (ethanol) immediately
upfield from a stronger one (EtG) (evident from our 700-
MHz data, Fig. 1a) suggests that the triplet previously
observed is consistent with EtG. Therefore, taken together,
the data that we present suggest that EtG is detectable by
proton NMR spectroscopy in liver of ethanol-exposed ani-
mals, that EtG may in fact have been detected (though
unrecognized) in previous studies, and that signals from
this biomarker for ethanol administration will likely be
encountered in future NMR studies of liver. Other studies
have found EtG in plasma, urine, hair, and other tissues
[21], suggesting that EtG produced in liver is distributed
throughout much of the body, where it may persist for
some time. Serum and urine EtG concentrations in the
10–600 lM (2.2–132 mg/L) range have been measured
under various conditions [21]. While proton NMR spec-
troscopy would not be an optimal method for detecting
EtG at the lower end of that range, if a sample contained
0.5 mM EtG or more, we would expect to find at least
the triplet at 1.24 ppm in the proton NMR spectrum. On
the other hand, metabolomic studies often benefit from
analysis of tissue samples in addition to biofluids in ani-
mals [22–24] including humans [25], and our data suggest
that NMR spectroscopic analysis of liver extracts can
detect the presence of EtG following high-dose ethanol.

The present study highlights the benefits of NMR
spectroscopy with minimal preselection of analytes as an
unbiased method for the discovery of novel metabolites.
Though other analytical methods certainly possess superior
sensitivity, they require prior knowledge of analytes, and
therefore EtG (an unexpected compound) would likely
have gone undetected. NMR spectroscopy not only alerted
us to the presence of an unexpected compound, but also
provided structural information that aided us in its
identification.

Acknowledgments

The authors gratefully acknowledge Dr. Thomas
M. O’Connell for useful technical discussions and Melissa
Mann for expert assistance with manuscript submission.
This research was supported by Grants (AA011605-09,
AA007573-08, and AA016243-01) from the National Insti-
tute of Alcohol Abuse and Alcoholism.

References

[1] F.M. Wurst, R. Schuttler, C. Kempter, S. Seidl, T. Gilg, K. Jachau,
A. Alt, Can ethyl glucuronide be determined in post-mortem body
fluids and tissues? Alcohol Alcohol 34 (1999) 262–263.

[2] P. Droenner, G. Schmitt, R. Aderjan, H. Zimmer, A kinetic model
describing the pharmacokinetics of ethyl glucuronide in humans,
Forensic Sci. Int. 126 (2002) 24–29.

[3] G.E. Skipper, W. Weinmann, A. Thierauf, P. Schaefer, G. Wiesbeck,
J.P. Allen, M. Miller, F.M. Wurst, Ethyl glucuronide: a biomarker to
identify alcohol use by health professionals recovering from substance
use disorders, Alcohol Alcohol 39 (2004) 445–449.

[4] G. Schmitt, R. Aderjan, T. Keller, M. Wu, Ethyl glucuronide: an
unusual ethanol metabolite in humans. Synthesis, analytical data,
and determination in serum and urine, J. Anal. Toxicol. 19 (1995)
91–94.

[5] W. Weinmann, P. Schaefer, A. Thierauf, A. Schreiber, F.M. Wurst,
Confirmatory analysis of ethylglucuronide in urine by liquid-chro-
matography/electrospray ionization/tandem mass spectrometry
according to forensic guidelines, J. Am. Soc. Mass Spectrom. 15
(2004) 188–193.

[6] F.M. Wurst, G.A. Wiesbeck, J.W. Metzger, W. Weinmann, On
sensitivity, specificity, and the influence of various parameters on
ethyl glucuronide levels in urine—results from the WHO/ISBRA
study, Alcohol Clin. Exp. Res. 28 (2004) 1220–1228.

[7] H. Zimmer, G. Schmitt, R. Aderjan, Preliminary immunochemical
test for the determination of ethyl glucuronide in serum and urine:
comparison of screening method results with gas chromatography-
mass spectrometry, J. Anal. Toxicol. 26 (2002) 11–16.

[8] M.R. Viant, E.S. Rosenblum, R.S. Tjeerdema, NMR-based meta-
bolomics: a powerful approach for characterizing the effects of
environmental stressors on organism health, Environ. Sci. Technol.
37 (2003) 4982–4989.

[9] J.L. Griffin, Metabonomics: NMR spectroscopy and pattern recog-
nition analysis of body fluids and tissues for characterisation of
xenobiotic toxicity and disease diagnosis, Curr. Opin. Chem. Biol. 7
(2003) 648–654.

[10] N.V. Reo, NMR-based metabolomics, Drug Chem. Toxicol. 25
(2002) 375–382.

[11] M. Imbenotte, N. Azaroual, B. Cartigny, G. Vermeersch,
M. Lhermitte, Identification and quantitation of xenobiotics by 1H
NMR spectroscopy in poisoning cases, Forensic Sci. Int. 133 (2003)
132–135.

[12] J.A. Obernier, T.W. Bouldin, F.T. Crews, Binge ethanol exposure in
adult rats causes necrotic cell death, Alcohol Clin. Exp. Res. 26 (2002)
547–557.



NMR determination of ethyl glucuronide in liver / P.C. Nicholas et al. / Anal. Biochem. 358 (2006) 185–191 191
[13] E. Majchrowicz, Induction of physical dependence upon ethanol and
the associated behavioral changes in rats, Psychopharmacologia 43
(1975) 245–254.

[14] T.W. Fan, R.M. Higashi, A.N. Lane, O. Jardetzky, Combined use of
1H NMR and GC–MS for metabolite monitoring and in vivo 1H
NMR assignments, Biochim. Biophys. Acta 882 (1986) 154–167.

[15] G.B. Scarfe, J.K. Nicholson, J.C. Lindon, I.D. Wilson, S. Taylor,
E. Clayton, B. Wright, Identification of the urinary metabolites of 4-
bromoaniline and 4-bromo-[carbonyl-13C]-acetanilide in rat, Xeno-
biotica 32 (2002) 325–337.

[16] M. Kriat, S. Confort-Gouny, J. Vion-Dury, M. Sciaky, P. Viout, P.J.
Cozzone, Quantitation of metabolites in human blood serum by
proton magnetic resonance spectroscopy. A comparative study of the
use of formate and TSP as concentration standards, NMR Biomed. 5
(1992) 179–184.

[17] C. Teague, E. Holmes, E. Maibaum, J. Nicholson, H. Tang, Q. Chan,
P. Elliott, J. Stamler, H. Ueshima, B. Zhou, I. Wilson, Ethyl glucoside
in human urine following dietary exposure: detection by 1H NMR
spectroscopy as a result of metabonomic screening of humans,
Analyst 129 (2004) 259–264.

[18] K. Hayakawa, K. Ando, N. Yoshida, A. Yamamoto, A. Matsunaga,
M. Nishimura, M. Kitaoka, K. Matsui, Determination of saccharides
in sake by high-performance liquid chromatography with polarized
photometric detection, Biomed. Chromatogr. 14 (2000) 72–76.

[19] T. Mishima, T. Hayakawa, K. Ozeki, H. Tsuge, Ethyl alpha-D-
glucoside was absorbed in small intestine and excreted in urine as
intact form, Nutrition 21 (2005) 525–529.
[20] M.F. Ling, M. Brauer, 1H NMR analyses of methyl group-contain-
ing metabolites in rat liver extracts—effects of starvation, anoxia,
acute glycerol and carbon tetrachloride treatment and chronic ethanol
administration on hepatic metabolism, Physiol. Chem. Phys. Med.
NMR 23 (1991) 229–238.

[21] F.M. Wurst, G.E. Skipper, W. Weinmann, Ethyl glucuronide—the
direct ethanol metabolite on the threshold from science to routine use,
Addiction 98 (Suppl. 2) (2003) 51–61.

[22] M. Coen, E.M. Lenz, J.K. Nicholson, I.D. Wilson, F. Pognan, J.C.
Lindon, An integrated metabonomic investigation of acetaminophen
toxicity in the mouse using NMR spectroscopy, Chem. Res. Toxicol.
16 (2003) 295–303.

[23] R.J. Mortishire-Smith, G.L. Skiles, J.W. Lawrence, S. Spence,
A.W. Nicholls, B.A. Johnson, J.K. Nicholson, Use of metabo-
nomics to identify impaired fatty acid metabolism as the mech-
anism of a drug-induced toxicity, Chem. Res. Toxicol. 17 (2004)
165–173.

[24] S. Garrod, M.E. Bollard, A.W. Nicholls, S.C. Connor, J. Connelly,
J.K. Nicholson, E. Holmes, Integrated metabonomic analysis of the
multiorgan effects of hydrazine toxicity in the rat, Chem. Res.
Toxicol. 18 (2005) 115–122.

[25] I.F. Duarte, E.G. Stanley, E. Holmes, J.C. Lindon, A.M. Gil,
H. Tang, R. Ferdinand, C.G. McKee, J.K. Nicholson, H. Vilca-
Melendez, N. Heaton, G.M. Murphy, Metabolic assessment of
human liver transplants from biopsy samples at the donor and
recipient stages using high-resolution magic angle spinning 1H NMR
spectroscopy, Anal. Chem. 77 (2005) 5570–5578.


	Proton nuclear magnetic resonance spectroscopic determination of ethanol-induced formation of ethyl glucuronide in liver
	Materials and methods
	Animals
	Tissue extraction and sample preparation
	Enzymatic hydrolysis
	NMR spectroscopy
	Ethyl glucuronide standard

	Results and discussion
	Acknowledgments
	References


