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Abstract: 'H NMR spectroscopy at 400 MHz has been applied to the analysis of whole bile samples produced by the
isolated perfused rat liver. Using relatively simple NMR experiments biliary excretory products of cefoperazone and
benzyl chloride were identified as cefoperazone itself and a benzyl-glutathione conjugate, respectively. Our use of *C
isotopic labelling demonstrates how 'H/**C heteronuclear NMR techniques can be used to produce uncrowded and
informative spectra from whole bile. From the use of a HMQC-COSY experiment the structure of a benzyl-glutathione

conjugate contained in whole bile was confirmed.
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Introduction

The biochemical mechanisms by which xeno-
biotics exert adverse effects within the body
are diverse, and the toxicity of particular
compounds cannot always be predicted from
their structure, but must be determined
experimentally. Isolated organ perfusion tech-
niques allow an organ to be maintained in a
viable state outside of the body and can be
used to elucidate xenobiotic biotransformation
reactions that occur within particular organs.
The bile duct is a major excretory route for
removing xenobiotics from the mammalian
body, especially for glutathione conjugated
xenobiotics. We have used isolated rat liver
perfusion experiments as a routine method for
obtaining bile samples and thus, as a technique
for investigating the biliary excretion of par-
ticular xenobiotics.

NMR analysis, primarily one-dimensional
'H and "C spectroscopy. of xenobiotic meta-
bolites is generally carried out to confirm their
structure after these molecules have been
isolated from a biological matrix [1]. Several
xenobiotic metabolites have been found to be
unstable to extraction from biological samples,
such as bile, using routine chromatographic

methods [2]. NMR is non-destructive and as
such is an analytical method that can examine
molecules regardless of their stability to
extraction techniques. It may prove to be a
method of choice for the analysis of xenobiotic
metabolites that prove difficult to purify. We
describe here structural NMR studies of xeno-
biotic metabolites contained in whole rat bile.

NMR has been used to examine metabolic
processes in whole organs and cellular systems
at least since the early 1980s. Work conducted
by Cohen [3] provides an example of this work
and describes an NMR study of liver meta-
bolism. Reviews of the application of NMR in
metabolism studies are provided by London [4]
and Malet-Martino [5]. Recent studies have
been successful in examining by NMR the
structure of xenobiotic metabolites in urine [6].
This area of research has proven fruitful in
providing experimental evidence for organ-
specific toxicity by particular xenobiotics [7].
One-dimensional '"H NMR studies of xeno-
biotic metabolites contained in whole rat bile
have been conducted during an investigation of
the biotransformation of paracetamol and
para-aminophenol [8, 9]. Studies of xenobiotic
metabolites in bile using '*C and '"F NMR
spectroscopy have also been conducted [10,
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11]. Our studies have been directed towards
expanding the role of NMR in providing valid
toxicological data in this research field.

We have used two compounds, cefoper-
azone (II) and benzyl chloride (III), as model
compounds with which to develop our exper-
imental methods. Cefoperazone, a widely used
antibiotic that does not undergo biotrans-
formation in the liver, was used to develop an
approach for obtaining useful one-dimen-
sional "H NMR spectra from bile samples. We
then used benzyl chloride, a compound that is
readily converted to a glutathione conjugate in
the liver, to inspect a conjugated xenobiotic
metabolite in bile. During this work two-
dimensional '"H NMR techniques and isotopic
C labelling of benzyl chloride were
employed; unconventional 'H-'*C hetero-
nuclear NMR experiments were also devised.
These techniques present a novel approach for
the analysis of xenobiotic metabolites by NMR
and provide an excellent example of how '*C
labelling of a xenobiotic can be used for the
structural analysis of its metabolites.

Experimental

Rat liver perfusion experiments

Sprague—Dawley rats (250-300 g) were
chosen as liver donor animals. They were
maintained on a standard laboratory diet (Diet
41B, Quest Ltd, Canterbury, UK) and allowed
water ad libitum prior to use.

Procedures for performing isolated liver
experiments were essentially those described
by Curtis [12], first developed from methods by
Ross [13]. In brief by introducing Ringers
solution through a cannula placed in the lower
inferior vena cava our procedures allowed a rat
liver in situ to be flushed of blood. The liver
was then excised and placed within a perfusion
apparatus. The essential features of the per-
tusion apparatus used allowed an isolated liver
to be continually supplied with oxygenated
perfusate at a constant temperature and head
pressure. The entire perfusion apparatus was
housed within a thermostatically controlled
cabinet (37°C). A blood transfusion filter
(8Q40S) was included in the apparatus. This
was essential for removing fibrin clots formed
within the perfusate.

The toxicity of cefoperazone (Sigma C-4292)
and benzyl chloride (Fisons CAS100-44-7,
[CH,}-*C labelled MSD MS3139) to a per-
fused liver appears to be unknown prior to our
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studies. Benzyl chloride was administered by
directly adding it to circulating perfusate,
whilst cefoperazone was administered as an
aqueous solution (ca 1 ml). Dose levels that
reduced the flow of perfusate through the liver,
or its production of bile, in comparison to
control experiments by 25% or more, were
reduced. Dose level of 100 mg kg™' body wt
were used in our final experiments for cefo-
perazone and benzyl chloride.

Perfusate preparation

The perfusate composition was that
described by Curtis [8] and consisted of 7.5 g of
bovine serum albumin (Sigma A-7906 Lot.
10H0249) and 250 mg of glucose per 250 ml of
Krebs—Ringer saline that contained bovine red
blood cells at a final haemocrit of 25-35%.
Bovine blood was collected fresh from a local
abattoir. Red blood cells were prepared by
centrifugation [14] and stored at 4°C. They
were kept for a maximum of 7 days after
isolation.

Bile sample collection and preparation

During perfusion experiments bile samples
were collected over an ethanol/dry ice mixture
to cause immediate freezing of bile on leaving
the bile duct cannula. Bile samples were
deuterium exchanged twice by lyophilization
with D,O (99.8%), containing a standard
amount (0.5 mM) of Sodium 3-trimethyl silyl
propionate-2,2,3,3,-d, (TSP) and were stored
dry at —10°C. Samples were dissolved in 0.5 ml
100% D,O for NMR analysis.

NMR experimental parameters

All NMR spectra were acquired on a Bruker
AM 400 spectrometer using a 5 mm dual probe
and 5 mm sample tubes.

One-dimensional 'H spectra

One-dimensional 'H spectra were acquired
with a spectral width of 4800 Hz (-1 to 11
ppm) using 8192 real data points. The acqui-
sition time per transient was 1.27 s and 128
transients were sufficient for most analyses. A
recycle time of 2.27 s was used per transient;
this period was extended to 4 s for spectra on
which integration was to be performed. Pre-
saturation (1 s) was used to remove the HDO
resonance during acquisition of spectra; the
minimum power that produced complete
saturation of the HDO signal was used. Free
induction decays were zero filled to 16,384 data
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points and mild Gaussian apodization was
applied prior to their Fourier transformation.

Two-dimensional ' H-'H COSY spectra

Two-dimensional double quantum filtered
'H-'H COSY'"® were acquired with a spectral
width of 4800 Hz (—1 ppm to 11 ppm) in both
dimensions. The f> dimension was acquired
with 2048 real data points. The f; dimension
contained data points from 256 experiments.
Sixty-four transients were acquired per exper-
iment with an acquisition time of 0.32 s and a
recvcle time of 1.32 s. The incremental delay
of this experiment did not exceed 0.016 s. Prior
to processing spectra, the f; and f; dimensions
were zero filled to 4096 and 512 data points,
respectively.  Fourier transformation was
carried out applying Gaussian apodization in
both dimensions.

One-dimensional '*C spectra

One-dimensional '*C spectra were acquired
at 100 MHz with a spectral width of 200 Hz
(36-38 ppm) using WALTZ 16 decoupling
[16]. Spectra contained 256 real data points
and had an acquisition time of 0.64s. A
relaxation period of 2 s was used between
acquisitions. Eight transients per spectrum
provided adequate signal to noise. Free in-
duction decays were zero filled to 512 data
points and mild Gaussian apodization applied
prior to Fourier transformation.

J1—HMQC-COSY spectra
*Je—HMQC-COSY spectra were acquired
using the pulse sequence shown in Fig. 1 which
is based upon work published by Wollborn and
Leibfritz {17]. It was constructed by Dr C.-W.
Chung (University of Cambridge Chemical
Laboratories, Lensfield Road, Cambridge,
UK), who also devised the appropriate phase
cycling. The delays A, and A; were set to
0.0035 s (1/2]) and .046 (13 x 1/2]), respect-
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Je~HMQC-COSY pulse sequence.
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ively to optimize the cancellation of protons
with a '"H-"’C coupling of 143 Hz. A, and A,
were delays of 3 ws and ¢; was the incremented
delay.

One-dimensional *J ;- HMQC-COSY spec-
tra were acquired with a spectral width of
4800 Hz (—1 to 11 ppm) using 8192 real data
points. The acquisition time per transient was
1.27 s with 128 transients. A recycle time of
2.62 s was used per transient. Presaturation
was used to remove the HDO resonance from
spectra. Free inducation decays (FIDs) were
zero filled to 16 384 data points and mild
Gaussian apodization was applied prior to their
Fourier transformation.

Two-dimensional *J;-HMQC-COSY spec-
tra were acquired with a spectral width of
4800 Hz (—1 to 11 ppm) in both dimensions.
The f> dimension was acquired with 2048 real
data points. The f, dimension contained data
points from 256 experiments. Each experiment
was acquired with 16 transients. The acqui-
sition time per transient was (.51 s and a
recycle time of 1.32 s was used. The length of
the incremented delay did not exceed 0.027 s.
The f> and f; dimensions were zero filled to
4096 and 512 data points respectively before
processing. Fourier transformation was carried
out applying Gaussian apodization in both
dimensions.

Results and Discussion

A typical "H NMR spectrum of a bile sample
obtained from the control period of a perfusion
experiment is contained in Fig. 2. Bile samples
were twice exchanged with D>O by lyophiliz-
ation prior to NMR analysis to replace H,O
with D,O. This procedure led to a reduction in
the magnitude of the H>O resonance which
would otherwise dominate a bile spectrum.
This approach together with the application of
a presaturation pulse prior to acquisition
enabled bile spectra to be acquired with limited
interference from the HDO resonance of only
+().05 ppm.

A large number of resonances appearing in
the bile spectrum shown in Fig. 2 have pre-
viously been assigned [6, 9] and arise from
acetate, alanine, cholesterol, glutamine, glyco-
chenodeoxycholate, 3-hydroxybutyrate, iso-
leucine, lactate, leucine, phosphatidyl choline
tryglyceride, saturated and unsaturated fatty
acids, taurocholate and valine. The broad
envelopes of resonances covering 2.6-0.6 and
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Figure 2

400 MHz 'H NMR spectrum of whole bile. Assignments for oxidized glutathione (g,~g,) are shown. The HDO resonance

at 4.83 ppm was suppressed by a presaturation pulse.

Table 1

Assignment of the proton resonances of oxidized glutathione and a benzyl-glutathione conjugate in bile

Amino acid of glutathione Proton assignment

Oxidized glutathione*
(bile pD 8.5) ppm

Benzyl-glutathione conjugate
(bile pD 8.0) ppm

Glycine g
8
8s
82
8.
83
84
8o

Cysteine

Glutamate

3.67 3.77
3.65 3.69
4.76 4.46
3.33 3.02
2.96 2.81
2.50 2.45
2.12 2.09
2.74 3.66

* Assignments made from spectrum contained in Fig. 2.

4.2-2.8 ppm are produced by bile acids and
triglycerides. Their resonances appear as
broadened signals because they are contained
within structured micelles in bile and their free
rotation is hindered. The methyl groups of bile
acids and the terminal N-methyl groups of the
triglyceride phosphatidyl choline appear in
contrast as sharp signals in 'H bile spectra as
they are at the surface of micelles and can
rotate freely. All other assigned resonances in
bile spectra arise from small, freely mobile,
organic molecules that are contained in the
aqueous portion of bile and are, thus, sharp in
appearance.

The concentrations of glutathione (GSH) in
bile has previously been reported to be ca 1.5-

2 mM [18, 19]. "H NMR spectra acquired from
bile samples collected during our liver per-
fusion experiments contain prominent reson-
ances from oxidized glutathione (I) (GSSG).
An assignment of these signals in bile spectra,
summarized in Table 1 and Fig. 2, has not
previously been made. These assignments were
confirmed by the presence of the relevant
crosspeaks in a 'H-'H COSY spectrum
acquired from an appropriate bile sample.
Chemical shift values were always indicative of
oxidized glutathione rather than its reduced
form because the g, signal of glycine appeared
as a doublet and because the separation of the
8> and g» signals of cysteine was 0.37 ppm, as
opposed to 0.1 ppm for reduced glutathione
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[20]. A comparison of the magnitude of the g,
cysteine resonances with that of a TSP stan-
dard contained samples revealed that oxidized
glutathione was present at approximately
millimolar concentrations in bile. The obser-
vation of oxidized glutathione in the absence of
its reduced form is surprising because this
contrasts with Abbott and Meister’s [19] report
that showed rat bile contained five times the
amount of reduced glutathione than oxidized

IV Benzyl glutathione

glutathione. However our freeze drying of bile
samples cannot be discounted as a possible
mechanism by which reduced glutathione was
transformed into an oxidized form.
Cefoperazone (II) is a commonly used anti-
biotic and provided us with a means of examin-
ing the biliary excretion of a compound that is
not metabolized by the liver. A 0-1h bile
sample that was obtained after dosing a per-
fused liver with cefoperazone (100 mg kg™’
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body weight) produced the "H NMR spectrum
shown in Fig. 3. It is clear from this spectrum
that cefoperazone is excreted into the biliary
tract unchanged. By integration of resonances
C and D and that of the TSP standard the
amounts of cefoperazone excreted into bile
samples during a perfusion experiment were
calculated. These results are summarized in
Table 2. The total biliary excretion of cefo-
perazone amounted to 43% of the adminis-
tered dose, the major proportion (40%) of this
occurring within the first two hours after
dosing. The concentration of cefoperazone
found in the 0—1 h bile sample represents a ca

DAVID A. RYAN et al.

200 fold increase above the circulating per-
fusate antibiotic concentration. The ability of
the biliary system to actively transport and
concentrate xenobiotics is well known and our
findings provide a clear visual demonstration
of this. Our observations of the bihary
excretion of cefoperazone indicate that 'H
NMR is a viable approach to studying xeno-
biotics in whole, unpurified bile.

Many xenobiotics that appear in bile first
undergo biotransformation in the liver. Benzyl
chloride (III) was used to study a xenobiotic
that undergoes hepatic biotransformation. A
"H NMR spectrum acquired from a bile sample

HDO
PreIat'n @
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ey,
|,
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Figure 3

400 MHz 'H NMR spectrum of (a) whole bile sample obtained from a perfused rat liver between | and 2 h after dosing
with cefoperazone (100 mg kg™' body weight). (b) A D,O solution of cefoperazone.

Table 2

The amounts of cefoperazone excreted into bile at dose levels of 100 mg kg™' body weight

Mass of bile sample

Amounts excreted

Concentration of cefoperazone

Sample (2) (pmoles)* in bile (mM)* % of dose
Control 0.23 — — —

0-1h 0.70 1 31 27

1-2h 0.54 5 11 13

2-3h 0.38 1.0 1.6 2

3—4h 0.16 0.2 0.1 0.5
4-5h 0.09 — —_ —

Total 43

*Calculated by integration of peak areas of aromatic resonances C and D of cefoperazone.
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Figure 4

400 MHz 'H NMR spectrum of whole bile obtained from a perfused rat liver between 0 and 1 h after dosing with benzy!
chloride (100 mg kg~ ' body weight). Assigned resonances are benzyl glutathione (1V).

obtained 0-1 h after dosing a perfused liver
with benzyl chloride (60 mg kg™ ' body weight)
is contained in Fig. 4. The aromatic (7.42 and
7.36 ppm) and methylene (3.83 ppm) reson-
ances associated with benzyl chloride can be
easily seen in this spectrum together with a
number of other resonances that appear at
comparable intensities. The similarity between
the chemical shift assignments of isolated
glutathione conjugates reviewed by Feil [1] and
the dominant resonances appearing in Fig. 3
identified the biliary metabolite of benzyl-
chloride as the benzyl-glutathione conjugate
(IV). A 'H-'H COSY spectrum (Fig. 5)
obtained from an appropriate bile sample
contained crosspeaks that confirmed our
assignments, which are summarized in Table 1.

Bile samples obtained during an entire
experimental period after dosing with benzyl
chloride were consistent with the biliary

excretion of only benzyl-glutathione by a per-
fused liver. The concentrations of this con-
jugate in bile samples were at first comparable
with those of cefoperazone summarized in
Table 2. However, the amounts of benzyl-
glutathione conjugate excreted after the first
hour of perfusion dropped more rapidly in
comparison to the biliary excretion of cefo-
perazone. This may indicate toxification of the
liver by benzyl chloride or a loss of glutathione
available for xenobiotic biliary excretion.

13C isotopic labelling provides a means by
which compounds of interest can be discrimi-
nated from other components within a given
sample. NMR has been used to examine in rat
bile metabolites formed from '*C isotopically
labelled antipyine by a perfused rat liver [10]. In
order to further explore the use '*C labelling
for the study of biliary metabolite structure we
introduced '*C-[CH,]-benzyl chloride as a dose
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Two-dimensional contour plot of a 400 MHz '"H-'H COSY spectrum obtained from a whole bile sample containing

benzyl gluathione (IV).

compound. The effect of this labelling regime
on the appearance of 'H resonances of benzyl-
glutathione in bile can be seen in the spectra
contained in Fig. 6. These spectra show that
there is not only a large one bond *C coupling
to the methylene protons in benzyl-glutathione
but there is also the expected three bond
coupling [21] across the sulphide linkage to the
g cysteine protons of glutathione. There is
also a coupling to the aromatic benzyl protons.
"H-"*C coupling constants are summarized in
Table 3. The observation of '*C coupling
across the sulphide linkage to glutathione
proves there is a covalent linkage between the
benzyl and glutathione moieties present in our
bile samples and confirms the structure of
benzyl-glutathione as the biliary metabolite.
During our studies of benzyl-glutathione this
conjugate was found to be unstable in bile if
samples were not frozen during collection and
until spectroscopic examination. '3C spectra
obtained before and after degradation showed
that five resonances appear as a result of

degradative processes indicating that there
must be at least five products formed from the
breakdown of benzyl-glutathione. The chem-
ical shift dispersion of the '*C signals was very
narrow (0.4 ppm) indicating that the '*C label
in benzyl-glutathione is distant from these
metabolite reactions. The enzymes y-glutamyl
transpeptidase and dipeptidase of the B-lyase
pathway [22] are present in bile [19], and
would release two products from benzyl-gluta-
thione. As we observed five '*C signals this
pathway cannot fully account for the number
of decay reaction products.

With the exception of the acyl migration of
xenobiotic glucuronide conjugates [23] we are
not aware of other reports of xenobiotic
metabolites being unstable in bile. Our efforts
to study these new reactions by NMR did not
prove definitive and will be presented here
only in part. Several of the NMR techniques
we employed during this work, however, are
novel and represent a diversification of the use
of heteronuclear NMR experiments in a xeno-
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Figure 6

400 MHz 'H NMR spectra of (a) '*C-[CH,] labelled benzyl glutathione contained in whole bile. (b) '*C-[CH,| benzyl

glutathione contained in whole bile.

Table 3
Assignment of proton resonances and 'H-'*C coupling
constants of '*C-[CHa])-benzyl chloride in bile

Chemical shift "*C coupling
Proton (ppm) (Hz)
Meth 3.82 141
& 2.81 5
g 3.01 4
Ar, 7.40 —
Ar, 7.35 —*

“13C couplings to aromatic protons could not be
measured.

biotic metabolism study. They represent a
useful analytical tool in the drug metabolism
and will, hence, be described fully.
Two-dimensional 'H-'*C correlation NMR
spectra permit chemical shift correlations
between '*C and '*C coupled 'H resonances to
be made [16]. This type of data can be
important in determining molecular structures;
for example, '*C detected '"H-'3C correlation
spectra have been used to identify the structure
of the biliary metabolites of 1,2 dibromo-3-

chloropropane [24]. It is now routine to gener-
ate these spectra from a series of 'H spectra by
applying a recently developed Heteronuclear
Multiple Quantum Coherence (HMQC) pulse
sequence [25, 26]. These experiments allow
one to observe selectively only those protons
which are coupled to '*C. They were used to
produce simple spectra of the benzyl-gluta-
thione and its decay products from whole bile
samples.

It is possible to extend 'H-'*C HMQC
experiments to include either TOCSY (TOtal
Correlation spectroscopY [27]) or COSY
(COrrelated  SpectroscopY  [28])  pulse
sequences as methods of magnetization
transfer. These extended pulse sequences can
result in resonances from the homonuclear
coupled partners of ‘long-range’ '*C coupled
protons (V: g,—gs) appearing in spectra. These
techniques can be described as HMQC-COSY
or ~TOCSY [29] experiments and allow the
chemical shift of protons four bonds distant
from a '3C label to be inspected. These protons
were thought to be closer to chemical changes
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Figure 7
400 MHz '"H NMR spectra obtained from a whole bile sample containing undegraded [CH,}-'*C labelled benzyl
glutathione. (a) 'H detected HMQC spectrum (b) 'H detected HMQC spectrum in which 1-bond '*C coupled proton

resonances have been removed (c) 'H detected spectrum obtained using a *J; HMQC-COSY pulse sequence.

occurring in benzyl-glutathione and it was
hoped that their chemical shift values would
identify the degradation reaction products.

One-dimensional spectra obtained from an
undegraded bile sample using a HMQC-
COSY pulse sequence are contained in Fig. 7
(spectrum A). The pulse sequence used to
acquire these spectra was then modified so that
the resonances from 1-bond '*C-coupled
protons were also excluded (spectrum B).
These signals normally appear as large,
dominant resonances in HMQC spectra
(spectrum A). COSY transferred resonances
could be more easily identified in spectra if
these resonances were removed. Spectrum C
was acquired using a further adapted pulse
sequence; *Jo;—-HMQC-COSY (Fig. 1), that
produces magnetization transfer from long-
range coupled protons to their homonclear
coupled partners, in this case from the g;s
protons to the g, protons of benzyl-
glutathione.

A two-dimensional *Jo;—-HMQC-COSY
spectrum obtained from bile samples before
degradation is contained in Fig. 8. Although 1-
bond coupled proton resonances have not been

completely removed from these spectra they
do not interfere with other areas of the spectra.
This spectrum is equivalent to a normal 'H-'H
COSY spectrum with the exception that reson-
ances from protons that do not possess ‘long-
range’ °C coupling or are coupled to a proton
with this coupling have been removed from
acquisition. We acquired two-dimensional
*Jen-HMQC-COSY spectra from a degraded
bile sample. From the chemical shift of par-
ticular crosspeaks in these spectra we were able
to identify benzyl-cysteine as a possible
product of degradation reactions. All other
crosspeaks produced in this spectrum over-
lapped those produced by benzyl-glutathione
itself. These similarities in chemical shift values
show clearly that degradation reaction
products are very similar in structure to benzyl-
glutathione.

Conclusion

We have found that the structural identifi-
cation of the excretory products of cefoper-
azone and benzyl chloride in whole bile could
be achieved using relatively simple NMR tech-
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Figure 8

Contour plot of a 400 MHz 'H detected two-dimensional *J;y HMQC-COSY spectrum obtained from a whole bile
sample containing undegraded |CH,}-"*C labelled benzyl glutathione. This spectrum is equivalent to a '‘H-'H COSY
spectrum with the exception that resonances of protons without a '*C coupling have been excluded from acquisition.

niques. This analysis was made easier by the
fact that both compounds were excreted into
bile at a relatively high concentration in com-
parison to the other sample components. Qur
accompanying analysis of the biliary meta-
bolites of 4-cyano dimethyr aniline [30]
addresses the problems associated with the
analysis of xenobiotic metabolites at lower
concentrations.

A major difficulty associated with the
analysis of bile largely arises because spectra
contain resonances from a large number of
compounds. It can often be difficult to dis-
criminate resonances produced by a single bile
component. Our use of "*C isotopic labelling
has demonstrated how 'H/"*C heteronuclear
NMR experiments can be applied to the
structural analysis of xenobiotic metabolites
and used to avoid crowded, uninformative
spectra.

"C labelling studies are most informative
when a label is located close to the area of

interest in a molecular structure. This was not
the case during the above study of benzyl-
glutathione and its degradation. This fact
prevented us from determining the precise
nature of these reactions. It is nevertheless
clear that these reactions are not just those of
the B-lyase pathway as our NMR results show
that apart from benzyl-cysteine at least three
other breakdown products are formed which
are very similar in structure to benzyl-gluta-
thione. We feel that these reactions may simply
involve a mixture of transpeptidation reactions
occurring to the amino acid constituents of
glutathione rather than the ordered sequence
of reactions seen in the B-lyase pathway.
NMR has the potential to examine mol-
ecules within intact cells. The NMR techniques
described above could be applied to in vitro
cell systems in which '*C labelled compounds
undergo biotransformation. It remains to be
seen whether wunder these circumstances
NMR could reveal the mechanisms by which
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particular xenobiotic metabolites are formed
in vivo.
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