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Introduction

'""F-NMR spectroscopy can be used effectively
to obtain information on the metabolism ot
fluorinated xenobiotics without the need for
radiolabelling [1-3]. ""F-NMR has several use-
ful features in metabolism studies on fluoro-
drugs namely, negligible interference in bio-
fluids from endogenous fluorinated com-
pounds (contrasting with '"H-NMR) and a high
detection sensitivity (83% of 'H). Further-
more, the large chemical shift range over which
the '""F resonances extend, provides high
sensitivity to structural and electronic changes
in the molecule at sites over eight bonds distant
to the '°F atoms. The presence of a "*F atom
thus provides a long range probe to monitor
structural changes. In the present study, as part
of a wide programme investigating structure—
metabolism relationships, we have used '“F-
NMR to probe the metabolic fate of o-, m- and
p-triflucromethylbenzoic acids (TEMBA) and
p-fluorobenzoic acid (p-FBA) in the rat. A
combination of single-pulse °F and 'H-NMR
experiments, chemical modification of the
sample and SPEC-NMR [4, 5] methods, were
applied for structure elucidation studies on the
metabolites present in biofluids.

Materials and Methods

Dosing and sample preparation
Male Sprague-Dawley rats (200-250 g)
were dosed with p-TFMBA in corn oil; o- and

m-TFMBA 1in sodium bicarbonate—saline sol-
ution (30:50, v/v} and p-fluorobenzoic acid in
phosphate buffer~saline solution (50:50, v/v),
all at 100 mg kg ' i.p. The rats were kept in
metabolic cages whilst urine was collected over
the following 48 h post-dose. Urinary volumes
and pHs were recorded and samples stored at
—-40°C until analysed.

NMR measurements

Samples of whole urine (0.5 ml} with 0.1 ml
of *H>0 added as an internal field frequency
lock were made on Varian VXR 400 and
Bruker AM 400 spectrometers operating at
9.4 T field strength (376 MHz '*F frequency)
and on a JEOL GSX 500 spectrometer operat-
ing at 11.75 T field strength (500 MHz 'H
frequency).

"H-NMR spectroscopy

'H-NMR spectra (500 MHz) were measured
using 45° pulse (3 ps), over a 6000-Hz spectral
width. Typically, 128-256 FIDs (free induction
decays) were collected into 32,768 computer
points; acquisition time of 2.73 s. A further
delay of 2.27 s between pulses was used to
ensure that the spectra were obtained under
fully T, relaxed conditions. The FIDs were
multiplied by an exponential function corre-
sponding to a 0.2-Hz line broadening prior to
Fourier transformation. A gated irradiation
field at the water resonance frequency was
applied in order to suppress the intense signal
due to water protons. Chemical shifts were
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referenced externally to sodium 3-(trimethyl-
silyl)-1-propanesulphonate (8 = 0 ppm).

"F-NMR spectroscopy

Proton-coupled ["F-'H] and decoupled
WE{'H)} spectra werc measured at 376 MHz
using a 45° pulse (15 ps), over a 8000-Hz
spectral width. Typically, 128-512 FIDs were
collected into 8192 computer points; acqui-
sition time of 0.5 s. A further delay of 4 s (2.5 s
for "F{'H} spectra) between pulses was
added to allow T, relaxation. The FIDs were
multiplied by an exponential function corre-
sponding to 0.5 Hz line broadening prior to
Fouricr transformation. Chernical shifts were
referenced externally to CFCl; (8 = 0 ppm).

Chemical and enzymatic modification of bio-
fluid samples

(i) In order to identify ester glucuronide
conjugates, sodium deuteroxide was added to
200-400 pl of post-dose urine and "F-NMR
spectra recorded.

(ii) In order to identify the presence of ester
or ecther glucuronide conjugates, 150-350 pl of
0.8 h post-dose urine was incubated with p-D-
glucuronidase (Escherichia coli)y at pH 6.8 and
310 K for 18 h, and analysed by '°F and 'H-
NMR.

(iii) In order to characterize further and
identify major metabolites, attempts were
made to isolate and purify them using solid-
phase extraction chromatography followed by
NMR dctection (SPEC-NMR). Acidified
urine (pH 2.2) was loaded onto a precon-
ditioned C,3 (Bond—Elut™) column at pH 2 to
retain ionizable metabolites. Metabolites were
eluted by a step-gradient of methanol (acidi-
fied with 2 M HCI o pH 2) from 0 to 100% in
20% subfractions. Solvent was removed using
a stream of nitrogen and freeze-drying befare
being redissolved in *H,O prior to NMR
analysis.

Results and Discussion

YF-NMR spectra of whole biofluids can be
obtained rapidly with minimum sample pre-
treatment [1]. Studies on the metabolism of
monofluorinated and  trifluoromethylated
aromatic compounds using F-NMR have
shown that it is possible to identify the number
and proportion of fluorinaled metabolites
present in a biofluid [6] from single-pulse 'F-
NMR spectra of whole or freeze-dried
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samples. The ""F atoms present on the tri-
fluoromethyl-group arc magnetically equiv-
alent and any couplings between fluorine and
protons on the benzyl ring are too small to be
measured. Therefore, proton decoupling is not
required to obtain singlet resonances for each
CF; group. In the case of monofluorinated
compounds where fluorine is bonded directly
to the benzene ring (e.g. p-FBA), J._y
couplings are significant and the resulting
splitting of the '°F signals is easily detected.
Proton decoupling was thus required to obtain
single '°F signals. However, these compounds
could be used in '"F-'H spin—echo difference
and shift correlation multipulse NMR exper-
iments which can provide information on the
siles of metabolism.

'H-NMR spectroscopy

Proton NMR spectra of 0-8 h post-dose
urine showed resonances due to the metabolite
peaks in the aromatic region (5 = 6-8 ppm)
but identification of specific signals was diffi-
cult due to overlap from endogenous urinary
metabolites. However, a resonance at 8 = 3.91
ppm was observed due to the glycine con-
jugates of m-TFMBA and p-FBA (data not
shown).

"F-NMR spectroscopy

""F-NMR spectra of 0-8 h post-dose urine
containing metabolites of o-, m- and p-
TFMBA are shown in Fig. 1. Chemical shifts
due to parent compound were identified by
standard addition.

o-Trifluoromethyibenzoic acid

The '°F resonance due to the major metab-
olite of o-TFMBA was observed at 8 = ~59.67
ppm and accounted for approximately 80% of
the total. At least seven minor metabolite
signals were also observed and accounted for
<5% of the total (Fig. 1A). From the 'H-NMR
spectrum of the 0-8 h treated urine, reson-
ances from the w-anomeric proton at & = 5.2
ppm due to the presence of an ester glucur-
onide, were identified. Mild alkaline hydrolysis
using sodium deuteroxide at 298 K of treated
urine, monitored by '""F-NMR, resulted in no
change in intensity of the major mctabolite
signal at 8 = —59.67 ppm, but did result in the
disappearance of the signal at § = —59.06 ppm
(one of the minor metabolites), suggesting the
presence of an ester glucuronide (glucuronic
acid conjugate of a carboxvlic acid). 'YF-NMR
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Figure 1

1F_'H-NMR spectra (376 MHZ) of 0-8 h post-dose (100 mg kg™") rat urine: A, o-TFMBA; and B, m-TFMBA.

spectra obtained from treated urine incubated
with @-pD-glucuronidase enzyme at 310 K
showed the complete disappearance of the
signal at 8 = —59.06 ppm, providing further
evidence to suggest the presence of a B-D-ester
glucuronide, but was seen to have no effect on
the major metabolite at & = —59.67 ppm. The
failure of mild alkaline or enzymic hydrolysis
to effect cleavage of the conjugated metabolite
at § = —359.67 ppm, suggests that this was
probably due to steric hindrance effects be-
tween the —CF; group and the carboxylic
group. Solid-phase extraction chromatography
provided relatively pure (by '"H-NMR) extracts
of the metabolites. From the 'H-NMR spectra
of the 6t and 80% acidified methanol extracts,
resonances, in particular that of the wa-ano-
meric proton at & = 5.2 ppm due to the
presence of an ester glucuronide, were ident-
ified. Fast atom bombardment (FAB) mass
spectrometry of these extracts confirmed the
identification of the ester glucuronide (unpub-
lished data).

m-Trifluoromethylbenzoic acid
The '°F resonance due to the major metab-
olite was observed at & = —62.59 ppm and

accounted for 70% of the total. The signal for
unmetabolized parent compound appeared at
& = —62.4 ppm (Fig. 1B) with an additional
signal at & = —62.64 ppm which accounted for
<10 of the total. Urine incubated at 310 K
with B-D-glucuronidase al pH 6.8 resulted in
the complete disappearance of the signal at
8 = —62.64 ppm and a corresponding increase
in that of the parent compound at § = —62.4
ppm. This suggested that the signal at & =
—62.64 ppm was an ester B-D-glucuronide, of
the parent acid. Solid-phase extracts of treated
urine showed the major metabolite at & =
—62.59 ppm, to be spectroscopically pure by
'"H-NMR. From the 'H-NMR spectra,
resonances at & = 3.91 ppm due to glycine
conjugation of m-TFMBA were identified.

p-Trifluoromethylbenzoic acid

For "F-NMR spectra of 0-8 h post-dose
urine, four metabolite signals (Fig. 2A) and a
signal for the parent compound at = —64.2
ppm, were observed. Alkaline hydrolysis of
treated urine (Figs 2D and 2E) using sodium
deuteroxide at 298 K monitored by 'F-NMR,
resulted in the total disappearance of signals at
8= —-64.72,8 = —64.76 and 3 = —64.8 ppm,
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Figure 2

F-"H-NMR spectra (376 MHZ) of urine from a rat dosed with p-TFMBA: A, 0-8 h post-dose urine; B, urine (pH 6.8)
incubated at 310 K C, urine incubated with B-n-glucuronidase (pH 6.8) at 310 K; D, 0-8 h post-dose uring; and E, urine

after alkaline hydrolysis (pH 10) at 293 K.

and a corresponding increase in the intensity of
the parent compound with only the signal at
& = —64.52 ppm remaining, suggesting the
presence of ester glucuronides. Incubation of
treated urine at 310 K resulted in the complete
disappearance of the signal at 8 = —64.5 ppm
which accounted for 10% of the total dose,
suggesting the presence of an unstable ester
giucuronide (Fig. 2B). Hydrolysis with B-D-
glucuronidase at 310 K (Fig. 2C) also caused
the disappearance of the peak at & = —64.8
ppm, with a corresponding increase in parent

signal intensity at 8 = —64.2 ppm. A decrease
in the 'F signals at 8 = —64.52 and & =
—64.76 ppm, and an increase in the "F signals
atd = —64.72 ppm were also observed, suggest-
ing that these metabolites are probably re-
arranged conjugates of B/D-glucuronic acid.
Resistance of ester glucuronides to enzymic
hydrolysis but not to alkaline hydrolysis has
previously been reported [8, 9] and was found
to occur with ester glucuronides which have
undergone fransacylation from the 1-Q-acyl to
the 2-O-acyl, 3-C-acyl and the 4-O-acyl
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Figure 4

Metabolic routes of o-, m- and p-TFMBA, and p-FBA in the rat.

glucuronide, the most resistant ester glucur-
onide being the 4-0-acyl glucuronide, in this
case occurring at & = —64.52 ppm. The split-
ting of the two resonances at 8 = —64.72 and
8 = —64.76 ppm also abserved by ""F-NMR
was probably due to the presence of two
stereochemical forms of the a- and B-anomers
of the 2-O-acyl and 3-O-acyl glucuronides
caused by mutarotation of these ester glu-
curonic acid conjugates.

p-Fluorobenzoic acid. The "F{'H}-NMR
spectra of urine containing p-FBA is shown in

TFig. 3. Three resonances from metabolites
were observed, the major resonance occurring
at 3 = —108.4 ppm (accounting for 70% of the
total) was due to glycine conjugation of p-
FBA. This was confirmed by 'H-NMR coupled
with SPEC-NMR and FAB mass spectrometry
on extracts of these samples. A summary of the
major metabolic pathways in the rat of the
above compounds is shown in Fig. 4.

Conclusions

These studies show that ""F-NMR provides a
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powerful tool for the investigation of the fate
and disposition of fluorinated xenobiotics.
Chemical modification and/or enzymatic
hydrolysis of the fluoroxenobiotic metabolites
in situ coupled with SPEC using '°F and 'H-
NMR detection can be used for identification
and structure clucidation of fluorinated
metabolites in biofluids. Thus cster glucur-
onides of p-TFMBA and o-TFMBA were
identified as major metabolites whereas the
major metabolite of m-TFMBA was identified
as the glycine conjugate of the parent acid. '°F
was able to distinguish the «- and B-anomers of
the transacylated forms of the ester glucur-
onides. Clearly, the electronic effect of the
fluorine atom(s) at various positions on the
molecule strongly influences the metabolic fate
of these compounds. The NMR approach
allows rapid identification of mctabolites in
biomaterials, and as such will be useful in the
generation of metabolic data bases for
families of fluorinated compounds where
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structure—metabolism relationships arc being
studied.
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