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ABSTRACT

An isocratic high-performance liquid chromatographic (HPLC) system was developed to analyze haloperidol and its potential
metabolites. These compounds included 4-(4-chlorophenyl)-4-hydroxypiperidine (CPHP), haloperidol N-oxide (HNO), reduced halo-
peridol (RHAL), the 1,2,3,6-tetrahydropyridine analogue and its N-oxide, and the pyridinium ion from haloperidol (HP*). The HPLC
system comprised a Hypersil CPS5 column with a mobile phase of acetonitrile (67%) and ammonium acetate (final concentration 10
mM) which was adjusted to pH 5.4 by acetic acid. The solvent was delivered at 1 ml/min. RHAL and CPHP were determined by an
ultraviolet detector at 220 nm with a detection limit of 1 nmol/ml. All other compounds were determined at 245 nm and had a detection
limit of 0.3 nmol/ml. This system was used to analyze a microsomal metabolic mixture of haloperidol. It was found that all above
compounds except HNO were metabolites of haloperidol. In addition, two other metabolites were also well separated in this HPLC
system which are proposed to be oxygenated haloperidol and the pyridone analogue of haloperidol. The HPLC system was used to
carry out quantitative metabolic studies of haloperidol. It was found that the metabolism of haloperidol exhibits large inter-species
differences. The apparent enzyme kinetic parameters were also determined using mice microsomes.

INTRODUCTION demonstrated that HAL is firstly dehydrated to
its 1,2,3,6-tetrahydropyridine derivative (HTP).
The metabolism of haloperidol {4-(4- HTP is then further converted in a similar man-

chlorophenyl)-1-[4-(4-fluorophenyl)-4-oxobutyl]-  ner to the activation of a dopaminergic neurotox-
4-piperidinol; HAL} is currently a field of active  in, N-methyl-4-phenyl-1,2,3,6-tetrahydro-

research. Until recently, it was generally believed
that oxidative N-dealkylation and ketone reduc-
tion were the two major metabolic pathways of
HAL [1,2]. It was subsequently shown [3-8] that,
concurrent with these two metabolic pathways,
HAL is also metabolised to its pyridinium ana-
logue (haloperidol pyridinium, HP*). We have
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pyridine (MPTP), to produce HP* [5]. We have
also detected 4-(4-chlorophenyl)-4-
hydroxypiperidine (CPHP), haloperidol-1,2,3,6-
tetrahydropyridine N-oxide (HTPNO) and two
unknown compounds (designated M3 and M5)
as metabolites of HAL [5-8]. These researchers
have demonstrated that HAL undergoes a com-
plex metabolic process similar to that of the neu-
rotoxin MPTP in biological systems [9]. This may
have important pharmacological and toxicolog-
ical consequences.

A number of analytical methods have previ-
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ously been published for metabolic and pharma-
cokinetic studies of HAL T10-1 71. In these meth-
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ods, UV [10-13] or electrochem1cal [14-17] detec-
tors were employed. Greatest sensitivities were
achieved using a coulometric-type electrochem-
ical detector [16]. Recently Igarashi and Castag-
noli [18] developed an HPLC method for the
analysis of HP* with fluorescence detection. But
in all these HPLC methods, either reduced HAL
or HP* was the only metabolite measured.
Therefore an HPLC method was urgently re-
quired for the analysis of the above metabolites
in order to carry out detailed studies on these
metabolic pathways.

In this report. a new ig

212 2SS AN PV, & v

for the analysis of HAL and its metabohtes is
described. This analytical procedure detects most
of the important phase I metabolites of HAL,
that is CPHP, HTPNO, reduced haloperidol
(RHAL), HTP, HP* and two as yet uncharacter-
ised metabolites, and thus represent the most
comprehensive method for the analysis of HAL
and its metabolites. This highly specific system
separates eleven compounds in 15 min and
proves suitable for direct application using a
thermospray LC-MS detector. p-Fluorobenzoyl-

propionic acid (FBPA) can also be separated by

thig Q‘IQme but as it usuallv runs close to the
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solvent front it is difficult to be seen in metabolic
extracts.

ocratic HPLC

EXPERIMENTAL

Chemicals

HAL and pirenzepine were obtained from Sig-
ma (Pool, UK); CPHP was from Aldrich (Gil-
lingham, UK); HPLC-grade acetonitriie (far UV
grade) was purchased from FSA Laboratory

thesised by the method of Od1a et al. [19]. Halo-
peridol N-oxide (HNOQO), HTP, HTPNO and

HP* were synthes1sed in th1s laboratory. Details
of these syntheses will be described in a separate
report [8].

Distilled water was further purified by passing
through an Elgastat Spectrum water purification
system (Elga, Bucks, UK) fitted with SC1 and
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SC6 cartridges before use for preparation of
HPLC solvents. All flterad
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through a Sartorius 40-um filter (Sartorius In-
struments, Belmont, UK) then degassed by pass-
ing a gentle stream of helium gas for 10 min fol-
lowed by sonication for 5 min prior to use. Stan-
dard stock solutions of authentic compounds (10
mAM) were prepared in methanol.

High-performance liquid chromatography
The HPLC system comprised a ConstaMetric
3000 solvent delivery system (Milton Roy, Rivi-
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with a 100-ul loop and a Rapiscan SA6508 detec-

tor (Severn Analvtical. Shefford. UK) set to mea-
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sure at 220- and 245-nm wavelengths. A Tandon
TM7002 computer was used to record, store and
analyse chromatograms. The HPLC system used
a 5-um Hypersil CPS5 column (silica gel with
bonded cyanopropyl groups, 250 mm X 4.6 mm
1.D.) (Thames Chromatography, Berkshire, UK)
coupled with an Upright C-130B guard column
(30 mm X% 2 mm 1.D.) (Upchurch Scientific, Oak
Harbor, WA, USA) packed with 5-um Hypersil
CPS column material.
A wnnlail ot b:mn": n ~F annt~
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nitrile (67%) and ammonium acetate buffer (final
concentration 10 mM) adiusted to nn 5.4 with

SLOLLCHI AR IV L) ARAANiE AN, YWilil

acetic acid. The solvent was dehvered at a flow-
rate of 1 ml/min. During the development of the
HPLC system, solvent systems of different pH
were investigated. These solvent systems consist-
ed of acetonitrile (60%) and sodium phosphate
(20 m M) which were adjusted to different pH val-
ues by phosphoric acid.

Calibration curves were prepared as follows:
known quantities of CPHP, HTPNO, RHAL,
HAL, HTP and HP* (in 0.5 ml of water) were
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and heat-inactivated (100°C for 10 min) micro-
somes (1 m}) equivalent to 0.5 g of original liver
tissue in Sovirel tubes. Sample preparation and
HPLC analysis were as described below. The
preparation of the calibration curves was carried
out twice in duplicate. Intra- and inter-assay vari-
ation of the method was examined by injecting a
standard mixture containing 8 nmol per incubate
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of each of the standard compounds in the same
day and on three different days.

Metabolic studies

Male LACA albino mice (weight 30-40 g),
New Zealand White rabbits (weight 2-3 kg), Syr-
ian hamsters (weight 80-100 g) and Albino Dun-
kin Hartley guinea-pigs (weight 400-600 g) were
obtained from the Animal Supply Unit, King’s
College, University of London (London, UK).
Animals were fasted overnight before sacrifice.
Hepatic microsomal preparations were prepared
using the centrifugation method [20]. Protein
concentrations were determined by the method
of Lowry et al. [21] as modified by Miller [22].

Incubation procedures were as follows: a co-
factor generating system consisting of NADP™ (2
umol), glucose 6-phosphate (10 umol), glucose-6-
phosphate dehydrogenase (1 U) and MgCl, (2
mg) all in 2 ml of phosphate buffer (0.2 M, pH
7.4) was preincubated at 37°C for 5 min. Enzy-
matic reactions were initiated by the addition of
HAL and microsomal preparations equivalent to
0.25 g of original tissue. Controls consisted of
incubates containing either no cofactor, or no
substrate, or no microsomes, or inactivated mi-
crosomes. Incubations were carried out for 10
min. Biological reactions were terminated by ad-
dition of acetonitrile (3 ml) followed by addition
of an internal standard solution (pirenzepine,
0.05 mM, 200 ul). The mixtures were left at room
temperature for 30 min and the denatured pro-
teins were removed by centrifugation (MSE Cen-
taur 2, 4000 g, 20 min). The clear supernatants
were subjected to HPLC analysis (50 ul). Loss of
metabolites due to protein precipitation was neg-
ligible.

RESULTS AND DISCUSSION

It was the object of this work to develop an
HPLC system for the separation of CPHP,
HNO, HTPNO, RHAL, HAL, HTP, HP™* (Fig.
1) as well as two unknown metabolites M3 and
MS5. These compounds comprise a large range of
lipophilicity, pK,, and polarity. Problems arise as
to how it is possible to analyse all these com-
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Fig. 1. Structures of haloperidol and its potential metabolites.

HTPNO

pounds in a single chromatogram. In preliminary
experiments, gradient systems were tried in order
to reduce the analysis time with a C;5 column,
but the systems gave very noisy baselines in the
chromatogram when the UV detector was set at
220 nm which was necessary for the detection of
CPHP and RHAL. Consequently, we moved to
the use of isocratic systems with polar bonded
columns. C4 and phenyl columns were tried but
failed to significantly reduce the retention time of
lipophilic compounds. Cyano columns were
found to give reasonable retention times for all
the compounds. Thus the HPLC system was fur-
ther optimised using a Hypersil CPS column. It is
worth noticing that increasing the pH of the sol-
vent system reduced the retention time of the two
N-oxides (Fig. 2). This may be because the ox-
ygens were protonated under basic conditions.
The optimised solvent system consisted of ace-
tonitrile (67%)-ammonium acetate buffer (10
mM) at pH 5.4. Ammonium acetate was chosen
as buffer because this would allow the HPLC sys-
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Fig. 2. Dependence of retention times of metabolites of haloperi-

dol on pH values of the HPLC solvent system. See text for exper-
imental details.

tem to be linked to a thermal spray detector with-
out any modification of the solvent system [5,6].
With this system, the back-pressure for the ana-
lytical HPLC column was 4.2 MPa which in-
creased to 8.4 MPa when the guard column was
incorporated into the HPLC system.

Fig. 3 shows a chromatogram of a mixture of
authentic compounds and a metabolic mixture
obtained from HAL and its control incubate;
CPHP, M3, HTPNO, RHAL, HTP, HP" and
MS5 were detected in the incubation mixture free
of interference from endogenous substances.

CPHP and RHAL were detected at 220 nm.
Due to the high background absorption caused
by ammonium acetate the sensitivities for RHAL
and CPHP were lower than those detected at 245
nm and was 3 nmol per incubate; however, this
sensitivity was sufficient for in vitro metabolic
studies. All the other compounds were detected
at 245 nm with lower detection limits at about 1
nmol per incubate.

For each sample, the ratio of the peak height
of the sample to that of the internal standard was
calculated (Table I). Peak-height ratios of HTP,
HTPNO, HP*, RHAL and CPHP to internal
standard showed a linear relationship to their
concentration over a range of at least 1 to 200
nmol per tube (Table I). For HAL the linear
range was at least 10-2000 nmol per tube. Intra-
assay (within-day) and inter-assay (between-day)
coefficients of variation for each compound are
shown in Table II. The excellent linear relation-
ship in the calibration curves and the reasonably
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Fig. 3. HPLC of (A) a mixture of authentic compounds (10
nmol), (B) haloperidol metabolic mixture from mouse hepatic
microsomes and (C-E) their control incubates. The control in-
cubates are those without substrate (C), without cofactor (D)
and with inactivated microsomes (E). Metabolic incubations
were caried out for 30 min with 1 pumol of haliperido! per in-
cubate. Monitored at 220 nm.
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TABLE 1
CALIBRATION CURVE OF HALOPERIDOL AND ITS METABOLITES FOR HPLC ANALYSIS

Results were from two duplicate experiments.Linear regression equations were: CPHP: y = —0.019 + 0.0908x (r = 0.999); RHAL: y
= —0.001 + 0.0787x (r = 1.000); HTPNO: y = —0.115 + 0.448x (r = 1.000); HTP: y = 0.097 + 0.319x (r = 1.000;;HP™: y = 0.041
+ 0.150x (r = 1.000); HAL: y = 1.063 + 0.168x (r = 1.000).

Amount Peak-height ratio to internal standard
(nmol per tube)
CPHP RHAL HTPNO HTP HP* HAL*
1.0 0.490 0.420 0.211 2.079
3.0 0.342 0.256 1.387 1.061 0.487 5.730
8.0 0.739 0.646 3.634 2.877 1.342 15.418
20.0 1.681 1.549 8.250 6.479 3.063 34.724
50.0 4.399 3.889 21.825 15.943 7.488 85.440
100.0 9.143 7.900 44.970 31.970 15.093 168.957
200.0 18.535 16.453 92.051 65.289 31.564 335.001

* The concentrations of haloperiodol were ten times the amount indicated.

good reproducibility of the HPLC system are  produced by microsomal preparations from dif-
probably owed to the simple treatment of the ferent animal species. The amount of M3 was es-
samples prior to analysis. The sample prepara-  timated by assuming the UV absorption of M3 is
tion procedures used in the present experiment  similar to that of HAL and using the same cali-
were virtually, from a precision point of view, a  bration curve as that used for HAL. This as-
series of dilutions. This provides maximum accu-  sumption was made because the UV spectrum of
racy and minimum artifacts introduced during M3 is very similar to that of its parent com-
sample preparation. Thus this HPLC system was  pound, HAL [6].
deemed suitable for quantitative purposes. It can be seen (Table III) that the metabolism
Table III shows the amount of metabolitess  of HAL exhibits large species differences. The or-

TABLE II
REPRODUCIBILITY OF THE HPLC SYSTEM

Compound Added Intra-assay” Inter-assay®
(nmol per tube)

Found (mean + S.D.) R.S.D. Found (mean + S.D.) R.S.D.

(nmol per tube) (%) (nmol per tube) (%)
HTPNO 8 8.37 + 0.02 0.3 8.51 + 0.41 4.8
HTP 8 8.71 = 0.09 1.0 8.48 + 0.71 84
HP* 8 8.67 + 0.35 4.0 8.78 + 0.54 6.2
CPHP 8 8.86 + 0.46 5.2 8.91 + 0.95 10.7
RHAL 8 8.23 + 0.26 3.2 8.12 & 1.13 13.9
HAL 80 82.10 £+ 2.36 2.9 85.30 + 6.70 7.9

“ Results were from four determinations.
b Results were from three duplicate experiments.
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TABLE 111
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SPECIES DIFFERENCES IN THE METABOLISM OF HALOPERIDOL

Incubation time was 10 min; haliperidol concentration was 100 umol per incubate. Data are presented as nmol/mg of protein (mean +

S.D., n = 4).

Metabolite Mice Hamster Rabbit Guinea-pig
CPHP 473 £ 0.39 15.57 + 0.44 6.15 + 0.66 3.98 + 0.44
HTPNO 0.18 + 0.01 0.84 + 0.12 0.12 + 0.04 0.44 + 0.08
RH 0.75 +£ 0.12 0.99 + 0.16 3.40 + 0.47 3.30 + 0.39
HTP 0.66 + 0.12 0.63 + 0.05 0.34 + 0.12 0.04 + 0.03
HP* 2.63 £ 0.30 437 £ 0.39 1.94 + 0.48 1.77 +£ 0.23
M3 0.42 + 0.06 1.90 + 0.21 0.37 £ 0.12 35.27 £ 6.25

der of the amount of metabolites formed for
CPHP is hamster > rabbit > mouse > guinea-
pig; RHAL: rabbit = guinea-pig >> hamster =
mouse; HP *: hamster > mouse > rabbit > gui-
nea-pig; M3: guinea-pig > hamster > mouse =
rabbit. HTP and HTPNO were formed in rela-
tively smaller amounts. The formation of HTP
was in the order: mouse = hamster > rabbit >
guinea-pig; for HTPNO: hamster > guinea-pig
> mouse = rabbit. It is worth noticing that gui-
nea-pig microsomes produce a large amount of
M3 from HAL. This should assist the purifica-
tion of M3 and allow the unambiguous charac-
terisation of its structure. It can be calculated,
from the amount of remaining HAL, that 61, 44,
21 and 6% of HAL was converted to metabolites
by microsomal preparations from guinea-pig,
hamster, mouse and rabbit, respectively. There-
fore, the order of overall potency to metabolise
HAL is guinea-pig > hamster > mouse > rab-
bit.

The total parent HAL plus metabolites detect-
ed are 104, 87, 89 and 103 nmol for guinea-pig,
hamster, mouse and rabbit, respectively. Al-
though, as the amount of M3 was calculated us-
ing the calibration curve for HAL, these figures
should not be taken as absolute. Nevertheless, it
can be seen that whereas nearly all the substrate
can be accounted for using guinea-pig and rabbit
preparations, it seems that a small portion of me-
tabolites of hamster and mouse were not detected
with the current analytical method.

Incubation with varying HAL concentrations

was carried out and apparent Michaelis con-
stants (K,) and maximum velocity (Fma,) values
were obtained using the Lineweaver-Burk plot.
The Lineweaver—Burk plot of the rate of forma-
tion of CPHP. HTPNO, HTP, HP ™ and M3 are
shown in Fig. 4. Apparent V., and K values
calculated are listed in Table IV. M3 was quanti-
fied using the same calibration curve as HAL.
Clearly one must be cautious in interpreting
these kinetic data, because at lower HAL concen-
trations, the rate measured during 10 min incuba-
tion may already be starting to deviate from line-
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Fig. 4. Lineweaver—Burk plots of the rate of formation of CPHP,
HTPNO, HTP, HP* and M3. Values for y-axis were expressed
as 1/(nmol/g protein/min). The amounts of M3 were estimated
using the calibration curve of HAL.
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TABLE IV

APPARENT KINETIC PARAMETERS FOR THE FORMA-
TION OF SOME METABOLITES OF HALOPERIDOL BY
MICE HEPATIC MICROSOMAL PREPARATIONS

Compound K (uM) V,,.x (nNmol/g protein/min) R

CPHP 63.6 20.0 0.997
HTPNO 41.6 0.76 0.996
HP™* 359 13.1 0.999
M3 62.3 0.562 0.964

arity because of a falling substrate concentration;
which would decrease the apparent Vs, On the
other hand, lipophilic drugs like butyrophenones
are readily absorbed into cell membrane lipid bi-
layers and thus may escape any action of the en-
zymes studied [23], which would increase the ap-
parent K., of the reduction. Furthermore, HP™*
and HTPNO are probably formed from a meta-
bolic intermediate, HTP. This would further re-
duce the values of the kinetic data obtained. Nev-
ertheless, the reaction rates of formation of
CPHP, HTPNO, HP* and M3 gave a straight
line against HAL concentration in the Lineweav-
er—Burk plot. The Lineweaver—Burk plot of HTP
formation shows curvature. This is probably be-
cause HTP is further converted to HP* and
HTPNO as well as its dealkylation product
CPTP [6]. The further metabolism of a primary
metabolite would result in upward curvature at
low substrate concentrations in a Lineweaver—
Burk plot [24].

It was shown that the formation of the metab-
olites of HAL were dependent on incubation
time, microsome concentration and was satura-
ble with increased substrate concentration. No
metabolic products were found in control experi-
ments. All these are characteristics of enzymatic
reactions.

In conclusion, the HPLC system selectively
analysed most Phase 1 metabolites of HAL with
good selectivity and reproducibility. This pro-
vides a useful tool for metabolic studies of HAL.
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Further studies are currently being carried out on
the enzymology of HAL metabolism and its clin-
ical relevance.
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