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Distribution of Fluphenazine and Its
Metabolites in Brain Regions and
Other Tissues of the Rat
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Rats were given 5, 10, or 20 mg/kg oral doses of
fluphenazine (FLU) dihydrochloride daily for 15 days.
FLU and its sulfoxide (FL-SO), 7-hydroxy (7-OH-FLU)
and N*-oxide (FLU-NO) metabolites were assayed in
plasma, liver, kidney, fat, whole brain, and brain regions
by specific and sensitive radioimmunoassays (RIA). All
metabolites were detected in tissues at higher levels than
in plasma, and the levels increased with dose. FLU was
10- to 27-fold higher in brain regions than in plasma.
Brain vs plasma levels of FLU correlated more closely
than levels of its metabolites. Liver contained the highest
levels of all analytes at all doses. FLU-SO was the major
metabolite in brain regions (24% to 96% of FLU) and
accumulated in fat 43 to 75 times more than FLU. Levels

of 7-OH-FLU and FLU-NO were very low in brain (1%
to 20% of FLU). FLU-SO and FLU-NO had only 1% to
3% the affinity for D1 and D2 receptors, but 7-OH-FLU
had 20% the Dz and 5% the D1 affinity of FLU. The low
affinity for dopamine receptors and low brain-levels of
metabolites of FLU indicate that they are not likely to
contribute importantly to pharmacologic responses of
FLU. Also, the estimated relative “activity factor” for
these compounds in the brain indicated that the
contribution to neuropharmacologic activity by
metabolites is less than 1% of FLU. Consequently,
clinical monitoring of plasma FLU alone may be
sufficient. [Neuropsychopharmacology 13:235-247,
1995]
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Fluphenazine (FLU), a piperazinyl phenothiazine neu-
roleptic (Figure 1), is widely used in the treatment of
psychotic illnesses. It is commonly administered PO or
IM as the dihydrochloride, or IM as the long-acting
decanoate or enanthate esters in an oily vehicle. The
metabolism of FLU is complex. It is metabolized exten-
sively by aromatic hydroxylation, S- and N-oxidation,
N-desalkylation, and glucuronidation (Ebert and Hess
1965; Dreyfuss and Cohen 1971; Dreyfuss et al. 1971;
Breyer et al. 1974a, 1974b; Gaertner et al. 1974, 1975;
Curry et al. 1979). The sulfoxide (FLU-SO), N*-oxide
(FLU-NO) and 7-hydroxy (7-OH-FLU) metabolites of
FLU (Figure 1) are found in substantial levels in the
plasma of patients treated with PO or IM preparations
of FLU (Marder et al. 1989). FLU-SO, FLU-NO, and
7-OH-FLU have been reported to have antidopaminer-
gic activity themselves, with 7-OH-FLU metabolite be-
ing the most potent among them (Yamada and Furu-
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and its metabolites:
chemical structures of
fluphenazine (FLU; MW
= 437.5), fluphenazine
sulfoxide (FLU-SO; MW
= 453.5), fluphenazine
N#¥.oxide (FLU-NO;
MW = 453.5), and 7-hy-
droxyfluphenazine (7-
OH-FLU; MW = 453.5).
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kawa 1980; Lewis et al. 1983, Hals and Dahl 1984, Morel
etal. 1987). Accordingly, these metabolites of FLU may
contribute to its pharmacologic effects by interactions
at dopaminergic or other brain receptors such as the
5HT2, and ai-adrenergic receptors.

Clinically encountered plasma concentrations of an-
tipsychotic agents, including FLU, vary by 10- to 100-
fold in psychotic patients (Van Putten et al. 1991). Also,
clinical responses are highly variable among patients
and over time (Harris et al. 1982; Dahl 1986; Midha et
al. 1987; Baldessarini et al. 1988). Attempts to correlate
plasma levels of most neuroleptics with clinical re-
sponses generally have been inconsistent or inconclu-
sive. Variations in absorption or hepatic clearance con-
tribute to the wide variations in plasma levels of such
agents (Van Putten et al. 1991; Koreen et al. 1994). As
concentrations of neuroleptics at active sites in the brain
presumably are related to their neuropharmacologic
effects, regional variations in the distribution of neu-
roleptics and/or their metabolites among brain regions
may contribute to variations in their actions.

Sunderland and Cohen (1986) found wide variations
in the concentrations, determined by radio receptor as-
say, of several high- and low-potency neuroleptics in
rat brain. With several high-potency antipsychotics,
including haloperidol and FLU, brain-to-plasma level
ratios were as high as 20 to 40. These results were
later verified by a liquid chromatographic method
(Tsuneizumi et al. 1992). Concentrations of low-potency
antipsychotics, such as chlorpromazine, thioridazine
and their metabolites, and the ratio of their brain:se-
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rum levels also varied but tended to be lower than the
high-potency agents (Swendsen and Bird 1986;
Tsuneizumi et al. 1992). Concentrations of clozapine,
another low-potency antipsychotic drug, were approx-
imately 24-fold higher in rat brain than serum (Baldes-
sarini et al. 1993). Concentrations of its N-desmethyl
and N-oxide metabolites in brain were insignificant as
compared to clozapine, although these metabolites
were present in serum (30% to 60% of serum clozapine).
Although blood-brain distribution has been inves-
tigated for the metabolites of some low-potency anti-
psychotics (Alfredsson et al. 1977; Tsuneizumi et al.
1992; Baldessarini et al. 1993), there is little informa-
tion available on the tissue distribution of metabolites
after the administration of FLU.

Our previous investigations found that substantial
levels of the sulfoxide, N*-oxide and 7-hydroxy metab-
olites of FLU were present in plasma of patients treated
with oral FLU (Marder et al. 1989; Van Putten et al.
1991). Whereas the blood-brain distribution of FLU in
the rat has been investigated (Sunderland and Cohen
1986; Tsuneizumi et al. 1992), the distribution of its ma-
jor metabolites in brain has not been reported. In an
early report, Dreyfuss et al. (1971) studied the distribu-
tion of FLU and its metabolites in dogs and monkeys
using “C-labeled FLU. High concentrations of total ra-
dioactivity following 4C-FLU were found in liver, kid-
ney, and brain, but levels of individual metabolites were
not reported.

The current study addresses the following ques-
tions: Do FLU metabolites reach the rat brain? What
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are the levels of FLU and its metabolites in various rat
brainregions? Is there preferential localization of some
of these compounds within brain regions? How do brain
levels compare to simultaneous plasma levels? Are tis-
sue levels of FLU and its metabolites dose-dependent?
Do FLU metabolites have affinity for the major dopa-
mine receptors in rat striatal membranes and could they
possibly contribute to the clinical effects of FLU?

MATERIALS AND METHODS
Chemicals

Authentic samples of FLU, FLU-SO, 7-OH-FLU, and
FLU-NO were generously donated by Bristol Myers-
Squibb Labs (New Brunswick, NJ), and FLU-glucuro-
nide was synthesized by an immobilized enzyme tech-
nique (Jackson et al. 1991). All solvents and chemicals
were liquid chromatographic grade or reagent grade
(Fisher Scientific, Tustin, CA) and used without fur-
ther purification. Bovine serum albumin (BSA), dex-
tran, and activated charcoal were purchased from Sigma
Chemical Co (St Louis, MO). Side chain N*-methyl
tritiated trifluoperazine (83 Ci/ mmol) used in the ra-
dioimmunoassay (RIA) for FLU, and side chain N%-
methyl tritiated 7-hydroxy-trifluoperazine (80 Ci/mmol,
7-hydroxy functional group was protected with tetra-
hydropyranyl group) used in the RIA of 7-OH-FLU
(Aravagiri et al. 1994a) were custom made by Amer-
sham Corporation (Arlington Heights, IL). The radio-
labeled sulfoxide and N*¥-oxide derivatives were made
from tritiated trifluoperazine by oxidative chemical reac-
tions, purified by liquid chromatography (Aravagiri et
al. 1984, 1990), and used in the RIA for FLU-SO (Midha
et al. 1988) and FLU-NO (Aravagiri et al. 1990), respec-
tively. The purity of radiolabeled trifluoperazine and
its 7-hydroxy, sulfoxide, and N*-oxide derivatives as
determined by thin-layer chromatography were greater
than 95%. Radioactivity was measured by liquid scin-
tillation counting using Scintiverse scintillation cock-
tail (Fisher Scientific) in a Tricarb 1900 TR liquid scintil-
lation counter (Packard Instrument Company, Downers
Grove, IL) equipped with automatic quench compen-
sation.

Antibodies

The antibodies used in the RIAs of FLU-SO, 7-OH-FLU,
and FLU- NO were polyclonal antibodies raised against
suitable trifluoperazine sulfoxide, triftuoperazine 7-hy-
droxy, and prochlorperazine N¥-oxide hapten-BSA
conjugate based immunogens in New Zealand white
rabbits (Aravagiri et al. 1984, 1985, 1986) The antibody
used in the RIA of FLU was monoclonal and raised
against a FLU hapten-thyroglobulin-based immunogen
using hybridoma technique in mice as reported previ-
ously (McKay et al. 1990).
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Antisera used in this study were generated based
on the principle that the carrier protein was covalently
attached to the drug molecule at a position that is far-
thest away from that part of the molecule required to
be recognized by the antibody. Thus the antisera gener-
ated with hapten-protein conjugate of one of the piper-
azinyl phenothiazine neuroleptics would be expected
to cross-react with other congeners of piperazinyl
phenothiazine neuroleptics but not with other aliphatic
or piperidinyl phenothiazine neuroleptics. Similarly the
antibody raised against the metabolite-hapten-protein
conjugate would be expected to cross-react with the
respective metabolite of congeners of piperazinyl phe-
nothiazine neuroleptics. Thus, in accordance with
the nature of hapten, the specificity of antibodies as
assessed by the criteria of Abraham (1969) showed
significant binding to corresponding piperazinyl pheno-
thiazine congeners such as fluphenazine, prochlorpera-
zine, trifluoperazine but not to aliphatic or piperidinyl
phenothiazine neuroleptics (Table 1). For the same rea-
son, the RIAs used in this study were developed using
radiolabeled trifluoperazine and its metabolites as
tracers. Furthermore, the preparation of radiolabeled
metabolites of FLU from tritiated FLU was not econom-
ically feasible.

Because the assay is only applicable under condi-
tions where a single piperazinyl phenothiazine neu-
roleptic is used and not where more than one or un-
known piperazinyl phenothiazine neuroleptics is used,
specificity was also examined by a method closely
resembling the clinical situation. In this method the
specificity was examined by comparing values for sam-
ples spiked with each specific analyte over the range
of the standard curve in the presence or absence of a
five-fold excess of either FLU or its metabolites. Such
additions did not result in significant changes in the
values obtained for the specific analyte being assayed
(t-test, p < .05, n = 5).

Animal Treatment

Young male Sprague-Dawley albino rats (100 g) were
purchased from Harlen Sprague Dawley (San Diego,
CA). After being quarantined for 1 week, animals were
housed (five to 10 per cage with free access to food and
water in a temperature-regulated room (23°C to 25°C)
with a 12-hour lighting cycle (on 0600 to 1800 hours).
They were gently handled daily for another week to
prepare them for the study. All animal experimental
procedures were approved by the West Los Angeles
VAMC or McLean Hospital Animal Research Com-
mittees.

Rats were given the following daily doses of FLU
dihydrochloride in aqueous solution once daily by oral
gavage for 15 consecutive days (at 0900 to 1100 hours):
5(n = 8),10(n = 15) or 20 (n = 10) mg/kg. Higher doses
produced weight loss and were not used. Six hours af-
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Table 1. Cross-Reactions? of the Antiserum Used in the RIA of FLU,

FLU-SO, 7-OH-FLU, and FLU-NO

Antibody Used in the RIA of

Compound Tested FLU FLU-SO 7-OH-FLU FLU-NO

FLU 100 <1 <1 1
FLU-SO 4 100 <1 <1
7-OH-FLU 62 <1 100 <1
FLU-NO 5 1 <1 100
N-DeshydroxyethylFLU 5 1 <1 2
N-DeshydroxyethylFLU-SO 62 <1 <1
7-Hydroxy-N-deshydroxyethylFLU 1 <1
Trifluoperazine 1
Trifluoperazine sulfoxide 56

7-Hydroxytrifluoperazine 83
Trifluoperazine N*-oxide 100
Prochlorperazine N*-oxide 100
Chlorpromazine N-oxide 1
Prochlorperazine sulfoxide 67

7-Hydroxychlorpromazine <1

# Cross-reactions were assessed in triplicate according to the criteria of Abraham (1969).

ter the last daily dose, animals were decapitated. The
6-hour sampling time was derived from pilot data as
the time at which the concentration of FLU was between
peak and trough concentration in plasma (Aravagiri et
al. 1994b). Upon decapitation, trunk blood was collected
in heparinized tubes, and liver, kidney, and abdomi-
nal fat were removed and quickly frozen in dry ice.
Whole brains from four to seven rats in each treatment
group were removed and similarly frozen. Other brains
were removed and quickly dissected over ice, into cere-
bellum, frontoparietal cortex, corpus striatum, midbrain
(pons medulla), hypothalamus, hippocampus, and the
remainder (rest of the brain), and rapidly frozen on dry
ice. Blood was centrifuged at 4°C for 10 minutes at 1,725
x g, and plasma removed. All samples were stored at
—-60°Cuntil assayed. To minimize experimental varia-
tions, all drug administration was performed by one
investigator, and tissue dissections were carried out by
another investigator. Coefficients of variation in the
weight of brain tissue samples were less than + 20%.

All tissues were homogenized in 10 ml of ice-cold
physiologic saline (150 mM NaCl). Suitably diluted ali-
quots of these homogenates were assayed for FLU,
FLU-S0, 7-OH-FLU, and FLU-NO by sensitive and
specific RIAs (Aravagiri et al. 1990, 1994a; Midha et al.
1988; McKay et al. 1990). The lower limit of determina-
tion for all RIAs was 0.1 ng of analyte/ml.

Extraction of FLU and Its Metabolites

FLU was extracted from an 0.8 ml aliquot of suitably
diluted homogenate after alkalinization with 0.1 ml of
saturated sodium carbonate (pH ca. 10) using 7 ml of
5% (vol) isopropanol in pentane. 7-OH-FLU was ex-
tracted from alkalinized samples (0.1 ml of saturated

sodium carbonate added to 0.8 ml of homogenate) by
a two-step extraction procedure (Aravagiri et al. 1994a),
first washing with 7 ml n-pentane by shaking for 10
minutes and centrifuging at 18°C for 10 minutes at
1,725 x g, and then extracting into 7 ml of diethylether.
FLU-SO was extracted from similarly alkalinized sam-
ples (0.8 ml) into 7 ml of a mixture of dichloromethane
and ether (20:80, vols). FLU-NO was extracted by a two-
step procedure, first washing the alkalinized samples
with 7 ml of diethylether by shaking for 10 minutes and
centrifuging at 18°C for 10 minutes at 1,725 x g, and
then extracting into 7 ml of a mixture of ethyl acetate,
dichloromethane and isopropanol (75:20:5, vols;
Aravagiri et al. 1990). The extracts were evaporated to
dryness at 55°C under a stream of nitrogen. The
residues were dissolved in 7% (w/v) aqueous bovine
serum albumin (BSA) and subsequently assayed for
FLU, FLU-SO, FLU-NO, or 7-OH-FLU by RIA. Recov-
ery of FLU and its metabolites was determined by com-
paring the concentration values for spiked standards
obtained by their respective RIAs before and after their
respective extraction procedure. The average percent-
age recovery of FLU, FLU-SO, FLU-NQO, and 7-OH-
FLU, respectively, over the standard curve range of 0.1
to 10 ng/ml was ca. 86%, 72%, 65%, and 61% of the
spiked amount.

Individual antibody characterization and RIA pro-
cedures are detailed elsewhere (Midha et al. 1988;
McKay et al. 1990; Aravagiri et al. 1990, 1994a). Sample
extracts were assayed in triplicates in subdued light.
An aliquot of reconstituted sample extract in BSA (200
pl) was taken into 12 x 75 mm polystyrene tubes to
which 250 pl of tritiated tracer solution containing ap-
proximately 33,000 dpm (15 nCi) was added. After shak-
ing the tubes for 5 seconds, 250 ul of working antibody
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solution was added. All these additions were carried
outinanice bath. The tubes were shaken for 5 seconds
and incubated in a water bath at 37°C for 75 to 90
minutes. Tubes were then cooled in an ice bath for 5
minutes. One ml of dextran-coated charcoal was added
to each tube, mixed for 5 seconds, incubated for 30
minutes at 4°Cin arefrigerator, and subsequently cen-
trifuged for 12 minutes at 4°C at 1,725 x g. Clear su-
pernatant liquid from each tube was decanted into a
plastic vial containing 8 ml of scintillation fluid, mixed
well and counted for 5 minutes in a 1900 TR scintilla-
tion counter.

The between-days and within-day variations were
determined with spiked saline standards and tissue
samples. The between-day assay variations were cal-
culated from determined concentrations of the spiked
standards and tissue samples analyzed on different
days (n = 5). The within-day assay variations were cal-
culated from the determined concentration of similarly
spiked quality control samples and tissue samples ana-
lyzed on a single day (n = 5). The coefficients of varia-
tion in both instances were less than 15% for the spiked
standards and the tissues samples examined.

Dopamine Receptor Affinity

Dopamine receptor affinities of FLU and its metabolites
were determined with homogenates of corpus striatum
tissue from the forebrain of young aduit Sprague-
Dawley rats (Charles River Labs., Wilmington, MA),
prepared as reported previously (Baldessarini et al.
1992). Radioligands (DuPont-NEN, Boston, MA) were
SH-SCH-23390 for D; (85 Ci/mmol; C = 300 pM) and
*H-emonapride (*H-[ +}-YM-09151-2; 85 Ci/mmol; C =
65 pM) for D, receptors. Specific binding was defined
with 300 nM cis-flupenthixol (D assay; generously do-
nated by Lundbeck Labs., Copenhagen, Denmark) or
200 nM [+ ]butaclamol (D assay; RBI, Natick, MA).
Assay conditions are detailed elsewhere (Faedda et al.
1989; Baldessarini et al. 1992; Kula et al. 1992). At least
six concentrations of each test compound were included
with two to four replicates, and values for in vitro
affinity as ICso + SE (nM) were determined by com-
puter using the ALLFIT program for the Maclntosh
microcomputer (DeLean et al. 1978; Teicher 1983; pro-
gram generously donated by Dr. P.]. Munson of the
NIH). The results converted to values of K; = ICs/[1
+(Kd/C)], according to Cheng and Prusoff (1973).
Statistical computations were carried out using SAS and
BMDP programs for the IBM200 pl of microcomputer.

RESULTS

Mean tissue levels of FLU, FLU-SO, FLU-NO, and
7-OH-FLU after 2 weeks of treatment with FLU di-
hydrochloride are summarized in Figure 2, with repre-
sentative tissue levels after the 5 mg/kg daily dose given
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in Table 2. Mean ratios of tissue to plasma levels of FLU
and its metabolites are shown in Figure 3, and the mean
ratios of metabolite to FLU levels are shown in Figure
4. The relationship between plasma and regional brain
FLU levels is given in Figure 5.

At all doses of FLU, levels of FLU and its three me-
tabolites were quantifiable in all brain regions (Table
2, Figure 2). The concentrations of FLU and FLU-50
were relatively high, whereas those of 7-OH-FLU and
FLU-NO were much lower and near the lower limit of
determinations. In all tissues, levels of all four com-
pounds increased with daily doses ranging from 5 mg
to 20 mg (Figure 2). In brain tissues, FLU levels dou-
bled as the daily dose of FLU increased from 5 to 10
mg/kg but quadrupled when the dose was increased
from 10 to 20 mg/kg. The FLU level (ng/g) in brain tis-
sues normalized per mg/kg of administered dose aver-
aged 341, 423, and 693 ng/g for doses of 5, 10, 20 mg/kg
of FLU, respectively. The sulfoxide was the major
metabolite present at significant levels in all tissues ana-
lyzed; in brain, it ranged from 24% to 96% those of FLU
(Figure 3).

Concentrations of FLU and its three metabolites in
brain tissues increased with daily dose but the slopes
of the regression equation relating concentration and
dose (change in accumulation) varied with compound
and brain region. For example, the change in the ac-
cumulation of FLU with dose was nearly twice as great
in cortex and hippocampus as in cerebellum or hypo-
thalamus. On the other hand, cortex and hypothala-
mus accumulated FLU-SO and FLU-NO equally but the
accumulation of 7-OH-FLU in hypothalamus and hip-
pocampus was only half that in cortex. In general, the
change in accumulation of FLU and its metabolites fol-
lowed the order of their tissue concentrations (average
spearman rank correlation rs = 0.76, p < .005).

In brain, there were only small, nonsignificant,
differences in the levels of FLU and its metabolites
among anatomic regions (usually less than two-fold).
For example, the concentrations of FLU were high in
the cortex and the rest of the brain at all doses, and the
concentrations of FLU-SO and FLU-NO were highest
in the hypothalamus (Figure 2). The concentrations of
FLU-50 and 7-OH-FLU in midbrain were relatively low.

The concentrations of FLU and FLU-50 were 10 to
58 times higher in various brain regions than in plasma,
whereas concentrations of 7-OH-FLU and FLU-NO
were relatively low (Figure 3). Brain and plasma levels
of FLU were significantly correlated with some varia-
tion between brain regions (Figure 5). The linear corre-
lation of tissue to plasma FLU level was strongest for
caudate, cortex, and hippocampus (r = 0.83, 0.68, and
0.70, respectively, p < .005), and somewhat weaker for
hypothalamus (r = 0.67; p = .02) and cerebellum and
midbrain (average r = 0.60; p = .02) (Figure 5). There
were no significant correlations between plasma and
brain levels of FLU-SO for any brain region. Correla-
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Table 2. Mean + SD of Concentrations (ng/g or ng/ml) of Fluphenazine and Its
Metabolites in Brain and Peripheral Tissues at 6 Hours after the Last of 15 Daily
Oral Doses of Fluphenazine Hydrochloride (5 mg/kg)

FLU FLU-SO FLU-NO 7-OH-FLU
Tissue (nglg) (nglg) (nglg) (ng/g)

Whole brain 1611 + 388 404 + 101 544 + 21.2 221 + 6.7
Cerebellum 1193 + 617 890 + 474 235 + 198 323+ 78
Cortex 2473 + 579 732 + 340 76.6 + 30.0 71.7 + 17.7
Midbrain 1701 + 777 494 + 210 46.1 + 15.6 9.6 + 5.2
Caudate 1251 + 1078 598 + 262 84.7 + 18.0 56.4 + 13.6
Hypothalamus 1315 + 504 1060 + 355 135.1 + 52.1 344 + 216
Hippocampus 1828 + 585 980 + 313 9.0 + 42.3 50.0 + 10.6
Rest of brain 2256 + 447 547 + 220 99.1 + 43.9 39.2 + 16.7
Plasma* 98 + 53 31+38 35.2 + 16.3 10.6 + 3.8
Liver 5257 + 1449 4690 + 1756 628 + 229 339 + 72
Kidney 1750 + 726 2831 + 982 74.7 + 32.3 82.8 + 30.2
Fat 42 + 81 859 + 809 27.1 + 15.1 09 + 04

For brain, n = 4, for peripheral tissues, n = 8. Abbreviations: FLU, fluphenazine; FLU-S0O, flu-
phenazine sulfoxide; FLU-NO, fluphenazine N*-oxide; 7-OH-FLU, 7-hydroxy-fluphenzine.

*Plasma the only tissue measured by ng/ml.

tions between plasma and brain levels of 7-OH-FLU
were significant only for caudate, cerebellum, cortex,
and whole brain (average r = 0.60; p = .05). For FLU-
NO, the plasma and brain levels were significantly
related only with respect to caudate, hippocampus and
midbrain (r = 0.65 to 0.80; p < .02).

The levels of FLU and its metabolites in liver, kid-
ney, and abdominal fat also increased with the ad-
ministered dose of FLU. The concentrations of all four
compounds were highest in the liver at 6 hours after
the last of all three daily doses. As in brain, the concen-
trations of FLU-NO and 7-OH-FLU in liver were lower
than those of FLU and FLU-SO, whereas FLU and FLU-
SO were present in about equal concentrations in liver
and kidney. FLU-NO and 7-OH-FLU concentrations in
liver and kidney were similar except for the highest daily
dose of FLU (20 mg/kg), after which FLU-NO was nearly
five-fold higher than 7-OH-FLU in both organs.

The pattern of concentrations of metabolites in ab-
dominal fat differed from that of most other tissues. Al-
though FLU is relatively nonpolar at physiologic pH
(pKa 3.9, 8.1; Florey 1973), FLU concentrations in fat
after daily oral doses of 5 and 10 mg/kg were below its
plasma concentrations and similar to plasma levels af-
ter 20 mg/kg. In contrast, fat FLU-SO levels were 43-
to 75-fold higher than FLU levels in fat (Figure 4), and
11 to 157 times above the plasma level (Figure 3). This
pattern may reflect the low polarity of FLU-SO and a
consequent tendency to accumulate in fat tissue. On
the other hand, concentrations of FLU-NO in fat were
similar to plasma levels except at the 20 mg/kg dose,
whereas concentrations of 7-OH-FLU were much lower
in fat than in plasma, averaging only 10% of plasma
levels at daily doses of 5 and 10 mg/kg. A significant
correlation between tissue and plasma levels was ob-
served for FLU and 7-OH-FLU in liver and kidney (r =

0.6t00.7, p< .005). A similar correlation was observed
for FLU-SO in kidney only, and no significant correla-
tion was found for FLU-NO in these peripheral tissues.

The binding competition of FLU metabolites at stri-
atal dopamine receptors (Table 3) showed that FLU-SO
and FLU-NO had only 1% to 3% the affinity of FLU for
D1 and D; receptors, but 7-OH-FLU had 20% of the Dy,
and 5% the D, affinity of FLU.

DISCUSSION

FLU and its metabolites were found in quantifiable
amounts in all of the rat brain regions evaluated in this
study. In these same areas FLU-50 was the major
metabolite. Whereas concentrations of FLU and its me-
tabolites varied widely in peripheral tissues, there were
only minor regional differences in brain and no indica-
tion of preferential localization. The present data can
not determine whether the FLU metabolites in brain
were formed in situ and/or were formed in peripheral
tissues and reached the brain by blood circulation, or
both.

Since plasmalevels are widely used to predict clin-
ical response and guide therapeutic interventions, the
relationship between brain and plasma levels of FLU
and its metabolites, and the extent to which neurophar-
macologic effects of FLU might reflect contributions of
its metabolites are of considerable importance. Al-
though the studies described here are in rat, extrapola-
tion to humans should be considered with caution. The
correlations between plasma and tissue concentrations
were strongest for FLU in cortex but also substantial
for concentrations in caudate and hippocampus, as well
as in whole brain (Figure 5). There were some regional
variations in brain, with FLU concentrations being
highest in cortex and twice its concentration in caudate.
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Figure4. Ratioof FLU-SO, FLU-NO, and 7-OH-FLU to FLU
in brain tissues and fat, 6 hours after the last daily oral doses
of 5 (open bars), 10 (hatched bars), or 20 (solid bars) mg/kg of
FLU dihydrochloride administered for 15 days. FLU-SO was
a major metabolite found in all tissues at all dose levels. FLU-
50 metabolite seems to accumulate in fat (43- to 75-fold higher
than FLU).

The significance of these minor regional variations in
drug distribution in brain to the therapeutic and ex-
trapyramidal side-effects of FLU is unclear.

Among the three metabolites analyzed, concentra-
tions of FLU-SO in brain tissues were highest at all
doses, ranging from 24% to 96% those of FLU. Despite
its relatively high concentrations in brain, the possibil-
ity of an important neuropharmacologic contribution
of FLU-S0 is unlikely, as it had 170 times less affinity
than FLU for D2 receptors and 300 times less affinity
at D1 receptors.

Of the other metabolites, the plasma levels of 7-OH-

Fluphenazine in Brain 243

FLU correlated significantly with its concentrations in
caudate, cerebellum, cortex, and whole brain, but to
alesser extent in hippocampus, hypothalamus, or mid-
brain. Whereas 7-OH-FLU had moderate affinity for the
D2 receptors, about 20% that of FLU, its concentration
inbrain was only about 1% to 7% of that of FLU. There-
fore, the contribution of 7-OH-FLU to the clinical effects
of FLU is also likely to be insignificant.

Correlations between FLU-NO concentrations in

plasma and brain regions varied widely. Plasma con-
centrations of FLU-NO correlated significantly with its
concentrations in caudate, cortex, hippocampus, mid-
brain, and whole brain but not those in cerebellum or
hypothalamus. The presence of the FLU-NO metabo-
lite in brain may be important because of its reported
moderate D; intrinsic antidopaminergic activity (Ki =
82 nM vs [3H]spiperone in Lewis et al. (1983) and 5 nM
vs [*H]emanopride (in this study) and its possible con-
nection to disabling side-effects (Van Putten et al. 1991).
Also FLU-NO may be metabolically converted back to
FLU in brain (unpublished observation with rat brain
homogenate) and in liver (Lewis et al. 1983). Similar
metabolic reconversions of metabolites to parent com-
pounds have been reported. For example, chlorproma-
zine N-oxide can be reduced to chlorpromazine (Jawor-
ski et al. 1990; Lewis et al. 1983), clozapine N-oxide to
clozapine (Lin et al. 1995) and hydroxy-haloperidol can
be oxidized back to the ketone haloperidol (Korpi et al.
1985; Chakraborty et al. 1989; Jann et al. 1990). Such
a reconversion of FLU-NO to FLU may contribute to
the overall pharmacologic actions of FLU. Despite this,
the low concentrations of FLU-NO encountered in
brain, about 3% of FLU (Tables 1 and 2), indicates that
the contribution to the neuropharmacologic effect of
FLU by FLU-NO itself is likely to be negligible.

The relative neuropharmacologic activity of neu-
roleptics is presumed to correlate with the relative con-
centration of the drug at active sites in the brain and
their D5 receptor affinity. Thus a relative “activity fac-
tor” was estimated for FLU, FLU-SO, 7-OH-FLU and
FLU-NO as the product of their relative abundance and
relative D: receptor affinity with respect to FLU (Table
4). The data indicated that FLU is the primary com-
pound responsible for its neuropharmacologic actions,
and the contribution by metabolites is negligible.
Among the metabolites, FLU-50 seems to be the ma-
jor contributor to the total neuroleptic activity with less
than 1% of the activity of FLU. Although 7-OH-FLU
was the most potent of the three metabolites studied
here, its contribution to overall neuroleptic activity is
less than 0.5% of FLU due to its low concentration in
brain and the contribution of FLU-NO metabolite is least
among the three metabolites.

The findings from this study indicating that tissue
levels of FLU and its metabolites greatly exceeded
plasma levels is of some interest. In a pilot pharmaco-
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Table 3. Dopamine Receptor Affinities of Fluphenazine and Its Metabolites

Ki (nM) + SE

Dz vs. D1
Ratio Ds D2 Potency
FLU 1.22 + 0.17 0.12 + 0.01 10.1
FLU-S0O 340 + 44 21.7 + 2.70 15.7
7-OH-FLU 31.3 + 35 0.68 + 0.07 46
FLU-NO 280 + 37 4.67 + 0.63 60
7-OH-FLU-glucuronide ca. 5,000 37.4 + 10.7 ca. 1,337

D; affinity was assayed with *H-SCH-23390 (C = 300 pM, blank = 300 nM cis-flupenthixol, 30 min
at 30 °C); D, was assayed with *H-emonapride (C = 65 pM, blank = 200 nM [+ jbutaclamol, 90 min
at 30°C). Assay data were obtained with at least six concentrations at each test agent, in two to four
replicates, and then computer-fit by the ALLFIT program to obtain ICsp + SEM, which was converted
to Kj = ICsp/[1 + (Ka/C)]. Abbreviations: FLU, fluphenazine, FLU-SO, fluphenazine sulfoxide; FLU-
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NO, fluphenazine Ny-oxide; 7-OH-FLU, 7-hydroxyfluphenazine; C, concentration.

kinetics study (Aravagiri et al. 1994b), where a single
oral dose of 10 mg of FLU/kg was administered to rats
and the plasma and tissue levels of FLU and its metab-
olites were followed for 24 hours, the terminal elimina-
tion half-life (t'2p calculated between 5 and 24 hours)
of FLU and apparent t%p of its metabolites in various
brain regions were two to eight times longer than in
plasma (Aravagiri et al. 1994b). Therefore, the higher
brain levels as compared to plasma levels and the ob-
served variations in the correlation between brain- and
plasma-levels of FLU and its metabolites may be a func-
tion of accumulation, differences in their in situ meta-
bolic formation, and entry into and elimination from
brain regions.

The daily doses of FLU administered to rats (10 mg
and 20 mg/kg) in this study were much higher than clin-
ical doses typically about 0.075 to 0.5 mg/kg. At high
doses, this type of nonlinearity between drug levels and
doses has been reported previously in human subjects
given a range of doses of intramuscular FLU (Denker

et al. 1988), oral thioridazine (Axelsson 1974) or halo-
peridol (Forsman and Ohman 1974).

Insummary, concentration of FLU and its metabo-
lites in rat brain and other tissues were many-fold higher
than in plasma after 2 weeks of oral administration of
moderate to high daily dose of FLU dihydrochloride
(5 to 20 mg/kg). Levels of the 7-hydroxy and N¥-oxide
metabolites were much lower than those of FLU or FLU-
SO in brain and most other tissues including plasma.
Variations in levels of FLU and its metabolites between
brain regions were small, although cortex and caudate
had somewhat higher levels than other regions. Tis-
sue concentrations of FLU and its metabolites increased
with increasing dosage of FLU, but nonlinearly at high
doses, leading to higher levels in tissues than in plasma.
Correlations between plasma and brain levels of FLU
and its metabolites varied both with metabolite and
brain region. Correlations were highest for FLU and
FLU-NO, moderate for 7-OH- FLU, and lower for FLU-
SO. Substantial levels of FLU metabolites are found in

Table 4. Estimation of Relative “Activity Factor” in Brain for FLU, FLU-SO,

FLU-NO, and 7-OH-FLU

Daily Level D Receptor Relative Relative  “Activity
Dose Compound  (rng/g) Affinity Abundance®  Affinity?  Factor”
5 mg/kg  FLU 1611 0.12 1 1 1000
FLU-SO 404 4.67 0.25 0.026 6.44
FLU-NO 54 21.7 0.033 0.005 0.19
7-OH-FLU 24 0.68 0.015 0.176 2.63
10 mg/kg FLU 3027 0.12 1 1 1000
FLU-50 1013 4.67 0.33 0.026 8.6
FLU-NO 40 21.7 0.013 0.005 0.07
7-OH-FLU 75 0.68 0.025 0.176 4.37
20 mg/kg FLU 18118 0.12 1 1 1000
FLU-SO 6298 4.67 0.35 0.026 8.93
FLU-NO 1029 21.7 0.06 0.005 0.31
7-OH-FLU 130 0.68 0.007 0.176 1.27

7 Relative abundance is calculated as the ratio of concentration of compounds/FLU concentration.
! Relative affinity is calculated as the ratio of the reciprocal of D affinity of compounds/the recipro-

cal of FLU D; affinity.

¢ The relative “activity factor” is calculated as the product of relative abundance x relative D2 affinity
* 1000. In brain, FLU is 125, 5,260, and 360 times more potent than FLU-SO, FLU-NO, and 7-OH-

FLU, respectively.
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the plasma of schizophrenic patients treated with FLU
(Marder et al. 1989). However, the low dopamine recep-
tor affinity of FLU metabolites and low concentrations
of 7-OH-FLU and FLU-NO encountered in various rat
brain regions make it unlikely that these metabolites
play a major role in clinical responses to treatment with
FLU. Also, the estimated relative “activity factor” for
FLU metabolites in brain indicate that the contribution
to neuropharmacologic actions of FLU by its metabo-
lites in rat is negligible and at best about 1% of that of
FLU. Extrapolation of the findings from this animal
study to clinical applications is risky (Janssen and
Awouters 1994). Nevertheless, the present findings
seem to suggest that plasma concentrations of FLU
alone can provide useful information about the active
drug substance in brain tissue.
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