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Abstract Introduction: Phenylbutyrate (PB) and its
metabolite phenylacetate (PA) demonstrate anticancer
activity in vitro through promotion of cell differentia-
tion, induction of apoptosis through the p21 pathway,
inhibition of histone deacetylase, and in the case of PB,
direct cytotoxicity. We studied the pharmacokinetics,
metabolism, and cerebrospinal fluid (CSF) penetration
of PA and PB after intravenous (i.v.) administration in
the nonhuman primate. Methods: Three animals re-
ceived 85 mg/kg PA and 130 mg/kg PB as a 30-min
infusion. Blood and CSF samples were obtained at 15,
30, 35, 45, 60 or 75 min, and at 1.5, 2.5, 3.5, 5.5, 6.5, 8.5,
10.5 and 24.5 h after the start of the infusion. Plasma
was separated immediately, and plasma and CSF were
frozen until HPLC analysis was performed. Results:
After i.v. PA administration, the plasma area under the
concentration-time curve (AUC) of PA (median +SD)
was 82+ 16 mg/ml'-min, the CSF AUC was 24 +7 mg/
ml'min, clearance (Cl) was 1 £0.3 ml/min per kg, and the
AUCcsp:AUC1asma ratio was 28 £19%. After i.v. PB
administration, the plasma PB AUC was 19+3 mg/
ml'min, the CSF PB AUC was 8 = 11 mg/ml'min, the PB
Cl was 7+ 1 ml/min per kg, and the AUCcsp:AUC1a5ma
ratio was 41 =47%. The PA plasma AUC after i.v. PB
administration was 50+9 mg/ml'min, the CSF AUC
was 31424 mg/ml'min, and the AUCcsp:AUCasma
ratio was 53+£46%. Conclusions: These data indicate
that PA and PB penetrate well into the CSF after i.v.
administration. There may be an advantage to admin-
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istration of PB over PA, since the administration of PB
results in significant exposure to both active compounds.
Clinical trials to evaluate the activity of PA and PB in
pediatric central nervous system tumors are in progress.
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Introduction

Phenylbutyrate (PB) and its metabolite phenylacetate
(PA) are aromatic fatty acids that are currently under-
going clinical investigation for their antitumor and dif-
ferentiating effects. PB undergoes rapid and nearly
complete capacity-limited (nonlinear) metabolism to PA
in vivo [1]. PA, a deaminated metabolite of phenylala-
nine, is normally present in the mammalian circulation
in micromolar concentrations [2]. PA is eliminated by
conjugation with glutamine to yield phenylacetylgluta-
mine (PAG) which is then excreted in the urine [3, 4]. In
children with hyperammonemia due to inborn errors of
urea synthesis, PA is administered in pharmacologic
doses (grams of drug per kilogram of body weight) and
mobilization of glutamine-associated nitrogen is be-
lieved to lead to the observed improvements in hyper-
ammonemia [5, 6].

In preclinical studies, exposure to millimolar con-
centrations of PA or PB in vitro can induce tumor
cytostasis and differentiation in a variety of tumor cell
lines, including malignant gliomas, hormone-refractory
prostate carcinoma, malignant melanoma, neuroblas-
toma, lymphoblastic leukemia, and adenocarcinomas of
the breast, colon and lung [7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17]. Among the postulated mechanisms for the
cytostatic and differentiating effects of PA and PB are
alterations in lipid metabolism, regulation of gene
expression through DNA hypomethylation and tran-
scriptional activation, inhibition of protein isoprenyla-
tion, and glutamine depletion [10]. Recently, PB has also
been implicated in inhibition of histone deacetylase
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activity [18, 19]. These unusual mechanisms of action,
combined with preclinical evidence of antitumor activi-
ty, have led to the clinical development of PA and PB as
potential anticancer agents.

We studied the pharmacokinetics of PA and PB in a
nonhuman primate model that is highly predictive of the
central nervous system (CNS) penetration of anticancer
drugs in humans [20].

Methods

Animals

Three adult male Rhesus monkeys (Macaca mulatta) weighing
10.0-11.6 kg were used for this study. The animals were fed High
Protein Monkey Diet No. 5045 (Lab Diet, St Louis, Mo.), and were
group-housed in accordance with the Guide for the Care and Use
of Laboratory Animals [21]. Blood samples were drawn from a
catheter placed in either the internal jugular vein or the saphenous
vein. Cerebrospinal fluid (CSF) samples were drawn from a sub-
cutaneous Ommaya reservoir attached to an indwelling Pudenz
catheter, with the tip located in the fourth ventricle. As previously
described, this model permits drug infusion and repeated blood and
CSF sampling in unanesthetized animals [20].

Drugs

PA and PB were generously supplied by Targon Corporation
(Princeton, N.J.). PAG for HPLC standards was supplied by Elan
Pharmaceutical and Research Company (Gainesville, Ga.).

Animal experiments

Sodium PA (85 mg/kg) was administered as a 30-min intravenous
(i.v.) infusion to three animals. In separate experiments sodium PB

Fig. 1 Model for PB, PA and PAG in plasma and CSF after i.v.
administration of PB or PA. The rate constants for transfer
between compartments are indicated by k with the subscript
indicating the compartments, Vmax represents the maximum rate
of conversion of PA to PAG, Km is the Michaelis-Menten constant
for conversion of PA to PAG, and V' with a subscript represents the
volume of the compartment indicated by the subscript

(130 mg/kg) was administered as a 30-min infusion to the same
animals. Blood and CSF samples were obtained at 15, 30, 35, 45, 60
or 75 min, and at 1.5, 2.5, 3.5, 5.5, 6.5, 8.5, 10.5 and 24.5 h after the
start of the infusion. Plasma was separated immediately, and
plasma and CSF were frozen until HPLC analysis was performed.

HPLC analysis

PB, PA, and PAG were measured using high-pressure liquid chro-
matography [22]. In brief, 200 ul plasma was deproteinized by the
addition of 20 pl 40% ZnSO,4 and 180 pl methanol followed by
centrifugation for 10 min at 16,000 g. A 20-pl aliquot of supernatant
was then injected into the HPLC system, which consisted of a Model
717 Plus autosampler, a Model 600E Multisolvent Delivery System,
and a Model 996 photodiode array detector (Millipore Corporation,
Waters Chromatography, Milford, Mass.). Samples were separated
using a Nova-pack C18 3.9 x 300 mm, 4 pm analytical column with a
Nova-pack C18, C3.9 x 20 mm, 4 pm guard column heated to 60°C.
The mobile phase consisted of a step gradient of 16% acetonitrile/
84% 5 mM phosphoric acid from 0 to 1 min, 50% acetonitrile/50%
5 mM phosphoric acid from 1 to 11 min and 16% acetonitrile/84%
SmM phosphoric acid from 11 to 20 min. Absorbance was measured
at 208 nm. Retention times were 5.0 min for PAG, 9.5 min for PA,
and 11.5 min for PB. The limit of quantitation was 0.1 pg/ml for PA,
0.15 pg/ml for PB, and 0.3 pg/ml for PAG.

Pharmacokinetic analysis

Pharmacokinetic parameters were calculated using model-inde-
pendent methods. The terminal rate constant (1) was determined by
linear regression through the time-points on the terminal portion of
the elimination curve. The terminal half-life was calculated from
the equation #=10.693/.. The AUC to the last time-point was
measured by the trapezoidal method and the AUC was extrapo-
lated to infinity (AUC;,¢) by dividing the final concentration by 4.
Clearance (Cl) was calculated as Cl = dose/AUC.

Subsequently, the model shown in Fig. 1 was fitted to the
concentration-time data for all the experiments simultaneously
using MLAB [23]. For infusion of PA, the compartments for PB in
plasma and CSF were disregarded. In this model, the rate constants
for transfer between compartments are indicated by k with the
subscript indicating the compartments, Vmax represents the max-
imum rate of conversion of PA to PAG, Km is the Michaelis-
Menten constant for conversion of PA to PAG, and V with a
subscript represents the volume of the compartment indicated by
the subscript. The volumes of the CSF compartments were fixed at
15 ml, the approximate CSF volume in Rhesus monkeys.
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Results

Figure 2 shows plasma and CSF concentrations of PA
and PAG in plasma and CSF after i.v. administration of
PA. The pharmacokinetic parameters for PA after i.v.
administration of PA are listed in Table 1. The plasma
area under the concentration-time curve (AUC) for PA
(median £ SD) was 82+ 16 mg/ml'min, the CSF AUC
was 24 +£7 mg/ml-min, the clearance (Cl) was 1 £0.3 ml/
min per kg, and the AUCcsp:AUC;5ma ratio was
28 £19%. The terminal half-life of PA was 91 £37 min
in plasma and 132+47 min in CSF. The inactive
metabolite PAG was also detected in plasma, with an
AUCpag:AUCpp ratio of 18 +11%.

Figure 3 shows PB, PA, and PAG in plasma (Fig. 3A)
and CSF (Fig. 3B) after i.v. PB administration. The
pharmacokinetic parameters for PB and PA afteri.v. PB
administration are listed in Tables 2 and 3. The plasma
PB AUC was 19+ 3 mg/ml'min, the CSF PB AUC was
8+ 11 mg/ml'min, the PB Cl was 7+ 1 ml/min per kg,
and the AUCcsp:AUC,1ama ratio was 41 +£47%. The
terminal half-life of PB was 19+29 min in plasma and
1274132 min in CSF. The PA plasma AUC after i.v. PB
administration was 50£9 mg/ml'min, the CSF AUC
was 31424 mg/ml'min, and the AUCcsp:AUC5ma
ratio was 53+£46%. The half-life of PA after i.v.
PB administration was 70+19 min in plasma and
197 +194 min in CSF. The AUCps:AUCpg ratio was
234 +£45% after i.v. PB administration. PAG was also
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Fig. 2 PA (@) and PAG (#®) in plasma and PA in CSF (O) after an
i.v. dose of 85 mg/kg PA (n=3)
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detected after i.v. administration of PB, with an
AUCpag:AUCpg ratio of 90+24% and an AUCpag:
AUCp,4 ratio of 40 £2%.

Table 4 shows the pharmacokinetic parameters de-
rived from the model shown in Fig. 1. Although a model
using only one compartment for PB was initially tried
(results not shown), the data was best described by a
two-compartment model for PB, with a linear rate
constant describing the metabolism of PB to PA, a
saturable (Michaelis-Menten) process describing the
metabolism of PA to PAG, and linear transfer of PB
and PA between plasma and CSF. The significance of
the second compartment for PB, especially given the
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Fig. 3 A PB (H), PA (@), and PAG (®) in plasma after an i.v.
dose of 130 mg/kg PB (n=3). B PB (J) and PA (O) in CSF after an
i.v. dose of 130 mg/kg PB (n=3)

Table 1 Pharmacokinetic parameters of PA in plasma and CSF after an i.v. dose of 85 mg/kg PA

Animal Plasma AUC;,¢ Plasma half-life Clearance CSF AUC;,¢ CSF half-life AUCcsp:AUC1asma
(mg/ml'min) (min) (ml/min/kg) (mg/ml'min) (min)

1 82.0 98 1.05 194 132 0.24

2 84.8 91 1.02 23.7 67 0.28

3 56.2 30 1.50 333 159 0.59

Median 82.0 91 1.05 23.7 132 0.28

SD 15.7 37 0.27 7.1 47 0.19
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Table 2 Pharmacokinetic parameters of PB in plasma and CSF after an i.v. dose of 130 mg/kg PB

Animal Plasma AUC;,¢ Plasma half-life Clearance CSF AUCG;,¢ CSF half-life AUCcsp:AUClasma
(mg/ml'min) (min) (ml/min/kg) (mg/ml'min) (min)

1 17.3 16 7.5 6.1 85 0.36

2 23.1 19 5.6 27.6 332 1.20

3 194 68 6.7 8.0 127 0.41

Median 194 19 6.70 8.0 127 0.41

SD 3.0 29 0.95 11.9 132 0.47

Table 3 Pharmacokinetic parameters of PA in plasma and CSF after i.v. PB

Animal Plasma AUC;,¢ Plasma half-life CSF AUCG;,¢ CSF half-life AUC1asma:AUCcsp AUCpa:AUCpp
(mg/ml'min) (min) (mg/ml'min) (min) in plasma

1 40.4 70 14.9 106 0.37 2.3

2 49.8 87 61.1 479 1.23 2.2

3 58.2 49 30.9 197 0.53 3.0

Median 49.8 70 30.9 197 0.53 2.3

SD 8.9 19 23.5 194 0.46 0.4

Table 4 Pharmacokinetic parameters of PB and PA in plasma and
CSF following i.v. PB or PA

Parameter Value Error

k> (min™") 0.0267 0.0071

K4 (min™") 1.7 x 1077 2.17x 1078
K¢ (min~") 0.0170 0.001

ke (min™") 9.0x 107> 2.81 x 107
Vpg (ml/kg) 183 28

Vmax (pug/kg/min) 242 26

Km (pg/ml) 23.3 6.4

Vpa (ml/kg) 337 29

Kos (min ) 2.1%x 1077 20x 108
k30 (min 1) 0.0940 0.03

k4 (min~") 0.0057 0.0006

ks> (min™") 0.0133 0.0013

slow transfer from the peripheral to the central com-
partment (i.e. small kg; compared with k), is unclear.
The volumes derived for PB, PA, and PAG, and the
Vmax and Km for PA metabolism, are in good agree-
ment with those previously reported for PB and PA
studied separately [1, 22].

Discussion

PA and PB penetrated well into the CSF after i.v.
administration. The half-lives of both PA and PB were
somewhat longer in CSF than in plasma, resulting in a
relatively high CSF exposure to the drugs with an
AUCcsp:AUC1asma ratio of 28+19% for PA and
41+47% for PB. The elimination of PA from plasma
and the CSF was essentially identical whether PA was
administered i.v. or formed as a metabolite of PB. After
administration of PB, ongoing formation of PA resulted
in a twofold higher exposure in both plasma and CSF to
PA than to PB. This result differs from that seen in a

phase I study of adults with refractory solid tumors [1].
In that study, rapid metabolism of PA to its inactive
metabolite PAG resulted in low exposures to PA relative
to PB. However, the doses (600—2000 mg/mz, approxi-
mately 15-60 mg/kg) were considerably lower than the
PB dose of 130 mg/kg we used. In our study, PA con-
centrations after PB administration exceeded for several
hours the published Km of 105 pg/ml for conversion of
PA to PAG [22]. Although PB concentrations in our
study also initially exceeded the Km for conversion of
PB to PA (34 pg/ml) [1], PB concentrations fell below
the Km before PA concentrations did. Thus the more
than twofold higher exposure to PA than to PB in our
study is readily explained by the prolonged period after
PB administration during which PA concentrations
exceeded the Michaelis-Menten rate constant for elimi-
nation of PA.

For the same reasons, the pharmacokinetic model
that best describes our data includes a linear rate con-
stant to describe the metabolism of PB to PA, but a
capacity-limited (Michaelis-Menten) process to describe
the metabolism of PA to PAG. It is likely that a different
model would be more appropriate if much higher or
lower drug doses had been administered. Similarly,
although we report clearance values (i.e. dose/AUC) for
PA, different clearances would be expected for different
doses in a capacity-limited system. In addition, if there
were differences in the metabolic pathways between
Rhesus monkeys and humans, or polymorphisms in
human enzymes responsible for metabolism of PA and
PB, differences in the results between animal and human
studies or between different human populations could
occur. These considerations illustrate the complexity of
PB and PA pharmacokinetics and emphasize the need for
careful consideration of capacity-limited processes when
extrapolating results from one dose or study to another.

Our results show good CSF penetration of PA and
PB in the nonhuman primate. Significant CSF PA



concentrations have been also detected in two patients
studied at single time-points after systemic PA
administration [22]. This high CSF penetration has
important clinical implications. PA and PB increase
the sensitivity of HT20 colon carcinoma cells, MCF7
breast carcinoma cells, and U87 glioblastoma multi-
forme cells to radiation after 72-h exposures in vitro,
possibly due to a decrease in intracellular antioxidant
activity [24]. Since radiation is the primary therapeutic
modality in many brain tumors, PA or PB could have
a role in radiation sensitization in CNS malignancies.
In addition, PB induces differentiation in medullo-
blastoma cell lines in vitro [25], another indication that
its excellent CSF penetration may be clinically impor-
tant.

The single-agent activity of PA and PB is unclear. In
one study of PA in adults with recurrent malignant
glioma, the response rate was less than 10% [26].
However, PA and PB may have important interactions
with other anticancer agents. For example, PA and PB
are synergistic against lymphoma cell lines in vitro with
topotecan and cytarabine [27]. The CSF penetration of
topotecan exceeds 30% [28], and cytarabine also pene-
trates into the CSF to a variable degree depending on
the dose and schedule of administration [29, 30]. Thus
PA or PB may have a role in combination with topo-
tecan and cytarabine against meningeal lymphoma or
other malignancies.

PA and PB are currently being studied in clinical
trials. The high CSF penetration of these agents suggests
that their activity in brain tumors, and especially in
meningeal malignancy, should be evaluated. Adminis-
tration of PB rather than PA might be advantageous,
since PB administration results in exposure in plasma
and CSF to both active compounds.
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