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1 The purpose of this study was to synthesize novel valproyltaurine (VTA) derivatives including
valproyltaurinamide (VTD), N-methyl-valproyltaurinamide (M-VTD), N,N-dimethyl-valproyltaur-
inamide (DM-VTD) and N-isopropyl-valproyltaurinamide (I-VTD) and evaluate their structure—
pharmacokinetic—pharmacodynamic relationships with respect to anticonvulsant activity and
teratogenic potential. However, their hepatotoxic potential could not be evaluated. The metabolism
and pharmacokinetics of these derivatives in mice were also studied.

2 VTA lacked anticonvulsant activity, but VITD, DM-VTD and I-VTD possessed anticonvulsant
activity in the Frings audiogenic seizure susceptible mice (EDs, values of 52, 134 and 126 mgkg™',
respectively).

3 VTA did not have any adverse effect on the reproductive outcome in the Swiss Vancouver/Fnn
mice following a single i.p. injection of 600 mgkg ' on gestational day (GD) 8.5. VID (600 mgkg™" at
GD 8.5) produced an increase in embryolethality, but unlike valproic acid, it did not induce congenital
malformations. DM-VTD and I-VTD (600 mgkg~"' at GD 8.5) produced a significant increase in the
incidence of gross malformations. The incidence of birth defects increased when the length of the alkyl
substituent or the degree of N-alkylation increased.

4 In mice, N-alkylated VTDs underwent metabolic N-dealkylation to VID. DM-VTD was first
biotransformed to M-VTD and subsequently to VTD. I-VTD’s fraction metabolized to VTD was
29%. The observed metabolic pathways suggest that active metabolites may contribute to the
anticonvulsant activity of the N-alkylated VTDs and reactive intermediates may be formed during
their metabolism. In mice, VTD had five to 10 times lower clearance (CL), and three times longer half-
life than I-VTD and DM-VTD, making it a more attractive compound than DM-VTD and I-VTD for
further development. VTD’s extent of brain penetration was only half that observed for the N-
alkylated taurinamides suggesting that it has a higher intrinsic activity that DM-VTD and I-VTD.

5 In conclusion, from this series of compounds, although VTD caused embryolethality, this
compound emerged as the most promising new antiepileptic drug, having a preclinical spectrum
characterized by the highest anticonvulsant potential, lowest potential for teratogenicity and favorable
pharmacokinetics.
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valproyltaurinamide

Introduction

Valproic acid (VPA, Figure 1) is an efficacious first-line
antiepileptic drug, useful against a variety of epileptic seizure
; types, including generalized and partial seizures, absence
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Figure 1 Chemical structures of VPA (molecular weight
(MW) = 144), taurine, VTA (MW =273), VGD (valrocemide-TV-
1901, MW =190), VTD (MW =250), M-VTD (MW =264), DM-
VID (MW =278) and I-VTD (MW =292).

embryos) and hepatotoxicity (overall incidence 1 in 10,000).
Maternal use of VPA is associated with an increased risk of
neural tube defects (NTDs) and other congenital malforma-
tions (Lammer et al., 1987, Lindhout & Omtzigt, 1994;
Kaneko et al., 1999). Empirical studies have shown that there
are three entities in the VPA molecule that are necessary for
the teratogenic properties of a VPA analog: (1) a carboxylic
acid; (2) a hydrogen atom at C-2 (the a« position to the
carbonyl) and (3) branching at the C-2 position with at least
two carbon atoms at each side chain (Nau et al., 1991; Bojic
et al., 1998). Should any one of these requirements not be met,
a VPA analog would not be expected to exert any teratogenic
effects. Unlike teratogenicity, that is related to the parent
compound (Nau, 1986; Nau and Hendrickx, 1987; Bojic et al.,
1998), the hepatotoxicity of VPA is the result of VPA
metabolite(s) with a terminal double bond, which depletes
hepatic glutathione (GSH) and acyl-CoA (Tang et al., 1995;
Grillo et al., 2001). The widespread use of VPA in neurology
and psychiatry, its efficacy in epilepsy treatment and these two
severe adverse events associated with its therapy, provide an
excellent incentive for developing a second-generation VPA
that would be a broad-spectrum antiepileptic and CNS drug,
but without the teratogenic and hepatotoxic side effects
(Isoherranen et al., 2003a).

Taurine (Figure 1), together with GABA and glycine, is one
of the major inhibitory neurotransmitters found in the brain
(Bonhaus et al., 1983; Kuriyama & Hashimoto, 1998). Brain
taurine levels are reduced during metrazole-induced seizures
(Li et al., 2000) and following amygdala kindling (Loscher
et al., 1993), suggesting that decrease in taurine levels may be
involved in epilepsy. In addition, the new AEDs, levetiracetam
and lamotrigine, both increase taurine levels in the brain
(Hassel et al., 2001; Tong & Patsalos, 2001). This may be
related to one of their mechanisms of antiepileptic action. In
epileptic patients, plasma and urinary taurine levels are
reduced (Goodman et al., 1989; Hartley et al., 1989). Taurine
is also an active anticonvulsant in a variety of animal models
and in some epileptic patients (Bonhaus et al., 1983). In the
past, structure—activity relation (SAR) studies have been
performed on taurine, in order to create a CNS-active taurine
derivative that would penetrate the brain better than taurine
itself. Of these derivatives, y-glutamyltaurine showed potent
and long-lasting antiepileptic action in kindled rats (Uemura

et al., 1992). The most successful of the taurine derivatives was
taltrimide (phtalimidoethanesulfo- N-isopropylamide), that
reached phase II clinical trials in epileptic patients, but
development was stopped possibly because of the pharmaco-
kinetic interactions with other AEDs and lack of efficacy
(Kontro et al., 1983; Koivisto et al., 1986; Keranen et al.,
1987).

In earlier studies, conjugation products of VPA, with
glycine, GABA and gabamide, were found to be ineffective
when used as anticonvulsants, whereas valproylglycinamide
(VGD, valrocemide, TV1901) possessed significant antic-
onvulsant activity (Hadad & Bialer, 1995). Valrocemide
(Figure 1) displays a broad spectrum of anticonvulsant activity
in animal models, including efficacy in well-accepted standar-
dized models of partial and generalized seizures (Isoherranen
et al., 2001). This compound is currently in phase II clinical
development (Bialer et al., 2002). As follow-up compounds to
valrocemide, its N-alkyl derivatives were synthesized (Spiegel-
stein et al., 1999b). In preliminary anticonvulsant screening,
these compounds were either inactive or less potent than
valrocemide (Spiegelstein et al., 1999b).

The aims of this study were: (a) to synthesize a series of
novel, lipophilic valproyltaurine (VTA) derivatives (Figure 1)
that would cross the blood brain barrier (BBB), share the
anticonvulsant activities of VPA and taurine, and act as drugs
in their own right and not as prodrugs to VPA and/or taurine,
(b) to characterize their anticonvulsant activity and document
any teratogenic potential in comparison to VPA and
valrocemide, and (c) to investigate the pharmacokinetics
(PK), lipophilicity and metabolic pathways of the above
derivatives and consequently to establish their pharmacoki-
netic—pharmacodynamic (PK—PD) relationships.

Methods
Chemicals

For the chemical syntheses, the organic solvents were obtained
from Frutarom, Israel, and were of analytical grade. All
solvents used for chemical analyses were of analytical grade,
and were purchased from J.T. Baker, The Netherlands.
Double-distilled water was used throughout the study.

Chemical syntheses

The tested VTA derivatives and the chromatographic internal
standard were synthesized using previously described methods
(Isoherranen et al., 2003b). In brief, valproyl chloride was
added to a basic aqueous solution of taurine. The resulting
product, VTA, was isolated and the sulfonic acid moiety
converted to sulfonylchloride using SOCIl,. After distillation of
the excess of the SOCI,, it was added to the aqueous solution
of a suitable amine. The conjugation products were isolated
and identified by elemental microanalysis and nuclear mag-
netic resonance Spectroscopy.

Evaluation of anticonvulsant activity
For the anticonvulsant testing, the VTA derivatives were

suspended in 0.5% methylcellulose and administered intraper-
itoneally (i.p.) in a volume of 0.01mlg™' body weight to the
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test animals. The anticonvulsant activity of the VTA
derivatives was evaluated in both male and female Frings
audiogenic seizure (AGS) susceptible mice, which were
obtained from a breeding colony maintained by the animal
resource center at the University of Utah. An 11kHz, 20s
sound stimulus was used to induce the seizures, which are
characterized by wild running, clonus and forelimb and
hindlimb tonic extension (White et al., 1992). The severity of
seizures was evaluated at 15, 30, 60, 120 and 240 min following
i.p. drug administration, in order to determine the time of peak
effect. The seizure severity was quantified by assigning a
numerical score to the response according to the following
criteria: stage 0, no response; stage 1, wild running for <10s;
stage 2, wild running for > 10s; stage 3, clonic seizure; stage 4,
forelimb extension and hindlimb flexion; stage 5, tonic seizure
(White et al., 1992). In order to determine the median effective
dose for the test compounds, the dose of each of the
compounds was varied until at least four points were
established between the dose level providing 0% protection,
and that providing 100% protection, as determined at the time
of peak effect. Animals not displaying a tonic hindlimb
extension were considered protected. The resulting data were
then subjected to probit analysis (Finney, 1971), and the EDy,
and 95% confidence interval (CI) were calculated. Any animal
protected from the audiogenic seizures after drug treatment
was challenged again 24 h after drug administration for tonic
extension seizures. Animals not showing a stage 5 seizure at
this time were excluded from the study. Historical data from
the anticonvulsant screening project at the University of Utah
have shown that vehicle administration does not have an effect
on the audiogenic seizures.

Evaluation of teratogenicity

The ability of the VTA derivatives to induce NTDs was
evaluated in the Swiss Vancouver (SWV)/Fnn mice. The mice
were maintained in a breeding colony at the Institute of
Biosciences and Technology, Texas A&M University System
Health Science Center. Virgin females were mated overnight
and were examined for the presence of vaginal plugs the
following morning. The beginning of gestation (day 0, hour 0)
was set at 10 p.m. of the previous evening, based upon the
likely time of ovulation (Snell ez al., 1948). Groups of at least
six dams were randomly assigned to one of the following
treatments: 600mgkg ' (2.20mmolkg™") VTA, 600 mgkg "
(2.40mmol kg™') valproyltaurinamide (VTD), 600mgkg™!
(2.15mmolkg™") N,N-dimethyl valproyltaurinamide (DM-
VTD), 600mgkg~" (2.27mmolkg™') N-methyl valproyltaur-
inamide (M-VTD), 600 mgkg™"' (2.05mmol kg~!) N-isopropyl
valproyltaurinamide (I-VTD), 600mgkg™" (4.16 mmolkg™")
VPA in water or in chremophor EL (CEL) and vehicle control
groups. At gestational day (GD) 8.5, a sensitive time point for
neural tube closure, a single dose of the test compound
dissolved in 25% CEL (polyether of castor oil and ethylene,
Fluka, Switzerland) was administered by i.p. injection. For the
M-VTD administered dams, a single blood sample was drawn
20 min after the drug administration in order to confirm drug
exposure and possible metabolite formation.

At GD 18.5, the dams were killed by cervical dislocation, the
abdomen opened and the uterine contents removed. The
locations of all viable fetuses and resorption sites were
recorded, and the fetuses were grossly examined for the

presence of exencephaly, as well as other neural tube and
associated gross malformations.

PK studies in mice

The PK of VTA, VITD, DM-VTD and I-VTD were studied in
SWV/Fnn mice following a single i.p. injected dose of
300mgkg~! of the test compounds dissolved in 25% CEL.
Male SWV mice weighing 22—30 g were randomly assigned to
one of the four treatment groups. Three mice were killed at
each of the following time points and blood samples (0.3 ml)
were collected via the retro-orbital sinus at 5, 10, 20, 40, 60,
120, 180, 240, 300 and 360 min postinjection. The blood was
centrifuged at 3000 x g for Smin; the plasma separated, and
stored at —20°C until analyzed. From the same mice, the brain
was quickly removed, snap-frozen in liquid nitrogen and
stored at —20°C until analyzed.

Analysis of the concentrations of VTDs

The analytical method used in these experiments has been
described in detail in a separate publication (Isoherranen ef al.,
2003b). All analyzed concentrations in biological matrices
were within the concentration range of the calibration curve. A
Hewlett-Packard HP 5890 Series II gas chromatograph
equipped with a 6860 autosampler, HP5971 mass selective
detector and HPChemstation data analysis software was used.
The chromatographic separation was obtained with the aid of
a Quadrex 007 methyl 20% phenyl silicone capillary column
(25m, 0.25um film thickness, 0.25mm i.d.; Quadrex Corp.,
New Haven, CT, U.S.A.) using the following temperature
program: 2 min at an initial temperature of 50°C, a gradient of
40°Cmin™" up to 180°C, hold time of Imin and a second
gradient of 0.5°Cmin~"! up to 192°C and then a third gradient
of 10°Cmin~" up to 220°C, which was maintained for 1min.
Injector temperature was maintained at 220°C, while the
transfer line temperature was 280°C. Ions of m/z 162, 179, 208,
221, 234 and 264 were monitored for quantification. He
(99.999%) with a 50 kPi head pressure was used as a carrier
gas.

Plasma concentrations To 50 ul of mouse plasma, 20 ul of
the internal standard solution (N,N-diethyl-valproyltaurina-
mide in methanol) and 0.5ml of water was added. The solid-
phase extraction (SPE) cartridges (3ml, 500mg, Extra-Sep
C18, Lida, Kenosha, WI, U.S.A.) were conditioned using 2 ml
methanol followed by 1 ml of water. The sample was added
and the cartridge was washed using 1 ml water. The analytes
were eluted using 1 ml methanol, which was subsequently
evaporated using a vortex evaporator. The dry residue was
redissolved in 0.2 ml chloroform, and 1 ul was injected into the
gas chromatograph. Calibration curves were prepared sepa-
rately for all the analyzed compounds at a concentration range
of 1-200mgl~'. Additionally, for VTD only, the concentra-
tion range of the calibration curve was expanded between 100
and 500 mg1~'. The method was validated (Isoherranen et al.,
2003b) according to published guidelines (Shah er al., 2000).

Brain concentrations To 50 mg of brain tissue, 20 ul of the
internal standard solution (100mgl™' N,N-diethyl-valproyl-
taurinamide in methanol) and 2 ml of 2.5m acetate buffer (pH
2.5) were added. The SPE cartridges were conditioned as
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described above, and the sample was added. The cartridge was
washed using 1 ml water, and the analytes were eluted using
1 ml methanol followed by centrifugation. The methanol phase
was evaporated to dryness using a vortex evaporator and the
dry residue was redissolved in 0.2 ml chloroform and 1 ul was
injected into the gas chromatograph. Calibration curves were
prepared separately for all the analyzed compounds at a
concentration range 0.5-200mgkg~'. The method was vali-
dated according to published guidelines (Shah et al., 2000),
and was found to have a precision of <15% at brain
concentrations of 1, 2.5, 25, 50, 100 and 150mgkg~" and an
accuracy of 86—114% at the same brain concentrations.

Urine concentrations To 50 ul of mouse urine, 200 ul of
water and 20ul of internal standard solution (DE-VTD
Imgml~!) were added. The mixture was extracted using
0.5 ml chloroform, the phases separated by centrifugation and
the chloroform phase evaporated to dryness. The dry residue
was reconstituted in 0.25ml of chloroform and injected into
the gas chromatograph. The calibration curve was prepared at
a concentration range of 25-1500mg1™" and the accuracy and
precision were within the recommended limits (Shah ez al.,
2000).

Analysis of VTA in plasma

A Shimadzu model 10AT HPLC system equipped with SPD-
10A UV-Vis detector, SCL-10A system controller and SIL 10
Axl] autosampler were used for these analyses. The separation
was obtained using a Lichrospher 250-4 RP-18 column with a
particle size of 5um, and a mobile phase of 30% acetonitrile
and 70% 0.75mMm phosphate buffer titrated to pH 2.5 using
triethylamine. A flow rate of 0.7 mlmin~" was used. To 50 ul of
mouse plasma, 1 ml of methanol was added, the mixture was
vigorously vortexed and centrifuged at 2000 x g. The methanol
phase was separated and evaporated to dryness in a vortex
evaporator. The dry residue was redissolved to 50ul of
methanol and 30ul was injected to the HPLC system.
Calibration curves were prepared at a concentration range of
10-500mg1~" and the method was validated according to
published guidelines (Shah ez al., 2000) and met the criteria set
for bioanalytical methods.

Determination of lipophilicity of the VTDs

The lipophilicity of VTD, M-VTD, DM-VTD and [-VTD was
evaluated by use of log P-values as determined by their water—
octanol partitioning. Each compound was analyzed at two
different concentrations, and three replicates were evaluated at
each concentration. The test compounds (0.100 or 0.250 mg)
were added to a test tube and dissolved in 1ml aqueous
potassium phosphate buffer at pH 7.4. Octanol (1ml) was
added and the test tube was stirred vigorously. Mixing was
continued at 37°C for 1h, at which point a 0.5 ml sample was
taken for analysis from the water phase and 50 ul of internal
standard solution (DE-VTD at 0.1 mgml~") was added. The
buffer phase was extracted with 2 ml chloroform. A 1 ul sample
was injected to the gas chromatograph from the chloroform
phase and the sample analyzed using the above-described
chromatographic method.

PK calculations

PK parameters were calculated, assuming complete bioavail-
ability following i.p. administration, by the classical noncom-
partmental methods based on the statistical moment theory
(Gibaldi & Perrier, 1982). The plasma and brain concentra-
tions for each time point were obtained as an arithmetic mean
of three individual mice. The area under the plasma or brain
concentration versus time curve (AUC) was calculated by the
linear trapezoidal method with extrapolation to infinity. The
mean residence time of the compounds in plasma or brain was
calculated from the quotient AUMC/AUC, where AUMC is
the area under concentration time product versus time curve
from zero to infinity. The clearance (CL) was calculated from
the quotient dose/AUC and the volume of distribution (V)
was calculated from the quotient D/JAUC*B~', in which B is
obtained from the linear fit of the log plasma concentration
versus time curve. The terminal half-life (¢,,) was calculated
from the quotient In2/f. The fraction metabolized (f,,) of I-
VTD to VTD, was calculated from the quotient AUCyp/
AUCy in which AUCy is the AUC of the metabolite
following its administration and AUCyp is the AUC of the
metabolite after administration of the drug. The AUC was
normalized to the dose and molecular weight of the drug and
the metabolite. The f,, of DM-VTD to VTD was calculated
from urine data by dividing the fraction of the drug excreted as
the metabolite by the fraction of the metabolite excreted in
urine after its administration. Renal clearance (CL,) was
calculated from the quotient of cumulative amount excreted
unchanged in the urine (4.) over plasma AUC, and the
fraction excreted unchanged (f.) was calculated from the ratio
between A. and dose.

Statistical analysis

Results of the anticonvulsant activity are presented as EDsg
values and 95% ClIs. Significance in the reduction of seizure
score in the Frings mice was evaluated by ANOVA and
Dunnett’s test as a post hoc test. The reproductive outcomes
(resorption rates and the incidence of gross malformations)
were evaluated using arcsine transformation and y* analysis
with a Tukey-type ¢-test. A P-value <0.05 was considered
statistically significant.

Results

The ability of the VIDs to block sensory-evoked generalized
seizures was evaluated in the Frings AGS mice. The Frings
mouse is a reliable model of generalized epilepsy and a genetic
model of reflex epilepsy (Rogers et al., 1998; Skradski et al.,
2001). The mutation causing the Frings mice to be susceptible
to the audiogenic seizures has been linked to a similar
mutation in humans causing febrile seizures (Nakayama
et al., 2002). The time course of the anticonvulsant effect of
VTD, DM-VTD and I-VTD in the Frings mice is shown in
Figure 2. As shown in Figure 2, all the three compounds were
active against sound-induced seizures at the doses tested. In
contrast, VTA was inactive at doses of 300 mgkg™'. In terms
of the duration of action, VID and I-VTD both continued to
show good anticonvulsant activity at 4h. Table 1 shows the
quantitative results with respect to anticonvulsant activity in
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Figure 2 Time course of the anticonvulsant effect in the Frings
mice following i.p. administration of two doses of VID (a), I-VTD
(b) and DM-VTD (c). *Indicates significant difference in seizure
protection when compared to the response at 30 min.

Table 1 Anticonvulsant activity of the valproyltaur-
inamides in the Frings mice

Compound EDs, (mgkg™") (95% CI) Time of test (h)*
VTA >300 0.25-4
VTD 52 (43-62) 2

1I-VvTD 126 (96—174) 0.5
DM-VTD 134 (104—-168) 0.5

VPA® 155 (110-216) 0.25

VGD* 52 (39-64) 0.5

“Also, the time of peak anticonvulsant effect.
*Data from White et al. (2002).
‘Data from Isoherranen et al. (2001).

comparison to VPA and VGD. VTD was the most potent
compound among the derivatives tested. It was 2.5 to three
times more potent than [-VTD, DM-VTD and VPA (five times
more potent than VPA on molar basis) but equipotent with
VGD (slightly more potent than VGD on molar basis). All of
the compounds were active at doses that showed no behavioral
impairment. VTA was inactive in this model throughout the
entire time interval that was investigated. As can be seen from
the results summarized in Figure 3, VITD, DM-VTD and I-
VTD all reduced the seizure score from 5 to <1 in a dose-
dependent manner. Therefore, all the three compounds were
effective in preventing tonic extension, clonus and wild
running.

The ability of the VTA derivatives to induce NTDs and
other gross malformations was evaluated in the SWV/Fnn
mice, which are known to be highly sensitive to AED-induced
teratogenicity (Bennett et al., 1997; Finnell et al., 1988; 1995;
Wlodarczyk et al., 1996). The effect of a single dose of the
VTDs, during the period of neural tube closure, on the
reproductive outcome in the SWV/Fnn mice is summarized in
Table 2. Comparisons of the results obtained with the VTDs
are made to VPA, valrocemide and valproylglycine (Table 2).
The teratogenic potential of the VIDs increased with the
increase in the degree of alkylation in the sulfonamide (DM-
VTD >I-VTD > VTD). The most teratogenic compound was
DM-VTD, followed by I-VTD. Nonetheless, DM-VTD and I-
VTD were still less teratogenic than VPA in this model. M-
VTD had a very low teratogenic potential with only 1% of the
live-born fetuses (not significant; P>0.05) expressing NTDs.
VTD and VTA were completely free from any indication of
inducing external malformations. However, the resorption
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Figure 3 Dose-dependent reduction in the seizure score in the
Frings audiogenic seizure susceptible mice following i.p. adminis-
tration of VID (a), I-VTD (b) and DM-VTD (c). * and ** indicate
significant differences with P<0.05 and P<0.01 respectively from
the lowest dose values (ANOVA and Dunnett’s test).

rates were significantly increased (P<0.01) following a single
dose of VTD, DM-VTD and I-VTD at GD 8.5, indicating that
these compounds may be embryotoxic.

The anticonvulsant activity of the investigated VTDs may be
because of the active metabolites, and formation of reactive
metabolites is one of the possible suggested mechanisms of
antiepileptic drug (AED) teratogenicity (Bennett et al., 1997,
Wells et al., 1997; Parman et al., 1998). In order to evaluate the
possible contribution of metabolites to the differences ob-
served in the anticonvulsant and teratogenic potency of these
compounds, a PK study was undertaken. In addition, the
lipophilicity (log P) of the experimental compounds was
determined (Table 3). No significant correlation was found
between the lipophilicity of the drug and their teratogenic
potency, as shown in Figure 4b. The greater lipophilicity of
DM-VTD and I-VTD may facilitate their better penetration to
the fetus, but the two-fold increase in the incidence of NTDs
between [-VTD and DM-VTD and the lack of NTDs after
VTD administration cannot be explained by lone differences in
drug lipophilicity. There was also no positive correlation
between the potency of the VT Ds and their log P-values, as the
compound with lowest log P (lowest lipophilicity) turned out
to be the most potent. However, a correlation appeared to be
between the brain-to-plasma AUC ratios and log P (Figure 4c).

The plasma and brain concentration versus time curves of
the taurine derivatives of VPA and their selected metabolites
are shown in Figure 5. The analyzed taurine derivatives of
VPA differed significantly in their PK, as shown by the
obtained PK parameters in Table 4. High CL, very short half-
life, and relatively small volume of distribution characterized
the PK of VTA. The brain concentrations of VTA were not
analyzed because of the lack of a suitable analytical method,
and very low VTA brain concentrations. VITD had the lowest
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Table 2 Reproductive outcome in the SWV/Fnn mice following administration of 600 mgkg

derivatives at GD 8.5

~! of the valproyltaurine

Compound Litters (N) Implants (N)
VTA 10 132
VTD 9 108
M-VTD?* 9 116
DM-VTD 9 130
I-VTD 8 104
VPA (in H,O)" 10 120
VPA (in CEL)* 12 152
VPA (in H,O)* 18 237
CEL control® 10 120
CEL control* 16 212
H20 control® 12 152
VGD*¢ 15 178
VGA® 7 97
VPA® 13 148
H20 control® 8 123

“Control for M-VTD treatment group,
bcontrol for all other groups except M-VTD,
‘VPA and H,O respective controls,

9Three stillborn fetuses,

¢six stillborn fetuses,

fthree stillborn fetuses.

Resorptions (N) (%)

Live births (N) Malformed (N) (%)

11 (8) 121 0
27 (25)** 81 0
6 (5) 110 1(0.9)
45 (35)** 85 14 (17)**
23 (22)%* 81 6 (7)**
5(4) 115 59 (82)**
34(2) 119 89 (75)%*
50° gt)l) 181 109 (60)**
5 115 0
147 (7) 196 0
3(2) 146 0
1(1) 177 0
6 (6) 91 131
13 (9) 135 99 (73)**
L(D) 122 0

**Significantly different from the respective vehicle-treated control group, P<0.05. VTA—valproyltaurine, VTD—valproyltaurinamide,
M-VTD- N-methyl-valproyltaurinamide, DM-VTD— N,N-dimethyl-valproyltaurinamide, I-VTD— N-isopropyl valproyltaurinamide,

VPA —valproic acid, CEL—cremophor EL.

Table 3 Lipophilicity profile of the valproyltaurina-
mides (VTD, M-VTD, DM-VTD and I-VTD)

logP at 100mgl~"  logP at 250mgil~"  logP
VTD 1.054+0.16 1.13£0.10 1.1
M-VTD 1.46+0.02 1.474+0.05 1.47
DM-VTD 1.61+0.02 1.67+0.04 1.64
I-VTD 2.004+0.03 1.954+0.03 1.98

CL, and consequently, a longest half-life of all tested
compounds. Approximately half of VITD’s CL was through
the renal route (f. =39%) and therefore, based on the additive
nature of clearances, approximately half of the total body CL
of VID is via the hepatic route (metabolic CL). VTD’s
metabolic CL equals about 2.5% of the hepatic blood flow in
the mouse and therefore, VID has a low hepatic extraction
ratio and is not likely to be subject to hepatic first pass effect
following oral dosing. I-VTD had a five times higher CL than
VTD (one-fourth of the liver blood flow) and DM-VTD had
twice as high CL as I-VTD. As DM-VTD was hardly cleared
by the kidney (CL,=0.09 mlh~'), majority of its CL consti-
tutes of metabolic CL. DM-VTD’s metabolic CL was
approximately half of the liver blood flow in mice. As such
DM-VTD and I-VTD are likely to be subjected to hepatic first
pass effect, DM-VTD and I-VTD had nearly equal half-lives
(0.5h), as the V' and CL of DM-VTD were both 2.5-fold higher
than that of I-VTD. The mean residence time (MRT) values of
DM-VTD, I-VTD and M-VTD were 20-30% shorter in the
brain than in the plasma, whereas VTD had a slightly longer
MRT in the brain.

N-dealkylation was an observed metabolic pathway for the
VTDs. DM-VTD was metabolized to M-VTD and subse-
quently to VID (f;, to VTD was 10% based on urine data).
Following administration of DM-VTD, less than 0.5% of the
dose was recovered in urine as DM-VTD, with 1.7% excreted

a
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~ 50 VvTD *
2
a
| 0 '
0.5 1 1.5 2 25
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;\? 40 A Resorptlon' rate DMVTD
< 10 B Malformation rate R2=0.0074
8 A vy p=00140
= 20 n I-VTD
2 DM-VTD 2=02778
2] =04729
E . -VTD q?l
1 1.25 15 1.75 2
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Figure 4 Correlation between log P and anticonvulsant activity (a),
teratogenic potency (b) and brain penetration as expressed by brain
to plasma AUC ratio (c).

as M-VTD and 3.9% as VTD. As for I-VTD, the N-
dealkylation was a significant metabolic pathway (f;,, to VTD
based on plasma AUCs was 28%). The PK parameters
obtained for selected metabolites are shown in Table 5. VTD
had a much larger CL, than the two other compounds, DM-
VTD and I-VTD, and consequently a higher fraction of the
dose excreted unchanged (f.=39%). The PK parameters
obtained for M-VTD and VTD as metabolites of DM-VTD
and for VTD after I-VTD administration suggested that their
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Figure 5 Brain (mgkg™') and plasma (mgl™") concentration versus time courses of the VTA derivatives and their metabolites: (a)
plasma concentration versus time course of VTA, brain concentrations were not measured for VTA; (b) plasma and brain
concentration versus time curves of VID in mgl~' and mgkg™' respectively; (c) plasma and (d) brain concentration versus time
curves of I-VTD and VTD following administration of I-VTD and (e) plasma and (f) brain concentration versus time curves of DM-
VTD, M-VTD and VTD following administration of DM-VTD. All compounds were administered at 300mgkg ™' i.p.
Table 4 The pharmacokinetic parameters obtained for the studied valproyltaurinamides in SWV/Fnn mice
VTA VTD DM-VTD I-VTD
CL (Lh™'kg™) 2.03 0.26 2.7 1.26
Vs (Lkg™) 0.57 0.54 2.5 1.00
ti2 (h) 0.19 1.44 0.63 0.55
MRT (h) 0.33 2.33 1.2 0.94
AUC,jyma (mg17'h) 148 1159 110 238
Imax () 0.17 0.33 0.33 0.17
Crnax (mgl™") 338 375 76.4 185
AUCypin (mgkg='h™") 407 93 187
t1/2brain (h) 1.4 0.5 0.52
MRTypain (h) 2.5 0.89 0.74
Imax brain () 1.0 0.33 0.17
Cmux brain (mg 171) 159 74.4 199
Brain to plasma AUC ratio 0.35 0.85 0.79
CL, (mlh™) 2.9 0.1
fe 39 <0.5%

CL—clearance; Vg—volume of distribution during the § phase; ¢, ,—half life; MRT—mean residence time; AUC—area under concentration
curve; ty.x—time to reach maximal concentration; C,,,,—maximal concentration; CL,—renal clearance; f.—fraction of the dose excreted

unchanged.

CL as metabolites is elimination rate-limited, that is, the
formation CL of these metabolites is higher than their
elimination CL and therefore, the metabolites reside in the
body longer than their parent compound. The rate-limiting
elimination of the metabolites (M-VTD and VTD) could be
observed in their MRT and t,,, values that were longer than
the MRT and ¢, of DM-VTD or I-VID.

Discussion
The purpose of this study was to develop new CNS-active

VTA derivatives that would cross the BBB, possess antic-
onvulsant properties and would be free of any teratogenic

potential. Three of the four VTDs tested, VID, I-VTD and
DM-VTD (Figure 1), displayed in the Frings mouse model of
reflex seizures equivalent or greater potency than VPA.
However, DM-VTD and I[-VTD also induced a significant
rate of NTDs. In the Frings mice, VTD was 2.5 to three times
more potent than VPA, I-VTD and DM-VTD, but equipotent
with VGD. DM-VTD and I-VTD displayed a peak antic-
onvulsant effect during the first 30 min after their administra-
tion. In contrast, the time of peak effect for VID was 2 h after
dosing. All of the tested VTDs displayed anticonvulsant
activity at various time points between 15 and 240 min after
dosing (Figure 2). The difference between the times of peak
effect of VID and the N-alkylated taurinamides (2h versus
30 min) may be explained by their PK in brain. VTD reached
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Table 5 Pharmacokinetic parameters of valproyltaurinamide and N-methyl-valproyltaurinamide as metabolites of the

investigated N-alkyl-valproyltaurinamides

PK parameter VTD from DM-VTD
tlr2 metabolite (h) 3.6
MRT,eiboiice (h) 6.1

AUC, jy4ma (mg1™'h) 191
AUCpin (mgkg™"h) 46.7
MRTi (h) 2.9
AUCbruin/AUCplasmu 024

CL, (mlh™") L.5

sm 39

M-VTD from DM-VTD VTD from I-VTD

0.83 1.43
1.83 2.90
188 386
103 115
1.45 34

0.55 0.30

0.69

1.7

t1)2 mewbotite—half-life of the metabolite; MRT—mean residence time; AUC—area under concentration curve; CL,—renal clearance; /3" —

fraction of the dose excreted in urine as the specific metabolite.

its maximal brain concentrations 60 min after dosing, whereas
DM-VTD and I-VTD had a brain f,,,, of 20—40min. After
reaching the Cy,.x, VID concentrations declined much slower
than did the other two compounds. However, the better
potency of VTD is unlikely to be solely a result of different
PK, as I-VTD had a similar brain C,,,, as VITD. DM-VTD,
despite its equal potency with I-VTD, had a brain C,,,, half of
that of I-VTD.

Despite the existence of active metabolites, there was a good
correlation between the brain concentration of N-alkyl-VTD
and its anticonvulsant effect. Still, the possibility that
metabolites of I-VTD and DM-VTD (i.e. M-VTD and VTD)
contribute to their anticonvulsant activity and prolonged
efficacy cannot be ruled out. For example, the weak
correlation between the log P and EDs, values may be
partially because of the additional contribution of active
metabolites. Both M-VTD and VTD were detected in the
mouse brain at significant concentrations following DM-VTD
administration, and VTD was also detected in the mouse brain
after administration of I-VTD (Figure 5).

The fact that no correlation was found between the obtained
log P value and teratogenic potency of DM-VTD and I-VTD,
suggests that their induced teratogenicity is more likely a
response to the formation of reactive intermediates or
metabolites and/or specific receptor interactions, than the
result of better partitioning to the embryo. It should be
mentioned that the two- to five-fold higher plasma concentra-
tions of VTD would allow an embryonic exposure comparable
to that which occurs after DM-VTD and I-VTD administra-
tion with much lower partitioning. DM-VTD’s higher
teratogenic potency may involve reactive metabolic intermedi-
ates. The lack of teratogenicity by VTD, an analog that does
not undergo metabolic N-dealkylation, would further support
this hypothesis. Reactive metabolites and/or intermediates and
free radicals have been previously shown to contribute to the
teratogenicity of carbamazepine, phenytoin (Finnell et al.,
1995; Parman et al., 1998) and ethanol (Kotch et al., 1995) and
to general chemical teratogenesis (Juchau et al., 1992).

Simple amide derivatives of VPA have been found to be
nonteratogenic in mice (Radatz et al., 1998; Spiegelstein et al.,
1999a). The contribution of substituents of hydrogens on the
nitrogen of a VPA amide derivative was not, however,
evaluated. In this study, the teratogenicity of taurine and
glycine derivatives of VPA was evaluated. Valproylglycine and
VTA were free of teratogenic potential as were VID and VGD
(valrocemide). VTD, however, induced an increase in the

resorption rates and therefore, it appears less safe during
gestation than valrocemide. Teratogenic end points are:
malformation, growth retardation, developmental delay and
death. VPA induced an elevated rate of resorption and of the
surviving fetuses; there is an extremely high rate of NTDs.
With VTD, there is an increased resorption rate, but it is not as
alarming when compared to VPA in the same animal model
system. The alkyl substituents of hydrogens on the nitrogen of
the sulfonamide of VTD to yield DM-VTD and I-VTD did,
however, induce NTDs in mice and had significant embry-
otoxic potential. The fact that the N-alkyl amide derivatives of
VPA, such as DM-VTD and I-VTD, induced NTD suggests
that additional structural requirements may need to be
evaluated in order to fully understand the SAR behind the
teratogenicity of VPA derivatives. This study also suggests that
despite the belief that VPA itself and not one of its metabolites
is the teratogenic entity (Nau, 1986; Nau and Hendrickx, 1987;
Bojic et al., 1998), with VPA derivatives metabolism may
contribute to teratogenicity. When reliable animal models of
hepatotoxicity become available, it will be interesting to
investigate the possible hepatotoxic potential of the nonter-
atogenic VPA derivatives as well as the VTD derivatives
presented in this study.

This study emphasizes the importance of monitoring serial
brain concentrations (AUC) of analogous CNS-active com-
pounds as part of any comprehensive program evaluating
differences in potency, and conducting PK—PD calculations.
VTD had a (plasma) C,., that was twice as high as the
(plasma) C,.. of I-VTD; yet, no differences were observed in
their brain C,,,,. Based solely on the plasma data, one could
have misinterpreted that the greater potency of VTD is
because of the higher effective concentration (i.e. Cpa,). The
overall AUC for VTID in plasma and brain, however, was
twice as high as that of I-VTD and five to 10 times higher than
those of DM-VTD, giving a partial explanation for VTD’s
better potency. The late time of peak effect of VID was
explained by the brain PK parameters but, without the PK
data, it could wrongly be assumed that the late effect is because
of active metabolites and not because of the parent drug itself.

This series of taurine derivatives of VPA and previous data
on taltrimide (Kontro et al., 1983; Oja et al., 1983) can be
compared to an analogous series of glycine derivatives. As
previously observed with glycinamide derivatives such as
phtaloylglycinamide (Abu Salach et al., 1994) and valrocemide
(Spiegelstein et al., 1999b), the phthaloyl derivative of taurine
(taltrimide) and VTD appeared the most promising derivatives
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as anticonvulsants. No difference in the anticonvulsant activity
between VTD and VGD could be detected in the Frings mice.
Unlike the N-alkyl derivatives of VGD, the N-alkyl derivatives
of VITD demonstrated anticonvulsant activity, but they were
less promising than VTD. The metabolic N-dealkylation of I-
VTD is in agreement with previous data on taltrimide. Similar
to I-VTD, taltrimide underwent metabolic N-dealkylation of
the isopropyl moiety to a nonalkylated phthalyol taurinamide
(Koivisto et al., 1986; Keranen et al., 1987).
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