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Rasagiline [N-propargyl-1R( + )-aminoindan], a selective and
potent inhibitor of mitochondrial monoamine oxidase B
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1 Rasagiline [N-propargyl-1R(+ )-aminoindan], was examined for its monoamine oxidase (MAO)
A and B inhibitor activities in rats together with its S(—)-enantiomer (TVP 1022) and the racemic
compound (AGN-1135) and compared to selegiline (1-deprenyl). The tissues that were studied for
MAUO inhibition were the brain, liver and small intestine.

2  While rasagiline and AGN1135 are highly potent selective irreversible inhibitors of MAO in vitro
and in vivo, the S(—) enantiomer is relatively inactive in the tissues examined.

3 The in vitro 1Csy values for inhibition of rat brain MAO activity by rasagiline are 4.43+0.92 nM
(type B), and 4124123 nM (type A). The EDs, values for ex vivo inhibition of MAO in the brain
and liver by a single dose of rasagiline are 0.140.01, 0.04240.0045 mg kg~ ' respectively for MAO-
B, and 6.4840.81, 2.384+0.35 mg kg~! respectively for MAO-A.

4 Selective MAO-B inhibition in the liver and brain was maintained on chronic (21 days) oral
dosage with EDs; values of 0.014+0.002 and 0.01340.001 mg kg~' respectively.

5 The degree of selectivity of rasagiline for inhibition of MAO-B as opposed to MAO-A was
similar to that of selegiline. Rasagiline was three to 15 times more potent than selegiline for
inhibition of MAO-B in rat brain and liver in vivo on acute and chronic administration, but had
similar potency in vitro.

6 These data together with lack of tyramine sympathomimetic potentiation by rasagiline, at
selective MAO-B inhibitory dosage, indicate that this inhibitor like selegiline may be a useful agent
in the treatment of Parkinson’s disease in either symptomatic or L-DOPA adjunct therapy, but lack

of amphetamine-like metabolites could present a therapeutic advantage for rasagiline.
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Introduction

The knowledge that dopamine is equally well oxidatively
deaminated by monoamine oxidase (MAO) types A and B
(Collins et al., 1970), the dominance of MAO-B (80%) as
compared to MAO-A in the extrapyramidal regions of
human brain (Collins et al., 1970; Squires, 1972; O’Carroll
et al., 1983) and the absence of the ‘cheese reaction’ in whole
animal and isolated tissue preparations by the selective
irreversible MAO-B inhibitor selegiline (deprenyl; Knoll &
Magyar, 1972) led to the introduction of selegiline as an
adjunct to L-DOPA therapy of Parkinson’s disease (Birk-
mayer et al., 1975; 1977; Lees et al., 1977). Selegiline has
proved to be a useful antiparkinson drug both in mono-
therapy (Parkinson Study Group, 1989) and as adjunct to L-
DOPA therapy, and has L-DOPA sparing action (Birkmayer
et al., 1977; Riederer & Rinne, 1992). Selegiline is a propargyl
derivative of 1-amphetamine. It irreversibly inhibits MAO-B
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by binding mole per mole covalently to the N5 position of
the isoalloxazine moiety of FAD, the cofactor of MAO-B
(Maycock et al., 1976; Youdim, 1978). It is metabolized in
vivo to 1-amphetamine and to 1-methamphetamine (Reynolds
et al., 1978) and has amphetamine-like sympathomimetic
actions (Simpson, 1978; Finberg et al., 1981).

In this paper we report on the in vitro and acute and
chronic in vivo inhibitory activity of a highly potent and
selective inhibitor of MAO-B, rasagiline [N-propargyl-
1R(+)-aminoindan; TVP-1012; Youdim et al., 1995; Sterling
et al., 1998] with structural similarity to selegiline (Sabbagh &
Youdim, 1978; Kalir et al., 1981; see Figure 1. Rasagiline has
been developed as an antiparkinson drug (Youdim ez al.,
1995; Finberg et al., 1996; 1999) and is an analogue of
selegiline, but unlike the latter is metabolized to aminoindan,
which is largely devoid of amphetamine-like properties. It
was isolated from the racemic form of the selective MAO-B
inhibitor, AGN1135 (Sabbagh & Youdim, 1978; Kalir et al.,
1981), since the latter drug was shown by us to be devoid of
sympathomimetic activity and does not produce the ‘cheese
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reaction’ in isolated tissue preparations or in vivo in rats and
cats in doses selective for inhibition of MAO-B (Finberg et
al., 1981; Finberg & Youdim, 1985).

Methods
Animals and drug treatments

Male Sprague-Dawley rats (Charles-River) were housed in
wire-mesh cages at an environmental temperature of 19—
21°C, 12 h light—dark cycle (lights on at 0700), and were fed
rat chow ad libitum for the duration of the experiment.

Determination of MAQO inhibitory activity in vitro

The activities of MAO-A and -B were determined by the
adapted method of Tipton & Youdim (1983). Rat or human
cerebral cortical tissue was homogenized in 0.3 M sucrose
(one part tissue to 20 parts sucrose) using a glass-teflon
motor-driven homogenizer (brain and liver), or Ultraturrax
(gut). The inhibitor under test was added to a suitable
dilution of the enzyme preparation in 0.05 M phosphate
buffer (pH 7.4) and incubated together with selegiline 0.1 uM
(for determination of MAO-A) or clorgyline 0.1 um (for
determination of MAO-B). Incubation was carried on for
60 min at 37°C before addition of labelled substrates ('*C-5-

NH,

aminoindane

Chemical structures of rasagiline, selegiline (deprenyl) and their metabolites.

hydroxytryptamine creatinine disulphate 100 um for determi-
nation of MAO-A, or "C-phenylethylamine 10 um for
determination of MAO-B) and incubation continued for 30
or 20 min respectively. The reaction was then stopped by
addition of citric acid (2 M). Radioactive metabolites were
extracted into toluene/ethyl acetate (1:1 v v—'), a solution of
2,5-diphenyloxazole was added to a final concentration of
0.4% (wv~'), and metabolite content estimated by liquid
scintillation counting. Activity in presence of drug was
expressed as a percentage of that in control samples.

The preincubation was carried out in the presence of
clorgyline or selegiline because phenylethylamine is also
metabolized quite effectively by MAO-A (O’Carroll et al.,
1983), leading to inhibition curves for MAO-B, which showed
a plateau at about 80% inhibition with selegiline or rasagiline
if MAO-A was not inactivated. For comparison between two
inhibitors with potentially different inhibitory effects on
MAO-A and MAO-B, therefore, it was thought necessary
to employ the system in which opposite enzyme forms are
inactivated before assay.

Determination of inhibition of MAO activity in vivo

In in vivo studies, drugs were administered orally by gavage
(p.0.). The animals weighed 250300 g at the time of killing.
For estimation of in vivo inhibitory effect, varying doses of
the inhibitors were administered to groups of five or six rats
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for the stated times, the animals were killed by decapitation,
tissues removed and frozen at —20°C, and enzyme activity
determined subsequently as above. Enzyme activity in drug-
treated tissues were expressed as a percentage of that in
control tissues.

Protein determination

Protein determination for standardization of MAO activity
was performed by the method of Lowry et al. (1951)
employing human serum albumin as standard.

Statistical analysis

Values of 1Csq and EDs in in vitro and in vivo analyses were
calculated in each separate experimental run by non-linear
regression analysis using the Graphpad Prism programme,
and the mean values of all runs for each drug treatment and
tissue were compared using one-way ANOVA, with Tukey-
Kramer post-hoc test. A value of P=0.05 was taken as cut-off
for significance.

Materials

N-propargyl-1R(+)-aminoindan (rasagiline, TVP1012), N-
propargyl-1S(—)-aminoindan (TVP1022), the racemic form
of rasagiline (AGN-1135), and selegiline [(—)-deprenyllhy-
drochloride were generously supplied by Teva (Israel). The
radioisotopes f-[ethyl-1-'*C]-phenylethylamine hydrochloride
and 5-[2-"*C]-hydroxytryptamine binoxalate were obtained
from New England Nuclear (Boston, U.S.A.) at a specific
activity in the range 1.48-2.22 GBq mmol~'. All other
reagents and chemicals were analytical grade and were
purchased from either Sigma (Israel) or Merck (Germany).

Results
Determination of MAO-A and -B inhibition in vitro

MAO-A and -B activities were determined in rat brain
homogenate in vitro following incubation with varying
concentrations of rasagiline, TVP1022, and selegiline (Figure
2 and Table 1). The ICs, values calculated for each inhibitor
are presented in Table 1. The optical enantiomers of N-
propargyl-1-aminoindan can be seen to possess a striking
degree of stereoselectivity, since the (—)-isomer (TVP 1022) is
1/3,800 as active as the (+)-isomer (rasagiline) for inhibition
of MAO-B. Whereas rasagiline is 93 times more potent for
inhibition of MAO-B than MAO-A, TVP 1022 shows little or
no selectivity for MAO-A or -B. Rasagiline and selegiline had
similar ICsy values for inhibition of MAO-B (P>0.05), but
selegiline was significantly less potent than rasagiline for
inhibition of MAO-A (P<0.01). In human tissue, there was
no significant difference between the 1Cs, values for rasagiline
and selegiline for inhibition of MAO-A or MAO-B (Table 1),
and TVP 1022 was again seen to be largely devoid of
inhibitory activity. The racemic form of N-propargyl-1-
aminoindan (AGN 1135) had approximately half the potency
of rasagiline, indicating that no interaction occurred between
the optical isomers at the MAO active site (similar data were
obtained in preliminary studies using rat tissue).
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Figure 2 [n vitro inhibitory action of rasagiline and selegiline
against rat brain MAO. The test compounds were added to buffer
containing 10~7 M clorgyline (for assay of MAO-B) or 107" M
selegiline (for assay of MAO-A) and were incubated with the tissue
homogenate for 60 min at pH 7.4 before addition of 'C-g-
phenylethylamine or '*C-5-hydroxytryptamine respectively.

Table 1 1Csy values (M) for inhinition of MAO-A and
MAO-B by rasagiline, its isomers and selegiline in rat and
human brain in vitro

Tissue MAO-A MAO-B
4.43+0.92x107°

3.6340.59x107°

4.1241.23x 1077
9.44+40.52 x 107 7**

Rasagiline  Rat
Selegiline Rat

TVP 1022  Rat 2.25%x107° 1.7x107°
Rasagiline Human 7.140.93x 1077 1.440.35x10°%
Selegiline Human 1.740.44x10~¢ 6.8+1.4x10~°
TVP 1022  Human 1.77x107° 2.87x107°
AGN 1135 Human 1.3%x107° 40x1078

I1Cso values were calculated graphically using at least 12
concentrations of inhibitors in range of 10~*—~10~'° M. Data
for rasagiline and selegiline are mean+s.e.mean values of
five separate determinations with triplicate values at each
concentration. Data for TVP 1022 and AGN 1135 are
means of two separate determinations with triplicate values
at each concentration. **P<0.01 for difference from
rasagiline (rat) MAO-A.

Determination of brain and liver MAO-A and -B
inhibition ex vivo

Acute p.o. administration The MAO inhibitory activities of
rasagiline and selegiline were compared in rats 2 h after a
single oral dose (0.01-100 mg kg~"); inhibition curves are
shown in Figure 3, and EDs, values are shown in Table 2. A
comparison of potency between these inhibitors is difficult
due to the fact that the slopes of the dose-response curves
were rather different (Figure 3), however from EDs, values it
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can be seen that rasagiline was significantly more potent than
selegiline for inhibition of both brain and liver MAO-A and
MAO-B (Table 2). A clinically-relevant degree of inhibition
of MAO-B (i.e. over 90%) with minimal inhibition of MAO-
A was produced by a dose of 0.5 mg kg~! rasagiline, but for
selegiline a dose of 5mgkg™' was required. Similar
inhibition curves were obtained for the liver enzymes,
demonstrating that rasagiline maintains its selectivity for
MAO-B inhibition on oral administration, both in brain and
periphery. From comparison of inhibition curves shown in
Figure 3 it can be seen that the selectivity of rasagiline for
inhibition of MAO-B over MAO-A was similar to that of
selegiline.

Chronic p.o. administration Rats given oral rasagiline and
selegiline at the doses indicated in Figure 4, one dose daily
for 21 days, were decapitated 24 h after the last dose and

O Rasagiline MAO-A
O Rasagiline MAO-B

@ Deprenyl MAO-A
H Deprenyl MAO-B

BRAIN

140
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Figure 3 In vivo MAO inhibitory activity of rasagiline and selegiline
in rat brain and liver following a single dose of the compound
administered orally. Groups of rats (3—5 at each dose level) were
injected with the doses of the compounds shown and sacrificed 2 h
later. Activity of MAO was determined in a suitably diluted sucrose
homogenate of whole brains (minus cerebellum) and liver using '*C-
B-phenylethylamine or '*C-5-hydroxytryptamine for assay of MAO-B
or MAO-A activity respectively. Enzyme activity in tissues from
drug-treated animals was expressed as a percentage of the enzyme
activity in tissues of animals treated with normal saline. Mean values
shown +s.e.mean.

Table 2 EDs, values for inhibition of rat brain and liver
MAO-A and MAO-B by rasagiline and selegiline in vivo

A. 2 h after a single oral dose of drug

Brain Liver
MAO-A MAO-B MAO-A MAO-B
Rasagiline 6.48+0.81 0.1£0.01 2.384+0.35 0.042+0.0045
Selegiline 34.2+1.86%* 0.354+0.054* 26+1.95%* 0.654+0.11%*

*P<0.05 for difference from rasagiline; **P<0.001 for
difference from rasagiline.

B. 24 h after the last of 21 daily doses p.o.

Brain Liver
MAO-A MAO-B MAO-A MAO-B
Rasagiline n.d. 0.013+0.001 0.93+0.093 0.014+0.002
Selegiline n.d. 0.063 £+0.008** n.d. 0.049+0.008**

**P<0.001 for difference from rasagiline; ED50 values in
mg kg~ '+s.e.mean for n=3-5 animals per dose; n.d.=not
determined (out of range).
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Figure 4 In vivo MAO inhibitory activity of rasagiline and selegiline
in rat brain and liver following chronic treatment with the
compounds p.o. Groups of rats (4—6 at each dose level) were
treated daily by gavage with the doses of the compounds shown for
21 days and sacrificed 24 h after the last dose. Activity of MAO was
determined in suitable dilutions of a sucrose homogenate of whole
brain (minus cerebellum) or liver using '*C-B-phenylethylamine or
4C-5-hydroxytryptamine for assay of MAO-B or MAO-A activity
respectively. Enzyme activity in drug-treated rats is expressed as a
percentage of the enzyme activity in brain or liver tissue of control
animals treated with normal saline. Mean values shown+s.e.mean.
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brains and livers were examined for their MAO activity.
Since the higher doses were omitted in this experiment,
determination of EDs, was not feasible in every case, but
those values with could be obtained are shown in Table 2B.
Again rasagiline was significantly more potent than selegiline
(from EDs, data) for inhibition of MAO-B in brain and liver
by a factor of 5 and 3 respectively, however, a clinically
relevant degree of brain MAO-B (84+2%, n=6) was
produced by a dose of 0.05 mg kg~' daily rasagiline, whereas
the same degree of inhibition (77 +4%, n=06) required a dose
of 0.5 mg kg™ selegiline. The inhibitory potency of the
racemic form of rasagiline was also examined in similar dose
ranges, and rasagiline was twice as active as the racemate
(data not shown). In the liver similar data for MAO-A and
-B inhibition were obtained for both inhibitors with rasagiline
showing greater selectivity of MAO-B inhibition at doses
lower than 1 mg kg~' (Figure 4).

The effect of rasagiline on small intestine MAO

MAO-A and -B activities were estimated in the small
intestine 2 h after an oral dose of rasagiline or selegiline.
Selectivity of inhibition of MAO-B to MAO-A was seen also
in this tissue (Table 3).

Recovery of MAO-A and -B activities after i.p. and
chronic p.o. rasagiline

In a chronic study where rasagiline was given at an oral dose
of 0.5 mg kg™ for 7 days once daily, brain MAO-B and
MAO-A were inhibited by 79+1% and 62+2% (n=6) 3
days after the last dose. Both enzymes in the brain were still
inhibited by some 40% after 13 days, but recovery of enzyme
activity in the small intestine and liver was more rapid (Table
4).

Discussion

In this paper we have examined the in vitro and in vivo MAO-
A and -B inactivating properties of rasagiline, the R(+)
enantiomer of the selective irreversible MAO-B inhibitor
AGN 1135 (Kalir et al., 1981), its S(—) enantiomer
(TVP1022) and the racemic compound AGNI1135. The
inhibitory potency of rasagiline has been examined in brain,
liver and intestine of rats after acute and chronic oral
treatment and compared to the selective irreversible MAO-B

Table 3 Intestinal MAO inhibition after acute p.o admin-
istration to rats

Dose Per cent inhibition
mg.kg™! MAO-A MAO-B

Rasagiline 0.1 20+10 7842
0.3 29+6 8241

1 6149 80+1

Selegiline 0.5 2415 76+3
1.5 27+10 8242

5 63+ 14 84+1

Rats were sacrificed 2 h after drug administration. Data
shown are mean +s.e.mean of n=5-6 animals per group.

inhibitor, selegiline (Knoll & Magyer, 1972). The results
demonstrate a high degree of stercoselectivity for MAO
inhibition, in that the R(+) enantiomer (rasagiline) was three
orders of magnitude more effective in inhibition of MAO-B
than the S(—) enantiomer. Selegiline, by comparison, shows
only a small degree of stereoselectivity, and in this case it is
the S(—) enantiomer which is more potent than the R(+)
enantiomer. The full explanation for this markedly different
degree of stereoselectivity between closely allied chemical
compounds will only be apparent when three-dimensional
modelling of the MAO active site is available.

Used in Parkinson’s Disease, selegiline is believed to
potentiate the pharmacological action of dopamine formed
from L-DOPA, since in human brain dopamine is equally
well metabolized by both MAO-A and -B (Green et al., 1977,
Maitre et al., 1976; O’Carroll et al., 1983). The latter enzyme
is enriched in the extrapyramidal regions of human brain
(Collins et al., 1970; O’Carroll et al., 1983) and primate brain
(Gotz et al., 1998) including the caudate nucleus, globus
pallidus, substantia nigra and thalamus. Rasagiline, like
selegiline, is a propargyl containing drug and is an analogue
of the latter. However, the propargyl component in rasagiline
unlike that of selegiline is bound to an aminoindan moiety.
Whereas the major metabolite of 1-selegiline is 1-metham-
phetamine (Reynolds ef al., 1978) rasagiline gives rise to
aminoindan derivatives (Speiser et al., 1998).

The propargyl-containing MAO inhibitors such as clorgy-
line and selegiline are known as suicide inhibitors since they
are substrates of the enzyme (Maycock et al., 1976). They
inactivate MAO-A and -B selectively and irreversibly by
interacting covalently with the cysteinyl-FAD cofactor of the
enzymes at their active centers (Kearney et al., 1971; Bach et
al., 1988). This interaction takes place between the propargyl
group and the N5 of the FAD isoalloxazine component of
liver (Maycock et al., 1976) and brain MAO (Salach et al.,
1976). 1t has been shown for these inhibitors that 1 mole of
the inhibitor inactivates 1 mole of the enzyme (Salach et al.,
1978) and since rasagiline has the same enzyme inactivating
moiety as that of clorgyline, selegiline and pargyline, its most
likely mechanism of MAO inactivation is identical to these
inhibitors

The present study has demonstrated that rasagiline, like
selegiline, is an irreversible inhibitor of MAO-B. This was
demonstrated in experiments where rasagiline MAO inhibi-
tory activity was examined in vitro and in vivo when it was
given p.o. and MAO-A and -B were then estimated ex vivo in
various tissues, at time intervals up to 13 days after rasagiline
treatment. It is apparent that rasagiline is a very potent
selective MAO-B inhibitor and has a good uptake across the
blood-brain barrier, as shown by the similarity of inhibition
curves between liver and brain. Although when compared in
vitro, rasagiline had similar potency to selegiline for
inhibition of MAO-B, the in vivo study showed a greater
potency of rasagiline. This greater potency of rasagiline is
even more marked if, instead of 50% enzyme inhibition, the
dose required for 80% inhibition is measured. The reason for
this is not currently known, but may be due to different rates
of metabolism of the parent compounds in vivo, or to
improved tissue penetration of rasagiline. Interestingly,
preliminary studies in humans show an approximately 5 fold
greater potency for rasagiline over selegiline for inhibition of
platelet MAO-B (unpublished data). Although rasagiline has
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Table 4 Recovery of MAO-B and MAO-A activity after chronic p.o. administration of rasagiline

Days after last Intestine
administration per cent inhibition

MAO-B MAO-A4
0 8440.5 65+8
3 26+8 18+5
7 33+3 19+2
13 0 0

MAO-B

9940.5
59+2
30+4

Liver Brain
per cent inhibition per cent inhibition
MAO-A4 MAO-B MAO-A
54+4 99+0.5 7543
30+4 79+1 62+2
1148 5542 45+4
14+7 5+8 40+6 41425

Rats were treated daily by gavage with 0.5 mg kg ! rasagiline for 7 days and groups of animals were sacrificed at times indicated after
last administration. MAO-A and MAO-B activities in various tissues were determined. The results are mean+s.e.mean for n=>5 to 7

rats per time period.

a greater potency than selegiline, its selectivity for MAO-A
and -B inhibition is very similar to what has been reported
for selegiline. However, in contrast to selegiline which does
not show selectivity between its optical isomers for inhibition
of MAO-A and -B, AGN 1135 shows roughly 4 and 2 orders
of magnitude between its optical isomers for inhibition of
MAO-B and -A respectively.

The present results complement findings in non-human
primate (monkey) brains (Gotz et al., 1998) where rasagiline
was given chronically for 7 days at various doses and MAO-
A and -B activities were measured in several brain regions,
including caudate nucleus, globus pallidus, cerebral cortex
and hippocampus. Rasagiline was shown to be a potent
selective inhibitor of MAO-B in the caudate nucleus and
globus pallidus where the activity of MAO-B is 4 fold higher
than that of MAO-A (Gotz et al., 1998).

The recovery of the MAO-A and -B activities after in vivo
inhibition, which is related to the synthesis of enzyme
apoprotein, differs between the tissues (liver, intestine and
brain) examined. The small intestine MAO-B activity has the
fastest recovery, while the brain MAO-B activity shows the
slowest recovery. These differences in rat tissue enzyme
activity recovery after rasagiline treatment, are not unusual
since similar findings have been reported for enzyme recovery
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berg et al., 1998; Huang et al., 1999; Youdim et al., 1999), we
can conclude that this drug may have a preferential activity
to that of selegiline in the treatment of Parkinson’s disease.
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