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Abstract

The monoamine oxidase-B (MAO-B) inhibitar-deprenyl (Selegiline) is effective in treating Parkinson’s disease and possibly
Alzheimer’s disease, with a concomitant extension of life span. It has been suggested that the therapeutic effi=menyl may involve
actions other than the inhibition of the enzyme MAO-B. This article reviews some novel actiostepfenyl and suggests that stimulation
of nitric oxide (NO) production could be central to the action of the druBeprenyl induced rapid increases in NO production in brain
tissue and cerebral blood vessels. In vitro or in vivo applicationaéprenyl produced vasodilatation. The drug also protected the vascular
endothelium from the toxic effects of amyloglpeptide. Because NO modulates activities including cerebral blood flow and memory, and
reduced NO production has been observed in AD brain, stimulation of NO productiomdyyrenyl could contribute to the enhancement
of cognitive function in AD. MAO-B inhibitors are unique in that they exert protective effects on both vascular and neuronal tissue and thu
warrant further consideration in the treatment of vascular and neurodegenerative diseases associated with aging. © 2000 Elsevier Scie
Inc. All rights reserved.
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1. Introduction These include anti-inflammatory agents, antioxidants, estro-
gen, antagonists of apolipoprotein E4, inhibitors of amy-

Even though significant advances have been made inloid-B production and aggregation, and monoamine oxi-
delineating the molecular and cellular factors contributing dase-B  (MAO-B) inhibitors [22]. Evidence that
to the etiology of Alzheimer’s disease (AD), satisfactory inflammatory processes play a significant role in neuronal
approaches to ameliorate the symptoms or retard the degendamage in AD is supported by the protective effect of
erative course of the disease have not been developednonsteroidal anti-inflammatory drugs (NSAIDS) [23]. But
Currently acetylcholinesterase inhibitors are the only drugs the long term use of NSAIDS is associated with undesirable
approved for treatment of cognitive dysfunction in AD. But side effects, and so novel anti-inflammatory agents devoid
acetylcholine enhancing drugs can compensate for only partof these effects are currently being explored. A large num-
of the neuronal dysfunction in AD. The enhancement of ber of studies have shown that estrogen has a protective
cognition produced by acetylcholinesterase inhibitors are effect on the development of Alzheimer’s disease in post-
transient [14], and these drugs do not prevent the progres-menopausal women [34,36]. The compliance rates for es-
sive loss of neurons in AD. The current emphasis is focusedtrogen are dismal due to concerns about increased risk for
on delaying the disease, as delaying the onset by 5 yeardreast cancer and endometrial hyperplasia. Several other
could reduce the number of cases by as much as 50%, thuglrugs targeting 8, TAU, and apo E4 are currently being
relieving the stress on social and medical resources devotedexplored and will have to await extensive clinical trials.
to caring for patients with dementia.

Among the drugs now moving into clinical trials are
several compounds that may modify the progression of AD. 2. MAO-B inhibitors
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current evidence indicating a role for MAO-B inhibitors in and by preventing the breakdown and thus elevating the
the treatment of AD and explores the concept that actionslevels of monoamines in the brains of AD patients.
other than the inhibition of the enzyme MAO-B may con- It has been suggested that the efficacy-deprenyl may
tribute to the therapeutic efficacy of the drug. A significant result from its conversion to stimulantsamphetamine and
portion of the clinical data and biological actions of MAO-B  L-methamphetamine. Butdeprenyl, which is converted to
inhibitors is based on the effects otleprenyl. The actions  p-amphetamine, a more potent stimulant, shows less bio-
of a limited number of other MAO-B inhibitors also will be  logical activity compared ta-deprenyl [25]. The amphet-
discussed. amine-like activity ofL-deprenyl is further discounted by
MAO exists in two forms, MAO-A and MAO-B, coded the efficacy of MAO-B inhibitors Lazabemide and Rasagi-
by two distinct gene loci [16,30], with different patterns of line [15,43], which are devoid of amphetamine metabolites.
tissue distribution. MAO-A preferentially deaminates sero- Other actions ot-deprenyl that may contribute to the neu-
tonin (5-HT) and is more sensitive to inhibition by clorgy- roprotective property include the following: antagonism of
line, whereas MAO-B deaminates preferentiafpyphe- ~ NMDA receptors by elevated levels of N-acetylated poly-
nylehtylamine and is inhibited by drugs suchLaseprenyl. amines [11], induction of antioxidant enzymes such as su-
The optical isomem-deprenyl is biologically less active ~Peroxide dismutase and catalase [19], and anti-apoptotic
than-deprenyl. Clinically the most important monoamine 2activity [10,41].
that is elevated by.-deprenyl is dopamine, which is a
substrate for both MAO- A and B.-Deprenyl (selegiline)
has been used as an effective adjuvant to L-DOPA in the
treatment of Parkinson’s disease. It has also been reported
that L-deprenyl by itself can delay the onset of disability
associated with early untreated Parkinson’s disease [28].
L-Deprenyl also prevents MPTP -induced neurotoxicity and
Parkinson-like symptoms in animals [12]. Chronic admin-
istration of low doses of-deprenyl may cause some of its
effects by nonselective inhibition of MAO-A. The antide-
pressant activity of-deprenyl has been attributed to inhi-
bition of MAO-A in addition to MAO-B.

4. Nitric oxide

The role of nitric oxide as a major intracellular molecule
mediating immunological, vascular, and neuronal actions
has been clearly established. NO or a labile NO-containing
compound is considered to be the endothelium-derived re-
laxing factor and maintains the vascular tone. Many of the
cellular actions of NO involve the enzyme guanylate cy-
clase and production of the intracellular messenger cyclic
GMP [5]. In addition to functioning as a neurotransmitter in
the peripheral and central nervous system, NO plays a
critical role in cerebral circulation. It is the major second
messenger mediating the activation of glutaminergic/
NMDA pathway [31]. NO also has a role in the cellular
basis of memory by facilitating long-term potentiation
o i (LTP) [4,31]. NO also mediates some of the effects of
larly L—de-pre.n-y!, suggest the possibility thgt pr Qpertles ot-her glutamate/NMDA receptor pathway on neuronal function-
than t-he |qh|b|t|on of MAO-B may play a significant role in ing and synaptic plasticity [4].
the blologlgal effects of these com-pour]ds.. The efficacy of A decrease in NO production in the CNS of both AD and
L-deprenyl in the treatment of Alzheimer’s disease [6,35], 8s p4rkinson’s disease patients has been reported [18]. This

well as increased longevity and sexual performance [17,3], ha5 peen attributed to decreased levels of tetrahydrobiop-

particularly support the contention that novel actions of iq/in (BH,), an essential cofactor for the enzyme NO syn

MAO-B inhibitors may be involved. thase [42]. Thus there seems to be a reduced synthesis of
The majority of studies have indicated a beneficial effect N in neurodegenerative diseases, and enhanced produc-

of L-deprenyl in Alzheimer's disease(AD) [17,29], whereas tjon of NO would be beneficial in these conditions. Novel

a few studies failed to note any improvement [9]. Several compounds to manipulate the NO activity in the brain are

mechanisms have been proposed to account for the theragyrrently being explored in the treatment of neuropsychiat-

peutic effects ofi-deprenyl in AD. The enhancement of ric conditions and the sequelae of traumatic brain injury.
central monoaminergic systems through inhibition of

MAO-B is considered to be the prominent effect of

deprenyl. MAO-B is the predominant form of MAO in 5, L-Deprenyl and NO

human brain. In addition to loss of cholinergic neurons,

there is a decrease in the levels of the monoamines dopa- We recently demonstrated that vascular damage induced
mine, norepinephrine, and serotonin in the brains of AD by AB may be an early event in the pathology of AD, and
patients compared with normal aging brain. [27]. MAO-B this free radical-mediated damage was prevented by anti-
activity is significantly increased in the platelets and se- oxidants [37,38]. Because-deprenyl has been shown to
lected brain regions of AD patients [17] MAO-B inhibitors have a protective effect against progression of neurodegen-
may act by both reducing the formation of oxygen radicals erative diseases, we investigated the action of this com-

3. Other actions of MAO-B inhibitors

Several reported actions of MAO-B inhibitors, particu-
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Fig. 1. Stimulation of NO production by 1 mMglutamate and 1@&M L-deprenyl in freshly dissected bovine brain regions and mid-cerebral artery. Brain
tissue or blood vessel segments were incubated for 30 min at 37°C alone or in presence of the various compounds. Asterisks indicate that the values
significantly different from controlsR < 0.05). each data point represents meaSEM from three or more different tissue samples.

pound on NO production, vasoactivity, anddAnduced L-glutamate. The induction of NO was rapid, with signifi-
vascular damage. cant increases noted in one minute [39Deprenyl also

In several regions of the bovine brain and isolated middle produced rapid dilation of cerebral and peripheral blood
cerebral artery,-deprenyl stimulated the production of NO  vessels when treated in vitro or in vivo (Fig. 2) [39,40]. The
(Fig. 1). In all brain regions except the hippocampus, the endothelium-dependent relaxation by low doses-dépre-
enhancement of NO production by LM L-deprenyl was nyl was inhibited by the NOS inhibitot-NAME. High
more than that produced by 100-fold higher concentration concentrations of the drug also directly relaxed the vascular
of the endogenous nitric oxide synthase (NOS) stimulant smooth muscle through NO-independent mechanism. Fig. 3
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Fig. 2. In vivo vascular action af-deprenyl. Aorta were isolatel h after treating rats with 10 mg ofdeprenyl. Enhancement of vasodilationigeprenyl
is indicated by the increased response to the vasodilator acetylcholine.
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[] Control + L-Deprenyl of NO by L-deprenyl and various vascular and neuronal
action of NO involved in cytoprotection.
M A0 FAd L-Deprenyl+ Apso
o . 6. Discussion
.3
150 The protective effect of-deprenyl in Parkinson’s dis-

ease and Alzheimer’s disease as well as enhanced longevity
and improved sexual performance cannot be accounted for
by the inhibition of the enzyme MAO-B alone. Even though
other biological actions of MAO-B inhibitors are actively
being explored, our finding that-deprenyl may enhance
NO-mediated mechanisms in vascular and neural tissue
(Fig. 4) may partly account for the therapeutic efficacy of
the drug and suggests novel applications. Putative cellular
targets of NO as well as its potential physiologic roles in
morphogenesis and synaptic plasticity need to be considered
while using MAO-B inhibitors.
Fig. 3. Attenuation of amyloig-induced endothelial dysfunction in bovine NO also has a cytotoxic role in host defense mechanisms
mid—cgre_bral_ arteryL-Depreny! significantly blunted the enhanced vaso- gn(d degenerative conditions. The radical nature of NO alone
constriction induced by 8. Values are expressed as percentage of Vaso- o oy gy fficient to explain its cytotoxicity. NO reacts with
constriction by 5-HT under control conditions. each data point represents . . . .
the mean= SEM from four or more experiments. the oxygen radical superoxide to produce toxic peroxini-
trite, a powerful oxidant that further decomposes to hy-
droxyl radicals. Hydroxy radicals are highly reactive and
illustrates the ability ofi-deprenyl to attenuate vascular biologically destructive. The possibility that neurodegenera-
damage produced by the Alzheimer protein amylBid- tive disorders may reflect a NO/superoxide imbalance has
Similar actions of several other MAO-B inhibitors were also potential therapeutic implications. A relative excess of NO
noted in our laboratory. Fig. 4 demonstrates the stimulation over G, is protective to the tissue [32]. MAO-B inhibitors
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Fig. 4. Schematic representation of the stimulation of NO productiandsprenyl and protection from degenerative diseases through vascular and neuronal
actions.L.-Deprenyl may activate endothelial (eNOS) or neuronal (nNOS) nitric oxide synthase through calcium/calmodulin mediated effects. Subsequentl
NO exerts a number of vascular and neuronal actions as shown. These NO-mediated actions along with MAO-B inhibition and other reported properties
the compound accords protection from vascular and neurodegenerative diseases.



T. Thomas / Neurobiology of Aging 21 (2000) 343—-348 347

may shift the equilibrium in favor of NO, thus diminishing tissue and blood vessels by MAO-B inhibitors indicates the
the oxidative stress. These compounds may also rectify theactivation of the constitutive form of NO synthase, which
reported deficiency of NO in AD by stimulating the pro- could alleviate the oxidative stress and prevent degenerative
duction of NO. changes also by ensuring adequate tissue perfusion. The
L-Deprenyl is one of the compounds that is capable of facilitation of LTP and synaptic plasticity by NO might
delaying functional deterioration in neurodegenerative dis- enhance cognitive function. The vasodilatory actions of NO
eases [29] The renewed interest in MAO-B inhibitors is and Cyc"c GMP would enhance cerebral blood ﬂOW, in-
based on the possibility that they could be prototypic agents crease tissue perfusion, and ameliorate ischemic damage to
with neuroprotective property and also enhance longevity syrrounding neurons.
[41,3]. The current view is that endothelial dysfunction  gejegiline readily crosses the blood brain-barrier, has
underlies many aspects of vascular disease, beginning withyinimal adverse effects in the elderly, and can be admin-
the initiation and progression of the pathological process. ictareq orally or transdermally [2]. A tyramine-free diet is
Endothelial dysfunction and hypertension contribute to the not required for doses up to 10 mg per day. But patients

impairment of cognitive function in old age [33]. NO plays should be warned about the possibility of hypertensive cri-

a crmcal role in (_:er_ebral cwculatu_;n. Impaired n|tr|c_ Ox'de'_ sis. The major side effect afdeprenyl is orthostatic hypo-
mediated vasodilation may contribute to cerebral |schem|atension

in several pathological conditions [8,21]. Several reports L-Deprenyl is contraindicated in patients taking selective

have shown a consistent relationship between neurc)de(‘]ené‘,erotonin reuptake inhibitors, tricyclic antdepressants, me-
eration and vascular pathology contributed mainly due to P » ey P ’

endothelial dysfunction. A variety of vascular diseases such peridine, or receiving general anesthesia. hecause of a risk

as hypertension, atherosclerosis, coronary artery diseasec,)f severe central nervous system toxicity. The new gener-

vasospsm, stroke, and cerebral ischemia [7,13.24] oftenation of MAO-B inhibitors such as Lazabamide and Rasa-

precede or accompany the onset of AD. It has been previ—gi“ne are devoid of amphetamine-like stimulant effe_ct_of

ously reported that mid-life systolic blood pressure is a --deprenyl. Butthey have not yet been approved for clinical

significant predictor of reduced cognitive function in later US€. In view of the vasculoprotective actions.edeprenyl,

life and antihyperensive agents have been reported to pro-it may have a role in the treatment of vascular dementia.

duce some improvement in AD Symptoms [20] By Stimu_ I\/Iultlple faCtorS Contribute to the pathology Of AD, and

lating NO production,-deprenyl will ameliorate endothe- the disease process may involve several cellular and molec-

lial dysfunction associated with aging, menopause, and ular aberrations. So it is a rather simplistic therapeutic

cardiovascular disease and AD. The blood—brain barrier is approach to use only drugs such as acetylcholinesterase

composed of endothelial cells, and by protecting the endo- inhibitors that will impact a single neurotransmitter system.

thelium, L-deprenyl would also preserve the integrity of the The challenge is to identify compounds that not only will

blood—brain barrier. Through NO-mediated vasodilation, enhance cognitive function but also will prevent, retard, or

MAO-B inhibitors could improve the reduction in cerebral halt the progression of AD. In this regard, compounds such

blood flow observed in AD and PD [26] and enhance cog- as MAO-B inhibitors, which possess multiple biochemical

nitive function by facilitating neuronal activity. actions and have protective effects on both vascular and
Deposition of A3 and other cytotoxic macromolecules neuronal tissue, need further consideration in the treatment

have been implicated as mediators of oxidative and inflam- and prevention of neurodegenerative diseases.

matory damage to the neurons in the brains of AD patients.
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