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METHOD FOR DELAYING THE ONSET OF ALZHEIMER’S DISEASE AND FOR
TREATING OR DELAYING THE ONSET OF OTHER AMYLOIDOSIS-RELATED
DISEASES/DISORDERS

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a method for delaying
the onset of Alzheimer's Disease and for treating or delaying
the onset of other amyloidosis-related diseases/disorders.
Description of the Related Art

It is estimated that ten percent of persons older than
65 years of age have mild to severe dementia. Alzheimer's
Disease (AD) is the most common cause of chronic dementia with
approximately two million people in the United States having the
disease. Although once considered a condition of middle age, it
is now known that the histopathologic lesions of Alzheimer's
disease (i.e., neuritic amyloid plaques, neurofibrillary
degeneration, and granulovascular neuronal degeneration) are
also found in the brains of elderly people with dementia. The
number of such lesions correlates with the degree of
intellectual deterioration. This high prevalence, combined with
the rate of growth of the elderly segment of the population,
make dementia (and particularly AD) one of the most important
current public health problems.

Deposition of cerebral amyloid is a primary
neuropathologic marker of Alzheimer's disease. This amyloid is
composed of a 40-42 amino acid peptide called the amyloid beta
protein (AB) (Glenner et al., 1984). Amyloid deposits in AD are
found mainly as components of senile plaques, and in the walls
of cerebral and meningeal blood vessels (Robakis et al., 1994).

Molecular cloning showed that AR comprises a small
region of a larger amyloid precursor protein (APP) (Robakis et
al., 1987; Weidemann et al., 1989). Briefly, this is a type I
integral membrane glycoprotein having a large extracytoplasmic
portion, a smaller intracytoplasmic region, and a single
transmembranous domain. APP undergoes extensive post-
translational modifications (Pappolla et al., 1995; Robakis et
al., 1994) prior to the secretion of its N-terminal portion
(Sambamurti et al., 1992; Robakis et al., 1994). Physiologic
processing of APP involves cleavage within the AR sequence by an
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unidentifiéd enzyme, alpha-secretase (Anderson et al., 1991).
Smaller quantities of APP molecules are cleaved at two other
sites that could potentially produce amyloidogenic secreted or
membrane bound APP (Robakis et al., 1994). AR is also produced
during normal cellular metabolism (Haass et al., 1992; Shoji et
al., 1992).

There is some controversy as to whether amyloid causes
AD; however, three main lines of evidence have strengthened the
amyloid hypothesis. The first piece of evidence is provided by
the identification of several point mutations within the APP
gene. These mutations segregate within a subgroup of patients
afflicted with a familial form of the disorder and thus suggest
a pathogenetic relationship between the APP gene and AD
(Chartier-Harlin et al., 1991; Kennedy et al., 1993). Secondly,
amyloid deposition temporally precedes the development of
neurofibrillary changes (Pappolla et al., 1996) and this
observation is also consistent with a link between amyloid and
neuronal degeneration. Finally, it has been shown that AR is
toxic to neurons (Yankner et al., 1990; Behl et al., 1992; Behl
et al., 1994; Zhang et al., 1994), a finding that also
strengthened the hypothesis that the amyloid peptide may
contribute to the neuronal pathology in AD.

If amyloid deposition is a rate-limiting factor to
produce AD, then all factors linked to the disease will either
promote amyloid deposition or enhance the pathology that is
provoked by amyloid. The likelihood of amyloid deposition is
enhanced by trisonomy 21 (Down's syndrome) (Neve et al., 1988;
Rumble et al., 1989), where there is an extra copy of the APP
gene, by increased expression of APP, and by familial
Alzheimer's Disease (FAD)-linked mutations (Van Broeckhoven et
al., 1987; Chartier-Harlin et al., 1991; Goate et al., 1989;
Goate et al., 1991; Murrell et al., 1991; Pericak-Vance et al.,
1991; Schellenberg et al., 1992; Tanzi et al., 1992; Hendriks et
al., 1992; Mullan et al., 1992). Some of these mutations are
correlated with an increased total production of AR (Cai et al.,
1993; Citron et al., 1992) or specific overproduction of the
more fibrillogenic peptides (Wisniewski et al., 1991; Clements
et al., 1993; Suzuki et al., 1994) or increased expression of
factors that induce fibril formation (Ma et al., 1994;

-2-



10

15

20

25

30

35

40

WO 99/48489 PCT/US99/06496

Wisniewski et al., 1994). The relationship between amyloid and
the genetics of Alzheimer's Disease is well reviewed by Selkoe
(1996) . Collectively, these findings strongly favor the
hypothesis that amyloid deposition is a critical element in the
development of AD (Hardy 1992).

The finding that AB has neurotoxic properties has
provided a possible connection between amyloid accumulation and
neurodegeneration. Because of the close association between
aging and AD and the similarities in the
neuropathology of both conditions, oxidative stress has been
proposed to play a role in the pathogenesis of AD lesions.

Several investigators demonstrated that oxygen free-
radicals (OFRs) are related to the cytotoxic properties of AR
(Behl, 1992; Behl, 1994; Harris et al., 1995; Butterfield et
al., 1994; Goodman and Mattson, 1994). Such findings are
important, since markers of oxidative injury are topographically
associated with the neuropathologic lesions of AD (Pappolla et
al., 1992; Furuta et al., 1995; Smith et al. 1995; Pappolla et
al., 1996). Because of these observations, antioxidants have
been proposed as potential therapeutic agents in AD (Mattson,
1994; Hensley et al., 1994; Pappolla et al., 1996).

Melatonin is a hormone which is synthesized and
secreted primarily by the pineal gland and it acts both as a
neurotransmitter and neurohormone. Being lipid soluble, it
rapidly crosses the blood brain barrier and other tissues. Once
released from the pineal gland, which is highly wvascularized,
melatonin enters the general circulation and the cerebrospinal
fluid (CSF). Melatonin acts on the central and peripheral
nervous system as well as on peripheral endocrine target tissues
and has been implicated in many human disorders. Some disorders
are known to be linked to chronobiologic abnormalities.

The in vivo levels of melatonin show a cyclical,

circadian pattern with highest levels occurring during the dark
period of a circadian light-dark cycle. Melatonin is involved
in the transduction of photoperiodic information and appears to
modulate a variety of neural and endocrine functions in
vertebrates, including the regulation of reproduction, body
weight and metabolism in photoperiodic mammals, the control of
circadian rhythms and the modulation of retinal physiology.

Melatonin has been administered in humans to re-synchronize
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circadian rhythms that are out of phase with local environmental
cues, i.e., chronobiological therapy. For example, sleep/wake
disorders associated with rapid crossing of time zones (jet
lag), changes in work shifts, or those experienced by blind
people can be treated with melatonin or melatonin analogs (U.S.
Patent Nos. 4,600,723; 4,665,086; and 5,242,941). Given orally
in doses of 0.25-10 mg, melatonin has been used successfully to
treat circadian disorders due to jet lag (Arendt et al., 1987;
U.S. Patent Nos. 4,600,723 and 5,242,941). Moreover, timed oral
melatonin treatment apparently shifts the human circadian clock
according to a phase-response curve (U.S. Patent No. 5,242,941) .

Interestingly, melatonin also exhibits antioxidant
properties (Reiter, 1995), but, in contrast to conventional
antioxidants, this hormone has a proposed rhysiologic role in
the aging process (Pierpaoli, 1991; Pierpaoli et al., 1991) and
decreased secretion of melatonin with aging is documented
(Iguchi et al., 1982; Dori et al., 1994). There are reports of
more profound reductions of melatonin secretion in populations
with dementia than in non-demented controls (Souetre et al.,
1989; Mishima et al., 1994). It has been suggested that altered
secretion levels of the hormone may partially reflect the loss
of daily variation in the concentration of melatonin in the
pineals of elderly individuals and AD patients (Skene et al.,
1990) . These facts regarding melatonin are in sharp contrast
with conventional anti-oxidants which despite their reported
cytoprotective characteristics have no comparable correlates
with the pathophysiology of human aging.

The effects of melatonin are complex. In addition to
its OFR scavenging properties, melatonin interacts with
calmodulin (Benitez-King et al., 1993), microtubular components
(Bentiez-King et al., 1993), and is reported to increase the
activity of the intrinsic cellular antioxidant defenses (Huerto-
Delgadillo et al., 1994). Melatonin, with its recently
established antioxidant properties, was shown to be effective in
preventing death of cultured neuroblastoma cells as well as
oxidative damage and intracellular Ca*? increases induced by a
cytotoxic fragment of amyloid B-protein (Pappolla et al., 1997).
The use of melatonin for its cytoprotective effect in enhancing
survivability of cells that have been subjected to the cytotoxic

effects of amyloid B-protein as well as for treating patients
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afflicted with Alzheimer's Disease is disclosed in allowed U.S.
patent application no. 08/801,301, which has not yet issued.
Thus, the protective antioxidant effect of melatonin is only
used therapeutically after the onset of Alzheimer's Disease.

Like amyloid fibrils, abnormal protein folding into PB-
sheet structures to form amyloid-like deposits is also widely
believed to be the cause of prion-related encephalophathies,
such as Creutzfeldt-Jakob disease (CJD) and Gerstmann-
Straussler-Scheinker disease (GSS) in humans, scrapie in sheep
and goats, and spongiform encephalopathy in cattle.

The cellular prion protein (PrP¢) is a
sialoglycoprotein encoded by a gene that in humans is located on
chromosome 20 (Oesch et al., 1985; Basler et al., 1968; Liao et
al., 1986; Meyer et al., 1986; Sparkes et al., 1986; Bendheim et
al., 1988 and Turk et al., 1988). The PrP gene is expressed in
neural and non-neural tissues, the highest concentration of mRNA
being in neurons (Chesebro et al., 1985; Kretzschmar et al.,
1986; Brown et al., 1990; Cashman et al., 1990 and Bendheim et
al., 1992).

The translation product of PrP gene consists of 253
amino acids in humans (Kretzschmar et al., 1986 and Pucket et
al., 1991), 254 in hamster and mice or 256 amino acids in sheep
and undergoes several post-translational modifications. 1In
hamsters, a signal peptide of 22 amino acids is cleaved at the
N-terminus, 23 amino acids are removed from the C-terminus on
addition of a glycosyl phosphatidylinositol (GPI) anchor, and
asparagine-linked oligosaccharides are attached to residues 181
and 197 in a loop formed by a disulfide bond (Turk et al., 1988;
Hope et al., 1986; Stahl et al., 1987 and Safar et al., 1990).

In prion-related encephalophathies, PrP® is converted
into an altered form designated PrP%¢, that is distinguishable
from PrP° in that PrP%¢ (1) aggregates; (2) is proteinase K
resistant in that only the N-terminal 67 amino acids are removed
by proteinase K digestion under conditions in which PrP° is
completely degraded; and (3) has an alteration in protein
conformation from a-helical for PrP%¢ to an altered form (Oesch
et al., 1985; Bolton et al., 1982; McKinley et al., 1982; Bolton
et al., 1984; Prusiner et al., 1984 and Bolton, 1987).

Several lines of evidence suggest that Prpse may be a
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key component of the transmissible agent responsible for prion-
related encephalopathies (Prusiner, 1991) and it has been
established that its protease-resistant core is the major
structural protein of amyloid fibrils that accumulate
intracerebrally in some of these conditions (Brendheim et al.,
1984; DeArmond et al., 1985; Kitamoto et al., 1986; Robert et
al., 1986; Ghetti et al., 1989; Tagliavini et al., 1991 and
Kitamoto et al., 1991)

Citation of any document herein is not intended as an
admission that such document is pertinent prior art, or
considered material to the patentability of any claim or the
present application. Any statement as to content or a date of
any document is based on the information available to applicant
at the time of filing and does not constitute an admission as to
the correctness of such a statement.

SUMMARY OF THE INVENTION

The present invention provides a method for delaying
the onset of Alzheimer's Disease or for treating or delaying the
onset of other amyloidosis-related disease/disorders, which
method includes administering an effective amount of melatonin
to a subject in need thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-1H show circular dichroism of AB1-40 and
AP1-42 alone or in the presence of melatonin. Spectral tracings
for APB1-40 obtained at time 0 (Fig.1A) and 24 hours (Fig.1B) and
for AB1-42 at time 0 (Fig.l1lE) and 4 hours (Fig.1lF) are expressed
in terms of mean residue ellipticity in units of deg cm? dmol-t
after subtraction of buffer base-line spectra (including
melatonin, NAT or PBN when indicated). The curves in Figs. 1A,
1B, 1E, and 1F designate the spectra of AR alone (solid line),
AR plus NAT (short dashes), AR plus PBN (long dashes), or AR
plus melatonin (short and long dashes). The corresponding
percentages of the different secondary structure motifs are
shown for AB1-40 at time 0 in (Fig.1C) and 24 hours (Fig.1D) and
for ABl-42 at time 0 (Fig.1G) and 4 hours (Fig.1H) . An average
of 40 scans/independent experimental condition was obtained. An
independent experiment yielded qualitatively similar data.

Figures 2A-2D show electron micrographs of AR1-40

fibril formation in the presence or the absence of melatonin.
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AB1-40 was incubated for 48 hours either alone (Fig.2A) or with
NAT (Fig.2B), PBN (Fig.2C), or melatonin (Fig.2D). Bar is 200
nm. Well formed amyloid fibrils are easily recognized in Figs.
2A-2C. Fibrils were not formed in Fig. 2D. EM grids were
extensively and carefully examined, and a negative result was
only documented when fibrils were totally absent from the grids.

Figures 3A and 3B show electron micrographs of
AB1-42 in the presence (Fig.1B) or absence (Fig.1A) of
melatonin. APl-42 was either incubated alone or with melatonin,
as described in the materials and methods section of the
Example. In Fig.3B, the incubation time was 6 hrs. at a
melatonin concentration of 100 um. Well formed amyloid fibrils
are easily recognized in Fig.3A, but not in Fig.3B.

Figure 4 is a single comparative figure showing
downfield 'H-NMR spectral region (600 MHz) of 6.0 mM melatonin,
with its chemical structure provided (Line A), and 0.25 mM AB1-
40 peptide (Line E). The spectra in Lines B, C and D contain
0.25 mM ABR1-40 plus 0.3, 0.2 and 0.1 mM melatonin, respectively.
Assignments for the aromatic signals of melatonin and the AB1-40
peptide are shown, and those resonances exhibiting changes in
shifts are connected by dotted lines. A duplicate independent
experiment showed virtually identical results.

DETATLED DESCRIPTION OF THE INVENTION

The present invention is based on the discovery that
melatonin, a natural hormone of the pineal gland, interacts with
amyloid B-protein (AB), and inhibits the progressive formation
of B-sheets and amyloid fibrils. This discovery of the anti-
fibrillogenic property of melatonin led to the development of
the present method for delaying the onset of Alzheimer's Disease
or for treating or delaying the onset of other amyloidosis-
related diseases/disorders.

According to the method of the present invention, an
effective amount of melatonin is administered to a subject in
need thereof to reduce, inhibit or reverse the formation of
fibrils or amyloid or amyloid-like deposits. While the present
method is preferably directed to reducing, inhibiting or
reversing the formation of fibrils in particular, it is also

generally applicable to the formation of any type of amyloid or
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amyloid-like deposits whether fibrillar or
nonfibrillar in structure.

As used herein, "amyloid B-protein" or "AR" refers to
any one of the 40-42 amino acid residue peptides, i.e., ARB1-40
and APBl-42, or mixtures thereof, that make up the cerebral
amyloid which is the primary neuropathologic marker of
Alzheimer's Disease (see Glenner et al., 1984, for the amino
acid sequence of AB).

The term "amyloid or amyloid-like deposits" is meant
to include amyloid fibrils as well as other amyloid or amyloid-
like deposits, fibrillar or nonfibrillar in structure, which are
recognized in the art as being amyloid or amyloid-like, such as
deposits in senile cardiac amyloidosis, prion-related
encephalopathies, and amylin in the kidney or pancreas of
diabetic patients, etc. It is also intended to include pre-
amyloid deposits, which unlike amyloid deposits, do not stain

with Congo Red.

The term "melatonin," as used herein, preferably
refers to the compound N- [2- (5-methoxy-1H-indol-3-yl) ethyl]
acetamide, which is also known as N-acetyl-5-methoxy tryptamine,
shown by the chemical structure below, where R?*, R®, R%Y Rf, and

R’ are hydrogen, R® is methoxy and R* is methyl.

CH,CH, NHCOR'

However, it is also intended that the term "melatonin" include
analogs which have anti-fibrillogenic activity, such as those
analogs having an alkoxy group at position 5 of the indolamine
nucleus of melatonin. Such analogs have the chemical structure
aBove, where R! is alkyl, R® is alkoxy, and R?, R?, R*, Rf, and R’
are independently selected from the group consisting of
hydrogen, unsubstituted alkyl groups, substituted alkyl groups,
unsubstituted aryl groups, substituted aryl groups, alkoxy
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groups, substituted or unsubstituted amino groups, thiol groups,
alkylthiol groups arylthiol groups, and the like. Preferably,
R? and R® are hydrogen. Preferred substituents are those which
do not significantly affect the antifibrillogenic properties of
melatonin. Although melatonin passes easily across the blood-
brain barrier, melatonin analogs may show a reduced ability to
cross the blood-brain barrier. For melatonin analogs that show
a reduced ability to cross the blood-brain barrier, other
suitable substituents are those which enhance brain penetration,
such as a covalently bonded lipophilic moiety. These
substituents can be present on any atom of the indole nucleus
which has an available hydrogen. The mode of attachment of the
lipophilic moiety is not critical, and can be effected by a
carbon-carbon, carbon-oxygen, carbon-nitrogen, or carbon-sulfur
bond. To maximize the lipophilicity of the resulting compound,
however, it is preferred that attachment be effected so as to
minimize polarity. Consequently, it is preferred that the
lipophilic moiety be attached via a carbon-carbon bond. The
lipophilic moiety can be a hydrocarbon, such as an alkyl having
from 5 to 20 carbons. These alkyls can be unsubstituted, such
as hexyl or dodecyl, or substituted, such as with an aryl
moiety, as in the case where the substituted alkyl is a benzyl
or a phenylethyl group. Alternatively, the lipophilic moiety
can be substituted or unsubstituted homocyclic rings, such as
phenyl groups or a tolyl groups, homocyclic ring systems, or
heterocyclic rings, heterocyclic ring systems, or multicyclic
lipophilic "cage" moieties, such as adamantane.

The subject to which melatonin is administered for
delaying the onset of Alzheimer's Disease or other amyloidosis-
related diseases/disorders is preferably an individual that has
a predisposition, which may be genetic, to such
diseases/disorders. These diseases/disorders include, but are
not limited to, an individual having Down's syndrome, familial
Alzheimer's Disease (FAD)-linked mutations, high copy number of
the Apo-E4 allele, and mutations correlated with an increased
total production of AP or specific overproduction of more
fibrillogenic peptides, or increased expression of factors that
induce fibril formation. Another notable predisposition is age.

Because advanced age is a predisposition, it may be of benefit

-9-
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to administer melatonin to all individuals over the age of 50 to
55 who do not have Alzheimer's Disease. As melatonin has been
used to treat mild conditions of circadian rhythm disruption,
such as jet lag, and has also been tested in human subjects at
very high doses, i.e., 1 g/day, without any clinically
significant toxicity (Nordlund et al., 1977), it is quite safe.
Accordingly, melatonin, which lacks toxicity and crosses the
blood-brain barrier with ease (Tan et al., 1993) can be
administered as a prophylactic to subjects in need thereof who
are predisposed to amyloidosis-related diseases/disorders, such
as Alzheimer's Disease, to delay the onset of such
diseases/disorders.

In treating subjects in need thereof who are already
afflicted with an amyloidosis-related disease/disorder other
than Alzheimer's Disease, such as prion-related
encephalopathies, senile cardiac amyloidosis, etc., the method
according to the present invention can inhibit or reduce the
formation of fibrils or amyloid or amyloid-like deposits or even
reverse the formation (dissolution) of formed fibrils or amyloid
or amyloid-like deposits. Examples of prion-related
encephalopathies include Creutzfeldt-Jakob Disease (CJD),
Gerstmann-Straussler-Scheinker disease (GSS) in humans, scrapie
in sheep and goats, and spongiform encephalopathy in cattle.
While the subject in need thereof to be administered melatonin
is preferably human, the subject can also be other mammalian
species which develop amyloidosis-related diseases/disorders.

For in vivo administration, the dosage is between

about 20 mg to about 1500 mg of melatonin. Intravenous and oral
administration of melatonin to treat circadian rhythm disorders
usually involve pharmacological doses, so-called because they
produce concentrations of melatonin that are up to several
hundred times normal. While doses of melatonin in the range of
2 mg to gram quantities are considered pharmacological and not
physiological, melatonin has been found.to be remarkably non-
toxic even in large doses. The dosage of melatonin used in the
method according to the present invention is considerably
higher, by at least several fold, than the dosage indicated for
jet lag and other chronobiological disorders. The administrated
dosage of melatonin is preferably in the range of about 50 to
_lo_
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1500 mg, more preferably in the ranges of about 50 to 500 mg or
100 to 500 mg.

The optimization of prophylactic or therapeutic
efficacy in administering melatonin according to the method of
the present invention, which optimization includes dosage,
formulation for delivery (i.e., sustained release),
administration schedule (i.e., at night or at intervals), can be
determined by those of skill in the art with routine
experimentation using conventional practices. For instance, it
remains to be determined if it is more beneficial and
efficacious to achieve a steady state serum concentration of
melatonin in the subject or to achieve serum concentrations in
the subject that reproduce the endogenous natural circadian
rhythmicity. Those of skill in the art would recognize that if
there are any undesirable side effects observed with maintaining
a constant or nearly constant steady state serum concentration
of melatonin, then an administration schedule which allows for
reproducing of the subject's natural endogenous rhythmicity of
serum melatonin levels can be used.

It will also be appreciated that the actual preferred
amount of melatonin to be administered according to the present
invention will vary according to the particular form of
melatonin (for example, melatonin or an analog thereof), the
particular composition formulated, and the mode of
administration. Many factors that may modify the action of the
melatonin can be taken into account by those skilled in the art'
e.g., body weight, sex, diet, time of excretion, condition of
the subject, drug combinations, and reaction sensitivities and
severities. Administration can be carried out continuously or
periodically within the maximum tolerated dose. Optimal
administration rates for a given set of conditions can be
ascertained by those skilled in the art using conventional
dosage administration tests.

Suitable routes of administration include systemic
administration (because the melatonin will cross the blood-brain
barrier). Systemic administration includes parenteral and oral
administration, for example, as discussed in further detail

below.
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Melatonin may be administered alone or in combination
with compatible pharmaceutically-acceptable carriers,
excipients, diluents or auxiliary agents as a composition. The
diluent, carrier, excipient or auxiliary agent should be
selected so that they do not diminish the prophylactic or
therapeutic effects of the melatonin as used in the present
invention.

The compositions may be made up in any suitable form
appropriate for the desired use; e.g., oral, parenteral, or
topical administration. Suitable dosage forms for oral use
include tablets, dispersible powers, granules, capsules,
suspensions, syrups, elixirs, and skin patches. Inert diluents
and carriers for tablets include, for example, calcium
carbonate, sodium carbonate, lactose, and talc. Tablets may
also contain granulating and disintegrating agents such as
starch and alginic acid, binding agents such as starch, gelatin,
and acacia, and lubricating agents such as magnesium stearate,
stearic acid, and talc. Tablets may be uncoated or may be
coated by known techniques to delay disintegration and
absorption. Inert diluents and carriers which may be used in
capsules include, for example, calcium carbonate, calcium
carbonate, calcium phosphate, and kaolin. Suspensions, syrups,
and elixirs may contain conventional excipients, for example,
methyl cellulose, tragacanth, sodium alginate; wetting agents,
such as lecithin and polyoxyethylene stearate; and
preservatives, e.g., ethyl-p-hydroxybenzoate.

Dosage forms suitable for parenteral administration
include solutions, suspensions, dispersions, emulsions, and the
like. They may also be manufactured in the form of sterile
solid compositions which can be dissolved or suspended in
sterile injectable medium immediately before use. They may
contain suspending or dispersing agents known in the art.
Examples of parenteral administration are intraventricular,
intracerebral, intramuscular, intravenous, intraperitoneal,
rectal, and subcutaneous administration.

Having now generally described the invention, the same
will be more readily understood through reference to the
following example which is provided by way of illustration and
is not intended to be limiting of the present invention.

EXAMPLE
-12-
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Amyloid B protein (AR) plays a central role in the
progressive neurodegeneration observed in Alzheimer's disease.
Important pathologic properties of this protein, such as
neurotoxicity and resistance to proteolytic degradation, depend
on the ability of AR to form PB-sheet structures or amyloid
fibrils. The present example demonstrate that melatonin, a
hormone recently found to protect neurons against AR toxicity,
interacts with AB1-40 and ABR1-42 and inhibits the progressive
formation of B-sheets and amyloid fibrils. These interactions
between melatonin and the amyloid peptides were demonstrated by
circular dichroism and electron microscopy for AP1-40 and ABR1-42
and by nuclear magnetic resonance spectroscopy for AB1-40.
Inhibition of B-sheets and fibrils could not be accomplished in
control experiments when a free radical scavenger or a melatonin
analog were substituted for melatonin under otherwise identical
conditions. The Materials and Methods used in this Example and
the results obtained are presented below.

Materials and Methods

Circular Dichroism Spectroscopy

Peptides AB1-40 and APl-42 were synthesized in the
W.M. Keck Foundation (Yale University, CT), and their purity was
evaluated by amino acid sequence and laser description mass
spectrometry as described (Soto et al., 1996). Aliquots of AB1-
40 and APl-42 at a concentration of 250 uM in 5 mM Tris-HC1l, pH
7.4, were incubated at room temperature alone or with 100 uM of
either melatonin or the melatonin analog 5-hydroxy-N-acetyl-
tryptamine (NAT) (Sigma Chemical Company, St. Louis, Missouri)
or N-t-butyl-o-phenylnitrone (PBN) (Sigma), a powerful free
radical scavenger structurally unrelated to melatonin. Because
of the antioxidant properties of melatonin (Reiter et al., 1993)
and because oxidative conditions may promote fibril formation
(Snyder et al., 1994; Dyrks et al., 1992), NAT and PBN were
specifically selected both as controls for the method and to
discount for possible "nonspecific® antioxidant effects of
melatonin in the phenomenon described here.

Spectra in the far ultraviolet light (190-250 nm) were
recorded at various time intervals with a Jasco-720

spectropolarimeter as described (Soto et al., 1996) using a cell
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path of 0.01 cm. Experiments with AB1-42 necessitated shorter
incubation times due to the more fibrillogenic properties and
faster aggregation exhibited by the longer peptide. 40
scans/experimental condition were obtained at

0.2 nm intervals over the wavelength range 190-250 nm. The data
were analyzed by the Lincomb algorithm (Perczel et al.,
1992) to obtain the percentages of the different secondary
structure motifs.

Electron Microscopy

To determine whether melatonin displayed inhibitory
effects on amyloid fibril formation, transmission electron
microscopy was performed following a standard method previously
described (Pappolla et al., 1990) using a Phillipa CM100
microscope and Formvar-coated nickel grids. AR1-40 was
incubated at the same concentrations as noted for the CD and NMR
experiments in the presence or absence of melatonin, and fibril
formation was monitored at o0, 12,_24, 26, and 48 h in three
independent experiments. Additional controls containing AB plus
NAT and AR plus PBN were incubated in parallel for
48 h. To determine the minimal inhibitory concentration of
melatonin on fibril formation, experiments were preformed in
which several melatonin concentrations (1 nM, 10 nM, 1 uM, 100
pM, and 200 uM) were added to tubes containing 250 uM AB1-40,
incubated for 48 h, and then examined.

For the more amyloidogenic AR1l-42, experiments were
preformed at the same peptide concentration (250 uM) in the
presence or absence of melatonin at various concentrations (100
nM, 1 uM, 10 pM, 100 uM, and 200 uM). The formation of amyloid
fibrils was monitored at 0, 2, and 6 h.

Nuclear Magnetic Resonance Spectroscopy

To further explore structural changes of AB by
melatonin, one-dimensional 'H NMR spectroscopic studies on
AB1l-40 were performed. The NMR approach has the distinct
advantage of being able to specifically locate the amino acid
side chains that bind to a particular ligand (Wemmer et al.,
1994) . The solution conditions for the NMR and CD studies were
similar, except that deuterated water (D,0) in phosphate buffer
was used in the NMR study. All 'H NMR spectra were obtained at

600 MHz using a Varian UnityPlus-600 spectrometer, and the data
-14 -
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were processed using the FELIX program (version 95.0, Biosym,
Inc.). The NMR solutions were prepared in D,0 (0.6 ml) with
sodium phosphate buffer (5 mM, pH 7.5), perdeuterated Na,EDTA
(0.5 mM), NaN,; (0.05 mM), and 3- (trimethylsilyl) propionate-
2,2,3,3-d, (0.05 mM), the last of which serves as a internal
chemical shift reference at 0 ppm. The NMR measurements were
performed at 10°C and the residual proton absorption of D,0 was
suppressed by low power irradiation during the recycle delay.
For all spectra, 128 scans were required with a total recycle
delay of 4.2 s, which included an acquisition time and recycle
delay of 2.2 and 2.0 s, respectively. The digital resolution of
the acquired data was 0.24 Hz/pt, which was reduced to 0.12
Hz/pt by zero-filling the data once before processing. To
further improve the resolution, before Fourier transformation
spectra were multiplied by a Lorentzian-to-Gaussian weighting
factor. This experiment was duplicated on two different days.

. RESULTS

Circular Dichroism Studies

As expected, the content in RB-sheet conformation of
ABP1-40 incubated alone increased over time from 52% at time 0 to
66% after 24 h at 37°C (Figs. 1A-1D). These results are in
qualitative agreement with previous work (Terzi et al., 1995).
The relative proportion of the structures was dramatically
changed by addition of melatonin to sister tubes. At time 0,
there was an immediate increase of the random conformation,
whereas the original B-sheet content markedly diminished (Figs.
1A and 1C). This effect was not observed with NAT or PBN. The
amount of P-sheet structures for AB1-40 plus melatonin decreased
over time, reaching 24% after 24 h of incubation (Figs. 1B and
1D). At 24 h, no structural changes were again detected in
control experiments with the melatonin analog NAT, and only
small effects were observed with PBN. Experiments with the more
amyloidogenic AP1-42 showed qualitatively similar results (Figs.
1E-1H). Melatonin caused an immediate'reduction in the amount
of B-sheet structures at time 0 from 89 to 65% (Figs. 1E and

1G) . This percentage continued to decrease to 59% after 4 h of
incubation
(Figs. 1F and 1H). As observed with AB1-40, such striking

structural changes were not elicited in parallel control
-15-



10

15

20

25

30

35

WO 99/48489 PCT/US99/06496

preparations containing AR1-42 plus NAT or PBN.

Electron Microscopy Studies

Results of the ultrastructural studies reflected the
conformational changes and supported the hypothesis that
formation of B-sheet structures precedes fibrillogenesis (Soto
et al., 1995; Jarrett et al., 1993). In three independent
experiments, fibrils were abundant in the tubes containing AB1-
40 alone incubated for 36 h. 1In contrast, no fibrils were
detected for solutions of AR1-40 plus melatonin incubated for
up to 48 h (Fig. 2C). Notably, fibrils were abundant and easily
identifiable in the tubes incubated for 48 h containing AR
alone, AP plus NAT, or AR plus PBN, but not in the tubes
containing AP plus melatonin. Such a contrasting finding
suggests that the methoxy group at position 5 of the indolamine
nucleus of melatonin confers relative structural specificity to
the observed phenomena.

Fibril formation was inhibited in all tubes containing
AB1-40 plus melatonin at concentrations above 10 uM. To
substantiate the negative results obtained with PBN, three
different concentrations of this scavenger (10, 100, and 200 uM)
were added to tubes containing AB1-40, incubated for 48 h, and
then examined. Fibrils were abundant in all these tubes. In
contrast, only amorphous material was again identified in
control sister tubes containing 250 uM AB1-40 plus 100 uM
melatonin.

In the experiments with ABR1-42, fibrils were
identified in the tubes containing the peptide alone incubated
after 2 and 6 h (no fibrils were seen at time 0). 1In contrast,
only amorphous material was identified in the tubes containing
AR1l-42 plus melatonin at these time points
(Fig. 3B). All the concentrations of melatonin used in the
experiments with AB1-42, (as described in the Materials and
Methods section above) were effective to inhibit fibril
formation.

Nuclear Magnetic Resonance Spectroscopy

Shown in Figs. 4A-4E are the downfield spectral
regions for the AB1-40 peptide (Fig.4E), melatonin (Fig. 4A) and
the AB1-40 with 1.2, 0.8, and 0.4 molar equivalents of melatonin
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(Figs. 4B-4D respectively). The three well resolved His-2H and
His-4H signals are consistent with the AB1-40 peptide being
partly folded into an ordered structure, which according to the
CD studies should be R-sheet and random coil. 1If only random
coil structure were present, then degenerated signals should be
present for His®, His!® and His' (Zagorski et al., 1992).

The NMR spectra of the mixtures of melatonin and AR1-
40 show changes in chemical shifts indicative of binding and
local conformational changes. The His-2H and His-4H signals
shift downfield 0.05 and 0.02 ppm, respectively, whereas the
aromatic peaks of melatonin also shift downfield (Fig. 4A). In
addition, careful analysis of the upfield spectral region
(spectra not shown) revealed downfield shifts for the Asp [(CH,
groups (Table 1).

-17-
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TABLE 1

Titration Studies* of AB(1-40) Peptide with Melatonin

Chemical shift Bound chemical shift?
bpm
Melatonin®
3H 7.15 0.09
4H 7.15 0.09
6H 6.89 0.03
7H 7.38 0.05
1'-CH, 2.92 0.04
2'-CH, 3.48 0.01
CH,;-N-acetyl 1.91 -0.01
CH,-methoxyl 3.87 0.03
AB(1-40)°
His-4H 6.92 0.02
6.94 0.02
7.01 0.02
His-2H 7.78 0.05
7.80 0.05
7.88 0.05
Asp-BCH, 2.84-2.77 2.87-2.80
2.70-2.67 2.72-2.89

* All solutions contained 5mM sodium phosphate buffer
in D,0, pH 7.5, at 10°C with the chemical shifts referenced to
internal 3- (trimethylsilyl) propionate-2,2,3,3-d,.

* Obtained by subtracting the chemical shift of
melatonin and the AB(1-40) peptide with the present data, we are
unable to assign the 2H and 4H signals specifically to His®,
His*?, and His?¢,

* Assignments for 5 mM melatonin.

¢ Because the [PCH,s for Asp!, Asp’, and Asp?® are not
resolvable by *H NMR, chemical shift ranges are presented.
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Control NMR experiments with NAT showed only minor
chemical shift perturbations (+ 0.01 ppm), suggesting a
specificity for the interaction of melatonin with AR. The lack
of any line broadening or separate peaks for the bound and free
states indicates that the binding is in the fast exchange limit
(Wemmer et al., 1994). The downfield shifts can be interpreted
in terms of ringcurrent shift contributions, with the shifted
hydrogens becoming located in the planes of the melatonin and
His aromatic ring (Perkins et al., 1982). A remarkable feature
is the identical shift seen for each of the three His residues.
This result together with the observed non-linearity of the
shifts with varied melatonin concentrations suggests that the
binding is not localized to a particular His site on AB.
Instead, the chemical shift changes are consistent with a
residue-specific interaction between melatonin and any of the
three His and Asp residues of AR.

Discussion

The results in this example clearly indicate that,
under the conditions tested, melatonin modifies the secondary
structure of the AB peptide and inhibits the formation of
amyloid fibrils. The newly found anti-amyloidogenic properties
of melatonin are very rare for endogenous substances. Because
of the relationship between oxidative stress and AD and the
recently established antioxidant properties of this hormone, it
was initially thought that the neuroprotective actions of
melatonin were mostly due to its intracellular antioxidant
effects (Pappolla et al., 1990). However, the results presented
here suggest that the anti-amyloidogenic properties are
dependent on structural interactions of the hormone with AB
rather than on antioxidant properties exclusively. The His and
Asp residues play important roles in B-amyloid fibril production
and stability. Many physiological constituents such as
transthyretin and zinc can prevent or promote aggregation by
their affinities for the His residues of AR (Bush et al., 1994;
Schwarzman et al., 1994). Additionally, imidazole-carboxylate
salt bridges between the side chains of the His and the Asp
residues are critical to the formation of the amyloid [B-sheet
structures (Kirchner et al., 1987; Fraser et al., 1994; Fraser
et al., 1991; Huang et al., 1997). More significantly,
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disruption of these salt bridges promotes fibril dissolution
(Lee et al., 1995). One possibility is that melatonin promotes
the B-sheet to random coil conversion by disruption of the His*-
Asp” salt bridges. Alternatively, the described effects may
result from a unique combination of structural and antioxidant
features of this molecule. The antioxidant properties of
melatonin may provide additional cytoprotection at the
intracellular level (Pappolla et al., 1997).

The ratio of melatonin: AB used in these studies is
within physiologic range, because the concentration of both
substances in the brain are normally around 1:1 during youth
(both substances are at comparable picomolar concentrations in
brain tissue during the dark phase of the cycle; Johnson-Wood et
al., 1997; Pang et al., 1974). However, limitations of the
methods employed required concentrations of melatonin and AR
that deviate from actual physiological conditions.

Having now fully described this invention, it will be
appreciated by those skilled in the art that the same can be
performed within a wide range of equivalent parameters,
concentrations, and conditions without departing from the spirit
and scope of the invention and without undue experimentation.

While this invention has been described in connection
with specific embodiments thereof, it will be understood that it
is capable of further modifications. This application is
intended to cover any variations, uses, or adaptations of the
inventions following, in general, the principles of the
invention and including such departures from the present
disclosure as come within known or customary practice within the
art to which the invention pertains and as may be applied to the
essential features hereinbefore set forth as follows in the
scope of the appended claims.

All references cited herein, including journal
articles or abstracts, published or corresponding U.S. or
foreign patent applications, issued U.S. or foreign patents, or
any other references, are entirely incorporated by reference
herein, including all data, tables, figures, and text presented
in the cited references. Additionally, the entire contents of

the references cited within the references cited herein are also
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entirely incorporated by references.

Reference to known method steps, conventional methods
steps, known methods or conventional methods is not in any way
an admission that any aspect, description or embodiment of the
present invention is disclosed, taught or suggested in the
relevant art.

The foregoing description of the specific embodiments
will so fully reveal the general nature of the invention that
others can, by applying knowledge within the skill of the art
(including the contents of the references cited herein), readily
modify and/or adapt for various applications such specific
embodiments, without undue experimentation, without departing
from the general concept of the present invention. Therefore,
such adaptations and modifications are intended to be within the
meaning and range of equivalents of the disclosed embodiments,
based on the teaching and guidance presented herein. It is to
be understood that the phraseology or terminology herein is for
the purpose of description and not of limitation, such that the
terminology or phraseology of the present specification is to be
interpreted by the skilled artisan in light of the teachings and
guidance presented herein, in combination with the knowledge of

one of ordinary skill in the art.
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What Is Claimed Is:

1. A method for delaying the onset of Alzheimer's
Disease in individuals predisposed to Alzheimer's Disease or for
treating or delaying the onset of other amyloidosis-related
diseases/disorders, comprising administering an effective amount
of melatonin to a subject in need thereof to inhibit the
formation of fibrils associated with Alzheimer's Disease or to
reduce, inhibit or reverse the formation of fibrils or amyloid
or amyloid-like deposits associated with amyloidosis-related
diseases/disorders other than Alzheimer's Disease.

2. The method for delaying the onset of Alzheimer's
Disease according to claim 1, wherein the subject in need
thereof is one who is predisposed to Alzheimer's Disease.

3. The method according to claim 2, wherein the
subject in need thereof has a genetic predisposition to
Alzheimer's Disease.

4. The method for treating or delaying the onset of
amyloidosis-related disease/disorder other than Alzheimer's
Disease according to claim 1, wherein the subject in need
thereof has an amyloidosis-related disease/disorder other than
Alzheimer's Disease.

5. The method according to claim 4, wherein the
subject in need thereof has a prion-related encephalopathy.

6. The method according to claim 4, wherein the
subject in need thereof has senile cardiac amyloidosis.

7. The method according to claim 1, wherein the
effective amount of melatonin is administered systemically.

8. The method according to c¢laim 1, wherein the
subject in need thereof is human.

9. The method according to claim 1, wherein the
effective amount of melatonin is in a range of 20 mg to
1500 mg.

10. The method according to claim 1, wherein the
effective amount of melatonin is in a range of 50 to 1500 mg.

11. The method according to claim 1, wherein the
effective amount of melatonin is in a range of 50 mg to
500 mg.

12. The method according to claim 1, wherein the
effective amount of melatonin is in a range of 100 mg to
500 mg.

-25-



WO 99/48489
174
972 5 |
o
=
— 04
2
9
2 -5
v
S -10-
[]
=
-15
200 225 250
Wavelength (nm)
FIG. 1A
AR +NAT  +PBN +Mel
a-helix 2 1 2 3
B-sheet 82 54 49 33
B-turn 29 26 26 ' 22
random 16 20 23 42
FIG. 1C
-
o
® 104
>
5 o
=
W 104
o
(o]
= .20
200 225 250
Wavelength (nm)
FIG. 1E
AR +NAT  +PBN +Mel
a-helix 2 3 2 4
B-sheet 89 85 80 65
B-turn 1 1 3 10
random 8 11 15 21
FIG. 1G

PCT/US99/06496

LR
o
L ad
R IR
o)
£
L
e -5
i
% -10-
°
=
-15
200 225 250
Wavelength (nm)
FIG. 1B
AR  +NAT  +PBN +Mel
a-helix 1 1 1 3
B-sheet 66 56 48 24
B-turn 26 23 23 18
random 7 19 27 55
FIG. 1D
-
(=]
:-"_ 104
>
S o
s
TRRTS
3
)
2 .20-
200 225 250
Wavelength {nm)
FIG. 1F
AR +NAT +PBN  +Mel
a-helix 2 3 3 3
B-sheet 95 30 77 59
B-turn 2 3 4 10
random 1 4 16 28

FIG. 1H




WO 99/48489 PCT/US99/06496
2/4




WO 99/48489 PCT/US99/06496
3/4

FIG. 3A FIG. 3B



PCT/US99/06496

WO 99/48489

4/4

wdd

HS'€-44L  Hp-sig

L HESIH

q auTrT

a sury

D surt

g 2uTT

¥ 9UTT



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

