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Aggregation of physiologically produced soluble amy-
loid B protein (AB) to insoluble, neurotoxic fibrils is a
crucial step in the pathogenesis of Alzheimer’s disease.
Aggregation studies with synthetic AB1-40 peptide by
the thioflavin T fluorescence assay and electron micros-
copy and cytotoxicity assays using rat pheochromocy-
toma PC12 cells showed that an antibiotic, rifampicin,
and its derivatives, which possess a naphthohydroqui-
none or naphthoquinone structure, inhibited AB1-40 ag-
gregation and neurotoxicity in a concentration-depend-
ent manner. Hydroquinone, p-benzoquinone, and 1,4-
dihydroxynaphthalene, which represent partial struc-
tures of the aromatic chromophore of rifampicin deriv-
atives, also inhibited AB1-40 aggregation and neurotox-
icity at comparable molar concentrations to rifampicin.
Electron spin resonance spectrometric analysis re-
vealed that the inhibitory activities of those agents cor-
related with their radical-scavenging ability on hy-
droxyl free radical, which was shown to be generated in
cell-free incubation of AB1-40 peptide. These results
suggest that at least one mechanism of rifampicin-medi-
ated inhibition of AB aggregation and neurotoxicity in-
volves scavenging of free radicals and that rifampicin
and/or appropriate hydroxyl radical scavengers may
have therapeutic potential for Alzheimer’s disease.

Amyloid B protein (AB),! a 39—43 amino acid peptide, is a
primary component of the amyloid that is deposited in the
brains of patients with Alzheimer’s disease (AD). AB is physi-
ologically produced as a soluble form by enzymatic cleavage of
the larger precursor, termed amyloid precursor protein (1-3).
Soluble AB is not toxic and its physiological function is not
known; however, it has been shown that aggregation of AB to
insoluble fibrils causes neurotoxic change of the peptide (4—6).
Therefore, inhibition of this process would seem to be an effec-
tive therapeutic strategy for AD.

The mechanisms of AB aggregation and neurotoxicity are not
completely known. Recently, it was suggested that free radical
generation may be involved in the processes of AB aggregation
and/or neurotoxicity (7-9). Those hypotheses imply that appro-
priate radical scavengers could inhibit AB aggregation and/or
neurotoxicity.
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1 The abbreviations used are: A, amyloid g8 protein; AD, Alzheimer’s
disease; ThT, thioflavin T; Me,SO, dimethyl sulfoxide; MTT, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PBN, N-tert-
butyl-a-phenylnitrone; DMPO, 5,5-dimethyl-1-pyrroline-N-oxide.

It was previously reported that non-demented elderly lep-
rosy patients showed an unusual absence of senile plaques in
their brains compared with age-matched controls (10). Al-
though that finding itself is still a matter of controversy (11),
we surmised that some drug being used for leprosy might be
preventing AB aggregation, resulting in the absence of amyloid
deposition. Thus, we tested two well known anti-leprosy drugs,
dapsone and rifampicin, and found that rifampicin inhibited
AB1-40 aggregation and neurotoxicity in vitro (12). Rifampicin
is a semisynthetic derivative of the rifamycins, a class of anti-
biotics that are fermentation products of Nocardia mediterra-
nei (for a review, see Ref. 13). The common structure of rifa-
mycins is a naphthohydroquinone or naphthoquinone chromo-
phore spanned by an aliphatic ansa chain. Taken together with
the above free radical hypotheses, this structural feature of
rifampicin suggests that this drug may function as a radical
scavenger with its naphthohydroquinone ring in inhibiting AB
aggregation and neurotoxicity.

In the present study, we confirmed the published finding
that free radicals are generated in cell-free incubation of
AB1-40 peptide (7) and show that at least the hydroxyl radical
is involved in this process. Also, we show that the inhibitory
activities of rifampicin and its derivatives against A aggrega-
tion and neurotoxicity correlate with their radical-scavenging
ability on hydroxyl radical, which function arises from their
naphthohydroquinone or naphthoquinone structure. These re-
sults implicate therapeutic potential of rifampicin for AD and
provide useful information for developing new compounds for
the treatment of AD.

MATERIALS AND METHODS

Agents and Peptides—Rifampicin and rifamycin SV are commercially
available (Sigma), while other rifampicin derivatives were synthesized
from rifamycin SV in our laboratory according to the methods of Kump
and Chen (U.S. Patent 5 003 070, 1991), which are summarized in Fig.
1. All other agents were obtained from Tokyo Kasei Kogyo Co. (Japan),
but three natural radical scavengers (a-tocopherol, ascorbic acid, and
B-carotene) were purchased from Sigma. AB1-40 peptide was synthe-
sized by ordinary solid-phase methods with Fmoc (N-(9-fluorenyl)me-
thoxycarbonyl) amino acids (Applied Biosystems Inc.) using a 431A
peptide synthesizer (Applied Biosystems Inc.) and purified by reverse-
phase high performance liquid chromatography using a Cosmosil 5C,-
AR-300 column (Nacalai Tesque Inc., Japan).

Aggregation Studies—Peptide aggregation was measured by the
thioflavin T (ThT) fluorescence assay, in which the fluorescence inten-
sity reflects the degree of aggregation (14). All agents to be tested were
dissolved in dimethyl sulfoxide (Me,SO) at various concentrations. The
solubility of B-carotene in Me,SO was very low, so suspensions of
B-carotene were used. The AB1-40 peptide was solubilized in double
deionized water at a concentration of 40 um and dispensed into Eppen-
dorf tubes (50 ul/tube). One ul of each test agent solution was added to
the tubes in triplicate, and then the peptide solutions were mixed with
an equal volume of 2 X phosphate-buffered saline solution. Control
peptide solutions containing 1% Me,SO without any test agent were
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Fic. 1. Structures and preparation
of rifampicin derivatives. a, MnO,,
CH,CI,, room temperature, 15 min; b, 1)
N-(2,4,6-trimethylbenzyl)piperazine, di-
oxane, 70 °C, 3 h; 2) ascorbic acid, room
temperature, 30 min; ¢, 1) MnO,, CH,CIl,,
room temperature, 15 min; 2) CICOC-
(CH,),, pyridine, room temperature, 30
min; 3) Zn powder, tetrahydrofuran, 1 N
HCI, room temperature, 15 min; d,
CICOC(CHy),, pyridine, 50 °C, 30 min; e,
CH,OCH,CH,OH, reflux, 130 °C, 5 h; f, 1)
H,, Pd/C, EtOH, room temperature, 3
days; 2) ascorbic acid, room temperature,
30 min.

RFM-007: R.R' = CO -tert-Bu

also prepared. The solutions were incubated at 37 °C for 7 days, and
then the ThT fluorescence assay was performed using a FP-770 spec-
trofluorometer (Jasco, Japan), as described previously (12). Fibril for-
mation by AB1-40 peptide was also examined by electron microscopy
using a H-7100 electron microscope (Hitachi, Japan), as described pre-
viously (12). No bacterial contamination was observed in the peptide
solutions even after a 7-day incubation.

Cytotoxicity Assays—The cytotoxic effects of AB were assessed by
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) re-
duction with rat pheochromocytoma PC12 cells (15). The PC12 cells
were prepared as described previously (12). The peptide solutions incu-
bated with each test agent for 7 days were added to the cell culture at
a final peptide concentration of 2 um. After a 2-day incubation, the MTT
assay was performed as described previously (15).

Electron Spin Resonance (ESR) Spectrometry—The AB1-40 peptide
was dissolved in double deionized water to a concentration of 1 mg/ml in
the presence of 50 mm N-tert-butyl-a-phenylnitrone (PBN) (Sigma). One
of the solutions was mixed with a 1/10 volume of Me,SO. The solutions
were transferred into 75-ul aqueous quartz ESR flat cells and incubated
at room temperature. After various incubation times, the ESR spectra
were determined using a JES-FE2XG ESR spectrometer (JEOL, Japan)
under conditions of a magnetic field of 329.0 = 5 millitesla, a magnetic
power of 20 milliwatts, 9.225 GHz, a response of 1 s, a temperature of
25 °C, an amplitude of 5,000, a sweep time of 16 min, and a modulation
of 100 kHz X 0.08 millitesla. To evaluate the radical-quenching ability
of agents, the hydroxyl radical generated by the Fenton reaction (16)
was used. All agents to be tested were dissolved in acetonitrile at
various concentrations. One-hundred microliters of 2 mm FeSO, solu-
tion was dispensed into Eppendorf tubes, and then 20 ul of agent, 100
wul of 2 mm H,0,, and 2 ul of 5 mm 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) (Aldrich) were sequentially added to the tubes. The ESR spec-
tra were determined at 3 min after the addition of DMPO under the
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RFM-030

CHy

CH,
RFM-008: R = CO -tert-Bu

same conditions as described above, except for using an amplitude of
1,000 and a sweep time of 4 min.

RESULTS

To identify the structure required for the inhibitory activities
of rifampicin, we synthesized a panel of rifampicin derivatives
(Fig. 1) and tested them for effects on AB1-40 aggregation and
neurotoxicity (Table 1). Fig. 2 shows the time course of aggre-
gation of AB1-40 peptide without any test agent. Rifampicin
inhibited AB aggregation and neurotoxicity in a concentration-
dependent manner. This inhibitory effect of rifampicin against
Ap aggregation was confirmed by electron microscopy (Table |
and Fig. 3). A control peptide solution showed apparent amy-
loid-like fibrils of AB1-40, while very few fibrils were observed
in the presence of 100 um rifampicin. Rifamycin SV and rifa-
mycin S, which possess a naphthohydroquinone and naphtho-
quinone ring, respectively, also inhibited AB aggregation and
neurotoxicity, without any functional group at position C-3 of
their aromatic ring. From these observations and the free rad-
ical hypotheses (7-9), we speculated that the active structure of
rifampicin responsible for the inhibition of AB’'s activities might
be the naphthohydroquinone (or naphthoquinone) ring. In sup-
port of this, hydroquinone, p-benzoquinone, and 1,4-dihy-
droxynaphthalene, which represent partial structures of the
aromatic chromophore of rifampicin derivatives, inhibited AB
aggregation and neurotoxicity at comparable molar concentra-
tions to rifampicin. The hydroxyl group at position C-1 of the
naphthohydroquinone ring must be essential for the inhibitory
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TaBLE |
Effects of test agents on AB1-40 aggregation, cytotoxicity and fibril formation
Each test agent was dissolved in Me,SO at various concentrations and added to AB1—-40 peptide solutions at a final peptide concentration of 20
um. The solutions were incubated at 37 °C for 7 days and examined for peptide aggregation, cytotoxicity, and fibril formation by the ThT
fluorescence assay, the MTT assay, and electron microscopy, respectively. In the cytotoxicity assay, the AB1-40 peptide solution was added at 2
uM to rat pheochromocytoma PC12 cells. The data are the means * S.D. for triplicate determinations.

Agent Concentration ThT fluorescence MTT reduction Fibrils
Iy % of Me,SO control % of control
Me,SO - 100 = 10 514 +
Rifampicin 100 71 92 +2 -
10 33+10 733
1 779 50 +1
Rifamycin SV 100 1+1 98 + 2 -
10 32 +13 66 = 1
1 77 £ 15 52+1
Rifamycin S 100 2x2 9 * 4 -
10 194 69 1
1 795 52+ 3
RFM-002 100 5x1 ND?* ND
10 29 = 12
1 81+ 16
RFM-005 100 5x1 ND? ND
10 12+5
1 54 + 8
RFM-007 100 52+ 3 69 =3 +
10 65 + 12 56 = 2
1 103 = 24 56 *= 2
RFM-008 100 47 = 11 69 =4 +
10 60 = 6 66 = 2
1 75 + 22 61 2
RFM-030 100 0x1 101 +9 -
10 38 £ 20 752
1 81=+1 61+ 4
Hydroquinone 100 -1=x1 102 = 3 -
10 9+3 57 x4
1 44 + 5 51 +2
p-Benzoquinone 100 1+£2 104 =6 -
10 5+0 54 =3
1 62+ 6 511
1,4-Dihydroxynaphthalene 100 4=+1 90 £ 9 -
10 15+3 511
1 46 = 18 58 =3
p-Methoxyphenol 100 38 + 10 60 = 2 +
10 81 +11 58 = 2
1 111 =6 59 =2
a-Tocopherol 1000 28 + 11 792 ND
100 76 + 22 53+ 2
10 78 = 26 60 = 3
Ascorbic acid 1000 12+1 645 ND
100 72 + 12 50 =2
10 75 +9 50 =2
B-Carotene 1000 10 £ 2 84 +3 ND
100 16 =1 49 += 3
10 61 + 22 66 = 4

2 ND, not determined.

activities of rifampicin, because substitution of the hydroxyl
group at this position, or cyclization between the hydroxyl
group at position C-1 and the carbon at position C-15 of the
ansa chain, considerably reduced the activities, as demon-
strated with RFM-007 and RFM-008, respectively. In addition,
p-methoxyphenol also showed only weak inhibition, suggesting
that both of the hydroxyl groups at positions C-1 and C-4 are
equally required for the inhibitory activities. On the contrary,
the hydroxyl group at position C-8 and the double bonds of the
ansa chain, which are essential for the antibacterial activity of
rifampicin (13), were not necessary for the inhibitory activities
against AB aggregation and neurotoxicity, as shown with RFM-
005 and RFM-030, respectively. As well, the functional group
at position C-3, which modulates the antibacterial activity of
rifampicin probably by influencing transport of the drug mol-
ecule through the bacterial wall and membrane (13), appeared
not to affect the anti-ApB activities, as shown with rifamycin SV
and RFM-002. Thus, we concluded that the inhibitory activities
of rifampicin against AB aggregation and neurotoxicity arise

from its naphthohydroquinone (or naphthoquinone) structure.

As a reference for evaluating the activity of rifampicin, three
natural radical scavengers, a-tocopherol (vitamin E), ascorbic
acid (vitamin C), and B-carotene (provitamin A), were also
examined. These vitamins were all effective in inhibiting AB
aggregation, but their activities were weaker than that of ri-
fampicin. Thus, 10-100-fold higher concentrations were neces-
sary for the vitamins to achieve the same degree of inhibition of
Ap aggregation as shown by rifampicin.

As mentioned already, the naphthohydroquinone (or naph-
thoquinone) structure of rifampicin is speculated to function as
a radical scavenger. Thus, using ESR spectrometry, we exam-
ined the ability of rifampicin and the related agents to quench
free radicals (Fig. 4). Initially we confirmed the published find-
ing that free radicals are generated in cell-free incubation of
AB1-40 peptide (7). With PBN as a spin trapping agent, an
AB1-40 solution showed an obvious three-line spectrum (ay =
17.1 G) after 3-day incubation. When the peptide was incu-
bated in the presence of Me,SO, it showed a different ESR

TTOZ ‘9 dUNC U0 ‘AINN NSLIFIHS YXMVSO ¥e 610°0gl-mmm wouj papeojumod


http://www.jbc.org/

6842 Inhibition of AB Aggregation by Rifampicin

05
2 04
/)]
c
[(}]
1=
= 031
o
Q
f o
S
S 021
o
d
o
3
LL 0.11
0.0¢ T T T
0 2 4 6 8

Incubation time (days)

Fic. 2. Time course of AB1-40 peptide aggregation. AB1-40
peptides at 20 um in phosphate-buffered saline were incubated at 37 °C.
Peptide aggregation was monitored by the ThT fluorescence assay.
Each point represents the mean = S.D. for triplicate determinations.

Fic. 3. Electron micrographs of AB1-40 peptide aged in the
presence of test agents. AB1-40 peptides at 20 um were incubated at
37 °C for 7 days in the presence of 100 um test agents. The control
peptide solution containing 1% Me,SO showed apparent fibrils of
AB1-40 peptide (A). Rifampicin (B), hydroquinone (C), and 1,4-dihy-
droxynaphthalene (D) inhibited the fibril formation, whereas RFM-008
(E) and p-methoxyphenol (F) did not. The scale bar is 0.2 um.

spectrum (ay = 17.2 G and oy = 16.0 G, aBH = 3.5 G) partly
due to new species of free radicals. Since Me,SO is known to
react with the hydroxyl radical to produce the methyl radical
(17), and actually, the ESR spectrum of hydroxyl radical in the
presence of Me,SO (ay = 16.4 G, aﬁH = 3.6 G) corresponded to
some portion of the ESR spectrum of an AB1-40 solution con-
taining Me,SO, the above ESR result suggests that at least the
hydroxyl radical is involved in the radical-generating process
in AB solution. Based on this observation and because of the

simplicity of the radical-generating system, we focused our
experiments on the radical-quenching ability of agents in rela-
tion to the hydroxyl radical generated by the Fenton reaction
(16). With DMPO instead of PBN, a typical 1:2:2:1 four-line
spectrum (ay = %H = 14.9 G) due to hydroxyl radical (18) was
detected in the control solution. As expected from the molecular
structure, rifampicin quenched the hydroxyl radical in a con-
centration-dependent manner. The two analogs, hydroquinone
and 1,4-dihydroxynaphthalene, also diminished the hydroxyl
radical, while RFM-008 and p-methoxyphenol showed no
quenching ability at concentrations up to 1 mm. These results
suggest that the inhibitory activities of the agents against A
aggregation and neurotoxicity correlate with their radical-
quenching ability on hydroxyl radical and that at least one
mechanism by which rifampicin and its analogs inhibit AB
aggregation and neurotoxicity involves scavenging of free
radicals.

DISCUSSION

Neuronal degeneration is a significant pathological feature
of AD brains, and the toxicity of AB has been implicated in the
neuronal damage. Although the molecular mechanisms of AB
neurotoxicity are not completely known, there is general agree-
ment that the neurotoxicity of AB correlates with its state of
aggregation (4, 5). Furthermore, it was shown that fibril for-
mation by AR is definitely necessary for its neurotoxicity (6).
These observations suggest that drugs that inhibit AB aggre-
gation may be able to protect neurons from A toxicity and
hence may have therapeutic potential for AD. Here we have
shown that rifampicin and its derivatives, which inhibit AB
aggregation, also inhibit AB neurotoxicity.

It was recently proposed that the AB1-40 peptide, in aque-
ous solution, spontaneously fragments into free radical pep-
tides, which may react with one another to generate covalently
bonded aggregates and may also attack nerve cell membranes
to induce neuronal degeneration (7). We confirmed that free
radicals are generated in cell-free incubation of AB1-40 pep-
tide, and our findings that radical scavengers inhibit Ag aggre-
gation and neurotoxicity may support this hypothesis. How-
ever, the possibility cannot be ruled out that free radicals are
generated independently of AB peptide and then trapped and
stabilized by the peptide to be detected in ESR analysis. Oxi-
dation of AB by free radicals was shown to cause peptide
aggregation, which was prevented by radical scavengers (8).

It was also demonstrated that AB induces increased intra-
cellular H,0, accumulation, which may cause oxidative dam-
age on neurons probably via hydroxyl radical generation (9).
A number of antioxidants and the H,O,-degrading enzyme,
catalase, protected cells from H,O, accumulation and also
A neurotoxicity (9). Our findings that hydroxyl radical scaven-
gers inhibited AB neurotoxicity may also support this model.
They did not refer to any relationship between AB aggregation
and AB-induced H,O, production. It may be that aggregated
AB has more potent activity to induce H,O, production than
soluble AB.

In addition to AD, there are numerous other human amy-
loidoses. Although those amyloids contain different proteins,
all amyloidogenic peptides are characterized by the antiparal-
lel B-sheet conformation (19). It was recently shown that these
amyloidogenic peptides may share a common cytotoxic mecha-
nism (20, 21). For example, three amyloidogenic peptides, i.e.
amylin, calcitonin, and atrial natriuretic peptide, are all toxic
to clonal and primary neurons and increase the intracellular
H,0, level (20). The cytotoxicity of these peptides is suggested
to be mediated through a free radical pathway indistinguish-
able from that of AB (20). These observations imply that rifam-
picin could also inhibit the cytotoxicity of other amyloidogenic
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tide and hydroxyl radical in the pres-
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with PBN of free radicals generated in
cell-free incubation of AB1-40 peptide in
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with DMPO of hydroxyl radical generated
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test agents. The control solution without
any test agent showed a 1:2:2:1 four-line
spectrum (a). Rifampicin (b), hydroqui-
none (c), and 1,4-dihydroxynaphthalene
(d) quenched free radicals, whereas RFM-
008 (e) and p-methoxyphenol (f) did not.

(c) Hydroquinone

IHIMWM—/\

(¢) RFM-008

(b

-

e

i

10G

(b) Rifampicin

M ——r——A— AN AN N

10G

0.lmM

(d) 1,4-Dihydroxynaphthalene

1mM _ﬁ/\__,\_/\r_/\/\/\,_r\/\/\__—f\/\..—ﬁﬁ

(f) p-Methoxyphenol

ImM V—‘/\/J\(J\{//\F* ImM ‘J\W

peptides besides AB and that agents that inhibit amyloid fibril
formation or cytotoxicity may have therapeutic potential for
several different amyloidoses.

In summary, we have shown that rifampicin and its deriva-
tives inhibit AB aggregation and neurotoxicity, and their inhib-
itory activities are attributed to the naphthohydroquinone or
naphthoquinone structure, which possibly functions as a radi-
cal scavenger. Although the ansa chain appears not to be es-
sential for the inhibitory activities, its lipophilicity may con-
tribute to transport of the drug molecule into the brain in
vivo (22). Our data presented here provide useful information
for investigating the mechanisms of AB aggregation and neu-
rotoxicity and developing new compounds for the treatment
of AD.
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