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ARTICLE INFO ABSTRACT

Keywords: Transthyretin is a tetrameric protein which functions as a transporter of thyroxine and retinol-binding protein.
Transthyretin Misfolding and amyloid aggregation of transthyretin are known to cause wild-type and hereditary transthyretin
Stabilizer amyloidosis. Stabilization of the transthyretin tetramer by low molecular weight compounds is an efficacious
i:ta}?r :;ﬂi;;llll:;graphy strategy to inhibit the aggregation pathway in the amyloidosis. Here, we investigated the inhibitory activities of
Xanthone anthraquinone and xanthone derivatives against amyloid aggregation, and found that xanthone-2-carboxylic acid

with one chlorine or methyl group has strong inhibitory activity comparable with that of diflunisal, which is one
of the best known stabilizers of transthyretin. X-ray crystallographic structures of transthyretin in complex with
the compounds revealed that the introduction of chlorine, which is buried in a hydrophobic region, is important
for the strong inhibitory effect of the stabilizer against amyloidogenesis. An in vitro absorption, distribution,
metabolism and elimination (ADME) study and in vivo pharmacokinetic study demonstrated that the compounds

have drug-like features, suggesting that they have potential as therapeutic agents to stabilize transthyretin.

1. Introduction

Amyloidosis is a group of diseases which are caused by deposition of
abnormal protein aggregates known as amyloid fibrils in tissues or or-
gans. Amyloid fibrils are built up from amyloidogenic precursor proteins
and more than 30 amyloidogenic proteins are currently known. '

Transthyretin (TTR), previously called prealbumin, is one of the
amyloidogenic proteins. TTR forms a homotetramer with a molecular
weight of 55 kDa under physiological conditions and its subunit
monomer is composed of 127 amino acid residues. TTR is a serum
protein mainly synthesized in the liver, but it is also produced in the
choroid plexus of the brain, the pigmented epithelium of the retina, and
the islets of Langerhans. TTR circulates in serum at a concentration of
3.1-7.6 pM, and plays a role in transporting thyroid hormone thyroxine
(T4) and retinol-loaded retinol-binding protein.z’5
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TTR does not form amyloid fibrils when the tetramer in the native
state is maintained. However, TTR aggregates into amyloid fibrils when
it is destabilized due to amyloidogenic amino acid mutations and/or in
vitro under acidic conditions. Wild-type TTR also possesses an inherent
amyloidogenic potential, which causes wild-type TTR amyloidosis, a
condition previously called senile systemic amyloidosis.® In the amyloid
fibril formation of TTR, the tetramer dissociation occurs first, then the
monomer unfolds into an amyloidogenic intermediate, which self-
aggregates to form amyloid fibrils. The tetramer dissociation is a rate-
limiting step of the amyloid fibril formation of TTR.>" So far, more
than 130 mutations of TTR that cause hereditary TTR amyloidosis have
been reported. Among them, V30M is the best studied mutation, since it
is the most frequent amyloidogenic mutation worldwide and there are
large foci of hereditary V30M-TTR amyloidosis patients in Portugal,
Sweden, and Japan.”®
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Liver transplantation is a well-established treatment for hereditary molecules, such as tafamidis and diflunisal. These compounds bind to
TTR amyloidosis, since it replaces the amyloidogenic TTR variant in the two T4-binding channels located at the dimer-dimer interface of
serum with wild-type TTR. However, there is a great need for develop- TTR. The binding of the compounds stabilizes the TTR tetramer, which
ment of a less invasive treatment. One alternative treatment for liver results in the inhibition of the tetramer dissociation and the amyloid
transplantation is the stabilization of the TTR tetramer by small fibril formation of TTR.>*°!° Treatment with tafamidis has been shown
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Fig. 1. Chemical structures of anthraquinone derivatives (1-27), xanthone derivatives (28-42), and positive controls (tafamidis and diflunisal). The chemical
structure of y-mangostin is also shown for comparison.
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to delay the neuropathic progression in patients with familial amyloid
polyneuropathy caused by the V30M mutated TTR.'"*? Tafamidis is the
first pharmacotherapy approved for the treatment of neurologic
impairment in familial amyloid polyneuropathy. It is also approved for
the treatment of cardiomyopathy caused by amyloid deposition of TTR
in the heart. Diflunisal has also been shown to reduce the rate of pro-
gression of neurological impairment and to preserve quality of life in
clinical trials.'® In addition, tolcapone and AG10 are currently under-
going clinical trials for the treatment of TTR amyloidosis.'*°

Liver transplantation and orally administrable TTR kinetic stabilizers
(tafamidis and diflunisal) target the native TTR circulating in the blood,
which is mainly synthesized in the liver. In addition to the liver, how-
ever, smaller amounts of TTR are synthesized in the retina of the eye, the
choroid plexus of the brain, and the «a cells of the pancreatic islets. In
fact, ocular amyloidosis and cerebral amyloid angiopathy accompanied
by leptomeningeal amyloidosis are observed in patients with several
specific TTR gene mutations.'” 2! Moreover, variant TTR deposition in
the eye does not stop after liver transplantation due to TTR biosynthesis
in the retinal pigment epithelium.'®?*?* Central nervous system
symptoms due to meningeal and/or cerebrovascular amyloidosis can
occur in patients who have survived for a long time after liver trans-
plantation.?”?* In addition, tafamidis is unable to halt the progression of
the disease in patients with advanced polyneuropathy caused by V30M-
TTR.%® Therefore, there is a great need for a new drug for TTR
amyloidosis, and the development of such a drug is still being actively
pursued.'>?°3% In order to promote this effort, it may be useful to
develop small molecule inhibitors with scaffolds different from tafami-
dis and diflunisal.

Anthraquinone and xanthone derivatives are a class of tricyclic
organic compounds that are present in various natural sources,
including plants, bacteria and fungi. Anthraquinone has two keto groups
at the central ring, while only one keto group exists in xanthone. These
compounds have been widely applied in industry and are expected to be
novel therapeutic agents against various diseases such as cancer, infec-
tious diseases, and amyloidosis.> ® In a previous study, Baures et al.
reported that anthraquinone-2-carboxylic acid is modestly effective in

(a) (b)
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inhibiting amyloid aggregation of wild-type TTR.>® In addition, Maia
et al. showed that xanthone derivatives isolated from Calophyllum teys-
mannii var. inophylloide bind to the T4-binding channels of TTR.>®> We
also showed that y-mangostine, a xanthone derivative found in the
pericarp of mangosteen, inhibits the amyloid fibril formation of V30M-
TTR in vitro.®” To date, however, there has been no detailed analysis of
the relationship between the chemical structure of anthraquinone and
xanthone derivatives and their inhibitory activity against amyloid fibril
formation. Here, we report detailed comprehensive investigations on the
structure-activity relationship of anthraquinone and xanthone de-
rivatives (Fig. 1). We found that xanthone-2-carboxylic acid with a
chlorine or methyl group at position 4 has a strong amyloid inhibitory
activity comparable with that of the known inhibitor diflunisal
(Figure 2). High-resolution crystal structures of TTR in complex with
anthraquinone and xanthone derivatives revealed the details of how
these compounds bind to the T4-binding channels at the dimer-dimer
interface of TTR. In addition, we performed an in vitro ADME and in
vivo pharmacokinetic analysis of the compounds and demonstrated that
they have drug-like properties. Our results suggest that these com-
pounds have potential as therapeutic agents to stabilize TTR in the
blood.

2. Results and discussion
2.1. Inhibitory activities of anthraquinone derivatives

We examined the inhibitory effect of commercially available
anthraquinone derivatives (1-17) on the amyloid fibril formation of
V30M-TTR. The V30M variant was used in this study, since it is the most
frequent amyloidogenic mutation causing hereditary TTR amyloid-
osis.”® Amyloid fibril formation was initiated by a pH-jump from 7.0 to
4.6 at a tetramer concentration of 10 pM in the presence of 0-100 pM
compounds. After incubation for 96 h at 37 °C, the amyloid aggregation
was quantified by thioflavin T fluorescence.®”-*>*C Amyloid inhibitory
activity was assessed by determining the compound concentration for
inhibition of amyloid aggregation (ICso) (Table 1 and
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Fig. 2. Structure of compound 40. (a) Chemical structure of compound 40. (b) The overall structure of WT-TTR in complex with 40. (c) Omit difference Fourier map

for 40. Contoured at 3.3 ¢ (orange mesh) and 2.5 ¢ (blue mesh).
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Table 1
Inhibitory activities of anthraquinone and xanthone derivatives. The ICso values were calculated from the inhibition ratio at 0-100 pM concentration.
Compd No. ICs0 (UM) CLogP
1 >100 3.74
2 >100 4.24
3 >100 3.62
4 >100 4.19
5 >100 2.70
6 12 + 0.15 3.53
7 12 £ 1.7 3.12
8 >100 3.28
9 12 + 0.23 2.66
10 >100 2.92
11 >100 0.69
12 11 + 0.15 0.78
13 >100 3.74
14 >100 2.67
15 >100 3.74
16 5.4 + 0.28 2.13
17 >100 0.84
18 28 + 2.6 3.26
19 50 + 12 3.56
20 10 £ 0.09 2.73
21 45 + 10 3.76
22 >100 3.04
23 13 + 0.40 3.76
24 21 + 2.2 5.76
25 12 + 0.49 3.99
26 24 £ 19 3.76
27 22 £ 1.0 3.83
28 >100 3.48
29 >100 3.48
30 22 + 0.24 2.85
31 19 + 0.70 2.85
32 10 £ 0.19 3.57
33 10 + 0.45 3.57
34 13 £+ 0.09 3.57
35 7.7 £ 0.34 3.57
36 13 + 0.51 3.57
37 >100 3.57
38 12 £ 0.27 3.57
39 13 + 0.08 3.57
40 6.7 + 0.26 3.60
41 9.1 £ 0.01 4.31
42 6.5 + 0.20 3.34
y-Mangostin 10.0 £ 0.3 5.69
Diflunisal 6.6 + 0.14 4.39
Tafamidis 5.3 + 0.60 5.00

Supplementary Fig. 1). Compounds 6, 7, 9, and 12 showed amyloid
inhibitory activity with ICso values of 11-12 pM. Compound 16 showed
the strongest amyloid inhibitory activity among 1-17, and its ICso value
was 5.4 + 0.28 pM (Fig. 1 and Table 1). Compound 16 is diacerein,
which is used to treat the symptoms of osteoarthritis. Diacerein is a
prodrug and its active metabolite is rhein (compound 6). The ICsg value
of 6 is 12 + 0.15 pM, and thus its amyloid inhibitory activity is not
much weaker than that of diacerein (Fig. 1 and Table 1). However, there
is a possibility that the use of diacerein may cause side effects such as
diarrhea and hepatobiliary disorders, although it has an acceptable
safety profile."! Therefore, we explored the possibility of developing

other anthraquinone derivatives as potential inhibitors of TTR
amyloidosis.

Next, we synthesized the anthraquinone derivatives (18-27). Syn-
theses of anthraquinone derivatives 18 and 21-26 are shown in Scheme
1.

The anthraquinone skeleton (A1-A5) was constructed from the
appropriate phthalic anhydride and toluene derivative in two steps of
Friedel-Crafts reaction followed by the cyclization process.”’ The
oxidation of the methyl group on the anthraquinone skeleton with
chromium trioxide in an acetic acid (Method A)** or with manganese
dioxide in a concentrated sulfuric acid (Method B)** afforded the

o) O
8 2 CHs CH. Method A
U 1) AICl, 7 2-~13  CrOz, AcOH
R—+ o + LTS _&Vs, ACOR
6\~ ) 2)H,80, & 3 Method B
5 . MnO,, H,SO,
o] R 0 R
A1-A5 18 and 21-26

(R=H, Cl, R'=H, CHs, COOH, F, Cl, R" = CH, COOH)

Scheme 1. Syntheses of anthraquinone derivatives 18 and 21-26.
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Scheme 2. Syntheses of anthraquinone derivatives 19-20 and 27.
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Scheme 3. Syntheses of xanthone derivatives 28-42.

anthraquinone derivatives 18 and 21-26. On the other hand, oxygen-
ated anthraquinone derivatives 19 and 27 were synthesized by the
known anthraquinone 20,* which was prepared from 1-acetoxy-6-
methylanthraquinone as shown in Scheme 2. The acetyl group of 20
was hydrolyzed with sodium carbonate solution to give the anthraqui-
none 19. Moreover, anthraquinone 20 was transformed into the corre-
sponding ethyl ether in two steps, followed by hydrolysis of the resulting
ethyl ester with sodium hydroxide to obtain the anthraquinone 27.

The ICs( values of 18-27 are summarized in Table 1. A comparison of
the ICs values of 16, 18, and 20 indicates that acetoxy groups at both
the 4 and 5 positions are important for the amyloid inhibitory activity of
16 (Fig. 1 and Table 1). From the ICsq values for compounds 18, 19, 20,
and 27, the compound with an acetoxy group at position 5 (20) has
higher inhibitory activity than the compounds with hydrogen (18),
hydroxyl (19), and ethoxy (27) groups at position 5 (Fig. 1 and Table 1).

Anthraquinone-2-carboxylic acid (compound 18) showed an ICsg
value of 28 + 2.6 uM, which was significantly higher than that of the
positive controls (diflunisal and tafamidis) (Table 1). This is consistent
with a previous study which showed that anthraquinone-2-carboxylic
acid is only modestly effective in inhibiting amyloid fibril formation of
wild-type TTR in vitro.>> A comparison of 21 and 23 shows that the
carboxy group at position 2 is important for the inhibitory activity.
Compound 22, which has carboxy groups at both positions 2 and 4,
showed little inhibitory activity (Fig. 1 and Table 1).

2.2. Inhibitory activities of xanthone derivatives

We synthesized the xanthone derivatives (28-42) and investigated
their amyloid inhibitory activity (Fig. 1 and Table 1). Xanthone de-
rivatives 28-42 were synthesized from the appropriate o-nitro-
benzaldehyde and a phenol derivative in the presence of CuCly, PhsP,
and KsPOy, in toluene at 100 °C, as shown in Scheme 3.%%%7

Compounds 30 and 31, in which carboxyl groups are introduced into

xanthone, both show ICsq values of approximately 20 uM, while com-
pounds 28 and 29, in which methyl groups are introduced at the same
position, do not inhibit amyloid fibril formation (Fig. 1 and Table 1).
These results indicate that the carboxy group at position 2 or 3 in
xanthone is important for the amyloid inhibitory activity. Compound 40
is an analogue of 25, and the comparison of their ICs( values suggests
that the xanthone derivatives have stronger inhibitory activity than the
corresponding anthraquinone derivatives (Fig. 1 and Table 1). Similarly,
compound 42 is a xanthone derivative of 23, and its inhibitory activity is
higher than that of 23. Among the xanthone derivatives in this study, 40
and 42, in which a carboxyl group is introduced at position 2 and a
chlorine or a methyl group is introduced at position 4, exhibited the
strongest inhibitory activities, which were comparable with that of
diflunisal (Fig. 1 and Table 1). We confirmed the binding of 40 and 42 to
V30M-TTR using isothermal titration calorimetry (ITC): the binding
affinities of 40 and 42 were lower than that of tafamidis, but were
comparable with that of diflunisal (Supplementary Fig. 2).

2.3. Binding modes of anthraquinone and xanthone derivatives

To elucidate the detailed binding mechanisms of the anthraquinone
and xanthone derivatives, we determined the crystal structures of TTR
(wild-type and/or V30M) in complex with 7, 25, 32 and 40 at
1.15-1.45 Aresolutions (Supplementary Tables 1 and 2). The root mean
square deviation (RMSD) for the backbone a atoms when superposing
32-wt to 32-V30M was 0.21 ;\, and the RMSD between 40-wt and 40-
V30M was 0.25 A. The superposition also indicated that the positions of
the compounds in the T4-binding channels are completely identical with
each other. Therefore, the V30M mutation does not affect the binding
mode of the compounds in the T4-binding channels.

In all complexes, the electron densities of the compounds were
clearly observed in the T4-binding channels (Fig. 2), as has been
observed for typical stabilizers in previous studies.>*°!° The carboxyl
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Fig. 3. Close-up view of the T4-binding channel of wild-type TTR in complex with 25 (left) and 40 (right). Oxygen, nitrogen, and chlorine atoms are colored red, blue
and dark grey, respectively. The Leul7 side-chain in subunit C is omitted to show the compounds.

groups of 25, 32 and 40 were close to Lysl5 at the outer cavity,
corroborating the importance of the electrostatic interaction with Lys15
(Figs. 2-4). This is consistent with the results of the amyloid inhibitory
activity of 28 and 30. Compound 30, which has a carboxyl group at
position 2, showed amyloid inhibitory activity, while compound 28, in
which the 2-COOH is replaced with a methyl group, showed no amyloid
inhibitory activity (Fig. 1 and Table 1). A similar interaction has been
observed in the crystal structures of TTR in complex with flufenamic
acid, diflunisal, and tafamidis.*®>° This favorable electrostatic inter-
action is important for the inhibition of the tetramer dissociation that is
the rate-limiting step in the amyloid fibril formation of TTR.*’
Compound 25 is an anthraquinone derivative, while 40 is a xanthone
derivative, i.e., the only difference between 25 and 40 is located at
position 10 (Fig. 1 and Table 1). However, the binding modes in the
crystal structures of these two compounds are different (Fig. 3). Com-
pound 25 in the 25-TTR complex cannot adopt the binding mode
observed in the 40-TTR complex, probably due to the steric hindrance of
the carbonyl oxygen at position 10 in the 25-TTR complex. The ether
oxygen at position 10 of 40 in the 40-TTR complex is located near the
T119 side chain (Fig. 3). The chlorine atom at position 4 of 40 is buried
in a hydrophobic region formed by Leul7, Thr106, Ala108, Thr119, and
Vall21. There is no water molecule in the region around the chlorine
atom and these side chains (Fig. 3). The interaction between 4-Cl of 40
and the surrounding hydrophobic region is important for the amyloid

Subunit D
T106

o

V121

Subunit B

K15

KIS g gy B‘]
, T106
=i V= ;\vm

R === A108

FJT“Q
L110

S117

A1088 /&=

inhibitory activity: compound 40 with 4-Cl has stronger amyloid
inhibitory activity than 30, which has a hydrogen atom at position 4
(Fig. 1 and Table 1). The CLogP values of 30 and 40 are 2.85 and 3.60,
respectively (Table 1). This indicates that the hydrophobically driven
interaction between TTR and 40 mainly contributes to the strong
inhibitory activity of 40. Compounds 36, 38, and 39, which are isomers
of 40, have similar amyloid inhibitory activity (Table 1). This indicates
that a chlorine atom can be accommodated at positions 5, 7, and 8
(Figs. 1 and 3). On the other hand, the chlorine atom at position 4 in
compound 25 interacts with a region formed by Lys15, Leul7, Alal08,
Leull0 and T119 (Fig. 3). This interaction is important for the amyloid
inhibitory activity of 25. The amyloid inhibitory activity of 25 with 4-Cl
is stronger than that of 18 without 4-Cl (Fig. 1 and Table 1). Compound
22, in which 4-Cl is replaced with COOH, has no inhibitory activity,
probably because the charged group cannot be accommodated in this
hydrophobic space (Fig. 3). From the ICs( values of 18, 22, 23, 25, and
26, the compounds with a methyl group (23) or chlorine (25) at position
4 have higher inhibitory activity than those with a hydrogen (18), car-
boxy group (22), or fluorine (26) at position 4 (Fig. 1 and Table 1).
Comparing the CLogP values among 18, 22, 23, 25, and 26, the com-
pound with a relatively large CLogP value tends to have a strong
inhibitory activity. This corroborates that the hydrophobic interaction at
position 4 is important for the amyloid inhibitory activity. Comparing
the ICsg values of 24 and 25, compound 25, which has one chlorine at

Subunit D Subunit B
T106 K18 ’.“ K15 , T106
NS 353
vizih & N\ 7N
A108j= L”\zt”» )
[=—= ). \
vapap »
T119 Q'_\\_
L110 :
= r" sn7
S117

Fig. 4. Close-up view of the T4-binding channel of V30M-TTR in complex with 7 (left) and wild-type TTR in complex with 32 (right). Oxygen, nitrogen, and chlorine
atoms are colored red, blue, and dark grey, respectively. The hydrogen-bond and salt-bridge are indicated by dashed lines. The red sphere is a water molecule.
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lododiflunisal

tafamidis

74

y-mangostin

Fig. 5. A comparison of the binding direction of 40 with the known TTR sta-
bilizers. The compound 40 is colored grey. Iododiflunisal (1Y1D), tafamidis
(6E72), and y-mangostin (4Y9E) are colored yellow. The chloride atoms are
colored black. Oxygen, nitrogen, fluorine, and iodine are colored red, blue, light
blue, and purple, respectively.

position 4, has higher inhibitory activity than 24, which has multiple
chlorines at positions 5, 6, 7, and 8 (Figs. 1 and 3 and Table 1).

We also determined the structures of TTR in complex with com-
pounds 7 and 32. In the 7-TTR complex, the distance between the ox-
ygen of the 2-OH of 7 and Lys15-N° near the entrance of the T4-binding
channel is 2.4 A, suggesting the formation of a hydrogen bond. The
importance of the 2-OH of 7 was also shown by the amyloid inhibitory
activity of 7 and 13. Compound 13, which lacks the 2-OH of 7, showed
no amyloid inhibitory activity (Fig. 1 and Table 1). In the 32-TTR
complex, Lys15-N° is close to the carboxyl group of 32, which also
suggests the formation of a salt bridge. One water molecule is trapped by

Bioorganic & Medicinal Chemistry 44 (2021) 116292

the carboxyl group of 32 (Fig. 4). Moreover, 8-Cl of 32 is surrounded by
the amino acid residues LeullO, Serl17, and Thr119, which are
included in a region called halogen-binding pocket 3.°" The 8-Cl of 32
contributes to the amyloid inhibitory activity, since the ICsg values of 31
and 32 are 19 pM and 10 pM, respectively (Fig. 1 and Table 1). On the
other hand, compounds 32, 33, 34, and 35 have similar levels of amy-
loid inhibitory activity (Table 1). This indicates that a chlorine atom can
be accommodated at positions 5-8 in the ring without a carboxyl group
(Figs. 1 and 4). Interestingly, the effect of the introduction of a chlorine
atom at position 6 is different between 30 and 31: compound 34 has
amyloid inhibitory activity, while 37 has no inhibitory activity (Fig. 1
and Table 1). This indicates that the carboxyl group of 34 cannot be
replaced from position 3 to position 2 (Figs. 1 and 4).

A previous study has revealed that iododiflunisal binds strongly to
the T4-binding site of TTR and stabilizes the TTR tetramer better than
diflunisal.”® Previous crystallographic analysis has revealed that the
iodine atom of iododiflunisal is located at the hydrophobic region,
which is composed of Leul7, Thr106, Ala108, Thr119, and Val121.>!
The position of the chlorine atom in the complex of 40-TTR was
consistent with the position of the iodine atom in the complex of iodo-
diflunisal and TTR (PDB code: 1Y1D): the distance between the iodine
and chlorine atoms after alignment was only 0.4 A (Fig. 5). These data
suggest that the introduction of halogen substituents such as chlorine or
iodine, which can be oriented to this hydrophobic space, significantly
enhances the inhibitory activity of the stabilizers against amyloid
aggregation.

Comparison of the binding mode between 40 and tafamidis revealed
that the chlorine atom in 40 does not fit with those of tafamidis (Fig. 5).
The chlorine of 40 is located near the entrance of the T4-binding
channel. On the other hand, the two chlorine atoms of tafamidis are
buried in the two symmetrical hydrophobic regions called halogen-
binding pockets 3 and 3/, which are located in the inner channel.’%°!
The chlorine atom of 32 is also located in halogen-binding pocket 3
(Fig. 4). The removal of two chlorine atoms from tafamidis resulted in a
substantial decrease of amyloid inhibitory activity.”®°? Our results also
indicated that the chlorine atom is important for the inhibitory activity
of 32 (Fig. 1 and Table 1).

We have previously reported the X-ray crystal structure of TTR in
complex with y-mangostin, which is one of the xanthone derivatives.®’
The 2-dimethylallyl group of y-mangostin is located near the entrance of
the T4-binding channel (Fig. 1), and it interacts with the side chain of
V121 via hydrophobic interaction.”’ The 8-dimethylallyl group is
located in the channel, and it interacts with the side chains of A108,
L110, S117 and T119. The 6-hydroxyl group undergoes water-mediated
interaction with the side chains of Thr116 and Vall21 (Fig. 1.7 A
chloride ion-mediated interaction takes place between the 7-hydroxyl
group and the side chains of Ser117 and Thr119 in the structure of
TTR in complex with y-mangostin.?’ Because of the lack of these
dimethylallyl and hydroxyl groups in 40, the binding direction of 40 is
quite different from that of y-mangostin (Fig. 5).

2.4. In vitro ADME assay and in vivo pharmacokinetic study

An in vitro distribution, metabolism and elimination (ADME) assay is
a standard method to evaluate the key physicochemical properties that
are associated with the efficacy profile of a candidate compound. We
performed a standard ADME assay of compounds 40 and 42, which have
the highest amyloid inhibitory activity among the xanthone derivatives
(Table 2). The results were compared with those for tafamidis, which is
the first approved drug for the treatment of familial amyloidotic
polyneuropathy.>”

The solubility was evaluated using Japanese Pharmacopoeia (JP) 1st
test fluid and JP 2nd test fluid, and the results showed that the three
compounds—40, 42 and tafamidis—were comparable. A parallel arti-
ficial membrane permeability assay (PAMPA) showed that 40 and 42
have good permeability properties. A PAMPA permeability assessment
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has also been used to evaluate antipyrine and metoprolol, revealing that
the two drugs have 100% and 95% gastrointestinal absorption in
humans, respectively,” at values of 13 and 1.0 x 107 cm/sec. Since
40, 42 and tafamidis are more permeable than antipyrine, it was
inferred that all three agents were 100% absorbed in the gastrointestinal
tract. In the metabolic stability test using rat liver microsomes, the re-
sidual rate after 30 minat 0.2 mg protein/mL was stable at around 88%
for all three compounds, with and without the addition of NADPH,
which is a coenzyme of CYP. The plasma protein-binding ratio of 40 is
lower than that of tafamidis, while 42 showed a plasma protein-binding
ratio similar to that of tafamidis. These results indicate that 40 and 42
have drug-like physicochemical properties that are similar to those of
tafamidis (Table 2).

We also performed in vivo pharmacokinetics studies in rats using a
liquid chromatography- tandem mass spectrometry (LC-MS/MS)
method (Table 3). Compound solutions were injected intravenously (i.
v.) or orally (p.o.) to male SD rats (n = 2). Blood samples were collected
from the caudal vein at 5 (i.v.), 15, and 30 minand 1, 2, 4, and 8 h. The
compound concentrations were determined by LC-MS/MS analysis of
the supernatants of plasma samples. From the analysis of oral (p.o.)
administration, the observed maximum peak plasma concentration was
reached at approximately 2 h for 40. On the other hand, compound 42
showed a maximum peak plasma concentration at approximately
0.25 h. The data of intravenous (i.v.) administration showed that the
mean elimination half-lives were 1.7 h and 2.4 h for 40 and 42,
respectively, and both these half-lives were shorter than that of tafa-
midis (12 h). The estimated bioavailability (BA) of 40 was 69.8%,
which is comparable with that of tafamidis. On the other hand, the BA of
42 is 34.9%, which is lower than that of 40 (Table 3). The main meta-
bolic pathway of tafamidis is the formation of glucuronide conjugates
for carboxyl groups (https://pfizerpro.jp/documents/if/vyn/vyn01if.
pdf). Differences in metabolism other than CYP, such as differences in
glucuronidation, may have contributed to the differences in the in vivo
pharmacokinetic profiles of these three compounds.

After the final collection of the blood samples, the compound con-
centrations in the eyeball and the brain were determined by LC-MS/MS
(Supplementary Table 3). Considering that the dose of tafamidis is one-
tenth of those of 40 and 42, the concentrations of 40 and 42 in the
eyeball and brain were lower than those of tafamidis. We therefore
concluded that it would be difficult to use 40 and 42 as therapeutics
targeting TTR in the eye or brain. However, compounds 40 and 42 have
drug-like properties similar to those of tafamidis (Tables 2 and 3), and
thus they may have potential as therapeutic agents to stabilize TTR in
the blood and thereby ameliorate TTR amyloidosis.

3. Conclusions

In this study, we investigated the amyloid inhibitory activities of
anthraquinone and xanthone derivatives, and found that xanthone-2-
carboxylic acid with a chlorine or methyl group at position 4 (40 or
42) has the highest amyloid inhibitory activity in vitro. X-ray crystallo-
graphic analysis of the 40-TTR complex indicated the importance of the
interaction of chlorine with the hydrophobic region formed by Leul7,
Thr106, Alal08, Thr119, and Val121. An in vitro ADME assay and an in
vivo pharmacokinetic analysis suggested that 40 and 42 have drug-like
properties, although their elimination half-lives are shorter than that
of tafamidis. Our results suggest that these compounds have potential as
therapeutic agents to stabilize TTR in the blood.

4. Materials and methods
4.1. Chemistry
4.1.1. General

Chemicals were purchased from Sigma-Aldrich, Merck (Darmstadt,
Germany), FUJIFILM Wako Chemicals (Osaka, JAPAN), Nacalai Tesque,
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Tokyo Chemical Industry (Tokyo), and Kanto Chemical (Tokyo) and
used without further purification. Column chromatography was done on
Cicasilica gel 60 N (spherical, neutral; particle size, 63-210 nm; Kanto
Chemical), while thin-layer chromatography was performed using
Merck silica gel 60Fo54 plates. Melting points were taken on a Yanaco-
micro melting point apparatus and are uncorrected. The nuclear mag-
netic resonance (NMR) spectra were acquired in the specified solvent by
means of a JEOL JNM-A400 (400 and 100 MHz for 'H and '3C,
respectively) or JEOL JNM-ECX500 (500 and 125 MHz for 'H and 13C,
respectively). The chemical shifts (8) are reported in ppm downfield
from TMS, and coupling constants (J) are expressed in Hertz. IR spectra
were measured with a JASCO FT/IR-460 Plus spectrophotometer
(JASCO, Tokyo). The low-resolution mass spectra and high-resolution
mass spectra were obtained with a Shimadzu GCMS-QP 500 (Shi-
madzu, Kyoto, Japan), JEOL D-200, or JEOL AX505 (JEOL, Tokyo) mass
spectrometer in the electron impact mode at the ionization potential of
70 eV.

4.1.2. General procedure for construction of the anthraquinone skeleton

To a stirred solution of phthalic anhydride (290 mg, 1.96 mmol) in
toluene (5 mL) was added anhydrous AlCl3 (522 mg, 3.92 mmol) at
0 °C. The reaction mixture was stirred at 50 °C for 2 h. The reaction was
quenched with water (5 mL), and the organic layer was separated. The
aqueous layer was extracted with EtOAc (3 mL x 3). The organic layer
and extracts were combined, dried over Na;SO4, and evaporated to give
a white solid, which was used directly in the next step. The solution of
the above solid in concentrated HoSO4 (2.0 mL) was heated to 100 °C
for 1 h. After cooling, the reaction mixture was diluted with EtOAc
(3 mL), and the organic layer was separated and washed with water
(1 mL x 3). The organic layer was then dried over NaySO4 and
evaporated to give a pale yellow solid, which was recrystallized from
EtOH to afford the corresponding anthraquinone A1-A5 as a pale yellow
solid.*?

4.1.2.1. 2-Methylanthracene-9,10-dione (A1). Yield: 71%; 'H NMR
(400 MHz, CDCl3) &: 8.32-8.29 (2H, m), 8.21 (1H,d,J = 8.0 Hz),8.11
(1H, s), 7.80-7.78 (2H, m), 7.60 (1H, dd, J = 8.0, 1.2 Hz), 2.54 (3H,
8.5

4.1.2.2. 1,3-Dimethylanthracene-9,10-dione (A2). Yield: 76%,; 'H NMR
(400 MHz, CDCls) &: 8.26 (1H, dd, J = 7.2, 2.0 Hz), 8.26 (1H, dd,
J = 7.2,2.0 Hz), 8.05 (1H, s), 7.78 (1H, td, J = 7.2, 2.0 Hz), 7.74
(1H, td, J = 7.2, 2.0 Hz), 7.39 (1H, s), 2.83 (3H, s), 2.48 (3H, 5).*°

4.1.2.3. 1,2,3,4-Tetrachloro-6-methylanthracene-9,10-dione (A3). Yield:
15%; 'H NMR (400 MHz, CDCls) &: 8.06 (1H, d,J = 8.0 Hz),7.95 (1H,
s), 7.60 (1H, d, J = 8.0 Hz), 2.54 (3H, 5).”°

4.1.2.4. 1-Chloro-3-methylanthracene-9,10-dione (A4). Yield: 9%; H
NMR (400 MHz, CDCls) &: 8.30 (1H, dd, J = 8.0, 1.6 Hz), 8.26 (1H,
dd,J = 7.2,2.0 Hz), 8.12 (1H, d, J = 1.2 Hz), 7.84-7.76 (2H, m),
7.63 (1H, s), 2.51 (3H, s); 13C NMR (100 MHz, CDCl3) & 182.41,
181.49, 145.13, 138.14, 135.61, 134.99, 134.44, 133.67, 132.34,
127.43, 127.34, 127.11, 126.69, 21.42; IR (KBr): 3952, 2363, 1676,
1591, 1306, 1275, 1246 cmfl; mp: 196-197 °C; MS (EI) m/z: 256 M)
HRMS (EI) m/z: 256.0282 (M™) [calcd for C;5HgClO9: 256.02911.

4.1.2.5. 1-Fluoro-3-methylanthracene-9,10-dione (A5). Yield: 2%j; B
NMR (400 MHz, CDCl3) 6: 8.31-8.27 (2H, m), 7.98 (1H, s), 7.84-7.61
(2H, m), 7.30 (1H, d, J = 11.6 Hz), 2.54 (3H,s).””

4.1.3. General procedure for the synthesis of anthraquinone derivatives 18
and 21-26

4.1.3.1. Method A. To a stirred solution of the anthraquinone (A1-A5,
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Table 2
Summary of in vitro ADME properties of 40 and 42.
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Compound Aqueous Solubility (pM) PAMPA Permeability (x10~° cm/s) Hepatic Microsome Stability (mL/min/kg) Plasma Protein Binding (% unbound)
pH 1.2 pH 6.8

40 2.9 >100 17 37.9 1.7

42 2.0 >100 18 35.7 0.73

tafamidis 0.088 >100 >50 38.7 0.51

0.14 mmol) in AcOH (1 mL) was added CrO3 (104 mg, 1.04 mmol) at
0 °C, and the resulting mixture was refluxed for 18 h. After cooling, the
reaction mixture was filtered through a pad of Celite and washed with
EtOAc (1 mL x 3). The filtrate and washings were combined and
evaporated to give a black solid, which was chromatographed on SiO,
(5 g CHyClp/MeOH = 50/1-5/1) to afford the corresponding
anthraquinone derivatives as an orange solid.**

4.1.3.2. Method B. To a stirred solution of the anthraquinone (A1-AS5,
0.52 mmol) in concentrated HySO4 (3.0 mL) was added MnO,
(272 mg, 3.12 mmol) at 0 °C, and the resulting mixture was heated at
60 °C for 20 h. After cooling, the reaction mixture was diluted with
EtOAc (3 mlL), and the organic layer was separated and washed with
water (1 mL x 3). The organic layer was dried over Na;SO4 and
evaporated to give a black solid, which was chromatographed on SiO5
(5 g, CHyClp/MeOH = 50/1-5/1) to afford the corresponding
anthraquinone derivatives as an orange solid.**

4.1.3.3. 9,10-Dioxo-9,10-dihydroanthracene-2-carboxylic acid (18).
Yield: 41% (Method A); TH NMR (400 MHz, DMSO dg) 6: 8.67 (1H, s),
8.40 (1H, dd, J = 8.0, 1.2 Hz), 8.31 (1H, d,J = 8.0 Hz), 8.26-8.22
(2H, m), 7.98-7.94 (2H, m).>®

4.1.3.4. 3-Methyl-9,10-dioxo-9,10-dihydroanthracene-1-carboxylic  acid
(21). Yield: 54% (Method B); 'H NMR (400 MHz, DMSO dg) &:
8.21-8.19 (1H, m), 8.16-8.14 (1H, m), 8.08 (1H, s), 7.93 (2H, m), 7.66
(1H, s), 2.52 (3H, s); *C NMR (100 MHz, DMSO dg) 5: 182.15, 181.62,
170.19, 145.49, 136.28, 134.73, 134.56, 133.26, 133.05, 132.94,
132.66, 127.65, 127.09, 126.75, 21.14; IR (KBr): 3975, 2991, 2659,
2338, 1709, 1682, 1591, 1325, 1277, 1219 cm™'; mp: 285-286 °C; MS
(ED) m/z: 266 (M'); HRMS (EI) m/z: 266.0585 (M') [Caled for
C16H1004Z 266.0579].

4.1.3.5. 9,10-Dioxo-9,10-dihydroanthracene-1,3-dicarboxylic acid (22).
Yield: 7% (Method B); 'H NMR (400 MHz, CDCl3) &: 8.57 (1H, br),
8.21-8.19 (1H, m), 8.14-8.12 (1H, m), 8.02 (1H, br), 7.92-7.90 (2H,
m).59

4.1.3.6. 4-Methyl-9,10-dioxo-9,10-dihydroanthracene-2-carboxylic  acid
(23). Yield: 19% (Method A); H NMR (400 MHz, DMSO dg) 6: 8.60
(1H,d,J = 1.6 Hz), 8.20-8.18 (3H, m), 7.96-7.89 (2H, m), 2.83 (3H,
s); 13C NMR (100 MHz, DMSO dg) 5: 183.95, 182.14, 165.84, 141.80,
137.81, 134.72, 134.60, 134.35, 134.17, 134.13 133.19, 132.10,
126.88, 126.28, 125.85, 22.77; IR (KBr): 1701, 1676, 1593, 1269 cm™;
mp: 272-273 °C; MS (EI) m/z: 266 (M™); HRMS (EI) m/z: 266.0572 (M ™)
[Calcd for C16H1004: 266.0579].

4.1.3.7. 5,6,7,8-Tetrachloro-9,10-dioxo-9,10-dihydroanthracene-2-car-
boxylic acid (24). Yield: 76% (Method A); Iy NMR (400 MHz,
DMSO dg) 8:8.51 (1H,d,J = 1.2 Hz),8.36 (1H,dd,J = 8.0,1.2 Hz),
8.18 (1H, d,J = 8.0 Hz).*°

4.1.3.8. 4-Chloro-9,10-dioxo-9,10-dihydroanthracene-2-carboxylic  acid
(25). Yield: 61% (Method A); 'H NMR (400 MHz, DMSO dg) 6: 8.63

(1H, s), 8.28 (1H, d, J = 1.2 Hz), 8.19 (2H, m), 8.00-7.91 (2H, m); '°C
NMR (100 MHz, DMSO dg) &: 181.16, 180.94, 164.87, 136.92, 136.12,
135.67, 134.98, 134.39, 134.20, 133.83, 132.04, 131.75, 127.05,
126.48, 126.45; IR (KBr): 3086, 3072, 2982, 1701, 1680, 1589, 1302,
1261, 1178 cm™; mp: 249-250 °C; MS (EI) m/z: 286 (M*); HRMS (EI)
m/z: 286.0031 (M™) [Calcd for C1sH;ClO4: 286.0033].

4.1.3.9. 4-Fluoro-9,10-dioxo-9,10-dihydroanthracene-2-carboxylic  acid
(26). Yield: 85% (Method A); H NMR (400 MHz, DMSO dg) 6: 8.50
(1H, s), 8.21-8.16 (2H, m), 8.05 (1H, d, J = 11.6 Hz), 7.96-7.90 (2H,
m), 2.49 (3H, s); *C NMR (100 MHz, DMSO dg) &: 181.04, 180.15,
164.80, 161.97, 137.19, 137.11, 135.14, 134.90, 134.46, 133.64,
132.11, 126.67, 123.21, 122.87, 122.63; IR (KBr): 3971, 3751, 3636,
3094, 2361, 2328, 1678, 1612, 1591, 1570, 1470, 1423, 1223, 1165,
1047, 1022 cmfl; mp: 224-225 °C; MS (EI) m/z: 270 (M™); HRMS (EI)
m/z: 270.0327 (M™") [Caled for C;5H7FO4: 270.0328].

4.1.3.10. 5-Acetyloxy-9,10-dioxo-9,10-dihydroanthracene-2-carboxylic
acid (20). Anthraquinone 20 was prepared from 1-acetoxy-6-methylan-
thraquinone according to the literature.*”

'H NMR (400 MHz, DMSO dg) 5: 8.63 (1H, d, J = 2.0 Hz), 8.38
(1H, dd, J = 8.0, 2.0 Hz), 8.22 (1H, d, J = 8.0 Hz), 8.21 (1H, dd,
J = 8.0,1.2 Hz), 798 (1H, t,J = 8.0 Hz), 7.66 (1H, dd, J = 8.0,
1.2 Hz), 2.42 (3H, s).

4.1.3.11. Synthesis of 5-Hydroxy-9,10-dioxo-9,10-dihydroanthracene-2-
carboxylic acid (19). Anthraquinone 20 (20 mg, 0.06 mmol) was dis-
solved in 2.5% NayCO3 aq. (1.0 mL). The resulting mixture was refluxed
for 2 h. After cooling, the reaction mixture was acidified with 10% HCI
aq. (2 mL). The aqueous mixture was extracted with CH,Cly
(1 mL x 3). The organic extracts were combined, dried over NasSOy,
and evaporated to give a pale yellow solid, which was chromatographed
on SiO5 (5 g, CHyCly/MeOH = 50/1) to afford 19 (17 mg, 0.06 mmol,
98%) as a pale yellow solid.

'H NMR (400 MHz, DMSO dg) &: 12.32 (1H, s), 8.64 (1H, d,
J = 2.0 Hz),8.41 (1H,d,J = 8.0 Hz),8.34(1H,d,J = 8.0 Hz),7.85
(1H,dd,J = 8.4,7.6 Hz),7.77 (1H,dd,J = 7.6, 1.2 Hz), 7.43 (1H,
dd,J = 8.4,1.2 Hz).%°

4.1.3.12. Synthesis of 5-Ethoxy-9,10-dioxo-9,10-dihydroanthracene-2-
carboxylic acid (27). To a stirred solution of 20 (22 mg, 0.07 mmol)
in EtOH (2.0 mL) was added concentrated HySO4 (1 drop) at 0 °C, and
the resulting mixture was refluxed for 18 h. After cooling, EtOH was
evaporated and the residue was extracted with CHyCl; (1 mL x 3). The
organic extracts were combined, dried over NaySOy4, and evaporated to
give a pale yellow solid, which was used directly in the next step. To a
stirred solution of the above ethyl ester in DMF (1 mL) were added
Cs2C0O3 (26 mg, 0.08 mmol) and EtI (0.01 mL, 0.10 mmol) at 0 °C, and
the resulting mixture was heated at 60 °C for 20 h. After cooling, the
reaction was quenched with water (3 mL), and then the aqueous
mixture was extracted with EtoO (1 mL x 3). The organic extracts were
combined, dried over NasSO4, and evaporated to give a yellow solid,
which was used directly in the next step. To a stirred solution of the
above ethyl ether in EtOH (1.5 mL) was added 10% NaOH agq. (1.5 mL)
at room temperature, and the resulting mixture was refluxed for 22 h.
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Table 3
Pharmacokinetic parameters of 40 and 42 from rat experiments.
Compound Route Dose (mg/kg) Co or Cpax (ng/mL) Tiax (h) ty/ (h) AUC,, (ng/mL-h) CLyot (mL/h/kg) Viyss (mL/kg) AUCy.gp (ng/mL-h) BA (%)
40 iv. 1 8650 - 1.7 13163 76 164 69.8
p.o. 1 1124 2 5.0 9189 - -
42 iv. 1 19229 - 2.4 7516 133 148 34.9
p.o. 1 476 0.25 4.4 2625 - -
tafamidis iv. 0.1 537 - 12 4334 23 375 1714 55.8%
p.o. 0.1 163 8 NC NC - - 956

NC: Not calculated.
BA: Bioavailability.
" The bioavailability of tafamidis was estimated from the value of AUCq_gp.

After cooling, EtOH was evaporated and the residue was acidified with
10% HCI aq. (2 mL). The aqueous mixture was extracted with CH,Cly
(1 mL x 3). The organic extracts were combined, dried over Na;SOy,
and evaporated to give a pale yellow solid, which was chromatographed
on SiO3 (5 g, CH2Clo/MeOH = 50/1) to afford 27 (12 mg, 0.04 mmol,
57% in 3 steps) as a yellow solid.

'H NMR (500 MHz, CDCls) &: 8.59 (1H, m), 8.35 (1H, dd, J = 8.0,
2.0 Hz), 8.20 (1H, d,J = 8.0 Hz), 7.85-7.82 (2H, m), 7.62-7.59 (1H,
m), 4.26-4.22 (2H, m), 1.45-1.41 (3H, m); >*C NMR (100 MHz, ace-
tone dg) &: 182.47, 180.54, 165.54, 160.12, 137.85, 135.61, 135.43,
134.56,132.69, 128.08, 127.54,127.36,124.28,119.98,119.19, 65.13,
14.23; IR (KBr): 3298.0, 3197.8, 3095.5, 2935.5, 1708.8, 1674.1,
1606.6, 1585.4, 1417.6, 1261.4, 1228.6, 1064.6 cm71; mp:
284-286 °C; MS (EI) m/z: 296 (M™); HRMS (EI) m/z: 296.0695 (M™)
[caled for C14HoClO,: 296.0685].

4.1.4. General procedure for construction of the xanthone skeleton

To a stirred solution of the corresponding o-nitrobenzaldehyde
(1.32 mmol), PPhs (26 mg, 0.10 mmol), anhydrous CuCly (9 mg,
0.07 mmol), and dried K3PO4 (618 mg, 2.91 mmol) in toluene (5 mL)
were added to the corresponding phenol (1.72 mmol) at room tem-
perature, and the resulting mixture was heated at 100 °C for 45 h under
an air atmosphere. After cooling, the reaction was quenched with 10%
NaOH aq. (5 mL) and the aqueous mixture was extracted with CH,Cly
(5 mL x 3). The organic extracts were combined, dried over NaSOy,
and evaporated to give a black solid, which was chromatographed on
SiOy (15 g, hexane/EtOAc 50/1-5/1) to afford the corresponding
xanthone as a pale yellow solid.*°

4.1.4.1. 2-Methyl-9H-xanthen-9-one (28). Yield: 31%j; 'H NMR
(400 MHz, CDCl3) &: 8.35 (1H, dd, J = 8.0, 2.0 Hz), 8.13 (1H, d,
J = 2.0 Hz), 7.72 (1H, ddd, J = 8.4, 6.8, 2.0 Hz), 7.55 (1H, dd,
J = 8.4,2.0 Hz),7.49 (1H,d,J = 8.4 Hz),7.41 (1H,d,J = 8.4 Hz),
7.38 (1H, ddd, J = 8.0, 6.8, 1.2 Hz), 2.48 (3H, s).”/

4.1.4.2. 3-Methyl-9H-xanthen-9-one (29). Yield: 47%j; H NMR
(400 MHz, CDCl3) 5/ppm: 8.34 (1H, dd, J = 8.0, 1.2 Hz), 8.23 (1H, d,
J = 8.0 Hz), 7.72 (1H, ddd, J 8.0, 7.2, 1.2 Hz), 7.48 (1H, d,
J = 8.0 Hz), 7.37 (1H, ddd, J = 8.0,7.2, 1.2 Hz), 7.30 (1H, s), 7.20
(1H,d,J = 8.0 Hz)."

4.1.4.3. 1-Chloro-6-methyl-9H-xanthen-9-one (X1). Yield: 9%; 'H NMR
(400 MHz, CDCl3) 5: 8.19 (1H,d,J = 8.0 Hz),7.55 (1H, dd,J = 8.4,
8.0 Hz), 7.40 (1H, dd, J = 8.4, 1.2 Hz), 7.36 (1H, dd, J = 8.0,
1.2 Hz), 7.23 (1H, s), 7.19 (1H, dd, J = 8.0, 1.2 Hz), 2.50 (3H, 5).°!

4.1.4.4. 2-Chloro-6-methyl-9H-xanthen-9-one (X2). Yield: 11%; IH NMR
(400 MHz, CDCl3) &: 8.29 (1H, d, J 2.4 Hz), 8.21 (1H, d,
J = 8.4 Hz),7.65(1H,dd,J = 9.2,2.4 Hz),7.45(1H,d,J = 9.2 Hz),
7.30 (1H, s), 7.22 (1H, dd, J = 8.4, 1.2 Hz), 2.52 (3H, 5).°

4.1.4.5. 3-Chloro-6-methyl-9H-xanthen-9-one (X3). Yield: 29%;1H NMR

10

(400 MHz, CDCly) & 8.27 (1H, d, J 8.8 Hz), 8.21 (1H, d,
J = 8.4 Hz),7.50(1H, d,J = 2.0 Hz),7.34(1H, dd,J = 8.8,2.0 Hz),
7.23 (1H, s), 7.22 (1H, dd, J = 8.4, 0.8 Hz), 2.52 (3H, 5).%°

4.1.4.6. 5-Chloro-3-methyl-9H-xanthen-9-one (X4). Yield: 33%; 1H NMR
(400 MHz, CDCl3) &: 8.25 (1H, dd, J 8.0, 2.0 Hz), 8.21 (1H, d,
J = 8.0 Hz),7.78 (1H, dd,J = 8.0, 2.0 Hz),7.43 (1H, s), 7.31 (1H, t,
J = 8.0 Hz),7.24 (1H, dd, J = 8.0, 1.2 Hz), 2.54 (3H, s); 1°C NMR
(100 MHz, CDCl3) &: 176.13, 155.71, 151.55, 146.74, 134.58, 126.33,
125.91, 125.15, 123.58, 123.06, 122.61, 119.02, 117.85, 21.89; IR
(KBr): 3836.2, 3745.5, 1670.2, 1627.8, 1600.8, 1467.7, 1438.8, 1313.4,
1238.2,1180.4,1151.4 cm’l; mp: 164-165 °C; MS (EI) m/z: 244 (M™);
HRMS (EI) m/z: 244.0282 (M) [calcd for C14HoClO,: 244.0291].

4.1.4.7. 5-Chloro-2-methyl-9H-xanthen-9-one (X5). Yield: 21%j; 1H NMR
(400 MHz, CDCl3) 6: 8.26 (1H, d,J = 8.0 Hz), 8.12 (1H, s), 7.79 (1H,
dd, J 7.4, 1.6 Hz), 7.59 (1H, d, J 8.8 Hz), 7.52 (1H, d,
J = 8.8 Hz),7.31 (1H, dd,J = 8.0, 7.4 Hz), 2.49 (3H, 5).**

4.1.4.8. 6-Chloro-2-methyl-9H-xanthen-9-one (X6). Yield: 19%; 1H NMR
(400 MHz, CDCl3) 6: 8.28 (1H, d, J = 8.4 Hz), 8.11 (1H, s), 7.56 (1H,
dd, J = 8.8, 2.6 Hz), 7.51 (1H, d, J 2.0 Hz), 7.40 (1H, d,
J = 8.8 Hz),7.34 (1H, dd, J = 8.4, 2.0 Hz), 2.48 (3H, 5).”°

4.1.4.9. 2-Chloro-7-methyl-9H-xanthen-9-one (X7). Yield: 23%j; 1 NMR
(400 MHz, CDCl3) §/ppm: 8.30 (1H,d,J = 2.6 Hz), 8.11 (1H, s), 7.66
(1H,dd,J = 9.2,2.6 Hz),7.56 (1H,dd,J = 8.4,2.6 Hz),7.46 (1H, d,
J = 9.2 Hz),7.41 (1H,d, J = 8.4 Hz), 2.48 (3H, 5).°°

4.1.4.10. 1-Chloro-7-methyl-9H-xanthen-9-one (X8). Yield: 5%; TH NMR
(400 MHz, CDCl3) &: 8.09 (1H, s), 7.56 (1H, dd, J = 8.4,7.6 Hz), 7.52
(1H,dd,J = 8.8,2.4 Hz),7.41 (1H,dd,J = 8.4,1.2 Hz),7.37 (1H, d,
J = 7.6 Hz),7.34 (1H, d,J = 8.8 Hz), 2.47 (3H, 5).””

4.1.4.11. 4-Chloro-2-methyl-9H-xanthen-9-one (X9). Yield: 18%; H
NMR (500 MHz, CDCl3) &: 8.33 (1H, dd, J = 8.0, 1.5 Hz), 8.05-8.04
(1H, m), 7.76 (1H, ddd, J = 8.0, 7.0, 1.5 Hz), 7.64 (1H, m), 7.61 (1H,
d,J = 8.0 Hz),7.41 (1H, ddd,J = 8.0,7.0,1.0 Hz), 2.46 (3H, s); 1>C
NMR (100 MHz, CDCl3) &: 176.64, 155.80, 149.87, 135.96, 135.01,
134.01, 126.69, 124.84,124.28,122.64, 122.25,121.35,118.19, 20.68;
IR (KBr): 3865, 1663, 1591, 1462, 1317, 1256, 1225, 1148, 1022 cm™;
mp: 167-168 °C, MS (EI) m/z: 244 (M™1); HRMS (EI) m/z: 244.0292 ™
[caled for C14HgClO9: 244.0291].

4.1.4.12. 4,5-Dichloro-2-methyl-9H-xanthen-9-one (X10). Yield: 18%j;
THNMR (500 MHz, CDCl3) &: 8.24 (1H, dd,J = 8.0,1.5 Hz), 8.03 (1H,
m),7.83(1H,dd,J = 8.0,1.5 Hz),7.67 (1H,d,J = 2.5 Hz),7.35(1H,
t,J = 8.0 Hz), 2.48 (3H, s); 13C NMR (100 MHz, CDCl3) &: 176.07,
151.48, 149.63, 136.37, 135.19, 134.75, 125.24, 124.76, 124.23,
123.31, 122.81, 122.63, 122.20, 20.75; IR (KBr): 3894, 3751, 2328,
1665, 1564, 1437, 1377, 1308, 1186, 1126, 1067 cm’l; mp:
254-255 °C; MS (EI) m/z: 278 (M+); HRMS (EI) m/z: 277.9893 (M™)
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[caled for C14HgCl205: 277.9901].

4.1.4.13. 2,4-Dimethyl-9H-xanthen-9-one (X11). Yield: 26%; H NMR
(400 MHz, CDCls) &: 8.34 (1H, dd, J = 8.0, 1.6 Hz), 7.98 (1H, s), 7.72
(1H, ddd,J = 8.4,6.8,1.6 Hz),7.54(1H,d,J = 8.4 Hz),7.40 (1H, s),
7.37 (1H, ddd, J = 8.0, 6.8, 1.6 Hz), 2.54 (3H, s), 2.43 (3H, 5).”®

4.1.5. General procedure for the synthesis of xanthone derivatives 30-42

To a stirred solution of the xanthone (28 or 29 or X1-X11,
0.11 mmol) in AcOH (1 mL)/Ac30 (1 mL) was added CrO3 (104 mg,
1.04 mmol) at 0 °C, and the resulting mixture was heated at 100 °C for
3 h. After cooling, the reaction mixture was filtered through a pad of
Celite and washed with EtOAc (1 mL x 3). The filtrate and washings
were combined and evaporated to give a black solid, which was chro-
matographed on SiOz (5 g, hexane/EtOAc = 5/1-1/1) to afford the
corresponding xanthone derivatives as a white solid.

4.1.5.1. 9-Oxo-9H-xanthene-2-carboxylic acid (30). Yield: 79%; g
NMR (400 MHz, DMSO dg) 6: 8.73 (1H, d,J = 2.0 Hz), 8.34 (1H, dd,
J = 8.8, 2.0 Hz), 8.22 (1H, dd, J = 8.0, 2.0 Hz), 7.92 (1H, ddd,
J = 8.4, 74, 20 Hz), 777 (1H, d, J = 8.8 Hz), 7.72 (1H, d,
J = 8.4 Hz),7.54 (1H, dd,J = 8.0, 7.4 Hz).”’

4.1.5.2. 9-Oxo-9H-xanthene-3-carboxylic acid (31). Yield: 31%; Bii
NMR (400 MHz, DMSO dg) &: 8.29 (1H, d,J = 8.8 Hz), 8.21 (1H, dd,
J = 8.0,1.6 Hz),8.10(1H,s),7.95(1H,d,J = 8.8 Hz),7.91 (1H, ddd,
J = 8.8,7.2,1.6 Hz),7.71 (1H,d,J = 8.8 Hz),7.51 (1H,dd,J = 8.0,
7.2 Hz).”°

4.1.5.3. 8-Chloro-9-oxo-9H-xanthene-3-carboxylic ~ acid (32). Yield:
58%; 'H NMR (400 MHz, DMSO dg) &: 8.23 (1H, d,J = 8.0 Hz), 8.04
(1H, s), 7.94 (1H,d,J = 8.0 Hz),7.81 (1H,dd,J = 8.4,8.0 Hz), 7.66
(1H,d, J = 8.4 Hz), 7.52 (1H, d,J = 8.0 Hz); '>C NMR (100 MHz,
DMSO dg) &: 174.62, 166.03, 157.51, 154.17, 137.28, 135.25, 132.70,
127.38, 126.81, 124.45, 124.31, 118.72, 118.20, 117.98; IR (KBr):
1699, 1668, 1597, 1495, 1456, 1425, 1323, 1292, 1167 cm™!; mp:
281-282 °C; MS (EI) m/z: 274 (M™); HRMS (EI) m/z: 274.0034 (M™)
[caled for C14H7ClO4: 274.0033].

4.1.5.4. 7-Chloro-9-oxo-9H-xanthene-3-carboxylic  acid (33). Yield:
56%); 'H NMR (400 MHz, DMSO dg) 6: 8.29 (1H, d,J = 8.0 Hz), 8.13
(1H,d,J = 2.4 Hz),8.10(1H,d,J = 1.2 Hz),7.97 (1H,dd,J = 8.0,
1.2 Hz), 7.95 (1H, dd, J = 9.2, 2.4 Hz),7.78 (1H,d,J = 9.2 Hz).”°

4.1.5.5. 6-Chloro-9-oxo-9H-xanthene-3-carboxylic ~acid (34). Yield:
71%; 1H NMR (400 MHz, DMSO dg) 6:8.27 (1H,d,J = 7.6 Hz), 8.20
(1H,d,J = 8.4 Hz), 8.07 (1H,s),7.97 (1H,d,J = 7.6 Hz),7.91 (1H,
s), 7.56 (1H, dd, J = 8.4, 2.4 Hz); !3C NMR (100 MHz, CDCls) &:
175.17, 165.92, 156.10, 155.22, 140.19, 137.12, 127.94, 126.70,
125.25, 124.60, 123.73, 120.15, 119.11, 118.25; IR (KBr): 2357, 1659,
1607, 1583, 1560, 1491, 1433, 1298, 1207, 1173, 1094, 1072 cmfl;
mp: >300 °C; MS (EI) m/z: 274 (M™); HRMS (EI) m/z: 274.0031 (M™)
[caled for C14H7ClO4: 274.0033].

4.1.5.6. 5-Chloro-9-oxo-9H-xanthene-3-carboxylic ~acid (35). Yield:
83%; TH NMR (400 MHz, DMSO dg) 6: 8.29 (1H, d,J = 8.4 Hz), 8.16
(1H,dd,J = 7.6,1.6 Hz),8.12(1H,s), 8.08 (1H, dd,J = 8.0,1.6 Hz),
7.99 (1H, dd, J = 8.4, 1.2 Hz), 7.50 (1H, dd, J = 8.0, 7.6 Hz); 13C
NMR (100 MHz, DMSO dg) 6: 175.26, 165.82, 154.82, 151.26, 137.17,
135.68, 126.74, 125.04, 124.90, 124.76, 123.38, 122.74, 121.79,
119.10; IR (KBr): 3065, 1703, 1674, 1603, 1495, 1474, 1429, 1304,
1209,1177 crnfl; mp: >300 °C; MS (EI) m/z: 274 (M™), HRMS (EI) m/z:
274.0034 (M) [caled for C;4H7ClO4: 274.0033].

(36). Yield:

4.1.5.7. 5-Chloro-9-oxo-9H-xanthene-2-carboxylic  acid
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68%; 'H NMR (400 MHz, DMSO dg) &: 8.71 (1H,d,J = 2.4 Hz), 8.36
(1H, dd,J = 8.8,2.4 Hz),8.17 (1H, dd,J = 8.0, 2.0 Hz), 8.09 (1H,
dd, J = 8.0, 2.0 Hz), 7.83 (1H, d, J = 8.8 Hz), 7.51 (1H, t,
J = 8.0 Hz); '3C NMR (100 MHz, DMSO ds) &: 175.32, 166.00,
157.63, 151.04, 135.82, 135.74, 127.83, 127.24, 125.13, 125.10,
122.69, 121.81, 120.66, 119.02; IR (KBr): 3155, 3038, 1730, 1645,
1616, 1603, 1489, 1470, 1435, 1312 cm™*; mp: >300 °C; MS (EI) m/z:
274 (M1); HRMS (ED) m/z: 274.0026 (MT) [caled for Cq4H7ClOg4:
274.0033].

4.1.5.8. 6-Chloro-9-oxo-9H-xanthene-2-carboxylic  acid (37). Yield:
53%; TH NMR (400 MHz, DMSO dg) 6: 8.71 (1H,d,J = 2.4 Hz), 8.35
(1H, dd, J = 8.8, 2.4 Hz), 8.20 (1H, d, J = 8.8 Hz), 7.93 (1H, d,
J = 1.6 Hz),7.76 (1H,d,J = 8.8 Hz),7.57 (1H,dd,J = 8.8,1.6 Hz);
13C NMR (100 MHz, DMSO dg) &: 175.43, 166.56, 157.56, 157.46,
155.97, 140.13, 136.09, 128.04, 127.51, 125.37, 120.76, 120.15,
118.46, 118.33; IR (KBr): 3414, 2922, 1676, 1605, 1445, 1425,
1261 cm’l; mp: >300 °C; MS (EI) m/z: 274 (M™); HRMS (EI) m/z:
274.0034 (M ™) [caled for C14H7Cl04: 274.0033].

4.1.5.9. 7-Chloro-9-oxo-9H-xanthene-2-carboxylic ~ acid (38). Yield:
26%; 'H NMR (400 MHz, DMSO dg) &: 8.69 (1H, d, J = 2.4 Hz), 8.34
(1H, dd, J = 8.8, 2.4 Hz), 8.11 (1H,d, J = 2.8 Hz), 7.94 (1H, dd,
J = 84, 28 Hz), 7.76 (1H, d, J = 8.4 Hz), 7.76 (1H, d,
J = 8.8 Hz).%

4.1.5.10. 8-Chloro-9-oxo-9H-xanthene-2-carboxylic acid (39). Yield:
42%; H NMR (400 MHz, DMSO dg) 6: 8.67 (1H,d,J = 2.4 Hz), 8.31
(1H,dd,J = 8.8,2.4 Hz),7.82(1H,dd,J = 8.4,8.0 Hz),7.71 (1H, d,
J = 8.8 Hz),7.67 (1H,d,J = 8.4 Hz),7.54(1H,dd,J = 8.0,1.2 Hz);
13c NMR (100 MHz, DMSO dg) &: 174.43, 166.09, 157.17, 156.92,
135.46, 135.24, 132.73, 128.04, 127.60, 126.90, 121.48, 118.41,
118.07, 117.93; IR (KBr): 3555, 3483, 3414, 3364, 2332, 1674, 1601,
1493, 1429, 1279, 1173, 1128 cm’l; mp: >300 °C; MS (EI) m/z: 274
(M™); HRMS (ED) m/z: 274.0034 (M ™) [caled for C14H;ClO4: 274.0033].

4.1.5.11. 4-Chloro-9-oxo-9H-xanthene-2-carboxylic acid (40). Yield:
54%; H NMR (400 MHz, DMSO dg) 6: 8.58 (1H,d,J = 1.6 Hz), 8.34
(1H, s), 8.17 (1H, d, J = 6.8 Hz), 7.92 (1H, br), 7.73 (1H, d,
J = 7.6 Hz), 7.54 (1H, br); *>*C NMR (100 MHz, DMSO dg) &: 175.24,
165.23, 155.14, 153.58, 136.32, 134.75, 126.97, 126.34, 126.14,
125.52, 122.32, 122.26, 120.78, 118.41; IR (KBr): 3566, 3192, 3045,
2448, 2357, 2332, 1674, 1599, 1560, 1489, 1464, 1250, 1211, 1180,
1153, 1113, 1088 cm’l; mp: >300 °C; MS (EI) m/z: 274 (M™); HRMS
(ED) m/z: 274.0034 (M) [calcd for C;4H;ClO4: 274.0033].

4.1.5.12. 4,5-Dichloro-9-oxo-9H-xanthene-2-carboxylic acid (41). Yield:
61%; TH NMR (400 MHz, DMSO dg) 6: 8.58 (1H, d,J = 2.0 Hz), 8.40
(1H,d, J = 2.0 Hz), 8.14 (1H, dd, J = 8.0, 2.0 Hz), 8.10 (1H, dd,
J = 8.0,2.0 Hz),7.53 (1H, td,J = 8.0, 2.0 Hz); '*3C NMR (100 MHz,
DMSO dg) 8: 174.98, 165.18, 153.36, 150.78, 136.05, 135.04, 127.42,
126.29, 125.74, 125.15, 122.66, 122.47, 122.18, 122.10; IR (KBr):
3906, 3751, 3076, 2357, 2343, 2330, 1682, 1601, 1582, 1468, 1410,
1279, 1225, 1190, 1146 cm’l; mp: >300 °C; MS (EI) m/z: 308 ™)
HRMS (EI) m/z: 307.9644 (M) [calcd for C;4HeCl204: 307.9643].

4.1.5.13. 4-Methyl-9-oxo-9H-xanthene-2-carboxylic acid (42). Yield:
99%j; 'HNMR (400 MHz, DMSO dg) 8:13.24 (1H, br), 8.58 (1H, s), 8.24
(1H,s), 8.20 (1H,d,J = 7.6 Hz),7.92 (1H,dd,J = 8.4,8.0 Hz),7.75
(1H,d,J = 8.4 Hz),7.52 (1H, dd,J = 8.0,7.6 Hz), 2.58 (3H, s); 3C
NMR (100 MHz, DMSO dg) 6: 176.03, 166.32, 156.49, 155.40, 135.90,
135.81, 128.06, 126.00, 125.98, 125.50, 124.93, 120.84, 120.64,
118.50, 15.32; IR (KBr): 2370, 2353, 2324, 1697, 1663, 1606, 1597,
1470, 1431, 1406, 1321, 1292, 1225 cm™}; mp: >300 °C; MS (EI) m/z:
254 (M"); HRMS (EI) m/z: 254.0588 (M™') [caled for Cy5H;0O4:
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254.0579].

4.2. Materials

Wild-type TTR and V30M were expressed in Escherichia coli as
described previously.71 Chrysazin (1), Emodin (3), Aloe Emodin (5),
Alizarin Safirol SE (11), Nuclear Fast Red (12), Leucoquinizarin (14),
Anthrarufin (15), Diacerein (16) and Daunorubicin Hydrochloride (17)
were purchased from Tokyo Chemical Industry Co. Chrysophanol (2),
Physcion (4) and Purpurin (7) were purchased from LKT Laboratories.
Isopurpurin (9) and Quinizarin (13) were purchased from Sigma-Aldrich
Japan. Rhein (6), Alizarin (8) and Quinalizarin (10) were purchased
from AdooQ-BioScience, FUJIFILM Wako Pure Chemical, and Vitas-M
Laboratory, respectively.

4.3. Protein crystallography

For the preparation of TTR and inhibitor complexes, 30 mg/mL WT-
TTR or V30M-TTR and 10 mM of compound 7, 25, 32 or 40 (in DMSO)
were mixed in a 9:1 ratio, and the protein samples were incubated for
60 min at room temperature. Single crystals suitable for a diffraction
experiment were successfully obtained by the sitting-drop vapor-diffu-
sion method under the condition [15-26% polyethylene glycol 400,
0.4 M CaCly, 0.1 M sodium acetate pH 4.9]. Crystals were cryo-
protected by the buffer [32% polyethylene glycol 400, 0.4 M CaCl,,
0.1 M sodium acetate pH 5.0] and flash-frozen using liquid nitrogen. X-
ray diffraction data were collected using beamlines 5A and 17A at the
Photon Factory (Tsukuba, Japan). The diffraction data sets were pro-
cessed with XDS.”? All crystals were isomorphous with typical TTR
crystal structures with space group P2:2,2. Therefore, structure re-
finements were directly performed without molecular replacement
phasing using the apo V30M-TTR (PDB ID: 4PWE) or apo WT-TTR (PDB
ID: 4 N85) structures as initial models.>>*° The structures were refined
using PHENIX.REFINE with manual model building using COOT.”>”*
The 3D structures and library data of the inhibitors were created using
PRODRG {Schuttelkopf, 2004 #1122}. Because the inhibitor-binding
sites were located on the crystallographic symmetry axis, the in-
hibitors were refined at 50% occupancy (Fig. 2). The coordinates and
structure factors have been deposited in the Protein Data Bank (Sup-
plementary Tables 1 and 2).

4.4. Acid-Mediated aggregation experiments

V30M-TTR was incubated at pH 7.0 in the presence of the com-
pounds for 30 min at room temperature prior to protein aggregation.
Acid-mediated protein aggregation was initiated by diluting the protein
solution with 100 mM acetate buffer at pH 4.6. The protein concen-
tration was set to 10 pM and the compound concentration was set to
0-100 pM. After incubation for 96 h at pH 4.6 and 37 °C, the solution
was 6-fold diluted with 200 mM Tris-HCl at pH 8.0 containing 20 pM
thioflavin T. The fluorescence measurement was performed as described
previously.*® The ICsq values were obtained by fitting the data with the
4-parameter logistic model.”® At least two technical replicates were
performed.

4.5. Animals

Male Sprague Dawley rats (7-week-old) were purchased from SLC
Inc. (Hamamatsu, Japan). All animals were maintained in air-
conditioned quarters with a room temperature of 20 + 2 °C, relative
humidity of 50 + 10%, and an alternating 12 h light:dark cycle. The
rats were fed a certified diet (MF; Oriental Yeast Co.) and water ad
libitum. The studies were conducted in accordance with the guidelines
provided by the Animal Care and Use Committee of Osaka University.
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4.6. ADME assay

Solubility assay: The Japanese Pharmacopeia (JP) 1st fluid (pH 1.2)
or JP 2nd fluid (pH 6.8) for dissolution testing was used for solubility
measurements. A test solution of the test compound was prepared by
diluting 10 mM DMSO stock solution 2 pL:165 pLin JP 1st or 2nd fluid
and mixed at 37 °C for 4 h by rotation at 1000 rpm. After loading the
mixed solution into 96-well MultiScreen Filter Plates (product number
MSHVN4510, 0.45 pm hydrophilic PVDF membrane; Millipore, Bed-
ford, MA), filtration was performed by centrifugation. The filtrates were
mixed with acetonitrile and analyzed by HPLC-UV (254 nm). Solubility
was calculated by comparing the peak area of the filtrate mixture with
that of a 100 pM standard solution. When the peak area of the filtrate
mixture was larger than the peak area of the standard solution, it was
described as >100 pM. At least two technical replicates were
performed.

A PAMPA assay was performed to determine the passive membrane
diffusion rates: A Corning Gentest Pre-coated PAMPA Plate System was
used in the PAMPA permeability test. The acceptor plate was prepared
by adding 200 pL of 5% DMSO/0.1 M phosphate buffer (pH7.4) to each
well, and then 300 pL of 10 pM test compounds in 5% DMSO/0.1 M
phosphate buffer (pH 6.4) was added to the donor wells. The acceptor
plate was then placed on top of the donor plate and incubated at 37 °C
without agitation for 4 h. At the end of the incubation, the plates were
separated and the solutions from each well of both the acceptor plate
and the donor plate were transferred to 96-well plates and mixed with
acetonitrile. The final concentrations of compounds in both the donor
wells and acceptor wells, as well as the concentrations of the initial
donor solutions, were analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS). The permeability of the compounds was
calculated according to a previous report.”” The recovery of tested
compounds was more than 90%. The permeabilities of antipyrine
(100 pM), metoprolol (500 pM) and sulfasalazine (500 pM) as refer-
ence compounds were 13, 1.0 and 0.044 x 107° cm/s, respectively. At
least two technical replicates were performed.

Hepatic microsomal stability assay: Disappearance of the parent
compound over time was measured by using the amount of drug at time
zero as a reference. After 5 min of preincubation, 1 mM NADPH (final
concentration; the same applies to the following) was added to a mixture
containing 1 pM of the test compound, 0.2 mg/mL of rat liver micro-
somes (Sekisui XenoTech LLC, Kansas City, KS), 1 mM EDTA and 0.1 M
phosphate buffer (pH 7.4) and incubated at 37 °C for 30 min with
rotation at 60 rpm. An aliquot of 50 pL of the incubation mixture was
sampled and added to 250 pL of chilled acetonitrile/internal standard
(IS). After centrifuging for 15 min at 3150g (4 °C), the supernatants
were analyzed by LC-MS/MS. Hepatic microsomal stability (mL/min/
kg, CLint) was calculated according to a previous report,’® using
44.8 mg MS protein/g liver and 40.0 g liver/kg body weight as scaling
factors. At least two technical replicates were performed.

Determination of the unbound fraction in rat plasma: An equilibrium
dialysis apparatus was used to determine the unbound fraction for each
compound in rat plasma. A Rapid Equilibrium Dialysis (RED) Device
Single-Use Plate with Inserts, 8 K MWCO (ThermoFisher Scientific,
Waltham, MA) was used. Plasma was spiked with the test compound
(1 pM), and 200 pL aliquots were loaded into the apparatus and dia-
lyzed versus 350 pL of 0.1 M phosphate buffer (pH 7.4) at 37 °Cfor4 h
by rotation at 1000 rpm. The unbound fraction was calculated as the
ratio of receiver side (buffer) to donor side (plasma) concentrations. At
least two technical replicates were performed.

4.7. In vivo pharmacokinetics assay

A test compound solution in 10% DMSO/0.1 M phosphate buffer
(pH 8.5) was injected intravenously (i.v.) or orally (p.o.) to male SD rats.
The dosage of the test compounds was 0.1 (tafamidis) or 1 (40 and 42)
mg/5 mL/kg. Blood samples were collected from the caudal vein at 5 (i.



R. Kitakami et al.

v.), 15, and 30 min and 1, 2, 4, and 8 h. Plasma was prepared by
centrifugation of the blood samples at —80 °C. Plasma samples were
precipitated with 4 volumes of acetonitrile/IS and centrifuged at
15,000g at 4 °C for 10 min. The supernatants were analyzed by LC-MS/
MS. Standard non-compartmental analysis was performed to determine
the pharmacokinetic parameters: the estimated initial concentration
(Cp), maximum plasma concentration (Cp,x), time to maximum plasma
concentration (Tmax), elimination half-life (¢;,2), area under the con-
centration time curve from time zero to infinity (AUC,,), AUC from time
zero to 8 h (AUCy.gp), total clearance (CLyq), and volume of distribution
at steady-state (Vgg). The absolute bioavailability (BA) of the oral dose
was calculated as AUC(p.0.)/AUC(i.v.). At least two biological rep-
licates were generated for each sample.

4.8. LC-MS/MS quantification Method

An LC-MS8060 instrument equipped with a Shimadzu Nexera series
LC system (Shimadzu, Kyoto, Japan) was used. All compounds were
analyzed in multi-reaction monitoring mode under electron spray ioni-
zation conditions. The analytical column used was a CAPCELLPAK C18
MGIII (3 pm x 2.0 mmID x 35 mm; OSAKA SODA, Osaka, Japan) at
50 °C. The gradient mobile phase consisted of 0.1% formic acid in water
(mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B)
at a total flow rate of 1 mL/min. The initial mobile phase composition
was 10% B, which was held constant for 0.5 min, increased in a linear
fashion to 90% B over 1 min, then held constant for 0.8 min, and finally
brought back to the initial condition of 10% B over 0.01 min and re-
equilibrated for 1 min. The transitions (precursor ion > product ion)
of tafamidis, 40, 42, and IS (methyl testosterone) are 306.0 > 262.1,
273.0 > 229.1 (negative), 255.1 > 211.2, and 303.1 > 109.1 (pos-
itive), respectively.
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