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The ability of compounds 2-20 to bind PPARa, PPARY,
and PPARSJ was evaluated and the results are shown in
Tables 1-3, respectively. GW764723 (PPAR), rosiglit-
azone’ (PPARY), and GW501516%* (PPARS) were used

Table 1. Binding affinity for PPARa of compounds 1-20 at 0.1, 1.0,
and 10 uM
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as reference compounds (Fig. 1). The lead compound 1
showed high affinity for PPARY and little affinity for
PPARa and PPARS (Tables 1-3, line 1). As we had
expected from the computational study described above,

Table 2. Binding affinity for PPARY of compounds 1-20 at 0.1, 1.0,
and 10 uM
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Values are means of at least three experiments.

Values are means of at least three experiments.
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Table 3. Binding affinity for PPARS of compounds 1-20 at 0.1, 1.0,
and 10 yM
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Values are means of at least three experiments.

compound 10, the meta isomer of compound 1, displayed
much higher affinity for PPARa thandid 1 (Table 1, line 1
vs 10). Furthermore, the affinity for PPARY of 10 is lower
than that of 1 (Table 2, line 1 vs 10), and compound 10
exhibited no affinity for PPARS (Table 3, line 10).

To study the structure—activity relationship of 3-{3-[2-
(alkylpyridin-2-ylamino)ethoxy]phenyl} propanoic acid
derivatives and to find more potent PPARa ligands,
we initially evaluated the PPAR-binding affinity of com-
pounds 2-12 which have alkyl chains of various lengths
on their nitrogen atom. It was found that the affinity of
these compounds was closely related to chain length.
Among compounds 2-12, nonyl 10 showed the greatest
affinity for PPARa, while decyl 11 and undecyl 12 were
most active toward PPARY, and heptyl 8 and octyl 9
showed little affinity for PPARS (Tables 1-3, lines 2-12).

We next examined the effect of substituents at the C-2 po-
sition of the propanoic acid of 16, because it has been
reported that the introduction of an alkyl or alkoxy group
at this position increases activity for PPARq.!525-27
Methyl 13, ethyl 14, and ethoxy 15 were tested, and much
to our satisfaction, 13 and 14 showed strong affinity for
PPARa and slightly weak affinity for PPARy as com-
pared with the parent compound 10. In addition, com-
pounds 13-15 had no affinity for PPARS (Tables 1-3,
lines 13-15).

To examine the effect of the introduction of a methoxy
group at the C-4 position of the benzene ring,
compounds 16-20 were investigated. However, these
compounds did not show a pronounced affinity
for PPARa compared to compounds 10, 13, and 14
(Tables 1, lines 16-20).

In summary, to find novel PPAR« ligands, we prepared
several  3-{3-(2-nonylaminoethoxy)phenyl}propanoic
acid derivatives which were designed based on the struc-

ture of the PPARY agonist 1. Compound 10, the meta
isomer of 1, was found to be a PPAR« ligand. The intro-
duction of methyl (13) and ethyl (14) groups at the C-2
position of the propanoic acid of 10 further improved
the PPARa-binding potency. The findings of this study
will help provide an effective agent for hyperlipidemia.
Currently, further detailed studies pertaining to com-
pounds 13 and 14 are under way.
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Abstract: To find novel histone deacetylase 6 (HDAC6)-selective
inhibitors and clarify the structural requirements for HDAC6-selective
inhibition, we prepared thiolate analogucs designed bascd on the
structure of an HDAC6-selective substrate and evaluated the histone/
a-tubulin acetylation selectivity by Western blot analysis. Aliphatic
compounds 17b—20b selectively caused a-tubulin acetylation over
histone H4 acetylation. In enzyme assays using HDAC1T, HDAC4, and
HDACS6, compounds 17a—19a exhibited HDAC6-selective inhibition
over HDACI and HDAC4.

Introduction

Histone deacetylases® (HDACs) are responsible for the
deacetylation of the acetylated lysine residues in the N-terminal
region of the core histones and are involved in transcriptional
regulation, cell cycle progression, and developmental events.'
Thus far, eighteen HDAC family members have been identified,
and they are divided into two categories, i.e., zinc-dependent
enzymes (HDAC1—11) and NAD*-dependent enzymes (SIRT1—
7).122 HDACS, a zinc-dependent HDAC isoform, is unique in
that it is cytoplasmic and participates in the deacetylation of
nonhistonc protcins, such as o-tubulin and HSP30, as well as
regulating important biological processes including microtubule
stability and function, and molecular chaperon activity.? In
addition, it has recently been reported that inhibition of HDAC6
has an antitumor effect in multiple myeloma cells.* Thus,
HDACG6-selective inhibitors are of interest not only as tools for
elucidating the more intricate biological functions of HDACS,
but also as candidate antitumor agents.

A number of structurally diverse HDAC inhibitors have been
identified,® including 1 (trichostatin A, TSA)6 2 (suberoylanilide
hydroxamic acid, SAHA),” 3 (CHAP31),2 4 (trapoxin B, TPX
B),%9 and § (MS-275)'0 (Chart 1). Most hydroxamates, such
as 1 and 2, inhibit all of the HDAC isoforms, whereas most
non-hydroxamates, such as 4 and 5, do not inhibit HDAC6.3bc-1}
To date, the only known HDAC6-selective inhibitor is 6
(tubacin) (Chart 1), which was discovered using a combinatorial
approach.'? At present, there is little information aboul the
structural requircments for HDAC6-selective inhibition. There-

*To whom correspondence should be addressed. Tel and fax:
+81—52—836—3407; c-mail: suzuki @phar.nagoya-cu.ac.jp; miyata-n@
phar.nagoya-cu.ac.jp.
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a Abbreviations: HDAGC, histone deacetylase; SIRT, sirtuin; AU, arbitary
unit.
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Chart 1. Examples of HDAC Inhibitors
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Chart 2. Thiolate HDAC Inhibitors
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fore, there is a need to develop novel HDACG6-selective
inhibitors and then to study their structure—activity rclationships.

We recently described a scrics of thiol-bascd analogues,
including 7 (NCH-26) and 8 (NCH-31) (Chart 2), which act as
novel non-hydroxamate HDAC inhibitors.!3 Thiols are thought
to inhibit HDACs by coordinating the zinc ion which is required
for deacelylation ol the acetylated lysine substrate. Further, the
S-isobutyryl prodrugs 9 (NCH-47) and 10 (NCII-51) (Chart 2),
which are thought to be hydrolyzed to the free thiols within
cells, showed potent cancer cell growth-inhibitory activities.!
Following these findings, we performed further investigation
of thiolate analogues, seeking to find HDAC6-selective inhibi-
tors. We describe here the HDACO selectivity of thiolates whose
designs were based on the structure of a small-molecular
HDACS6-selective substrate.

Results and Discussion

Since HDAC6 has been reported as an o-tubulin de-
acetylase,?3 inhibition of HDACG and that of other HDACs
can be assessed according to the accumulation of acetylated
a-tubulin and acetylated histones, respectively, using Western
blot analysis. We initially examined the histone/a-tubulin
acetylation selectivity of 2, 9, and 10 (Figure 1). As reported
previously,!!® 2 caused the accumulation of both acetylated
histone H4 and acetylated a-tubulin. Like other non-
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Figure 1. Western blot detection of acetylated a-tubulin and histone
H4 levels in HCT116 cells after incubation with compounds 2, 9, and
10 for 8 h.
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Figure 2. Design of HDAC6-selective inhibitors.
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Figure 3. Structures of the thioesters 12b—20b.
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hydroxamate HDAC inhibitors, compound 9 selectively caused
histone H4 hyperacetylation, which indicates that compound 7
selectively inhibits nuclear HDACs over cytoplasmic HDACS.
However, unlike other non-hydroxamates, compound 10 in-
creased the acetylation state of both histone H4 and a-twbulin.
These results suggested that HDAC6-selective inhibitors might
be obtained by structural modification of thiolate HDAC
inhibitors.

In designing novel HDAC6-selective inhibitors, we focused
initially on a small-molecular HDAC6-selective substrate 1115
(Figure 2). Jung and co-workers found that compound 11 is
selectively deacctylated by HDACS in preference to HDACI
and HDAC3. This indicated that the structure of N-Boc and
trifluoromethyl coumaryl amide of compound 11 is selectively
recognized by HDACG, and so we considered that compound
12a, in which the acetamide of 11 is replaced by a thiol, might
behave as an HDACG6-selective inhibitor (Figure 2).

Since we used a cellular assay as the first screening,
compound 12b (Figure 3), the S-isobutyryl prodrug of com-
pound 12a, and its derivatives 13b—20b were initially prepared.
The route used for synthesis of compounds 12b—20b is shown
in Scheme 1. (S)-2-Amino-7-bromoheptanoic acid 21'6 was
treated with (Boc)O to give N-Boc compound 22. The
condensation of carboxylic acid 22 with an appropriate amine
alforded amides 23. Bromides 23 were treated with thioiso-
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% Reagents: (a) (Boc),0, EtN, THF, H,0, 11, 96%:; (b) ArNH», POCls,
pyridine, —15 °C, 10—48%; (c) RNHa, 2-(1 H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluroniumhexafluorophosphate, 1-hydroxybenzotriazole hydrate,
EtaN, DMF, t, 35—63%; (d) thioisobutyric acid, EisN, EtOH, 1t, 19—-58%.
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Figure 4. Western blot detection of acetylated o-tubulin and histone
H4 levels in HCT116 cells after 8 h treatment with 12b—20b.

butyric acid under alkaline conditions to yield the desired
thioesters 12b—20b.

We initially evaluated compound 12b for the accumulation
of acetylated o-tubulin and histone H4 using Western blot
analysis (Figure 4). Although compound 12b produced an
increase in the accumulation of acetylated a-tubulin as compared
with 9 and 10 (Figure 1), the selectivity was insufficient. In an
attempt to improve the selectivity of the histone/a-tubulin
acetylation, we decided to carry out the structural conversion
of compound 12b. The coumarin structure derived from a
substrate for fluorescent enzyme assays was replaced with
various aromatic (13b—16b) or aliphatic (17b—20b) moieties
(Figure 3). Interestingly, although thc aromatic compounds
13b—16b did not show high selectivity, the aliphatic compounds
17b—20b produced a dose-dependent increase of o-tubulin
acetylation without a major increase in acetylated histone H4
(Figure 4). These results indicated that the aliphatic compounds
17b—20b selectively inhibit HDAC6 in preference to other
HDAC: in cells. To quantify the selectivity of cyclopentyl 17b,
one of the most active a-tubulin acetylating agents in this series,
acetylated o-tubulin and histone H4, were measured over a range
of concentrations (Figure 5). The estimated ECso values of
cyclopentyl 17b for o-tubulin acetylation and histone H4
acetylation were 0.23 uM and >32 uM, respectively, and the
sclectivity index (histone acetylation ECsy/a-tubulin acetylation
ECsp) was > 140 which exceeded those of 2 (SI = 2.0) and 6
(S =75y’ (Figure 5 and Figure 18 of Supporting Information).

Ta confirm the HDACG-selectivity of these aliphatic com-
pounds, we performed in vitro enzyme assays. For the enzyme
assays, we synthesized compounds 17a—19a, the corresponding
thiols of 17b—19b. Compounds 17a~19a were prepared by the
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Figure 5. Quantification of acetylated a-tubulin and histone H4 levels
in HCT116 cells treated for 8 h with 17b. Compound 17b was insoluble
in 0.1% DMSO—McCoySA culture medium at concentrations >300
uM.
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Table 1. In Vitro HDACI-, HDAC4-, and HDAC6-Inhibitory Activities
of 17a~19a4

1Csp (nM) selectivity
HDACl/  HDAC4/

compd  HDACI HDAC4 HDAC6 HDAC6 HDAC6

1 21 34 81 0.26 0.42

6 ND¢ ND ND 46 4b

7a 1210 1030 29 42 36

8a 1270 1140 36 35 32

9a 900 840 23 39 37

@ Values are means of at least three experiments. ” Data taken from the
literature (ref 17). ¢ ND — No data.

procedure outlined in Scheme 2. Bromides 23 were treated with
potassium thioacetate to give compounds 24, after which
hydrolysis of the thioesters under alkaline conditions gave the
desired thiols 17a—19a.

The results of enzyme assays are shown in Table 1. The
HDACS6-inhibitory activity of compounds 17a—19a was greater
than that of 1 (JCsp of 1 81 nM, 17a 29 nM, 18a 36 nM, 19a
23 nM). Furthermore, while 1 inhibited HDACI and HDAC4
rather than HDAC6 (HDAC! ICs¢/HDAC6 ICsn = 0.26;
HDAC4 ICsyHDACS6 ICsp = 0.42), compounds 17a—19a
excellently inhibited HDACG6 in preference to HDAC] and
HDAC4 (HDAC!1 ICso/HDACS6 ICsq = 35—42; HDAC4 ICsy/
HDACS6 ICsp == 32—37). The HDACS selectivity of compounds
17a—19a is about 10 times higher than that of 6 which showed
about only 4-fold selectivity for HDAC6 over HDAC] and
HDACS in enzyme assays.!” Thesc cnzyme assays revealed that
compounds 17a—19a are potent and selective inhibitors of
HDACS6. The reason that there is essentially no difference in
the activity and selectivity of compounds 17a—19a is unclear,
but it is assumable that HDACS6 has a hydrophobic pocket where
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some sterically bulky alkyl groups can be placed and other
HDAC isoforms do not have such a pocket.

In conclusion, we have identified novel HDAC6-sclective
inhibitors whose designs were based on the structure of the
HDACG6-selective substrate 11. As far as we could determine,
they are the first inhibitors that show significant HDAC6-
selective inhibition in both cellular and enzyme assays. We have
also established that the presence of a bulky alky! group in these
compounds is important for HDAC6-selective inhibition. The
structures of the newly discovered HDAC6-selective inhibitors
17—20 are simpler than that of 6 and appear to be suitable as
lead structures for the further development of superior HDAC6-
selective inhibitors. These findings provide a basis for construct-
ing new tools for probing the biology of HDACSH and for finding
new candidate antitumor agents with potentially fewer side
effects.
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SIRTs, class Ill histone deacetylases,
have been suggested to be associated
with certain diseases such as cancer and
HIV. Thus, SIRT inhibitors are of interest
not only to elucidate the biological
functions of the enzyme, but also as po-
tential therapeutic agents. 2-Anilino-
benzamide was identified in a nocotin-
amide- and benzamide-focused com-
pound library as a novel SIRT inhibitor.
This compound caused the accumula-
tion of acetylated p53 in HCT116 cells.
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Yeast silent information regulator 2 (Sir2) proteins are responsi-
ble for the establishment, maintenance, and regulation of
gene silencing at mating type loci, telomeres, and rDNA and
they act in this capacity by changing chromatin into a tran-
scriptionally inactive state." Transcriptional silencing by Sir2
is linked to its deacetylation of the acetylated lysine residues in
the N-terminal tails of the histones in chromatin.®” Thus,
human SIRT1-7, homologues of the yeast Sir2 proteins, are
categorized as Class 1ll histone deacetylases (HDACs).® Howev-
er, the target of SIRT regulatory deacetylation is not limited to
histones. For example, SIRT1 catalyzes the deacetylation of
p53,%™M and SIRT2 deacetylates a-tubulin™ Although the
functions of SIRTs have not yet been determined, they have
been suggested to be associated with certain disease states
such as cancer™' and HIV infection."® Therefore, SIRT inhibi-
tors are of interest not only as tools for-elucidating in detail
the biological functions of the enzyme, but can also be consid-
ered as potential therapeutic agents.'?

In contrast to Class | and Class l HDACs, which are zinc-de-
pendent deacetylases, deacetylation by Class Il HDACs is de-
pendent on NAD*.""® |n the deacetylation reaction of SIRTs,
NAD* is hydrolyzed to release nicotinamide and the acetyl
group of the acetylated lysine substrate is transferred to
cleaved NAD®, generating O-acetyl-ADP ribose."**® To date,
several classes of Sir2 or SIRT inhibitors have been reported
{Figure 1)."#1%1821-%1 Among these, nicotinamide is a potent
SIRT inhibitor and it has been proposed that it inhibits SIRTs by
binding to a conserved pocket adjacent to the NAD™* binding
pocket, thereby blocking NAD™ hydrolysis."®*" EX-527, a re-
cently reported SIRT1-selective inhibitor, is thought to inhibit
SIRT1 by occupying the nicotinamide binding pocket.”? Anoth-
er SIRT inhibitor, carba-NAD*, which is a nonhydrolyzable
NAD* analogue, has been reported to inhibit a Sir2 homo-
logue (HST2) by competing with NAD™*."® Very recently, cambi-
nol has been reported as a SIRT1 and SIRT2 inhibitor that is
competitive with histone H4-peptide substrates."®

Previous reports regarding SIRT inhibitors"®"? suggested
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Figure 1. 5ir2 and SIRT inhibitors.

zamide, which were expected to inhibit SIRTs by occupying
NAD*- or nicotinamide-binding pockets. We therefore evaluat-
ed the SIRT1 inhibition activity of our in-house compound li-
brary comprised of nicotinamide and benzamide derivatives
(Figure 2) at a concentration of 300 um, and the strongest in-
hibition was observed with 2-anilinobenzamide 7 {Table 1).

To study the preliminary structure-activity relationship (SAR)
of 2-anilinobenzamide derivatives, we prepared compounds
19-21 according to the route shown in Scheme 1. Carboxylic
acid 22 was converted to N,O-dimethyl compound 23 by reac-

the presence of small-molecule inhibitors in a chemical library Table 1. SIRT1 inhibition data for compounds 1-18%
enriched with the structural families of nicotinamide and ben-
Compd  Inhibition at 300 um [%] Compd  Inhibition at 300 pm [%]
1 0+7.2 10 45+ 1.1
lal Dr. T. Suzuki, K. Imai, Dr. H. Nakagawa, Prof. N. Miyata 2 72+43 11 38+24
Graduate School of Pharmaceutical Sciences 3 46455 12 0+16
Nagoya City University 4 42+65 13 37196
3-1 Tanabe-dori, Mizuho-ku, Nagoya, Aichi 467-8603 (Japan) 5 52428 14 37+28
Fax: {(+81) 52-836-3407 6 42+14 15 32+54
E-mail: suzuki@phar.nagoya-cu.acjp; miyata-n@phar.nagoya-cu.acjp 7 100+£28 16 47+6.1
Q Supporting information for this article is available on the WWW under 8 84483 17 13+93
http //www.chemmedchem.org or from the author. Supporting informa- 9 47+16 18 31+97
tion includes experimental procedures and characterization data for - N
compounds 19, 20, and 21. [a] Values are means £5SD determined from at least three experiments.
. e \‘JWILiY A
ChemMedChem 2006, 1, 10591062 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim .InterScience* 105¢
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Scheme 1. Reagents and conditions: a) 1) NaH, DMF, RT; 2) Mel, DMF, 80°C,
999; b) NaOH, MeOH, H,0, RT, 99%; ¢} NH,Cl, Et,;N, EDCI, HOBt, THF, RT,
699%; d) MeNHHCI or Me,NH-HCI, Et;N, EDCI, HOBt, THF, RT, 60% for 20,
37% for 21.

tion with methyl iodide in the presence of sodium hydride. Hy-
drolysis of the methyl ester of 23 gave N-methyl 2-anilinoben-
zoic acid 24. Coupling between carboxylic acids 22, 24, and an
appropriate amine afforded the desired benzamides 19-21.

The results of the SIRT1 inhibition assay for compounds 6-8
and 19-22 are summarized in

potency. As for the conversion of the amide moiety, N-methyl
amide 20 and N,N-dimethyl amide 21 significantly reduced the
activity, whereas the potency of carboxylic acid 22 was main-
tained to some extent. The fact that carboxylic acid 22 dis-
played SIRT1 inhibitory activity was very surprising because
the corresponding carboxylic acid derivatives of nicotinamide
and EX-527 did not show any activity.?"*? This indicated that
compound 7 might inhibit SIRT1 in a manner different from
nicotinamide and EX-527, although the structure of 7 and EX-
527 is similar.

The unexpected SAR in the SIRT1 inhibition assay prompted
us to investigate the SIRT1 inhibitory mechanism of compound
7. We performed an enzyme kinetic assay (Lineweaver—Burk
plot) using various concentrations of inhibitor 7 (Figure 3). In-
terestingly, the data from this study established that com-
pound 7 engages in noncompetitive inhibition with NAD* and
competitive inhibition with the acetylated lysine substrate.

Since compound 7 proved to be competitive with the acety-
lated lysine substrate and to act within the active site of SIRT1,
the lowest energy conformation of 7 was obtained when it
was docked into a model based on the crystal structure of
yeast HST2 (PDB code 1Q1A),”*® a homologue of Sir2, as calcu-
lated using the software packages Glide 3.5 and MacroModel
8.1 {Figure 4). An inspection of the HST2/7 complex suggests

Table 2. Compound 7 exhibited | Table 2. SIRT1 inhibition data for compounds 6-8 and 19221

an 1Cs, of 17 um (see Figure S1 o

of Supporting information) and A .

its activity is comparable to that | 5

of nicotinamide. We initially X

tested the activity of compound @

8. the meta isomer of compound Compound R X Position of XPh Inhibition at 100 pm [%) 1Cs [pm]
. u ositi ibiti

7, but it was found to be a ind a e

much weaker inhibitor, We then | nicotinamide 724m 25£5.1

ined th L ¢ 7 -NH, -NH- ortho 81413 17+18

examined the activity of com- | ¢ -NH, -o- ortho 434081 >100

pounds 6 and 19, in which the |g NH, NH- meta 41414 <100

NH group of compound 7 is re- 19 -NH, NMe- ortho 62+64 75456

placed with an ether and NMe 20 -NHMe -NH- ortho 19+1.2 >100
. ively. Whil the 21 -NMe, -NH- ortho 39439 >100

group, respectively. e ether |5 -OH NH- ortho 52452 6829

6 was totally inactive, N-methyl - .

compound 19 slightly reduced [a] Values are means +SD determined from at least three experiments.
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(E), and 0 (O) pm of 7.

that the NH, group and the CO group of 7 form hydrogen
bonds with the backbone carbonyl of Ala227 and with the
backbone amine of Tyr229, and the phenyl group of 7 blocks

Figure 4. View of the conformation of 7 (ball and stick) docked into the yeast Hst2 (homologue of SIRTs) catalytic
core. Residues 5 A from 7 are displayed in the wire graphic (left) and the surface of the enzyme is displayed in
the background (right).
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© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the entrance of the histone H4-binding pocket by interacting
with hydrophobic amino acid residues (Val182, Phe184,
Gly 185, Leu 188, Val228, and Pro238). in addition, an intramo-
lecular hydrogen bond was observed between the CO and NH
group of 7. The results of the in vitro SAR and computational
studies imply the importance of the conformation of the inhib-
itors. Specifically, conformation A of 7 is more stable than con-
formation B of 7 because of the intramolecular hydrogen bond
between its CO and NH group (Figure 5). As the amide group
of conformation A of 7 can form hydrogen bonds with the
backbone amides of SIRT1, it would appear that compound 7
can strongly inhibit SIRT1. In contrast, conformation B of ether
6 is more stable than conformation A of 6 because of the in-
tramolecular hydrogen bond between its NH group and
oxygen atom. The amide group of conformation B of 6 cannot
interact with the backbone amides of SIRT1, and this might be
the reason that compound 6 lost SIRT1 inhibitory activity. In
the case of N-methyl compound 19, conformation A of 19 is
more stable than conformation B of 19 due to steric repulsion
of the NH group, pushing it away from the N-methyl group.
Therefore, as with compound 7, compound 19 can form hy-
drogen bonds with backbone amides of SIRT1 and this might
be the reason that compound 19 showed a certain level of
SIRT1-inhibitory activity.

To examine the isoform selectivity of compound 7, we con-
ducted enzyme assays using SIRT1, SIRT2, and SIRT3. Com-
pound 7 showed about 4-fold and 14-fold selectivity for SIRT1
over SIRT 2 and SIRT3, respectively (IC;, for SIRT2=74 um; ICy,
for SIRT3=235 um). In addition, compound 7 did not inhibit
class | and class Il HDACs at a concentration of 1000 pm.

To explore the potential for compound 7 to block SIRT1 ac-
tivity in cells, we performed a cellular assay using western blot
analysis. Since SIRT1 is known to catalyze the deacetylation of
p53 on DNA damage " the acetylation level of p53 in
HCT116 cells after etoposide-in-
duced DNA damage was ana-
lyzed.” As can be seen from
Figure 6, elevated and dose-de-
pendent levels of acetylated p53
were observed. These results
suggested that compound 7 in-
hibits SIRT1 in cells.

In summary, to discover novel
SIRT inhibitors, we evaluated a
nicotinamide- and benzamide-
focused chemical library to
detect SIRT1 inhibition, and
found 2-anilinobenzamide 7 to
be a novel SIRT inhibitor. Al-
though the structure of 7 is simi-
lar to that of EX-527, that of the
SAR is not. The results of kinetic
enzyme assays made it clear that
compound 7 competes with the
acetylated  lysine  substrate,
whereas it has been reported
that EX-527 does not.?" Molecu-
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Figure 6. Western blot detection of acetylated p53 levels in HCT116 cells
after an 8 h incubation with 20 um of etoposide and various concentrations
of compound 7.

lar modeling suggests the significance of the conformation of
inhibitors and the formation of hydrogen bonds between in-
hibitors and SIRTs. Compound 7 also caused p53 acetylation in
cells, which would be the result of SIRT1 inhibition. These find-
ings provide a basis for developing new tools for probing the
biology of SIRTs and for finding new candidate therapeutic
agents. Further investigations pertaining to 7 are progressing
and will be reported in due course.
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Hydroxyl radical scavenging by edaravone derivatives:
Efficient scavenging by 3-methyl-1-(pyridin-2-yl)-5-pyrazolone
with an intramolecular base
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Abstract—We synthesized various 3-methyl-1-phenyl-5-pyrazolone (edaravone) derivatives and evaluated their oxidation potential
and hydroxyl radical scavenging activity. It was found 3-methyl-1-(pyridin-2-yl)-5-pyrazolone had a much higher ability to scavenge
the radical than did edaravone itself. Its efficient radical scavenging activity was assumed to be due to the increase of its anion form,

an active form, by a hydrogen-bonded intramolecular base.
© 2006 Elsevier Ltd. All rights reserved.

Reactive oxygen species are involved in many patholog—
ical condmons such as 1schemlc-reperfus1on injury, !
cellular aging,® and progression of arteriosclerosis.

Recently, a new pyrazolin compound, edaravone
(3-methyl-1-phenyl-2-pyrazolin-5-one, also known as
MCI-186, Fig. 1) has been developed as a medical drug
for brain ischemia,>® and has been reported to be effec-
tive for myocardial ischemia as well.” Edaravone (A) is
known to be an efficient antioxidant, which is considered
to be the basis of its protective effect against ischemia.
Its enolate form (B) can interact with both peroxyl
(LOO") and hydroxyl radicals ("OH), followed by the
formation of a stable oxidation product (OPB: 2-oxo-
3- (phenylhydrazono) butanoic acid) through a radical
intermediate®® (Fig. 1).

We were encouraged to study the structure-activity rela-
tionship (SAR) as a means of characterizing the structural
features of edaravone and optimizing the structure with
regard to its radical scavenging activity in an aqueous
solution. For this purpose, we synthesized edaravone
derivatives with various substituents such as electron-
withdrawing groups (EWG), electron-donating groups

Keywords: Pyrazolone derivatives; Antioxidant; Anion form amount.
* Corresponding authors. Tel./fax: +81 52 836 3407; e-mail addresses:
deco@phar.nagoya-cu.ac.jp; miyata-n@phar.nagoya-cu.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/5.bmcl.2006.09.005

(EDG), and w-conjugated groups at the 1-, 3-, or 4-posi-
tions of the pyrazolone ring (see supportmg informa-
tion)."® Oxidation potentials of the synthesized
pyrazolone derivatives were measured by cyclic voltam-
metry (CV) in an aqueous solution, and their hydroxyl
radical scavenging activity was evaluated using the elec-
tron spin resonance (ESR) spin-trapping method.
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Figure. 1. Reaction mechanisms of edaravone (A) with free radicals.
OPB; 2-ox0-3-(phenylhydrazono)-1-butanoic acid.
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Table 1. Oxidation potentials (E,,) of the edaravone derivatives

Rs (o] " OH
ﬁu—a‘ == [ N-R
RS \N RS \N

Compound R! R? R’ E,;* (mV) pH

A (edaravone) Ph- CHj~ H 483 7.0
A (edaravone) Ph- CHj- H 480 7.8
1 4-CH;0OPh- CH;- H 678 7.8
2 4-CIPh- CH;- H 473 7.4
3 Cyclohexyl- CH;- H 549 7.4
4 2-Pyridinyl- CH;- H 483 7.0
5 Ph- CF;3- H 673 7.6
6 Ph- Ph- H 397 7.6
7 Ph- 4-NO,Ph- H 419 7.4
8 Ph- 4-CH;OPh- H 397 7.8
9 Ph- CH;0CONH- H 454 7.8
10 Ph- PhOCONH- H 397 7.0
11 Ph- CyclopentyINHCONH- H 312 7.8
12 Ph- Isopropenyl- H 387 7.4
13 Ph- Bn- H 269 >8.0
14 Ph- CH;- Isobutyl- 262 >8.0
15 Ph- CH;- Ph- 227 7.6
16 Ph- CH;- Cyclopropyl- 275 7.8
17 Ph- CH;- PhCO- 640 7.0
18 4-NO,Ph- CH;- H 525 7.6

Conditions for measurement: 10 mM sample in 50 mM NaCl. Working electrode; Pt, reference electrode; Ag*/AgCl, counter electrode; Pt, scan

speed; SO0 mV/s, Scan range —0.2 to 1.0 V.
* The oxidation potentials were expressed versus Ag'/AgClL.

One-electron oxidation potentials (Epa) of all the synthe-
sized derivatives were measured in a 50 mM NaCl solu-
tion (Table 1). Oxidation currents were observed with all
the tested compounds, but were irreversible, probably
because the one-electron oxidation products were unsta-
ble and converted to degraded compounds as report-
ed.®® Because of the poor solubility of several
derivatives in the neutral aqueous solution, the solutions
were slightly basified using aqueous NaOH to solubilize
these compounds.

Although the derivatives with strong EWGs, such as
compound 5 with a trifluoromethyl group and 17 with
a benzoyl group, had relatively higher oxidation poten-
tials as expected, the other derivatives showed a wide
variety of oxidation potentials regardless of the electron-
ic properties of the substituents (Table 1). It is possible
that the oxidation potentials were not only affected by
the electron density on the pyrazolone ring but also by
the stability of the resulting radical species (C) with con-
jugated m-orbitals on the substituent. In comparison,
among the positions of the substituents, the substitution
at position 1 did not positively affect the reduction of the
oxidation potential, whereas that at the position 4
seemed to be more effective (Fig. 2).

The radical scavenging activity was evaluated by the
ESR spin-trapping method with 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) as a spin trap. Hydroxyl radicals
were generated by UV irradiation (2000 J/cm?) of the
hydrogen peroxide solution containing DMPO and eda-
ravone derivatives.! 12 The inhibitory effect of the deriv-

atives on the formation of hydroxyl radical adducts of
DMPO was used as a measure of the radical scavenging
activity. The ICso values were determined for seven of
nineteen derivatives with diverse oxidation potentials
(1A, 5, 10, 15, 16, 17, and 18). The relationship between
the ICs, value and the oxidation potential was not sim-
ply proportional, but showed a V-shaped correlation
(Fig. 3). Edaravone (A), which had an oxidation poten-
tial of 483 mV (vs Ag’/AgCl), showed the lowest ICs,
value among the seven derivatives tested.

The edaravone anion (B) is reported to be an active form
in scavenging free radicals by a one-electron-transferring
mechanism.>!# Actually, in the case of one-electron oxi-
dation of edaravone with 2,2’-azobis(2,4-dimethylvalero-
nitrile) (AMVN), a radical initiator, the oxidation rate
was increased in a pH-dependent manner in methanol/
buffer solutions.® Therefore, the amount of the anionic
form of the synthesized derivatives is important for scav-
enging activities. On the other hand, the electron density
of the pyrazolone moiety is also important for one-elec-
tron oxidation reactivity. The relatively electron-rich sub-
stituents on the pyrazolone ring may lower the oxidation
potential, but concomitantly decrease the amount of their
anionic form by protonation due to the increasing partial
negative charges. In contrast, electron-poor substituents
may increase the amount of the anionic form but enlarge
the oxidation potential. As shown in Table 2 and Figure
3, edaravone had almost the best oxidation potential for
hydroxyl radical scavenging under our experimental con-
ditions, an activity in which the oxidation potential and
the amount of the anion form may be well balanced.

— 234 —



H. Nakagawa et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5939-5942

[o]

Me'

5941

o] 0 o)
( N=
Lo e Lola 0D LoD
N Me N Me N Mo’ N
1 2 3 4

0 o 7 £
S5O e 20 O
PR Wi /LN \_7 ~¢ N >N

FiC Ph i _ \ P
5 6 OaN 7 MaO 8
7 0 .

¢ LoD gD g e

Lo NN\ s ey LY A<y N\ 7
Meo)kg N PhO/\Kﬁ N QH N N

] 10 1
0

15 16

Figure. 2. Structures of edaravone derivatives synthesized in this study.
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Figure. 3. The relationship between oxidation potentials (E,,) and
ICsp values. Each data point represents a specific derivative with its
number along side.

As reported,'® edaravone derivatives with lipophilic sub-
stituents on the phenyl group at position 1 of the pyraz-
olone ring showed higher inhibitory activity against the
lipid peroxidation, which was likely due to the increas-
ing concentrations of the derivatives in the lipid phase.
With aqueous solutions, our results suggested that the
increase of the anionic form of the derivatives appeared
to be an important requirement for efficient radical
scavenging.

Since the pK, values of the derivatives in the aqueous
solutions were hardly evaluated due to the poor solubil-
ity of the derivatives in neutral and acidic solutions, we
referred to the CAS database and only used the data for
the comparison of the relative stability of the deproto-
nated form. For novel compounds, pK, values were esti-
mated by calculating free energy changes in their
deprotonation with density functional theory (B3LYP/
6-31G") on Spartan 02 or 04 software (Wavefunction,
Inc. Irvine, CA, USA) (see supporting information).
The calculated pK, values were found to be roughly
higher for derivatives with lower oxidation potentials
than that of edaravone, implying that the amount of
the anionic form may be related to the radical scaveng-
ing activity of derivatives with lower oxidation poten-
tials than that of edaravone.

In the light of the properties clarified above, the increase
in the anionic form without concomitant positive shift of
the oxidation potential may be effective for efficient one-
electron radical reduction. Although one-electron oxida-
tion of a derivative apparently occurs in its anion form,
deprotonation of a derivative does not affect its potential
of one-electron oxidation, but does affect its oxidation
current. We next focused on compound 4, which has a
pyridin-2-yl moiety as an intramolecular base at position
1 of the pyrazolone ring. This basic function may facili-
tate the partial deprotonation from the pyrazolone ring
moiety. As expected, its ICsq value was 13.9 times smaller
than that of edaravone with almost the same oxidation
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Table 2. Hydroxyl radical scavenging activity (ICso) of the edaravone

derivatives

n 7 R4 o

ﬁu—a' == | N-n

R N R N
Compound  R! R? R* 1Csp

(mM)

A (edaravone) Ph- CH;- H 0.25
4 2-Pyridinyl- CHj;- H 0.018
5 Ph- CF;3- H 0.81
10 Ph-- PhOCONH- H 0.38
15 Ph- CH;- Ph- 0.79
16 Ph- CH;- Cyclopropyl- 0.72
17 Ph- CH;- PhCO- 0.61
18 4-NO,Ph- CH;- H 0.50

Conditions for measurement: a mixture of 25mM H,0,, 25mM
DMPO, and a compound was irradiated with UV. ESR spectrometer
parameters were: microwave power, 10mW; modulation width,
0.063 mT; time constant, 0.03s; sweep width, 7.5 mT; sweep time,
1 min; gain, 320.

potential (Table 2 and Fig. 3). This implies that the pyri-
din-2-yl function partially deprotonated from the pyraz-
olone ring by forming an intramolecular hydrogen-bond
without a marked decrease in the electron density of the
pyrazolone ring. Supporting this idea, it was confirmed
by "H NMR analysis that 4 was in its enol form in CDCl,
solution, in which a singlet methyne proton (6 5.4) and a
broadened enol proton (5 12.7) were observed instead of
two methylene protons (& 3-4) of the pyrazolone ring
(see supporting information).

In conclusion, we determined the oxidation potential
and hydroxyl radical scavenging activity of various eda-
ravone-related derivatives in an aqueous solution, and
analyzed their characteristics as free radical scavengers
under aqueous conditions. Finally, we found the deriva-
tive that was the most efficient at radical scavenging in
aqueous solutions was one that stabilized the active
anionic form with an intramolecular base.
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Abstract—Oxidative stress affecting lipid membranes is considered to be closely related to cardiovascular disease and brain ischemia.
In this study, we designed and synthesized membrane-localizing TEMPO derivatives and demonstrated that one of these synthesized
probes, compound 1, localized and detected oxidative stress in the cell membrane in an endotoxic model of a mouse macrophage-like
cell line. Compound 1 is therefore a potentially useful probe for evaluating oxidative stress at the cell membrane.

© 2006 Elsevier Ltd. All rights reserved.

It is known that about 1% of the oxygen taken into our
bodies by breathing is metabolized to reactive oxygen
species (ROS). ROS are considered to play important
roles, not only in inflammation as protective factors,
but also in signal transduction.! On the other hand, it
is also known that ROS react with lipids, proteins, sug-
ars, and DNA, causing oxidative stress when produced
in excess.? These reactions are suggested to be a major
cause of a variety of diseases and oxidative stress caused
by their reaction with lipids is considered to be closely
related to cardiovascular disease® and brain ischemia.*
It appears important to evaluate oxidative stress with
respect to lipids in order to understand the pathological
conditions underlying these kinds of diseases. However,
there have been only a few attempts to measure the oxi-
dative stress induced by ROS in specific cellular
regions.” ROS can be measured indirectly by means of
their reaction with stable radical compounds in the cell,
through which the radical probes are readily reduced to
non-radical species.®

Among these radical species, 2,2,6,6-tetramethylpiperi-
din-1-oxyl (TEMPO) can be reduced to 2,2,6,6-tetrame-
thylpiperidin-1-ol under physiological conditions, that
is, TEMPO converts to the non-radical form by reduc-
tion.” When ROS are upregulated and cells are in a rel-
atively oxidative environment, cellular reduction will be

Keywords: Fluorescein; Redox; Electron spin resonance; Reactive ox-

ygen species; Superoxide; Inflammation.

* Corresponding authors. Tel.://fax: +81 52 836 3407; e-mail addresses:
deco@phar.nagoya-cu.ac.jp; miyata-n@phar.nagoya-cu.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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downregulated. Electron spin resonance (ESR) measure-
ment is a useful approach to detect radical species in
biological systems. Using TEMPOL (4-hydroxyl-
2,2,6,6-tetramethyl-piperidin-1-oxyl), a useful TEMPO
derivative, oxidative stress can be measured by ESR
spectrometry.

TEMPOL is easily introduced into cells, but due to its
amphiphilic nature can easily exit from cells as well.8
TEMPO derivatives which localize to a particular cellu-
lar region would be useful for measuring oxidative stress,
including stress on the cell membrane, and TEMPO
derivatives localizing to the lipid membrane would be
advantageous.

For this purpose, the TEMPO derivatives would require
a radical moiety for ESR detection, a fluorescent group
for identifying its cellular distribution, and a functional
group for localizing to the lipid membrane in a cell.

In this study, we designed and synthesized TEMPO
derivatives with an alky! chain for localization to the cell
membrane (Fig. 1), and demonstrated that these radical
probes were able to detect oxidative stress in lipid bilay-
ers in an endotoxic model of a mouse macrophage-like
cell line.

Mouse RAW264.7 cells were cultured in DMEM con-
taining penicillin and streptomycin, supplemented with
fetal bovine serum. For the experiments, the cells were
plated onto 10-cm culture dishes at 1.5 x 107 cells/dish
with 15 mL DMEM. The cells were incubated at 37 °C
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Figure 1. Structures of TEMPO derivatives designed to localize to cell membranes.

Figure 2. Distribution of 1 in RAW264.7 cells. The cells were stained
with 1 (green) and Hoechst 33342 (blue), and then observed by
confocal fluorescence microscopy.

in a humidified 5% (v/v) CO, incubator for 2 days. Then,
the culture medium was replaced with 5 mL of serum-
free DMEM, and the cells were treated with LPS (E. coli,
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0.5 pg/mL) and IFN-y (human recombinant, 150 U/mL).
The treated cells were subsequently cultured for 5h,
washed 2 times with Dulbecco’s PBS (D-PBS), and
then treated with 100 pM of 1 for 10min in dark.
Following this, they were washed 3 times with D-PBS.
The cells were then scraped into 2mL D-PBS, and
I mL of the cell suspension was used for ESR
experiments.

Each suspension of treated cells was placed in a flat
quartz cuvette. ESR measurements were started 15 min
after the treatment with 1. The ESR signal was recorded
at S-min intervals. The signal intensity () was calculated
from the 2nd integral of the signal trace and expressed as
a ratio (I/Iy) by comparing it to the intensity of the stan-
dard Mn?" signal (I,). The signal decay rate was calcu-
lated as the pseudo first order rate of the decrease in
the ratio (I/I).

For confocal microscopy, the cells were plated on a 3-cm
glass-bottomed culture dish at 1.5 x 10°cells/dish with
1.5 mL DMEM, and incubated at 37 °C in a humidified
5% (v/v) CO; incubator for 2 days. The cells were treated
with 1 or 2 in the same manner as for the ESR experi-

~OH

Scheme 1. Synthesis of compound 1. Reagents and conditions: (a) n-decanonyl chloride, Et;N, CH,Cl., 99%; (b) Pd-C, H,, MeOH, then 4 N HCV
AcOEL, 88%; () FITC, EN, EtOH, 51%; (d) LiOH aq. THF, EtOH, 98%; (¢) 4-amino-TEMPO, EDCI, HOBt, DMF, 55%.
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