-ATG7 (Sigma Aldrich, A2856). FK506 (20% powder dissolved
in water) for use in the animal studies was a gift from Astellas
Pharma Inc. FK506 (Sigma-Aldrich, F4679) for use in the cell
culture model assay was dissolved in dimethyl sulfoxide (DMSO;
Sigma, D4540). Monodansylcadaverine (MDC; Sigma, 30432)
was used for labeling autolysosomes and dissolved in ethanol
(Nacalai, 14713-95).

Animal models. Four-week-old transgenic mice overexpress-
ing hamster PRNP [Tg(Sha Prnp)], and CD-1 male mice (Charles
River Laboratories International), were inoculated intracerebrally
with 20 pl of brain homogenate from 263K-infected hamster
and Fukuoka-1-infected mice, respectively. Mice were monitored
weekly until the terminal stage of discase or until sacrificed.
Clinical onset was defined as the presence of 3 or more of the
following signs: greasy and/or yellowish hair, hunchback, weight
loss, yellow pubes, ataxic gait and nonparallel hind limbs. Brains
were removed, and the right hemispheres frozen and homoge-
nized at 20% (w/v) in phosphate-buffered saline (PBS; Nacalai
Tesque, 14249). Total proteins were extracted by mixing with
the same amount of 2 x lysis buffer [1% Triton X-100 (Wako,
168-11085), 1% Deoxycholic acid (Wako, 046-18811), 300 mM
NaCl (Nakalai, 31320-05), 50 mM Tris (Nakalai, 35434-2)-
HCI (WAKO, 080-01066), pH 7.5].

In vivo administration of FK506. In Fukuoka l-infected
CD-1 mice, FK506 (1.0 or 0.1 mg/kg/day) was intraperitone-
ally administered from 20 or 60 d postinoculation (d.p.i.).
In 263K-infected Tg(Sha Prnp) mice, treatment with FK506
(1.0 mg/kg/day, orally) was started cither from 14 d.p.i. or
28 d.p.i.

Cell culture. N2a58 and MG20 cells were prepared as described
previously.”**  Fukuoka-l-infected N2a58 (N2a58/Fukuoka-1)
and MG20 cells (MG20/Fukuoka-1) were produced by inocula-
tion with brain homogenates harvested from Fukuoka-1-infected,
terminally ill ddY mice. All cell media was supplemented with 10%
fetal bovine serum and penicillin-streptomycin (Nacalai, 09367-
34). Cells were incubated at 37°C and 5% CO,, and sub-cultured
every 3 to 4 d ata 5- to 10-fold dilution. N2a58 cells and N2a58/
Fukuoka-1 cells were cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM; Wako Pure Chemical Industries,
043-30085) and Opti-MEM (Gibco-Invitrogen, 31985), respec-
tively. MG20 and MG20/Fukuoka-1 cells were cultured in
low-glucose DMEM (Wako, 041-29775) supplemented with
10 uM 2-mercaptoethanol (Sigma, M3148) and 10 pg/ml insulin
(Sigma, 13536). Both N2a58/Fukuoka-1 and MG20/Fukuoka-1
cells stably produced PRNP* for over 30 passages.

FK506 treatment in cell cultures. Cells (3.5 x 10° cells/well)
were grown in 6-well plates for 24 h prior to the addition of dif-
ferent concentrations of FK506 diluted in the same volume of
DMSO. As a negative control, DMSO alone was used. After
treatment for 48 h, the proteins were collected in lysis buffer
(0.5% Triton X-100, 0.5% Deoxycholic acid, 150 mM NaCl and
50 mM TRIS-HCI, PH 7.5) and analyzed by western blotting.
To inhibit lysosomal activity, cells were initially treated with
10 mM of NH,Cl (Wako, 017-02995) for 24 h, after which
30 uM of FK506 was added and the cells were cultured for a
further 24 h.
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MDC assay. Cells were treated with 10 pM of FK506 for
24 h or HBSS for 30 min, and then incubated with 0.1 mM of
MDC in PBS for 30 min at 37°C. The cells were then washed
with PBS twice and observed using an Axio Observer Z1 (Carl
Zeiss, 431007-9901). The granules of MDC were counted using
an INCell Analyzer 1000 (GE Healthcare, 25-8010-26).

Western blotting. Total protein concentrations were mea-
sured using a BCA protein assay kit (Pierce, 23227). To detect
PRNP*, the samples were digested with PK (40 pg/mg protein)
for 30 min at 37°C. Loading buffer [S0 mM TRIS-HCI (pH
6.8), containing 5% glycerol (Kanto Chemical, 17029-00), 1.6%
SDS (Nakalai, 31606-75) and 100 mM dithiothreitol (Nakalai,
14128-62)] was added to the proteins, and the mixtures incubated
at 95°C for 10 min. SDS-PAGE was performed using 15% acryl-
amide gels. The proteins were transferred onto an Immobilon-P
membrane (Millipore, IPVH10100) in a transfer buffer contain-
ing 20% methanol, and the membrane was blocked with 5%
nonfat dry milk in TBST [10 mM TRIS-HCI (pH 7.8), 100 mM
NaCl, 0.1% Tween 20 (Wako, 591-09825)] for 60 min at room
temperature and reacted with primary antibody overnight ac 4°C.
Immunoreactive bands were visualized using the enhanced ECL
plus chemiluminescence system (GE Healthcare, RPN2132).

Histochemistry. The brain tissues were fixed in 10% neutral
buffered formalin (Wako, 066-03847). The fixed hemispheres
were embedded in paraffin and sectioned into 3 pum slices. To
evaluate the spongiform change, the tissue sections were stained
with hematoxylin (Wako, 131-09665) and eosin (Wako, 056-
06722). For AIF1 and GFAP staining, after deparaffinization
and rehydration, the sections were treated with 0.3% hydro-
gen peroxidase (Wako, 086-07445) in methanol (Hayashi Pure
Chemical, 130-02069) for 30 min to inactivate endogenous per-
oxidase and then incubated with 3% nonfat dry milk (Megmilk
Snow Brand, FA-08) in TBST for 60 min at room temperature.
The blocked sections were reacted with primary antibody over-
night at room temperature, then reacted with envision polymer
horseradish peroxidase (HRP)-conjugated anti-rabbit immu-
noglobulin G antibodies (Dako, K4002) for 60 min at room
temperature. Immunostaining was visualized using 3, 3-diami-
nobenzidine (DAB; Dojindo Lab, D006). The hydrolytic auro-
claving and formic acid method for PRNP*¢ staining has been
described previously.”

Statistical analysis. The unpaired t-test or Welch’s correction
was used for comparison between the two groups. For multiple
comparison the one-way ANOVA followed by the Tukey-Kramer
test was used. The log rank test was used for analyzing the sur-
vival time of prion-infected mice. All statistical analysis was per-
formed using GraphPad Prism software.
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Synthesis of an '"C-Labeled Antiprion GN8 Derivative and
Evaluation of Its Brain Uptake by Positron Emission
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N,N'-(Methylenedi-4,1-phenylene)bis[2-(1-pyrrolidinyl) acet-
amide] (GN8) is a promising candidate for the treatment of
prion diseases. The purpose of this study was to synthesize
a GN8 derivative labeled with a positron emitting radionuclide
and to clarify the blood-brain barrier (BBB) permeability of the
resultant derivative by positron emission tomography (PET). As
a key synthetic intermediate, a GN8 derivative bearing a tribu-
tylstannyl group was prepared from commercially available
materials in four steps. Palladium(0)-mediated rapid C-methyla-
tion of the aryltributylstannane using ["'Clmethyl iodide yield-
ed a [""CJmethyl-substituted GN8 derivative (["'C]-1) with suffi-
cient radioactivity (0.5-2.0 GBq) and specific radioactivity in the
region of 60-126 GBqpumol™. ["'C]-1 was injected into the tail
vein of rats, and its biodistribution was determined by PET; the
results unambiguously demonstrated the brain penetration of
["'CI-1 in rat brain.

Prion diseases, also referred to as transmissible spongiform
encephalopathies (TSEs), are a family of fatal neurodegenera-
tive disorders that affect both humans and animals.""? Human
prion diseases include Creutzfeldt-Jakob disease (CJD), Gerst-
mann-Straussler-Scheinker (GSS) syndrome, fatal familial in-
somnia, and kuru. The representatives of animal prion' diseases
are scrapie in sheep and goats, bovine spongiform encephal-
opathy (BSE) in cattle, and chronic wasting disease in deer and
elk. These disorders are characterized by vacuolar degeneration
of the central nervous system (CNS). The causative agent of
the diseases is thought to be an infectious isoform of the
prion protein, designated PrP*, and an accumulation of Prp*
in the CNS gives rise to prion diseases.

Since the epidemic of BSE and the appearance of a new var-
iant of CJD, which seems to be caused by PrP*-contaminated
beef consumption, much effort has been devoted to develop-
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ing a therapeutic agent for prion diseases. A wide range of
compounds have been identified as having antiprion activity
in TSE-infected cells.>¥ However, current therapeutic agents
directed at prion diseases remain. unsatisfactory™® due to
a lack of blood-brain barrier (BBB) permeability. Although an
intraventricular injection of BBB-impermeable antiprion com-
pounds is an alternative route for drug administration, it is in-
vasive and harmful to the patients, and poses a risk for iatro-
genic prion infections. Therefore, it is essential to develop an-
tiprion agents that can cross the BBB.

During the course of our antiprion drug discovery and de-
velopment studies,”® GN8 was identified as a novel antiprion
compound (Figure 1a).%"® Subcutaneous administration of
GN8 offered a survival benefit to TSE-infected mice.”’! Further-
more, nonclinical safety assessment of GN8 in rats and dogs re-
vealed that GN8 could be used safely at the concentration nec-
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Figure 1. a) Chemical structures of GN8, and the unlabeled and ""C-labeled

methylated derivative of GN8 (1). b) Western blotting of proteinase K-resist-
ant prion protein in GT +FK cells after treatment of the cells with GN8 and

1 at 10 pm.
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essary to exert antiprion activity™ PET is a powerful technique
to assess the clinical dose, regimen selection, as well as brain
penetration of the emitter-labeled compounds in prion disease
patients. PET analysis of a GN8 derivative labeled with a posi-
tron-emitting radionuclide would give us important clues for
antiprion drug development."® Herein, we report the synthesis
of a ""C-labeled GN8 derivative ([''C]-1) by palladium-catalyzed
rapid methylation of aryltributylstannane, and its subsequent
assessment for BBB permeability and biodistribution in rat by
PET.

As a positron emitting radionuclide-labeled compound, we
designed ["'C]-1 in which two methyl groups are linked to the
diphenylmethane unit of GN8 at the 2,2"-positions via carbon-
carbon bonds (Figure 1a). To confirm the antiprion activity of
the dimethyl-modified GN8 derivative, cold GN8 derivative
1 was prepared by bromoacetylation of 4,4’-diamino-3,3'-dime-
thyldiphenylmethane and subsequent substitution of the
bromo groups with pyrrolidine (see Supporting Information).!'¥
The antiprion activity of 1 was tested in GT+FK cells, which
are mouse neuronal cells (GT1-7) persistently infected with
a mouse-adapted GSS agent (Fukuoka-1 strain) (Fig-
ure 1b).17'® GN8 derivative 1 exhibited a similar order of ac-
tivity to that of GN8 with an ICsq value of 2.35+0.12 pum. Thus,
the modification of GN8 by the introduction of two methyl
groups did not substantially affect its antiprion activity.”

YIC is a short-lived positron emitting radionuclide (t,,=
20.4 min). A "C-labeled methyl group can be incorporated into
an aromatic framework via a carbon-carbon bond in a short
synthesis time using palladium(0)-mediated rapid cross-cou-
pling of aryltributylstannane with ["'Clmethyl iodide.? Aryl-
tributylstannane 4 is a key synthetic intermediate for the syn-
thesis of ["'C]-1 by rapid C-[""Clmethylation (Scheme 1 a). Initial-
ly, synthesis of 4 was examined via palladium-catalyzed tribu-
tylstannylation of aryl iodide 3.2* Unsymmetrically substituted
4,4'-diaminodiphenylmethane 2 was prepared from ortho-tolui-

www.chemmedcham.ory

dine, 2-iodoaniline hydrochloride, and paraformaldehyde.!"*!

Bromoacetylation of diamine 2 and subsequent substitution
reaction of the resulting bis(2-bromoacetamide) with pyrroli-
dine yielded compound 3. Unfortunately, several attempts to
convert 3 to 4 by palladium-catalyzed tributylstannylation with
bis(tributylstannane) were unsuccessful, presumably because
of the substituent effect of the neighboring acylamino group.
Alternatively, we examined the synthesis of 4 via tributylstan-
nylation at an earlier stage. Aryl iodide 2 underwent a palladi-
um-catalyzed coupling reaction with bis(tributylstannane) to
afford aryltributylstannane 5 at a yield of 67%. Chloroacetyla-
tion of 5 gave bis(2-chloroacetamide) 6, and the reaction of 6
with pyrrolidine in the presence of K,CO; provided the desired
aryltributylstannane 4.

With the key precursor in hand, rapid methylation of aryltri-
butylstannane 4 with ["Clmethyl iodide was carried out in the
presence of palladium catalyst (Scheme 1b).""?*) After several
experiments, we found that N-methylpyrrolidone (NMP) was
an effective solvent for the rapid methylation of aryltributyl-
stannane 4. The optimized conditions for the reaction of aryl-
tributylstannane 4 with ["'Clmethyl iodide were NMP for five
minutes to give the ""C-labeled GN8 derivative [''C]-1 with suf-
ficient radioactivity (0.5-2.0 GBq) for PET and a specific radioac-
tivity of 60-126 GBqumol™". The chemical purity analyzed at
254 nm was 82-92%, and the radiochemical purity was deter-
mined to be greater than 95%:. The decay-corrected radio-
chemical yield, which was calculated from the radioactivity of
[""CImethyl iodide trapped in the palladium catalyst-containing
reaction mixture, was approximately 20%. The total synthesis
time, including HPLC purification and radiopharmaceutical for-
mulation for intravenous administration, was 43 min.

To investigate the BBB permeability and the biodistribution
of ["(J-1, consecutive PET scans of the brain and whole body
of Sprague-Dawley rats (n=4) were conducted. A 90 minute
emission scan of the brain revealed that, after intravenous ad-
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Scheme 1. Synthesis of aryltributylstannane 4 and radiosynthesis of ""C-labeled GN8 derivative ["'C]-1 by palladium-catalyzed rapid methylation with {"'C}-
CH;l. Reagents and conditions: a) CH;0H, reflux, 18 h, 22%; b) 1. BrCH,C(O)Br, pyridine, DMAP, CH,Cl,, 25°C, 3 h; 2. pyrrolidine, K,CO;, THF, 60°C, 12 h, 69%
(two steps); ) (BusSn),, Pd(PPh,), (10 mol %), toluene, reflux, 48 h, 10%; d) (BusSn),, Pd(PPh;), (5 mol %), toluene, 100°C, 24 h, 67 %; e) CICH,C(O)Cl, Et;N,
CH,Cl,, 0°C, 10 min, 83 %; f) pyrrolidine, K,CO;, THF, 60°C, 12 h, 92%; g) Pd,(dba);, (o-tolyl);P, CuCl, K,CO,, NMP, 80°C, 5 min.

e e g S T i £ =

ChemMedChem 2013, 8, 1035-1039 1036

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

-383 -



CHENVIMEDCHEM
COMMUNICATIONS

ministration of [''C]-1, radioactivity was observed in the pituita-
ry gland, pineal body, cerebral cortex, and choroid plexus (Fig-
ure 2a). Around the head and neck, accumulation of ['C]-
1 was observed in the thyroid gland, submandibular gland,
and Harderian gland (Figure 2a). Whole-body PET images indi-
cated that ["'C]-1 uptake was scanned in the lung, liver, kidney,
intestine, and spleen (Figure 2b). After the PET scan, the

spleen

urinary
bladder

SUV
E—Cvmetn. o
0.0 2.0

% of total radioactivity
o
0% 10%

Figure 2. Positron emission tomography (PET) images of the brain and
whole body. a) Maximum a posteriori probability (MAP) algorithm recon-
structed static image taken 5-90 min after ["'C]-1 injection (sagittal). b) Maxi-
mum intensity projection (MIP) image of 90-120 min after ["'C]-1 injection.
Standardized uptake values (SUV) are a semi-quantitative measure, derived
from determination of tissue activity obtained from a single static image.

organs of the animal were dissected and the radioactivity of
each tissue was measured with a gamma counter.

The tissue distribution data were in good agreement with
the PET images, and the radioactivity of the brain was found
to be higher than that of the blood or muscle (Table 1). These
results demonstrated that ["'C]-1 administered intravenously
crosses the BBB and is retained in the brain.

To evaluate the degradation of 1 in vivo, we monitored its
intravenous as well as intrabrain concentration in a time-de-
pendent manner using a gas chromatography-mass spectrom-
etry (GC/MS). The results showed that the elimination half-life
of 1 is much longer than 24 hours, indicating that radioactivity
is not originated from the degraded ["C]-1 (data not shown).

To confirm the distribution in brain, [''C]-1 was injected into
rats, which were then sacrificed 40 minutes after administra-
tion. Auto-radiographic images of coronal sections of rat brain
at 60 minutes post-injection are shown in Figure 3 along with
their photographs. The auto-radiographic images clearly dem-
onstrated that [11C]-1 is primarily localized in the cerebral
cortex, pineal body, pituitary gland, and choroid plexus.

Introduction of "'C-lableled methyl group through a carbon-
carbon bond is fascinating because it is resistant to in vivo me-
tabolism in marked contrast to carbon-heteroatom bonds.

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

© 2013

-384 -

www.chemmedchsam.org

Table 1. Biodistribution data for ["'C]-1.

Tissue ID (%]
Lung 4,98+0.08
Kidney 21740101
Spleen 211401
Liver 1.21+£0.06
Brain 0.3640.01
Heart 0.2340.03
Muscle 0.093 £0.005
Fat 0.04+0.02
Blood 0.03+0.002
[a] Data are the percent injected dose per gram of tissue + standard
error of the mean (SEM) of n=4 independent experiments.

Figure 3. a) Photographic images of coronal sections of rat brain, and b) the
corresponding auto-radiographic images at 60 min postinjection of [''C]-1.
Abbreviations: pineal body (P.B.) and pituitary gland (P.G.).

Transition-metal-catalyzed cross-coupling reactions are useful
methods for constructing carbon-carbon bonds with excellent
functional group tolerance.”® We adopted palladium(0)-medi-
ated rapid C-["Cl-methylation using arylstannane 4 and
["'Clmethyl iodide as a ""C-labeling method,"** since the con-
ventional palladium-catalyzed cross-coupling reaction generally
takes several hours. In addition, in practical terms, the "'C-label-
ing must typically be carried out with small quantities of
[""CImethyl iodide (less than micromolar amounts) and excess
amounts of stannyl precursor (greater than micromolar
amounts). Thus, the palladium(0)-mediated rapid C-
[""Clmethylation is an efficient method for ''C-labeling that can
meet the chemically difficult demands of radiolabeling condi-
tions.[27:281

As mentioned above, to date, a variety of compounds have
already been identified as antiprion compounds in TSE-infect-
ed cells*¥ However, most of these compounds were ineffec-
tive in vivo, and only a limited number of compounds includ-
ing amphotericin B and its derivative, pentosan polysulfate,
and porphyrin derivatives have been reported to be effective
in TSE-infected animals.”**" In clinical trials, pentosan polysul-
fate had to be administered intraventricularly since it did not
penetrate the BBB, and no apparent improvement of clinical
features was observed in the patients treated with this
agent.’? Treatment with quinacrine also failed to provide
a therapeutic benefit, rather, it led to liver dysfunction.®3-

ChemMedChem 2013, 8, 1035-1039 1037
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These agents were originally developed for the treatment of
interstitial cystitis and malaria, respectively, and would not be
suitable for the treatment of CNS disorders. Therefore, the
pharmacokinetic properties, especially the BBB permeability, of
the compounds should be carefully considered in drug devel-
opment for prion diseases.***” Previously, we reported that
the subcutaneous administration of GN8 prolonged the life-
time of prion-infected mice, indicating that GN8 can enter the
brain across the BBB. In this study, we confirmed that ["'C]-1 ad-
ministered intravenously also reaches the brain.

In summary, an "C-labeled GN8 derivative ["'C]-1, in which
an "C-labeled methyl group was connected to the aromatic
ring via a carbon-carbon bond, was successfully synthesized
by palladium-catalyzed rapid methylation of aryl-
(tributyl)stannane with ["Clmethyl iodide. PET analysis using
the "C-labeled compound unequivocally demonstrated that
the GN8 derivative penetrated into the brain. These findings
will facilitate further refinement of GN8 as a therapeutic agent
for prion diseases. Further studies on the application of the
""C-Jabeled GN8 derivative as a molecular imaging probe for
detecting cellular prion protein®-" in vivo are currently ongo-
ing and will be reported in due course.

Experimental Section

PET studies using rats: Male Sprague-Dawley rats (Japan SLC, Inc.,
Hamamatsu, Shizuoka, Japan) at 8-9 weeks old and weighing ap-
proximately 250 g each were used in the study. All PET scans were
performed using microPET F220 (Siemens Co., Ltd, Knoxville, TN,
USA). Rats (n=4) were anesthetized and maintained with a mixture
of 1.5% isoflurane and nitrous oxide/oxygen (7:3) and positioned
in the PET scanner gantry. After intravenous bolus injection of ["'C]-
1 via the tail vein (~100 MBq per animal), a 90 min emission scan
of the brain was performed with 400-650 keV as the energy
window and 6 ns as the coincidence time window. Emission data
of the brain were acquired in the list mode and sorted into dynam-
ic sinograms (6x10s, 6x30s, 11x605, 15x180s, 3X600 s; a total
of 41 frames). After scanning the brain, a 30 min whole-body PET
scan was conducted. For whole-body scans, the scanner bed was
moved continuously in a reciprocating motion to ensure the entire
body was scanned, and the list-mode data were sorted into dy-
namic sinogram for every one-bed pass. The data were recon-
structed by a statistical maximum a posteriori probability algorithm
(MAP) of ten iterations with point spread function (PSF) effect.
During the experiment, a thermo-sensing probe was inserted into
the rectum to monitor body temperature, which was maintained
at 37°C with a temperature controller (CMA150, CMA/Microdialysis,
Stockholm, Sweden). The radioactivity concentrations were normal-
ized with cylinder phantom data and expressed as standardized
uptake values (SUV). For the whole-body scans (continuous bed
motion ‘acquisition), the radioactivity in the region of interest was
estimated by percent of total radioactivity at each frame. After PET
scanning, rats were euthanized and perfused with saline, Radioac-
tivity of each tissue type was measured by using a gamma counter
(Wallac1470, PerkinElmer, Waltham, MA, USA).

All experimental protocols were approved by the RIKEN Ethics
Committee on Animal Care and Use and were performed in ac-
cordance with the Principles of Laboratory Animal Care (NIH publi-
cation No. 85-23, revised 1985).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Supporting Information: Instrument details, synthetic protocols
and characterization data including NMR spectra for compounds
1-6 and the radiosynthesis of [''C]-1 are given in the Supporting
Information along with the ex vivo assay procedure for evaluation
in GT+FK cells.
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Inhibitors of a human member (AKR1B10) of the aldo-keto reductase superfamily are regarded as
promising therapeutics for the treatment of cancer. Recently, we have discovered (Z)-2-
(4-methoxyphenylimino)-7-hydroxy-N-(pyridin-2-yl)-2H-chromene-3-carboxamide (1) as the potent
competitive inhibitor using the virtual screening approach, and proposed its 4-methoxy group on the
2-phenylimino moiety as an essential structural prerequisite for the inhibition. In this study, 18
derivatives of 1 were synthesized and their inhibitory potency against AKR1B10 evaluated. Among them,
7-hydroxy-2-(4-methoxyphenylimino)-2H-chromene-3-carboxylic acid benzylamide (5n) was the most
potent inhibitor showing a K; value of 1.3 nM. The structure-activity relationship of the derivatives
indicated that the 7-hydroxyl group on the chromene ring, but not the 4-methoxy group, was absolutely
required for inhibitory activity, The molecular docking of 5n in AKR1B10 and site-directed mutagenesis of
the enzyme residues suggested that the hydrogen-bond interactions between the 7-hydroxyl group of 5n
and the catalytic residues (Tyr49 and His111) of the enzyme, together with a nt-stacking interaction of the
benzylamide moiety of 5n with Trp220, are important for the potent inhibition.

© 2013 Elsevier Ltd. All rights reserved.
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Aldose reductase

Molecular docking
Structure-activity relationship

1. Introduction

A human member of the aldo-keto reductase (AKR)
superfamily, AKR1B10, is a NADPH-dependent reductase, which
was originally identified as an aldose reductase-like protein that
is up-regulated in hepatocellular carcinomas.' Over-expression of
AKR1B10 has been also observed in other tumors, such as smokers’
non-small cell lung carcinomas,’ uterine carcinomas,” cholangio-
carcinomas,” pancreatic carcinoma,” and breast cancer.® The
silencing of the AKR1B10 gene results in growth inhibition of
cancer cells”™® and hepatocellular carcinoma xenografts in mice,’
and its elevated expression in turn promotes proliferation of cancer
cells,'®"" indicating that the enzyme participates in tumor
development. Furthermore, AKR1B10 is suggested to be implicated

Abbreviations: AKR, aldo-keto reductase; FBS, fetal bovine serum; SAR, struc-
ture-activity relationship.

* Corresponding author. Tel.: +81 58 237 5979; fax: +81 58 237 3931.
E-mail address: sendo@gifu-pu.ac.jp (S. Endo).

0968-0896/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2013.08.059

in developing colon cancer cell resistance to anticancer drugs such
as mitomycin C'? and oxaliplatin.'' Due to its high catalytic
efficiency towards aliphatic aldehydes, retinals and isoprenyl alde-
hydes,' -1 the roles suggested for AKR1B10 in cell carcinogen-
esis and tumor development are the detoxification of cytotoxic
carbonyls derived from lipid peroxidation,®® decrease in retinoic
acid synthesis,"” and modulation of protein prenylation.”'""!* In
addition, AKR1B10 is reported to promote fatty acid synthesis in
cancer cells by blocking the ubiquitin-dependent degradation of
acetyl CoA carboxylase.®'® Thus, this enzyme has been recognized
not only as a potential diagnostic and/or prognostic marker, but
also as a potential therapeutic target for the treatment of the above
types of cancer and the colon cancer chemoresistance.

During the past five years, many synthetic and natural
compounds that show inhibitory effects on AKR1B10 have been
reported, as reviewed by Matsunaga et al.""'” Among them, (Z)-
2-(4-methoxyphenylimino)-7-hydroxy-N-(pyridin-2-yl)-2H-chro-
mene-3-carboxamide (1) is the most potent competitive inhibitor
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showing an ICso value of 6.0 nM.'® Molecular docking of 1 in
AKR1B10 proposed that the interactions between the 4-methoxyl
group on the 2-phenylimino moiety of 1 and the enzyme’s active
site residues, His111 and Trp112, are important for the tight bind-
ing (Fig. 1A). However, this compound almost equally inhibits the
structurally similar human aldose reductase that is named AKR1B1
in the AKR superfamily. Because AKR1B1 plays distinct roles in glu-
cose and prostaglandin metabolism,'??° selective inhibition of
AKR1B10 is ideally required for the development of drugs targeting
this enzyme. The structure-activity relationship (SAR) study on the
chromene-3-carboxamide derivatives has not been also reported
since its discovery by the virtual screening.'® In this study, we de-
signed and synthesized derivatives of 1 based on the molecular
docking result, and evaluated them for enzyme inhibitory activity,
in order to explore SAR of the 1-derived compounds as potent
inhibitors of ARK1B10.

2. Results and discussion
2.1. Chemistry

First, we synthesized seven 1-based derivatives having different
substituents on the 2-phenylimino moiety at the 4-position to

(A)
2

Phe116

Val301

Trp21

6379

confirm the interactions of the 4-methoxy group with His111
and Trp112 of AKR1B10, which was suggested by the previous
docking model of 1 in this enzyme.'® The Knoevenagel condensa-
tion of cyanoacetamide (2)*' with 2,4-dihydroxybenzaldehyde
(3) afforded the 2-iminochromene derivative (4). Reaction of 4
with anilines furnished the desired 2-phenyliminochromenes
(5a-g) (Scheme 1). All of the derivatives potently inhibited
AKR1B10, as evidenced by less than 2.2-fold increases in their
ICso values compared to that of 1 (See Table 1). Surprisingly, the
des-methoxy derivative 5g also showed potent inhibition, in
contrast to the important interaction of the 4-methoxy group
suggested by the docking model of 1.'® Next, we examined the
effect of substituents of the 3-carboxamide moiety on AKR1B10
inhibition. Seven derivatives having isopropyl (5h) or acyclic alkyls
(5i-k), hydroxyalkyls (51-m), and benzyl (5n) substituent instead
of the 2-pyridyl side chain of 1 were synthesized. Since these
substitutions also did not significantly affect the inhibitory potency
towards AKR1B10, we synthesized the different phenol derivatives
(50-q) and deoxy-derivative (5r) at the 7-position of the chromene
ring system to examine the role of the 7-hydroxyl group on the
chromene ring of 1 and the above derivatives. The same procedures
for the synthesis of 5a-g were applied for the synthesis of 50-r, as
shown in Schemes 2 and 3.

(B)
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) N
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HO 07 N

GIn303

Trp112

His111

Figure 1. Structures of 1 (A) and 5n (B), and their docked models in AKR1B10-NADP* complex. The portion of NADP* (yellow) and residues (green) within 4.0 A from the
inhibitors are depicted with possible hydrogen bond interactions, which are shown in dotted lines with distances. The docked model of 1 (A) is the same as that previously

reported.'®
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S5a: R=OH

Sb: R = CO,H
Sc: R = Me
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5f: R = CH,CO,H
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Scheme 1. Synthesis of chromene derivatives 5a-g.
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