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A human aldose reductase-like protein, AKR1B10 in the aldo-keto reductase (AKR) superfamily, was
recently identified as a therapeutic target in the treatment of several types of cancer. In order to identify
potential leads for new inhibitors of AKR1B10, we adopted the virtual screening approach using the auto-
mated program ICM, which resulted in the discovery of several chromene-3-carboxamide derivatives as
potent competitive inhibitors. The most potent (Z)-2-(4-methoxyphenylimino)-7-hydroxy-N-(pyridin-
2-yl)-2H-chromene-3-carboxamide inhibited the reductase activity of AKR1B10 with a Ki value of
2.7 nM, and the metabolism of farnesal and 4-hydroxynonenal in the AKR1B10-overexpressed cells from
0.1 lM with an IC50 value equal to 0.8 lM.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction silencing results in growth inhibition of colorectal cancer cells,
16
AKR1B10 is a human member of the 1B subfamily in the aldo-
keto reductase (AKR) superfamily,1 and was recently identified as
aldose reductase (AR)-like 1 and human small intestinal AR.2,3

The enzyme shows overall amino acid sequence identity of 71%
with human AR, and its tertiary structure is similar to that of
AR.4 Like AR, AKR1B10 reduces a variety of aromatic and aliphatic
aldehydes, dicarbonyl compounds and some drug ketones using
NADPH as the coenzyme, but differs from AR in its inability to re-
duce glucose.3,5–11 AKR1B10 exhibits much higher catalytic effi-
ciency for retinals and isoprenyl aldehydes (farnesal and
geranylgeranial) compared to human AR,5–7 suggesting its impor-
tant roles in the metabolism of retinoids and isoprenoids.

AKR1B10 and its mRNA are ubiquitously expressed in human
tissues, of which the adrenal gland,2 small intestine, colon, liver
and thymus show high expression levels.3 The enzyme is up-regu-
lated in lung and hepatic carcinomas,3,12 as well as in esophageal,
uterine and colorectal cancers.13–15 In addition, AKR1B10-gene
ll rights reserved.
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suggesting that AKR1B10 regulates cell proliferation. Recent
studies on the roles of AKR1B10 in cancer cells suggest that the en-
zyme is closely associated with cell carcinogenesis and tumor
development by regulating retinoic acid homeostasis,5,6 fatty acid
synthesis, lipid metabolism17 and isoprenoid metabolism.7 Thus,
AKR1B10 is not only a potential tumor marker, but also a target
for cancer prevention and treatment, suggesting that inhibitors of
AKR1B10 may be used as novel anticancer drugs.

It was reported that AKR1B10 is inhibited by some AR inhibi-
tors, fibrate derivatives, dexamethasone and phenolphtha-
lein,5,10,11,18 of which an AR inhibitor tolrestat is the most potent
inhibitor with an IC50 value in the low nM range,4,5 and binds to
the active site of the enzyme.4 We recently found that bile acids
and plant-derived polyphenols are competitive inhibitors of
AKR1B10 with respect to the alcohol substrate in the NADP+-linked
reverse reaction.7,19 Among them, isolithocholic acid and bisdeme-
thoxycurcumin are the most potent, showing Ki values of 14 and
22 nM, respectively. However, the Ki values are comparable to that
for tolrestat.7 In the search for new compounds that have high po-
tential to competitively inhibit AKR1B10, we have performed a
structure-based computational screening that was established pre-
viously.20 The initial screening against 50,000 compounds in a
chemical database (Available Chemicals Directory) proposed
approximately 100 compounds that bind to the active site of
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AKR1B10. Out of them we selected six compounds that showed the
lowest predicted binding free energy, and analyzed them in terms
of the inhibitory potency, selectivity, cellular efficacy and binding
mode in the active site of the enzyme.

2. Results and discussion

2.1. Inhibitory potency of the screened compounds for AKR1B10

The search using the program ICM generated 100 compounds
that were ranked according to their energy scores. Among them,
compounds with structures similar to the inhibitors previously re-
ported5,7,10,11,18,19 were excluded from further analysis. Out of the
remaining compounds with top scoring, only those that were com-
mercially available were visually examined the number and type of
interactions with the residues in the active site of AKR1B10, using
the modeling program packaged in the ICM program. Based on these
criteria six candidate compounds were chosen for analysis of
inhibitory potency against AKR1B10.

Among the six compounds, four methoxy derivatives (C1–C4) of
(Z)-2-(phenylimino)-7-hydroxy-N-(pyridin-2-yl)-2H-chromene-3-
carboxamide (PHPC) potently inhibited the reductase activity of
AKR1B10 (Table 1). The other two compounds were N-(3-acetyl-
phenyl)-2-[5-(furan-2-yl)-4-phenyl-4H-1,2,4-triazol-3-ylthio]acet-
amide and ethyl 4-[2-(1,3-dimethyl-2,6-dioxo-7-propyl-2,3,6,
7-tetrahydro-1H-purin-8-ylthio)acetamido]-benzoate, which showed
much less inhibition with the IC50 values of 27 and 59 lM, respec-
tively. The four PHPC derivatives differ in the positions of the
methoxy groups on the 2-phenylimino moiety. C1, that has only
one methoxy group at the position 4 with respect to the imino
group showed the most potent inhibition, and the next potent
inhibitor was C2, which has two methoxy groups at the positions
2 and 4. C3 with two methoxy groups at positions 2 and 5 was less
potent. C4, that has two methoxy groups at positions 3 and 4 as
well as a methyl group on the pyridin-2-yl moiety, showed the
least inhibitory potency. The relationship between the structure
and inhibitory potency suggests that the presence of only one
methoxy group at position 4 on the 2-phenylimino moiety of PHPC
is a critical structural requisite for potent inhibition of the enzyme,
and substitution of methoxy group(s) at other positions may im-
pair the inhibitory potency of these inhibitors.
Table 1
IC50 and Ki values of PHPC derivatives exhibiting potent inhibitory activity against
AKR1B10

PHPC Structurea IC50
b (nM) Ki

c (nM)

R1 R2 R3 R4 R5

C1 H H H OCH3 H 6.0 ± 0.1 2.7 ± 0.3
C2 H OCH3 H OCH3 H 15 ± 3 12 ± 0.7
C3 H OCH3 H H OCH3 22 ± 1 16 ± 0.1
C4 CH3 H OCH3 OCH3 H 36 ± 3 24 ± 3

a R1–R5 are substituents of PHPC, (Z)-2-(phenylimino)-7-hydroxy-N-(pyridin-2-
yl)-2H-chromene-3-carboxamide, shown below.

O N

N
H

N
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b IC50 value was determined in the pyridine-3-aldehyde reduction.
c Ki value was determined with respect to the substrate in the geraniol oxidation

at a saturating concentration (0.25 mM) of NADP+.
2.2. Inhibition patterns and constants for the PHPC derivatives

In the NADPH-linked reduction of pyridine-3-aldehyde by
AKR1B10, the inhibition patterns of the PHPC derivatives were all
non-competitive with respect to both NADPH and substrate, show-
ing two inhibition constants, Kis (slope effect) and Kii (intercept ef-
fect). For example, Kis and Kii values for C1 were 35 and 21 nM,
respectively, with respect to NADPH, and the respective values
with respect to the substrate were 13 and 18 nM. In the NADP+-
linked dehydrogenation of geraniol, the PHPC derivatives inhibited
uncompetitively with respect to NADP+ and competitively with re-
spect to the substrate, and the Ki values estimated from the com-
petitive inhibition kinetics are shown in Table 1. In coincidence
with the IC50 values, the Ki values were small in the order of C1,
C2, C3 and C4.

The inhibition patterns of the PHPC derivatives are the same as
those of previously known AKR1B10 inhibitors such tolrestat and
steroids, which are demonstrated to bind to the enzyme–NADP+

binary complex by kinetic and crystallographic studies.4,7 Since
the Ki value estimated from the competitive inhibition kinetics im-
plies the dissociation constant for the inhibitor, C1 has the highest
affinity for AKR1B10 among the PHPC derivatives, and its affinity is
also >5-fold higher than those of tolrestat, isolithocholic acid and
bisdemethoxycurcumin that were previously reported to be most
potent competitive inhibitors of AKR1B10.5,7,19

2.3. Binding modes of the PHPC derivatives predicted by
molecular docking

Crystallographic study of the AKR1B10-NADP+-tolrestat com-
plex has shown that the inhibitor is surrounded by the side-chains
of Trp21, Val48, Trp80, Trp112, Phe116, Phe123, Trp220, His222,
Cys299, Val301, Gln303, and catalytically important residues
Tyr49 and His111.4 In addition to the residues, Lys125, Gln114
and Ser304 are suggested to be the inhibitor-binding residues by
the molecular modeling studies of isolithocholic acid and bisdeme-
thoxycurcumin in the coenzyme–AKR1B10 complex.7,19 To under-
stand the structural reasons for the high affinity of C1 for AKR1B10,
we compared the AKR1B10 models docked with C1, C2 and C3 that
differ in the positions of methoxyl groups on the 2-phenylimino
moiety. Docking simulations of C1 and C2 in the AKR1B10–NADP+

complex revealed that the two inhibitors similarly occupy in the
enzyme’s active site, in which the 4-methoxyl group on the phenyl
ring of the inhibitors points towards His111 and Trp112, and its
other parts were surrounded by hydrophobic residues Trp21,
Val48, Trp80, Phe116, Phe123, Trp220 and Val301 (Fig. 1A and
B). As evident by the superimposed structures of C1 and C2
(Fig. 1D), there was difference in the orientation of their methoxy-
lated phenyl rings. The phenyl ring of C1 was sitting deeper in the
active site of the enzyme than that of C2, and the oxygen of its 4-
methoxy group was proximal to the NE2 of His111 and NE1 of
Trp112 (3.19 and 2.66 ÅA

0

, respectively), being able to form tight
hydrogen-bonds. In contrast, the 4-methoxy group of C2 was far
from the side-chain nitrogens of His111 and Trp112 (3.52 ÅA

0

and
3.42 ÅA

0

, respectively). Although the additional 2-methoxy group of
C2 formed a hydrogen bond with Trp21, it is likely that the orien-
tation of the methoxylated phenyl ring and interactions of the 4-
methoxy group with the two residues contribute to high affinity
of C1 over C2. In the model docked with the less potent inhibitor
C3 with the methoxy groups at positions 2 and 5, its 5-methoxy
group was far from His111 and Trp112 (3.41 and 3.59 ÅA

0

, respec-
tively) and 2-methoxy group did not form a hydrogen-bond inter-
action with Trp21 (Fig. 1C). In addition, the orientation of the
chromene ring of C3 against Trp220 is different from those in the
models of C1 and C2, suggesting that the p-stacking interaction be-
tween this ring and Trp220 in C3 is smaller than those in C1 and



Figure 1. AKR1B10 models docked C1 (A), C2 (B) and C3 (C) in the enzyme–NADP+ complex. In superimposed figure (D) of the models of C1 (sky-blue) and C2 (pink), only the
structure of the bound C2 is shown in the C1-bound model. The portion of NADP+ (yellow) and residues (green) within 3.5 Å from the inhibitors are depicted with possible H-
bonds.
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C2. This was demonstrated by the small effect of the W220Y muta-
genesis on the IC50 value for C3 (72 ± 5 nM: three-fold increase),
compared to large effects on those for C1 and C2 (101 ± 6 and
210 ± 38 nM, respectively: >14-fold increase). The molecular mod-
eling further supports the proposed structure–activity relationship
that the presence of a methoxy group at p-position for the imino
group of PHPC is a critical structural requisite for potent inhibition
of the enzyme. Although the least potent inhibitor C4 has the 4-
methoxy group, the presence of the 3-methoxy group in this com-
pound impaired both hydrogen-bonding interactions of the 4-
methoxy group with His111 and Trp112 and p-stacking interaction
between the methoxylated phenyl ring and Trp21 (seen in Fig. 1A)
in its docked model (data not shown). Thus, C1 with one methoxy
group at position 4 acts as the most potent inhibitor.

2.4. Inhibitory effect of C1 on cellular metabolism by AKR1B10

AKR1B10 efficiently reduces an isoprenyl aldehyde, farnesal,
into farnesol, both in vitro and in its overexpressed cells.7 In order
to evaluate the inhibitory effects of the PHPC derivatives on
AKR1B10 in a cellular level, we prepared the AKR1B10-overexpres-
sed HeLa cells that exhibited eight-fold higher farnesal reductase
activity than the control cells (transfected with the empty vector),
and compared the inhibition of the farnesal metabolism by the
PHPC derivatives with that by the known inhibitor tolrestat
(Fig. 2). At the inhibitor concentration of 1 lM, C1 most potently
inhibited the metabolism, and the order of the inhibitory potency
of the PHPC derivatives coincides with that determined in vitro
(Table 1). C1 was effective from 0.1 lM, and its IC50 value was
0.8 lM, which is lower than those for tolrestat (6 lM) and for bis-
demethoxycurcumin.19 We also prepared the AKR1B10-overex-
pressed BAECs that exhibited nine-fold higher enzyme activity
than the control cells, in order to evaluate the inhibitory potency
of C1 in different cells and ability of the enzyme. The enzyme has
been reported to reduce cytotoxic HNE to non-toxic 4-hydroxy-
2-nonenol.9,10 This ability was confirmed by the observations that
the AKR1B10-overexpressed BAECs were markedly resistant to the
cytotoxicity of HNE and 4-hydroxy-2-nonenol did not influence the
cell viability (Fig. 3A). The addition of C1 decreased the protective
effect of the expressed AKR1B10 on the cytotoxicity of HNE in a
dose-dependent manner (Fig. 3B). This effect of C1 on the cells
was not complete compared to the decrease in the viability of
the control cells by HNE. This may be caused by other metabolism
of HNE and its various toxic mechanisms including formation of
adducts with proteins/biomolecules and triggering of signaling
pathways by HNE and its metabolites other than 4-hydroxy-2-



Figure 3. Effect of C1 on the toxicity of HNE to AKR1B10-overexpressed BAECs. (A)
Cytotoxicity of HNE. The control (open circle) and AKR1B10-overexpressed cells
(closed circle) were incubated for 24 h with the indicated concentrations of HNE. 4-
Hydroxy-2-nonenol (open square), the reduced product of HNE by the enzyme, did
not show the toxicity to the control cells. (B) Enhancement of the cytotoxicity of
HNE by C1. The cells were preincubated for 2 h in the absence (a–c) or the presence
of the indicated concentrations of C1, and then treated for 24 h with 35 lM HNE.
The HNE treatment decreased the viability of the control cells (b vs a), and the
cytotoxicity was almost prevented by the overexpression of AKR1B10 (c). The pre-
treatment of C1 enhanced the cytotoxicity to the AKR1B10-overexpressed cells in a
dose-dependent manner (closed bar). The values represent the means ± SD from
triplicate experiments.

Figure 2. Effects of AKR1B10 inhibitors on the cellular farnesal reduction. The
AKR1B10-expressed HeLa cells were pretreated with indicated concentrations of C1
(closed bar), C2 (slashed bar), C3 (horizontal striped bar), C4 (gray bar) and tolrestat
(open bar) for 2 h, and then incubated with 20 lM [1-14C] farnesol for 6 h. The
inhibition percentages of the farnesal reduction by the inhibitors are expressed as
the mean of duplicate experiments.
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nonenol.21,22 Since C1 itself did not affect the viability of BAECs up
to the concentrations used in this experiment, the decrease in the
cell viability is probably due to the inhibition of AKR1B10 by this
inhibitor. The results clearly indicate that C1 is membrane-perme-
able and acts as the potent inhibitor of AKR1B10.

2.5. Selectivity

The PHPC derivatives inhibited human AR to similar extents to
their effects on AKR1B10, and their IC50 values for AR are compara-
ble to or lower than those for representative AR inhibitors (Table 2).
Like tolrestat, the other AR inhibitors inhibited AKR1B10, but their
potency was low, and the AR inhibitors other than tolrestat and
zopolrestat showed >15-fold selectivity to AR. Thus, the PHPC
derivatives lack the selectivity for AKR1B10 and AR, whose crystal
structures including the active-site residues are similar.4 Among
the AKR1B10 residues interacting with or present near the inhibi-
tors (Fig. 1), those except for Val301 and Gln303 are conserved in
AR. The mutagenesis of the Val301 and Gln303 into the corre-
sponding AR residues (Leu and Ser, respectively) resulted in low
(less than 1.5-fold) changes in the IC50 values for the PHPC deriva-
tives. These results indicate that the residues conserved in the two
enzymes are important for the binding of the PHPC derivatives.

The low inhibitory selectivity for AKR1B10 and AR does not al-
ways mean that the PHPC derivatives are excluded from candidates
for development of anticancer agents. AR has been reported to be
overexpressed in human cancer tissues (liver, breast, cervical and
rectal tumors) as well as AKR1B10.3,23 AR is also suggested to be in-
volved in the resistance of cancer cells to antitumor agents such as
daunorubicin and doxorubicin through the metabolism of the
anthracycline drugs and/or an ERK pathway-mediated mecha-
nism.24–26 Therefore, the cross-inhibition of AKR1B10 and AR by
the inhibitors may be effective in preventing proliferation of the
above cancer cells and resistance to anticancer anthracycline
drugs.

As shown in Table 2, the AR inhibitors inhibit human ALR that
shares 50% amino acid sequence identy with human AR,27,28 and
is involved in the detoxification of reactive aldehydes and dicar-
bonyl compounds.29,30 The non-selective inhibiton has been con-
sidered one of reasons for side-effects of AR inhibitors, which are
found in their clinical trials for treatment of diabetic complica-
tions.31–33 Suprisingly, the inhibition of ALR by the PHPC deriva-
tives was very weak, and their IC50 ratio of ALR to AR were much



Table 2
Comparison of inhibition of AKR1B10, human AR and ALR by the PHPC derivatives and AR inhibitors

Inhibitor IC50 values (nM) Ratio

AKR1B10 AR ALR AR/1B10 ALR/1B10 ALR/AR

C1 6.0 ± 0.1 11 ± 1 25,000 ± 2700 1.8 3800 2110
C2 15 ± 3 21 ± 2 38,000 ± 4400 1.4 2530 1810
C3 22 ± 1 36 ± 1 >40,000 1.6 >1800 >1100
C4 36 ± 3 34 ± 5 >40,000 0.9 >1100 >1200
Tolrestat 54 ± 4 10a 720a 0.2 13 72
Epalrestat 330 ± 4 21b 2600b 0.06 8 123
Zopolrestat 620 ± 40 60a 2700a 0.1 44 450
Minalrestat 740 ± 10 25 ± 2 6.7 ± 0.1 0.03 0.009 0.3
Sorbinil 9600 ± 400 550b 4600b 0.06 0.5 8

The IC50 values were determined in the reductase activities using 0.2 mM pyridine-3-aldehyde (for AKR1B10 and AR) and 10 mM D-glucuronate (for ALR) as the substrates,
except that the values with a and b are taken from Refs. 27 and 28, respectively.
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greater than those of the AR inhibitors. The finding may contribute
to development of AR inhibitors having high selectivity to AR over
ALR. In addition, the PHPC derivatives would be lead compounds
for the development of drugs for treatment of cancer complicated
by diabetic complications.

In conclusion, the present study identified C1, one of the PHPC
derivatives, as the most potent inhibitor to date for the tumor mar-
ker AKR1B10 both in vitro and ex vivo. The molecular modeling
and site-directed mutagenesis analyses on the binding of the PHPC
derivatives to the enzyme provide novel structural features that
would facilitate the design of anticancer agents. Although the PHPC
derivatives inhibited human AR, they showed >1000-fold less inhi-
bition for human ALR. C1 was the most potent and selective to
AKR1B10 and AR (>2100-fold versus ALR), and represents a prom-
ising lead for the development of more potent and specific agents
targeting AKR1B10 and/or AR.

3. Experimental

3.1. Virtual screening and molecular docking

The Available Chemicals Directory (Asinex Ltd Moscow, Russia),
comprising 50,000 compounds, was used to screen for potential
inhibitors of AKR1B10. The in silico screening was performed by
using the software ICM version 3.0 (Molsoft, La Jolla, CA) software
package Version 8.5 as described previously.20 The crystal struc-
ture of the ternary complex AKR1B10-NADP+-tolrestat (PDB entry
1ZUA)4 was obtained from the RCSB protein database, and the
inhibitor and water molecules were removed. A molecular surface
of the active site was generated and the docking of ligands was re-
stricted to this site. Out of 100 compounds that showed low pre-
dicted binding energy, we selected six compounds that are
structurally novel as inhibitors for AKR1B10 and AR, and can be
available commertially. The compounds were obtained from Asin-
ex (Moscow, Russia) and Vitas-M Laboratory (Moscow, Russia).
Molecular docking calculations were also performed using the pro-
gram GLIDE 5.035 in the Maestro (Shrödinger, LLC, Portland, OR) soft-
ware package Version 8.5 as described previously,7 on a Linux
workstation and figures of the complexed models shown in Fig. 1
were generated using PyMOL (DeLano Scientific, San Carlos, CA,
USA).

3.2. Preparation of recombinant enzymes

AKR1B10 with N-terminal 6-His tag, human AR and aldehyde
reductase (ALR) without any additional amino acid were expressed
in Escherichia coli BL21(DE3) pLysS cells transformed with the
expression plasmids harboring their cDNAs, and purified to homo-
geneity as described previously.7,34 The W220Y, V301L and Q303S
mutant enzymes of AKR1B10 were prepared by site-directed muta-
genesis and purified to homogeneity as described previously.19

3.3. Assay of enzyme activity

The reductase and dehydrogenase activities of the enzymes
were determined at 25 �C by measuring the rate of change in
NADPH absorbance (at 340 nm) and fluorescence (at 455 nm with
an excitation wavelength of 340 nm), respectively.7 The IC50 values
of inhibitors for AKR1B10 and AR were determined in the reaction
mixture consisted of 0.1 M potassium phosphate, pH 7.4, 0.1 mM
NADPH, 0.2 mM pyridine-3-aldehyde and enzyme in a total vol-
ume of 2.0 ml. In the assay for ALR activity, 10 mM D-glucuronate
was used as the substrate. Kinetic studies in the presence of inhib-
itors were carried out in both pyridine-3-aldehyde reduction and
NADP+-linked geraniol oxidation over a range of five substrate con-
centrations (0.2–5 � Km) at a saturating concentration of coen-
zyme, and vice versa. The IC50 and Ki values are expressed as the
means of at least two determinations.

3.4. Cell culture experiments

Human HeLa cells were obtained from ATCC (Manassas, VA) and
bovine aortic endothelial cells (BAECs) were generous gift from
Taisho Pharmaceutical Co. (Saitama, Japan). The cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/
v) fetal bovine serum (FBS), penicillin (100 U/ml), and streptomy-
cin (100 lg/ml) at 37 �C in a humidified incubator containing 5%
CO2. The transfection of the pGW1 plasmids harboring the cDNA
for AKR1B10 into the cells, activity assay of the expressed enzyme
and analysis of the metabolism of [1-14C]farnesol (American Radi-
olabeled Chemicals) in the cells were carried out as described pre-
viously.7 Briefly, the cells were washed with FBS-free medium and
treated for 2 h with inhibitors prior to the initiation of farnesol
metabolism in FBS-added medium containing the inhibitor. The
added farnesol was metabolized into farnesoic acid through farne-
sal, which was rapidly reduced back to farnesol by the expressed
AKR1B10 and was not detected in the medium and cells. Radioac-
tivities of farnesol and farnesoic acid in the media of duplicate
experiments of 6 h-incubation with 20 lM farnesol were mea-
sured. The inhibition percentage of the farnesal reduction was
calculated from an equation: Inhibition percentage = ([F]exp+I �
[F]con)/([F]exp � [F]con) � 100, where [F]exp+I, [F]exp and [F]con

represent the farnesol concentrations in the media of the
AKR1B10-overepressed cells plus inhibitor, the cells without inhib-
itor and the control cells, respectively. In the experiments of
cytotoxicity of 4-hydroxy-2-nonenal (HNE), the transfected cells
were incubated for 2 h with the inhibitors prior to the 24-h treat-
ment with HNE. Cell viability was measured by the MTT method
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using a WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulf-
ophenyl)-2H-tetrazolium].36 HNE and 4-hydroxy-2-nonenol were
synthesized as described.8,37
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