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ABSTRACT: Aldo−keto reductase 1C3 (AKR1C3; type 5 17β-hydroxy-
steroid dehydrogenase) is overexpressed in castration resistant prostate cancer
(CRPC) and is implicated in the intratumoral biosynthesis of testosterone and
5α-dihydrotestosterone. Selective AKR1C3 inhibitors are required because
compounds should not inhibit the highly related AKR1C1 and AKR1C2
isoforms which are involved in the inactivation of 5α-dihydrotestosterone.
NSAIDs, N-phenylanthranilates in particular, are potent but nonselective
AKR1C3 inhibitors. Using flufenamic acid, 2-{[3-(trifluoromethyl)phenyl]amino}-
benzoic acid, as lead compound, five classes of structural analogues were
synthesized and evaluated for AKR1C3 inhibitory potency and selectivity.
Structure−activity relationship (SAR) studies revealed that a meta-carboxylic acid
group relative to the amine conferred pronounced AKR1C3 selectivity without loss
of potency, while electron withdrawing groups on the phenylamino B-ring were
optimal for AKR1C3 inhibition. Lead compounds did not inhibit COX-1 or COX-2 but blocked the AKR1C3 mediated
production of testosterone in LNCaP-AKR1C3 cells. These compounds offer promising leads toward new therapeutics for
CRPC.

■ INTRODUCTION
Prostate cancer (PC) is the second most common malignancy
in men and is responsible for about one in ten of all cancer
related deaths.1,2 Treatment of locally invasive PC or metastatic
PC is aimed at ablation of the testicular production of andro-
gens. This is achieved by either orchiectomy or by chemical cas-
tration. This suppression of androgen production produces a
significant symptomatic improvement but is often followed by a
period of therapeutic failure marked by the recurrence of a fatal,
metastatic phenotype of prostate cancer, known as castration
resistant prostate cancer (CRPC). CRPC is accompanied by an
increase in prostatic serum antigen (an androgen induced
protein), indicating that the androgen axis has been reactivated
in the tumor.3−5 Two mechanisms are thought to contribute to
reactivation of the androgen axis in CRPC. One mechanism
involves adaptive intratumoral androgen biosynthesis in which
enzymes involved in androgen biosynthesis are up-regulated
within the tumor and increase the concentration of potent
ligands than can activate the androgen receptor (AR). The
other mechanism involves increased AR signaling, which can
occur through AR gene amplification.3,4 Both mechanisms are
targeted therapeutically.

The recent success of abiraterone acetate, a CYP17 hydroxylase/
17,20 lyase inhibitor in phase II and III clinical trials for CRPC,
and its approval by the FDA supports the involvement of andro-
gen biosynthesis in the pathogenesis of CRPC.6−8 However,
because this drug acts high up in the steroidogenic pathway by
blocking the conversion of pregnenolone to dehydroepian-
drosterone (DHEA) (refer to Figure 1), it has the unintended
consequence of preventing cortisol production in the adrenal
glands and causing the accumulation of the potent
mineralocorticoid, desoxycorticosterone. The formation of
desoxycorticosterone is exacerbated by the overstimulation of
the adrenal glands by adrenocorticotropic hormone (ACTH),
which occurs in the absence of cortisol to block ACTH
production. To prevent these side effects, the drug must be
coadministered with prednisone to suppress the hypothalamo−
pituitary−adrenal axis. There is therefore a need for better
therapeutic agents.
The AR can also be amplified in CRPC so that it can bind

and be activated by trace ligand. The new AR antagonist
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MDV3100 was designed to be effective in prostate cancer cell
lines in which the AR is amplified.9,10 In the clinic, cases of
abiraterone and MDV3100 resistance have emerged so that
other methods of blocking the androgen axis in CRPC are
required.
AKR1C3 also known as type 5, 17β-hydroxysteroid dehydro-

genase (17β-HSD), is among the most highly up-regulated enzymes
in CRPC and represents an alternative drug target.11,12 AKR1C3
acts further downstream of CYP17-hydroxylase/17,20 lyase in
the androgen biosynthetic pathway in the prostate. AKR1C3
catalyzes the NADPH dependent reduction of Δ4-androstene-
3,17-dione (Δ4-AD) to yield testosterone and the NADPH
dependent reduction of 5α-androstane-3,17-dione (5α-Adione)
to yield 5α-dihydrotestosterone (5α-DHT).13,14 Thus all paths
downstream from DHEA to the potent androgens, testosterone
and 5α-DHT, proceed via AKR1C3. Interestingly, following
castration, there is an adaptive reprogramming of androgen
biosynthesis in prostate cancer metastases which results in a
30-fold increase in the testosterone:5α-DHT ratio.12 This
occurs in concert with a substantial increase in transcript levels
for AKR1C3, which is accompanied by a decrease in transcript
levels of 5α-reductase type 2 and only a modest increase in
transcript levels of 5α-reductase type 1.11,12 These data suggest
that the tumor is now more dependent on testosterone than
5α-DHT and that the key enzyme involved is AKR1C3. Other
studies in prostate cancer cell lines and xenografts suggest that
the pathway to 5α-DHT involves preferential reduction of 5α-
Adione to 5α-DHT and bypasses testosterone altogether.15

However, regardless of the pathway involved, the intraprostatic
production of the potent androgens requires AKR1C3. Taken
together, AKR1C3 inhibition is predicted to prevent cancer cell
proliferation and offers an attractive target for the treatment
of CRPC.
AKR1C3 inhibitors should not exhibit inhibitory activity on

the closely related isoforms, AKR1C1 (20α-HSD) and AKR1C2

(type 3 3α-HSD). The two enzymes share >86% sequence identity
to AKR1C3 and are also involved in intraprostatic androgen
metabolism.14,16−18 AKR1C1 and AKR1C2 catalyze the 3-
ketoreduction of 5α-DHT to form 5α-androstane-3β,17β-diol
(3β-Adiol) and 5α-androstane-3α,17β-diol (3α-Adiol), respec-
tively.17,18 3β-Adiol is a pro-apoptotic ligand for estrogen receptor
β, while 3α-Adiol is an inactive androgen.18,19 Inhibition of
AKR1C1 and AKR1C2 mediated 5α-DHT metabolism in the
prostate will be counterproductive as it can increase the andro-
genic signal and deprive ERβ of its ligand. Thus the challenge is
to develop AKR1C3 selective inhibitors.
AKR1C9 (rat 3α-hydroxysteroid dehydrogenase) is inhibited

by nonsteroidal anti-inflammatory drugs (NSAIDs) at concen-
trations that inhibit their accepted targets, cyclooxygenase
enzymes (COX-1 and COX-2), and these observations were
extended to AKR1C3.20−24 AKR1C3 inhibition might thus
contribute to the non-COX dependent antineoplastic effects
seen with several of these compounds. Indeed, Desmond et al.
showed that the inhibition of AKR1C3 by indomethacin pro-
moted the differentiation of HL-60 cell lines.25 Among the
NSAIDs, N-phenylanthranilates (N-PA) are among the most
potent AKR1C3 inhibitors.23,24 While chronic COX inhibition
is undesirable, these compounds represent good leads to develop
potent and selective inhibitors of AKR1C3 because much is
known about their pharmacokinetics and SAR required for
COX inhibition.26−28 We have previously shown that sub-
stitution on the N-benzoic acid ring (A-ring) of N-PA led to
potent AKR1C3 inhibitors that are devoid of inhibitory activity
on both COX isoforms.23 However, these compounds retain
significant inhibitory effects on other AKR1C enzymes. In the
current report, we describe the detailed structure−activity
relationship (SAR) of a library of N-PA based compounds
(Figure 2), leading to the discovery of potent inhibitors of
AKR1C3 with little or no inhibitory effects on other AKR1C
isoforms, COX enzymes, and other human AKR enzymes. We

Figure 1. Roles of CYP17A1 and AKR1C3 in androgen biosynthesis and their inhibition by abiraterone acetate and NSAIDs (HSD3B2 is type 2, 3β
hydroxysteroid dehydrogenase and SRD5A is 5α-reductase).
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also show that these compounds block testosterone production
in LNCaP cells genetically engineered to overexpress AKR1C3.
Chemistry. All compounds were synthesized via a two-step

reaction involving a Buchwald−Hartwig C−N coupling followed
by saponification of the formed methyl ester (Scheme 1).29−31

Step A: Briefly, the aniline (1.2 equiv), Cs2CO3 (1.4 equiv),
BINAP (0.08 equiv), and Pd(OAc)2 (0.05 equiv) were added
to a solution of the aryl bromide (or triflate) (1 equiv) in
toluene (0.1 M) at room temperature. The reaction mixture
was allowed to stir at 120 °C for 4−48 h. Once the reac-
tion appeared to be complete by consumption of the bromide
(or triflate) by TLC analysis, the mixture was allowed to cool to
room temperature, diluted with EtOAc, washed with 2 M aq
HCl (2×), brine, and dried over sodium sulfate. The solution

was concentrated, loaded on silica gel, and purified by silica gel
chromatography. Step B: KOH (2 equiv per ester) in water
(0.2 M) was added to the purified methyl ester (1 equiv) in
EtOH (0.2 M) at room temperature. The reaction mixture was
stirred at 100 °C for 1−6 h and monitored by TLC analysis.
EtOH was evaporated from the reaction mixture upon
completion; the resultant solution was cooled to 0 °C and
acidified to pH 2 with 2 M aq HCl. In most cases, the product
crystallized out of the aqueous medium upon acidification,
allowing the product to be collected by a simple vacuum
filtration. Compounds were characterized by NMR analysis and
high resolution mass spectrometry.

■ RESULTS

Five different classes of compounds (Figure 2) were synthe-
sized and tested for AKR1C3 inhibitory potency and selectivity
based on the following rationale. Class 1 compounds were
analogues of flufenamic acid (FLU) 1a, with varied B-ring
substituents, 1b−1s, so that the effect of B-ring substitution
could be explored. Class 2 compounds contained a 4-OCH3
substituent on the N-benzoic acid ring (A-ring) to give com-
pounds 2a−2r, and class 3 compounds contained a 5-COCH3
substituent on the N-benzoic acid ring to give compounds 3a−
3y, respectively. Class 2 and 3 compounds were synthesized
because substitution on the N-benzoic acid ring is known to
eliminate COX inhibition,23,26−28 class 4 and 5 compounds
changed the position of the carboxyl group on the N-benzoic
acid from either ortho- to meta- (class 4), or ortho- to para-
(class 5) to give compounds 4a−4ziv and 5a−5s, respectively.
This change was made because the ortho arrangement of the
carboxyl group with respect to the secondary amine is essential

Figure 2. Overview of flufenamic acids analogues. Aromatic rings are designated A and B for ease of discussion in text.

Scheme 1. Synthesis of N-Phenylanthranilic Acid Analoguesa

a(A) Pd(OAc)2, 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
(BINAP), Cs2CO3, toluene, 120 °C. (B) KOH, EtOH, H2O, 100 °C.
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for COX inhibition by N-PA.26−28 In addition, the carboxyl
group is essential for the anchoring of N-PAs to the oxyanion
hole of AKR1C3. In all five compound classes, multiple sub-
stituents were introduced into the N-phenyl (B-ring).
Screening Compounds against AKR1C Isoforms. The

primary screen for the compounds was based on their ability to
inhibit the NADP+ dependent oxidation of S-tetralol catalyzed
by AKR1C3 and AKR1C2. The selectivity for AKR1C3 was
measured by comparing the ratio of inhibitory potency (IC50

value) for AKR1C2:AKR1C3, where a high value demonstrates
high selectivity. We adopted this strategy based on the high
(98%) sequence identity between AKR1C1 and AKR1C2. The
two enzymes differ in only a single amino acid at their respective
active sites,15,32 making it likely that an inhibitor of AKR1C2 will
likewise display inhibitory effects against AKR1C1. Compounds
with high AKR1C3 potency and selectivity from this screen were
selected for further evaluation.
Class 1: N-PA Analogues with B-Ring Substitution.

FLU, 1a, potently inhibits AKR1C3 with an IC50 value of
51 nM but was only slightly selective for AKR1C3, yielding a
ratio of IC50 values of AKR1C2:AKR1C3 equal to 7, Table 1.

Removal of the trifluoromethyl group of FLU, 1a, to give the
unsubstituted analogue compound 1b, led to a 30-fold loss of
AKR1C3 potency with no real change in the AKR1C2 potency
and a reversal of selectivity. AKR1C3 potency was restored with
the reintroduction of various substituents (1c−1s) on the
B-ring. Notably, introduction of t-butyl group at the para
position on the B-ring gave compound 1o, the most potent and
selective AKR1C3 inhibitor among the monosubstituted analogues.

Compound 1o displayed slightly greater AKR1C3 inhibitory
potency than FLU with an IC50 value of 38 nM, which resulted
in a 28-fold selectivity for AKR1C3 over AKR1C2. Compared
to the unsubstituted analogue 1b, this represents a 40-fold increase
in inhibitory potency for AKR1C3 and a 90-fold gain in
AKR1C3 selectivity. Substitution with a carboxyl group at the
meta and para position on the B-ring to give the dicarboxylic
acids 1i and 1p, respectively, led to modest changes in AKR1C3
potency and a 8−10-fold loss in potency for AKR1C2.
Introduction of an o-NO2 into 1m to give 1q led to a 3-fold

increase in AKR1C3 potency but no change in AKR1C2
potency, which resulted in 1q being 29-fold selective for
AKR1C3. 1o and 1q were the most potent and selective
AKR1C3 inhibitors in this class. Overall, B-ring substitution led
to lower or similar AKR1C2 potency but an increase in
AKR1C3 potency.

Class 2 and 3: B-Ring Substituted 4-Methoxy and 5-
Acetyl-2-phenylaminobenzoates. The inhibitory profiles of
class 2 and 3 compounds are shown in Tables 2 and 3,

respectively. Class 2 compounds have a 4-OCH3 on the A-ring,
while class 3 compounds have a 5-COCH3 group on the A-ring
with various B-ring substituents. The presence of a −OCH3

group para to the carboxylic acid of FLU (AKR1C3 IC50 =
51 nM) to give 2a did not alter AKR1C3 (IC50 = 60 nM) and
AKR1C2 potency (IC50 = 220 nM, Table 2). However, the
introduction of an −COCH3 group meta to the carboxylic acid
of FLU to give 3a led to a 14-fold loss in AKR1C3 potency and
a 7-fold loss in AKR1C2 potency (Table 3).
Removal of the −CF3 group from 2a and 3a to give 2b and

3b, respectively, led to pronounced reduction in AKR1C3 potency
and a slight loss of AKR1C2 potency. B-Ring substitution in class
2 and 3 compounds improved AKR1C3 inhibition over the

Table 1. Inhibitory Properties of Class 1 Compounds on
AKR1C3 and AKR1C2

compd R 1C3 IC50 (μM) 1C2 IC50 (μM)
ratio IC50
1C2:1C3

FLU 1a m-CF3 0.05 0.37 7
1b −H 1.52 0.44 0.3
1c o-OMe 2.22 1.28 1
1d m-NO2 0.04 0.51 14
1e m-Ac 0.14 1.55 11
1f m-Cl 0.15 0.15 1
1g m-OMe 0.57 1.11 2
1h m-Me 0.24 0.38 2
1i m-CO2H 0.98 4.16 4
1j p-NO2 0.16 0.28 1.5
1k p-Ac 0.13 0.40 3
1l p-Cl 0.07 0.41 6
1m p-OMe 0.09 0.70 8
1n p-Me 0.36 1.46 4
1o p-t-Bu 0.04 1.07 28
1p p-CO2H 2.74 3.26 1
1q o-NO2, p-OMe 0.03 0.92 29
1r m,m-diOMe 0.89 3.40 4
1s m,m-diMe 1.09 2.36 2

Table 2. Inhibitory Properties of Class 2 (4-Methoxy-2-
(phenylamino)benzoates) on AKR1C3 and AKR1C2

compd R 1C3 IC50 (μM) 1C2 IC50 (μM)
ratio IC50
1C2:1C3

2a m-CF3 0.06 0.22 4
2b −H 1.66 1.49 0.9
2c o-OMe 1.73 2.40 1
2d m-NO2 0.08 0.19 3
2e m-Cl 0.16 0.28 2
2f m-OMe 0.57 1.47 3
2g m-Me 0.64 0.87 1
2h m-CO2H 1.45 8.38 6
2i p-NO2 0.50 0.19 0.4
2j p-Ac 0.50 0.27 0.5
2k p-Cl 0.22 0.29 1
2l p-Br 0.15 0.54 4
2m p-OMe 0.25 0.91 4
2n p-Me 0.80 1.11 1
2o p-t-Bu 0.08 0.70 8
2p p-CO2H 0.69 0.98 1
2q m,m-diOMe 2.22 6.78 3
2r m,m-diMe 1.73 3.24 2
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corresponding unsubstituted analogues (2b and 3b), following
a trend that was noted with FLU and the class 1 compounds.
Compound 2a (m-CF3) was the most potent inhibitor, while
2o (p-t-Bu) was the most selective AKR1C3 inhibitor in the
class 2 compounds. Within the class 3 compounds, compound
3n (p-CF3) was the most potent inhibitor while 3y (m,m-diCO2H)
was the most selective for AKR1C3. The AKR1C3 inhibition
and selectivity of compounds in the two classes do not appear
to display a clear preference for substitution at any particular
B-ring position.
With the exception of 3y, which displayed 56-fold selectivity

for AKR1C3, class 2 and 3 compounds exhibited only slightly
better inhibitory activity on AKR1C3 than AKR1C2 and were
not significantly selective for AKR1C3.
Class 4: B-Ring Substituted 3-Phenylaminobenzoates.

The inhibitory potency of the A-ring m-CO2H analogues is
shown in Table 4. Movement of the A-ring carboxyl group of
FLU from the ortho to the meta position relative to the amine
to give 4a resulted in a 6-fold and 43-fold loss of AKR1C3 and
AKR1C2 potency, respectively. This translates to 50-fold
selectivity for AKR1C3, a remarkable increase over FLU. The
AKR1C3 inhibitory potency of 4a and the substituted B-ring
analogues 4c−4ziv were mostly higher than the unsubstituted
analogue 4b while AKR1C2 potency was mostly unaltered or
lowered.

The AKR1C3 inhibitory potency of the class 4 compounds
were strongly influenced by B-ring substitution and displayed
strong positional effects, with the para substituted analogues
having the highest inhibitory potency and selectivity for AKR1C3.
By contrast, B-ring substitution did not display any positional
preference on AKR1C2 inhibitory potency. The rank order of
AKR1C3 inhibitory potency and selectivity seen with all B-ring
substituents was ortho ≤ meta < para such that −CF3 group at
the ortho, meta, and para positions gave compounds 4e, 4a, and
4o, with IC50 values for AKR1C3 of 560, 319, and 62 nM and
selectivity ratios of 27, 50, and 249, respectively.
At each of the B-ring positions tested, introduction of elec-

tron withdrawing groups (EWG) other than the carboxyl group
gave better AKR1C3 inhibitors than electron donating groups
(EDG). In particular, the electron withdrawing −NO2 group
gave the most potent AKR1C3 inhibitors at each B-ring
position tested, e.g., compounds 4c, 4g, and 4m with NO2-
substitution at ortho, meta, and para positions gave IC50 values
of 150, 290, and 33 nM, respectively. Compound 4n with a
p-COCH3 on the B-ring was the most selective compound in
this class. It displayed IC50 value for AKR1C3 of 50 nM and an

Table 3. Inhibitory Properties of Class 3 Compounds
(5-Acetyl-2-(phenylamino)benzoates) on AKR1C3 and
AKR1C2

compd R
1C3 IC50
(μM)

1C2 IC50
(μM)

ratio IC50
1C2:1C3

3a m-CF3 0.73 2.67 4
3b −H 2.53 3.81 2
3c o-NO2 1.11 3.97 4
3d o-Ac 4.44 12.7 3
3e o-CF3 1.35 2.07 2
3f o-OMe 3.06 8.97 3
3g m-NO2 0.98 3.17 3
3h m-Ac 0.65 1.88 3
3i m-Cl 1.16 2.55 2
3j m-OMe 2.26 3.58 2
3k m-Me 1.94 2.84 1
3l p-NO2 1.17 1.33 1
3m p-Ac 0.47 18.7 40
3n p-CF3 0.14 2.73 19
3o p-Cl 0.60 2.23 4
3p p-Br 0.25 0.49 2
3q p-OMe 0.61 0.91 1
3r p-Me 1.65 8.23 5
3s p-t-Bu 0.28 7.05 25
3t p-CO2H 1.55 18.9 12
3u o-NO2, p-OMe 0.26 3.93 15
3v m,m-diCF3 1.76 16.0 9
3w m,m-diOMe 0.90 26.8 30
3x m,m-diMe 1.82 10.6 6
3y m,m-diCO2H 0.61 31.6 56

Table 4. Inhibitory Properties of Class 4
(3-(Phenylamino)benzoates) on AKR1C3 and AKR1C2

compd R
1C3 IC50
(μM)

1C2 IC50
(μM)

ratio IC50
1C2:1C3

4a m-CF3 0.32 16 50
4b −H 0.94 12.9 14
4c o-NO2 0.15 4.77 32
4d o-Ac 0.96 32.6 34
4e o-CF3 0.56 15.1 27
4f o-OMe 1.65 26.6 16
4g m-NO2 0.29 19.3 66
4h m-Ac 0.56 36.6 65
4i m-Cl 0.46 7.17 16
4j m-OMe 1.19 15.2 13
4k m-Me 1.88 22.9 12
4l m-CO2H 3.57 >100 >28.0
4m p-NO2 0.03 3.38 101
4n p-Ac 0.05 19.5 364
4o p-CF3 0.06 15.4 249
4p p-Cl 0.14 19.1 140
4q p-Br 0.13 18.1 146
4r p-OMe 0.49 11.5 23
4s p-Me 0.70 56.2 80
4t p-t-Bu 0.28 31.1 111
4u p-CO2H 1.64 19.9 12
4v o,o-diMe 2.91 10.3 4
4w o-CO2H, p-Ac 0.04 6.41 164
4x o-NO2, p-CF3 0.03 4.35 132
4y o-NO2, p-OMe 0.04 5.56 139
4z o-CF3, p-NO2 0.04 1.78 51
4zi m,m-diCF3 0.25 19.2 78
4zii m,m-diOMe 0.36 56.2 156
4ziii m,m-diMe 1.08 44.6 41
4ziv m,m-diCO2H >30 >100 ND
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IC50 value for AKR1C2 of 19.5 μM, translating to a 364-fold
selectivity for AKR1C3.
Introduction of a second substituent on the B-ring had varied

results depending on the position of the substitution. With the
exception of 4z (o-CF3, p-NO2), analogues with bis-substituents
on the ortho and para positions (4w−4y) gave potent AKR1C3
inhibitors with IC50 values of 30−40 nM and over 100-fold
selectivity for AKR1C3. The addition of a p-CF3 and p-OCH3
to 4c (o-NO2) to give compounds 4x and 4y, respectively,
resulted in about a 5-fold increase in AKR1C3 potency with
little or no change in the AKR1C2 potency. Likewise, relative
to their corresponding un-nitrated analogues (4o and 4r,
respectively), 4x and 4y displayed greater AKR1C3 inhibitory
potency. Interestingly, 4x and 4y were also better AKR1C2
inhibitors than their un-nitrated analogues. Reversing the
position of the −CF3 and −NO2 groups of 4x to give 4z did
not have any effect on AKR1C3 inhibition, however, there was
an increase in the AKR1C2 inhibitory potency. Our studies on
B-ring substitution in this class shows that the addition of an
ortho substituent to a para-substituted analogue consistently
increases the inhibitory potency of para-substituted analogue
for AKR1C2 while increasing or having no effect on AKR1C3
inhibition.
Compared to the class 1 analogues, movement of the −CO2H

to the meta position (class 4) generally resulted in similar or
slightly weaker AKR1C3 inhibitory activity. However, when
EWG are placed on the B-ring, remarkable selectivity and
potency was observed for the inhibition of AKR1C3, with some
compounds yielding IC50 values in the low nanomolar range
and greater than 200-fold selectivity for AKR1C3.
Class 5: B-Ring Substituted 4-Phenylaminobenzoates.

The inhibitory properties of the class 5 analogues on AKR1C3
and AKR1C2 are shown in Table 5. The movement of the
−CO2H group of FLU to the para position on the A-ring to
give 5a led to a 10-fold loss of inhibitory activity on AKR1C3
and 30-fold loss of inhibitory activity on AKR1C2, respectively
(Table 5). This translates to 20-fold selectivity for AKR1C3.
Introduction of B-ring substituents (5c−5s) produced only
modest changes in AKR1C3 potency.
However, there was a profound loss of AKR1C2 potency

with the B-ring substituted analogues relative to the unsub-
stituted compound 5b. The p-CO2H analogues displayed
significantly lower AKR1C3 inhibitory potency and an even
more profound reduction in AKR1C2 potency relative to the
class 1 analogues. For example, the m-NO2 analogue (5d) was
about 100-fold less potent as an AKR1C3 inhibitor and 200-
fold weaker as an AKR1C2 inhibitor than the corresponding
class 1 analogue, 1d. No positional preference for B-ring
substitution was observed in the class 5 compounds to achieve
AKR1C3 inhibition. With an IC50 value of 500 nM, 5a was the
most potent AKR1C3 inhibitor in this class whereas 5r (m,m-
diCH3) was the most selective, displaying a 57 fold preference
for AKR1C3.
Effect on Other AKR1C, AKR1B Isoforms and COX

Enzymes. The most promising AKR1C3 inhibitors are shown
in Table 6. All the compounds displayed low nanomolar IC50
values for AKR1C3 that were at least 2 orders of magnitude
lower than the corresponding values obtained for AKR1C1,
AKR1C2, and AKR1C4. Of the other AKR1C isoforms, the
IC50 value for AKR1C4 inhibition was consistently higher than
those obtained for both AKR1C1 and AKR1C2. The compounds
were also selective for AKR1C3 over AKR1B1 and AKR1B10
because they only inhibited the NADPH dependent reduction

of DL-glyceraldehyde catalyzed by AKR1B1 and AKR1B10 at
high concentrations with IC50 values generally greater than 10 μM,
much higher than the IC50 values obtained for Zopolrestat, a
known inhibitor of both AKR1B1 and AKR1B10 (Table 6).33

Because N-PA analogues are used clinically for their ability to
inhibit COX enzymes, lead compounds were tested against
COX-1 and COX-2. FLU displayed IC50 values of 2.23 μM for
COX 1 and 16 nM for COX-2, respectively (Table 7), and
these values are consistent with the finding that N-phenyl-
anthranilates are more selective inhibitors for COX-2 over
COX-1.34 Lead compounds showed little or no inhibitory effects
on COX-1 or COX-2 catalyzed conversion of arachidonic acid to
PGH2 at 100 μM, with the exception of 4m, which inhibited
COX-1 and COX-2 with IC50 values of 30.7 and 0.74 μM,
respectively.

Inhibition of Testosterone Formation in LNCaP-AKR1C3
Cells. Metabolism studies of 0.1 μM [14C]-Δ4-AD were
conducted in LNCaP-AKR1C3 cells over 48 h in the presence
and absence of 4o. In the absence of the inhibitor, Δ4-AD was
rapidly consumed and was metabolized to water-soluble
conjugates. Treatment of the aqueous phase with β-glucuronidase
generated a significant peak of testosterone, which was
extracted and identified upon radiochromatography by
comigration with the synthetic standard. Relative to the
control, compound 4o (10 μM) produced a near complete
inhibition of testosterone production in treated cells Figure 3.
Almost identical results were observed with the lead
compounds 4m, 4n, and 4w.

Table 5. Inhibitory Properties of Class 5 Compounds
4-(phenylamino)benzoates on AKR1C3 and AKR1C2

compd R
1C3 IC50
(μM)

1C2 IC50
(μM)

ratio IC50
1C2:1C3

5a m-CF3 0.50 11.1 20
5b −H 2.79 3.0 1
5c o-OMe 3.39 29.3 9
5d m-NO2 4.21 >100 >24
5e m-Cl ND ND NA
5f m-OMe 2.65 84.4 32
5g m-Me 1.67 21.5 13
5h m-CO2H 1.64 19.9 12
5i p-NO2 1.32 11.1 8
5j p-Ac 2.50 24.5 9.8
5k p-Cl 1.05 20.0 21
5l p-Br 1.18 >30 >25
5m p-OMe 2.21 22.9 10
5n p-Me 1.89 48.2 26
5o p-t-Bu 0.93 10.3 11
5p p-CO2H 2.37 6.30 3
5q o-NO2, p-OMe 2.06 59.2 29
5r m,m di-Me 0.87 49.3 57
5s m,m di-OMe 2.53 69.9 28
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■ DISCUSSION

We describe the synthesis and screening of five classes of
phenyl-aminobenzoates based on flufenamic acid. Compounds
in class 4, which contain a meta-carboxylic acid on the N-
benzoic acid A-ring and an EWG on the para-position of the
phenylamino B-ring, were among the most potent and selective
inhibitors of AKR1C3 reported to date. Nine lead compounds
with nanomolar potency for AKR1C3 and greater than 100-fold
selectivity for AKR1C3 over other AKR1C isoforms were
identified. These compounds did not inhibit other human AKR
isoforms or the anti-inflammatory drug targets COX-1 or COX-2.
These compounds also blocked the formation of testosterone
in LNCaP-AKR1C3 cells.
Structural Considerations. Properties of phenylamino-

benzoate inhibitors of AKR1C3 can be explained in part by the
X-ray structure of the AKR1C3·NADP+·flufenamic acid ternary
complex (PDB 1S2C).35 FLU interacts with the AKR1C3 via
hydrogen bonding and hydrophobic interactions. Notably, the
carboxylic acid on the A-ring of FLU is hydrogen bonded at the
oxyanion hole, which is comprised of the highly conserved
catalytic tetrad of Asp50, Tyr 55, Lys84, and His117 and the
cofactor found in AKRs. In addition, the secondary amine
group is involved in intramolecular hydrogen bonding with the
A-ring carboxylic acid and intermolecular hydrogen bonding
with the carboxamide group of the cofactor (Figure 4). The
B-ring projects into a distinct subpocket (SP1) so that the m-CF3
group forms a hydrogen bond with the phenolic group of Tyr
216.35,36 The SP1 subpocket is larger and less discriminating in

AKR1C3 when compared to the other AKR1C enzymes. The
SP1 pocket is also lined by amino acids that can form polar
interactions (S118, S308, and Y319) in AKR1C3 relative to
AKR1C1 and AKR1C2, where the relevant amino acids are
F118, L308, and F319.23,36 Inhibitors with bulky and/or polar
functional groups on the B-ring that are capable of interacting
with SP1 residues are expected to display greater selectivity for
AKR1C3.

Comparison of Classes 1, 4, and 5: Movement of the
A-Ring Carboxylic Acid. Class 1, 4, and 5 compounds are
defined by the A-ring carboxylic acid being ortho, meta, and
para relative to the bridge amine, respectively. Most class 1 and
class 4 compounds had IC50 values in the nanomolar range,
however, the highest selectivity for AKR1C3 was observed with
the class 4 compounds. Loss of AKR1C3 inhibitory potency in
all classes coincided with the removal of B-ring substituents,
indicating that these substituents are essential for optimal
interaction with amino acid residues in SP1 subpocket. This
effect was not apparent when AKR1C2 inhibitory potency was
examined.
The electronic effect (σ) of the B-ring substituents is a

critical determinant of the AKR1C3 inhibitory potency of the
class 4 compounds. Compounds with EWG on the B-ring were
consistently more potent AKR1C3 inhibitors than those with
EDG at all positions on the ring. Using regression analysis, a
Hammet relationship was observed between the electronic
effect of the B-ring substituents and AKR1C3 potency at the
para (R2= 0.81, p = 0.009) and meta (R2 = 0.90, p = 0.009)
positions (a similar trend is obvious at the ortho position,
however, σ values for these substituents were unavailable to
perform the correlative analysis). By contrast, no correlation
was observed between the electronic effect of the B-ring
substituents and AKR1C2 potency (data not shown).
B-ring substituents that alter the electron density of the

aromatic system are predicted to change the pKa of the
carboxylic acid and the basic amine, which could influence
hydrogen bond formation within the active site and possibly
alter the inhibitory potency of these compounds. Although
there was a significant correlation between the AKR1C3
potency and the pKa of the acid (R

2 ≥ 0.77 at all positions) and
amine (R2 ≥ 0.79 at all positions) for compounds with
substitution at the ortho, meta, and para positions of the B-ring,
it is unlikely that AKR1C3 inhibitory potency is related to
electronic effects on the acidity of the carboxylic acid and/or
basicity of the amine for two reasons. First, because these

Table 6. Inhibitory Properties of Compounds on Other Human AKR Enzymes

IC50 values (μM)

compda AKR1C3b AKR1C1 AKR1C2 AKR1C4 AKR1B1 AKR1B10

4m 0.03 6.74 (204) 3.38 (101) 32.7 (988) >50c 46.0
4n 0.05 15.6 (292) 19.5 (364) 25.7 (477) 38.60 37.1
4o 0.06 22.7 (368) 15.4 (249) 62.7 (1015) >50c >50c

4p 0.14 30.2 (222) 19.1 (140) 48.7 (357) NDd NDd

4q 0.13 31.3 (250) 18.1 (145) 91.4 (728) >50c >50c

4t 0.28 35.6 (126) 31.1 (110) 39.1 (139) >50c 15
4w 0.04 30.5 (787) 6.41 (165) 28.7 (739) 27.7 16.2
4x 0.03 4.23 (132) 4.35 (136) 5.50 (172) 50 NDd

4y 0.04 6.32 (173) 5.56 (139) 20.4 (560) 42.7 39.3
zopolrestat NAd NAd NAd NAd 0.027 2.36

aCompounds have no significant effect on NADPH fluorescence at the concentrations tested. Values in brackets represent fold selectivity for
AKR1C3. IC50 values for AKR1C3 and AKR1C2 are taken from Table 4. bValues represent average of two or more independent experiments. cLess
than 40% inhibition at 50 μM. dND: not determined. NA: not applicable.

Table 7. Inhibitory Properties of Compounds on COX
Enzymes

compd COX-1 IC50 (μM) COX-2 IC50 (μM)

FLU 2.23 0.016
4m 30.76 0.74
4n >100a >100a

4o >100a >100a

4p >100b ND
4q >100b >100a

4t >100b >100b

4w >100a >100b

4x >100a >100b

4y >100a >100a

aLess than 10% inhibition at 100 μM. bBetween 10 and 40% inhibition
at 100 μM.
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compounds are anchored to the active site via the A-ring CO2H,
moving this group from the ortho to the meta position would likely
eliminate the intramolecular hydrogen bond formation between
the carboxyl group and the bridging amine. It would also move
the amine outside the hydrogen bond distance of the car-
boxamide group of the cofactor (Figure 4). Second, the changes
in the pKa of the acid is minimal (a range of 4.20−4.33 for the
para-substituted analogues, Supporting Information Table S1)
and are insufficient to account for the dramatic changes in the
AKR1C3 potency seen with the B-ring substituents.
The dependence of AKR1C3 potency on the electronic effect of

B-ring substituents was not seen with the class 1 and 5 com-
pounds, suggesting a difference in the binding pose of these
compounds. Movement of the −CO2H group from the ortho to
the para position on the A-ring (class 5 analogues) causes the
greatest separation between this group and the amine and
results in loss of hydrogen bond interaction of the amine with
the carboxylic acid and the cofactor, Figure 4.
Likewise, the para arrangement would prevent the B-ring

substituents from optimal interaction with the SP1 subpocket.
It is predicted that the B-ring would now occupy the larger
adjacent steroid cavity and that the flexible side chain of W227
now resides in the steroid channel. This would explain the loss
of AKR1C3 inhibitory potency observed with these analogues
and the observation that with most class 5 compounds, B-ring
substitution did not produce any remarkable increase in
AKR1C3 potency.
There was also a pronounced loss of AKR1C2 inhibition with

the class 4 and 5 analogues relative to the class 1 compounds
which indicates the existence of different binding orientations
(or conformations) for these compounds in AKR1C2 relative
to the o-CO2H analogues. The trends in inhibitory potency for
AKR1C3 among the 3 classes was 1 ≥ 4 > 5, whereas the
selectivity trend was class 4 > 5 > 1. The smaller size and
narrower shape of the SP1 in AKR1C2 might preclude the
binding of the class 4 and 5 compounds into this subpocket. It

is likely that the B-ring in these compounds occupy the larger
steroid channel in AKR1C2.

Comparison of Classes 1, 2, and 3: Substitution on
the A-Ring. Class 1, 2, and 3 inhibitors are defined by an
ortho-carboxylic acid group on the A-ring relative to the bridge
amine. Class 1 compounds have no other substituents on the
A-ring, while class 2 and class 3 compounds have in addition a
4-OCH3 and 5-COCH3, respectively, on the A-ring.
With the three classes, increased AKR1C3 potency was

observed with B-ring substitution, similar to the trend seen with
the class 4 compounds. However, there were no B-ring positional
effects on AKR1C3 potency and there was no correlation
between the electronic effect of B-ring substituents and
AKR1C3 potency. The AKR1C3 potency of these compounds
suggests that several factors may be involved.
First, the replacement of a m-CF3 and p-CF3 with a CH3 led

to a decrease in AKR1C3 potency in the three classes (compare
1a vs 1h, 2a vs 2g, 3a vs 3k, and 3n vs 3r) and supports the
formation of interactions with polar amino acid residues in the
subpocket. Second, the low IC50 values displayed by the p-t-
butyl analogues 1o, 2o, and 3s make them among the most
potent compounds in these three classes and suggest that the
introduction of steric bulk into SP1 contributes to AKR1C3
potency. Third, the presence of the 4-OCH3 group on the
A-ring was better tolerated than the 5-COCH3 as the rank
order of AKR1C3 potency for the three classes was 1 ≥ 2 > 3
for most B-ring substituents, an example being the p-OMe
analogues 1m > 2m > 3q, which gave IC50 values of 90, 250,
and 610 nM, respectively. These trends are consistent with
steric interference between the 5-COCH3 group of the class 3
compounds and the residues W227 and Y24, whereas the
4-OCH3 (in the class 2 structures) is farther away from these
two amino acids (Supporting Information Figure S1).
The introduction of the substituents into the N-benzoic acid

A-ring did not improve AKR1C3 selectivity because com-
pounds in classes 1−3 displayed slightly better potency on
AKR1C3 than AKR1C2.

Figure 3. TLC radiochromatogram showing inhibition of testosterone formation in LNCaP-AKR1C3 cells by compound 4o. Metabolism of 0.1 μM
[14C]-Δ4-AD in the absence (A) and presence (B) of 4o. The TLC radiochromatogram is representative of the result observed with the lead
compounds 4m, 4n, and 4w.
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Promising Leads. Compounds with IC50 values for AKR1C3
less than 300 nM and over 100-fold selectivity for AKR1C3
over AKR1C2 were selected for further screening. The com-
pounds were tested for activity against other AKR1C isoforms
and AKR1B enzymes. AKR1C4 is a liver-specific enzyme that
shares 84% sequence identity with AKR1C3 and is involved in bile
acid biosynthesis and metabolism of steroid hormones.14,37,38

AKR1B1 (aldose reductase) and AKR1B10 are involved in
glucose metabolism and retinal metabolism, respectively.39,40

We conducted counterscreens on AKR1B isoforms as both are
inhibited by FLU.33 All the compounds displayed remarkable
selectivity for AKR1C3 over other AKR1C enzymes (AKR1C1,
AKR1C2, and AKR1C4) as well as the AKR1B isoforms
(AKR1B1 and AKR1B10). All the compounds were also devoid
of inhibition of COX-1 and COX-2, with the exception of 4m,
consistent with the reported SAR of N-PA inhibition of
COX.26−28 The lack of COX inhibitory activity is important
because it minimizes the risk of gastrointestinal and cardiovascular
adverse effects that have been associated with chronic COX

inhibition. The efficacy of the FLU isomer 4o in the LNCaP-
AKR1C3 prostate cancer model as shown by the robust
inhibition of testosterone formation indicates these compounds
are effective in a prostate cancer cell setting.
It will be important to demonstrate that the lead compounds

can inhibit prostate cancer cell proliferation driven by the
AKR1C3 substrate (Δ4-AD), that they have desirable adsorp-
tion, metabolic, excretion, and toxicity (ADMET) profiles, and
that they are effective in xenograft models of CRPC. We predict
that their ADMET properties will be favorable because they are
built on NSAIDs which are well tolerated.
Diaryl inhibitors for 17β-HSD type 1, which catalyzes the

NADPH dependent reduction of estrone (E1) to give the
potent estrogen estradiol (E2), have been reported.41−43 In
contrast to AKR1C3, 17β-HSD type 1 and all other known
17β-HSDs belong to the short chain dehydrogenase/reductase
(SDR) superfamily of enzymes. The SDR family have different
properties to the AKRs. SDRs are multimeric proteins, have a
unique protein fold which includes a Rossmann fold for
cofactor binding, and catalyze 4-pro-S hydride transfer from the
nicotinamide ring while AKRs are monomeric proteins have a
triosephosphate isomerase (TIM) barrel motif and catalyze
4-pro-R hydride transfer.44 These differences are expected to
confer selectivity on AKR1C3 inhibitors relative to 17β-HSD
type 1.
6-(3′-Hydroxyphenyl)-2-naphthols were found to be potent

and selective inhibitors of 17β-HSD type 1 with limited
inhibitory activity on 17β-HSD type 2.41−43 The planarity of
the molecules and the presence of two hydroxyl groups, one on
the 3-position (meta) of the phenyl ring and the other on the 2-
position of the naphthalene ring, were optimal for 17β-HSD
type 1 inhibition. The distance between the hydroxyl groups
(11 Ǻ) on the two rings was optimal for interaction with the
polar amino acids on either end of the inhibitors. Substitution
on the phenyl ring and movement of the hydroxyl groups to the
4-position of the phenyl ring and 1-position of the naphthalene
ring resulted in a series of potent inhibitor of 17β-HSD type 2
that were selective over 17β-HSD type 1.45,46 One compound
with a 3-trifluoromethyl group on the phenyl ring displayed
weak AKR1C3 inhibition at 1 μM.46 The absence of a linker
region between the two aromatic rings in these compounds
make them more rigid than the substituted 3-(phenylamino)-
benzoates reported in our study. This lack of flexibility and the
planarity would prevent the 6-(3′hydroxyphenyl)naphthalenes
from having an optimal interaction with the SP1 pocket of
AKR1C3, an interaction that is important to achieve highly
potent inhibitors of AKR1C3. It is also unlikely that the lead
compounds discovered in our study will have a significant effect
on 17β-HSD type 1 as the distance between the two ends of the
reported AKRC3 inhibitors is shorter (about 8 Ǻ), precluding
the necessary interactions needed for 17β HSD type 1 inhi-
bition. A virtual screen was also used to identify potential
inhibitors for AKR1C3. In this screen, it was necessary to con-
sider that different ligand classes occupy different subpockets in
the enzyme. One model used the AKR1C3·NADP+·FLU struc-
ture, and in silico screening identified phenylamino carboxylates
as inhibitors.47

■ CONCLUSION
Because AKR1C3 plays a pivotal role in prostate tumor andro-
gen biosynthesis, inhibitors of this enzyme have the potential to
be superior to abiraterone acetate, a CYP17/20 hydroxylase/
lyase inhibitor. Abiraterone acetate is effective for the treatment

Figure 4. Predicted binding poses for phenylamino-benzoates in the
AKR1C3 active site to account for AKR1C3 selectivity. The structures
are based on the crystal structure of FLU with AKR1C3 (PDB 1S2C).
The A-ring of the compound is anchored to the oxyanion site through
hydrogen bonding between the carboxylate group and His117 and
Tyr55. The B ring is oriented toward the SP1 pocket by the
interactions between the bridge amine group and the carboxamide of
the nicotinamide ring and between the trifluoromethyl group and Tyr
216. Possible positions of the bridge amine relative to the carboxylic
acid are numbered 2−6 for the various inhibitor classes. The position
of the −CO2H group is invariant between the compounds in classes 1
(ortho-carboxyl), 4 (meta-carboxy), and 5 (para-carboxyl). Thus, the
amine in class 4 would be at positions 3 or 5, while the amine group of
class 5 compounds will be at position 4. This movement disrupts the
interaction between the bridge amine and the carboxamide of the
nicotinamide ring and results in the B-ring no longer interacting with
the SP1 site. The solvent-occupied surface of the active site cavity was
generated by Voidoo using a probe size of 1.6 Å and was rendered as a
mesh surface. Carbon atoms are colored in green for FLU and yellow
for AKR1C3. All the other atoms are color coded as follows: nitrogen,
blue; oxygen, red; fluorine, gray. Hydrogen bonds are shown as red
dashes. The figure was generated with PyMol (Delano Scientific).
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of CRPC, but it has to be coadministered with a glucocorticoid
to prevent the buildup of the potent mineralocorticoid,
desoxycorticosterone.6−8 Chronic use of glucocorticoids can
cause Cushing’s syndrome, immunosuppression, and diabetes.
Because AKR1C3 acts further downstream in the androgen
biosynthetic pathway, coadministration of AKR1C3 inhibitors
with a glucocorticoid is not necessary.
Taken together, we have systematically developed potent and

selective AKR1C3 inhibitors that are efficacious in a prostate
cancer model and are potential therapeutic agents for the
treatment of CRPC.

■ EXPERIMENTAL SECTION
Chemistry. Solvents used for extraction and purification were

HPLC grade from Fisher. Unless otherwise indicated, all reactions
were run under an inert atmosphere of argon. Anhydrous toluene was
obtained via distillation from the appropriate drying agents.
Deuterated solvents were obtained from Cambridge Isotope
laboratories. Merck precoated silica gel plates (250 μm, 60 F254)
were used for analytical TLC. Spots were visualized using 254 nm
ultraviolet light, with either anisaldehyde or potassium permanganate
stains as visualizing agents. Chromatographic purifications were per-
formed on Sorbent Technologies silica gel (particle size 32−63 μm).
1H and 13C NMR spectra were recorded at 500 MHz, 360 and
125 MHz, and 90 MHz, respectively, in CDCl3 or (CD3)2SO on a Bruker
AM-500, DRX-500, or DRX-360 spectrometer. Chemical shifts are
reported relative to deuterated or 13C labeled chloroform (δ 7.27 for
1H, δ 77.23 for 13C) or deuterated or 13C labeled dimethyl sulfoxide
((δ 2.50 for 1H, δ 39.53 for 13C) as internal standards. High resolution
mass spectra were obtained by Dr. Rakesh Kohli at the University of
Pennsylvania Mass Spectrometry Service Center on an Autospec high
resolution double-focusing electrospray ionization/chemical ionization
spectrometer equipped with either DEC 11/73 or OPUS software data
system.
Compound Characterization. All compounds were obtained in

milligram quantities. Details of the synthesis and characterization of a
compound from each class (1−5) is described below. Complete details
of the synthesis and physicochemical characterization of all
compounds are included in the Supporting Information. Structures
of all reported compounds were confirmed by 1H and 13C NMR and
their mass confirmed by HRMS. Purity was determined by HPLC
analysis using a Waters 2690 Alliance system with an inline
photodiode array detector. All reported compounds had ≥95% purity
with the exception of 5l (94%).
2-((2-Methoxyphenyl)amino)benzoic Acid (1c). Reaction of

methyl 2-(trifluoromethanesulfonyloxy)benzoate with o-anisidine
according to step A above provided the methyl ester of 1c as a
yellow oil (99% yield). 1H NMR (CDCl3, 500 MHz): δ = 9.44 (s, 1H),
7.97 (d, J = 8.0 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.30−7.36 (m, 2H),
7.05 (m, 1H), 6.92−7.00 (m, 2H), 6.75 (m, 1H), 3.92 (s, 3H), 3.90
(s, 3H). 13C NMR (CDCl3, 125 MHz): δ = 169.0, 151.8, 147.5, 134.1,
131.9, 130.4, 123.5, 120.9, 120.7, 117.4, 114.6, 113.0, 111.6, 56.0, 52.0.
Hydrolysis of the ester according to step B provided 1c as a white solid
(53% yield). 1H NMR (DMSO, 500 MHz): δ = 12.93 (bs, 1H), 9.57
(s, 1H), 7.90 (m, 1H), 7.31−7.42 (m, 2H), 7.19 (d, J = 8.4 Hz, 1H),
7.00−7.11 (m, 2H), 6.94 (m, 1H), 6.76 (m, 1H), 3.82 (s, 3H). 13C
NMR (DMSO, 125 MHz): δ = 169.2, 150.5, 146.3, 133.6, 131.3,
128.9, 122.9, 120.1, 119.8, 116.7, 113.1, 112.4, 111.4, 55.2. HRMS
(ES) calcd for C14H13NO3, 242.0817 (M − H−); found, 242.0812
(M − H−).
4-Methoxy-2-((3-nitrophenyl)amino)benzoic Acid (2d). As in 1c,

methyl 4-methoxy-2-[[(trifluoromethyl)sulfonyl]oxy]benzoate and 3-
nitroaniline were reacted to give the methyl ester of 2d as a yellow oil
(93% yield). 1H NMR (CDCl3, 500 MHz): δ = 9.87 (s, 1H), 8.16
(s, 1H), 7.96 (d, J = 8.9 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.53 (d, J =
8.0 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 6.80 (d, J = 2.4 Hz, 1H), 6.43
(dd, J = 8.9, 2.4 Hz, 1H), 3.90 (s, 3H), 3.80 (s, 3H). 13C NMR
(CDCl3, 125 MHz): δ = 168.8, 164.7, 149.5, 148.1, 142.6, 134.0,

130.3, 127.2, 117.6, 115.5, 106.9, 106.1, 98.9, 55.6, 51.9. The methyl
ester was then hydrolyzed to give 2d as a yellow solid (79% yield). 1H
NMR (DMSO, 500 MHz): δ = 12.91 (bs, 1H), 9.95 (s, 1H), 8.05
(s, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.71 (d, J =
8.1 Hz, 1H), 7.59 (t, J = 8.1 Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H), 6.52
(dd, J = 8.8, 2.0 Hz, 1H), 3.76 (s, 3H). 13C NMR (DMSO, 125 MHz):
δ = 169.3, 163.8, 148.7, 147.0, 142.3, 134.0, 130.7, 126.4, 116.7, 113.9,
107.4, 106.0, 99.2, 55.3. HRMS (ES) calcd for C14H14N2O5, 287.0668
(M − H−); found, 287.0656 (M − H−).

5-Acetyl-2-((4-(trifluoromethyl)phenyl)amino)benzoic Acid (3n).
As in 1c, methyl 5-acetyl-2-[[(trifluoromethyl)sulfonyl]oxy]benzoate
and 4-aminobenzotrifluoride were reacted to yield the methyl ester of
3n as a yellow solid (89% yield). 1H NMR (CDCl3, 500 MHz): δ =
10.13 (s, 1H), 8.64 (d, J = 2.2 Hz, 1H), 7.97 (dd, J = 8.9, 2.2 Hz, 1H),
7.63 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.6 Hz, 2H), 7.31 (d, J = 8.9 Hz,
1H), 3.97 (s, 3H), 2.57 (s, 3H). 13C NMR (CDCl3, 125 MHz): δ =
195.8, 168.7, 150.3, 142.9, 134.3, 133.7, 127.8, 127.0, 122.3, 113.8,
112.0, 52.5, 26.3. Hydrolysis of the ester gave 3n as a white solid (80%
yield). 1H NMR (DMSO, 360 MHz): δ = 10.27 (s, 1H), 8.51 (d, J =
2.2 Hz, 1H), 7.99 (dd, J = 8.9, 2.2 Hz, 1H), 7.70 (d, J = 8.5 Hz, 2H),
7.49 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.9 Hz, 1H). 13C NMR (DMSO,
90 MHz): δ = 195.3, 169.3, 148.9, 143.3, 134.0, 133.0, 127.4, 126.8,
126.7, 121.3, 114.1, 113.1, 26.2. HRMS (ES) calcd for C16H12F3NO3,
322.0691 (M − H−); found, 322.0677 (M − H−).

3-((3,5-Bis(trifluoromethyl)phenyl)amino)benzoic Acid (4zi). As in
1c, methyl 3-bromobenzoate and 3,5-bis(trifluoromethyl)aniline were
reacted to give the methyl ester of 4zi as a white solid (51% yield). 1H
NMR (CDCl3, 500 MHz): δ = 7.80 (s, 1H), 7.77 (d, J = 7.7 Hz, 1H),
7.45 (t, J = 7.8 Hz, 1H), 7.41 (s, 2H), 7.34−7.39 (m, 2H), 6.21 (bs,
1H), 3.94 (s, 3H). 13C NMR (CDCl3, 125 MHz): δ = 166.9, 144.9,
141.1, 133.2, 132.9, 132.1, 130.1, 124.8, 124.1, 121.2, 116.0, 114.0,
52.6. Hydrolysis of the ester gave 4ziii as a brown solid (75% yield).
1H NMR (DMSO, 500 MHz): δ = 9.13 (s, 1H), 7.72 (s, 1H), 7.59 (d,
J = 7.5 Hz, 1H), 7.52 (s, 2H), 7.47 (t, J = 7.7 Hz, 1H), 7.43 (m, 1H),
7.38 (s, 1H). 13C NMR (DMSO, 125 MHz): δ = 167.0, 145.6, 141.2,
132.4, 131.2, 129.9, 124.4, 123.2, 122.9, 122.3, 119.5, 114.7. HRMS
(ES) calcd for C15H9F6NO2, 348.0459 (M − H−); found, 348.0449
(M − H−).

4-((3-Nitrophenyl)amino)benzoic Acid (5d). As in 1c, methyl 4-
bromobenzoate and 3-nitroaniline were reacted to give the methyl
ester of 5d as a yellow solid (57% yield). 1H NMR (DMSO, 500
MHz): δ = 9.22 (s, 1H), 7.92 (t, J = 2.1 Hz, 1H), 7.88 (d, J = 8.8 Hz,
2H), 7.74 (m, 1H), 7.54−7.63 (m, 2H), 7.19 (d, J = 8.8 Hz, 2H), 3.81
(s, 3H). 13C NMR (DMSO, 125 MHz): δ = 165.9, 148.7, 146.8, 143.1,
131.1, 130.7, 123.9, 121.0, 115.6, 115.3, 111.7, 51.7. Hydrolysis of the
ester gave 5d as a yellow solid (79% yield). 1H NMR (DMSO, 500
MHz): δ = 9.19 (s, 1H), 7.91 (s, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.72
(m, 1H), 7.50−7.63 (m, 2H), 7.18 (d, J = 8.5 Hz, 2H). 13C NMR
(DMSO, 125 MHz): δ = 167.0, 148.7, 146.3, 143.4, 131.2, 130.7,
123.6, 122.5, 115.7, 115.1, 111.4. HRMS (ES) calcd for C13H10N2O4,
257.0562 (M − H−); found, 257.0567 (M − H−).

Enzyme Purification. Homogenous recombinant enzymes
AKR1C1−4, AKR1B1, and AKR1B10 were prepared and purified as
previously described.14,16,48 COX-1 was purified to homogeneity from
ram seminal vesicles, and COX-2 was purified from baculovirus-
infected SF-21 cells as described previously.49,50 All AKR enzymes
were stored at −80 °C in 20 mM potassium phosphate buffer pH
7.0 containing 30% glycerol, 1 mM EDTA, and 1 mM β-mercaptoethanol.

Enzyme Activity Assays. AKR1C Isoforms. The potency of the
compounds was determined by measuring their ability to inhibit the
NADP+ dependent oxidation of S-(+)-1,2,3,4-tetrahydro-1-naphthol
(S-tetralol) catalyzed by AKR1C isoforms. The continuous assay was
conducted using a 96-well plate format and the reaction measured the
appearance of NADPH fluorimetrically (Exc/Emi, 340/460 nm) on
a BIOTEK Synergy 2 Multimode plate reader at 37 °C. The assay
mixture consisted of S-tetralol (in DMSO), inhibitor (in DMSO),
100 mM phosphate buffer, pH 7.0, 200 μM NADP+, and purified
recombinant enzyme to give a total volume of 200 μL and 4% DMSO.
The concentration of S-tetralol used in the assays for each AKR1C
isoform was equal to the KM value for the respective enzyme. This
enabled direct comparison of the IC50 values of the compounds on each
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enzyme isoform assuming competitive enzyme inhibition, which is
observed with all other N-PA analogues studied to date.23 The KM
value obtained for S-tetralol for AKR1C1, AKR1C2, AKR1C3, and
AKR1C4 under the same experimental conditions are 8, 22.5, 165, and
25 μM, respectively.
AKR1B1 Isoforms. The ability of compounds to inhibit AKR1B1

and AKR1B10 was determined by measuring the inhibition of the
enzyme catalyzed NADPH dependent reduction of DL-glyceraldehyde
in the presence of increasing concentrations of inhibitor. The assay
monitored the fluorescence change associated with NADPH
consumption (Exc/Emi, 340/460 nm) on a BIOTEK Synergy 2
Multimode plate reader at 37 °C. The assay mixture consisted of DL-
glyceraldehyde, inhibitor (in DMSO), 100 mM phosphate buffer, pH
7.4, 20 μM NADPH, and the purified recombinant enzyme to give
a total volume of 200 μL and 1% DMSO. The concentration of
DL-glyceraldehyde used in the assays was 20 μM for AKR1B1 and 2.5 mM
for AKR1B10, respectively, and equal to the KM values obtained for the
individual enzymes under the same experimental conditions.
Zopolrestat, an inhibitor of AKR1B1 with activity on AKR1B10, was
used as a positive control.
COX 1 and 2. The ability of compounds to inhibit COX activity was

determined by a continuous colorimetric assay that monitored the
oxidation of N,N,N,N-tetramethyl-1,4-phenylenediamine (TMPD)
when it is coupled to the formation of PGH2 from PGG2 using
arachidonic acid as substrate. The assays were conducted in a 96-well
plate format, and absorbance of the oxidized TMPD was monitored at
610 nm on a BIOTEK Synergy 2 Multimode plate reader at 25 °C.
The assay mixture consisted of 100 mM Tris-HCl pH 8.0, 2 μM Fe3+

protophoryrin IX, 80 μM TMPD, and 20 μM arachidonic acid in a
total reaction volume of 200 μL with 5% DMSO as cosolvent. The
enzyme was preincubated with the compound for 5 min before the
reaction was initiated by the addition of a mixture of TMPD and
arachidonic acid. The preincubation step is required because several
NSAIDs form a tight binding enzyme inhibitor complex that is time-
dependent.28,51

IC50 Determination. Initial velocities of an enzyme reaction
measured in the presence of varying concentrations of inhibitor were
compared to a solvent control to give percent inhibition values. IC50

values of compounds were determined by fitting the inhibition data
using Grafit 5.0 software [y _ (range)/[1 _ (I/IC50)S] _ background]
and obtained from a single experiment with each inhibitor concen-
tration run in quadruplicate with the exception of COX assays that
were conducted in duplicate. Substrate, cofactor, and enzyme were
titrated for each experiment. Selectivity of a compound for AKR1C3
relative to another tested enzyme is defined as the ratio of the IC50

values for the tested enzyme:IC50 value for AKR1C3. The higher the
ratio, the greater the selectivity for AKR1C3.
LNCaP-AKR1C3 Mediated Formation of Testosterone.

Androgen dependent prostate cancer cells (LNCaP) were genetically
engineered to stably express AKR1C3 (LNCaP-AKR1C3).52 The cell
line was used to determine the ability of lead compounds to block the
conversion of Δ4-AD to testosterone. LNCaP-AKR1C3 cells were
plated in RPMI-1640 supplemented with 5% charcoal stripped serum,
1% Pen/strep, 2 mM L-glutamine, and 500 μg/mL G418 (CSS media).
After 24 h incubation, the media was aspirated and fresh CSS media
containing 0.1 μM 14C radiolabeled 4-androstene-3,17-dione ([14C]-
Δ4-AD) with or without inhibitor was added. The media was collected
after 48 h treatment and analyzed for testosterone levels. Briefly, the
collected media was extracted with ethyl acetate. The aqueous fraction
was then treated with β-glucuronidase (β-glucuronidase type VII-A
from Escherichia coli (Sigma)-200 units/mL at pH 6.6) for 24 h at
37 °C to liberate conjugated testosterone and extracted with ethyl acetate.
The organic extracts were pooled and dried under vacuo. Steroid
reference standards and extracts redissolved in 100 μL of ethyl acetate
were applied to LK6D Silica TLC plates (Whatman Inc., Clifton, NJ).
TLC plates were developed using a dichloromethane/ethyl acetate
(80:20 v/v) solution and were counted with a Bioscan System 200
plate reader (Washington, DC).
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■ EDITOR'S NOTE
A provisional patent application based on these compounds has
been submitted to the US patent office. U.S. Provisional Patent
Application no. 61/4754,091 filed April 13, 2011.
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