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Abstract

Aldo-keto reductase 1C3 (AKR1C3), also known as type 5 17β-hydroxysteroid dehydrogenase, is 

a downstream steroidogenic enzyme and converts androgen precursors to the potent androgen 

receptor ligands: testosterone and 5α-dihydrotestosterone. Studies have shown that AKR1C3 is 

involved in the development of castration resistant prostate cancer (CRPC) and that it is a rational 

drug target for the treatment of CRPC. Baccharin, a component of Brazilian propolis, has been 

observed to exhibit a high inhibitory potency and selectivity for AKR1C3 over other AKR1C 

isoforms and is a promising lead compound for developing more potent and selective inhibitors. 

Here, we report the screening of fifteen baccharin analogs as selective inhibitors against AKR1C3 

versus AKR1C2 (type 3 3α-hydroxysteroid dehydrogenase). Among these analogs, the inhibitory 

activity and selectivity of thirteen compounds were evaluated for the first time. The substitution of 

the 4-dihydrocinnamoyloxy group of baccharin by an acetate group displayed nanomolar 

inhibitory potency (IC50: 440 nM) and a 102-fold selectivity over AKR1C2. By contrast, when the 

cinnamic acid group of baccharin was esterified, there was a dramatic decrease in potency and 

selectivity for AKR1C3 in comparison to baccharin. Low or sub- micromolar inhibition was 

observed when the 3-prenyl group of baccharin was removed, and the selectivity over AKR1C2 

was low. Although unsubstituted baccharin was still the most potent (IC50: 100 nM) and selective 

inhibitor for AKR1C3, these data provide structure-activity relationships required for the 

optimization of new baccharin analogs. They suggest that the carboxylate group on cinnamic acid, 
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the prenyl group, and either retention of 4′-dihydrocinnamoyloxy group or acetate substituent on 

cinnamic acid are important to maintain the high potency and selectivity for AKR1C3.
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1. Introduction

Prostate cancer (CaP) is the most commonly diagnosed cancer and the second leading cause 

of cancer death in males in the United States [1]. The development of prostate cancer is 

androgen-dependent, and androgen deprivation therapy using surgical or chemical castration 

has been a main treatment for locally advanced or metastatic disease [2, 3]. However, within 

2 to 3 years, the recurrence of CaP, also called castration resistant prostate cancer (CRPC), 

occurs despite castrate levels of circulating androgens (e.g. testosterone (T)), and has the 

potential to become more metastatic [4, 5]. Pathophysiological studies have shown that 

CRPC remains mainly androgen-driven, and can arise when the transcriptional activity of 

the androgen receptor (AR) is reactivated by the intratumoral conversion of weak adrenal 

androgens (e.g. dehydroepiandrosterone (DHEA) and 4-androstene-3,17-dione) into the 

potent AR ligands: T and 5α-dihydrotestosterone (DHT), and/or by androgen receptor 

amplification [5–7]. Thus, new therapeutics targeting AR signaling (either intratumoral 

androgen biosynthetic enzymes or AR) for the treatment of CRPC are being developed and 

tested in clinical trials [6, 7].

Recently, abiraterone acetate which inhibits the activities of cytochrome P450c 17 (17α-

hydroxylase/17,20 lyase, Figure 1) blocks the formation of adrenal DHEA, improves overall 

survival in CRPC patients and has been approved by the FDA [8, 9]. However, P450c 17 

catalyzes an early-step in steroidogenesis, and the inhibition of its hydroxylase activity leads 

to a loss in cortisol production and over stimulation of the gland by ACTH. This can lead to 

an increase in levels of mineralocorticoids which can cause serious adverse side effects such 

as hypertension. Consequently, patients taking abiraterone must be co-administered 

prednisone [10]. In addition, resistance to abiraterone has been reported due to an elevated 

expression level of CYP17A1 [11, 12]. Therefore, new molecular targets in the AR signaling 

pathway have been investigated to discover superior therapeutic agents [6, 13].

Aldo-keto reductase 1C3 (AKR1C3) also known as type 5 17β-hydroxysteroid 

dehydrogenase in the prostate, converts 4-androstene-3,17-dione and 5α-androstane-3,17-

dione to T and DHT respectively which are potent ligands for the AR (Figure 1) [14, 15]. 

AKR1C3 is overexpressed at both the mRNA and protein levels in prostate tumors from 

CRPC patients [16–19]. Reduction of AKR1C3 expression levels in CaP cells or inhibition 

of AKR1C3 activity significantly decreases the levels of T and DHT and androgen 

dependent gene expression e.g. prostate specific antigen (PSA). In vivo inhibition of 

AKR1C3 leads to a reduction in growth of xenograft models of CRPC [11, 19–21]. More 

recently, AKR1C3 was found to act as an AR coactivator which would provide an 

alternative mechanism by which it may promote the growth of prostate cancer cells and 

CRPC xenografts [21]. These findings have made AKR1C3 a promising therapeutic target 
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for both androgen-dependent CaP and CRPC [13, 15, 19]. It has been proposed that 

inhibition of AKR1C3 might not be therapeutically efficacious based on insignificant 

changes in T levels in CaP cells after the treatment with the AKR1C3 inhibitor SN33638 

[22]. However, data to support this notion may be circumspect because of the specificity of 

antibodies used in Western blot analysis, the reliance of ELISA measurements to quantitate 

androgens, and the maintenance of cancer cell lines in a fetal bovine serum (FBS) or fetal 

calf serum (FCS) media containing androgens which will suppress AKR1C3 expression [17, 

18].

Significant efforts have been made by our group and others to discover and develop 

different classes of AKR1C3 inhibitors, including steroidal based compounds (e.g. 

medroxyprogesterone acetate) and repurposed nonsteroidal anti-inflammatory drugs 

(NSAIDs) which no longer inhibit COX-1 and COX-2 [15, 23–27]. One of the most 

important considerations in inhibitor development is to ensure that they do not inhibit other 

AKR1C isoforms (AKR1C1 and AKR1C2 in Figure 1). AKR1C1 and AKR1C2 share >86% 

sequence identity to AKR1C3 but inactivate DHT. Thus, screening for AKR1C3-selective 

inhibitors is imperative [6, 28, 29].

Baccharin (1, Table 1), a naturally occurring phenolic compound extracted from Brazilian 

propolis which is a resinous gum collected by bees from the plant exudate, has been 

commonly used in medicine and nutritional products and exhibits anti-tumor and anti-

inflammatory activities [30–36]. Its ability to inhibit AKR1C3 with an IC50 value of 110 nM 

and without affecting other AKR1C isoforms has been reported [37]. In order to discover 

more potent and selective inhibitors and better understand the structure-activity relationship 

of how baccharin analogs inhibit AKR1C3, we tested the inhibitory activities of 15 analogs, 

thirteen of which represent new analogs for screening.

2. Materials and methods

2.1. Reagents

Reagents were of ACS grade or higher and were purchased from Fisher Scientific 

(Pittsburgh, PA) and used without further purification. (S)-(+)-1,2,3,4-tetrahydro-1-naphthol 

(S-tetralol) was purchased from Sigma-Aldrich (St. Louis, MO). Nicotinamide adenine 

dinucleotide (NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+) were 

purchased from Roche Diagnostics (Indianapolis, IN). Homogeneous recombinant enzymes 

AKR1C3 and AKR1C2 were prepared and purified as previously described [28]. The 

specific activities of AKR1C3 and AKR1C2 for the NAD+ dependent oxidation of S-tetralol 

are 2.0 and 1.5 μmol min−1 mg−1, respectively.

2.2. Chemistry

—Baccharin (1) and compounds 2, 3, 4, 6, and 7 were synthesized using a modified 

literature procedure [38]. The general scheme for the synthetic procedure is shown in 

Scheme 1. Compounds 14 (p-coumaric acid), 15 (m-coumaric acid), and 16 (ferulic acid) 

were obtained from Sigma-Aldrich (Milwaukee, WI) and were used without further 

purification. Reaction progress was monitored by thin-layer chromatography (TLC) carried 

out on silica gel plates (2.5 cm × 7.5 cm, 200 μm thick, 60 F254) and visualized by using 
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UV lamp (254 nm). Flash column chromatography was performed with silica gel (40–63 

μm, 60 Å) using the mobile phase indicated in the following procedures. 1H NMR and 13C 

NMR spectra were recorded in the indicated solvent by a Bruker 400 MHz Advance III HD 

spectrometer at 400 and 100 MHz for 1H and 13C respectively with TMS as an internal 

standard. Multiplicities are indicated by s (single), d (doublet), dd (doublet of doublets) t 

(triplet), q (quartet), m (multiplet). Chemical shifts (δ) are given in parts per million (ppm), 

and coupling constants (J) are given in hertz (Hz).

4-iodo-2-(3-methylbut-2-en-1-yl)phenol (I-A): To a solution of p-iodophenol (2 g, 9.08 

mmol) in toluene (20 mL) was added NaH (60% dispersion in mineral oil, 540 mg, 13.62 

mmol). When the effervescence ceased, 3,3-dimethylallyl bromide (1.1 mL, 9.5 mmol) was 

added and the reaction was stirred at room temperature overnight. The reaction mixture was 

acidified to pH 1 using AcOH, washed with H2O, extracted with DCM, dried (Na2SO4), 

filtered and concentrated. Purification by column chromatography (5–10% of Et2O in 

hexane, v:v) provided the title compound as a yellow oil (1.43 g, 4.96 mmol, 55%). Rf: 0.5 

(4:1 Hexane:EtOAc, v:v).

1H NMR (400 MHz; CDCl3): δ 1.8 (6H, d, J = 8.0 Hz, CH3), 3.33 (2H, d, J = 6.88 Hz, 

CH2), 5.31 (1H, t, J = 6.6 Hz, CH), 5.46 (1H, s, -OH), 6.59 (1H, d, J = 8.2 Hz, Ar-H), 7.41 

(2H, s, Ar-H). 13C NMR (100 MHz; CDCl3): δ 17.8, 25.8, 29.3, 82.7, 117.9, 120.7, 129.7, 

135.4, 136.1. 138.3, 154.2.

4-iodo-2-(3-methylbut-2-en-1-yl)phenyl-3-phenylpropanoate (I-B): To a solution of 4-

iodo-2-(3-methylbut-2-en-1-yl)phenol (560 mg, 1.94 mmol) in DCM (4 mL) was added 

DMAP (25 mg, 0.2 mmol) followed by addition of 3-phenyl propionyl chloride (495 mg, 

2.93 mmol) and NEt3 (0.4 mL, 2.91 mmol). The mixture was stirred overnight at room 

temperature. Saturated NaHCO3 was added and the layers were separated. The organic layer 

was washed with H2O, dried (Na2SO4), filtered and concentrated to provide the tile 

compound without further purification (490 mg, 1.16 mmol, 60 %).

1H NMR (400 MHz; CDCl3): δ 1.66 (3H, s, CH3), 1.76 (3H, s, CH3), 2.91 (2H, t, J = 7.5 

Hz, CH2) 3.09 (4H, t, J = 6.0 Hz, CH2CH2), 5.16 (1H, t, J = 7.1 Hz, CH), 6.69 (1H, d, J = 

8.3 Hz, ArCH), 7.21–7.36 (6H, m, ArCH), 7.53 (1H, s, ArCH). 13C NMR (100 MHz; 
CDCl3): δ 17.8, 25.9, 28.3, 30.2, 30.9, 35.7, 36.4, 90.5, 120.7, 124.4, 126.7, 128.4, 128.8, 

133.9, 135.9, 136.3, 138.8, 140.0, 148.6, 171.0.

4-iodo-2-(3-methylbut-2-en-1-yl)phenyl acetate (I-C): To a solution of 4-iodo-2-(3-

methylbut-2-en-1-yl)phenol (332 mg, 1.15 mmol) in DCM (4 mL) was added DMAP (14 

mg, 0.1 mmol) followed by addition of acetyl chloride (0.122 mL, 1.7 mmol) and NEt3 

(0.236 mL, 1.7 mmol). The mixture was stirred overnight. Saturated NaHCO3 was added 

and the layers were separated. The organic layer was washed with H2O, dried (Na2SO4), 

filtered and evaporated in vacuo to provide the title compound (350 mg, 1.06 mmol, 92%).

1H NMR (400 MHz; CDCl3): δ 1.70 (3H, s, CH3), 1.76 (3H, s, CH3), 2.31 (3H, s, OCH3), 

3.19 (2H, d, J = 7.1 Hz, CH2), 5.19 (1H, t, J = 7.1 Hz, CH), 6.79 (1H, d, J = 8.0 Hz, ArCH), 
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7.55 (2H, d, J = 9.4 Hz, ArCH). 13C NMR (100 MHz; CDCl3): δ 18.6, 20.9, 25.8, 28.4, 

90.5, 120.6, 123.8, 124.3, 133.8, 135.9, 139.0, 148.8, 168.4.

(2E)-3-[3-(3-methylbut-2-en-1-yl)-4-[(3-phenylpropanoyl)oxy]phenyl]prop-2-enoic acid 
(1): To a solution of tert-butyl(2E)-3-[3-(3-methylbut-2-en-1-yl)-4-[(3-phenylpropanoyl)-

oxy]phenyl]prop-2-enoate (7) in toluene (10 mL) was added chromatography grade silica 

gel (3.3 g) and the mixture was refluxed with vigorous agitation overnight. Upon cooling the 

reaction mixture was diluted with 10% methanol in DCM and filtered over celite® pad using 

10% methanol in DCM as the solvent. Purification by column chromatography with a 

stepwise elution (2:1 - 1:1 - 0:1 Hexane:EtOAc, v:v) provided the title compound (139.5 mg, 

0.38 mmol, 58%). Rf: 0.11 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.69 (3H, s, CH3), 1.77 (3H, s, CH3), 2.94 (2H, t, J = 7.7 

Hz, CH2), 3.11 (2H, t, J = 7.6 Hz, CH2), 3.17 (2H, d, J=7.4Hz, H-1″), 5.20 (1H, t, J = 7.3 

Hz, CH), 6.40 (1H, d, J = 16.0 Hz, CH), 7.00 (1H, d, J = 8.3 Hz, ArCH) 7.24–7.42 (7H, m, 

ArCH), 7.75 (1H, d, J = 16.0 Hz, CH). 13C NMR (100 MHz, CDCl3): δ 17.8, 25.7, 28.4, 

30.8, 35.8, 116.7, 120.8, 122.8, 126.5, 126.8, 128.6, 130.1, 131.9, 133.9, 134.3, 139.9, 

146.3, 150.6, 170.6, 171.0. m/z (ESI): 363.1 [M−, 100%], 364.2(25%).

(2E)-3-[4-(acetyloxy)-3-(3-methylbut-2-en-1-yl)phenyl]prop-2-enoic acid (2): 4-iodo-2-

(3-methylbut-2-en-1-yl)phenyl acetate (I-C) was exposed to the general method described 

for the synthesis of (1), and purification by column chromatography (4:1 Hexane:EtOAc) 

provided the title compound (86 mg, 99%). Rf: 0.11 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.73 (3H, s, CH3), 1.78 (3H, s, CH3), 2.34 (3H, s, 

CO2CH3), 3.27 (2H, d, J = 7.7 Hz, CH2), 5.24 (1H, t, J = 7.1 Hz, CH), 6.41 (1H, d, J = 15.9 

Hz, CH), 7.09 (1H, d, J = 8.4 Hz, ArCH), 7.43 (2H, s, ArCH), 7.75 (1H, d, J = 15.8 Hz, 

CH). 13C NMR (100 MHz, CDCl3): δ 17.8, 20.8, 25.7, 28.6, 116.8, 120.8, 122.9, 126.9, 

130.2, 132.0, 134.3, 146.1, 150.7, 169.0, 170.1, 206.9. m/z (ESI MS): 273.0 [M−] (100%).

(2E)-3-[4-(acetyloxy)-3-(3-methylbut-2-en-1-yl)phenyl]prop-2-enoate (3): The general 

method described for the synthesis of (7) using 4-iodo-2-(3-methylbut-2-en-1-yl)phenyl 

acetate (350 mg, 1.06 mmol) as the starting material was followed, and purification by 

column chromatography (30:1 - 10:1 - 4:1 - 2:1 Hexane:EtOAc) provided the title 

compound (100 mg, 0.3 mmol, 28.5%). Rf: 0.9 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.55 (9H, s, CO2t-Bu), 1.72 (3H, s, CH3), 1.77 (3H, s, 

CH3), 2.33 (3H, s, CO2CH3), 3.25 (2H, d, J = 7.1 Hz, CH2), 5.23 (1H, t, J = 7 Hz, CH), 6.31 

(1H, d, J = 15.9 Hz, CH), 7.05 (1H, d, J = 8.8 Hz, ArCH), 7.37(2H, s, ArCH), 7.56 (1H, d, J 

= 15.9 Hz, CH). 13C NMR (100 MHz, CDCl3): δ 17.8, 20.8, 25.7, 28.2, 28.7, 80.5, 120.1, 

121.0, 122.0, 122.7, 126.5, 129.0, 129.7, 132.6, 133.7, 134.0, 142.8, 150.1, 166.2, 169.1. 

m/z (ESI MS): 215 (100%), 353.1 0 [M+Na]+ (50%).

(2E)-3-[4-hydroxy-3-(3-methylbut-2-en-1-yl)phenyl]prop-2-enoate (4): To a solution 4-

hydroxy methyl cinnamate (4.57 g, 25.81 mmol) in toluene (70 mL) was added NaH (1.132 

g, 28.29 mmol) and the mixture was heated at 70°C for 3.5 hr. 3,3-dimethylallyl bromide 
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(4.2 mL, 35.32 mmol) was added and the mixture was stirred at 80°C for 72 hr. Ice water 

(150 mL) was added, the solution acidified with AcOH, washed with NaHCO3, extracted 

with ether, dried (Na2SO4), filtered and concentrated. Purification by column 

chromatography (12:1 - 10:1 - 8:1 - 6:1 - 4:1 Hexane:EtOAc) provided the title compound 

(3.0 g, 12.19 mmol, 47%). Rf: 0.69 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.80 (6H, s, CH3), 3.38 (2H, d, J = 7.41 Hz, CH2), 3.81 

(3H, s, CO2-CH3), 5.33 (1H, t, J = 7, CH), 5.37 (1H, s, -OH), 6.31 (1H, d, J = 15.91 Hz, 

CH), 6.82 (1H, d, J = 8.08 Hz, ArCH), 7.29–7.35 (2H, m, ArCH), 7.64 (1H, d, J = 15.92 Hz, 

CH). 13C NMR (100 MHz, CDCl3): δ 18.0, 25.8, 29.7, 51.6, 115.0, 116.2, 121.0, 127.2, 

127.2, 127.9, 130.1, 135.7, 144.8, 156.5, 167.7. m/z (ESI MS): 247.1 [M+, 100%], 282.2 

(35%), 248.2(15%).

(2E)-3-(3,3-dimethyl-3,4-dihydro-2H-1-benzopyran-6-yl)prop-2-enoate (5): To a 

solution 4-hydroxy methyl cinnamate (720 mg, 4.06 mmol) in toluene (50 mL) was added 

NaH (292 mg, 6.10 mmol) and the mixture was heated at 70°C for 3.5 hr. 3,3-dimethylallyl 

bromide (0.70 mL, 6.10 mmol) was added and the mixture was stirred at 80°C for 72 hr. Ice 

water (150 mL) was added, acidified with AcOH, washed with NaHCO3 and extracted with 

ether, dried (Na2SO4), filtered, and concentrated. Purification by column chromatography 

(12:1 – 10:1 – 8:1 – 6:1 – 4:1 Hexane:EtOAc) provided the title compound (370 mg, 1.50 

mmol, 41%).

1H NMR (400 MHz, CDCl3): δ 1.36 (6H, s, CH3), 1.84 (2H, t, J = 6.7 Hz, CH2), 2.80 (2H, 

t, J = 6.7 Hz, CH2), 3.80 (3H, s, CO2-CH3), 6.29 (1H, d, J = 15.99 Hz, CH), 6.79 (1H, d, J = 

8.3 Hz, ArCH), 7.26–7.32 (2H, m, ArCH), 7.63 (1H, d, J = 15.9 Hz, CH). 13C NMR (100 
MHz, CDCl3): δ 22.5, 27.0, 32.5, 51.5, 75.2, 114.5, 117.8, 121.6, 126.1, 127.3, 130.2, 

145.3, 156.1, 168.1. m/z (ESI MS): 247.1 [M+, 100%], 282.2 (22.5%), 248.2(15%), 

269.0(15%).

(2E)-3-[3-(3-methylbut-2-en-1-yl)-4-[(3-phenylpropanoyl)oxy]phenyl]prop-2-enoate 
(6): The general method described for the synthesis of (7) using methyl acrylate was 

followed, and purification by column chromatography (30:1 – 20:1 Hexane:EtOAc) 

provided the title compound (100 mg, 0.26 mmol, 30%). Rf: 0.5 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.69 (3H, s, CH3), 1.78 (3H, s, CH3), 2.94 (2H, t, J = 7.6 

Hz, CH2), 3.11 (2H, t, J = 7.6 Hz, CH2), 3.17 (2H, d, J = 7.1 Hz, CH2), 3.83 (3H, s, 

CO2CH3), 5.21 (1H, t, J = 7 Hz, CH), 6.40 (1H, d, J = 16 Hz, CH), 6.98 (1H, d, J = 8.7 Hz, 

ArCH) 7.24–7.40 (7H, m, ArCH), 7.67 (1H, d, J = 16 Hz, CH). 13C NMR (100 MHz, 
CDCl3): 17.8, 20.7, 22.6, 25.2, 25.7, 28.4, 30.9, 34.68, 117.6, 120.9, 122.7, 126.5, 126.5, 

128.3, 128.6, 129.8, 132.3, 133.8, 134.2, 139.9, 144.1, 150.3, 167.3, 171.0. m/z (ESI MS): 
401.1 [M+Na]+ (100%), 443.2(50%), 301.1(50%).

tert-butyl(2E)-3-[3-(3-methylbut-2-en-1-yl)-4-[(3-phenylpropanoyl)oxy]phenyl]prop-2-
enoate (7): To a solution of 4-iodo-2-(3-methylbut-2-en-1-yl)phenyl-3-phenylpropanoate 

(490 mg, 1.16 mmol) in anhydrous toluene (7 mL) was added PPh3 (46 mg, 0.175 mmol), 

Pd(OAc)2 (47 mg, 0.09 mmol) and NEt3 (0.245 ml, 1.75 mmol). The mixture was stirred at 
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room temperature and t-Butyl acrylate (0.275 mL, 1.75 mmol) was added to the flask which 

was refluxed overnight. The reaction mixture was washed with a saturated solution of 

NH4Cl, water and extracted over DCM, dried (Na2SO4) and filtered. Purification by column 

chromatography (60:1 - 30:1 - 20:1 Hexane:EtOAc) provided the title compound (280 mg, 

0.66 mmol, 57%). Rf: 0.6 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 1.55 (9H, s, CO2t-Bu), 1.69 (3H, s, CH3), 1.76 (3H, s, 

CH3), 2.93 (2H, t, J = 7.4 Hz, CH2), 3.10 (2H, t, J = 7.6 Hz, CH2), 3.16 (2H, d, J = 7 Hz, 

CH2), 5.20 (1H, t, J = 7 Hz, CH), 6.31 (1H, d, J = 15.9 Hz, CH), 6.96 (1H, d, J = 8.7 Hz, 

ArCH) 7.24–7.36 (7H, m, ArCH) 7.55(1H, d, J = 16 Hz, CH). 13C NMR (100 MHz, 
CDCl3): δ 17.8, 25.7, 28.2, 28.5, 29.7, 30.9, 35.8, 80.5, 120.0, 120.35, 121.0, 121.9, 122.6, 

126.5, 128.3, 128.6, 129.0, 129.7, 132.6, 133.7, 134.0, 139.9, 142.3, 142.8, 150.0, 166.2, 

171.0. m/z (ESI MS): 443.2 [M+Na]+ (100%), 444.3(35%).

(2E)-3-prop-2-enoic acid (8): To a solution of p-coumaric acid (1.0 g, 6.09 mmol) in DCM 

(10 mL) was added 3-phenyl propionyl chloride (1.5 g, 9.14 mmol) and NEt3 (1.2 mL, 9.1 

mmol) and the mixture was stirred at room temperature overnight. Saturated NaHCO3 was 

added and the layers were separated. The organic layer was washed with H2O, dried 

(Na2SO4), filtered and concentrated to provide the title compound as a white powder (400 

mg, 2.43 mmol, 22%). Rf: 0.05 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 2.93 (2H, t, J = 7.6 Hz, CH2), 3.10 (2H, t, J = 7.6 Hz, 

CH2), 6.40 (1H, d, J = 16.2 Hz, CH), 7.31 (5H, m, ArCH), 7.08 (2H, d, J = 8.31 Hz, ArCH), 

7.57 (2H, d, J = 8.41 Hz, ArCH), 7.77 (1H, d, J = 16 Hz, CH). 13C NMR (100 MHz, 
CDCl3): δ 30.9, 36.2, 117.2, 122.2, 122.3, 126.7, 128.3, 128.6, 129.4, 131.7, 131.8, 134.2, 

139.8, 145.8, 152.5, 170.4, 171.0. m/z (ESI MS): 295.0 [M−, 100%], 296.1 [M, 22.5%], 

230.9(10%), 152.7(10%).

(E)-3-(3-((3-phenylpropanoyl)oxy)phenyl)acrylic acid (9): To a solution of m-coumaric 

acid (279 mg, 1.7 mmol) in DCM (50 mL) at 0 °C was added NEt3 (0.19 mL, 1.7 mmol) 

dropwise. A solution of 3-phenyl propionyl chloride (286 mg, 1.7 mmol) in DCM (20 mL) 

was added and the solution was warmed to room temperature and stirred overnight. 

Saturated NaHCO3 was added and the layers were seperated. The organic layer was washed 

with H2O, dried (Na2SO4), filtered and concentrated. Purification by column 

chromatography (4:1 petrol:EtOAc) provided the title compound as a white powder (49 mg, 

0.16 mmol, 10%). Rf: 0.50 (4:1 Petrol:EtOAc).

1H NMR (400 MHz; CDCl3): δ 2.94 (2H, t, J = 7.6 Hz, CH2), 3.12 (2H, t, J = 7.6 Hz, 

CH2), 6.44 (1H, d, J = 15.9 Hz, CH), 7.09 (1H, m, ArCH), 7.19 (1H, m, ArCH), 7.28–7.31 

(3H, m, ArCH), 7.35 (2H, d, J = 7.2 Hz, ArCH), 7.42 (2H, d, J = 5.0 Hz, ArCH), 7.75 (1H, 

d, J = 15.9 Hz, CH). 13C NMR (100 MHz; CDCl3): δ 30.7, 35.7, 118.2, 120.9, 123.7, 

125.9, 126.5, 128.3, 128.8, 129.8, 135.5, 139.7, 145.8, 150.8, 171.2, 171.3.

(Z/E)-3-(4-((3-phenylpropanoyl)oxy)phenyl)acrylic acid (10): To a solution of (Z/E)-tert-

butyl 3-(4-(3-phenylpropanoyloxy)phenyl)acrylate (100 mg, 0.28 mmol) in toluene (10 mL) 

was added SiO2 (2.5 g) and the mixture was refluxed under nitrogen for 5 hours. The 
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mixture was allowed to cool and diluted with 10% MeOH/DCM (v/v). Celite was added and 

the mixture was filtered through a pad of celite by washing with 10% MeOH/DCM. The 

solution was concentrated and excess toluene was removed by successive washing with 

EtOAc/Petrol. The yellow solid was purified by column chromatography (4:1 Petrol:EtOAc) 

to provide the title compound as a white powder (80 mg, 0.27 mmol) composed of a 7/3 

mixture of E/Z isomers. Rf: 0.50 (4:1 Petrol:EtOAc).

1H NMR (400 MHz, CDCl3): δ 2.93 (2H, t, J = 7.7 Hz, CH2), 3.11 (2H, t, J = 7.6 Hz, 

CH2), 6.42 (1H, d, J = 15.9 Hz, CH), 7.07 (2H, d, J = 8.4 Hz, ArCH), 7.27 (3H, m, ArH), 

7.34 (2H, d, J = 7.13 Hz, ArCH), 7.57 (2H, d, J = 8.53 Hz, ArCH), 7.77 (1H, d, J = 15.9 Hz, 

CH). Minor Z isomer: 5.99 (1H, d, J = 8.3 Hz, CH), 7.68 (1H, d, J = 8.3 Hz, CH). 13C NMR 
(100 MHz, CDCl3): δ 30.6, 35.9, 121.0, 121.9, 126.4, 128.4, 128.7, 129.4, 129.8, 131.7, 

139.9, 145.8, 152.4, 171.0.

(2E)-3-[4-(benzoyloxy)phenyl]prop-2-enoic acid (11): The general method described for 

the synthesis of (8) using benzoyl chloride (1.3 g, 9.14 mmol) was followed, and 

purification by column chromatography (4:1 Hexane:EtOAc) provided the title compound as 

a white solid (320 mg, 1.3 mmol, 20 %). Rf: 0.05 (4:1 Hexane:EtOAc).

1H NMR (400 MHz, CDCl3): δ 6.47 (1H, d, J = 16.1 Hz, CH2), 7.31 (2H, d, J = 8.4 Hz, 

ArCH), 7.5 (2H, t, J = 7.7 Hz, ArCH), 7.65 (3H, m, ArCH), 7.81 (1H, d, J = 15.9 Hz, CH), 

8.23 (2H, d, J = 7.4 Hz, ArCH). 13C NMR (100 MHz, CD3OD): δ 106.8, 118.3, 119.6, 

122.0, 128.4, 129.0, 129.1, 129.6, 132.3, 133.6, 143.6, 145.1, 152.4, 128.5, 129.1, 168.8. 

m/z (ESI MS): 266.9 [M−, 100%].

(2E)-3-[4-(pyridine-4-carbonyloxy)phenyl]prop-2-enoic acid (12): The general method 

described for the synthesis of (8) using isonicotinoyl chloride (534 mg, 3.0 mmol) in THF 

(30 mL) was followed, and purification by column chromatography (4:1 Hexane:EtOAc) 

provided the title compound as a yellow solid (510 mg, 1.9 mmol, 99%). Rf: 0.1 (4:1 

Hexane:EtOAc).

1H NMR (400 MHz, CD3OD,): δ 6.29 (1H, d, J = 15.9 Hz, CH), 6.82 (2H, d, J = 8.3Hz, 

ArCH), 7.46 (2H, d, J = 8.3Hz, ArCH), 7.61 (1H, d, J = 15.9 Hz, CH), 7.97 (2H, d, J = 4.9 

Hz, ArCH), 8.74 (2H, d, J = 4.8Hz, ArCH). 13C NMR (100 MHz, CD3OD): δ 106.8, 114.1, 

115.3, 123.3, 125.8, 129.6, 139.4, 145.2, 149.5, 159.7, 166.1, 169.5.

(Z/E)-tert-butyl 3-(4-(3-phenylpropanoyloxy)phenyl)acrylate (13): To a solution of (E)-

tert-butyl 3-(4-hydroxyphenyl)acrylate (500 mg, 2.27 mmol) in dry THF (25 mL) under N2 

at 0 °C was added 3-phenylpropionic acid (0.33 mL, 2.27 mmol), followed by adding a 

solution of PPh3 (594 mg, 2.27 mmol) in dry THF (10 mL) and DEAD (1.12 mL of a 40% 

solution in toluene, 2.27 mmol). The solution was warmed to RT and stirred for 48 hrs. The 

solvent was removed in vacuo, and the residue was redissolved in EtOAc, washed with 

NaHCO3 and brine, dried (Na2SO4), filtered and concentrated. Purification by column 

chromatography (4:1 petrol:EtOAc) provided the title compound as a yellow oil (510 mg, 

1.44 mmol) composed of a 7/3 mixture of E/Z isomers. Rf: 0.70 (4:1 Petrol:EtOAc).
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1H NMR (300 MHz, CDCl3): δ 1.47 (9H, s, C(CH3)3), 2.80 (2H, t, J = 7.4 Hz, CH2), 2.91 

(2H, t, J = 7.4 Hz, CH2), 6.23 (1H, d, J = 15.9 Hz, CH), 6.95 (1H, d, J = 8.5 Hz, ArCH), 

7.12 – 7.30 (7H, m, ArCH), 7.44 (2H, d, J = 4.5 Hz, ArCH), 7.49 (1H, d, J = 15.9 Hz, 

CH). 13C NMR (100 MHz, CDCl3): δ 28.2, 30.9, 36.0, 80.6, 120.4, 121.1, 126.5, 128.4, 

128.65, 129.1, 129.8, 130.9, 132.4, 140.0, 140.4, 142.4, 151.9, 166.2.

2.3. Assay of enzyme activity

2.3.1. AKR1C3 and AKR1C2—The specific activities of AKR1C3 and AKR1C2 were 

determined by measuring the formation of NADH at 340 nm using Beckman DU640 

spectrophotometer. A typical assay solution contained 100 mM potassium phosphate pH 7.0, 

2.3 mM NAD+, 3.0 mM (S)-(+)-1,2,3,4-tetrahydro-1-naphthol (S-tetralol), 4% acetonitrile 

(v/v). The mixtures were incubated at 37 °C for 3 min followed by adding a serial dilution of 

AKR1C3 or AKR1C2 solution to a final volume of 1 mL to initiate the reaction. After 

continuously monitoring for 5 min, the increase in UV absorption using different 

concentrations of enzyme were recorded to calculate the initial velocity and determine 

enzyme specific activity.

2.3.2. IC50 value determination—The inhibitory potency for each compound was 

represented by IC50 value and measured as described before [14, 26, 39]. The IC50 value of 

baccharin and baccharin analogs was determined by measuring their inhibition of the 

NADP+ dependent oxidation of S-tetralol catalyzed by AKR1C3 or AKR1C2. The 

concentration of S-tetralol used in this assay for AKR1C3 and AKR1C2 was 165 μM and 15 

μM respectively, which was equal to the Km value for each enzyme isoform in order to make 

a direct comparison of IC50 values. The IC50 value of each compound was acquired from a 

single experiment with each inhibitor concentration run in quadruplicate and directly 

calculated by fitting the inhibition data to an equation 

 using Grafit 5.0 software. In this equation, 

“range” is the fitted uninhibited value minus the “background”, and “S” is a slope factor. “I” 

is the concentration of inhibitor. The equation assumes that y falls with increasing “I”.

3. Results

Baccharin (compound 1) and 15 baccharin analogs (compounds 2–16) were screened against 

recombinant human AKR1C3 and AKR1C2 (Table 1, 2, 3 and 4). The selectivity of 

AKR1C3 over AKR1C2 was determined based on the ratio of IC50 values between 

AKR1C2 and AKR1C3 [26]. As shown in Table 1, compound 1 inhibited AKR1C3 with an 

IC50 value of 100 nM and gave a 510-fold of selectivity for AKR1C3 over AKR1C2, which 

was comparable to the data reported by Endo et al [37]. The inhibitory potency and 

selectivity of 15 baccharin analogs were compared to compound 1. Based on the structure of 

1 [3-prenyl-4-dihydrocinnamoyloxy) cinnamic acid], cinnamic acid is the core structure of 

baccharin (1) and the other 15 analogs were divided into 4 groups for comparison, which 

include removal of the 4-dihydrocinnamoyloxy group (compound 2 in Table 1), 

esterification of cinnamic acid (compounds 3–7 in Table 2), removal of 3-prenyl group 

(compounds 8–13 in Table 3) and cinnamic acid derivatives (compounds 14–16 in Table 4).
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After the 4-dihydrocinnamoyloxy group was replaced by an acetate group (Table 1), it was 

found that compound 2 still displayed nanomolar inhibitory potency for AKR1C3 with an 

IC50 value of 440 nM and a 102-fold of selectivity for AKR1C3 versus AKR1C2 with no 

real change in inhibitory potency for AKR1C2.

Analogs in group 2 (Table 2) can also be separated into two subgroups. In the first group, 

the analogs are esterified and the 4-dihydrocinnamoyloxy group was removed (compounds 

3–5). Esterification of the cinnamic acid on 2 to form the tertiary butyl ester (compound 3) 

resulted in 86-fold loss of inhibitory potency (IC50: 8.6 μM) for AKR1C3 and a slight 

increase of inhibition for AKR1C2, which resulted in a 255-fold decrease in selectivity (IC50 

ratio: 2) in comparison to 1. Compound 4 was derived from drupanin (see Table 1) in which 

the dihydrocinnamoyloxy group of baccharin was replaced by a hydroxyl group, and the 

cinnamic acid portion was esterified to form the methyl ester. These substitutions gave a 

similar inhibitory potency (IC50: 9.7 μM) as compound 3 and drupanin [37], but the 

inhibitory potency for AKR1C2 was increased by 7-fold which made 4 lose inhibitory 

selectivity for AKR1C3 over AKR1C2 (IC50 ratio: 1). When the hydroxyl group on 4 
reacted with the double bond of the 3-prenyl group to form a six-membered ring, the 

resultant compound 5 displayed a further 2-fold decrease of inhibitory potency for both 

AKR1C3 (IC50: 21 μM) and AKR1C2, and as a result had no inhibitory selectivity for 

AKR1C3 (IC50 ratio: 1). In the second group in Table 2, the methyl ester (compound 6) or 

the tertiary butyl ester (compound 7) of baccharin were found to cause a dramatic decrease 

in both the inhibitory potency and selectivity for AKR1C3. In addition, 6 did not inhibit 

AKR1C3 when the concentration was >10 μM.

In group 3 (Table 3), removal of the 3-prenyl group of baccharin resulted in compounds 8–
11 which had low or sub- micromolar IC50 values for AKR1C3; however, the inhibitory 

selectivities of these compounds were decreased by 18 to 45-fold in comparison to 1. In 

comparison to compound 8 (IC50: 4.7 μM), the movement of the dihydrocinnamoyloxy 

group from the para to meta position (compound 9) increased inhibitory potency for both 

AKR1C3 (IC50: 960 nM) and AKR1C2, and displayed a 1.5-fold increase of the inhibitory 

selectivity (IC50 ratio: 28). Compound 10 which was composed of 70% (E)- and 30% (Z)-

isomers also increased the inhibition for both AKR1C3 (IC50: 2.3 μM) and AKR1C2 (IC50: 

25 μM) relative to compound 8, but the inhibitory selectivity was decreased by 1.7-fold in 

comparison to 8. Substitution of the dihydrocinnamoyloxy group in 8 with a benzoic acid 

group (compound 11) showed a similar inhibitory potency (IC50: 6.3 μM) and selectivity as 

8 for AKR1C3. When the phenyl group of benzoic acid on 11 was replaced by a pyridine 

ring (compound 12), the inhibitory potency was decreased to yield an IC50 value of 68 μM 

and the selectivity was lost (IC50 ratio: 1). Esterification (compound 13) of cinnamic acid 

resulted in a large loss of inhibitory potency (IC50: 632 μM) and a reversal of selectivity 

(IC50 ratio: 0.04) for AKR1C3.

Compounds 14–16 in group 4 (Table 4) were derivatives of cinnamic acid, which are also 

found in propolis as natural products [33, 40]. The main characteristic in these compounds 

was the removal of the 3-prenyl group and the replacement of the 4-dihydrocinnamoyloxy 

group by a hydroxyl group. In comparison to 1, these natural products displayed much lower 
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inhibition for both AKR1C3 and AKR1C2 and less selectivity for AKR1C3. However, in 

comparison to compounds 14 and 15, 16 displayed an increased inhibitory potency and 

selectivity for AKR1C3 due to the introduction of a small hydrophobic 5-methoxyl group.

4. Discussion

Our group and others have studied different classes of inhibitors for AKR1C3 in order to 

develop new therapeutics for the treatment of CRPC based on NSAID scaffolds [13, 14, 25, 

26, 37, 39, 41–45]. Although inhibitors with nanomolar potency and high selectivity to 

AKR1C3 have been identified from these studies, the discovery of new compounds for 

preclinical development is still required. Among these compounds, baccharin, a natural 

component extracted from Brazilian propolis, displays a high potency and inhibitory 

selectivity against AKR1C3 [37]. This discovery has made baccharin a promising lead to 

develop a new series of potent and specific inhibitors against AKR1C3.

In this study, the inhibitory potency and selectivity of 15 baccharin analogs against 

AKR1C3 were investigated and compared to unmodified baccharin (compound 1). Thirteen 

baccharin analogs were studied for the first time. Compound 1 showed the most potent 

inhibition (IC50: 100 nM) and highest selectivity for AKR1C3 over AKR1C2 (IC50 ratio: 

510) (Table 1, 2, 3 and 4). Compound 2 still displayed a good inhibitory potency (IC50: 440 

nM) and selectivity (IC50 ratio: 102) for AKR1C3 and did not change the inhibitory potency 

to AKR1C2. This may result from the addition of the acetate group on the phenyl ring of 

cinnamic acid.

Analysis of crystal structures of AKR1C3.NADP+- inhibitor complexes have revealed that 

the ligand binding site can be dissected into five subsites: oxyanion site (consisting of 

catalytic residues Tyr55, His117 and cofactor NADP+), the steroid channel for the binding 

of steroid ligands, and three sub-pockets (SPs: SP1, SP2 and SP3 to accommodate other 

ligands) [13, 15]. The presence of either a carbonyl or carboxylate group is required to 

anchor many ligands to the oxyanion site, because it can form a strong hydrogen-bond (H-

bond) with Tyr55 and His117 and bring the ligands into close proximity of the nicotinamide 

head group of the cofactor [15]. Based on the model of baccharin-docked into the AKR1C3-

NADP+ complex structure (Figure 2) [37], the carbonyl group on the 4-

dihydrocinnamoyloxy group of baccharin was found to be close to the oxyanion site and 

could form a H-bond interaction with Tyr55 and His117, which could contribute to the high 

inhibitory activity of baccharin. Thus, the carbonyl group on the acetate group in compound 

2 could maintain the H-bond interaction in the oxyanion site to provide a good inhibitory 

potency. In comparison to compound 1, 2 displayed a 4-fold decrease of inhibitory potency 

and 5-fold decrease of inhibitory selectivity. This might be caused by the removal of the 

benzyl moiety to decrease the hydrophobic interactions in the SP3 pocket and the H-bond 

formation in the oxyanion site. The docked model predicted that the benzyl moiety of the 4-

dihydrocinnamoyloxy group was located in the SP3 pocket and could form hydrophobic 

interactions with the side chain of Gln222 or Phe306 to provide the high binding affinity 

[37]. Thus, the loss of lipophilicity when the benzyl group is substituted by the acetyl group 

could affect the inhibitory potency. The same result was also observed in compounds 11 and 

12, when the benzene ring was replaced by a pyridine ring. In addition, recent studies have 
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shown that polar substitutions (e.g. hydroxyl and carboxylate group) on the phenyl ring of 

cinnamic acid or the phenyl ring of the 4-dihydroxycinnamoyloxy group decreased the 

inhibition for AKR1C3 [37, 46, 47]. For example, the displacement of 4-

dihydrocinnamoyloxy group by a hydroxyl group to form drupanin (see Table 1) resulted in 

a loss of inhibitory potency (IC50: 15 μM) and only a 7-fold selectivity for AKR1C3 versus 

AKR1C2.

Analogs in group 4 (Table 4) gave similar findings. In group 4, three naturally cinnamic acid 

derivatives (p-coumaric acid, m-coumaric acid and ferulic acid) in which a 4-hydroxyl group 

was introduced into the phenyl ring showed weak inhibition for AKR1C3; however, the 

introduction of 5-methoxyl group in ferulic acid (compound 16) increased the inhibitory 

potency and selectivity for AKR1C3 in comparison to p- and m-coumaric acid. We conclude 

it is important to either retain the 4′-dihydrocinnamolyoxy group or acetate substituent on 

cinnamic acid in baccharin analogs to maintain a high inhibitory potency towards AKR1C3 

since none of the cinnamic acid analogs in Table 4 inhibited AKR1C3 with high potency.

In comparison to 1 and 2, esterification (compounds 3–7 shown in Table 2) of cinnamic acid 

group decreased inhibitory potency and selectivity to AKR1C3. In the 

AKR1C3.NADP+.Baccharin complex model [37], the carboxylate group on cinnamic acid 

was predicted to be bound in the SP1 pocket and could form hydrogen bonds with the side 

chain of Ser118 (Figure 2), which contributes to strong binding affinity for 1. In addition, 

several polar amino acids (e.g. Ser308 and Tyr319) also reside in the SP1 pocket of 

AKR1C3 which provide hydroxyl groups that can interact with the polar groups of these 

inhibitors. As such, these polar interactions also increase the selectivity of baccharin for 

AKR1C3 over the other AKR1C isoforms where the amino acids in the corresponding 

positions are Phe118, Leu308 and Phe319 in the SP1 pocket [15, 26]. Once the carboxylate 

group was esterified, the H-bond and polar interactions could be impaired or lost by the 

introduction of alkyl groups. Thus, both inhibitory potency and selectivity of 1 and 2 for 

AKR1C3 were greatly decreased and the inhibitory potency for AKR1C2 was slightly 

increased in compounds 3–6 (Table 2). A similar result was also observed when compound 

13 was compared to compound 10 (Table 3). Notably, compound 7 in group 2 displayed 

much lower inhibitory potency for AKR1C3 and AKR1C2. This may be due to a steric 

effect caused by the introduction of the tertiary butyl group into baccharin, which may 

prevent it occupying the SP1 pocket. Therefore, the carboxylate group on cinnamic acid is 

essential to retain both inhibitory potency and selectivity of baccharin analogs and should 

not be blocked.

Although removal of 3-prenyl group in compounds 8–11 (group 3 analogs in Table 3) 

displayed a low or sub- micromolar inhibitory potency, the inhibitory selectivity was much 

lower than compound 1. The AKR1C3.NADP+.Baccharin docked structure predicted that 

the prenyl group also occupied the SP3 pocket [37]. The 3-prenyl group provides extra 

hydrophobic interactions between baccharin and the SP3 pocket and assists the orientation 

of the cinnamic acid and 4-dihydrocinnamoyloxy group in the SP1 and SP3 pockets, 

respectively. The loss of the 3-prenyl group may cause a change of the orientation of 

baccharin analogs and further decrease binding selectivity, which suggests that it is 

important to retain the 3-prenyl group on baccharin analogs to specifically bind to AKR1C3. 
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Recently, Endo et al. reported that the replacement of the 3-prenyl group by either an aryl or 

alkyl ether yielded compounds that displayed less or similar inhibitory potency for 

AKR1C3. However, among these compounds, a more potent and selective inhibitor than 

baccharin was obtained when the 3-prenyl group was replaced by a 3-hydroxybenzyloxy 

group to yield a compound with an IC50 value of 20 nM for AKR1C3 and a 4–5 fold higher 

selectivity for AKR1C3 than baccharin [47]. Molecular docking showed that the benzyl 

ether group was close to Tyr24 in the SP3 pocket and that the addition of a hydroxy group 

on the phenyl ring produced a new H-bond with Tyr24, which improved the inhibitory 

potency and selectivity of baccharin [47]. These results suggest that the 3-prenly group 

should be retained in order to keep the inhibitory potency and selectivity of baccharin. 

Furthermore, inhibitory potency may be enhanced by the replacement of the 3-prenyl group 

by a rationally designed non-prenyl group. In addition, a comparison within the group 3 

analogs (compounds 8–13) shows that compound 9 displayed the highest inhibitory potency 

and specificity to AKR1C3. A similar result was also observed in compounds 14 and 15 
(Table 4), which suggests that the change in position of the dihydrocinnamoyloxy group 

from para- to meta- should be considered in the design of new baccharin analogs.

In conclusion, the current study focused on the screening of 15 baccharin analogs to 

discover new classes of inhibitors against AKR1C3. Although unsubstituted baccharin is 

still the most potent and selective inhibitor among these compounds, these data provide 

additional structural information for the future development of new baccharin analogs. The 

analyses of structure-activity relationship reveals that, in order to maintain a high inhibitory 

potency and selectivity, the carboxylate group on cinnamic acid, the prenyl group and either 

retention of 4′-dihydrocinnamoyloxy group or acetate substituent on cinnamic acid should 

be retained.
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Highlights

• Inhibitory potencies of baccharin and fifteen analogs for AKR1C3 were 

evaluated.

• Thirteen baccharin analogs were evaluated for the first time.

• Unmodified baccharin still shows the highest inhibitory activity and selectivity.

• Compound 2 shows a good inhibitory potency and high selectivity for AKR1C3.

• Data provide structural information for the optimization of new baccharin 

analogs.
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Figure 1. 
Androgen metabolism in human prostate depicting the roles of AKR1C1, AKR1C2, and 

AKR1C3. AKR1C1: 20α-hydroxysteroid dehydrogenase; AKR1C2: type 3 3α-

hydroxysteroid dehydrogenase; AKR1C3: type 5 17β-hydroxysteroid dehydrogenase; CYP 

17A1: cytochrome P450 17α-hydroxylase/17,20 lyase; DHEA: dehydroepiandrosterone; 

HSD3B1: type 1 3β-hydroxysteroid dehydrogenase; SRD5A: 5α-reductase. Enzymes are 

identified by gene names.
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Figure 2. 
Model of the AKR1C3.NADP+.Baccharin complex (left) and structure of baccharin in the 

orientation found in the model (right). AKR1C3 residues (light blue); NADP+ (pink); and 

baccharin (green). Dotted line: possible hydrogen bond; OX: oxyanion site; SP: subpocket. 

The docking model of the AKR1C3. NADP+.Baccharin complex was constructed by 

conducting calculations using the program Glide 5.0. The generated docked structure 

showing the highest score was selected for further structural analysis. The crystal structure 

of AKR1C3.NADP+ complex was chosen from RCSB protein data bank (PDB code: 1S2C) 

as a starting template. Reprinted with permission from (S. Endo et al., Selective inhibition of 

human type-5 17β-hydroxysteroid dehydrogenase (AKR1C3) by baccharin, a component of 

Brazilian propolis, Journal of Natural Products [37]). Copyright 2012, American Chemical 

Society.
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Scheme 1. 
General synthetic procedure. Reagents i): NaH, PhMe, 3,3-dimethylallyl bromide; ii): RCl, 

NEt3, DMAP, DCM; iii): H2C=CHCO2
tBu, Pd(OAc)2, (Ph)3P, NEt3, PhMe; iv): SiO2, 

PhMe.
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Table 1

Inhibitory properties of group 1 analogs on AKR1C3 and AKR1C2.

Compound Structure 1C3 IC50 (μM) 1C2 IC50 (μM) IC50 Ratio 1C2:1C3

1 (Baccharin) 0.1 51 510

2 0.44 45 102

Drupanin* 15 108 7 [37]

*
data is from the reference [37].

Chem Biol Interact. Author manuscript; available in PMC 2016 June 05.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zang et al. Page 22

Table 2

Inhibitory properties of group 2 analogs on AKR1C3 and AKR1C2.

Compound Structure 1C3 IC50 (μM) 1C2 IC50 (μM) IC50 Ratio 1C2:1C3

1 (Baccharin) 0.10 51 510

3 8.6 15 2

4 9.7 7.3 1

5 21 14 1

6 37% at 10 μM 22 N/A

7 607 153 0.3

N/A: not available.
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Table 3

Inhibitory properties of group 3 analogs on AKR1C3 and AKR1C2.

Compound Structure 1C3 IC50 (μM) 1C2 IC50(μM) IC50 Ratio 1C2:1C3

1 (Baccharin) 0.10 51 510

8 (100% E) 4.7 88 19

9 (100% E) 0.96 27 28

10 (7/3, E/Z) 2.3 25 11

11 6.3 127 20

12 68 88 1

13 (7/3, E/Z) 632 27 0.04

E/Z: E/Z geometric isomers (highlighted with blue bond).
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Table 4

Inhibitory properties of group 4 analogs on AKR1C3 and AKR1C2.

Compound Structure 1C3 IC50 (μM) 1C2 IC50 (μM) IC50 Ratio 1C2:1C3

1 (Baccharin) 0.10 51 510

14 p-coumaric acid (100% E) 199 1297 7

15 m-coumaric acid (100% E) 86 389 5

16 Ferulic acid (100% E) 21 421 20
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