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Abstract: The estrogen receptors (ERs) are a group of versatile receptors. They regulate an 

enormity of processes starting in early life and continuing through sexual reproduction, 

development, and end of life. This review provides a background and structural perspective 

for the ERs as part of the nuclear receptor superfamily and discusses the ER versatility and 

promiscuity. The wide repertoire of ER actions is mediated mostly through ligand-

activated transcription factors and many DNA response elements in most tissues and 

organs. Their versatility, however, comes with the drawback of promiscuous interactions 

with structurally diverse exogenous chemicals with potential for a wide range of adverse 

health outcomes. Even when interacting with endogenous hormones, ER actions can have 

adverse effects in disease progression. Finally, how nature controls ER specificity and how 

the subtle differences in receptor subtypes are exploited in pharmaceutical design to 

achieve binding specificity and subtype selectivity for desired biological response are 

discussed. The intent of this review is to complement the large body of literature with 

emphasis on most recent developments in selective ER ligands.  

Keywords: estrogen receptors (ERs) ; estrogen receptor alpha (ERα); estrogen receptor 

beta (ERβ); promiscuity; ligand selectivity; subtype selective ligands  
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1. The Estrogen Receptors 

The estrogen receptors (ERs) are members of the steroid hormone receptor family, which 

taxonomically are within the nuclear receptor (NR) superfamily (Figure 1). The steroid hormone receptor 

family (a.k.a. NR3) has many members, including the mineralocorticoid, glucocorticoid, progesterone, 

androgen, and estrogen-related receptors (MRs, GRs, PRs, ARs and ERRs, respectively) [1,2].  

These receptors are targets of the lipophilic steroid hormones sharing cholesterol as a common 

building block and are synthesized in the adrenal cortex (e.g., glucocorticoids, mineralocorticoids and 

adrenal androgens), testes (e.g., testosterone and testicular androgens), ovary and placenta (estrogens 

and progesterone) [3].  

The role of the ERs far transcends the most commonly ascribed purposes of regulating development 

of female characteristics and the female reproductive system. ERs are also indispensable in a diversity 

of physiological processes that include regulation of lipid profile, bone integrity, hemostasis, 

endothelial functions, inflammatory markers, the growth of different tissues, and both prenatal and 

postnatal development [4–6]. This extensive involvement may be attributable to the status of an ER as 

the common ancestor of members of the steroid hormone receptor family [1,7]. Estrogen mediates both 

male and female health, having both adverse and beneficial effects in both sexes. For example, the ERs 

and their hormone ligands are implicated in stroke [8], cancers (e.g., endometrial [7] and breast [9]),  

as well as postmenopausal symptoms resulting from depleted circulating estrogen (e.g., osteoporosis, 

hot flushes and vaginal atrophy).  

The ERs are divided into two major subtypes, ERα and ERβ, which possess distinctly different 

identities [5,10,11]. A third subtype, ERγ, found only in non-human species e.g., fish, has also been 

reported [12]. The ERα and ERβ subtypes are coded by different genes, ESR1 and ESR2 respectively, 

and are distributed and play multiple roles in a tissue-dependent manner. For example, the ERα is 

more prevalent in the gonads, mammary glands, kidney and lung bronchi, while ERβ predominates in 

bone, lung alveoli and prostate tissues [5,13,14]; furthermore, ERα has been found to promote cell 

proliferation while ERβ possesses an anti-proliferative effect in the mammary tissues [15–17].  

The ERα and ERβ appear to share a modest 47% [10,18] and 56% [5], respectively, overall and ligand 

binding domain (LBD) sequence identity; yet, only two residues among those that line the binding 

pocket are found to be different: Leu384 (ERα) vs. Met336 (ERβ) and Met421(ERα) vs. Ile373  

(ERβ) [5] (Figure 2). 

  



Int. J. Environ. Res. Public Health 2014, 11 8711 

 

Figure 1. Taxonomy of the nuclear receptor (NR) superfamily and members of the 

families 1-6 (NR1-6).  

 
NR1 consists of TR: thyroid receptor; RAR: retinoic acid receptor; PPAR: 

peroxisome proliferator-activated receptor; ROR: retinoic acid related orphan 

nuclear receptor; LXR: liver X receptor; FXR: farnesoid X receptor; VDR: 

vitamin D receptor; PXR: pregnane X receptor and CAR: constitutive 

androstane receptor. Note: no full terminology for Rev-erb. NR2 consists of 

HNF: hepatocyte nuclear factor; RXR: retinoid X receptor; TR: testicular 

receptor; TLL: tailless-like receptor; PNR: photoreceptor-specific nuclear 

receptor; COUP-TF: chicken ovalbumin upstream promoter transcription factor 

and EAR: ErbA-related protein. NR 3 consists of ER: estrogen receptor; ERR: 

estrogen-related receptor; GR: glucocorticoid receptor; MR: mineralocorticoid 

receptor; PR: progesterone receptor and AR: androgen receptor. NR4 consists of 

NGFI-B: nerve growth factor-induced clone B; NURR: Nur-related factor and 

NOR: neuron-derived orphan receptor. NR5 consists of SF1: steroidogenic 

factor 1 and LRH: liver receptor homolog. NR6 consists of GCNF: germ cell 

nuclear factor; DAX-1: dosage-sensitive sex reversal-adrenal hypoplasia 

congenital critical region on the X chromosome protein 1 and SHP: small 

heterodimer partner. Table adapted from [19,20]. 

  



Int. J. Environ. Res. Public Health 2014, 11 8712 

 

Figure 2. 17β-estradiol (E2) bound to ERα (yellow) and ERβ (blue). Only two residues, 

i.e., L384/M336 and M421/I373 (Erα/ERβ), differ in the binding pockets of ERα and ERβ. 

Unsurprisingly, the E2 binds in the subtypes in only subtlely different manners. 

 

2. Estrogen Receptor Architecture 

The ERs share a common architecture with other members of the NR superfamily  

that are composed of six evolutionarily conserved domains A, B, C, D, E and F (Figure 3).  

The solvent-exposed A/B region located at the N-terminus contains the ligand-independent activation 

function 1 (AF1) and is responsible for protein-protein interactions [2,5]. The highly conserved  

C region is the DNA binding domain, and is responsible for DNA dependent and independent receptor 

dimerization [21], as well as for binding to specific regions of the DNA (e.g., the estrogen response 

elements, EREs) [5]. The little-known and poorly conserved D region is the linker region that contains 

the nuclear localization sequence as well as sites for co-modulator recruitment and post-translational 

modifications. The E and F regions located at the C terminus contain the LBD and the  

ligand-dependent activation function 2 domain (AF2), as well as sections for nuclear localization and 

homo/hetero dimerization [5,22]. It is worth noting that several splice variants exist for both ERα (over 

twenty) and ERβ (at least five) subtypes [23–25]. While the wild-type ERα and ERβ (66 and 59kDa, 

respectively) contain complete A-F regions and are considered as full-length, the alternative splice 

variants either lack a portion of the protein or contain duplicate regions compared to the wild-type  

ERs [23]. Examples of splice variants lacking a portion of the protein are the ERα36 and ERβ2 [2,23].  

The former, devoid of the AF1 region, has been found to oppose ERα AF1-dependent transcription [26]; 

the latter, shorter around the AF2 region due to shorter helix 11, has an altered AF2 conformation that 

results in limited ligand access [27]. The ERα80 isoform is an example of a splice variant which contains 

duplicate region as demonstrated by its extended E domain; so far, its function remains unclear [28]. 

More comprehensive discussions of the ER splice variants are provided by Sotoca et al. [23], 

Lewandowski et al. [25] and Poola et al. [24]. 
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Figure 3. Domains A-F of ERα and ERβ, each playing a different structural/functional 

role. The numbers above the bars denote the residue numbers in the two receptor subtypes. 

ERα is slightly larger than ERβ, with a total of 595 amino acids (66 kDa) compared to 530 

amino acids (59 kDa) for ERβ. 

 

The LBDs of the ERs have been of intense interest to the scientific community and pharmaceutical 

industry for obvious reasons: the conformational changes that occur in the LBD following ligand and 

co-regulator binding determine and often initiate a spectrum of important and different downstream 

estrogen responses. Concomitantly, the binding site is the target for designing ligands causing a 

specific and large response of a certain type, called subtype selectivity. This is also precisely the 

reason why a great number of crystal structures of ERα and ERβ LBDs in complex with a multitude of 

ligands have been elucidated over the years (See Tables 1 and 2 for lists of ERα and ERβ LBD crystal 

structures available to date in the Protein Data Bank (PDB)).  

Table 1. Crystal structures of ERα ligand binding domain bound with ligands in PDB. 

PDB ID 
Structure

-Type 
Ligand Res.(Å) Ref 

1A52 Dimer Estradiol 2.8 [29] 

1ERE Hexamer Estradiol 3.1 [30] 

1ERR Dimer Raloxifene 2.6 [30] 

3ERD Dimer Diethylstilbestrol 2.03 [31] 

3ERT Monomer 4-Hydroxytamoxifen 1.9 [31] 

1QKT Monomer Estradiol 2.2 [32] 

1QKU Trimer Estradiol 3.2 [32] 

1G50 Trimer Estradiol 2.9 [33] 

1GWQ Dimer Raloxifene core 2.45 [34] 

1GWR Dimer Estradiol 2.4 [34] 

1L2I Dimer (R,R)-5,11-cis-Diethyl-5,6,11,12-tetrahydrochrysene- 2,8-diol 1.95 [35] 

1PCG Dimer Estradiol 2.7 [36] 

1UOM Monomer 
2-Phenyl-1-[4-(2-piperidin-1-yl-ethoxy)-phenyl]-1,2,3, 

4-tetrahydroisoquinolin-6-ol 
2.28 [37] 

1R5K Trimer (2E)-3-{4-[(1E)-1,2-Diphenylbut-1-enyl]phenyl}acrylic acid 2.7 [38] 

1SJ0 Monomer 
(2S,3R)-2-(4-(2-(Piperidin-1-yl)ethoxy)phenyl)-2,3-dihydro-

3-(4-hydroxyphenyl)benzo[b][1,4]oxathiin-6-ol 
1.9 [39] 
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Table 1. Cont. 

PDB 

ID 

Structure-

Type 
Ligand Res.(Å) Ref 

1XP1 Monomer 

(2S,3R)-2-(4-{2-[(3R,4R)-3,4-Dimethylpyrrolidin-1-

yl]ethoxy}phenyl)-3-(4-hydroxyphenyl)-2,3-dihydro-1,4-

benzoxathiin-6-ol 

1.8 [40] 

1XP6 Monomer 

(2S,3R)-2-(4-{2-[(3S,4S)-3,4-Dimethylpyrrolidin-1-

yl]ethoxy}phenyl)-3-(4-hydroxyphenyl)-2,3-dihydro-1,4-

benzoxathiin-6-ol 

1.7 [40] 

1XP9 Monomer 
(2S,3R)-3-(4-Hydroxyphenyl)-2-(4-{[(2S)-2-pyrrolidin-1-

ylpropyl]oxy}phenyl)-2,3-dihydro-1,4-benzoxathiin-6-ol 
1.8 [40] 

1XPC Monomer 
(2S,3R)-3-(4-Hydroxyphenyl)-2-(4-{[(2R)-2-pyrrolidin-1-

ylpropyl]oxy}phenyl)-2,3-dihydro-1,4-benzoxathiin-6-ol 
1.6 [40] 

1X7E Dimer 
[5-Hydroxy-2-(4-hydroxyphenyl)-1-benzofuran-7-

yl]acetonitrile 
2.8 [41] 

1X7R Monomer Genistein 2 [42] 

1XQC Tetramer 
(1S)-1-{4-[(9aR)-Octahydro-2H-pyrido[1,2-a]pyrazin-2-

yl]phenyl}-2-phenyl-1,2,3,4-tetrahydroisoquinolin-6-ol 
2.05 [43] 

1YIM Monomer 
(2R,3R,4S)-3-(4-Hydroxyphenyl)-4-methyl-2-[4-(2-

pyrrolidin-1-ylethoxy)phenyl]chroman-6-ol 
1.9 [44] 

1YIN Monomer 
(2R,3R,4S)-5-Fluoro-3-(4-hydroxyphenyl)-4-methyl-2-[4-(2-

piperidin-1-ylethoxy)phenyl]chroman-6-ol 
2.2 [44] 

2AYR Monomer 
6-(4-Methylsulfonyl-phenyl)-5-[4-(2-piperidin-1-

ylethoxy)phenoxy]naphthalen-2-ol 
1.9 [45] 

2B23 Dimer 
 

2.1 [46] 

2BJ4 Dimer 4-Hydroxytamoxifen 2 [47] 

1ZKY Dimer 
4-[(1S,2S,5S)-5-(Hydroxymethyl)-6,8,9-trimethyl-3-

oxabicyclo[3.3.1]non-7-en-2-yl]phenol 
2.25 [48] 

2B1V Dimer 
4-[(1S,2S,5S)-5-(Hydroxymethyl)-8-methyl-3-

oxabicyclo[3.3.1]non-7-en-2-yl]phenol 
1.8 [48] 

2B1Z Dimer 17-Methyl-17-α-dihydroequilenin 1.78 [49] 

2FAI Dimer 
4-[(1S,2S,5S,9R)-5-(Hydroxymethyl)-8,9-dimethyl-3-

oxabicyclo[3.3.1]non-7-en-2-yl]phenol 
2.1 [48] 

2I0J Tetramer 
(3aS,4R,9bR)-4-(4-Hydroxyphenyl)-1,2,3,3a,4,9b-

hexahydrocyclopenta[c]chromen-8-ol 
2.9 [50] 

2G44 Dimer 
4-[(1S,2R,5S)-4,4,8-Trimethyl-3-oxabicyclo[3.3.1]non-7-en-

2-yl]phenol 
2.65 - 

2G5O Dimer 
(9α,13β,17β)-2-[(1Z)-But-1-en-1-yl]estra-1,3,5(10)-triene-

3,17-diol 
2.3 - 

2IOG Monomer 
N-[(1R)-3-(4-Hydroxyphenyl)-1-methylpropyl]-2-[2-phenyl-

6-(2-piperidin-1-ylethoxy)-1h-indol-3-yl]acetamide 
1.6 [51] 

2IOK Dimer 
N-[(1R)-3-(4-Hydroxyphenyl)-1-methylpropyl]-2-(2-phenyl-

1H-indol-3-yl)acetamide 
2.4 [51] 

2JF9 Trimer 4-Hydroxytamoxifen 2.1 [52] 
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Table 1. Cont. 

PDB ID 
Structure-

Type 
Ligand Res. (Å) Ref 

2JFA Dimer Raloxifene 2.55 [52] 

2OCF Monomer Estradiol 2.95 [53] 

2OUZ Monomer 
(5R,6S)-6-Phenyl-5-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-

5,6,7,8-tetrahydronaphthalen-2-ol 
2 [54] 

2P15 Dimer 
(17β)-17-{(E)-2-[2-(Trifluoromethyl)phenyl]vinyl}estra-

1(10),2,4-triene-3,17-diol 
1.94 [55] 

2POG Dimer 
(3aS,4R,9bR)-4-(4-Hydroxyphenyl)-1,2,3,3a,4,9b-

hexahydrocyclopenta[c]chromen-9-ol 
1.84 [56] 

2Q6J Dimer 4-[(Dimesitylboryl)(2,2,2-trifluoroethyl)amino]phenol 2.7 [57] 

2Q70 Dimer 
(3aS,4R,9bR)-2,2-Difluoro-4-(4-hydroxyphenyl)-

1,2,3,3a,4,9b-hexahydrocyclopenta[c]chromen-8-ol 
1.95 [58] 

2QE4 Dimer 
(3aS,4R,9bR)-4-(4-Hydroxyphenyl)-6-(methoxymethyl)-

1,2,3,3a,4,9b-hexahydrocyclopenta[c]chromen-8-ol 
2.4 [50] 

2QA6 Dimer 4-(6-Hydroxy-1H-indazol-3-yl)benzene-1,3-diol 2.6 [46] 

2QA8 Dimer Genistein 1.85 [46] 

2QAB Dimer 3-Ethyl-2-(4-hydroxyphenyl)-2H-indazol-5- ol  1.89 [46] 

2QGT Dimer 
(9β,11α,13α,14β,17α)-11-(methoxymethyl)estra-1(10),2,4-

triene-3,17-diol 
2.15 [46] 

2QGW Dimer 3-Chloro-2-(4-hydroxyphenyl)-2H-indazol-5-ol  2.39 [46] 

2QH6 Dimer 
Diethyl (1R,2S,3R,4S)-5,6-bis(4-hydroxyphenyl)-7-

oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 
2.7 [46] 

2QR9 Dimer 
Dimethyl (1R,4S)-5,6-bis(4-hydroxyphenyl)-7-

oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate 
2 [46] 

2QSE Dimer 
4-(2-Amino-1-methyl-1H-imidazo[4,5-b]pyridin-6-

yl)phenol  
1.85 [46] 

2QXM Dimer 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyrid 2.3 [46] 

2QXS Dimer Raloxifene 1.7 [59] 

2QZO Dimer 
4-[1-Allyl-7-(trifluoromethyl)-1h-indazol- 3-yl]bezene-1,3-

diol 
1.72 [59] 

2R6W Dimer 
[6-Hydroxy-2-(4-hydroxyphenyl)-1-benzothien-3-yl]{4-[2-

(4-methylpiperidin-1-yl)ethoxy]phenyl}methanone 
2 [60] 

2R6Y Dimer 
[6-Hydroxy-2-(4-hydroxyphenyl)-1-benzothien-3-yl][4-(2-

pyrrolidin-1-ylethoxy)phenyl]methanone 
2 [60] 

3DT3 Dimer 
5-(4-Hydroxyphenoxy)-6-(3-hydroxyphenyl)- 7-

methylnapthalen-2-ol  
2.4 [61] 

3HLV Dimer (9β,13α,16β)-3,16-Dihydroxyestra- 1,3,5(10)-trien-17-one 3 - 

3HM1 Dimer (9β,13α)-3-Hydroxyestra-1,3,5(10)-trien-17-one 2.33 - 

3L03 Dimer (14β,15α,16α,17α)-Estra-1,3,5(10)-triene-3,15,16,17-tetrol  1.9 - 

3OS8 Tetramer 
4-[1-Benzyl-7-(trifluoromethyl)-1H-indazol-3-yl]benzene-

1,3-diol  
2.03 [59] 

3OS9 Tetramer 
4-[1-Allyl-7-(trifluoromethyl)-1H-indazol-3-yl]benzene-1, 

3-diol  
2.3 [59] 
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Table 1. Cont. 

PDB 

ID 

Structure

-Type 
Ligand Res. (Å) Ref 

3OSA Tetramer 
4-[1-(3-Methylbut-2-en-1-yl)-7-(trifluoromethyl)-1H-

indazol-3-yl]benzene-1,3-diol 
2.3 [59] 

2YAT Monomer Estradiol-pyridinium tetraacetic acid 2.6 [62] 

2YJA Monomer Estradiol 1.82 [63] 

3Q95 Dimer Estriol 2.05 - 

3Q97 Dimer 
4,4’-[(1Z)-1-(4-Ethoxyphenyl)but-1-ene-1,2-diyl]diphenol; 

4,4’-[2-(4-Ethoxyphenyl)but-1-ene-1,1-diyl]diphenol  
2.1 - 

3UU7 Dimer 4,4’-Propane-2,2-diyldiphenol 2.2 [64] 

3UUA Dimer 4,4’-(1,1,1,3,3,3-Hexafluoropropane-2,2-diyl)diphenol  2.05 [64] 

3UUC Tetramer 4,4’-(2,2-Dichloroethene-1,1-diyl)diphenol  2.1 [64] 

3UUD Dimer Estradiol 1.6 [64] 

4DMA Dimer 2’-Bromo-6’-(furan-3-yl)-4’-(hydroxymethyl)biphenyl-4-ol  2.3 [65] 

4IU7 Dimer 
4-[2-Ethyl-7-(trifluoromethyl)-2H-indazol-3-yl]benzene-1, 

3-diol  
2.29 [66] 

4IUI Dimer 
4-[1-Butyl-7-(trifluoromethyl)-1H-indazol-3-yl]benzene-1, 

3-diol 
2.3 [66] 

4IV2 Dimer 
4-[1-(2-Methylpropyl)-7-(trifluoromethyl)-1H-indazol-3-

yl]benzene-1,3-diol  
2.14 [66] 

4IV4 Dimer 
4-[2-(2-Methylpropyl)-7-(trifluoromethyl)- 2h-indazol-3-

yl]benzene-1,3-diol 
2.3 [66] 

4IVW Dimer 
4-[2-Benzyl-7-(trifluoromethyl)-2H-indazol-3-yl]benzene-

1,3-diol 
2.06 [66] 

4IVY Dimer 
4-[1-(But-3-en-1-yl)-7-(trifluoromethyl)-1H-indazol-3-

yl]benzene-1,3-diol  
1.95 [66] 

4IW6 Dimer 
4-[2-(But-3-en-1-yl)-7-(trifluoromethyl)-2H-indazol-3-

yl]benzene-1,3-diol 
1.98 [66] 

4IW8 Dimer 
4-[1-(3-Methylbut-2-en-1-yl)-7-(trifluoromethyl)-1H-

indazol-3-yl]benzene-1,3-diol  
2.04 [66] 

4IWC Dimer 4,4’-Thiene-2,5-diylbis(3-methylphenol) 2.24 [66] 

4IWF Dimer 
2-Chloro-3’-fluoro-3-[(E)-(hydroxyimino)methyl]biphenyl- 

4,4’-diol  
1.93 [66] 

Table 2. Crystal structures of ERβ ligand binding domain bound with ligands in PDB. 

PDB ID 
Structure-

Type 
Ligand Res. (Å) Ref 

1QKM Monomer Genistein 1.8 [67] 

1QKN Monomer Raloxifene 2.25 [67] 

1HJ1 Monomer 

ICI164384 or N-Butyl-11-[(7r,8r,9s,13s,14s,17s)-3,17-

dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17- 

decahydro- 6H-cyclopenta[a]phenanthren-7-yl]-n-

methylundecanamide 

2.3 [68] 
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Table 2. Cont. 

PDB ID 
Structure-

Type 
Ligand Res. (Å) Ref. 

1L2J Dimer 
(R,R)-5,11-cis-Diethyl-5,6,11,12-tetrahydrochrysene-

2,8-diol 
2.95 [35] 

1NDE Monomer 

4-(2-{[4-{[3-(4-Chlorophenyl)propyl]sulfanyl}-6-(1-

piperazinyl)-1,3,5-triazin-2-yl]amino}ethyl)phenol 3 [69] 

1U3Q Tetramer 4-(6-Hydroxybenzo[d]isoxazol-3-yl)benzene-1,3-diol 2.4 [70] 

1U3R Dimer 2-(5-Hydroxynaphthalen-1-yl)-1,3-benzooxazol-6-ol 2.21 [70] 

1U3S Dimer 3-(6-Hydroxynaphthalen-2-yl)-benzo[d]isooxazol-6-ol 2.5 [70] 

1U9E Dimer 2-(4-Hydroxyphenyl)benzofuran-5-ol 2.4 [41] 

1X76 Dimer 
5-Hydroxy-2-(4-hydroxyphenyl)-1-benzofuran-7-

carbonitrile 
2.2 [41] 

1X78 Dimer 
[5-Hydroxy-2-(4-hydroxyphenyl)-1-benzofuran-7-

yl]acetonitrile 
2.3 [41] 

1X7B Dimer 
2-(3-Fluoro-4-hydroxyphenyl)-7-vinyl-1,3-benzoxazol-

5-ol 
2.3 [41] 

1X7J Dimer Genistein 2.3 [41] 

1YY4 Dimer 1-Chloro-6-(4-hydroxyphenyl)-2-naphthol 2.7 [71] 

1YYE Dimer 
3-(3-Fluoro-4-hydroxyphenyl)-7-hydroxy-1-

naphthonitrile 
2.03 [71] 

1ZAF Dimer 
3-Bromo-6-hydroxy-2-(4-hydroxyphenyl)-1H-inden-1-

one 
2.2 [72] 

2FSZ Dimer 4-Hydroxytamoxifen 2.2 [73] 

2GIU Monomer 
(9aS)-4-bromo-9a-butyl-7-hydroxy-1,2,9,9a-tetrahydro-

3H-fluoren-3-one 
2.2 [74] 

2I0G Dimer 
(3aS,4R,9bR)-4-(4-hydroxyphenyl)-1,2,3,3a,4,9b-

hexahydrocyclopenta[c]chromen-8-ol 
2.5 [75] 

2J7X Monomer Estradiol 2.1 - 

2J7Y Monomer (16α,17α)-Estra-1,3,5(10)-triene- 3,16,17-triol 1.8 - 

2JJ3 Dimer 

(3aS,4R,9bR)-4-(4-Hydroxyphenyl)-6-

(methoxymethyl)-1,2,3,3a,4,9b-

hexahydrocyclopenta[c]chromen-8-ol 

2.28 [50] 

2NV7 Dimer 4-(4-Hydroxyphenyl)-1-naphthaldehyde oxime  2.1 [76] 

2QTU Dimer 

(3aS,4R,9bR)-2,2-Difluoro-4-(4-hydroxyphenyl)-6-

(methoxymethyl)-1,2,3,3a,4,9b-

hexahydrocyclopental[c]chromen-8-ol  

2.53 [77] 

2Z4B Dimer 
(3aS,4R,9bR)-2,2-Difluoro-4-(4-hydroxyphenyl)-

1,2,3,3a,4,9b-hexahydrocyclopenta[c]chromen-8-ol 
2.34 [58] 

3OLL Dimer Estradiol 1.5 [78] 

2YJD Dimer 4-(2-Propan-2-yloxybenzimidazol-1-yl)phenol 1.93 [63] 

3OLS Dimer Estradiol 2.2 [78] 

3OMO Dimer 2-(Trifluoroacetyl)-1,2,3,4-tetrahydroisoquinolin-6-ol  2.21 [79] 

3OMP Dimer 2-(Trifluoroacetyl)-1,2,3,4-tetrahydroisoquinolin-7-ol 2.05 [79] 
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Table 2. Cont. 

PDB ID 
Structure-

Type 
Ligand Res.(Å) Ref. 

3OMQ Dimer 
2-[(Trifluoromethyl)sulfonyl]-1,2,3,4-

tetrahydroisoquinolin-6-ol  
1.97 [79] 

2YLY Dimer 
N-Cyclopropyl-4-oxidanyl-N-[(2R)-2-oxidanyl-2-

phenylpropyl]benzenesulfonamide 
3.2 [80] 

4J24 Tetramer Estradiol 2.1 [81] 

4J26 Dimer Estradiol 2.3 [81] 

Commonly described as a ―three-layered anti-parallel α helical sandwich‖, the LBD consists of  

12 helices (H1 to H12) and a beta hairpin, with a core region made up of H5, H6, H9 and H10, as well 

as two flanking outer layers comprising the remaining helices [5,30] (Figure 4a). The H12 that sits at 

the end of the LBD forms the AF2 with H3, H4 and H5, and plays a key role as a molecular  

switch [55]. Influenced by ligand binding (although without direct ligand contact [29]), H12 regulates 

receptor activities and the recruitment of co-regulators to AF2 by adopting distinct conformations, i.e., 

active vs. inactive conformations [82] (Figure 4(b,c), respectively). In the active conformation, H12 

rests across H3 and H11, forming a groove to accommodate co-regulator binding; in the inactive 

conformation, such as when bound to an antagonist, H12 is displaced from this position, which distorts 

the co-regulator binding groove [59]. Flanked by the beta hairpin and H12, the ligand binding cavity 

(made up of H3, H4, H10 and H11) is a compact and enclosed ellipsoid cavity situated deep in the core 

of the LBD [29,82].  

Figure 4. General architecture of an ER LBD comprising twelve α-helices and a beta 

sheet/hairpin. The twelve α-helices (H1 to H12) that form the ―three-layered anti-parallel α 

helical sandwich‖ are colored differently for clarity (a). The conformation of an active ER 

(PDB ID: 1GWR) (b). The conformation of an inactive ER (PDB ID: 3ERT)  

(c). The major difference between b and c lies in the H12 conformation, highlighted in red.  

 

3. Promiscuity of Estrogen Receptors 

The ERs are the target of the natural estrogens, namely estradiol (E2, most potent) [83], estrone 

(E1) and estriol (E3). E2 is also commonly referred to as 17β-estradiol as it possesses the hydroxyl 
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group at the carbon 17 position above the steroid plane (α and β indicate below and above the steroid 

plane, respectively) (Figure 5).  

Figure 5. Structures of natural estrogens: estradiol (E2, the most potent), estrone (E1) and 

estriol (E3). The four rings of the endogenous ligand, E2, are labelled A-D according to the 

widely accepted naming convention. 

 

Apart from these endogenous ligands, the ERs, quite unlike the other members of the steroid 

receptor family, are also found to bind to a remarkably diverse range of exogenous substances [84–86], 

earning them a notorious reputation as the promiscuous receptors. Molecules that are able  

to bind to the ERs span from industrial byproducts (polychlorinated biphenyls, dioxins, e.g.,  

2,3,7,8-tetrachlorodibenzo-p-dioxin), plasticizer (phthalates), plastics (bisphenol A), naturally 

occurring phytoestrogens (genistein), pharmaceuticals products (diethylstilbesterol) to pesticides 

(dichlorodiphenyltrichloroethane, popularly known as DDT [87,88]). Despite the structural diversity 

(Figure 6), these molecules appear to possess at least an aromatic ring structure, which is believed to 

be crucial for having affinity to bind [84,89–92]. Now frequently referred to as endocrine disruptors, 

these compounds and a large number more have been implicated in numerous and diverse adverse 

health effects. Worldwide, authorities regulating drugs, foods, food packaging, veterinary products and 

medical devices now consider endocrine activity in their regulatory duties, as do authorities 

responsible for regulating chemicals in the environment [93]. Some examples of the adverse health 

outcomes include infertility, precocious puberty, various cancers (e.g., breast [94,95], cervical and 

vaginal cancers [96–98]), obesity, diabetes, cardiovascular [87,99] and immune disorders [100].  

Figure 6. The diverse structures of ER-binding ligands. Most notably, these ligands 

contain at least an aromatic ring, a feature believed to confer the ability to bind the ERs.  
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4. Root of ER Promiscuity 

Ligand recognition and receptor-ligand binding are generally deemed as biological processes that 

take place with considerably high specificity; this is pivotal in allowing the body to ―switch on‖ only 

the correct receptors to produce responses appropriate to various in vivo/environmental stimuli amidst 

the highly complex labyrinth of signaling pathways. The conventional ―lock-and-key‖ model as well 

as the refined ―induced fit‖ model has been widely accepted to underlie the modus operandi of  

protein-ligand recognition. These models suggest that the binding site of a receptor only recognizes 

specific ligands (or those that closely resemble them), bearing complementary size, shape and 

molecular properties, to the binding site. The fairly ―rigid‖ rules that govern protein-ligand recognition 

extend further to the ligand binding modes whereby it is widely assumed that a ligand binds to the 

receptor binding site in a single conformation. This is understandably so as a great number of X-ray 

structures had supported this point. 

The ERs have appeared to be an exception to many aspects of the core concept of lock and key that 

implies high specificity. In fact, ER ligands have been found to bind to the ER binding pocket in more 

than one binding orientation which, in turn, affect the final conformations (active/inactive) of the  

LBD [66]. The apparent lack of specificity, or rather, the high flexibility as demonstrated by the ER in 

ligand binding can perhaps be justified by the versatility and multi-functional roles of this group of 

receptors (see review by Lathe and Kotelevtsev [101]). Broadly speaking, the observed flexibility is 

required for: (1) binding to different endogenous ligands that vary according to tissue type,  

(2) multifunctional biological roles played by the ERs, and (3) graded activity i.e., partial agonism and 

antagonism. For the first instance, while E2 is commonly seen as the default endogenous ligand for the 

ERs, this is not always the case: the 5α-androstene-3β,17β-diol (adiol) is found to replace the E2 as the 

physiological ligand for ERβ in prostate tissue, microglia and astrocytes; 27-hydroxycholesterol 

(27OHC) has been found to be the first endogenous selective estrogen receptor modulator (SERM) that 

acts as the modulator of both ERα and ERβ [101–104] (Figure 7). The existence of these additional 

endogenous ligands demonstrates the degree of binding flexibility required for ERs to fulfill their 

multiple functions. As for multifunctional biological roles of ERs, contrary to the oversimplified 

concept of a ligand (i.e., an agonist or an antagonist) binding to the receptor with a specific 

conformation thus leading to a response (i.e., activation or inhibition), the ERs paint a more 

multifaceted picture of receptor signaling. In the case of ERs, the binding of different ligands, 

depending on their nature and pharmacological classes, will lead to different LBD conformations and 

subsequent recruitment of co-regulator proteins. These different conformations and co-regulators,  

in turn, lead to different signaling through specific secondary pathways [46,82,101,105], eventually 

producing distinctly different biological responses. For graded activity, Bruning et al. [59] have shown 

that the ligand binding orientations in the binding pocket affect signaling outcomes which lead to a 

gradation of activities such as those expected of the partial agonists or antagonists.  
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Figure 7. Other endogenous ligands of the ERs, 5α-androstene-3β,17β-diol (adiol) and  

27-hydroxycholesterol (27OH). 

 

The ability of the ERs to flexibly bind to various ligands can be attributed to a number of unique 

features, as displayed in both ligand association as well as the binding cavity. In the classic example, 

E2 binding to ERs requires little contact between the receptor and the ligand in that only a portion of 

the molecule tightly fits within the binding pocket (Figure 8). The E2, as shown by X-ray crystal 

structures [32,34,63,64,78,81], fits the length and breadth of the pocket perfectly but leaves empty 

spaces (i.e., sub-pockets) above and below the steroid core, particularly in the C and D ring  

regions [89]. The phenolic moiety (A ring) of the steroid core binds securely to the pocket by forming 

hydrophobic contacts with the residues situated above and below the ring, forming a network of 

hydrogen bonds with E353/305 and R394/346 (ERα and ERβ respectively) [5]. The C and D rings, on 

the other hand, are anchored to the pocket only by a single hydrogen bond between the D ring 

hydroxyl group and H524. Given the presence of sub-pockets, there exists adequate space to 

accommodate conformational changes [5] as well as a variety of substituents (e.g., 7α, 11β, 17α) with 

little to no steric clash in the vicinity [89].  

Figure 8. The binding of E2 in the pocket of ERα (PDB ID: 1GWR, yellow) and ERβ 

(PDB ID: 3OLL, blue), which are more or less comparable in size and volume. The 

phenolic A ring binds tightly to the pocket forming a triumvirate hydrogen bond network 

with a crystallographic water (red sphere), E353/305 (ERα/ERβ) and R294/246(ERα/ERβ) 

while the D ring forms a single hyrdrogen bond with H524/475 (ERα/ERβ). Apart from the 

A ring, the rest of the E2 molecule possesses high conformational flexibility. 
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Finally, the ER’s binding pockets have been shown to exhibit considerable structural plasticity. 

Larger ligands that would not have been expected to fit into the ER binding pocket have been reported 

to bind to the ER pocket as a result of the formation of novel binding grooves [30,55]. 

5. ER Specificity and Achieving Subtype Selectivity 

Clearly, the ERs belie common lock and key dogma, instead showing considerable  

non-discriminatory nature in the ligands they will bind. ERs evolved this way to fulfill diverse and 

tissue-dependent biological roles, a characteristic highly conserved from ancestral receptor forms to 

present. The complexity of ER interaction grows further when subtype selectivity between the  

ERα and ERβ is considered. 

In spite of the enormous structural diversity of compounds that bind to the ERs, the receptors 

exhibit high sensitivity to ligand structure as measured by differential binding affinity or downstream 

activation and signaling response. Minor modifications to ER-binding compounds will normally cause 

pronounced change in the binding affinity or even complete loss of activity [82,89]. For example, 

ketosteroids (e.g., androstenedione), although structurally similar to E2, do not bind to the ERs due to 

the switch from hydroxyl to ketone functional group in the A ring, which results in the disruption of 

the crucial hydrogen bond network.  

Given that receptor promiscuity is by Nature’s design, it is not surprising that nature has also 

evolved alternate means to achieve specificity and, indeed, subtype selectivity. Some of the alternate 

ways of managing proper hormone signaling include elevating the concentration of circulating and 

tissue-specific hormone levels to the μM or mM range (e.g., 27OHC), and the use of ―gating‖ enzymes 

(e.g., CYP7B1) to limit the access of certain hormones to a specific tissues [101]. Apart from these, the 

differences between the residues that lie within and beyond the binding pocket are widely known to 

play a major role in conferring ER subtype selectivity [106]. Nettles et al. [106] have used three 

compounds (THC, HPTE and PPT) to illustrate how the amino acid differences within and beyond the 

binding cavity can impact subtype selectivity as well as actions of these ligands. Impacts occur through 

the direct effects of different molecular interactions and through the indirect effects of long range 

interactions (arising from the differences in primary sequence beyond the binding pocket), both 

altering the selectivity of compounds. They have also identified structural differences in the surface, 

hydrophobic core, H12, β sheets and H1-H3 coils between the ERα and ERβ subtypes that caused 

differences in the cavity shape between the two ER subtypes (narrowing of back pocket of ERβ), 

which subsequently determine the different actions of ligands [106]. Indeed, unravelling the subtleties 

that lie between the ERα and ERβ has become the main impetus for many research efforts in the 

pursuit of designing more subtype selective ligands.  

6. Updated Overview of Subtype Selective Compounds 

A fair number of ERα and ERβ selective compounds and SERMs have been synthesized over the 

past decade, and a number of past reviews have provided summaries: a brief overview was provided 

by Redden [107] in 2004, followed by Zhao et al. [108], Henke and Heyer [109] and Veneeman [110]  

in 2005. Blizzard [111] in 2008 published a high level review of the SERMs investigated by Merck; 
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and Minutolo et al. [112] provided an excellent review on ERβ ligands with specific focus on the ones 

published in 2005 to 2008.  

Here a (non-exhaustive) summary that includes some of the most recent subtype selective ligands is 

provided. The intent is to delve into how subtype selectivity is achieved in these compounds, with 

particular focus given to how selectivity is mainly determined, as opposed to a full discussion on how 

the desired activity/therapeutic profile is attained.  

Like the great majority of the ER subtype selective compounds, the selectivity of ERα and ERβ 

selective compounds discussed in the following sections, mostly arises from the interactions between 

certain moiety/ies in the small molecules with the two critical amino acids in the ERα and ERβ. 

6.1. Updated Overview of ERα Selective Compounds 

Table 3 lists the ERα selective ligands which will be reviewed in the section. 

Table 3. ERα selective compounds with their respective fold selectivity for ERα. * Data 

for assays performed: the first number indicates data for ERα and the second number 

indicates data for ERβ; In superscript, 
B
 indicates binding assays, 

R
 indicates HEK 293 

reporter gene assays. NA indicates that binding data was not reported. ID indicates the 

compound number that is cited in the text. 

ID Structure Ref. 
Fold 

Selectivity 
Data * 

1 

 

[113] 20–30 B NA 

2 

 

[114] 66 B 
(31 nM/2049 nM) B 

 

3 

 

[115] 
46 B 

5.4 R 

(3.1 ± 1.4 nM/143 ± 72 nM)B 

(9.6 nM/52 nM) R 
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Table 3. Cont. 

ID Structure Ref. 
Fold 

Selectivity 
Data * 

4 

 

[116] 
40 B 

23.6 R 

(0.9 nM/37 nM) B 

(1.7 nM/40.1 nM) R 

5 

 

[117] 40 B (4 nM/161 nM) B 

6 

 

[44] 29 B (0.9 nM/26 nM) B 

7 

 

[51] 445 B (11 nM/4900 nM) B 
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Table 3. Cont. 

ID Structure Ref. 
Fold 

Selectivity 
Data * 

8 

 

[118] 140 B 
(0.25 ± 0.15 nM/ 

35 ± 14.3 nM) B 

9 

 

[119] 64 B (RBA: 0.64/0.01) B 

Compound 1 is 16α-iodo-17β estradiol (16αIE2) that represents a typical steroidal ER ligand. It has 

been shown to have 20-30 fold selectivity in binding affinity and 10-fold selectivity in activation 

towards the ERα subtype [113,120,121]. Bhat et al. [113] explored and provided molecular-level 

rationalization for the selectivity difference by using the ERα and ERβ chimeric receptors, four ER 

mutants (ERα L384M, ERα M421I, ERα L384M and M421I double mutant, ERβ I373M) as well as in 

silico studies. Specifically, they concluded that selectivity was stemmed from the LBD instead of from 

the rest of the receptor through ER chimera studies. Competitive ligand binding was used to study the 

binding affinities of 16αIE2 and E2 in ERα, ERβ and mutant of ERα receptors. The results showed 

that, while similar binding affinities were observed in the ERα LBD, a reduction in binding was 

observed for 16αIE2 compared to E2 in the ERβ and ERα mutant M421I, suggesting that the 

selectivity of 16αIE2 arose mainly from the favorable interactions with this M421 in ERα. 

Transactivation function assays were also performed on the wild-type ERs and their mutants using 

HepG2 cells and a 2X ERE-tk-luciferase reporter. Again, a difference in activation between 16αIE2 

and E2 was observed in ERβ, ERα M421I and ERα L384M and M421I double mutant, which behaved 

similarly as ERα M421I, re-emphasizing the difference of M421 (ERα) and I373 (ERβ) as the main 

selectivity determinants for 16αIE2. Docking studies show that iodine substitution at the 16α position 

was found to cause two effects: (1) the iodine atom in 16αIE2 formed an unfavorable steric interaction 

with I373 of ERβ leading to a shift in 16αIE2 binding in the pocket relative to E2, which, in turn, 

increased the hydrogen bond distance of 17β-OH and H475 (3.9Å as compared to 2.9Å in E2-ERβ); 

and, (2) the iodine atom formed favorable interactions with M421 in ERα according to a quantum 

mechanics calculation [122]. 

Compounds 2 (a flavanone), 3 and 4 (dihydrobenzoxathiins), 5 (a dihydrobenzodithiin) and 6  

(a chromane) comprise a group of closely related compounds derived from a series of structure activity 

relationship (SAR) efforts to design ERα selective SERMs (a.k.a SERAMs). These studies aimed to 
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develop SERAMs that inhibit in vitro MCF-7 breast carcinoma cell growth and in vivo rat uterine 

weight gain  

Compound 2 in the series of cis-2,3-disubstituted flavanones, with a 4-hydroxyphenyl substitution, 

was found to be most selective for ERα (66-fold) in ER competitive binding assay [114]. Selectivity 

for ERα was found to stem from the carbonyl group present in the ring, since its replacement with 

oxime or reduction to alcohol was found to decrease both binding and ERα selectivity. Molecular 

modeling showed that the crucial carbonyl had unfavorable steric and electronic interactions with 

M354 (note: different numbering, equivalent to M336 in this article) in ERβ, but not with ERα that had 

L384 in the corresponding position. An in vivo immature rat uterine weight assay was also performed 

to assess the agonist and antagonist activities of the compound wherein 50% inhibition was observed. 

The dihydrobenzoxathiins, i.e., compounds 3 and 4, that exhibited significant ERα selectivity were 

extensively explored [115,116]. Similar to the flavanones, the unfavorable steric clash between the 

sulphur atom and M336 (ERβ) was suggested as the reason for the ERα selectivity [116]. In the 

preliminary study, Chen et al. [115] investigated substituents at the C3 position (compound 3) and 

found that 4-hydroxyphenyl as preferable to alkyl, cycloalkyl and heteroaryl for ERα selectivity  

(46 fold selectivity for ERα in competitive binding assay). Removal of the hydroxyl group of  

4-hydroxyphenyl was found to be detrimental to the selectivity. Cellular transactivation assay using 

HEK 293 cells stably co-transfected with either human ERα or ERβ was performed and showed 

selectivity towards ERα over ERβ (IC50 9.6 nM and 52 nM, respectively). On the other hand, in vivo 

immature rat uterine assay demonstrated an inhibitory action of this compound (77% compared to 5% 

control). Kim et al. [116] investigated the effects of different substituents on the dihydrobenzoxathiins 

rings and found that, specifically at the R1 position in compound 4, different substituents impacted 

both the binding affinity and ERα selectivity in both binding and cellular transactivation assays.  

In particular, any alkyl groups larger than methyl as well as electronegative substituents at this position 

led to reduced ERα selectivity. The former was found to not only reduce binding affinity for both ER 

subtypes but also reduced selectivity over ERβ. The latter (e.g., F, Cl substitutions) was suggested to 

cause reduced electronegativity of the adjacent S atom, leading to reduced electronic repulsion with 

M336 of ERβ, and subsequently increased ERβ binding affinity. Compound 4 was also found to be a 

potent inhibitor in an immature rat uterine weight gain assay. Modifications performed to the basic 

side chain of the dihyrobenzoxathiins were not found to affect the ERα selectivity [123].  

Tan et al. [117] expanded the study of dihydrobenzoxathiins to dihydrobenzodithiin (compound 5) 

and found that these compounds maintained the ERα selectivity property in binding assays, although 

antagonism was not observed in the rat uterine growth model (IC50 152 nM in MCF-7 inhibition 

assay). Like the dihydrobenzoxathiins, the S atom was again found to be the key contributor to ERα 

selectivity of dihydrobenzodithiins.  

In the same vein, the chromanes (e.g., compound 6) were also explored and found to show ERα 

selective binding affinity [44], with selectivity attributable to the c4-trans methyl substitution to the 

cis-2,3-diphenylchromane structure. The transmethyl moiety, like the S atom in dihydrobenzoxathiins, 

confers the observed ERα selectivity. Study of the crystal structures of similar compounds suggested 

that this arose through left-shifted binding of these molecules in relation to the dihydrobezoxathiins, 

which led to closer interactions with L384 (ERα) but unfavorable interactions with M336 (ERβ). 
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Compound 6 was also found to be a potent inhibitor in MCF-7 and immature rat uterine assays, and 

reduced serum cholesterol level to a greater extent than raloxifene.  

Another group of compounds, the aryl-indoles, were also explored as potential SERAMs [51].  

The acetamide linked 2-arylindole, compound 7, was found to have up to 400-fold ERα selectivity in 

ER binding assay (although antagonism was observed in neither the rat uterine weight gain nor the MCF-7 

cell proliferation assays). Again, the crystal structures reported in this study suggested that the selectivity 

was attributable to the difference in L384(ERα)/M336(ERβ) as well as M421(ERα)/I373(ERβ).  

The carbonyl moiety of acetamide and the methyl substituent of compound 7 experienced less steric 

clash with L384(ERα) as compared to M336(ERβ); the 2-phenyl substituent on the other hand,  

was better accommodated by M421(ERα) than I373(ERβ) [51].  

Chalmers et al. [118] discovered a benzothiophene SERAM (BTPα) analogue, compound 8,  

that had 140-fold ERα selectivity over ERβ (0.25 nM in ERα vs. 35 nM in ERβ in competitive binding 

assays). This compound was also found to possess good oral exposure after administration as well as 

antagonistic actions in MCF-7 assay (IC50 33 nM). The crystal structure of ERα in complex with 

compound 8 revealed the binding mode of this compound in the binding pocket: the 6-OH group 

demonstrated similar binding mode as the equivalent in raloxifene, while the n-butyl group displaced 

the key H254 residue which was important for hydrogen bonding for raloxifene. The difference in 

selectivity of compound 8 between the two ER subtypes could not be identified due to the difficulty  

in obtaining an ERβ crystal structure in complex with compound 8. On the other hand,  

hydrogen-deuterium exchange analysis showed that the biggest difference between ERα- and ER-β 

bound compound 8 was in the lower end of helix H7, where it appeared more stabilized in the former 

compared to the latter due to the increased contact and favorable Van der Waals interactions (ERα I424, 

M421 and H524) with the n-butyl moiety of compound 8 in ERα. Once again, the difference between 

one of the critical amino acids, M421in ERα vs. I373 in ERβ, was suggested to be the reason for the 

difference in selectivity; the favorable Van der Waals contact was disrupted by the branching of I373.  

Yeo et al. [119] investigated the effects of replacing the double bonds of the stilbene structure with 

a cyclopropyl moiety (compound 9) and discovered that this led to analogs with increased ERα 

selectivity, albeit with reduced binding affinity compared to E2 (measured through RBA).  

The cyclopropyl replacement led to the loss of planarity which resulted in different spatial 

arrangements that allowed the analogs to better distinguish the differences between the ERα and ERβ 

pockets (i.e., increased selectivity) [119,124]. It appeared that the 4-OH substituted benzene ring gave 

the highest selectivity, and replacement of the hydroxyl group with methoxy led to decreased 

selectivity and binding affinity. The removal of the bulky basic side chain was found to increase the 

binding affinity of both subtypes, although selectivity was reduced. Compound 9 has also been found 

to demonstrate full agonist activity, however, a receptor-mediated gene transcription assay failed to 

show selectivity for compound 9 [119]. 

6.2. Updated Overview of ERβ Selective Compounds 

Table 4 gives the ERβ selective ligands which will be reviewed in this section.  
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Table 4. ERβ selective compounds with their respective fold selectivity for ERβ. * Data 

for assays performed: the first number indicates data for ERβ and the second number 

indicates data for ERα; In superscript, 
B
 indicates binding assays, 

R
 indicates HEK 293 

reporter gene assays. NA indicates
 
where binding data is not available but functional data 

discussed in main text. ID indicates the compound number that is cited in the text. 

ID Structure Ref 
Fold 

Selectivity 
Data * 

10 

 

[80] 

2.2 B 

68.4 R 

 

(RBA: 107/48) B 

(>5400 nM/79 nM) R 

11 

 

[125] 0.54 B (RBA: 0.038/0.07) B 

12 

 

[125] 1.56 B (RBA:0.056/0.036) B 

13 

 

[124] NA  NA 
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Table 4. Cont. 

ID Structure Ref 
Fold 

Selectivity 
Data * 

14 

 

[126] 8.2 B (RBA: 61.1/7.8) B 

15 

 

[126] 10.1 B (RBA: 49.9/4.9) B 

16 

 

[127] 7.4 B (87/11.8) B 

Roberts et al. [80] explored a series of p-hydroxybenzenesulphonamides as ERβ selective agonists. 

Compound 10 was identified as a compound of potential interest due to its satisfactory potency and 

efficacy in recombinant ligand binding domain and functional ER and ERβ assays respectively. 

Study of the crystal structure of compound 10 bound to ERβ suggested that the selectivity arose from 

the extensive hydrophobic contacts with I373 (ERβ) as compared to M336 (ERα) with the benzyl and 

methyl moieties. Observations made from the X-ray structure prompted compound 10 to be used to 

produce compounds such as 10a, 10b, 10c (Figure 9) with further improved potency and β-selectivity 

profile. The improvement in potency observed in compounds 10a-c was believed to arise mainly from 

the additional substituents and subsequently increased lipophilicity and non-specific binding. 

Rodriguez et al. [125] discovered full ERβ antagonists (compounds 11 and 12) based on the 

benzonaphthofuran and benzonaphthothiophene skeletons. These compounds were interesting in the 

sense that, despite showing a lack of binding selectivity (relative binding affinity of compound 11: 

ERα 0.07 vs. ERβ 0.038, compound 12: ERα 0.036 vs. ERβ 0.056), they exhibited ERβ functional 

selectivity, i.e., antagonistic activity at the μM range at ERβ but without detectable ERα activity at the 

same concentration range. Docking studies helped to rationalize the functional selectivity of these 

compounds for ERβ antagonistic activity. It appeared that, unlike the ER selective compounds 

mentioned earlier whose selectivity stemmed from the amino acid differences between ERα and ERβ, 

the selectivity determinant of these compounds seemed, rather, to be governed by their ability to form 

interactions between the basic side chains of the compounds with the critical E351/303 (ERα/ERβ). 
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This crucial interaction, typical of SERMs, was found to be present in the majority of the docking 

solutions for ERβ with compounds 11 and 12, but not for ERα. Furthermore, docking solutions were 

more easily generated for ERβ than for ERα.  

Figure 9. Analogues of ERβ selective compound 10. 

 

Sunden et al. [124] used compound AC-131 (Figure 10) as a template for enantio-selective SAR 

studies to generate the dihydrobenzofurans as ERβ agonists. The analogues generated were found to be 

highly potent (with EC50 as low as < 1 nM). While binding assays were not conducted, reporter gene 

assays showed 1,000-fold selectivity for ERβ over ERα with good potency of ~10 nM for compound 

13 (trans-10-SS). A receptor selection and amplification technology (R-SAT) assay performed on this 

compound also demonstrated ERβ selectivity i.e., pEC50 of 7.6 for ERβ and <5 for ERα. SAR 

indicated that a larger and flexible ring could potentially increase selectivity and activity. In particular, 

compound 13 with the larger cycloheptyl ring (as compared to cyclohexyl rings) achieved its 

remarkable ERβ selectivity in a manner similar to potent ERβ agonists, SERM-β1 [128] and 8β-VE2 

(Figure 10) [129]. Docking and protein crystal structure studies of compound 10 and similar 

compounds, as well as SERM-β1, indicate that the benzofuran moiety faced I373 (as with the butyl 

group in SERM-β1), which led to favorable non-polar interactions, while the cycloheptyl group which 

was close to M336, led to steric repulsion (as with the vinyl group in 8β-VE2). 

Ohta et al. explored carborane-containing compounds in terms of their ERβ specificity through 

substitution with fluorine [126] (compounds 14 and 15) and aliphatic groups [127] (compound 16).  

In the first study, fluorinated carboranyl phenol was investigated for ERβ selectivity, whereby the 

addition of a fluorine atom was found to increase the ERβ selectivity compared to non-fluorinated 

compounds in the series. The m-carboranyl phenol derivative (compound 14) attained as high as 8.2 

fold ERβ selectivity, while the p-carboranyl phenol derivative (compound 15) reached as high as 10 

fold ERβ selectivity based on a competitive ER binding assay. The selectivity of these compounds was 

suggested to result from repulsion with M421 of ERα (I373 in ERβ). Both compounds showed ER 
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agonistic activities, albeit weaker than endogenous E2 [126]. Compounds 14 and 15 were also tested in 

MCF-7 assay where both compounds were found to promote cell proliferation in a dose-dependent 

manner, although as weaker agonists than E2. 

Figure 10. The non-steroidal AC-131 was used as the template in a SAR study to produce 

analogues such as compound 13 that showed ERβ selectivity. The feature that led to the 

ERβ selectivity for 8β-VE was repulsion from unfavorable interaction with M336 in ERβ, 

and for SERM-β1 was favorable hydrophobic contact with I373 in ERβ). 

 

In the second study [127], a series of carboranyl phenol derivatives with varying aliphatic 

substituents were investigated for binding affinity. Compound 16 was the most selective analogue in a 

competitive binding assay (7.4 fold selectivity for ERβ). This compound was also found to be a weaker 

agonist than E2 in a MCF-7 cell proliferation assay. Substitution performed on the carborane moiety in 

the ortho position was found to decrease the binding affinity of the analogues to both ERα and ERβ, 

but more so to ERα, thus increasing ERβ selectivity. It was found that substitution at the meta position 

did not produce ERβ selective compounds. Docking studies suggested that the selectivity of compound 16 

may arise from the different binding modes of ERα and ERβ. For ERα, the n-butyl moiety of 16 found 

near the vicinity of M421 led to steric repulsion. For ERβ, the carborane instead of the n-butyl group 

was found in the same region, close to I373 (equivalent of M421 in ERα).  

7. Conclusions 

The ERs are an inherently versatile group of receptors, demonstrating a remarkable ability to 

recognize and interact with a wide range of small molecule ligands and consequently produce an 

impressive diversity of downstream responses. The disadvantage of this flexibility is manifested in an 

apparent non-discriminatory nature of the ERs in ligand binding that, unfortunately, often leads to a 

multitude of adverse health effects due to exogenous chemicals including those in the diet and 

environment. Though often co-expressed in certain tissue types, the ER subtypes are also differentially 

expressed in others [130]. In view of this, having ER subtype selective ligands is highly desirable to 

achieve selective and fine-tuned ER modulated responses in the course of disease treatments. A range 

of different subtype selective ER ligands have been discussed in this review. These selective ligands 

have been obtained through different strategies but mostly by the exploitation of the subtle differences 

in the ligand binding sites of ERα and ERβ. Typically, selectivity is achieved through the introduction 

of different substituents as well as through non-planarity to the small molecules – strategies that have 

been successful so far. All that said, the road to translate observed ER selective ligands to eventual 
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clinical outcomes is not straightforward. It bears emphasizing that the lack of correlation between the 

binding affinity and efficacy should also be taken into consideration, at point illustrated by comparing 

E2 and genistein. While E2 binds with similar affinity to ERα and ERβ, it has been found to display 

higher transcriptional potency in ERα [106]. In contrast, despite binding with high affinity to the ERβ 

subtype (25 fold higher than ERα), genistein only acts as a partial agonist for the ERβ subtype [121]. 

Notwithstanding, the availability of more ER selective ligands will undeniably help to improve the 

clinical outcomes when treating ER mediated diseases by offering clinicians a wider selection of 

compounds to tailor to individual needs.  
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