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Abstract: 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) is a key metabolic 

enzyme that catalyzing the intracellular conversion of inactive glucocorticoids to 

physiologically active ones. Work over the past decade has demonstrated the aberrant 

overexpression of 11β-HSD1 contributed to the pathophysiological process of 

metabolic diseases like obesity, type 2 diabetes mellitus, and metabolic syndromes. 

The inhibition of 11β-HSD1 represented an attractive therapeutic strategy for the 

treatment of metabolic diseases. Therefore, great efforts have been devoted to 

developing 11β-HSD1 inhibitors based on the diverse molecular scaffolds. This 

review focused on the structural features of the most important 11β-HSD1 inhibitors 

and categorized them into natural products derivatives and synthetic compounds. We 

also briefly discussed the optimization process, binding modes, structure-activity 

relationships (SAR) and biological evaluations of each inhibitor. Moreover, the 

challenges and directions for 11β-HSD1 inhibitors were discussed, which might 

provide some useful clues to guide the future discovery of novel 11β-HSD1 

inhibitors. 
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1. Introduction 

Glucocorticoids (GCs), as an essential class of endogenous hormones, supports 

and regulates a variety of cardiovascular, metabolic, immune and homeostatic 

activities in the human body. However, excessive stimulation of GCs can result in 

maladaptation, which including the Cushing’s syndromes, abdominal obesity, 

hypertension, and osteoporosis [1]. GCs performing the function in cells and tissues 

depends not only on circulating concentrations and receptor expression, but also on 

local GCs metabolism within target cells. This ‘pre-receptor’ regulation of GCs 

bioavailability is determined by the interconversion of hormonally active and inactive 

ligands by two 11β-hydroxysteroid dehydrogenase (11β-HSD) isoenzymes, 

11β-HSD-1 and 11β-HSD-2 (Fig. 1A) [2]. 11β-HSD2 converts active GC (cortisol in 

human) to its inactive form (cortisone in human) in the presence of nicotinamide 

adenine dinucleotide (NAD). Highest concentrations of 11β-HSD2 are found in 

mineralocorticoid target tissues such as the kidney and colon [3]. The primary function 

of 11β-HSD2 in these tissues is to protect the mineralocorticoid receptor (MR) against 

unwanted activation by GCs [4]. On the other hand, 11β-HSD1, as a reductase, 

converts intracellular inactive GCs to physiologically active GCs in the presence of 

nicotinamide adenine dinucleotide phosphate (NADPH), which amplifies the local 

GC signaling at the pre-receptor level in key metabolic tissues [5,6]. The 11β-HSD1 

is expressed in almost all tissues including adult brain, inflammatory cells, and gonads, 
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and highly expressed in key metabolic tissues including liver, adipose tissues, and 

bone [7].  

Emerging literatures has supported that 11β-HSD1 is an attractive target for the 

treatment of metabolic disease [8–17]. To date, tremendous efforts have been put in 

developing a series of promising 11β-HSD1 inhibitors, but the outcomes were not 

satisfying. In this review, we firstly described the evidence of 11β-HSD1 as promising 

target for metabolic disease and the structure of 11β-HSD1. Then we classified the 

representative 11β-HSD1 inhibitors into natural products and synthetic compounds, 

and summarized their structural and functional properties. The optimization process, 

the binding modes and the structure-activity relationships (SAR) of these 11β-HSD1 

inhibitors were discussed in each part. Moreover, the challenges and directions for 

11β-HSD1 inhibitors were discussed, which might provide some new insights into the 

design of novel 11β-HSD1 inhibitors for the treatment of metabolic diseases.  

  

2. 11β-HSD1 and metabolic diseases 

Transgenic animal models have highlighted the critical role of 11β-HSD1 in the 

GC-mediated metabolisms. It has been found that the transgenic mice with the whole 

deletion of 11β-HSD1 were successfully protected from the metabolic diseases such 

as visceral obesity, insulin resistance, dyslipidemia, and hypertension, after GC 

exposure [8]. The regulators in hepatic fat catabolism were found upregulated in these 
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mice after chronic high fat feeding. These changes were relative to the low lipid and 

lipoprotein profiles in the 11β-HSD1 null mice [9]. It also suggested that the 

11β-HSD1 could mediate the hepatic lipid metabolisms in metabolic diseases. 

In addition, the central obesity was shown in mice with the adipose-specific 

11β-HSD1 overexpression [10]. This finding suggested that the upregulation of 

11β-HSD1 amplified the intracellular GC levels. In addition, the adipose uncoupling 

protein-1 (UCP-1) mRNA was also inhibited in these mice, leading to improving 

conversion from metabolically active “brown” to metabolically inactive “white” 

adipocytes [18].  The mice with hepatic-specific 11β-HSD1 overexpression also 

showed insulin resistance and hypertension [11]. These results indicated that the 

upregulation of 11β-HSD1 in either adipose or hepatic tissues could be a potent 

pathophysiological force in developing metabolic disease. 

Furthermore, the leptin is a hormone made by adipocytes, which facilitates to 

regulate energy balance by inhibiting hunger in the central nervous system [19]. The 

leptin-deficient mice could automatically induce the metabolic phenotypes with 

relatively mild hyperglycemia and obesity [12]. It has been found that the 11β-HSD1 

expression and activity in hepatocytes were significantly higher in the leptin-deficient 

diabetic mice compared with their wild-type controls [13]. The high level of the active 

GCs converted by 11β-HSD1 could impair the glucose-induced insulin, even led to 

the low proliferative rate and death of the β-cells in these knockout mice [14,20]. The 



7 

findings revealed that the inhibition of 11β-HSD1 for disrupting the GC conversion 

has a protective effect on pancreatic islets in the insulin insensitivity.  

As well, in the patients with Cushing’s disease but failed to present with a 

classical Cushing’s phenotype, a functional defect in the intracellular 11β-HSD1 

activity was identified [21]. These clinical observations suggested intracellular 

11β-HSD1 activity was the major determinant of the adverse metabolic manifestations 

of GC excess. In addition, the upregulation of 11β-HSD1 was found in the hepatic and 

adipose tissues from the patients with metabolic disorders [15,16]. The expression of 

11β-HSD1 in liver was positively correlated with serum glucose, but inversely 

correlated with body mass index in the morbidly obese patients [17]. The upregulation 

of 11β-HSD1 in hepatic and adipose tissue has a positive correlation with the 

dyslipidemia and insulin resistance in obesity and metabolic syndrome.  

Taken together, these results from animal models and clinical observation 

suggested that the upregulation of 11β-HSD1 in the metabolic diseases could amplify 

the intracellular GC levels, which lead to developing adverse metabolic changes. It 

indicated that the pharmacological inhibition of 11β-HSD1 could be a promising 

therapeutic strategy for metabolic disease. 
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3. The structure of 11β-HSD1 

The human 11β-HSD1 is made up of 292 amino acids with molecular mass 

around 34 kDa (Fig. 1B), which contains a N-terminal nucleotide cofactor-binding 

domain and a catalytic active site in its central region. The N-terminal nucleotide 

cofactor-binding region specifically binds to NADP+ and NADPH. The catalytic 

active site of the enzyme contains tyrosine (Tyr) and lysine (Lys) residues that 

binding to the substrates, GCs. The Tyr183 and Lys187 are located in the catalytic site 

with the other two residues, Asn143 and Ser170. These four amino acids are essential 

for the proton transfer between the substrate and NAD(P)H cofactor [22]. 

When the substrates entered into the active site, their 11-keto group interacted 

with Ser170 and Tyr183 to anchor in the active site. The protonation of keto oxygen 

on the substrate was catalyzed by Tyr183 and the nicotinamide ribose moiety was 

connected by Lys187. Subsequently, hydride transfer occurred from the nicotinamide 

ring to the C11 position of the substrate. The hydrogen exchange was dependent on 

Tyr183 through a conserved relay system, including Asn143, the 2’-OH of the 

nicotinamide ribose, and a water molecule. Although the 11β-HSD1 structures were 

similar in different species, the hydrophobic substrate binding pockets showed some 

variability between species, which were predominately lined by nonpolar residues and 

with lower sequence conservation than other regions in the 11β-HSD1 [23]. 
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Fig. 1. (A) Interconversion of cortisone and cortisol by 11β-HSD isoforms in human. 

(B) The crystal structure of 11β-HSD1 (PDB ID: 4P38). 

 

4. Natural products as 11β-HSD1 inhibitors  

Natural products (NPs) are one of the most important sources in pharmaceutical 

research. Many natural products and their derivatives have displayed moderate to 

good 11β-HSD1 inhibitory activity, for example glycyrrhetinic acid derivatives, 

curcumin epigallocatechine-3-gallate, resveratrol and citrinal B. However, most of 

them exhibited poor bioavailability, rapid metabolism and 11β-HSD2 inhibition, 
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which hampered their directly clinical usage. However, they provide some valuable 

lead structures for further developing novel 11β-HSD1 inhibitors. 

4.1. Glycyrrhizin acid 

Glycyrrhizin acid (GA, Fig. 2a) was one the earliest 11β-HSD1 inhibitors 

discovered from Glycyrrhiza glabra (liquorice) root (Fig. 2a). It exhibited 

non-selective inhibition for 11β-HSD1 and 11β-HSD2 [24]. Interestingly, the 

supplementary treatment of GA in the dexamethasone-treated adrenalectomized rats 

increased the expression but decreased the activity of intraosseous 11β-HSD1 [25]. 

Thus, the use of GA should be weighed since its potential complications will cause 

the increasing expression of the intraosseous 11β-HSD1. 

Two metabolites from GA, 18β-glycyrrhetinic acid (18β-GA) and 

18α-glycyrrhetinic acid (18α-GA), could be used to explain the reason for GA in the 

non-selective inhibition of 11β-HSD (Fig. 2). It was reported that 18β-GA showed 

non-selective inhibition of 11β-HSD isozymes. In contrast, 18α-GA, the diastereomer 

of 18β-GA, exhibited good inhibitory activity against human 11β-HSD1 with IC50 

values of 2.2 μM, and showed no inhibitory effects on 11β-HSD2 at the concentration 

up to 20 μM. The non-selective inhibition of 11β-HSD by GA was a comprehensive 

effect of 18β-GA and 18α-GA. 

18α-GA displayed three-fold lower inhibitory potency than 18β-GA in inhibiting 

human 11β-HSD1. The difference in inhibiting 11β-HSD1 by two diastereomers 

resulted from their different binding modes with 11β-HSD1. Molecular docking 

http://topics.sciencedirect.com/topics/page/Glycyrrhetinic_acid
http://topics.sciencedirect.com/topics/page/Glycyrrhetinic_acid
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simulation revealed that 18β-GA interacted with catalytic amino acids Ser170 and 

Tyr183 as well as the cofactor NADPH by hydrogen bonds in human 11β-HSD1. 

However, 18α-GA could not ideally connected with Ser170 and Tyr183 because of 

the contrary twists between the position of the 11-oxo group and 30-carboxylic acid 

group [24]. This interaction pattern was directly related to high potency of 18β-GA 

against 11β-HSD1. It was still lack of reports about the binding modes of 18β-GA 

with 11β-HSD2, thus more efforts should be performed to obtain selectively 

11β-HSD1 GA derivatives.  

 

Fig. 2. Molecular structures of glycyrrhizin acid (GA) and its metabolites. 

 

4.2. Carbenoxolone  

Carbenoxolone (CBX, Fig. 3A) was a non-selective inhibitor of 11β-HSD1 [26]. 

CBX was derived from 18β-GA by the esterification reaction at the position of 3β 

hydroxyl group. Unlike to 18β-GA, CBX behaved as a competitor of cortisone, 

indicating that its occupation on the active site of 11β-HSD1 was reversible. 

Co-crystal structure of CBX with 11β-HSD1 (PDB code: 2BEL) revealed the 
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C11-ketone group and the C3-carboxylic acid of CBX formed two hydrogen bonds 

with residues Ser170 and Tyr183, respectively (Fig. 3B). In addition, CBX was also 

an uncompetitive inhibitor against NAPDH [27]. It interacted with the ribose 

hydroxyl group of NADP+ by its C3-carboxylic acid [28]. It could inhibit 11β-HSD1 

activity in liver, but not in adipose tissue or skeletal muscle from the obese 

insulin-resistant Zucker rats. As a result, CBX improved plasma lipid metabolism 

with no change on body weight, food intake, glucose tolerance, and insulin sensitivity 

[29]. The failure of 11β-HSD1 inhibition in adipose tissues provided an explanation 

of no therapeutic effect on glucose tolerance and obesity. 

The oral administration of CBX in the diet-induced obese mice showed a 

dose-dependent down-regulation on hepatic GC receptors mRNA, accompanied with 

the inhibition of 11β-HSD1 activity (IC50 = 330 nM), hexose-6-phosphate 

dehydrogenase (H6PDH) activity, and their mRNAs expression level in liver [30]. 

The decreased expression of hepatic GC receptors could reduce its sensitivity to 

response excessive GCs and attenuate GC signaling. Simultaneously, the reduced 

H6PDH activity and its gene expression could suppress NADPH production, leading 

to the reduction of 11β-HSD1 activity [31]. Therefore, CBX exhibited the inhibition 

on GC activation by blocking 11β-HSD1 activity and controlling energetic transfer.   
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Fig. 3. (A) Molecular structure of CBX. (B) The co-crystal structure of CBX with 

11β-HSD1 (PDB code: 2BEL). 

 

4.3. Curcumin  

Curcumin (compound 3a) contains two aromatic rings which is connected by a 

seven carbons linker with an α, β-unsaturated β-diketone moiety (Fig. 4). It was 

reported to inhibit both human and rat 11β-HSD1 with IC50 values of 2.30 and 5.78 

µM, respectively. But the values were more than two-fold selective over 11β-HSD2 

(with IC50 values of 14.56 and 11.92 µM). The oral administration of curcumin (200 

mg/kg/day for 2 months) effectively protected against morbid obesity, maintained 

serum glucose, and lipid profiles in the high-fat-diet (HFD) induced obese rats. 

Because of poor bioavailability, rapid metabolism, the administration of curcumin 

required repetitive oral doses. The oral dose in the clinical practices was given at up to 

180 mg, but the serum concentration was not reached the detectable levels in serum. 

Even if raising the oral dose to 8 g , its high peak concentration was just 0.5-2 μM in 
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human volunteers after 1 h of administration [32]. The poor absorption drove the 

pharmacological scientists to modify the structure of curcumin.  

The propane-1,3-dione group of curcumin was modified and two CF3 groups 

were introduced into the benzene rings to afford a new curcumin analogue, compound 

3b (LG13, Fig. 4). LG13 exhibited stronger inhibitory efficacy on 11β-HSD1 (IC50 = 

0.1 μM) and excellent selectivity against 11β-HSD2 (IC50 > 100 μM). LG13 also 

decreased the expression of GC receptors in vitro and in vivo and significantly 

decrease fasting blood glucose, lipid deposition, and hepatic glucose metabolism in 

the type 2 diabetic mice [33]. 

 

Fig. 4. Molecular structures of curcumin (3a) and LG13 (3b). 

 

4.4. Epigallocatechine-3-gallate  

The aqueous extract of green tea displayed inhibitory effects on human 

microsomal 11β-HSD1 in a dose-dependent manner. Five catechins were extracted 

and purified from the green tea, including Epigallocatechine-3-gallate (EGCG, 

compound 4), Epigallocatechin, Epicatechin, Gallocatechin, and Catechin. EGCG 

(Fig. 5) showed the best 11β-HSD1 inhibitory activity among the five ingredients. It 

displayed moderate inhibitory activity against 11β-HSD1 and 11β-HSD2 with IC50 
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values of 18.74 μM and 20.93 μM, respectively. It was reported EGCG inhibited 

cortisol production by inducing shift from NADPH to NADP in the ER lumen [34]. 

Whereas, a direct inhibition effect of EGCG to 11β-HSD1 instead of EGCG-induced 

shift was found in the detailed kinetic analysis. In addition, EGCG inhibited the drug 

metabolizing enzymes through the down-regulation of CYP1A1, CYP1A2, 

CYP2B1/2, CYP2E1, CYP3A, increased the level of catechol-O-methyltransferase, 

and upregulated the expression of microsomal glutathione transferase [35]. These 

findings indicated EGCG can both inhibit 11β-HSD1 and influence drug metabolism.  

 

Fig. 5. Molecular structure of Epigallocatechine-3-gallate (EGCG). 

 

4.5. Resveratrol 

Endogenous steroid hormone, 17β-estradiol (E2, compound 5a), was found to 

inhibit the murine adipose 11β-HSD1 activity in a non-competitive manner (Fig. 6) 

[36]. E2 contains two hydroxyl groups at the C-3 and C-17β positions, respectively. 

The SAR study demonstrated that the hydroxyl groups at C-3 and C-17 were 

indispensable for inhibiting 11β-HSD1 activity. After structural resemblance 
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evaluation, compound 5b (resveratrol, Fig. 6), a polyphenol in wine, was identified as 

a reliable 11β-HSD1 inhibitor by the same research group [37]. Resveratrol showed 

selective inhibition on 11β-HSD1 activity in rat adipose tissues, liver, and 3T3-L1 

adipocytes. Further research showed it inhibited 11β-HSD1 in a non-competitive 

manner.[38]. 

In addition, the IC50 of resveratrol was observed around 1 μM in the microsomes 

of rat adipose tissues [39]. The 1 μM dosage of resveratrol in blood was equivalent to 

the ingestion of 13.7-27.4 g fresh grape skin or 130 ml red wine. This amount of food 

is possible to consume by individuals, which suggested the potential clinical 

translation of resveratrol as 11β-HSD1 inhibitor. 

 

Fig. 6. Molecular structure of E2 (5a) and resveratrol (5b). 

 

4.6. Citrinal B 

Citrinal B (compound 6, Fig.7), a tricyclic compound extracted from 

Colletotrichum capsici, was identified as a 11β-HSD1 inhibitor after structure-based 

virtual screening  [40]. It displayed moderate inhibitory activity against 11β-HSD1 

with an IC50 value of 9.07 μM. Moreover, it was evaluated in hepatocytes and 

preadipocytes in vitro, and the results showed that Citrinal B could significantly 
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inhibit cortisone-cortisol cycles in hepatocytes and form fat droplets in preadipocytes. 

Further pharmacological experiments for the treatment of metabolic syndromes are 

still necessary. 

 

Fig. 7. Molecular structure of Citrinal B. 

 

5. Synthetic compounds as 11β-HSD1 inhibitors 

A variety synthetic 11β-HSD1 inhibitors developed by pharmaceutical 

companies and research groups are under clinical evaluation, including MK-0736, 

MK-0916, AZD-4017, AZD-8329, BI-135585, BMS-823778, HSD-016, BVT-528, 

BVT-1358, BVT-2733, BVT-14225, KR-66344, KR-67183, KR-67105, PF-877423, 

SAR-184841, SKI-2852 and UI-1499. They all exhibited good selectivity and potent 

inhibition for 11β-HSD1 in vitro. Nevertheless, the outcomes of them were not 

clinically satisfactory due to low therapeutic potency and critical safety concern. In 

this section, we introduce the design strategies, structure-activity relationships and 

briefly review the preclinical or clinical results of these novel 11β-HSD1 inhibitors. 

5.1. MK-0736 and MK-0916 
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Merck company reported two compounds, MK-0736 (Fig. 8A) and MK-0916 

(Fig. 8B), as candidates in the field of 11β-HSD1 inhibitors. The lead structure of 

MK-0736 was compound 7a which contains a [2.2.2] bicyclooctyltriazole scaffold 

and displayed potent inhibitory activity against 11β-HSD1 (IC50 = 4 nM, Fig. 8A). 

However, compound 7a had a low bioavailability (F = 6%). To optimize the 

bioavailability, 3-ortho-trifluoromethylphenyl-4-methyl-1,2,4-triazole analog 7b was 

identified to display more potent 11β-HSD1 inhibition (IC50 = 1.8 nM) and better 

bioavailability (F = 20%). To further improve PK profile, a set of analogs 7c were 

prepared to modify the alkyl chain. After increasing the length and introducing the 

sulfone group into the alkyl chain, MK-0736 (7d, Fig.8A) was identified to display 

potent 11β-HSD1 inhibition (IC50 = 7.0 nM). SAR study revealed that lengthening the 

chain length could result in better in vitro potency but decrease the 

pharmacodynamics (PD) activity, adding the sulfone group could significantly 

improve the metabolic stability and physical properties. In vitro and in vivo evaluation 

of MK-0736 showed superior 11β-HSD1 potency, good inhibitory activity , as well as 

desirable PK and PD properties [41]. It entered phase II trials in 2005.  

 

MK-0916 displayed good potency against 11β-HSD1 (IC50 = 5 nM) and 

favourable PK and PD properties [42,43]. MK-0916 was optimized from compound 

8a, which showed poor metabolic stability due to the adamantyl group. Therefore, the 

adamantyl group was replaced by the phenyl cyclobutane and two cyclopropyl groups 

javascript:void(0);
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were introduced to the triazole ring to afford MK-0916 [44] (Fig. 8B). MK-0916 was 

subsequently purchased by Merck and entered phase II in 2004.  

MK-0736 and MK-0916 were tested the efficacy and safety in overweight and 

obese patients with hypertension. Clinical data suggested that treatment of MK-0716 

and MK-0916 for 12 weeks failed to lower blood glucose significantly in healthy 

subjects, also has modest dose-dependent decreases in blood pressure, low-density 

lipoprotein (LDL-C) level and body weight in overweight and obese nondiabetic 

patients with hypertension. MK-0916 was also evaluated in patients with type 2 

diabetes mellitus and metabolic syndrome, clinical data suggested that MK-0916 was 

generally well tolerated in patients with no significant improvement in glycosylated 

haemoglobin, body weight and blood pressure [43]. However, the results 

demonstrated that inhibiting 11β-HSD1 with MK-0736 or MK-0916 could increase 

cardiovascular risk factors associated with the metabolic syndrome and circulating 

adrenal androgens [45]. Because of modest function in decline blood pressure and 

potential side effects, both of MK-0736 and MK-0916 were no longer in company 

pipeline since 2010 (NCT00679055, NCT00806585, NCT00274716, NCT00543595). 
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Fig. 8. (A) Optimization process of MK-0736. (B) Optimization process of 

MK-0916. 

 

5.2. BMS-823778 

Scientists in Bristol-Myers Squibb reported a novel 11β-HSD1 inhibitor which 

contains  a 1,2,4-triazolopyridine (TZP) core structure, named BMS-823778 (Fig. 9) 

[46]. The lead structure 9a was identified through the screening of an in-house 

compounds library of Bristol-Myers Squibb [47]. It displayed good 11β-HSD1 

inhibitory activity with an IC50 value of 235 nM. After structure modification, 
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compound 9b, bearing a [1,2,4]triazolo[4,3-a]pyridine moiety, was identified with 

enhanced potency (IC50 = 11 nM against human 11β-HSD1) but poor metabolic 

stability. With the optimization of substituents at the 3 and 8 position of the TZP core, 

compound 9c exhibited improved metabolic stability, as well as excellent inhibitory 

activity against human 11β-HSD1 (IC50 = 1.6 nM) [48,49]. However, this compound 

displayed low aqueous solubility (219 μg/ml at pH = 7) and potential Cytochromes 

P450 (CYP) inhibition liability (2C19 IC50 = 1.9 μM), which hampered its further 

evaluation. To overcome these shortcomings, structural optimization was focused on 

the right side of alkyl group. After replacing the cyclopropyl group with a 

gem-dimethyl group, the final compound 9d (BMS-823778) showed suitable aqueous 

solubility (15 mg/ml in human PPB) and negligible CYP450 activity (Fig. 9A). The 

co-crystal structure revealed the triazolo[4,3-a]pyridine moiety of BMS-823778 

formed a hydrogen bond interaction with the hydroxy group of Ser10 (Fig. 9B). The 

4-Cl-phenyl group inserted into the hydrophobic pocket which was formed by the 

surrounding residues including could bind to the nicotine amide end of NADP(H), 

side chain hydroxy group in Ser17 and Y183, formed binding pockets. Also, hydrogen 

bonds were formed by said chains of TZP binding with T124, A223, Y177, S170 (Fig. 

9B). In addition, robust acute pharmacodynamic effects, specific distribution to 

adipose tissue and pre-clinical pharmacology profile were found in ex vivo study of 

BMS-823778 [46]. BMS-823778 entered into phase II clinical trials for the treatment 

of type 2 diabetes and metabolic disorders in 2010 (NCT01112423). Nevertheless, the 
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study was stagnated since 2015. A further PK study of BMS-823778 which was 

performed in human body was published in 2018, it revealed that the metabolism 

pathways of BMS-823778 in humans was associated with a liver enzyme, CYP2C19 

polymorphisms (Y. Cheng et al., 2018; Gong et al., 2018). 

 

Fig. 9. (A) Optimization process of BMS-823778. (B) The co-crystal structure of 

BMS-823778 with 11β-HSD1 (PDB code: 5Qll). 
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5.3. AZD-4017 

AZD-4017, developed by AstraZeneca, was a clinical candidate of 11β-HSD1 

inhibitor. Through the high throughput screening (HTS), numbers of chemotypes 

were found to selectively inhibit 11β-HSD1. The 2-thioalkylnicotinamide (compound 

10a, Fig.10A) was one of the represented promising lead with good potency (IC50 = 

350 nM) and high ligand efficiency. However, compound 10a were lack of oral 

bioavailability (F = 0% in rats) and stability in vivo [52]. After a series of 

modification by introducing a carboxylic acid group at C6-position of the pyridine 

ringgroup, compound 10b (AZD-4017) was identified as the most potent 11β-HSD1 

inhibitor (IC50 = 7 nM) and displayed the excellent PK profiles (F > 100% in rats), 

which was chosen for further investigations (Fig. 10A). Co-crystal structure of 

AZD-4017 with 11β-HSD1 revealed a hydrogen bond was formed between the 

carboxylate group of AZD-4017 with the hydroxyl side chain of Tyr183 of 11β-HSD1 

(Fig. 10B). The carboxyl group of AZD-4017 formed a hydrogen bond with the 

backbone NH of Leu217. The pyridyl ring of AZD-4017 formed hydrophobic 

interactions with residues Leu217 and Ala172. [53]. AZD-4017 also showed suitable 

physical properties and inactivation against five isoform of the cytochrome P450 

enzymes, including CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4. As well, 

AZD-4017 showed good plasma protein binding, cellular permeability, and 

satisfactory absorption in vivo. This compound performed good properties with 
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moderate clearances and high bioavailability in the mice, rat, and dogs. In addition, 

AZD-4017 was a competitive inhibitor for human 11β-HSD1 with an IC50 of 7 nM, 

which was over 2,000-fold selectivity compared to human 11β-HSD2. No significant 

covalent binding was shown at the dosage of 20 mg/kg in plasma or liver tissue, 

indicating a low risk of hematotoxicity and hepatotoxicity with the treatment of 

AZD-4017 [52]. It entered into phase I clinical trials for treating obesity in 2010 

(NCT01096004). It was also used to treat intracranial hypertension and entered to 

phase II clinical trials (NCT01173471). However, the clinical trials of AZD-4017 was 

discontinued due to safety and efficacy reasons in 2014, and the details were 

undisclosed. 
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Fig. 10. (A) Optimization process of AZD-4017. (B) The co-crystal structure of 

AZD-4017 with human 11β-HSD1 (PDB code: 4HFR). 

 

5.4. AZD-8329 

AZD-8329 was an updated 11β-HSD1 inhibitor after the development of 

AZD-4017. It was reported that the major reason of eliminating AZD-4017 is its acyl 

glucuronide metabolite, which could cause adverse toxicological events in vivo [54]. 

Therefore, it was better to develop a novel 11β-HSD1 inhibitor with the similar 

biological profile as AZD-4017, but without forming acyl glucuronide metabolites. So 
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the design strategy of AZD-8329 started from the pyridine amide lead compound 11a, 

which was previously identified from a HTS campaign. Firstly, the pyridine group 

was replaced by the methyl pyrazole group to afford compound 11b, which displayed 

enhanced lipophilicity efficiency and inhibitory potency for 11β-HSD1 but showed no 

oral exposure in PK study. To optimize PK profile, the carboxy substituted phenyl 

group was introduced at the N1-position of pyrazole (compound 11c) [52]. In vivo 

data showed this modification could improve oral exposure and stability in 

hepatocytes and reduce in vivo clearance. Next, the 2-adamantyl substituent (scaffold 

11d) was introduced to further enhance the potency against 11β-HSD1, but resulted in 

bad clearance rate and bioavailability. To balance the consequence of this 

optimization, the thioether group was replaced by a t-butyl group, which resulted in 

excellent pharmacokinetic profile and bioavailability. After above structural 

modification, compound 11e (AZD-8329) was synthesized and selected as a potential 

11β-HSD1 inhibitor for further study (Fig. 11A). The co-crystal structure revealed 

AZD-8329 was inserted into the active sites of 11β-HSD1 (Fig. 11B) The amide and 

carboxyl groups formed two hydrogen bonds with residues Ser170 and Tyr284. 

Because the acid groups were different between AZD-8329 and AZD-4017, two 

compounds have occupied the active sites of 11β-HSD1 in the different positions. As 

we mentioned above, AZD-4017 showed a connection with the backbone of Leu217. 

However, this connection was absent in AZD-8329 instead of a strong hydrogen bond 

contacted to Tyr284 [53]. AZD-8329 potently inhibited human 11β-HSD1 with an 
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IC50 of 9 nM and selective (> 5,000X) for 11β-HSD1 over human 11β-HSD2 in vitro. 

Study of physical properties showed no significant activity against five cytochrome 

P450 enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4). PK study 

also revealed that AZD 8329 had good properties with low in vivo clearance in mouse, 

rat, and dogs. With the selectively and potent inhibition against 11β-HSD1, as well as 

excellent PK and PD profiles, AZD-8329 entered into phase I clinical trials in 2010, 

but discontinued after 2011 (NCT01207089). There was only one report about the 

adverse effect of AZD-8329, which revealed continuous injection of AZD-8329 in 

adipose tissue leads to tachyphylaxis in humans [55]. The serious side effects might 

limit the development of this candidate. 
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Fig. 11. (A) Optimization process of AZD-8329. (B) The co-crystal structure of 

AZD-8329 with human 11β-HSD1 (PDB code: 4P38). 

 

5.5. BI-135585 

Researchers in Boehringer Ingelheim reported an oxazinanone-based 11β-HSD1 

inhibitor, BI-135585, for the treatment of type 2 diabetes [56,57]. The lead compound 

12a was identified by structure-based molecular design strategy, which displayed 

good 11β-HSD1 inhibitory activity (IC50 = 166 nM). Structural optimization was 
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performed to enhance the potency, which lead to compound 12b. Compound 12b 

displayed potent 11β-HSD1 inhibition with IC50 values of 0.8 nM in a biochemical 

assay and 2.0 nM in a cell-based human adipocyte assay. However, this compound 

displayed no efficacy in an adipose tissue-specific, cynomolgus monkey PD study. 

For reducing the hydrophobicity property of compound 12b, the pyridinone group 

was incorporated to replace the 2,4-difluoro phenyl group to afford compound 12c. 

This compound displayed potent 11β-HSD1 inhibition with an IC50 value of 5.7 nM. 

But compound 12c was not stable to rat liver microsome (RLM) incubation. In the 

second round optimization, a tertiary alcohol side chain was introduced, which made 

the derivatives more potent in the enzyme assay and more stable in a rat liver 

microsome. To improve the PK profile, the C4-position of pyridinone moiety was 

linked to the phenyl scaffold to afford compound 12d (BI-135585, Fig. 12). 

BI-135585 had the most potent inhibition in adipose tissues (IC50 = 4.3 nM) with low 

clearance rates and good exposure in this series, was therefore chosen as the candidate 

for further study [56]. Inhibitory activity of BI-135585 was examined by human 

preadipocytes, adipocyte tissues and liver tissues of cynomolgus monkey ex vivo, and 

results indicated that the substantial inhibition of 11β-HSD1 activity was achieved 

after BI-135585 treatment. Distribution data also demonstrated that targeted 

engagement was achieved in key metabolically active organs [58]. Because of potent 

and selective inhibition, suitable PK and PD results, this candidate has entered Phase I 

clinical studies in 2011 (NCT01282970). However, the clinical data demonstrated that 
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the 11β-HSD1 inhibition was insufficient in adipose tissues after 14 days dosing, 

which made it unreliable to treat metabolic diseases with multiple dosing [59]. 

Therefore, no further clinical data has been reported after 2014. 

  

Fig. 12. Optimization process of BI-135585. 

 

5.6. HSD-016 

HSD-016, a potent inhibitor derived from piperazine sulfonamides, was identified 

by researchers in Wyeth [60]. The lead structure 13a was determined by HTS 

approach, which showed potent inhibition of 11β-HSD1 (IC50 = 61 nM) with high 

clearance, low oral bioavailability (F = 5%) and low microsomal stability (T1/2 = 4 

min). In the first round of optimization, the pyridyl ring was replaced by a phenyl ring 

and the fluoro group was introduced at C4-position of the phenyl ring to afford 
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compound 13b, which displayed improved microsomal stability (T1/2 = 12 min). 

Further modification was focused on the meta position of the benzenesulfonamide. 

Among the derivatives, compound 13c (HSD-016) displayed the potent, selective, and 

efficacious 11β-HSD1 inhibition (IC50  = 11 nM) [60] (Fig. 13A). Docking analysis 

revealed interaction details between HSD-016 and 11β-HSD1. The trifluoromethyl 

group of HSD-016 formed hydrophobic interaction with surrounding residues. One of 

the sulfone oxygens formed a hydrogen bond with Ala172(Fig. 13B). It entered into 

phase I clinical trial for treating type 2 diabetes in 2008 (NCT00838461), but the 

clinical data were not disclosed by Wyeth Pharmaceuticals. This program was 

discontinued after the acquisition of Wyeth by Pfizer. To further improve the 

inhibition activity in adipose tissues, the thiophene moiety was incorporated into the 

scaffold, and one derivative (compound 13d, HSD-621) displayed potent 11β-HSD1 

inhibition (IC50 = 10 nM). PK and PD studies demonstrated HSD-621 had a good 

half-life (T1/2 > 30 min), well tolerated dose and excellent bioavailability. In vivo 

testing of HSD-621 were performed in diet induced mice, which showed a significant 

reduction in fasting glucose and insulin levels, the food intake and body weight gain 

were not observed in a 28-day study [61]. The modest effect of HSD-621 on DIO 

mice may limit its prospect for clinical trials.  
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Fig. 13. (A) Optimization process of HSD-016 and HSD-621. (B) The docking result 

of HSD-016 with 11β-HSD1. 

 

5.7. “BVT” compounds 

A series of synthetic 11β-HSD1 inhibitors were developed by BioVitrum, 

abbreviating prefixes “BVT” [62,63]. The lead compound was discovered by a 

high-throughput screening. Following by a series of optimization process, the 
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arylsulfonamidothiazoles derivatives 14a (BVT-528), 14b (BVT-1358), 14c 

(BVT-2733), 14d (BVT-1440) and 14e (BVT-14225) were selected as potent 

11β-HSD1 inhibitors for further investigation (Fig. 14). The structure-activity 

relationship showed that 1-(piperazin-1-yl)ethanone in BVT-2733, 3-chlorothiophene 

in BVT-528, and 1-morpholinoethanone in BVT-1358 could influence their binding 

sites and inhibitory efficacy in the 11β-HSD1 among different species. BVT-2733 

showed moderate effects in inhibiting human 11β-HSD1 (IC50 = 3.34 μM) [62,64,65]. 

The in vivo study suggested that the BVT-2733 could decrease body weight and 

suppress the adipose tissue in high-fat-diet induced obese mice [66]. But the weak 

inhibition of human 11β-HSD1 by BVT-2733 interrupted its clinical translation. The 

SAR study revealed the N-methyl piperazinamide group of BVT-2733 was not well 

tolerated because of steric reasons or its basic character [63]. BVT-1440 showed 

11β-HSD1 inhibition in all species, including human, mouse, rat, and guinea pig. 

Moreover, BVT-1440 had the most effective inhibition for 11β-HSD1 in above four 

species compared to BVT-528, BVT-1358, and BVT-2733 [62]. BVT-14225 

exhibited potent potency against human 11β-HSD1 with an IC50 value of 52 nM. 

BVT-14225 also showed 200-fold selectivity for human 11β-HSD1 compared to 

11β-HSD2 [63]. These results highlighted the high variability of the 

arylsulfonamidothiazole compounds in inhibiting 11β-HSD1 among different species. 

But further structural optimization still needed be done to the “BVT” compounds to 

improve the potency and bioavailability. 
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Fig. 14. Molecular structures of “BVT” compounds 

 

5.8. “KR” compounds  

A series of promising 11β-HSD1 inhibitors were identified by researchers at the 

Korea Research Institute of Chemical Technology from high-throughput screening, all 

of them showed good in vitro activity toward human and mouse 11β-HSD1, as well as 

good pharmacokinetics and safety profiles.  

KR-66344 was optimized from a cyclic sulfonamide hit compound 15a, but it 

showed weak inhibition against human 11β-HSD1 (IC50 = 14.8 μM, Fig. 15A). To 

enhance the potency, a methyl group was introduced to afford compound 15b, which 

displayed 50-fold potency (IC50 = 388 nM) than the origin structure. Furthermore, the 

phenylacetyl group was introduced at the N2-position to afford compound 15c 

(KR-66344), which showed excellent potency against hu GC man 11β-HSD1 with 

IC50 value of 31 nM [67]. Molecular simulation indicated KR-66344 interacted with 

human 11β-HSD1 mainly through H-bonding with Ser170 and Tyr183 residues and 
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hydrophobic interaction with Tyr177 residues, which resulted in the potent inhibitory 

activity (Fig. 15D-i). As well, The KR-66344 showed a concentration-dependent 

11β-HSD1 inhibition effect on both mouse C2C12 cells and human SW982 cells. 

Also, no human 11β-HSD2 inhibition effect was detected in HEK293 cells with 

11β-HSD2 overexpression, indicating the good selectivity of KR-66344. In vivo study 

revealed KR-66344 could significantly improve glucose tolerance and plasma lipid 

profiles in diabetic mice. Moreover, the down-regulation of the level of 

cortisone-induced adipogenesis related miRNAs (fatty acid-binding protein 4, 

glyceraldehyde 3-phosphate dehydrogenase, peroxisome proliferator activated 

receptorγ 2, and glucose transporter type 4) was found after the treatment of 

KR-66344. [68]. In addition, the PK and PD study showed good exposure and 

bioavailability, moderately clearance and stability of KR-66344 in rats [67].    

KR-67183 was modified from a Boc-protected cyclic sulfamide derivative 

(compound 16a) with an adamantyl (Fig. 15B). The lead structure 16a showed weak 

11β-HSD1 inhibitory activity with an IC50 value of 363 nM. After replacing the Boc 

group with the phenyl substituent, compound 16b showed a potent inhibitory ability 

against human 11β-HSD1 (IC50 = 12 nM). Then, the amide group was linked to the 

adamantyl group to afford compound 16c. However, this compound exhibited low 

stability in human liver with 61% of the parent compound remaining after 30 min of 

incubation. Hence, 2,4,6-trichlorophenyl substituent was added to enhance 

microsomal stability, which derived compound 16d (KR-67183) [69]. KR-67183 
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displayed potent 11β-HSD1 inhibitory activity with an IC50 value of 0.1 nM. From the 

binding mode analysis, KR-67183 formed two hydrogen bonds with residue Ser170 

in the active sites of human and murine 11β-HSD1 by 1,2,6-thiadiazinane and 

1,1-dioxide, respectively (Fig. 15D-ii). Simultaneously, KR-67183 formed one 

hydrogen bond with Leu217 by its sulfur nitrogen heterocyclic group.[70]. In addition, 

the oral administration of KR-67183 significantly improved insulin sensitivity and 

glucose tolerance in the HFD-induced mice. The levels of fatty acid-binding protein 4, 

peroxisome proliferator activated receptorγ2, and glucose transporter type 4 were 

decreased in 3T3-L1 adipocytes after the treatment of KR-67183 in vitro [71]. The 

PD and PK activities were tested in rats, which revealed the good bioavailability (69%) 

and moderate clearance (CL = 0.7) of KR-67183 in rats [69]. In side effect tests, no 

change of adrenal gland and plasma corticosterone concentration was observed after 

4-weeks treatment, indicating KR-67183 had no effect on activating 

Hypothalamus-pituitary–adrenal (HPA) axis. Moreover, KR-67183 was reported to 

enhance osteoblastogenesis in osteoblasts and inhibite osteoclastogenesis in 

osteoclasts [72]. These findings showed the potential of KR-67183 in treating type 2 

diabetes related obesity and osteoporosis. 

In order to select a novel 11β-HSD1 with adamantyl skeletons, the adamantyl 

thiazolidine-2-carboxamide (compound 17a) was screened as a hit. But this 

compound showed moderate 11β-HSD1 inhibitory activity (IC50 = 2.13 μM against 

human 11β-HSD1). After introducing the 2-fluorobenzenesulfonyl group to the 
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thiazolidine scaffold, and introducing the amide substituent to the adamantyl group, 

the optimized compound 17b (KR-67105) showed the best 11β-HSD1 inhibition (IC50 

= 3 nM) in vitro [73] (Fig. 15C). The binding model study revealed that the hydrogen 

bond between the amide group of KR-67105 with Ser170 substantiated its high 

inhibitory potency (Fig. 15D-iii) [70]. The PK evaluation of KR-67105 showed 62% 

of fatty 11β-HSD1 and 57% of hepatic 11β-HSD1 were inhibited after 2h in monkey. 

In vivo data demonstrated that the treatment of KR-67105 could not only improve the 

insulin sensitivity and glucose tolerance in diabetic mice, but also suppress 

diabetes-related gene, such as G6Pase and phosphoenolpyruvate carboxykinase in 

liver, tumor necrosis factor-α and PPARγ in the subcutaneous fat. Moreover, the 

treatment of KR-67105 inhibited cortisone-induced inflammation by the 

dephosphorylation of nuclear factor kappa-light-chain-enhancer of activated B, 

mitogen-activated protein kinase. All of them indicated the anti-diabetic and 

anti-inflammatory effect of KR-67105 in diet-induced mice model [70]. 
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Fig. 15. (A) Optimization process of KR-66344; (B) Optimization process of 

KR-67183; (C) Optimization process of KR-67105; (D) The docking results of 

KR-66344(i), KR-67183(ii), KR-67105(iii) bind with 11β-HSD1, respectively. 

 

5.9. UI-1499 

UI-1499 (compound 18) is an adamantane derivative identified by the 

researchers from Incheon National University (Fig. 16A). Although the details of 
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design strategy were not reported, the similar basis was found among UI-1499 and 

“KR” compounds, which might provide an explanation for the excellent potency of 

this compound. UI-1499 exhibited a potent selective inhibition for human, monkey, 

and mouse 11β-HSD1 with IC50 values of 0.02 nM, 2.43 nM and 2.8 nM, respectively. 

In addition, UI-1499 showed no inhibition for 11β-HSD2 and CYP enzymes 

(CYP1A2, CYP2D6, CYP2C9, CYP2C19, CYP3A4) at the concentration up to 10 

μM [74]. In the molecular modeling results, the adamantyl group of UI-1499 formed 

hydrophobic interactions with surrounding residues. The central amide group formed 

a hydrogen bond with the side chain hydroxy group in Ser170 (Fig. 16B). Ex vivo 

studies showed that the treatment of UI-1499 improved insulin sensitivity and glucose 

tolerance. The anti-obesity effect and the improvement of lipid profiles were also 

observed in both diabetic mice and monkeys [74]. Thus UI-1499 could be an 

attractive candidate for the treatment of obesity and type 2 diabetes mellitus, but not 

further clinical report has been published. 
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Fig. 16. (A) Optimization process of UI-1499. (B) The docking result of UI-1499 

with 11β-HSD1. 

 

5.10. PF-877423 

PF-877423 (Fig. 17), one of hydroxylated amide derivatives reported by 

researchers from Pfizer, displayed potent inhibitory potency for human 11β-HSD1 

(IC50 = 4.2 nM). It was derived from the leads compound 19a and 19b, which were 

selected by cell-based HTS. These two compounds showed modest human 11β-HSD1 

inhibitory activity with IC50 values of 261 nM and 290 nM, respectively. Compound 

19a did not show activity against murine 11β-HSD1 at 100 nM and compound 19b 

showed low clog P value. Structural modification was performed by combining the 

active sites of these two compounds to afford compound 19c, which displayed potent 

11β-HSD1 inhibition (IC50 = 2.2 nM) and modest clog P value. Further modification 

was focused on the cyclohexanamine moiety and derivative 19d (PF-877423) was 

identified [75] (Fig. 17A). PF-877423 showed good potency (IC50 = 4.2 nM) and high 

clog P value (clog P = 4.22). From the co-crystal structure of PF-877423 with guinea 

pig 11β-HSD1 (PDB code: 3LZ6), the adamantly group of PF-877423 packed against 

the nicotinamide ring of the NADP+ and the pyrrolidine ring of PF-877423 was 

stacked with the ring of Tyr415 in guinea pig 11β-HSD1 (Fig. 17B). In addition, the 

amide group of PF-877423 formed two hydrogen bonds with residues Ser408 and 

Tyr421. Several residues including Ser408, Tyr469, Leu364, lle418, Leu455, Tyr469 
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and Tyr415 also interacted with PF-877423 [75]. Furthermore, in vivo studies 

revealed that PF-877423 dose dependently reduced the level of cortisol after 30 

minutes administration. In another preclinical study, treatment of PF-877423 could 

prevent human lipogenesis in vitro, indicating the clinical potential of this 11β-HSD1 

inhibitor [76]. However, the poor PK profiles limited its development, further 

optimization still need be done to reduce the clearance rate of PF-877423. 

 

Fig. 17. (A) Optimization process of PF-877423. (B) The co-crystal structure of 

PF-877423 with guinea pig 11β-HSD1 (PDB code: 3LZ6). 
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5.11. SAR-184841 

Compound 20a was identified as a 11β-HSD1 inhibitor by Sanofi using HTS in 

Sanofi-Aventis chemical library, which displayed potent potency and good selectivity 

over 11β-HSD2 (IC50 = 66 nM against human 11β-HSD1, IC50 > 10 μM against 

human 11β-HSD2). However, this compound contains the imidazole group, which 

could potentially inhibit CYP3A4 enzyme. After the first round optimization, the 

4-substituted pyrazole derivative compound 20b displayed excellent 11β-HSD1 

inhibitory activity (IC50 = 20 nM) but poor metabolic stability. A bi-aryl moiety was 

introduced to afford compound 20c, which displayed good inhibitory activity (IC50 = 

43 nM) and improved metabolic stability, thus could be a promising structure for 

further optimization. After replacing the pyrrolidine pyrazole with an adamantyl motif 

and introducing a t-butyl group to the piperazine substitution, compound 20d 

(SAR-184841) was identified as the best potential candidate in this series with the 

excellent potency against human 11β-HSD1 (IC50 = 4 nM) and long lasting activity in 

adipose [77] (Fig. 18A). The binding model was examined to explore the binding 

active site, which indicated that the central amide carbonyl group of SAR-184841 

formed two hydrogen bonds with the key residues Tyr183 and Ser170 of 11β-HSD1. 

Also, the terminal amide group formed hydrogen bonds with the co-factor and a 

water-mediated hydrogen bond with the main chain nitrogen of Thr124, respectively 

(Fig. 18B). Good pharmacokinetic profiles with a large volume of distribution and a 

long half-time value were observed in rats after single administration. The in vivo 
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efficiency tests were carried out in diet-induced mice, no change was observed in food 

intake, body weight of mice and HPA axis activation biomarker (corticosterone) after 

the dose 1, 3 and 10 mg/kg treatment [77]. In conclusion, SAR-184841 can be a 

clinical human/rodent inhibitor of 11β-HSD1 for the treatment of metabolic diseases, 

but no further clinical date has been reported. 

 

Fig. 18. (A) Optimization process of SAR-184841. (B) The co-crystal structure of 

SAR-184841 with human 11β-HSD1 (PDB code: 4HX5). 
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5.12. SKI-2852 

Researchers in SK Chemicals developed a series of pyridine-amide derivatives as 

11β-HSD1 inhibitors [78]. The lead structure 21a (Fig. 19) was identified by high 

throughput screening of an in-house compound library, which showed potent 

inhibitory activity against human 11β-HSD1 (IC50 = 58 nM), but poor metabolic 

stability (15% remaining in MLM after 30 min) [79]. Structural modification was 

performed to optimize the metabolic stability. Compound 21b (Fig. 19) with a 

hydroxy-adamantyl ring displayed more potent 11β-HSD1 inhibition with an IC50 

value of 1.7 nM and improved metabolic stability (69% remaining in MLM after 30 

min). Further modification was focused on the piperidine moiety. The piperidine 

group was replaced using the 4-CN-phenyl substituted piperazine group to afford 

compound 21c (Fig. 19), which displayed comparable 11β-HSD1 inhibition (IC50 = 

2.8 nM) and better metabolic stability (88% remaining in MLM after 30 min). 

However, compound 21c displayed poor oral bioavailability (F = 5% in mice) and 

short duration of the pharmacodynamic (PD) activity. Further optimization was 

performed by replacing the cyano group with a methylsulfonyl group and introducing 

an (R)-methyl group to the piperazine ring to afford compound 21d (Fig. 19), which 

displayed better metabolic stability (97% remaining in MLM after 30 min) and oral 

bioavailability (F = 41%). Unfortunately, compound 21d exhibited strong inhibition 

against enzymes CYP3A4 (IC50 = 0.97 μM) and CYP2C19 (IC50 = 3.7 μM), that could 

induce serious side effects [80]. Further structural modification was performed to 
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diminish the liability, the pyridine ring was replaced by a pyrimidine ring and an 

additional fluorine substituent was introduced at the 2-position of the phenyl ring to 

afford compound 21e (SKI-2852, Fig.19). SKI-2852 showed highly potent 

11β-HSD1 inhibitory activity (IC50 = 2.9 nM), no CYP and PXR liabilities (IC50 > 10 

μM), excellent oral bioavailability (F = 96%) and sustainable PD results, and was 

selected for further investigation [81]. The docking results demonstrated that a 

hydrogen bond was formed between the amide carbonyl group of SKI-2852 with the 

hydroxyl side chain of Ser170 (Fig. 19B). The adamantly ring of SKI-2852 formed 

hydrophobic interaction with residues Thr124, Ala223 and Tyr13. The 

phenylpiperazine moiety of SKI-2852 formed hydrophobic interaction with residues 

Leu126, Tyr177, Val227 and Val231.[81]. The diet-induced obese mice and diabetic 

mice models revealed that the blood glucose and HbA1c levels were significantly 

reduced along with improving of the blood lipid level after oral administration of 

SKI-2852. These results strongly supported that SKI-2852 can inhibit hepatic 

gluconeogenesis and partial improve lipid profiles, as well as improve many aspects 

of metabolic parameters in metabolic disorders. Therefore, SKI-2852 was selected for 

Investigational New Drug (IND) enabling studies and no further detail was reported 

up to now [81,82]. 
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Fig. 19. (A) Optimization process of SKI-2852. (B) The docking result of SKI-2852 

with 11β-HSD1. 

6. Conclusion 
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In the past decades, various 11β-HSD1 inhibitors have been identified by 

pharmaceutical researchers. These inhibitors were mostly discovered by high 

throughput screening and structure-based molecular design strategies. From the SAR 

study, the adamantyl group was one of the most commonly moieties which was 

existed in AZD-8329, “KR” compounds, UI-1499 and PF-877423 

[53,69,73,74,76,77]. This moiety formed hydrophobic interactions with surrounding 

residues such as Tyr158, Ala198, ILE155, Leu192 and Ala201, and displayed the 

ability to address the lipophilic cofactor pocket of 11β-HSD1 and increase the 

duration of action. However, the adamantyl group was thought to be a cause of 

metabolic liability [83]. To address this problem, additional hydrophilic groups such 

as an amide, carboxylic acid or hydroxyl group were commonly linked to optimize 

their physico-chemical properties [77]. Moreover, similar to the adamantyl moiety, 

hydrophobic groups substituted phenyl or cyclohexane moiety was also commonly 

observed in 11β-HSD1 inhibitors to form the hydrophobic interaction with 11β-HSD1 

[83]. In addition, the sulfamide or amide group was commonly observed in 11β-HSD1 

inhibitors like HSD-016, “BVT” compounds, “KR” compounds, UI-1499 and 

SKI-2852, which formed the hydrogen bonds with residues such as Tyr183 and 

Ser170 [60,62,66,71,72,74,81,84].  

Because most of inhibitory experiments were undertaken in different experimental 

methods, the values of IC50 showed different, leading to the difficulty in comparing 

inhibitory potency between above mentioned compounds. Commonly, inhibitors that 
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formed more hydrogen bonds in the binding pocket always displayed better inhibitory 

efficacy. For example, KR-67183 formed hydrogen bonds with human 11β-HSD1 

through binding to the Ser 170 and Leu 217 as the same as KR-67105 did. But 

KR-67183 displayed twenty-fold higher inhibitory activity compared to KR-67105, 

which could be explained by the additional binding with residues Val 227 and 

Leu230.  

Although tremendous efforts have been devoted to developing 11β-HSD1 

inhibitors from basic researches to clinical translation, but the outcomes were not 

satisfying. More than 25 11β-HSD1 inhibitors have progressed to clinical trials by the 

end of 2018, but none of them was approved for marketing. Several explanations were 

responsible for their failures. Firstly, the inhibitory activity of some inhibitors 

displayed big difference on human and rodent 11β-HSD1, making it difficult to assess 

inhibitory effect in suitable animal models [52]. Then, the modest therapeutic efficacy 

caused by the insufficient potency or short duration on target tissues limited the 

development of some compounds like MK-0736, MK-0916. As well, the inevitable 

side effects on human body still resist the druggability of 11β-HSD1 inhibitors. 

11β-HSD1 inhibition will inevitably reduce the level of GC by effecting the HPA axis, 

increasing the level of ACTH and other adrenal androgens to elevate the level of GC, 

which cause adrenal hypertrophy, depression and other HPA axis activation problems 

[7]. In addition, liver and adipose were thought as the target tissues for 11β-HSD1 

inhibition, but recently it was reported liver-specific GCs active inhibited mice were 
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not resistant to metabolic disease, fat-specific inhibiting GC activity could slightly 

preventing metabolic syndromes, indicating the role of 11β-HSD1 in contributing to 

obesity could be in a tissue-specific manner, but maybe not indispensably dependent 

on liver and fat [8,85,86]. Therefore, the unsuitable target tissues could also be 

responsible for the failure of 11β-HSD1 inhibitors. Therefore, more efforts should be 

devoted to reveal the relationship between the 11β-HSD1 tissues and metabolic 

syndromes, and discover novel 11β-HSD1 inhibitors with good target tissues 

selectivity, inhibitory potency and low toxicity. 
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Table 1 Inhibitory potency of 11β-HSD1 inhibitors 

 

Chemical Name 11β-HSD1 IC50 Therapeutic area 
Development 

status 
Reference 

11β-HSD1 inhibitors derived from natural products 

GA  
Glucocorticoid-induced 

osteoporosis 
 [25] 

18β-GA 779 nM for human 11β-HSD1  Preclinical [24] 

18α-GA 2214 nM for human 11β-HSD1  Preclinical [24] 

CBX 
330 nM for human 11β-HSD1;  

281 nM for 11β-HSD1 in C2C12 
Obesity Preclinical [30] 

Curcumin 
5785 nM for rat 11β-HSD1;  

2295 nM for human 11β-HSD1 
Obesity Preclinical [87] 

LG13 100 nM for rat 11β-HSD1 Type 2 diabetes mellitus Preclinical [33] 

EGCG 57.99 μM for human 11β-HSD1   [35] 
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Resveratrol 35.2 μM for rat 11β-HSD1  Preclinical [37] 

Citrinal B 9.07 μM for human 11β-HSD1  Preclinical [40] 

11β-HSD1 inhibitors from artificial synthetic 

MK-0736 
7 nM for human 11β-HSD1;  

9.7 nM for mouse 11β-HSD1 
Type 2 diabetes and hypertension Phase II [41] 

MK-0916 
16 nM for human 11β-HSD1;  

5 nM for mouse 11β-HSD1 

Type 2 diabetes and metabolic 

syndrome 
Phase IIa [45] 

BMS-823778 2.3 nM for human 11β-HSD1 
Type 2 diabetes and metabolic 

syndrome 
Phase II [46] 

AZD-4017 
7 nM for human 11β-HSD1; 

 750 nM for murine 11β-HSD1 

Obesity and Type 2 diabetes 

mellitus 
Phase II [52] 

AZD-8329 
9 nM for human 11β-HSD1;  

6100 nM for murine 11β-HSD1 

Obesity and Type 2 diabetes 

mellitus 
Phase I [53] 

BI-135585 4.3 nM for human 11β-HSD1 Type 2 diabetes mellitus Phase I [59] 

HSD-016 
10 nM for human 11β-HSD1; 

1 nM for mouse 11β-HSD1; 
Type 2 diabetes mellitus  Phase I [60] 



4 

8 nM for rats11β-HSD1 

HSD-621 10 nM for human 11β-HSD1 
Type 2 diabetes mellitus and 

obesity 
Preclinical [61] 

BVT-528 63 nM for human 11β-HSD1 
Type 2 diabetes mellitus and 

obesity 
Preclinical [62]  

BVT-1358 335 nM for human 11β-HSD1 
Type 2 diabetes mellitus and 

obesity 
Preclinical [62] 

BVT-2733 
96 nM for mouse 11β-HSD1; 

3341 nM for human 11β-HSD1 
Obesity, and osteoarthritis Preclinical [62,65] 

BVT-1440 55 nM for human 11β-HSD1 
Type 2 diabetes mellitus and 

obesity 
Preclinical [62] 

BVT-14225 52 nM for human 11β-HSD1 
Type 2 diabetes mellitus and 

obesity 
Preclinical  [63] 

KR-66344 
31 nM for human 11β-HSD1;  

210 nM for mouse 11β-HSD1 

Type 2 diabetes mellitus and 

Inflammation disorders 
Preclinical [68,72] 

KR-67183 1 nM for human 11β-HSD1;  Obesity Preclinical [71] 
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0.4 nM for mouse 11β-HSD1 

KR-67105 
3 nM for human 11β-HSD1;  

5.2 nM for mouse 11β-HSD1 
Obesity Preclinical [70] 

UI-1499 

0.02 nM for human 11β-HSD1; 

 2.80 nM for mouse 11β-HSD1;  

2.43 nM for monkey 11β-HSD1 

Obesity and Type 2 diabetes 

mellitus 
Preclinical [74] 

PF-877423 4.2 nM for human 11β-HSD1  Obesity Preclinical [75] 

SAR-184841 

4 nM for human 11β-HSD1; 

 6 nM for mouse 11β-HSD1; 

 7 nM for mouse 11β-HSD1  

Obesity and Type 2 diabetes 

mellitus 
Preclinical [77] 

SKI-2852 
2.9 nM for human 11β-HSD1;  

1.6 nM for mouse 11β-HSD1 
Type 2 diabetes mellitus Preclinical [81] 
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