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Abstract
Testosterone and ten of its metabolites were examined as inhibitors of butyrylcholinesterase. A significant enzyme inhibition
activity (IC50 ¼ 1.55mM) was observed for androst-4-en-3,7-dione. The kinetic parameters of butyrylcholinesterase
inhibition were determined and molecular docking was carried out in order to develop a better understanding of the inhibitor-
enzyme interactions. The results showed that the inhibition was non-competitive, stabilized mainly by hydrogen bonds and
hydrophobic interactions between the inhibitor and butyrylcholinesterase.
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Introduction

Testosterone (1), the main male hormone, is known to

be responsible for both anabolic and androgenic

activities. Recent investigations have proven that

testosterone plays an important role in the functions

of the central nervous system. Many studies were

carried out concerning the effect of endogenous

androgen levels and cognition, spatial, verbal, and

working memory [1–5]. Morley et al. reported a

significant correlation of testosterone levels with visual

and verbal memory [4], whereas Barrett-Connor et al.

found that a higher bio-testosterone is associated

with better long-term verbal memory and cognition

screening test [5]. Moreover, it has been reported

recently that lower testosterone levels are associated

with poor performance of memory and increased

risk for developing Alzheimer’s disease [6,7].

A number of other studies have shown that

testosterone provides clinical benefit in Alzheimer’s

disease patients [8–12].

According to the cholinergic hypothesis, memory

impairments in patients and senile dementia are due

to a selective and irreversible deficiency in the

cholinergic functions in the brain [13]. In order to

protect acetylcholine levels, potent acetylcholines-

terase (AChE) inhibitors are employed to alleviate the

symptoms. Like acetylcholinesterase, butyrylcholines-

terase (BChE) inactivates the neurotransmitter acetyl-

choline (ACh). Greig et al. showed that selective

butyrylcholinesterase inhibition elevates brain acetyl-

choline, and lowers Alzheimer beta-amyloid peptide

[14]. In addition, it was mentioned that BChE activity

progressively increases in patients with Alzheimer’s

disease (AD), while AChE activity remains unchanged

or declines [15]. This suggests that development of

specific BChE inhibitors will improve understanding
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Table I. Summary of the in vitro BChE inhibitory activities of compounds (1–11).

Compound IC50 (mM)

(mean þ SEM)
Compound IC50 (mM)

(mean þ SEM)

Name Structure Name Structure

Testosterone (1) 53.50 þ 0.35 Androst-1,4-dien-3,17-dione (7) 102.66 þ 0.32

Androst-4-en-3,17-dione (2) 1.55 þ 0.04 1-Dehydrotestosterone (8) 20.87 þ 0.54

Testolactone (3) 142.45 þ 1.41 11a-Hydroxyandrost-1,4-dien-3,17-dione (9) 164.67 þ 2.33

17b-Hydroxy-5a-androstan-3,6-dione (4) 95.85 þ 3.08 11a-Hydroxytestosterone (10) 89.03 þ 1.83
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11a-Hydroxyandrost-4-en-3,17-dione (5) 141.28 þ 1.14 11a-17b-Dihydroxyandrost-1,4-dien-3-one (11) 61.50 þ 0.55

11a-Hydroxytestolactone (6) 283.95 þ 0.99 Galanthamine (12) 8.5 þ 0.01
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of AD and may lead to a wider variety of potent

treatment options.

Here, we have investigated the in vitro inhibitory

effect of testosterone (1) and some of its derivatives

against AChE and BChE by using Ellman’s assay [16].

This was followed by investigating the inhibition

kinetics and prediction of the molecular recognition

pattern of testosterone-butyrylcholinesterase complex

through molecular docking.

Methods and materials

Testosterone (1) was obtained from Fluka, while its

derivatives were prepared by microbial transformation

of testosterone (1) using the fungi Rhizopus stolonifer

and Fusarium lini [17]. The structures of these

compounds are given in Table I.

Cholinesterase inhibition assay

AChE and BChE inhibiting activities were measured

in vitro by a modified spectrophotometric method

previously developed by Ellman et al. [16]. Electric-eel

AChE (Torpedo californica type VI-S, Sigma, EC

3.1.1.7), horse-serum BChE (E.C 3.1.1.8), acetyl-

thiocholine iodide (ATCh), butyrylthiocholine chlor-

ide (BTCh), 5, 50-dithiobis [2-nitrobenzoic acid]

(DTNB) and galanthamine were purchased from

Sigma (St. Louis, MO, USA). Buffers and other

chemicals were of analytical grade. Acetylthiocholine

iodide and butyrylthiocholine chloride were used

as substrates to assay AChE and BChE, respectively.

All the inhibition studies were performed in 96-well

microtiter-plates by using SpectraMax 340 (Molecular

Devices, USA). The rate of the reaction was

calculated from the following Ellman’s equation [16]:

Rate ðmol=L=minÞ ¼
change in absorbance=min

13; 600
:

ð1Þ

Determination of kinetic parameters

The concentrations of test compounds that inhibited

the hydrolysis of substrates (acetylthiocholine iodide

and butyrylthiocholine chloride) by 50% (IC50) were

determined by monitoring the effect of various con-

centrations of these compounds on the inhibition

values. The IC50 values were then calculated using the

EZ-Fit Enzyme Kinetics program (Perrella Scientific

Inc., Amherst, USA). The Michaelis-Menten con-

stant (Km) and the equilibrium constant of enzyme-

inhibitor complex dissociation (Ki) were determined

by the interpretation of Lineweaver-Burk plots

(LWB) by measuring the initial velocities obtained

over a substrate concentration range between 0.05–

0.40 mM for AChE and 0.05–0.20 mM for BChE.

IC50 values of compounds 1–11 against BChE are

summarized in Table I.

Results and discussion

Many testosterone derivatives were prepared by whole

cell fungi transformation (Table I) [17]. This method

is known to produce metabolites similar to those

obtained from mammalian cells [18]. The preliminary

screening of these compounds against AChE and

BChE showed that none exhibited a significant

inhibition of AChE (IC50 values .300mM), while

some exhibited a moderate inhibition of BChE (IC50

values are summarized in Table I). This selectivity for

BChE can be explained partly by the relatively large

size of these compounds, which can diffuse easily

inside the larger catalytic gorge (,200 Å3) of BChE.

It has been reported that six out of the fourteen

aromatic amino acid residues, lining the active site

gorge of AChE are replaced by smaller aliphatic amino

acid residues in BChE. This replacement may cause

selective sensitivity of different inhibitors against the

two enzymes [19]. Hydrophobic interactions, which

are more prominent in BChE, might also play an

important role in the selectivity of the tested

compounds toward BChE.

The results in Table I illustrate that androst-4-en-

3,17-dione (AD) (2) exhibits the highest activity

(IC50 ¼ 1.55mM), while 11a-hydroxytestolactone (6)

shows the lowest inhibitory activity against BChE

(IC50 ¼ 283.95mM). Several structural features

Figure 1. Steady state inhibition of BChE by androst-4-en-3,17-

dione (2), the Lineweaver– Burk plot of reciprocal of initial

velocities versus reciprocal of four fixed BChE concentrations in

absence (B) and presence of 5.0mM (D), 10.0mM (X), and

20.0mM (O) androst-4-en-3,17-dione (2).
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of testosterone derivatives were found to play an

important role in BChE inhibition. With the exception

of compound 2, oxidation of 17-OH to the corre-

sponding keto-group decreased the activity, introduc-

tion of a hydroxy group at C-11 also decreased

activity. While dehydrogenation at C-1/C-2 did not

show a consistent effect, since the activities of testos-

terone (1) (IC50 ¼ 53.50mM) and 11a-hydroxytes-

tosterone (10) (IC50 ¼ 89.03mM) were less than the

corresponding dehydrogenated compounds with

IC50 ¼ 20.87 (compound 8) and 61.50mM (com-

pound 11), respectively. Androst-4-en-3,17-dione (2)

and 11a-hydroxyandrost-4-en-3,17-dione (5) were

more active than the corresponding dehydrogenated

derivatives; 7 and 9, respectively. Lactonization of ring

D appeared to decrease the activity as in compounds

3 and 6.

Observing that androst-4-en-3,17-dione (2) is a

more potent BChE inhibitor than galanthamine (12),

a known inhibitor of cholinesterase, more studies were

carried out to investigate the type and the kinetics of

the inhibition of BChE by androst-4-en-3,7-dione (2).

Such studies can give a better understanding of the

mechanism of inhibition and the site of interaction

between the inhibitor and the enzyme. Information

about the type of inhibition was predicted graphically

by measuring the rate of hydrolysis of certain

concentrations of the substrate butyrylthiocholine

chloride at various inhibitor concentrations, then

plotting the Lineweaver- Burk plot (Figure 1).

The maximum rates (Vmax), the Michaelis-Menten

constant (Km) and the equilibrium constant of

enzyme-inhibitor complex dissociation (Ki) were

calculated from the intercepts and slopes of the lines

obtained in Figure 1. Lineweaver- Burk plot shows

a typical non-competitive inhibition [20]. Km value

was found to be 0.26mM while Ki was 13.5mM.

The maximum velocity continually decreases as the

concentration of the inhibitor increases.

These findings suggest that compound 2 has no

effect on the substrate binding sites of the enzyme and

vice versa, but it binds after or before binding of the

substrate, resulting in the formation of a catalytically

inactive enzyme-substrate-inhibitor complex.

In addition, compound 2, as a non-competitive

inhibitor, may interact with the enzyme at positions

other than the catalytic active site.

Molecular docking provided further evidence to

support the non-competitive type inhibition. Using

Auto Dock 3.0, the docking protocol was repeated

several times and the best docking solution (the one

with the lowest energy) was considered. The results,

summarized in Figures 2–3, indicated that BChE can

accommodate compound 2 at the peripheral anionic

site (PAS), located at the mouth of the catalytic site

gorge (Figure 2), allowing the interaction of com-

pound 2 with Asp70, and Tyr332. Such orientation

permits the formation of two hydrogen bonds between

the carbonyl groups at C-3 and C-17 of compound 2

and Thr120 and Trp430 of BChE which seems to play

an important role in the inhibitory effect of compound

2. In addition, hydrophobic-hydrophobic interactions

may form between compound 2 and Ser79, Trp430,

Ala328, Met437, Tyr440, and with the amino acid

Trp82 which is located at the cationic p site of the

enzyme. A week hydrophobic-hydrophobic inter-

action may also form between compound 2 and

His438 at the catalytic triad (Figure 3). No interaction

was observed with the amino acid residues of the

Figure 2. Androst-4-en-3,17-dione (2) is shown at the opening of

the gorge of BChE. Amino acids residues not belonging to the gorge

of BChE were removed for clarity.

Figure 3. Androst-4-en-3,17-dione (2) interactions inside the

gorge of BChE. Hydrogen bonds are shown as green dashed lines.
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oxyanion hole; Gly116, and Gly117, or with Ser198,

and Glu325 at the catalytic triad of esteratic site.

These results indicate that, beside the above men-

tioned hydrogen bonds, the interactions between the

amino acids of the enzyme and the inhibitor are of a

hydrophobic type. This is consistent with the decrease

in the activity of the compounds as their polarity

increases, as indicated by the IC50 results in Table I.

Conclusion

Testosterone (1) and some of its metabolites can

inhibit BChE selectively. The most potent metabolite

is adrost-4-en-3,17-dione (2) which shows a lower

IC50 (1.55mM)than galanthamine (8.5mM). Kinetic

studies revealed that compound 2 inhibits BChE in a

non-competitive manner. Molecular modeling dock-

ing results were in good agreement with the inhibition

kinetics results, and gave more structural insight to the

experimental findings.
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