
Il Farmaco 57 (2002) 601–607

Investigation of structure–activity relationship on 17-spirolactone
derivatives: the electronic-topological approach
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Abstract

Sixty steroid homologues belonging to a series of 17-spirolactone derivatives such as aldosterone antagonists were investigated
by electronic-topological method (ETM). Activity features Ph1–Ph3 that also are called pharmacophores were revealed. The
pharmacophore Ph1 consists of two oxygen atoms and four carbon atoms. The mineralocorticoid activity appeared to be affected
by the distance between the two oxygen atoms. Features AP1–AP3 that are characteristic of inactive compounds (or
anti-pharmacophores) were also revealed. Comparative analysis of molecules that include either pharmacophores or anti-pharma-
cophores was carried out. © 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

The adrenal cortex is made up of glandular tissue
and surrounds the adrenal medulla. It is the part of the
adrenal gland that is a typical endocrine gland. Under
certain conditions, neurons in the region of the hypo-
thalamus called the median eminence release corti-
cotrophin-releasing factor into the portal circulation. It
is carried out by this local blood supply directly to the
anterior pituitary gland, where it causes the release of
adrenocorticotrophin hormone (ACTH). ACTH is re-
leased into the general circulation. When it reaches the
adrenal cortex, it causes endocrine gland cells there to
release cortisol, a stress hormone, and a small amount
of aldosterone (ACTH does not stimulate the release of
androgen, the third type of hormone of the adrenal
cortex) [1].

Aldosterone is a very potent mineralocorticoid that
regulates the electrolyte balance of body fluids by pro-

moting excretion of potassium and retention of sodium
ions. Anti-mineralocorticoid therapy has been consi-
dered to be effective for treating edemataus diseases and
essential hypertension, as inappropriate overproduction
of this hormone is observed with these conditions.
Treatment of aldosterone excess has been attempted
with spironolactone (Sp) and potassium canreonate
(soldactone), well established aldosterone antagonists,
but their clinical usefulness is often limited by adverse
side effects attributed to their anti-androgenic and
progestational properties. Therefore, increasing interest
has being focused on the search for new aldosterone
antagonists that will not produce such side effects [2].

Gynaecomastia and impotence resulting from the
anti-androgenic activity of spironolactone are among
the most frequently observed disturbances in male pa-
tients. Spironolactone is also active as a weak progesta-
tional agent, and women undergoing therapy with this
drug exhibit menstrual cycle irregularities. For these
reasons, a great effort has been undertaken to develop
aldosterone antagonists that are devoid of these side
effects [3–7].

The intracellular activity of aldosterone and other
mineralocorticoids in the tubular cells is initiated by the
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binding of these steroids to specific cytoplasmic recep-
tor proteins. Previous studies have shown that the
anti-mineralocorticoid effect of spironolactone is based
on a competitive antagonism at the intracellular aldos-
terone binding receptors [8–10]. In vitro investigations
with renal cytoplasmic mineralocorticoid receptors can
thus be used to test how changes in the molecular
structure of spironolactone and other known anti-mine-
ralocorticoid steroids influence the affinity for the re-
ceptor proteins in the cytoplasm.

18-Deoxyaldosterone is an analogue of the natural
mineralocorticoid hormone aldosterone in which the
aldehyde hemiacetal structure is replaced by a stable
11�, 18-oxide ring. Removal of 18-oxo group from
aldosterone transforms it from an agonist into an an-
tagonist [11].

For the structure–activity relationships, statistical
methodologies commonly used are the following ones:
� Linear multivariate methods: multiple stepwise re-

gression, principal component analysis, stepwise dis-
criminant analysis.

� Non-linear methods: variable mapping and cluster
significance analysis.
To study mineralocorticoid activity, variable map-

ping coupled with the discriminant analysis was applied
[12]. The aim of the present article is to reveal struc-
ture–activity relationships in the series of aldosterone
antagonists by using the electronic-topological method
(ETM) [13].

2. Materials and methods

2.1. Data set and anti-aldosterone acti�ity

A set of compounds whose biological effects are
known has been selected from the literature [14–19] for
the pharmacophores determination. Four common
skeletons shown in Fig. 1 represent their structures. All
compounds contain the 17-spirolactone’s ring. When
varying double bonds (�i) and substituents (R1, R2) in
A–D rings, one can get compounds with quite diverse
structures that demonstrate different levels of bioacti-
vity (see Table 1). The atoms’ numeration in the
molecules follows the example of the molecular skele-
ton 1.

In order to study structure–activity relationships in a
series of 60 molecules whose activity data were mea-
sured for anti-aldosterone activity in rats (see Table 1),
we divided our series into three parts:
� Active compounds (A�100, 27 molecules).
� Low-active compounds (61�A�100, 9 molecules).
� Inactive compounds (A�61, 24 molecules).

It can be observed, that seemingly insignificant
changes in the structure of a compound (a double bond
or radical R appearance/disappearance) can change its

activity significantly because of electron density redistri-
bution in the system. It tells in favor of taking into
account electron density distribution in the 3D space
when forming descriptions of the compound structures
that are used to search for activity features, or pharma-
cophores (Ph).

2.2. Method description

The ETM is a structure-oriented method that shares
the most promising features of descriptive center
method [20,21] and topological approach [22]. How-
ever, in contrast to the approaches mentioned, it is
based mostly on quantum chemistry data rather than
on integral physical–chemical characteristics.

An ETMC is an n×n matrix where n is the number
of atoms in the corresponding molecule. Diagonal ele-
ments are values of an atomic property such as atomic
charge, for example. An off-diagonal element can be of
one of two kinds. It is bond property, if the bond exists,
and distance for the corresponding pair of atoms,
otherwise.

For the ETM application a representative series of
compounds is needed. Activities of the compounds can
be measured either qualitatively or quantitatively. Ide-
ally, half of the compounds should be active. The main
steps of the ETM procedure are as follows (see Fig. 2):
1. Spatial and electron parameters for atoms and

bonds are calculated for all compounds in the series.
2. ETMCs are formed for all molecular structures by

using data obtained from the quantum chemistry
calculations.

3. Initial settings are to be done. They are:
– Some desirable level for the activity prediction.
– The threshold of activity needed to divide the

series studied into classes of active and inactive
compounds.

– A template compound (the most active one) that
is to be compared with the rest of compounds in
the series.

– Some limiting values �1 and �2 that allow for
diagonal and off-diagonal values variations.

4. Structural fragments common to all active com-
pounds are searched for through the comparison of
all ETMCs with the template ETMC selected.

5. The fragments selected are estimated in accordance
with a probabilistic criterion (P). If either the esti-
mation does not correspond to the level of the
prediction set initially, or the fragments are not
informative enough, template compound and/or
other initial settings are changed, and steps 3–5 are
repeated.

Under appropriate template compound and other
pre-set values, the activity features (Phi) can be used to
predict the activity of interest for a new series of
compounds with the help of the criteria PA estimating
each such feature.
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A criterion that is commonly used in structural me-
thods for evaluating the probability of an activity frag-
ment Phi occurrence in a series under study is given by
the following formula:

PA(Phi)= (nA+1)/(nA+nI+2)

where nA, nI are numbers of active/inactive compounds,
respectively, which contain the fragment Phi.

3. Results and discussion

We used optimized geometry data and electronic
characteristics in the ETMCs formation in accordance
with the main steps of the ETM study for all com-
pounds in the series. Effective charges on atoms (Qi,
local atomic characteristics) were chosen as diagonal
elements; as off-diagonal elements, either bond charac-
teristics (Wiberg’s indices, Wij) or optimized distances
(Rij, in A� ) were used. They correspond to chemically
bonded and non-bonded pairs of atoms, respectively.

As a result of the ETM application, a system for the
activity prognostication was formed. It includes three
pharmacophores (Ph1, Ph2, Ph3) and three anti-phar-
macophores (AP1, AP2 and AP3). Anti-pharma-

cophores are those molecular fragments that have been
found in inactive compounds only.

3.1. The pharmacophores (Phi ) discussion

The Ph1 pharmacophore found relative to the tem-
plate compound 40 includes four carbon atoms (C2, C6,
C12, C26) and two oxygen atoms (O1 and O3, see Fig.
3a). Charges on O1 and O3 atoms, which are situated at
a distance of 13.2 A� , are −0.32ē and −0.33ē, respec-
tively. Sixteen active compounds possess the Ph1.

Three of 27 inactive compounds also include the Ph1,
so the probability of the Ph1 in the class of active
compounds is 0.81. The pharmacophore Ph2 (see Fig.
3b) was calculated from template compound 1. The Ph2
includes O1 and O3 atoms as well. Besides, it includes
C11 and C29 atoms. The Ph2 is found in 15 active and
2 inactive compounds. Thus, the probability of its
realization is 0.84.

The pharmacophore Ph3 (see Fig. 3c) is found rela-
tive to the template compound 10, and submatrix that
represents the molecular fragment (it is called elec-
tronic-topological submatrix of contiguity, or ETSC) is
of the order eight. Atoms O1 and O3 enter the fragment
again. The Ph3 is found in 15 active and only one

Fig. 1. Common molecular skeletons.
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Table 1
A list of compounds studied

Skeleton I

�CH2� bridge; �iNo. Activity *R1

1 �SCOCH3 �-15,16; �1 333
2 �SCOCH3 �-15,16 282

�-1,2; �-15,16�SCOCH3 2813
�SCOCH34 �-1,2; �-15,16 228
�COOCH35 �-15,16 217

�-1,2; �-15,16�COOC2H5 1876
7 �SCOCH3 �-15,16 186

�-1,2; �-15,16�COOCH3 1408
�COOCH(CH3)29 �-1,2; �-15,16 140
�COOCH310 �-1,2; �-15,16 140

�-15,16; �1�SCOCH3 11511
12 104�COOCH3

�SCOCH3 10013
�H14 �-15,16; 6,6-Et a �100
�H15 �-15,16; 6,6-Et a; �1 �100

�-15,16; 6,6-Et a; �1�H �10016
�H17 �-15,16; 6,6-Et a �100

�-15,16; 6,6-Et a�H �10018 b

�H19 �1, �3, �4 93
�SCOCH320 �1, �3 77

�-15,16�COOCH3 �5021
�-15,16; �122 c �50�COOCH3

�-15,16; �1�COOC2H5 �5023
�COOCH (CH3)224 �-15,16; �1 �50
�COOCH (CH3)225 �-15,16 �50

�-15,16�COOC2H5 �5026
�-15 (CH3) 4727 �SCOCH3

�2�(CH2)3�OCH3 4628
�COOC3H729 �-1,2; �-15,16 39

�4, �530 34�H
�-16 (CH3)�SCOCH3 031

Skeleton II

R2; �iR1 or �CH2� ActivityNo.
bridge

32 �SCOCH3 �(CH2)3�OH 84
33 �SCOCH3 �CH2�C(CH3)2OH 0

�(CH2)4�OH�SCOCH3 034
35 �(CH2)3�OH; �4H 39

�(CH2)3�OH; �1�-6,7 3436
�-6,737 �(CH2)3�OH 71

38 �-6,7 �(CH2)�COOH 114

Skeleton III

�CH2� bridge�1; relevant ActivityNo.
modification

39 �-15,16�1 745
�-15,16 68540

41 6,6 Et a �-15,16 507
�-15,16, �-1,2 50042
�-15,1643 240�1-SCH3

14144
�1-SH45 �-15,16 �100

�-15,16�1-SCOCH3 �10046
�1-CH347 �-15,16 �100

�-15,1648 �100�2-CH3

Table 1 (Continued)

Skeleton III

�CH2� bridge ActivityNo. �1; relevant
modification

�10049 �2-CH3 �-15,16
4550 �1-OH �-15,16

4-Cl �-15,16 051
�11-OH 0�-15,1652
�12-OH53 �-15,16 0

054 �-15,162-CH2

�1; 2-CH3 �-15,1655 0
�1; 2-Cl �-15,16 056

057 �1-CN �-15,16

Skeleton IV

ActivityNo. R1 �i ; relevant
modification

61�7-OH�-OH58
�1�O 5659

60 �4 20�O

* The anti-aldosterone activity was assessed by the ability of the
compounds to reverse the aldosterone effect on the urinary Na/K
ratio.

a Ethylene bridge.
b 19 nor, 18-C2H5.
c 19 nor.

inactive compound. Thus, the probability of Ph3 occur-
rence in active compounds is 0.89. Optimal values of �1

and �2 were found for all pharmacophores as 0.04 and
0.10, correspondingly.

3.2. The anti-pharmacophores (APi ) discussion

To determine anti-pharmacophores AP1–AP3,
ETMCs of inactive compounds 34, 29 and 54 were
taken as templates. ETSCs that correspond to AP1-3
are given in Fig. 4 along with structures of the corre-
sponding templates after which the anti-pharma-
cophores are found.

As seen from Fig. 4a, AP1 consists of atoms C8–C10

belonging to B, D rings and atoms of methyl (C19) and
methylene (C23) groups. AP1 is found in 10 inactive
molecules, and probability of its realization is 0.81. In
the same way, AP2 includes atoms of B, D rings and
two methyl groups, and also atom C33 (see Fig. 4b).

The characteristic of AP3 is the presence of a bridge
with the atom C27 along with atoms C16, C21 attached
to this methylene carbon (see Fig. 4c).

The pharmacophores Ph1–Ph3 found as the result of
the ETM application, were used as a basis for a system
formation that is capable of the anti-aldosterone acti-
vity prediction. Fig. 5 illustrates the dependence between
frequencies of the Ph1, Ph2 occurrences in the studied



F. Kandemirli et al. / Il Farmaco 57 (2002) 601–607 605

Fig. 2. Common scheme of the ETM.

compounds and numerical estimates of activity of the
compounds.

As seen from Fig. 5, both pharmacophores appear
with high values of frequencies in the class of active
compounds. They are practically absent in the class of
inactive compounds. In a similar way, maximal values
are observed for the frequencies of the AP1 and AP2
appearance in the class of inactive compounds while for
the Ph1 and Ph2 the frequencies are close to zero.

4. Conclusion

A series of steroid compounds demonstrating aldos-
terone activity binding affinity is studied by means of
the ETM, which takes into account both structural and
electronic characteristics of molecules. Based on phar-
macophores and anti-pharmacophores calculated
by the ETM-software as sub-matrices containing

Fig. 3. ETSC and corresponding structure of the pharmacophore: (a) Ph1; (b) Ph2; and (c) Ph3 found relative to active molecule 40, 1 and 10.
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Fig. 4. ETSC and corresponding structure of the pharmacophore: (a) AP1; (b) AP2; and (c) AP3 found relative to inactive molecule 34, 29, and
54.

Fig. 5. Frequency of the fragments’ occurrencies in the compounds studied: (a) for pharmacophores Ph1, Ph2 and Ph3; (b) for anti-pharma-
cophores AP1, AP2 and AP3.

important spatial and quantum chemistry characteris-
tics, a system for the activity prognostication is deve-
loped. The calculated probability of the activity
prediction is equal to 94%.

The initial data analysis witnesses the intimate
relation of the activity exhibition by compounds to

their spatial and electronic states. Any changes in
the values of the matrices that excel the limits al-
lowed cause diminishing or complete loss of the acti-
vity.

The system for the anti-aldosterone activity predic-
tion is supposed to be used for new potent drugs
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synthesis. It makes screening and new potential drugs
design easy and effective.
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