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Graphical Abstract

Abstract

Background and Objective: Major circulating hormone dihydrotestosterone (DHT) is responsible for the development and progres-
sion of benign prostate hyperplasia (BPH). The enzyme 5a-reductase (5alpha R) catalyses the reduction of testosterone (T) into the

more potent androgen dihydrotestosterone (DHT). Inhibition of 5a-Reductase enzyme is the novel approach for treatment of BPH.

Method: Present work describes synthesis of 17-Oxo-17a-aza-D-homo-5-androsten-3-yl 4-nitrobenzoate (7), 17-oxo-17a-aza-d-
homo-5-androsten-33-yl 4-aminobenzoate (8) as 5a-reductase inhibitors and their structural characterization using spectral, DSC
and PXRD techniques. Preliminary physicochemical properties solubility, dissolution rates, pKa and permeability (log P) has also

been determined.

Conclusion: The statistically validated two-dimensional quantitative structure activity relationship (2D QSAR) model was obtained
using structurally related 3B-substituted esters of 17a-Aza, 17-oximino, 17-oxo androstane derivatives, through partial least squares
(PLS) analysis method of stepwise forward-backward approach. Statistical data of Model 1 (r? = 0.833,q?=0.671; F = 37.498, pred r?
= 0.736) correlated with human 5a-reductase inhibitory activity. Validation was done with LOO method. Four descriptors showing
positive and negative correlation with the 5a-Reductase inhibitory activity have been included in the model. Physicochemical charac-
terization and statistically correlated model with 5a-reductase activity has not only added to the bank information of the synthesized
highly significant molecules, but has also provided a overview of their bioperformance, and facilitated decision making during lead
optimization.
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Abbreviations

BPH: Benign Prostate Hyperplasia; DHT: Dihydrotestosterone;
GA: Genetic Algorithmic; MDS: Molecular Design Suits; MLR: Mul-
tiple Linear Regressions; PCR: Principal Component Regression;
PLS: Partial Least Squares; SA: Simulated Annealing; SE: Sphere
Exclusion; SW-F: Stepwise Forward; SW-FB: Stepwise Forward-
Backward; T: Testosterone; QSAR: Quantitative Structure Activity
Relationship

Introduction

Benign prostatic hyperplasia (BPH) is a general term for the
non-cancerous growth of prostate gland with the increase in num-
ber of epithelial and stromal cells. The of BPH increases with in-
creasing age and approximately 40 and 80% of men have been
found to be affected with moderate to severe symptoms at the age
of 60 and 80 years, respectively. Nearly all men develop micro-
scopic BPH by the age of 90 years [1].
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Clinically it is manifested as lower urinary tract symptoms
(LUTS) consisting of irritative (urgency, nocturia, frequency,) and
obstructive symptoms (hesitancy, a sensation of incomplete blad-
der emptying, a weak and interrupted urinary stream, straining to
initiate urination,) [2,3]. Androgen signalling cascade involves the
synthesis and release of testosterone (T) (1) in testes and adrenal
glands, which gets peripherally converted to dihydrotestosterone
(DHT) (2) under the effect of membrane bound NADPH dependent
Sa-reductase enzyme and is shown in figure 1 [4, 5]. Two differ-
ent isoforms of Sa-reductase enzyme type 1 and type II have been
isolated and characterized and they differ in term of their location,
sequence of amino acids, molecular weight range of pH for their
optimal activity and biological effects [6-9]. DHT once formed, get
circulated to the target tissues where it binds with target androgen
receptors (AR). Both T and DHT bind to and activate the AR, but
DHT has been found to bound with a greater affinity thus leading
to different kinetic processes [10-13]. Thus 5a-reductase dictates
the cellular availability of DHT to prostatic epithelial cells and con-
sequently modulates its growth [14-16]. The raised levels of DHT
cause pathological conditions like acne [16] hirsutism [17-19] an-
drogenic alopecia [20,21] and BPH [22-24]. Inhibitors of androgen
action by 5a-reductase, founds to be a logical treatment for the
benign prostate hyperplasia. These agents by blocking the enzyme
suppress the DHT concentration, helps in shrinking the size of pros-
tate and ultimately provide relief from the symptoms related to the

static and mechanical obstruction caused by BPH.

Figure 1: Conversion of testosterone into Dihydrotestosterone.

During past two decades several steroidal and non-steroidal
compounds have been synthesized and reported from competi-
tive to non-competitive or reversible to irreversible 5a-reductase
inhibitors [25-28], Steroidal compounds represented the major at-
tention due to their lipophilic character and remarkable progress
has been made in the designing and synthesis of these inhibitors
by modifying the different positions of basic steroidal nucleus with
various substitutions. Diversified chemical classes like carboxyster-
oids [29], 6-azasteroids [30], 11-azasteroids [31], 19-Nor-10-aza-
steroids [32], 15- and 16-Azasteroids [33] and 4-azasreroids [34]
have been reported to possess in vitro and in vivo 5a-reductase
inhibitory potency. Of these, 4-aza steroids were found to possess

comparatively high inhibitory activity as exemplified by Finasteride

03
[35] (MK-906), the first clinically approved 5K-reductase inhibi-
tor for the treatment of BPH in 1992 (Figure 2a). MK-906 demon-
strated its biochemical efficacy with an 80% reduction of intra-
prostatic DHT and 28% reduction in prostate size in patients with
BPH [36]. Arange of other 17-substituted 4-azasteroids were also
studied for 5X-reductase inhibitory activity, led to the develop-
ment of a new dual inhibitor Dutasteride in 2002 [29,37-39] (Fig-
ure 2a), by Glaxo Smith Kline, with the capability to reduce the
dihydrotestosterone level by 85% [40-45]. The inhibitory activity
of these azasteroids has been considered and attributed to the lac-
tam in ring A of the steroidal nucleus that mimics intermediate
transition state [46]. Various progesterone esters (Figure2b), have
also shown high antiandrogenic activity [47] because they inhibit
the enzymatic activity irreversibly, by forming a covalent linkage
with the enzyme using their ester moiety. These observations led
us to synthesize steroidal 5a-reductase inhibitors with lactam in
ring D instead of ring A and ester moiety at position 3 of steroidal
nucleus to have synergistic effect. Our previous published reports
has indicated the synthesis of the compound 7 and 8 [48] along
with % growth inhibition of the prostate cancer cell lines DU-145
88.89 + 1.51 and 82.41 + 2.69 respectively for during in vitro anti-
proliferative activity [48].
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Figure 2a: Finasteride and Dutasteride.
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Figure 2b: Progesterone Esters.

One of the key challenges for Pharmaceutical Industry is to de-
velop a pharmaceutical active ingredient with biological activity
and appropriate physiochemical profile [49]. The properties that
deals with physical and chemical characteristics of substance or
drug molecule and helps in knowing about its transportation in
body, distribution through different compartments, metabolism

in the liver and other organs [50,51] are called physicochemical
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properties. Drug molecules on interaction with biological receptor
produces drug effect, and is preceded by drug transport from site of
application to site of action, which purely depends on these prop-
erties ranging from molecular formula, molecular weight, melting
or boiling point, particle size, stability studies, partition coefficient,
solubility, dissolution, ionization constant or pka, enthalpy of solu-
tion, intermolecular forces, stereochemistry affecting pharmacoki-
netics [30,43]. Understanding of these physicochemical properties
and integration of this knowledge with the absorption, intestinal
permeability and metabolism (ADME biopharmaceutical) proper-
ties makes the formulation a rational and streamlined process and
helps in choosing the optimal compounds from the task [44,52].
Further by alteration and optimization of these, not only we can
improve the ADME of a chemical series in a chemotype-dependent

manner, but it would save cost and time also [39,53].

Further, from past few years computer aided drug designing tool
based on quantitative structure activity relationship (QSAR) has
been used to increase the efficiency of the drug discovery process
[54]. QSAR is a mathematical equation that integrate the relation-
ship between biological activity of a molecular system and its geo-
metric and chemical characteristics and these “rules” could be used
to evaluate the activity of new compounds. In case of 5a-reductase
enzyme, there is an immense interest in ligand based QSAR studies
due to the lack of X-ray crystallography structure of target human
enzyme. To further optimize the molecular architecture, we applied
the linear free energy related (LFER) approach of Hansch [55] on a
series of ester derivatives of 17a-azasteroidal, 17-0xo, 17-oximino
androstane derivatives [48,56]. It will further help in rationalizing
the physicochemical properties required in a molecule to develop

new and effective inhibitors.

Material and Method

Experimental

The melting points were determined on Veego point melt-
ing apparatus and are uncorrected. Proton (1H-NMR) spectra
were obtained using Brucker AC-300F, 300 MHz and Brucker AC
400FE400MHz spectrometer for solutions in deuteriochloroform,
deuterated dimethyl sulfoxide and are reported in parts per mil-
lion (ppm), downfield from tetramethylsilane (TMS) as internal
standard. The spin multiplicities are indicated by the symbols, s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br
(broad). Infrared (IR) spectra were obtained with Perkin Elmer 882
Spectrum and RXI, FT-IR model using a potassium bromide pellets
(in cm™). The ultraviolet spectra were recorded on Perkin-Elmer,
Lambda 35 spectrophotometer. Reactions were monitored and the
homogeneity of the products was checked by TLC. Plates for thin
layer chromatography (TLC) were prepared with silica gel G and
activated at 1102 for 30 minutes. Silica gel G60 F aluminum sheets
plates were used for final monitoring. The plates were developed by
exposure to iodine vapour. Anhydrous sodium sulphate was utilized
as drying agents. All the solvents were dried and freshly distilled

prior to use according to standard procedure.
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General procedure for synthesis of substituted esters (7, 8) of
17-ox0-17a-aza-d-homo-5-androsten-3p-yl

To a stirred solution of 3f -hydroxy-17a-aza-D-homo-5-andro-
sten-17-one (6) (0.5 g, 1.6 mmol) and dicyclohexylcarbodiimide
(DCC) (0.34 g, 1.6 mmol) in anhydrous dichloromethane (30.0
mL) was added acid (1.6 mmol) and the mixture was stirred for
48h at room temperature. Disappearance of the starting mate-
rial and completion of the reaction were confirmed by TLC. The
precipitated dicyclohexylurea (DCU) was filtered and solvent re-
moved under vacuum. The resulting residue was crystallized from

ethyl acetate: petroleum ether (60:80).

17-0x0-17a-aza-d-homo-5-androsten-3f-yl 4-nitrobenzoate

(7

17-0x0-17a-aza-D-homo-5-androsten-3f-yl
(7) (0.75 g, 75%), was prepared by method as described above
using 4-nitrobenzoic acid (0.27g, 1.6 mmol) [48]. M.p. 206.33 °C.
R;=0.57, (CHCl,: Methanol = 9.5: 0.5); IR (KBr): 3298, 2931, 1698,
1650, and 1236 cm™; '"H NMR (CDCL,): § 1.07 (s, 3H, 18-CH,), 1.82
(s, 3H, 19-CH,), 4.02 (m, 1H, 3a-H), 5.29 (br; s, 1H, 6-vinylic), 6.11
(1H, NH), 7.71 (d, 2H, 3-CH and 5-CH aromatic) and 8.28 ppm (d,
2H, 2-CH and 6-CH aromatic); Mass (ESI): 453.51 [M+1]*; UV
(Phosphate buffer 7.4): A =269.0 nm; =491.45.

4-nitrobenzoate

max

X

17-0x0-17a-aza-d-homo-5-androsten-33-yl 4-aminobenzoate

(8)

17-0x0-17a-aza-D-homo-5-androsten-3§-yl 4-aminobenzoate
(8) (0.50 g, 50%), was prepared by method as described above
using 4-aminobenzoic acid (0.22g, 1.6 mmol) [48]. m.p. 188.372C.
R;=0.61, (CHCL: Methanol = 9.6 : 0.4); IR (KBr): 3375, 3244, 2931,
1706,1611 and 1239 cm™; '"H NMR (CDCl,): 6 1.10 (s, 3H, 18-CH,),
1.49 (s, 3H, 19-CH3), 4.15 (m, 1H, 3a-H), 5.42 (br, s, 1H, 6-vinylic),
5.93 (1H, NH), 6.62 (d, 2H, 3-CH and 5-CH aromatic), 7.44 (d, 2H,
2-CH and 6-CH aromatic) and 3.96 (s, 2H, br, NH, peak); Mass
(ESD): 422.51 [M]*; UV__ (Phosphate buffer 7.4): A =276.0 nm;

=153.

Characterization

Differential Scanning Calorimetry (DSC)

DSC study of compound 7 and 8 were performed on DSC, Q20,
TA-Instruments Waters (LLC, USA), calibrated with Indium. The
samples were sealed in aluminum pan [57] and scanned with a
heating rate of 10°C/min in the temperature range 25 - 250°C, un-
der a dry nitrogen atmosphere (flow rate 50 cc/min). The results
were integrated by TA Q series Advantage software (Universal anal-
ysis 2000).

Powder X-ray diffraction (PXRD)

Powder diffraction patterns of compound 7 and 8 were record-
ed on an X-ray diffractometer (X’PERT-PRO, Netherlands, Holand)
with Cu as tube anode. The diffractograms were recorded under
following conditions: voltage 45 kV, 40 mA, angular range 5, fixed
divergence slit. The PXRD were analysed by X'PERT high Score
software.
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Crystal structure determination using material studio

The crystal structure of newly synthesized compounds were de-
termined on Reflex Plus module of Material Studio using powder
diffraction data. The overall prediction process was carried out in
four steps; indexing, pawley fitting, structure solution and Rietveld
refinement. In the indexing step, the crystal class and the approxi-
mate lattice parameters were derived from the peak positions in
the experimental powder diffraction pattern using X-cell. A table
was generated from the results of X-cell, that arrange the proposed
unit cells according to their Figure of merit. Further an empty unit
cell was generated based on the unit cell with the highest Figure of
merit. The accurate lattice constants and the cell parameters were
determined by Pawley fitting/refinement. The R, (weighted Riet-
veld parameter) value obtained after the refinement was used to
establish the agreement between the calculated and the experimen-
tal powder patterns and hence confirmed the accuracy of the crys-
tal class and the lattice parameters. The space group that showed
the highest Figure of merit was selected and the pawley refinement
was repeated with the selected space group to obtain another R,
The optimized structure of drug molecule was imported into the re-
fined unit cell and motion groups were defined. The structure was
obtained using the reflex powder solve that involved Monte Carlo/
simulated annealing procedure. 10 Cycles of simulated annealing
were selected with each cycle involving 2140100 number of steps.
The similarity between the experimental and calculated diffraction
patterns was confirmed by R, values. Further, Rietveld refinement
of the structure solution was performed to obtain a final structure

solution and a final pr value.

Physicochemical Properties

Solubility Studies

The solubility studies of synthesized compounds 7, 8 and stan-
dard drug Finasteride were performed by dissolving an excess
amount of drug (approximately 20 mg) in 10 ml phosphate buffers
pH (7.4, 6.8), 0.1N HCI (pH 1.6) and water, pre-equilibrated at 372C
contained in flask. The flask was shaken in horizontal water bath
shaker for 48 hours at 200 rpm. The resulting slurry was filtered
through 0.45um membrane filter and absorbance of compounds 7,
8 and Finasteride was determined at their respective wavelengths
(A) 269, 276 and 203 nm using Lambda 35 UV/VIS spectrometer.
The concentration of compounds was determined from previously

calculated in different media.

Absorbance
1%
lem

Concentration of drug = x Dilution factor

Enthalpy of Solution

Enthalpy of solution of compound 7, 8 and standard drug Finas-
teride were determined by Isoperibol solution calorimetry (ISC) in
phosphate buffer at pH (pH 7.4, 6.8), 0.1N HCI (pH 1.6) and water
at 37°C. Phosphate buffer was kept in reaction vessel i.e. silvered
Dewar flask of 25 ml capacity and drug was filled into batch adaptor
of volume 0.9 ml, sealed on both sides with ‘0’ rings and cover glass.

The batch adaptor holding the drug was inserted into the Dewar
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flask containing buffer. The combined unit was then lowered to
the calorimeter bath. The glass stirrer was rotated at 100 revolu-
tions/min. and was allowed to equilibrate for about 1.5 hr, after
which electrical calibration was performed which impart a known
heating signal to contents of Dewar flask [57]. The sample cover
glass were shattered automatically by means of plunger and heat
output was integrated to enthalpy of solution by using following

formula.

A H = Qcorrected/n
A H = enthalpy of solution (k]/mol)
n= number of moles

Q. recieq = D€t absorbed or released (kJ)

Powder Dissolution Studies

Powder dissolution studies of compound 7, 8 and standard
drug Finasteride were performed on dissolution test apparatus
(USP-1, basket method) in phosphate buffer (pH 7.4, 6.8), 0.1N
HCI (pH 1.6) and water at 37°C for 6 hours. For powder dissolu-
tion, 50 mg of sample was filled in gelatin capsule and placed in a
basket assembly and basket was rotated at 150 rpm, attached to
dissolution apparatus holder, immersed in 900 ml dissolution me-
dia. Sample solution 5 ml each of phosphate buffer (pH 7.4, 6.8),
0.1N HCI (pH 1.6) and water was withdrawn with replacement
at 5, 10, 15, 30, 45 (minutes), 1, 1.5, 2, 3, 5, 6 (hrs) minutes and
filtered through 0.45 pm membrane filter. The same procedure
was followed with empty capsule (blank). The concentration of
compound 7, 8 and standard drug Finasteride were determined
spectrophotometrically by measuring absorbance at their respec-
tive wavelength (1) 269, 276, 203 nm. Powder dissolution rate and
release profile were determined by plotting a graph between %

release vs. time and compared with that of pure drug [58].

Determination of pKa

pKa of synthesized compounds were determined by UV/VIS
spectrometry method. Different buffers of pH 1.6, 4.2, 5.8, 7, 8 and
9.2 were prepared. Stock solution of drug (0.01 mg/mL) was pre-
pared in each buffer. An UV scan of each stock solution was taken
and A __was noted down. Two different wavelengths at a variable
pH was selected and absorbance of each solution was determined
at selected wavelengths. The ratio of absorbance at selected wave-
lengths was plotted against the pH. As a result, a sigmoid curve
was obtained and the pKa was determined from the inflection

point as normal [59].

Octanol-Water Partition Coefficient (Log P)

Partition coefficient of synthesized compounds 7, 8 and stan-
dard drug Finasteride was determined by shake flask method. The
two phases (water and 1-octanol) were mutually saturated before
use by taking them together in 1:1 v/v ratio and shaking them on
a thermostatically regulated shaker bath for overnight. Then both
the phases were separated with the help of separating funnels. An
accurately weighed amount of drug (50 mg) was added to a mix-
ture of 5 mL of pre-saturated organic phase and 5 mL of pre-satu-

rated aqueous phase in 25 mL conical flasks. These conical flasks
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were shaken for 24h on a shaker bath at 37 + 12C. The mixture was
subsequently centrifuged to separate the aqueous and non-aque-
ous phases. The contents were filtered through 0.45um membrane
filter and concentration was determined spectrophotometrically by
taking absorbance of compounds 7, 8 and Finasteride at their re-
spective wavelengths 269, 276 and 203 nm. The two phases were
separately analyzed for the drug content [60]. The partition coef-
ficient of the drugs ‘P’ was calculated using the formula:

2D-QSAR

Computer aided drug designing based on quantitative structure
activity relationship (QSAR) is the study of the quantitative relation-
ship between the experimental activity of a set of compounds and
their physicochemical properties. Different statistical approaches
are used while building a QSAR model, where experimental infor-

mation associated with biological activity, is used as dependent
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variable. In the present study, all computational work (2D- QSAR)
was performed using Vlife MDS 4.3 QSAR plus software on a HP
Pentium IV 2.80 GHz Processor/Microsoft Win XP Home Edition

system.

Data set

Twenty six molecules belonging to steroidal lactams, 17-a-
Aza, 17-Oximino and 17-Oxo table 1 as 5a-reductase inhibitors,
were taken from literature and used for QSAR analysis [48,56].
The above reported series of steroidal 5a-reductase inhibitors
showed variance in their structure and potency. Two-dimensional
(2D) structures were constructed using Chemdraw Ultra 8.0, and
then converted to three-dimensional (3D) structures in same soft-
ware. All 3D molecules were subjected to energy minimization us-
ing molecular mechanics (MMFF) and conformational analysis us-
ing Montocarlo conformational search until the root mean square
(RMS) gradient value reaches a value smaller than 0.001 kcal/
molA. Molecules after energy minimization and its physicochemi-

cal descriptors were calculated table 2.

NOH
H o)
N__O
o) I i j
o) 1 o)
R
O)\R © O)\R
9) (10) (11)
R= R= R=
~
\CHz@ 10  CH:CI \©
9(a) 11(a)
o) m ot
9(b) \@\ 11(b) NO,
\©\ 10() NO2 \Q
9(¢)
NH
\Q 10(d) 2 \©\
Cl
o(d) 11(d)
T L,
OCH 10(e) \O\
9(e) 3 11(e) OCH,
i: ~ ~N
\©\ 10(f) OCHs CHZOQ
9(f) OH 11(f)
T (2,
10(g)
9(g) NH;
\Q 10(h)
o(h) NO,
“CH,0
\@ 10(i)
9(i)
- L
o)  CHLC 10()

Table 1: Series of 33-substituted esters of 17 Lactam, 17-Oximino, 17-Oxo androstane steroidal derivatives.
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Biological activity

Cytotoxicity-inducing activity data IC50 (uM) of the molecules
table 2 were taken from the published reports [48,56]. The ex-
perimental IC50 values were evaluated by Mosamann method in a
MTT assay [61,62], using prostate cancer cell lines (DU-145) and
represents 50% inhibition of this enzyme. Compounds having pIC,,
ranging from 3.8 to 5.2 has been considered as active. The negative
logarithm of the measured IC, | (uM) [pIC,, = -log (IC, )] was used as
dependent variable for 2D studies and it is listed in table 2.

Compound Actual/ Observed Predicted
No Activity Activity
9a 5.148 5.091
9b 4.645 4.638
9c 5.124 5.118
9d 5.08 3.626
9e 4821 4923
of 5.244 5.343
9g 5.148 4991
9h 5.283 5.023
9i 5.022 5.061
9j 448 4.697
10a 5.318 5.133
10b 5.42 5.557
10c 5.512 5.516
10d 5.431 5.497
10e 5.537 5.75
10f 5.267 5.175
10g 5.468 5.608
10h 5.187 5.245
10i 5.22 5.24
10j 5.638 5.638
11a 4.943 4.915
11b 4906 5.037
11c 5.06 4.997
11d 4924 4,965
11e 495 4.808
11f 4924 4.83

Table 2: Observed and Predicted activities of compounds.

Molecular Descriptors

Energy-minimized geometry was used for calculation of descrip-
tors, a total of 240 2D descriptors were calculated, eventually re-
duced to 155 after applying invariable column selection. The steric,
topological, electronic, Semi-empirical, thermodynamic, molecular,
and structural descriptors calculated were consists of chiV6chain,
chiV4pathcluster, IdwAverage (steric), chil, chi5, chiV0, chiV3,
chiV4, chiV5, 3PathCount, chi6chain, chiVé6chain, chiV3Cluster,
3ClusterCount, chi4pathCluster, chiV4pathCluster, 4pathCluster-
Count, kappa3, klalpha, k2alpha, VChi 3 cluster, VChi 4 cluster, VChi
5 path, Kier shape 2, Kier alpha 1, Kier alpha 3, Kier symmetry in-
dex, Chi 0, Chi 2, Chi 3 cluster, Chi 5 path, VChi 1, VChi 3 path, VChi
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4 path, VChi 4 path/ cluster, Kier shape 1, Kier shape 3, Kier alpha
2, Kier flexibility, Kier steric descriptor, Delta Chi 0, Delta Chi 2,
Delta Chi 3 cluster, Delta Chi 5 path, difference chi 1, Delta Chi 3
path, Delta Chi 4 path, Delta Chi 4 path/cluster, difference chi 0,
difference chi 2, charge index 1, charge index 3, charge index 5,
charge index 7, charge index 9, valence charge index 2, valence
charge index 4, valence charge index 6, valence charge index 8,
valence charge index 10, bound charge index 2, k2alpha, Chi 5
path, OPathCount, (topological), Max. positive charge, max. posi-
tive hydrogen charge, local dipole index, relative negative charge,
hydrophobic SA-MPEOE, negative charged polar, max negative
charge, total positive charge, charge polarization, polarity param-
eter, relative positive charge, +ve potential surface area, -ve poten-
tial surface area, most +ve potential, most -ve potential, average
potential, average +ve potential, average -ve potential, most +ve
and -ve potential distance, average potential, average +ve poten-
tial, average -ve potential (electronic), heat of formation, HOMO
energy, LUMO energy, sum of absolute charges, X compDipole, Y
compDipole, Z compDipole, dipole moment, quadrupole 1, quad-
rupole 2, quadrupole 3, QM dipole X, QM dipole Y, QM dipole Z, QM
dipole magnitude, XX polarizability, YY polarizability, ZZ polariz-
ability, XY polarizability, XZ polarizability, YZ polarizability, aver-
age polarizability, XA most hydrophobic, XA average hydrophobic-
ity, XA most hydrophobic hydrophilic distance, XK hydrophobic
area, XK most hydrophobic, XK most hydrophilic, XK average, XK
most hydrophobic hydrophilic distance, SA hydrophobic area, SA
hydrophilic area, SA most hydrophobic, SA most hydrophilic, SA
average, SA average hydrophobicity, SA average hydrophilicity, SA
most hydrophobic hydrophilic distance, SK hydrophobic area, SK
hydrophilic area, SK most hydrophobic, SK most hydrophilic, SK
average, SK average hydrophobicity, SK average hydrophilicity

(semi-empirical) [63].
Selection of training and test set

A data set of 26 molecules belonging to esters of 3f3-substituted
esters of 17a-Aza, 17-Oximino, 17-Oxo androstane derivatives
as Sa-reductase inhibitors were taken from the literature and
used for QSAR study [49, 61, 62].Different methods such as Ge-
netic Algorithm, Simulated Annealing (SA), Stepwise (Forward
and Forward-Backward) were employed to develop models. The
dataset can be divided into training set and test set by random
(R) and sphere exclusion (SE) method for multiple linear regres-
sion (MLR), principal component regression (PCR), partial least
squares (PLS) model. Molecules are randomly distributed into
the training and test by random selection approach, whereas, in
classical sphere exclusion algorithm, each selected molecule gen-
erates a hyper-sphere around itself, and any molecule inside the
sphere is excluded from the selection in the train set and driven
towards the test set. In the present communication, sphere ex-
clusion algorithm with dissimilarity value of 2.82 showed good
distribution of data set into training (18 compounds) and test set
(8 compounds) respectively. The number of compounds selected
and the diversity among them can be determined by adjusting the
radius of the sphere (R). Inhibitory activity i.e. pIC, has been con-
sidered as dependent variable and the remaining descriptors as

independent parameters.
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Regression analysis

QSAR is a parametric approach applied to set of series of com-
pounds in order to understand their mechanism of action and im-
portant contributory structural factors responsible for activity. In
this regard selected physicochemical or structural parameters were
used as the correlative parameters and related to the observed bio-
logical activity of the 26 molecules by regression analysis MLR, PCR
and PLS as statistical approaches. Statistical measures were used
for the evaluation of QSAR models were the number of compounds
in regression n, multiple correlation coefficient (r), coefficient
of determination (r?), number of descriptors in a model k, F-test
(Fisher test value) for statistical significance F, cross-validated cor-
relation coefficient q? predictive squared correlation coefficients
pred_r?, coefficient of correlation of predicted data set pred_r’se
and standard error (SE) of estimation r’se and qg*se. The regression
coefficient r? is a relative measure of fit by the regression equation.
The correlation coefficient values must be closer to 1.0 that repre-
sents the better fit of the regression. The F-test reflects the ratio of
the variance explained by the model and the variance due to the
error in the regression. High values of the F-test indicate that the
model is statistically significant. Predictive r? (r’_pred) is the one
of the validation parameter, that was calculated for evaluating the
predictive capacity of the model and if its value greater than 0.5,
means of the QSAR model has good predictive capacity. The number
of statistical models were developed using MLR, PCR and PLS based
regression methods coupled with forward, forward backward, ge-
netic algorithm and simulated annealing method and correlated the
biological activity with the physico-chemical descriptor values. The
cross-correlation limit was set at 0.7, number of variables in the fi-
nal equation obtained were four in all PCR, MLR and PLS and term
selection criteria as r? F-test 'in,' at 4 and 'out’ at 3.99, r?, and F-test.
Variance cut off was set at 0.1, scaling to auto scaling, and number

of random iterations to 10 and seed number 910.

MLR is a method used for modelling linear relationship between
a dependent variable Y (pEC, ) and independent variable X (2D de-
scriptors). MLR is based on least squares: the model is fit such that
sum-of-squares of differences of observed and a predicted value is
minimized. MLR estimates values of regression coefficients (r?) by
applying least squares curve fitting method. The model creates a
relationship in the form of a straight line (linear) that best approxi-
mates all the individual data points. In regression analysis, condi-
tional mean of dependant variable (pEC, ) Y depends on (descrip-
tors) X. MLR analysis extends this idea to include more than one

independent variable.

Regression equation takes the form
Y=bl*x1+b2*x2+b3*x3+c

where Y is dependent variable, ‘b’ s are regression coefficients
for corresponding ‘x’s (independent variable), ‘c’ is a regression

constant or intercept [64,65].
PLS regression method

PLS analysis is a popular regression technique which can be
used to relate one or more dependent variable (Y) to several inde-
pendent (X) variables. PLS relates a matrix Y of dependent variables
to a matrix X of molecular structure descriptors. PLS is useful in
situations where the number of independent variables exceeds the

number of observation, when X data contain collinearities or when
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N is less than 5 M, where N is number of compound and M is num-
ber of dependant variable. PLS creates orthogonal components
using existing correlations between independent variables and
corresponding outputs while also keeping most of the variance of
independent variables. Main aim of PLS regression is to predict
the activity (Y) from X and to describe their common structure
[66]. PLS is probably the least restrictive of various multivariate
extensions of MLR model. PLS is a method for constructing predic-

tive models when factors are many and highly collinear.

PCR method

PCR is a data compression method based on the correlation
among dependent and independent variables. PCR provides a
method for finding structure in datasets. Its aim is to group cor-
related variables, replacing the original descriptors by new set
called principal components (PCs). These PCs uncorrelated and
are built as a simple linear combination of original variables. It ro-
tates the data into a new set of axes such that first few axes reflect
most of the variations within the data. First PC (PC1) is defined in
the direction of maximum variance of the whole dataset. Second
PC (PC2) is the direction that describes the maximum variance in
orthogonal subspace to PC1. Subsequent components are taken
orthogonal to those previously chosen and describe maximum
of remaining variance, by plotting the data on new set of axes, it
can spot major underlying structures automatically. Value of each
point, when rotated to a given axis, is called the PC value. PCA se-
lects a new set of axes for the data. These are selected in decreas-
ing order of variance within the data. Purpose of principal compo-
nent. PCR is the estimation of values of a dependent variable on
the basis of selected PCs of independent variables [67,68].

Model validation

Model validation is being done to analyse the internal stability
and predictive ability of the QSAR models. The best way to evalu-
ate quality of regression model is internal and external validation.
Internal validation is carried out using leave one out (g% LOO)
method. For calculating q? each molecule in the training set was
eliminated once from training set and the activity of eliminated
molecule was predicted by using model developed by the remain-
ing molecules. This q? described the internal stability of the model

[63] and is expressed as shown in equation (Eq A.1)
q?=1-X (Y pred -Y act) 2 /Z (Y act -Y mean) (Eq A.1)

Secondly, the predictive ability of the model i.e. external valida-
tion was confirmed by comparing the observed value of the test
set molecules with predictive value of test molecules and is indi-

cated by predicted r? as shown in equation (Eq A.2)

Pred_r? =1-X (Y pred (Test) =Y Test) 2 /X (Y Test =Y Training) (Eq
A2)

In silico Pharmacokinetic Studies

In order to better understand and correlate the synthesized
compounds with actual biological activity, various physicochemi-
cally significant descriptors and pharmacokinetically relevant
properties were predicted using PreADMET version 2.0software.
All the analogues were neutralized and minimized before being
used by software. The synthesized compounds were evaluated
considering Lipnski’s rule of 5 and other features which also ac-

counted for their ‘druggable’ pharmacokinetic profile [69].
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Result and Discussion

Synthesis

For the synthesis of the targeted compounds 7-8, 33-hydroxy-
17a-aza-D-homo-5-androsten-17-one (6) was used as starting
material. The 3B-hydroxy-17a-aza-D-homo-5-androsten-17-one
(6) was synthesized from 17-Oxo-5-androsten-3§-yl acetate (4)
according to the literature (Scheme 1) [70-72]. Representative
esters 7 and 8 were prepared by treating 3f-hydroxyl function of
17a-aza-D-homo-5-androsten-17-one with various acids in dichlo-
romethane in the presence of dicyclohexylcarbodiimide (DCC) ac-
cording to recently published reports from our laboratory as shown
in (Scheme 2) [48]. In the esterification reaction, DCC acts as de-
hydrating agent which forms an O-acylurea called acid- DCC com-
plex, similar to an acid anhydride or acyl halide. This is followed
by attack of alcohol on carboxylic carbon of acid-DCC complex, as

a nucleophilic catalyst to give esters and dicyclohexyl urea as side

product [73].
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Characterization

Differential Scanning Calorimetry (DSC) provides the informa-
tion of crystallization, solid state transition, desolvation, melting,
decomposition and purity of sample. Thermodynamic relation be-
tween different phases, enantiotropic and monotropic transitions,
and the stability relationship among various crystalline forms can
also be studied using DSC. Figure 3-5 and table 3 represents the
DSC scan and the interpretation of thermal characteristics of the
compound 7, 8 and Finasteride respectively. Single sharp endother-
mic peaks indicating the extremely pure and crystalline nature of
the synthesized compounds 7 and 8 were observed at 206.332C
(AH,248.1]/g), 188.77°C (AH25.82 ] /g) respectively, whereas sharp
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endothermic peak at 258.40°C (AH,20.68 ]/g) was observed for fi-
nasteride. Further, absence of transition endotherm in these DSC
scan suggested that reactant has been completely converted in to

desired products with no intermediate, thus free from impurity.

Figure 3: DSC scans of 17-0Oxo0-17a-aza-D-homo-5-
androsten-3{-yl 4-nitrobenzoate (7).

Figure 4: DSC scans of 17-Oxo0-17a-aza-D-homo-5-

androsten-3§-yl 4-aminobenzoate (8).

Figure 5: DSC scans of Finasteride (F).

Compounds Melting Enthalpy
endotherm (°C) of fusion (J/g)

7 206.33 248.1

8 188.77 25.82

Finasteride 258.40 20.68

Table 3: Thermal characteristics of compound 7, 8 and

Finasteride interpreted by differential scanning calorimetry.
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X-ray powder diffraction patterns confirming the crystalline na- 22.9453 0.0669 3.87279 1.63 74.99
ture of both compounds 7 and 8 are shown in figure 6 and 7. How- 23.9405 0.1004 3714 0.65 45
ever the appearance of more characteristics and diffraction peaks 243933 01338 364608 0.46 42.67
in PXRD data of compound 8, suggest its more crystalline nature as
compared to compound 7. The characteristic peaks at 10.95°, 7.25°, 24.6242 0.1171 3.61241 07 56.79
18.49°, 21.97° (100% relative intensity), 28.38° has been observed 248813 | 0.0669 3.57566 0.73 33.78
in PXRD pattern of compound 7, whereas compound 8 has shown 26.6632 0.1338 3.34061 0.99 91.64
characteristic peaks at 8.49°, 10.19°, 11.49°, 11.63°, 12.23°, 16.00°, | 27:1223 | 01004 | 3.28509 0.37 25.89
18.142, 18.66°, 18.98° (100% relative intensity), 20.24°. Position of ~ | 28:3842 | 0.0816 | 3.14186 | 4.65 353.33
20 value along the peak intensity are given in table 4 and table 5 28.9378 0.0816 3.08299 1.01 76.59
respectively. 30.2753 0.0816 2.94977 0.5 38.3

31.2576 0.1632 2.85927 0.33 49.5
32.053 0.102 2.79011 7.99 758.7
33.2723 0.0816 2.6906 2.03 154.21
34.7385 0.0408 2.58032 3.92 148.88
35.9768 0.0408 2.4943 0.31 11.86
37.724 0.3264 2.38269 0.05 15.82
38.3162 0.1632 2.34721 0.26 39.57
38.7809 0.0816 2.32015 0.16 11.79
39.353 0.204 2.28773 0.11 20.56
41.265 0.2448 2.18604 0.06 13.36
Figure 6: PXRD of 17-0x0-17a-aza-D-homo-5- 42.8839 02448 210719 018 4078
androsten-33-yl 4-nitrobenzoate (7).
43.3681 0.0612 2.08477 1.03 58.49
44.529 0.0816 2.03308 0.23 17.42
44,771 0.0612 2.02265 1.05 59.72
44.8724 0.0612 2.01832 1.24 70.84
469112 0.0612 1.93524 0.25 14.26
47.5433 0.4896 1.91097 0.07 31.92
49.1599 0.1224 1.85185 0.12 13.59

Table 4: Position of 20 value along the peak intensity of

compound 7.
Pos. FWHM d-spﬁlcing Rel. Int. Area
[°2Th] | [2Th] [A] [%] | [cts*2Th.]
Figure 7: PXRD of 17-Oxo0-17a-aza-D-homo-5-
androsten-3p-yl 4-aminobenzoate 84925 | 01338 | 1041203 | 2695 305.21
9.4688 | 01171 | 9.34049 8.5 84.2
10.1981 | 0.1673 | 867409 | 5087 720.18
: 114945 | 0.1338 | 7.69856 | 23.54 266.6
[ol;‘}sl'l_] [F‘g’;{hwi d'slfglc“‘g Re[lo'/;]“t' [ct;iﬁ;?rh_] 116323 | 00502 | 7.6077 | 1894 80.43
72526 | 00836 | 12.17897 | 17.63 1014.84 12.2374 | 00669 | 723284 | 14.26 80.74
98951 | 00836 | 893162 | o017 = 134879 | 0.1338 | 656494 | 135 15.33
109664 | 00836 | 806142 | 87.63 5045.51 14449 | 00836 | 613037 | 829 58.66
113268 | 00335 | 780573 h 5976 153985 | 0.0836 | 575441 | 6.49 45.9
1426 | 00502 | 773810 | ai2 14278 16.0065 | 02007 | 553719 | 26.62 452.15
120781 | 01338 | 62858 05 16,03 169895 | 0.1338 | 521895 | 1.8 21.27
116058 | 01338 | sosos6 | 017 5ot 18.0581 | 0.0669 | 491246 | 15.61 88.42
15757 | 01171 | Seioes | esa 55137 181492 | 0.1004 | 4.888 19.79 168.06
61775 | 00836 | Sa74s1 03 1744 186675 | 0.1004 | 475345 | 43.49 369.39
164903 | 00836 | 479263 | ses 197,33 189803 | 0.1506 | 4.67579 100 1274.07
194695 | 00836 | 255555 | 394 7681 19.4403 | 0.1338 | 45662 8.92 101.04
108543 | 00669 | 24682 " 11074 20247 | 01171 | 438604 | 46.99 465.65
00296 | 01004 | 242512 | 708 18674 209874 | 01004 | 423295 | 483 40.99
203881 | 0.1004 | 435241 | 072 49.87 222891 | 01338 | 3.9886 412 467
13362 | 00502 | atet08 | 191 592 232229 | 01506 | 3.83029 | 157 200.02
216982 | 00836 | 4.09249 | 282 162.37 24453 | 01171 | 364032 | 126 124.82
219755 | 01171 | 4.04146 | 100 8060.39
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25.4616 0.1673 3.49836 11.77 166.68
27.2586 0.2342 3.27168 3.77 74.65
28.4872 0.1338 3.13331 12.85 145.55
29.1289 0.1673 3.06573 7.27 102.9
31.427 0.1004 2.8466 3.34 28.36
31.8551 0.1673 2.80932 3.5 49.48
34.3913 0.2342 2.60773 3.13 62.05
35.0775 0.1004 2.55827 1.48 12.56
36.679 0.2007 2.45017 1.63 27.76
37.9873 0.2676 2.36874 0.49 11.19
39.2601 0.2342 2.29483 1.12 22.14
40.2002 0.1673 2.2433 1.94 27.46
41.3652 0.5353 2.18278 0.53 24.15
42.5446 0.4015 2.12496 0.49 16.79
43.8685 0.4015 2.06385 0.71 24.26
45.01 0.2342 2.01413 1.77 35.04
47.3147 0.2448 1.91967 0.62 17.3

Table 5: Position of 20 value along the peak intensity of

Crystal structures of novel azasteroids 7 and 8 were further de-
termined using material studio and respective crystallographic pa-
rameters are shown in table 6 and table 7. Compound 7 crystallizes
in triclinic crystal system with space group P1 as shown in figure 8

(b), whereas compound 8 crystallizes in monoclinic crystal system

compound 8.

with space group P2 as shown in figure 9 (b).

Cell Triclinic
Space group P-1
Cell lengths a=8.6316; b=6.2369; c=4.9074
Cell angles a=381.2891; $=100.9912; Y =108.7708
Cell volumes 244.391

Table 6: Crystallographic data of compound 7.

Cell Monoclinic
Space group P-2
Cell lengths a=11.6161;b=22.8817;c=10.6548
Cell angles 0=90.0; 3=116.1263; Y =90.0
Cell volumes 2542.65

Figure 8a: 17-0xo0-17a-aza-D-homo-5-androsten-3{3-yl

Table 7: Crystallographic data of compound 8.

4-nitrobenzoate (7).
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Figure 8b: Arrangement of molecules in unit cell
of 17-0Ox0-17a-aza-D-homo-5-androsten-3§- yl

4-nitrobenzoate (7).

Figure 8c: X-ray intensity as a function of 20. Observed
(experimental) pattern, calculated (best riveted fit profile)
pattern, reflection positions and the difference curve between
observed and calculated profile of 17-Ox0-17a-aza-D-homo-5-

androsten-3(-yl 4-nitrobenzoate (7).

Figure 8d: Simulated PXRD of compound 7.

Figure 9a: 17-0xo0-17a-aza-D-homo-5-androsten-3{3-yl
4-aminobenzoate (8).
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Figure 9b: Arrangement of molecules in unit
cell of 17-0Oxo0-17a-aza-D-homo-5-androsten-3f3- yl

4-aminobenzoate (8).

Figure 9c: X-ray intensity as a function of 26. Observed
(experimental) pattern, calculated (best rietveld fit profile)
pattern, reflection positions and the difference curve between
observed and calculated profile of 17-Oxo0-17a-aza-D-homo-5-

androsten-3f-yl 4-aminobenzoate (8).

Figure 9d: Simulated PXRD of compound 8.

Physicochemical properties

Solubility of synthesized compounds 7, 8 and reference drug Fi-
nasteride were determined in phosphate buffer pH 7.4, 6.8, 0.1N
HCl (pH-1.6) and water at 37KC and the results are expressed in
mg/mL as shown in table 8. Common pattern for the solubility or-
der i.e. 7 > Finasteride > 8, has been observed in all the different

media, but the maximum solution has been observed in water and
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0.1 N HCI for compound 7 and 8 respectively as shown in figure
10. Unique behaviour i.e. high solubility of 7 can be correlated
with its less or poor packing energy involved in its less crystalline
nature. Such molecules on coming in contact with solvent media
have been found to triggers solubilization by disrupting crystal
packing. Earlier published report [49] from our laboratories has
also indicated the high anti-androgenic activity of 7 within the
synthesized series and the maximum activity could be owed to its
higher solubility resulting in its better bioavailability.

Figure 10: Bar graph representation of solubility
(mg/mL) of compound 7, 8 and Finasteride

in different solubility media.

Buffers/ Solubility (mg/mL) + SD (n = 3)
Solubility . .
Media Compound 7 | Compound 8 | Finasteride
Phosphate 0.547 £0.01 | 0.106 +0.01 | 0.164 £ 0.01
Buffer 7.4
Phosphate 0.363+0.01 | 0.090 +0.01 | 0.116 £ 0.02
Buffer 6.8
0.1IN HCI 0.986 +0.04 | 0.283 £0.02 | 0.292 £ 0.01
(pH-1.6)
Water 1.178+£0.02 | 0.065 £0.02 | 0.111 +0.03

Table 8: Solubility (mg/mL) + SD of compound 7, 8 and
Finasteride in different Phosphate buffers (7.4, 6.8), 0.1N HCI
(pH-1.6) and water at 37°C.

Calorimetrically determined enthalpy of solution has great po-
tential in characterization of different synthesized compounds. It
depends upon the lattice energy, crystal structure and is different
for different compounds. Compound 7 and 8 showed endothermic
behaviour in phosphate buffer (pH 7.4 and 6.8), 0.1N HCI (pH 1.6)
and water shown in table 9 and the absolute value of molar en-
thalpy of solution followed the order: compound 7 < Finasteride <
compound 8. The higher value of AH_ associated with compound
8 indicated its more crystalline nature as compared to compound
7 and results are in agreement with the observation found in
PXRD data and their solubility studies.

Citation: Neelima Dhingra, et al. “Characterization and Predictive QSAR Analysis of Azasteroids as Five Alpha Reductase Inhibitors”. Acta Scientific

Pharmaceutical Sciences 2.2 (2018): 02-22.



Characterization and Predictive QSAR Analysis of Azasteroids as Five Alpha Reductase Inhibitors

13

Q. orrectea (KJ) Enthalpy of solution (AH_)) (k]/mol) at 37°C

Buffers/Media Compound 7 Compound 8 | Finasteride (1:10:1(?_ 8316121;7 (1:10:1(;), 83‘;2 (? lli'l:e(l)s(t)f(:;;gg
Phosphate Buffer 7.4 0.20504 0.40284 0.26501 30.92 56.66 32.87
Phosphate Buffer 6.8 0.18629 0.58461 0.27203 28.09 82.23 33.75
0.1N HCI (pH-1.6) 0.03802 0.09743 0.07315 5.73 13.70 9.07
Water 0.07642 0.27959 0.09310 11.52 39.32 11.5

Table 9: Enthalpy of solution (AH_|) (K]/mol) compound 7, 8 and Finasteride in phosphate buffer (7.4, 6.8), 0.1N HCl and water.

The powder dissolution experiment was carried out for 6 hours
at 37 £ 0.52C using phosphate buffer (pH 7.4, 6.8), 0.1N HCI (pH 1.6)
and water as dissolution medium. Comparative percent release rate
in all dissolution media are in concordance with solubility studies
and follow the order: 7 > finasteride > 8. The maximum percent
release of 60.13%, 32.64% and 36.14% has been observed for the
compound 7, 8 and Finasteride in dissolution medium of 0.1N HCl
(pH-1.6) at period of 3, 5 and 6 hrs respectively. These observations
are in agreement with the solubility profile of the compounds in
acidic medium as shown in table 9 and figure 11 (a-d). Interesting-
ly, maximum release of compound 7 was found to be 60.13% drug
release in 3hrs, showing better onset release comparing to other
compound. Better release profile of compound 7 may be further
correlated with its potent anti-androgenic activity and thus consid-

ered to be suitable for oral drug delivery system shown in figure 12.

Figure 11a: Comparative percent release profile of
compound 7, 8 and Finasteride in phosphate buffer pH 7.4.

Figure 11b: Comparative percent release profile of
compound 7, 8 and Finasteride in phosphate buffer pH 6.8.

Figure 11c: Comparative percent release profile of Com-
pound 7, 8 and Finasteride in 0.1N HCI (pH 1.6).

Figure 11d: Comparative percent release profile of

compound 7,8 and Finasteride in water.

Figure 12: Bar graph representation of maximum

percent release of compound 7, 8 and Finasteride in

different dissolution media.
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An acid dissociation constant, pKa, is a quantitative measure of
the strength of an acid in solution. As the majority of drugs are weak
acids and/or bases, knowledge of the dissociation constant helps in
understanding their different ionic form of molecules, which will
be able to diffuse across the membrane with wide range of physi-
ological systems. Weakly acidic nature of the newly synthesised
compound 7 and finasteride has been indicated with their value of
pka 5.23.and 6.63 respectively. Further appearance of two sigmoid
peaks at 7.57 and 5.56, in 17-Oxo0-17a-aza-D-homo-5-androsten-
3f3-yl 4-aminobenzoate (8) indicates the presence of two replace-
able hydrogens value and its weakly acidic nature. Drug penetration
may be attributed mostly to the un-ionized form, thus weak acidic
drugs are found to be absorbed better in the acidic medium of stom-
ach, because of their poor dissociation. Weak acidic drugs with poor
dissociation are found to be better absorbed in the acidic environ-
ment of stomach. Readily diffusion across the cell membrane, thus
high bioavailability can be attributed to the lipid soluble un-ionized
form of such drugs. Present calculated pka values of the compounds
7 and 8 indicating their better absorption in highly acidic environ-

ment of upper GIT shown in figure 13-16.

Figure 13: pKa of 17-0Ox0-17a-aza-D-homo-5-androsten-
3B-yl 4-nitrobenzoate (7).

Figure 14: pKa of 17-Ox0-17a-aza-D-homo-5-androsten-
3(-yl 4-aminobenzoate (8).
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Figure 15: pKa of Finasteride.

Figure 16: Contribution plot of various descriptors in PLS.

Log P is an estimate of a compound's overall lipophilicity, a
value that influence its behaviour in a range of biological pro-
cesses relevant to a drug discovery, such as solubility, permeabil-
ity through biological membranes, extent of absorption, hepatic
clearance, lack of selectivity and non-specific toxicity. Drugs with
low value of log P has been found to have increased ease of for-
mulation and bioavailability, reduced toxicity and non-specific
binding. The experimentally obtained Log P of compound 7, 8
and Finasteride in octanol-water system was found to be 3.59 *
0.095, 3.11 + 0.056 and 3.18 + 0.045 respectively shown in table
10. Lipinski's rule states that, in an orally active drug log P should
not be greater than 5 and present value of log P for the synthe-
sized compounds, further confirmed their hydrophilic nature with
the preference towards aqueous compartments such as blood se-
rum. In silico, octanol-water partition coefficient was calculated
using Chem draw ultra (12.0) software was found to be 4.92 (7),
3.27 (8) and 3.15 (finasteride) in consonance with experimental

values.
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LOGP £ SD (n=3)
Compound
Experimental Value Predicted Value
7 3.59+0.095 4.92
8 3.11+0.056 3.27
Finasteride 3.18+0.045 3.15

Table 10: Log P + SD of compound 7, 8 and Finasteride.

Quantitative Structure and Relationship

2D QSAR

With regard to QSAR models, our main aim was to establish a
predictive model with reasonable number of logical descriptors to
get good generalization performance, which would be further uti-
lized to predict the activity of present compounds or for the syn-

thesis of steroidal molecules with potential to inhibit 5a-reductase
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enzyme. Selected molecular parameters computed for all the 26
molecules (Table 1) were used to develop QSAR equation by relat-

ing their corresponding inhibitory activities i.e. IC. values.

Genetic Algorithms (GA), Simulated Annealing (SA), Stepwise
(forward, forward-backward) techniques were used to develop
best fit model and model with minimum number of descriptors
has considered or found to be the best model. When this point is
achieved, no further considerable improvement in the regression
coefficient (r? and q?) values were observed even if a new descrip-
tor is added. In the present study MLR, PCR and PLS, methods em-
ploying three, four or more variable combinations for combined
dataset generated around 400 equations out of which, the reason-
able acceptable ones were selected for discussion. The different
models generated for better correlation by statistical analysis and

their different contribution descriptors are given in table 11.

. GA SA SW (Forward) SW (Forward-backward)
PCR MLR PLS PCR PLS MLR MLR PCR PLS MLR PCR PLS
Equation | EqA1 | EqA2 | EQA3 | EqB.1 | EqB.2 | EqB3 | EqC1 | EqC2 | EqC3 | EqD.1 | EqD.2 | EqD.3
N 18 18 18 18 18 18 18 18 18 18 18
r? 0.302 | 0.446 | 0.445 | 0.785 | 0.807 | 0.832 | 0.806 | 0.790 | 0.833 | 0.806 | 0.790 0.833
q? -0.214 | 0.191 | 0.217 | 0.563 | 0.614 | 0.630 | 0.662 | 0.635 | 0.671 | 0.662 | 0.635 0.671
F value 17.75 3.76 6.061 17.39 | 31.54 | 16.09 13.50 17.75 | 37.49 13.50 17.75 37.49
pred_r? -0.287 | 0.339 | 0.364 | 0.819 | 0.614 | 0.727 | -0.868 | 0.813 | 0.736 | -0.868 | 0.813 0.736
Table 11: The different models generated for better correlation by statistical analysis.
Interpretation Models with negative/low pred r? and q? were not found to be

Genetic algorithms (GA)

Genetic algorithms are derived from an analogy with the spread
of mutations in a population. In this analogy, "individuals" are rep-
resented as a one-dimensional string of bits. An initial population
of individuals is created, usually with random initial bits. A fitness
function is used to estimate the "quality” of an individual, so that the
"best" individuals receive the best fitness scores. Individuals with
the best scores are more likely to propagate their genetic material
to offspring through crossover, in which pieces of genetic material
are taken from each parent and recombined to create the child. Af-
ter many such mating steps, the average fitness of the individuals in
the population increases, as good combinations of genes are discov-
ered and spread through the population. Genetic algorithms are es-
pecially good at searching problem spaces having a large number of
dimensions, since they conduct a very efficient, directed sampling

of the large space of possibilities [74-76].

The PCR (Eq B.1), MLR (Eq B.2), PLS (Eq B.3) models predicted
the training data having r? 0.302, 0.446, 0.445 together with g° esti-
mating to -0.214, 0.191 and 0.217 respectively.

Model 1

pIC,, = 0.7765 (XKAverageHydrophobicity) + 0.3120 (SsN-
H,count) + 0.4652 (IdwAverage) +0.3807 (EqB.1)

Model 2

pIC,,=0.2025 (XlogP)+0.0626 (SsNH,count)+0.0181 (XAHydro-
philicArea)+3.0325 (EqB.2)

Model 3

pIC,, = 0.2030 (XlogP) + 0.0194 (XAHydrophilicArea) +2.9659
(Eq B.3)

significantly satisfactory. Further, simulated annealing of 5 alpha
reductase inhibitors was performed to get improved QSAR model.
Various descriptors obtained by various methods (MLR, PCR, PLS)
under GA; their contributions and significance shown in table 12.

GA
Descriptor | Categor Contri- Meanin
p gory bution g
XlogP Physico- + Signifies ratio of solute
chemical concentration in octa-
nol and water.
Total number of -NH,
SsNH,count | Topological + group connected with
one single bond.
Showing hydrophilic
surface area.
XAHydro- Semi-em- +
philicArea pirical
XlogP Physico- + Signifies ratio of solute
chemical concentration in octa-
nol & water.
XAHydro- Semi-em- + Showing hydrophilic
philicArea pirical surface area.
XKAverage Semi-em- + Average hydrophobic
Hydropho- pirical value on the vdW
bicity surface
SsNH,count | Topological + Total number of -NH,
group connected with
one single bond.
IdwAverage Steric + Information-based
descriptors.

Table 12: Various descriptors obtained by various methods
(MLR, PCR, PLS) under GA; their contributions and significance.
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Simulated annealing (SA)

Simulated annealing is a global, multivariate optimization tech-
nique based on the Metropolis Monte-Carlo search algorithm. The
method starts from an initial random state, and wall through the
state space associated with the problem of interest by a series of
small, stochastic steps. In the problem at hand, a state represents a
particular subset of M features, and a step is the replacement of one
of these M features with another randomly chosen feature that is
not currently in the model. The training error of the resulting model
represents the energy or 'fitness' of that state. While downbhill tran-
sitions are always accepted, uphill transitions are accepted with a
probability that is inversely proportional to the energy difference
between the two states. This probability is computed using Me-
tropolis' acceptance criterion, p % e) DE/KT, where K is a constant
used for scaling purposes, and T is an artificial temperature factor
that controls the ability of the system to overcome energy barri-
ers. The temperature is systematically adjusted during the course
of the simulation in a manner that gradually reduces the probabil-
ity of high-energy transitions (in this case, using a Gaussian cool-
ing schedule with a half width of 5 deviation units). To circumvent
the problem of selecting an appropriate value for K and ensure that
the transition probability is properly controlled, we use an adaptive
approach in which K is not a true constant, but rather it is continu-
ously adjusted during the course of the simulation based on a run-
ning estimate of the mean transition energy. In particular, at the end
of each transition, the mean transition energy is updated, and the
value of K is adjusted so that the acceptance probability for a mean
uphill transition at the final temperature is some predefined small
number (here 0.1%) [76,77].

Model 4

plC,, = 0.3664 (SsOHcount) - 0.0724 (ZcompDipole) + 0.0342
(AlphaR) - 0.1369 (SssOcount) + 4.6720 (Eq C.1)

The generated PCR model Eq C.1 showed high squared r?0.788
and pred r? 0.819, but low F value 17.39 was not found to be signifi-
cant. PLS regression analysis led to the deviation to another model
Eq C.2, with high F value 31.549, but low pred r? 0.614 value indi-
cated poor correlation between descriptors (SAHydrophobicArea,
kappal, SsOHE-index, SssOE-index) and 5 alpha reductase inhibitor

activity.
Model 5

pIC,, = 0.0033 (SAHydrophobicArea) + 0.0347 (kappal) +
0.0413 (SsOHE-index) - 0.0503 (SssOE-index) + 3.0198 (Eq C.2)

The model obtained Eq C.3 by MLR analysis is given below with
good statistical parameters r? and q?0.832, 0.630 respectively. How-
ever, the model was rejected on the basis of its low F value 16.090

i.e. variance due to error in regression.
Model 6

pIC,, = 0.0070 (vdWSurfaceArea) - 0.0833 (SssOEindex) +
0.0507 (SAMostHydrophobicHydrophilicDistance) + 0.1342 (Sd-
sNE-index) + 1.675 (Eq B.3)

Various descriptors obtained by various methods (MLR, PCR,
PLS) under SA; their contributions and significance shown in table
13.
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SA
Descriptor Categor Contri- Meanin
p gory bution g
vdWSurfaceAr- Steric + Total van der Waals
ea surface area of the
molecule
SssOE-index Electrotopo- - Number of oxygen
logical atom connected
with two single
bonds.
SAMostHydro- | Semi-empir- + Distance between
phobic Hydro- ical most hydrophobic
philicDistance and hydrophilic
point on the vdW
surface.
SdsNE-index Topological + Number of N atom
connected with
two double and one
single bond
SAHydrophobi- | Semi-empir- + Hydrophobic point
cArea ical on the vdW surface.
kappal Steric + Signifies first kappa
shape index kappa
shape index related
to steric nature of
molecule
SsOHE-index Electrotopo- + Number of -OH
logical group connected
with one single
bond.
SssOE-index Electrotopo- - Number of Oxygen
logical atom connected
with two single
bond.
SsOHcount Topological + Total number of -
OH group connect-
ed with one single
bond.
ZcompDipole Semi_-empir- - z component of the
ical dipole moment
AlphaR HydI‘OphObiC + All non—hydrogen
atoms in a refer-
ence alkane.
SssOcount Topological - Total number of
oxygen connected
with two single-
bonds.

Table 13: Various descriptors obtained by various methods
(MLR, PCR, PLS) under SA; their contributions and significance.

Stepwise variable selection

This is the simplest and most commonly used greedy feature
selection algorithm in data mining and QSAR. Given a set of N in-
put features, the method starts by evaluating all possible models
containing a single feature, and selecting the one with the lowest
training error. Then, all possible two-feature models consisting
of the feature selected in the previous step and one other feature

from the remaining N 1 input features are evaluated, and the one
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with the lowest training error is added to the set. This process con-
tinues until the training error no longer improves or until the de-

sired number of features is selected [78].

The models (7-12) were developed using Stepwise forward and
Stepwise forward-backward (SW-F SW-FB) methods, with cross
correlation limit set to 0.5 and selected criteria as g% Multiple linear
regression with SW-F (Model 7) and SW-FB (Model 10) methods
predicted the training data with same r? of 0.806 as shown in Eq D.1.
Further, suitable satisfying statistical parameters of r? 0.79 were
worked out with PCR using SW-F (Model 8), SW-FB (Model 11) re-
spectively as shown in Eq D.2. Predictive ability of generated QSAR
models were evolved by q? employing LOO method, (0.662, 0.662)
and (0.635, 0.635) respectively. However, model with poor or nega-
tive pred r? -0.860 and low F value 13.50 (MLR) were rejected.

Model 7 (SW-F: MLR) and Model 10 (SW-FB: MLR)

pIC,, = 0.0486 (SsOHE-index) - 0.1124 (ZcompDipole) - 0.0213
(XAHydrophilicArea) + 0.0274 (XKMostHydrophobic Hydrophil-
icDistance) + 5.8746 (Eq D.1)

Model 8 (PCR) and Model 11(PCR)

pIC,,=0.0394 (SsOHE-index) - 0.0594 (ZcompDipole) + 0.0961
(chi4pathCluster) - 0.1228 (SssOcount) + 4.7733 (Eq D.2)

The best 2D QSAR model for the prediction of inhibitory activity
was obtained by applying PLS of SW-F (Model 9) or SW-FB (Model
12). Both these models have excellent but same statistical parame-
ters of r2 0.833, g2 0.671, F value 37.498, and pred r?0.736 as shown
in Eq D.3. Greater value > 0.5 for q?LOO imply that models has good
predictive ability.

Model 9 (PLS) and Model 12(PLS)

pIC,,=0.0367 (SsOHE-index) - 0.0575 (ZcompDipole) - 0.2139
(SssOcount) + 0.0027 (SAHydrophobicArea) + 4.0688 (Eq D.3)

The 2D model obtained showed that topological interactions and
semi empirical plays important role in the determination of 5 alpha
reductase inhibitory activity. SSOHE-index and SssOcount in Eq C.3,
are topological descriptors; whereas ZcompDipole and SAHydro-
phobicArea are semi empirical descriptors. SSOHE-index; a Elec-
trotopological descriptor, represents the indices for number of -OH
group connected with one single bond. It is positively correlated
with biological activity that means higher is the SSOHE-index; high-
er will be the inhibitory activity against human 5a-reductase. Ss-
sOcount is an another electrotopological descriptor but somewhat
with lower and negative contribution towards inhibitory activity,
and it defines the total number of oxygen connected with two single
bonds. ZcompDipole signifies the z component of the dipole mo-
ment (external coordinates) and its negative correlation suggests
that higher is the ZcompDipole, the lower will be inhibitory activity
against human 5a-reductase. SA Hydrophobic Area is a hydrophobic
surface area descriptor also contributes positively, means more is
the SAHydrophobicArea, more will be the 5a-reductase inhibitory
activity. The fitness plot of observed, predicted activities of the 26

17
molecules has been given in figure 17-19 and various descriptors
obtained by various methods (MLR, PCR, PLS) under SW-F, SW-FB;
their contributions and significance shown in table 14 and table
15.

Figure 17: Fitness plot of PLS Model.

Figure 18: Actual and Predicted activity of training set by
PLS method.

Figure 19: Actual and Predicted activity test set mol-
ecules by PLS method.
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Stepwise (Forward)

. Contri- .
Descriptor Category bution Meaning
SsOHE-index | Electrotopo- + Number of -OH
logical group connected
with one single bond.
ZcompDi- Semi-empirical - z component of the
pole dipole moment
XAHydro- Semi-empirical - vdW hydrophilic
philicArea surface area.
XKMostHy- | Semi-empirical + Distance between
drophobi.c most hydrophobic
Hydrophil- and hydrophilic point
icDistance on the vdW surface.
SsOHE-index | Electrotopo- + Number of -OH
logical group connected
with one single bond.
ZcompDi- Semi-empirical - Signifies the z com-
pole ponent of the dipole
moment.
SssOcount Topological - Total number of oxy-
gen connected with
two single bonds.
SAHydro- Semi-empirical + Showing hydropho-
phobicArea bic surface area.
SsOHE-index | Electrotopo- + Number of -OH
logical group connected
with one single bond.
ZcompDi- Semi-empirical - Signifies the z com-
pole ponent of the dipole
moment
chi4path- Topological + Signifies molecular
Cluster connectivity index of
4% order path cluster.
SssOcount Topological - Number of oxygen

connected with two
single bonds.

Table 14: Various descriptors obtained by various methods

(MLR, PCR, PLS) under SW-F; their contributions and significance.

Stepwise (Forward-Backward)

. Contri- .
Descriptor Category bution Meaning
SsOHE- Electrotopo- + Number of -OH
index logical group connected

with one single
bond.
ZcompDi- Semi-empirical -
pole z component of the
dipole moment
XAHydro- Semi-empirical -
philicArea vdW hydrophilic
surface area.
XKMostHy- | Semi-empirical +
drophobi'c Signifies distance
Hy@rophll- between most
icDistance hydrophobic and
hydrophilic point
on the vdW surface.

SsOHE- Electrotopo- + Number of -OH
index logical group connected
with one single
bond.
ZcompDi- Semi-empirical - Signifies the z
pole component of the
dipole moment.
SssOcount Topological - Total number of
oxygen connected
with two single
bonds.
SAHydro- Semi-empirical + Showing hydropho-
phobicArea bic surface area.
SsOHE- Electrotopo- + Number of -OH
index logical group connected
with one single
bond.
ZcompDi- Semi-empirical - Signifies the z
pole component of the
dipole moment
chi4path- Topological + Molecular connec-
Cluster tivity index of 4%
order path cluster.
SssOcount Topological - Number of oxygen
connected with two
single bonds.

Table 15: Various descriptors obtained by various methods
(PCR, MLR, PLS) under SW-FB; their contributions and significance.

In silico pharmacokinetic studies

ADME prediction

Number of the drugs under clinical trials could not see the clin-
ics due to failure at the stage of pharmacokinetic evaluation. Ini-
tial screening of hits and leads before their clinical testing will not
only decrease the rate of failure, but it reduces the cost of drugs
discovery program. Taking into consideration, a preliminary pre-
dictive in silico pharmacokinetic study of the synthesized com-
pounds was undertaken using online server preADMET (http://
preadmet.bmdrc.org/). Incorporation of such tools as a part of the
drug design process can screen molecules that are more likely to
exhibit satisfactory absorption, distribution, metabolism, excre-
tion (ADME) properties. The server calculated the parameters
such as human intestinal absorption (HIA%), cellular permeabil-
ity Caco-2 in vitro, cell permeability Maden Darby Canine Kidney
(MDCK), plasma protein binding.

The results of ADME prediction are shown in table 16. These
properties are presented as a determinant for drug development
factors, being the biggest target objectives: good absorption, dis-
tribution, metabolism and excretion. Mainly, human intestinal ab-
sorption properties, because it is determinant for the drug devel-
opment that purport to be administered orally. All the compounds
under study presented human intestinal absorption value (HIA)
in the range of 86.334 to 94.757. The absorption processes are
related to the permeation of compounds through biological mem-
brane under the influence of physicochemical characteristics, thus
from present observation we can say that good physicochemical
properties of the compounds enabled them to qualified HIA%
with values > 70-100%.
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Compound Name HIA% Caco-2 nm/sec MDCK nm/sec Plasma protein binding %
FN 93.071 26.327 0.76 90.982
Compound-7 94.757 20.939 0.048 90.830
Compound-8 86.334 12.266 0.044 94.846

Table 16: Pre-ADME prediction of ligands.

Further, the cell permeability in vitro Caco-2 is an important test
to assess intestinal absorption of drugs. Since, Caco-2 cells derived
from human colon adenocarcinoma, having various transport via
in the intestinal epithelium. Table 16 is clearly indicating the cell
permeability of the compounds 7, 8 and reference drug 26.327,
whereas compound 8 with 12.266 could not meet the minimal re-
quirement value of Caco-2 values (> 25 nm/sec) hence may get less

permeation through human colon adenocarcinoma.

On the other hand, MDCK system utilizes canine kidney cells and
has a shorter growth that the Caco-2 cells. Thus, this system is used
as a tool for the rapid analysis of permeability. Reported methods
states that the permeability can be classified into low (< 25 nm/
sec) and mean (> 25 to 500 nm/sec). Further, analyzing the data in
this MDCK system of the various inhibitors, present value in table
16 indicates that the compound 7 and 8 have low permeability to-
wards kidney cells with values ranging from 0.044 nm/sec to 0.048

nm/sec respectively.

The drug has two forms in the blood, the plasma protein bond
form and non-bond form, although that bond directly depends on
their affinity for such bond portion and the free portion. The bind-
ing to these proteins can alter the half-life of the drug in the body
of the individual. Distribution properties of plasma protein bind-
ing (PPB%) in table 16, indicated that both the compounds binds
strongly to plasma proteins i.e. (> 90%). In addition to changing
the pharmacological response of molecules, the PPB also modifies
the renal excretion because only unbound drug is available for glo-

merular filtration thus increasing excretion and decreasing half-life.

Conclusion

Compounds 7, 8 were synthesised in bulk quantities for their
characterization and physicochemical properties determination.
Pure crystalline nature of compound 7 and 8 was confirmed by
single endothermic peak in DSC. PXRD studies indicated the more
crystalline nature of compound 8 in comparison to compound 7,
which was further supported by its lesser solubility and more en-
thalpy of solution in all different mediums as compared compound
8. The maximum solubility was found in water and 0.1 N HCI (pH
1.6) indicated the affinity of the synthesized compounds for aque-
ous compartments or acidic medium. The acid/base character sets
the charge of a molecule in solution at a particular pH. It can be de-
scribed by the protonation constant (logK). Pka value of the newly
synthesized and evaluated compounds are in the range of 5.56- 8,
closer to reference drug Finasteride with pka 6.63, that indicated
their weak basic nature. Compounds with pka in range of 5-11 are
weak bases and are found to possess good or high absorption in
intestine. Results of dissolution studies with better dissolution in
medium with acidic pH 1.6 are in concordance with their respec-
tive pKa values. The logarithm of octanol/water partition coeffi-

cient (log P Oct) is the most extensively used parameter in medici-

nal chemistry to quantitative lipophilicity and has been found to
be a good predictor of the passive transport of drugs through the
lipoid membranes of the human body. Observed partition coeffi-
cient values for the compound 7 and 8 in the range of 3 - 4, are in
accordance with Lipinski rule of five, further indicated their good
permeability. Also predicted log p has been found to parallel with
experimentally determined values. This agreement between com-
putation and experiment results lends support to the reliability
and accuracy to results achieved in this study. Earlier published
report has indicated the highest antiproliferative activity of the
compound 7, which can be attributed to its log p with better per-
meability, better solubility, higher dissolution rate. 2D QSAR mod-
el was developed using published data from our laboratory, and
used to predict the activity of synthesized compounds. Residual
value i.e. difference in the observed and predicted activity is which
were in concordance with experimental values. QSAR models
were statistically significant, but results obtained for the present
series of 33-substituted esters of 17 lactam, 17-oxo, 17-oximino
androstane derivatives showed good correlation as manifested
from the best model 1 (r? = 0.833, q*> = 0.6711; F = 37.498, pred
r? = 0.736) with human 5a-reductase inhibitory activity. The
prediction power of the QSAR model was tested by LOO method,
which gives a good internal predictivity. QSAR study indicated
the influence of various physicochemical parameters, including
SssOcount (negative), ZcompDipole (negative), SssOcount (nega-
tive), XKMostHydrophobicHydrophilicDistance (negative), XlogP
(positive), chi4pathCluster) (positive), (negative), SsSNH2count
(positive), XAHydrophilicArea (positive) and many other descrip-
tors used against human 5a-reductase. These results will be help-
ful in designing new structural human 5a-reductase inhibitors as
agents for the treatment of BPH. An estimation of the post syn-
thesis preliminary physicochemical profiling in terms of solubility,
dissolution rates, pKa and permeability (logP) has not only added
to enhance the bank information on the synthesized highly sig-
nificant molecules, but provided an overview of their bioperfor-
mance, and facilitated decision making during lead optimization.
Results obtained from these studies shall be used as guidelines for
further development of novel compounds to be used in the phar-

macotherapy for BPH.
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