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Abstract: Quantitative structure–activity relationship (QSAR)
study has been conducted on 36 terpene derivatives with
anticonvulsant activity in timed pentylenetetrazole (PTZ)
infusion test. QSARmodels for anticonvulsant activity pre-
diction of hydrazones and esters of some monocyclic/
bicyclic terpenoids were developed using simplex repre-
sentation of molecular structure (SiRMS; informational
field [IF]) approach based on the SiRMS and the IF of
molecule. Four 2D partial least squares QSAR consensus
models were developed with the coefficient of determina-
tion for test sets R 0.62test

2 > . Based on the established
QSAR models, we found that carvone and verbenone cores
possess the most significant contribution to antiseizure
action examined on the model of PTZ-induced convulsions
at 3 and 24 h after oral administration of terpene deriva-
tives. Moreover, carbonyl and hydroxy group substitution
in terpenoid molecules followed by hydrazones and esters
formation leads to enhancement and prolongation of
antiseizure action due to the contribution of additional
molecular fragments. The presented QSAR models might
be utilized to predict anticonvulsant effect among ter-
pene derivatives for their oral administration against
onset seizures.

Keywords: QSARmodels, terpenes, anticonvulsant activity,
SiRMS approach

1 Introduction

The field of drug investigation aimed at seizure prevention
during epilepsy has become a cornerstone in medicinal
chemistry due to the limitations of existing antiepileptic
medications such as ineffectiveness or various side effects:
diplopia, dizziness, ataxia, sedation, and so on [1]. In
this context, particular attention is paid on natural bio-
logically active substances including glycosides, cou-
marins, flavonoids, alkaloids, and terpenoids that have
limited or no toxic side effects [2]. The latter compounds
were found to positively modulate human recombinant
γ-aminobutyric acid type A receptors (GABAA) receptors
or activate glutamic acid decarboxylase enzyme (a key
enzyme in the biosynthesis of GABA) confirming terpenoids'
potential for the treatment of epilepsy and seizures [3].
To enhance anticonvulsant properties, terpenes/terpenoids
were synthetically converted to miscellaneous derivatives
comprising hydrazones [4–6], epoxides [7], and esters [8,9].
The main concept of modification consists in pharmaco-
phore fragments introduction into the molecule leading to
increased bonding to receptors. In contrast, the labile
bonds of the aforementioned compounds undergo hydro-
lytic cleavage both in vitro and in vivo followed by the
release of active ingredients [10].

To date, the creation of a new medicine costs more
than 1 billion dollars and the costs of this process are
growing up steadily [11]. Therefore, different theoretical
approaches are used for a facilitation and acceleration of
a new drugs development process that is very expensive,
multistep, and prolonged [12]. To this end, quantitative
structure–activity relationship (QSAR) analysis is widely
applied for virtual screening of potential bioactive com-
pounds followed by their structure optimization. QSAR
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methods allow discovering correlation between numer-
ical physicochemical property or molecular feature of com-
pounds and their biological or pharmacological activity [13].
The present study is a logical continuation of our current
research devoted to the QSAR analysis for a number of
terpene derivatives [14]. The goal of our study is to develop
predictive QSAR models for anticonvulsant activity assess-
ment of terpenoids and their derivatives.

2 Materials and methods

The data set consisting of 36 terpene derivatives was used
in the current study: hydrazones of menthone, carvone,
and verbenone and esters of menthol, thymol, carvacrol,
borneol, eugenol, and guaiacol. Minimum effective doses
(MEDs) of convulsant pentylenetetrazole (PTZ) that induce
clonic–tonic convulsions (DCTC) and tonic extension (dose
inducing tonic extension [DTE]) in experimental animals
have been registered and used as properties. Anticonvulsant
activity of terpene derivatives was estimated at different time
points– 3 and 24h after oral administration according to the
described procedure [15]. Thus, four data sets were
formed: two of which contain information on PTZ MED
causing clonic–tonic seizures determined after 3 and 24 h,
DCTC (3 h) and DCTC (24 h), and the other two with data on
PTZ MED causing tonic extension, DTE (3 h) and DTE (24 h),
respectively.

For all the investigated compounds, the structural
descriptors were calculated using the simplex represen-
tation of molecular structure (SiRMS; informational field
[IF]) approach [16]. QSAR methods on the basis of SiRMS
[17,18] along with the IF of molecule [19] already demon-
strated their efficiency when dealing with variety of QSAR
tasks. Two different methods are united in the system of
structural parameters resulting in system (SiRMS (IF))
that exhibits versatility of simplex approach along with
sensitivity to the structural features within the scope of
IF. Through the use of SiRMS (IF) approach, simplex ver-
texes might be better differentiated since informational
potential (IP) vary according to the impact of near and far
surroundings. In SiRMS (IF), the IF characteristics are
applied for atom’s differentiation in simplexes. Notably,
the potentials of the aforementioned IFs weighed by dif-
ferent atomic properties (charge, lipophilicity, electronic
polarizability, etc.) might be exploited.

In this study, SiRMS (IF) approach has been applied
for the representation of molecular structure at 2D level.
According to this model, each molecule can be repre-
sented in the form of molecular graph. The vertices of

such a graph provide a whole range of information which
spreads only on the graph edges. Noteworthy, all poten-
tial bindings between every atom pair are recognized:
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where m is the number of all possible paths between
every atom pair, n is the number of atoms in the given
molecule, Rij is the number of bonds between the ith and
jth atoms (path length), wi is the weighed parameters
describing any property (p) of the atoms (wi = 1 in the
case of unweighted IP), and r is the tuning parameter of
the model, w p pi i i

n
i1= /∑ = .

The example of simplex differentiation on the basis of
atomic topologic IP for alanine at 2D level is shown in
Figure 1.

For the weighed molecular topological IPs in the pre-
liminary stage, the range of all possible values is divided
into a certain number of discrete groups. The number of
groups is a tuning parameter. The label of an atom is
determined from the point of view of its belonging to a
particular group. The following schemes were used in the
calculation of simplex-informational descriptors:

Unweighted topological IP: A < 3.45 ≤ B < 3.84 ≤ C
< 4.22 ≤ D < 4.60 ≤ E < 4.99 ≤ F < 5.37 ≤ G.

Topological IP weighed by electronegativity: A <
3.51 ≤ B < 3.89 ≤ C < 4.27 ≤ D < 4.65 ≤ E < 5.03 ≤
F < 5.41 ≤ G.

Topological IP weighed by refraction: A < 3.65 ≤ B <
4.02 ≤ C < 4.38 ≤ D < 4.75 ≤ E < 5.12 ≤ F < 5.49 ≤ G.

Topological IP weighed by atomic charge: A <
−0.51 ≤ B < −0.38 ≤ C < −0.26 ≤ D < −0.13 ≤ E <
0 ≤ F < 0.12 ≤ G.

Topological IP weighed by van der Waals radius:
A < 3.75 ≤ B < 4.11 ≤ C < 4.47 ≤ D < 4.83 ≤ E < 5.2 ≤
F < 5.56 ≤ G.

Topological IP weighed by lipophilicity: A < 0.58
≤ B < 1.32 ≤ C < 2.06 ≤ D < 2.81 ≤ E < 3.55 ≤ F < 4.29 ≤ G.

A total of 2,374 simplex-informational descriptors were
calculated for the investigated molecules. log P (I.log P),
molecular refraction (I.RF), equalized electronegativity
(I.EN), and molecular mass (I.AW) were used as trivial
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integral parameters of the molecules [17,18]. The relation-
ships between calculated descriptors and investigated prop-
erties were established with commonmethod of partial least
squares (PLS) [20]. The removal of highly correlated and
constant descriptors, the trend vector method [21], genetic
algorithm [22], and the automatic variable selection strategy
[18] have all been used to select the descriptors in PLS.
Structures of monocyclic/bicyclic terpenoids and their deri-
vatives used in this study and corresponding values of their
anticonvulsant activity are collected in Table 1.

QSAR investigations must be used to make predictions
for compounds with unknown activity. Five-fold cross-vali-
dation was performed for each property to assess the pre-
diction ability. The molecules within each data set are
ordered according to the values of their anticonvulsant
activity and then every fifth molecule in this row is selected
into the test set. Significantly, among the five data sets
obtained, each molecule enters in the test set only once.
The test set (20% of the total number of molecules) is
excluded from the model building process. Based on the
training set data, a model used to predict the properties of
test set compounds is built. Thus, for each of the four data
sets (DCTC [3 h], DCTC [24 h], DTE [3 h], DTE [24 h]), five
data sets are formed, each containing training and test sets.

According to the OECD principles of QSAR model
validation, in this task, the following domain applic-
ability (DA) procedures were used:
(a) This method is based on the estimation of leverage

value hi. It has been visualized as the Williams plot
[23]. The newmolecule is situated outside of the DA if
hi > hcr = 3(A + 1)/N, where N is the number of mole-
cules in a work set.

(b) DA ellipsoid that developed [17], where the distribu-
tion of a training set of molecules in a space of latent
variables (A) T1–TA (axes of coordinates), can be
obtained from the PLS. DA represents an ellipsoid
that is built from the molecules at the center of the
training set (T1 = 0; T2 = 0) with the semiaxes length
3ST1 and 3ST2, respectively (where ST1 and ST2 are the
root mean square deviations). The prognoses for
molecules approximated to the center of the DA are
the most reliable.

The “randomization” procedure (Y-scrambling) [18]
was used to confirm the “nonrandomness” of the developed
QSARmodels. Y-scrambling procedure is the creation of the
models using the method of random selection of coeffi-
cients. The essence of this method is that after developing
themodel on a work set, randommixing of the values of the
property is carried out. If themodel is retrained, then a fairly
good model will be obtained on the Y-randomized set. If
the model parameters do not lead to retraining, then after
Y-randomization, there will be a significant deterioration in
the descriptive ability of the model.

The following formulas were used for calculating of
statistical characteristics:
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Figure 1: Example of simplex descriptor generation using atomic
topological IPs for alanine at 2D level.

R
y y y y

y y
Coefficient of determination ,i

N
i i

N
i i

i
N

i

2 1
obs 2

1
calc obs 2

1
obs 2

( ) ( )

( )
=

∑ − − ∑ −

∑ −

= =

=

1186  Mariia Nesterkina et al.



Table 1: Structures and anticonvulsant activities of terpenes and their derivatives

Structure Core Ri 3 h 24 h

DCTC (%) DTE (%) DCTC (%) DTE (%)

CH3

CH3H3C

R
A

R1 157 197 166 176
R2 171 182 191 205
R3 223 261 200 224
R4 177 203 177 189
R5 189 232 166 182
R6 174 179 169 182

CH3

CH3H2C

R

B

R1 196 200 130 138
R2 193 204 240 220
R3 267 269 204 204
R4 227 246 204 208
R5 221 233 209 227
R6 196 204 204 212

R

CH3

H3C

H3C

C

R1 179 180 130 138
R2 218 212 240 220
R3 278 303 204 204
R4 207 235 204 208
R5 216 230 209 227
R6 160 162 204 212

CH3

CH3H3C

R
D

R7 167 186 167 189
R8 162 192 162 194
R9 152 186 167 189

CH3

CH3H3C

R
E

R7 213 181 214 183
R8 207 190 208 189
R9 198 144 198 132

CH3

CH3H3C

R

F

R7 197 142 197 127
R8 235 155 226 152
R9 154 136 144 133

R

O
CH3

G

R7 186 157 179 147
R8 214 207 203 203
R9 183 114 186 108

CH3H3C

H3C R

H

R7 190 207 183 208
R8 242 161 267 171
R9 217 165 217 158

R

O
CH3

H2C

I

R7 240 156 241 155
R8 210 156 212 159
R9 168 168 159 176

Note: R1:O; R2–R6:
N

H
N

O

O

X

X=H (R2); Br (R3); Cl (R4); C(CH3)3 (R5); O–Ph (R6); R7:–OOC–(CH2)3–NH2; R8:–OOC–CH2–NH2; R9:–OH.

DCTC, dose inducing clonic–tonic convulsions; DTE, dose inducing tonic extension.
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where yi
obs is the observed value of property for i molecule,

yi
calc is the calculated (predicted) value of property for i

molecule, andN is the number of molecules, y yN i
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To calculate simplex-informational descriptors and integral
parameters of the molecules and also to develop QSAR
models, software HiTQSAR developed in the Department
of Molecular Structures and Chemoinformatics (A.V.
Bogatsky Physical-Chemical Institute NAS of Ukraine)
was used.

3 Results and discussion

At the first stage, in the construction of PLS ratios, all
molecules were included in the study (a training set of
36 terpene derivatives). For DCTC (3 h), DCTC (24 h), DTE
(3 h), and DTE (24 h) data sets 2D PLS QSAR models
M1–M4 were developed. Models M1–M4 had the number
of latent variables A = 2 and adequate statistical charac-
teristics (Table 2).

The models obtained using the Y-scrambling proce-
dure had low values of R 0.29Y scr

2 <( - ) and Q 0.14Y scr
2
( ) <- ,

indicating that the nonrandomness of the established
relationship between the structure of compounds and
their anticonvulsant activities obtained from the previous
models M1–M4.

Five-fold cross-validation was performed for each
property to assess the prediction ability. Adequate 2D
QSAR models were obtained and used further as basis
for the consensus models. For consensus models, the
coefficient of determination for test sets was found to
be R 0.62test

2( ) > (Table 3).

Noteworthy, the quality of the models for 24 h is
better than those for 3 h that, obviously, may be due to
the fact that some compounds fully manifest their activity
after time. Relationship between observed and predicted
values of anticonvulsant activities for the test set within the
consensus models for four sets is presented in Figure 2a–d.
As described, significant correlation between observed and
predicted values of anticonvulsant activities in DCTC (3 h),
DCTC (24 h), DTE (3 h), and DTE (24 h) sets was revealed for
the majority of compounds.

Physicochemical and structural interpretation of the
models was carried out based on consensus 2D-QSAR
models developed for the DCTC (3 h), DCTC (24 h), DTE
(3 h), and DTE (24 h) samples. To define the relative influ-
ence of the different physical and chemical factors on the
character of the molecules interaction with the biological
target, it is necessary to sum and compare absolute
values of PLS regression coefficients of simplexes for all
used groups for atom differentiation. Figure 3 shows the
relative influence of some physicochemical factors on the
anticonvulsant activity of terpene derivatives at 3 and
24 h after oral administration. As seen, the analysis of
the obtained 2D QSAR model using SiRMS (IF) approach
confirms that in all cases the contribution of electrostatic
factor is predominant (48–63%). Equally important fac-
tors are the steric factors that are determined, on the one
hand, by values of the van der Waals radii (20–35%), and
on the other hand, by topology which is associated with
the molecular form (13–22%). Lipophilicity effect in all

Table 2: The statistical characteristics of 2D QSAR models

Model Anticonvulsant activity Work set Leave-one-out Y-Scrambling

R2 RMSE MAE Q2 RMSE MAE R2 Q2

M1 DCTC (3 h) 0.88 10.6 7.9 0.81 13.5 10.1 0.26 ± 0.03 0.11 ± 0.03
M2 DCTC (24 h) 0.91 9.2 7.4 0.81 13.5 10.6 0.17 ± 0.02 0.08 ± 0.02
M3 DTE (3 h) 0.80 15.6 12.1 0.75 18.0 14.1 0.14 ± 0.02 0.04 ± 0.03
M4 DTE (24 h) 0.90 9.9 8.0 0.86 12.4 9.8 0.19 ± 0.03 0.11 ± 0.03

Note: R2 – coefficient of determination; Q2 – coefficient of determination for cross validation (leave-one-out); RMSE – root mean square
error; MAE –mean absolute error.

Table 3: The statistical characteristics of consensus models
(test set)

Anticonvulsant activity R2 RMSE MAE

DCTC (3 h) 0.62 18.8 15.3
DCTC (24 h) 0.79 13.9 11.6
DTE (3 h) 0.75 17.6 14.3
DTE (24 h) 0.81 14.7 11.2

1188  Mariia Nesterkina et al.



instances was minimal, less than 9% from the sum of all
considered factors.

One of SiRMS approach advantages, also proper to
the SiRMS (IF), is the possibility of appropriate structural
interpretation. The influence of each atom (as a part of
simplex) into investigated property can be calculated on
the basis of the obtained QSAR models [17,18]. The con-
tribution (C) of each j-atom in the molecule can be defined
as the ratio of the sum of PLS regression coefficient (bI) of
all simplexes this atom contains (M) to the number of

atoms (n) in the simplex (or fragment): C bj n I
M

I
1

1= ∑ = (for
simplex n = 4). According to this formula, the atomic con-
tribution depends on the number of simplexes that include
this atom. This value (count of simplexes) is not constant,
and it varies in different molecules and depends on other
constituents (surroundings); hence, this contribution is
nonadditive [16]. The analysis of such information allowed
selecting molecular fragments which have positive and
negative influence on considered activity.

The entire set consisting of 36 terpene derivatives
was divided into nine subgroups in which the effect of

R substituents was analyzed. The contribution of the
structural cores A–I was also evaluated (Table 4).

The higher the value of the MEDs of seizure agent
that induce DCTC and DTE, the greater the anticonvul-
sant effect of the compound. As demonstrated in Table 3,
carvone (B) and verbenone (C) nuclei were discovered to
facilitate the manifestation of anticonvulsant activity in
the case of DCTC (3 h) and DCTC (24 h). The influence of
eugenol nucleus (I) in its derivatives prevents the mani-
festation of anticonvulsant activity with increase in time
after oral administration of compounds. The effects of
menthol (D) and menthone (A) nuclei become positive
during the transition from 3 to 24 h after the administra-
tion of their derivatives; consequently, the presence of
the aforementioned nuclei in the molecule structure will
contribute to the expression of antiseizure action. This
phenomenon might be explained by higher lipophilicity
of menthone (log P 2.63) core compared with verbenone
(log P 1.97) and carvone (log P 2.26) leading to prolonged
action ofmenthone derivatives and their more pronounced
activity over a long time period (24 h).
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Figure 2: Observed versus predicted diagram for anticonvulsant activities of terpene derivatives: (a) DCTC (3 h); (b) DCTC (24 h); (c) DTE
(3 h); and (d) DTE (24 h).
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In the case of DTE (3 h), the nuclei of verbenone (C),
carvone (B), and borneol (H) derivatives were the most
conducive to the manifestation of anticonvulsant activity.
Similarly to DCTC, the presence of menthol nucleus (D)
initially prevents the expression of effect; however, over
time its effect becomes reversed leading to enhanced sei-
zure protection due to gradual enzymatic hydrolysis of
ester bond in menthol derivatives. Generally, the pre-
sence of carvone (B), verbenone (C), and borneol (H)
nuclei in the structure of terpenoid derivatives at all
time periods (3 and 24 h) promote the demonstration of
anticonvulsant activity on the model of PTZ-induced
seizures. Comparative analysis of substituent (R) contri-
bution to anticonvulsant effect was also conducted and
its results are summarized in Table 5.

When analyzing the influence of substituents (R1–R9)
on the manifestation of anticonvulsant activity, it was
found that the replacement of the carbonyl group linked

to the cyclic terpene fragment with hydrazone substituents
as well as replacement of the hydroxyl group with GABA or
glycine residues resulted in strengthening of antiseizure
action.

Figure 3: Relative influence of some structural factors on anticonvulsant activity of terpene derivatives estimated on the basis of consensus
2D-QSAR models: (a) DCTC (3 h); (b) DCTC (24 h); (c) DTE (3 h); and (d) DTE (24 h).

Table 4: Relative contribution of structural cores on anticonvulsant
activity of terpenoids and their derivatives

Cores DCTC (3 h) DCTC (24 h) DTE (3 h) DTE (24 h)

A −1.3 4.8 8.5 7.5
B 17.7 18.7 18.8 9.6
C 14.8 13.1 19.8 5.9
D −18.4 1.2 −12.8 23.8
E 6.6 −2.9 4.8 1.2
F 8.6 −15.4 −0.1 −16.8
G 1.2 −12.9 −0.6 −9.5
H 5.5 0.5 17.9 8.7
I 15.3 −4.9 11.1 −5.0
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4 Conclusion

In the present study, QSAR models for anticonvulsant
activity prediction of hydrazones and esters based on
monocyclic/bicyclic terpenoids were developed using
SiRMS (IF) approach, which captured the essence of
simplex representation for molecular structure and its
IF. Physicochemical and structural interpretation of the
models was carried out. The contribution of electrostatic
factor on the anticonvulsant activity of terpene derivatives
at 3 and 24 h after oral administration is predominant

(48–63%). Equally important factors are the steric factors:
values of the van der Waals radii (20–35%) and topology
(13–22%). Molecular fragments responsible for the mani-
festation of anticonvulsant action defined on the basis
of the developed models. In particular, we found that
carvone, verbenone cores possess the most significant
contribution to antiseizure action examined on the model
of PTZ-induced convulsions at 3 and 24 h after oral admin-
istration of terpene derivatives. Moreover, carbonyl and
hydroxy group substitution in terpenoid molecules fol-
lowed by hydrazones and esters formation leads to
enhancement and prolongation of antiseizure action
due to the contribution of additional molecular frag-
ments. The presented QSAR models contribute signifi-
cantly to design of novel terpene derivatives for oral
administration against onset seizures.
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DA domain applicability
DCTC dose inducing clonic–tonic convulsions
DTE dose inducing tonic extension
MAE mean absolute error
MED minimum effective dose
PTZ pentylenetetrazole
QSAR quantitative structure–activity relationship
RMSE root mean square error
SiRMS simplex representation of molecular structure
IF informational field
IP informational potential
PLS partial least squares
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Table 5: Relative contribution of molecular fragments on anti-
convulsant activity of terpenoids and their derivatives

Structural
cores

Fragments (R) DCTC
(3 h)

DCTC
(24 h)

DTE (3 h) DTE
(24 h)

A R1 0.1 0 0 0.4
R2 3.1 14.1 −2.9 33.8
R3 20.3 10.2 32.7 34.6
R4 7.2 8.8 4.9 33.7
R5 8.4 1.9 30.3 20.0
R6 −6.3 4.3 −10.2 10.2

B R1 0.1 0 0 0.4
R2 9.1 21.6 0.1 40.3
R3 24.6 14.9 30.0 35.7
R4 15.8 17.5 11.8 37.3
R5 25.1 15.5 38.9 48.0
R6 4.2 16.1 −3.2 40.3

C R1 0.1 0 0 0.4
R2 12.9 24.9 3.4 39.8
R3 25.2 18.1 37.2 35.9
R4 15.8 19.6 27.8 36.0
R5 18.8 17.5 33.1 47.4
R6 −8.3 14.5 −7.2 38.8

D R7 −3.9 4.9 −2.3 5.7
R8 −7.6 6.5 −4.2 7.6
R9 −5.1 1.3 −0.5 1.3

E R7 5.9 3.6 4.4 3.2
R8 6.6 4.1 13.6 7.0
R9 −0.3 0.2 0 0.5

F R7 25.7 −2.3 15.2 4.4
R8 4.6 −2.0 6.6 1.2
R9 −4.6 −0.02 −0.1 0.5

G R7 3.9 18.6 2.3 26.9
R8 0.3 2.2 2.4 8.4
R9 −0.6 −0.2 −0.8 0.5

H R7 24.9 −1.7 31.2 4.4
R8 3.9 8.1 −1.4 12.7
R9 2.0 −0.3 3.7 0.5

I R7 14.5 1.9 5.6 6.3
R8 8.1 2.3 12 6.0
R9 0.1 0.9 −1.5 2.2

DCTC, dose inducing clonic–tonic convulsions; DTE, dose inducing
tonic extension.
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