
ベンゾジアゼピン系薬物における急性毒性のモデリ
ング

著者 Funar-Timofei Simona, 鈴木 孝弘
雑誌名 東洋大学紀要 自然科学篇
号 54
ページ 15-29
発行年 2010-03
URL http://id.nii.ac.jp/1060/00004071/

Creative Commons : 表示 - 非営利 - 改変禁止
http://creativecommons.org/licenses/by-nc-nd/3.0/deed.ja



15東洋大学紀要　自然科学篇　第 54 号：15-29（2010）

Abstract

Benzodiazepines are well known drugs used as hypnotics, anxiolytics, tranquillizers 
and anticonvulsants. Multiple linear regression（MLR）has been previously applied to a 
series of 54 benzodiazepines to model their toxicity, expressed as the lethal oral dose 
for mouse, yielding robust models with predictive power. This paper presents a com-
parison of principal component regression analysis applied to the same series of drugs 
with the previous MLR ones. Structural descriptors were derived from the optimized 
structures obtained by molecular mechanics and the semiempirical RM1 approach. 
They were correlated to the logarithm of the lethal dose by MLR. Several models 
were selected based on the genetic algorithm. The variables included in the final MLR 
models, having best goodness of fit and prediction results, were further used in princi-
pal component regression（PCR）analysis. Similar statistical results with those of the 
best MLR model were obtained. More information on structural factors which influence 
the benzodiazepine toxicity was obtained by PCR in comparison to the MLR model.

Keywords：�benzodiazepine, quantitative structure-toxicity relationships（QSTR）, mul-
tiple linear regression（MLR）, genetic algorithm, principal component 
regression（PCR）

1．Introduction

Quantitative structure-activity relationships（QSARs）are employed as scientifically-
credible tools for predicting the acute toxicity of chemicals when few, or no, empirical 
data are available（Schultz et al, 2003）. There are two basic aims of toxicologically-
based QSAR analyses. The first aim is to determine, as accurately as possible, the lim-
its of variation in molecular structure that are consistent with the production of a spe-
cific toxic effect. The second aim is to define the ways in which alterations in 
structure, and thereby the overall properties of a compound, influence potency.
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Many chemical agents having potential negative effects on human health and envi-
ronment have been used（Benfenati and Gini, 1997）. Besides, most agents undergo 
transformations during their life, generating new molecules, which means that new 
information must be obtained about the toxicity of the transformation products.

Several times published toxicity value as a definitive（high quality）datum point are 
considered in structure-toxicity studies（Cronin and Schultz, 2003）. There are many 
such toxicological databases which are compilations of data for many species from dif-
ferent sources. One of the best-known and most widely utilised database for mammali-
an toxicity is the Registry of Toxic Effects of Chemical Substances（RTECS）. This 
database, like others, are similar in that they comprise compilations of data from vari-
ous sources, from a number of laboratories, often employing different protocols, being 
subject to considerable variation.

Toxicological endpoints can very often be the result of more than one physicochemi-
cal interaction of the compound with the model system of interest（Soffers et al, 2001）. 
Therefore, the description of quantitative structure-toxicity relationships （QSTR）often 
does not follow a one-descriptor mechanistic approach. In this field researchers rather 
start from the other end, describing QSARs by multi-parameter approaches using 
multiple linear regression or multivariate techniques such as principal component anal-
ysis（PCA）or partial least square（PLS）analysis. Multivariate techniques such as PLS 
have the advantage that they allow the application of several descriptors. The starting 
point of the multivariate approach is the idea that a single descriptor will not contain 
enough information to capture the dominant features of a given biological phenomenon 
and that the characterization of chemicals should be multivariate.

Breggin（1998）indicated in his work that benzodiazepines have been recognized in 
the literature and clinical practice for their capacity to cause mental and behavioral 
abnormalities. Neurophysiologic studies show that the benzodiazepines potentate the 
neuronal inhibitory activity of GABA（g-aminobutyric acid）. Some high-potency ben-
zodiazepines bind especially tightly to the receptor sites in the cerebral cortex. This 
may increase their tendency to produce more intense sedation and hypnosis and also 
more severe cognitive deficits, behavioral abnormality, rebound and withdrawal. Some 
advocates of the benzodiazepines have argued for a specific antianxiety effect sepa-
rately from the general sedative effect, but there was not found any substantial evi-
dence for this. Benzodiazepines can cause paradoxical excitement with irritability, 
hyperactive or aggressive behavior and exacerbation of seizures in epileptics. 
Increased aggression, hostility and impulsivity occur in some subjects and may result 
in attacks of rage and violent actions.

Few quantitative structure-activity relationships（QSARs）of benzodiazepines were 
concerned with molecular structure-receptor affinity（Borea, 1983；Hadjipavlou-Litina 
and Hansch, 1994；Loew et al, 1994；Maddalena and Johnston, 1995；Debnath et al, 
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2004）.
This paper presents a structure - toxicity study applied to a series of 54 benzodiaz-

epine derivatives, in order to model the benzodiazepine derivative toxicity by statisti-
cal methods. Multiple linear regression was applied to correlated structural descriptors 
derived from benzodiazepine molecular structure with their toxicity, expressed by the 
logarithm of LD50 values. Descriptors chosen by the genetic algorithm in these models 
were further used in principal regression analysis, to derive structural parameters 
which influence the benzodiazepine toxicity.

2．Materials and Methods

Definition of target property and molecular structures
In this study 54 benzodiazepines derivatives（Figure 1）with toxicity, expressed as 

the logarithm of the lethal oral dose for mouse LD50 in mg/Kg（Table 1）, were 
employed for the QSAR study. The data were retrieved from the RTECS database

（RTECS Database, MDL Information Systems, Inc. 14600 Catalina Street San Leandro, 
California U.S.A. 94577, http：//www.ntis.gov/products/types/databases/rtecs.asp）.

The molecular structure of the benzodiazepine derivatives was built by the ChemOf-
fice package（ChemOffice 6.0, CambridgeSoft.Com, Cambridge, MA, U.S.A）and ener-
getically optimized using molecular mechanics method and quantum chemical calcula-
tions（RM1 hamiltonian（Rocha et al, 2006））. To the lowest energy conformations 
obtained by molecular mechanics calculations the MOPAC 2007（Stewart, 2007）
semiempirical molecular orbital program was applied to finally optimize the structures.

Twenty-two types of descriptors were calculated by the Dragon software（Dragon 
Professional 5.5/2007, Talete S.R.L., Milano, Italy）, like：constitutional（nR09-number 
of 9-membered rings）, functional groups counts（like：nCt - number of total tertiary C

（sp3）, nCrt -number of ring tertiary C（sp3）, nN＝C-N＜ - number of amidine deriva-
tives, nRNR2 - number of tertiary amines（aliphatic）, nC＝N-N＜ - number of hydra-
zones, nROR - number of ethers（aliphatic）, nThiophenes - number of Thiophenes）, 
topological descriptors, Burden eigenvalues, eigenvalue-based indices, Galvez descrip-
tors（topological charge indicies）, Randic descriptors（Randic molecular profiles）, RDF 

（radial distribution function）descriptors, MWC（Molecular walk counts path counts - 
atomic and molecular descriptors）and 3D-MoRSE（Mor21u - 3D-MoRSE - signal 21 
/ unweighted；Mor30e - 3D-MoRSE - signal 30 / weighted by atomic Sanderson elec-
tronegativities）, atom-centred fragments, information indices, edge adjacency indices

（ESpm07r - spectral moment 07 from edge adj. matrix weighted by resonance inte-
grals）, topological charge indices, connectivity indices, 2D-autocorrelations, molecular 
properties, 2D binary fingerprints, and 2D frequency fingerprints. The descriptors 
included in the final MLR and PCR models are presented in Table 1.



18 Simona Funar-Timofei and Takahiro Suzuki

Multiple linear regression（MLR）
A multiple linear regression treatment between the experimental variable yk（depen-

dent variable）and a set of structural descriptors（independent variables）xi is 
expressed by the following equation（Wold and Dunn, 1983）：

yk＝b0＋Σ
i

 bi・xik＋ek� （1）

where b represents regression coefficients and e the deviations and residuals. MLR 
calculations were performed by the STATISTICA（STATISTICA 7.1, Tulsa, StatSoft 
Inc, OK, USA）and MobyDigs（Todeschini et al, 2003）programs.

Fig 1.　Benzodiazepine structure
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Fig 1.　（continued）
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Fig 1.　（continued）
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Principal component regression（PCR）
The first step in carrying out PCR is the application of the principal component 

analysis（PCA）method.  This last approach produces new variables created by a lin-
ear combination of the original variables or descriptors. The utility of PCA is the 
dimension reduction. Thus, this method is based upon a spectral decomposition of the 
correlation matrix（H）of the regressors Xi（i ＝ 1,2,...,c）（the physicochemical parame-
ters）（Mager and Rothe, 1990；Mager, 1994）. On the basis of this orthogonal transfor-
mation, principal components of the original variables are estimated and used instead 

Fig 1.　（continued）
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of the original variables. In PCR the multiple linear regression is applied to estimate 
the regression matrix of the regressands Yi（i ＝ 1,2,...,N）and component regressors Zf 

（ f ＝ 1,2,..., s≤c）and finally, a re-transformation（rectification）yields the desired esti-
mators（nonleast-squares regression）. The general PCR equation is given by：

Y＝hO＋Z・H� （2）

where hO＝y
_
 is the intercept vector, which is equal to the vector y

_
 of mean values of 

the regressands Yi, and Z is the matrix of the principal components. The PCR calcula-
tions were performed by the MobyDigs package（Todeschini et al, 2003）
Model validity

All the statistical tests were performed at a significance level of 5 ％ or less. In MLR 
calculations outliers were tested by estimating the standardized residuals of less than 
−2.5 or more than ＋2.5（Frank and Althoen, 1995）and by the value of residual 
greater than three times the value of standard error in calculation（Todeschini and 
Consonni, 2000）, as implemented in the MobyDigs program（Todeschini et al, 2003）.

The goodness of prediction of the MLR models was checked by the Akaike Informa-
tion Criterion（AIC）（Gentleman and Wilk, 1975）, Y-scrambling（Lindgren et al, 1996）
and bootstrapping（Efron, 1982）. All these calculations were performed by the Moby-
Digs software. The leave-one out cross-validation（in MLR and PCR calculations）pro-
cedure（Efron , 1983；Stone, 1974；Wold, 1978）was, also, employed.

The overall performance of MLR and PCR models was evaluated in terms of the 
root-mean-square error（RMS）：

RMS＝  n

（yi－yi
fit）2

n＝1

n

∑
� （3）

where yi is the experimental target value for the ith compound（logLD50）and yi
fit 

represents the predicted target values calculated by the models.

3．Results and Discussion

In a previous MLR analysis（Funar-Timofei et al, 2010）a training set of 45 com-
pounds（three outliers were found：12, 41 and 46 and omitted from the final models）
and a test set of the following 6 compounds：5, 7, 21, 24, 36, 45 were considered（see 
Figure 1）.

In this paper, several MLR models were found from the correlation with the toxicity, 
based on the variable selection by genetic algorithm（GA）included in the MobyDigs 
program（Todeschini et al, 2003）, using the RQK fitness function（Todeschini et al, 
2004）, with squared multiple correlation coefficient as constrained function to be opti-
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mised, a crossover/mutation trade-off parameter T ＝ 0.5 and a model population size 
P ＝ 50. The final MLR models are presented in Table 2. Model 1, with best statistical 
results, gave a RMS error of 0.213 log LD50 units for the training set and of 0.194 for 
the test set.

Table 2.　MLR results＊

Models Descriptors R2 Q2 Q2
boot a（R2） a（Q2） AIC SDEP F s

1

nR09
ESpm07r
Mor21u
Mor30e

0.800 0.744 0.705 0.159 −0.061 0.05 0.214 40.04 0.2

2

nCt
nRNR2

nC＝N-N<
nROR

0.667 0.600 0.557 0.121 −0.144 0.084 0.267 19.99 0.259

3
nR09

ESpm07r
Mor30e

0.646 0.586 0.562 0.09 −0.102 0.083 0.272 24.98 0.263

4
nR09

Mor21u
Mor30e

0.636 0.571 0.525 0.111 −0.077 0.085 0.277 23.92 0.267

5
nR09

ESpm07r
0.619 0.568 0.548 0.122 −0.058 0.083 0.278 34.16 0.27

6

nRNR2
nC＝N-N<

nROR
nThiophenes

0.632 0.568 0.527 0.117 −0.147 0.093 0.278 17.17 0.272

7
nRNR2

nC＝N-N<
nROR

0.619 0.554 0.511 0.114 −0.081 0.089 0.282 22.18 0.274

8
nCt

nC＝N-N<
nROR

0.595 0.548 0.507 0.054 −0.155 0.095 0.284 20.11 0.282

9
nCrt

nC＝N-N<
nROR

0.595 0.548 0.512 0.049 −0.167 0.095 0.284 20.11 0.282

10

nCrt
nN＝C-N<
nC＝N-N<

nThiophenes

0.609 0.530 0.500 0.086 −0.244 0.098 0.29 15.58 0.28

* R2 - squared multiple regression coefficient, Q2 - leave-one-out cross-validated R2, Q2
boot - bootstrap-

ping Q2 , Y-scrambling  parameters （Lindgren et al. , 1996）（a（R2）, a（Q2））, AIC- the Akaike 
Information Criterion; SDEP- standard deviation error in prediction, F- Fischer test, s- standard devi-
ation
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The PCR calculations were performed on variables chosen by the final MLR models 
presented in Table 2, by using the Q2 leave-one-out as fitness parameter. The most 
correlated PCs to the Y response variable were selected by GA.

Four principal components were found to be significant（R2 ＝ 0.742, Q2 ＝ 0.688, 
SDEP ＝ 0.236）. These results are slightly poorer in comparison to the MLR model 1 

Table 3.　PCR results of the model with four principal components （PCs）

Components PC1 PC2 PC3 PC4

Eigenvalues 2.51 2.32 1.95 1.59

Explained Variance（%） 22.8 21.1 17.7 14.5

nR09 −0.5 0.055 0.182 −0.335

ESpm07r −0.299 0.125 0.46 0.386

Mor21u 0.065 0.108 −0.473 0.167

Mor30e 0.296 0.238 0.233 −0.088

nCt 0.232 0.543 0.205 −0.097

nCrt 0.232 0.543 0.205 −0.097

nN＝C-N< 0.324 −0.341 0.278 −0.287

nRNR2 0.271 −0.376 0.404 0.016

nC＝N-N< −0.507 0.041 0.212 −0.336

nROR −0.068 −0.068 0.292 0.673

nThiophenes 0.147 −0.241 0.153 −0.19

Table 4.　�Regression coefficients obtained by PCR cal-
culations for the first principal component

Intercept −3.449

nR09＊ −0.412

ESpm07r＊ 0.107

Mor21u＊ 0.255

Mor30e＊ 0.17

nCt＊ 0.236

nCrt＊ 0.236

nN＝C-N<＊ −0.175

nRNR2＊ −0.022

nC＝N-N<＊ −0.458

nROR＊ 0.366

nThiophenes＊ −0.221
＊Dragon［23］descriptors
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ones. The PCR results are presented in Table 3 and the regression coefficients in Table 
4. The RMS values were of 0.215 for the training set, 0.194 for the test set, close to 
the RMS values of the MLR model.

Benzodiazepine having increased number of 9-membered rings, number of amidine 
derivatives, number of aliphatic tertiary amines, number of hydrazone and of number 
of thiophene moieties are expected to have high toxicity. Higher number of total tertia-
ry C（sp3）, number of ring tertiary C（sp3）and of number of aliphatic ethers yield low 
toxicity.

4．Conclusion

Quantitative structure - toxicity relationship（QSTR）models were developed for a 
series of 54 benzodiazepines by MLR and PCR approaches. It was found that benzodi-
azepine structures including 9-membered rings, and increased number of amidine 
derivatives, aliphatic tertiary amines, hydrazone and of thiophene moieties would be 
expected to be toxic. Inclusion in the benzodiazepine molecules of total tertiary C（sp3）
groups, of ring tertiary C（sp3）and of aliphatic ethers leads less toxic compounds.

References

Benfenati, E.；Gini G.（1997）Computational predictive programs（expert systems）in toxicolo-
gy. Toxicology 119, 213-225.

Borea, P.A.（1983）De Novo analysis of receptor binding affinity data of benzodiazepines. 
Arzneim.-Forsch. 33（111）, 1086-1088.

Breggin P.R.（1998）Analysis of adverse behavioral effects of benzodiazepines with a discus-
sion on drawing scientific conclusions from the FDA’s spontaneous reporting system. J. 
Mind Behav. 19, 21-50.

Cronin, M.T.D.；Schultz, T.W.（2003）Pitfalls in QSAR. J. Mol. Struct.（Theochem） 622, 39-51.
Debnath, B.；Gayen, S.；Basu, A.；Srikanth, K.；Jha, T.（2004）Quantitative structure-activity 

relationship study on some benzodiazepine derivatives as anti-Alzheimer agents. J. Mol. 
Model. 10, 328-334.

Efron, B.（1982）The Jackknife, the Bootstrap and Other Resampling Planes. Society for Indus-
trial and Applied Mathematics, Philadelphia（PA）, U.S.A.

Efron, B.（1983）Estimating the Error Rate of a Prediction Rule：Improvement on Cross-Vali-
dation. J. Am. Stat. Assoc. 78, 316-331.

Frank, H.；Althoen, S.C.（1995）Outliers. In：Statistics：Concepts and Applications, Cambridge, 
Great Britain：Cambridge University Press, p. 142-143.

Funar-Timofei, S.；Ionescu, D.；Suzuki, T. A tentative quantitative structure-toxicity relation-
ship study of benzodiazepine drugs. （2010）Toxicol. in Vitro, 24, 184-200.

Gentleman, J.F.；Wilk, M.B.（1975）. Detecting outliers. II. Supplementing the direct analysis of 
residuals. Biometrics 31, 387-410.

Hadjipavlou-Litina, D.；Hansch, C.（1994）Quantitative Structure-Activity Relationships of the 



28 Simona Funar-Timofei and Takahiro Suzuki

Benzodiazepines. A Review and Reevaluation. Chem. Rev. 94（6）, 1483-1505.
Lindgren, F.；Hansen, B.；Karcher, W.；Sjöström, M.；Eriksson, L.（1996）Model validation by 

permutation tests：Applications to variable selection.  J. Chemom. 10, 521-532.
Loew, G.H.；Nienow, J.R.；Poulsen M.（1994）Theoretical structure-activity studies of benzodi-

azepine analogues. Requirements for receptor affinity and activity. Mol. Pharmacol. 26, 
19-34.

Maddalena, D.J.；Johnston, G.A.R.（1995）Prediction of Receptor Properties and Binding Affini-
ty of Ligands to Benzodiazepine/GABAA Receptors Using Artificial Neural Networks. J. 
Med. Chem. 38, 715-724.

Mager, P. P. （1994）Nonleast-Squares Regression Analysis Applied to Organic and Medicinal 
Chemistry. Med. Res. Rev. 14, 533-588.

Mager, P. P.；Rothe, H.（1990）2. Obscure phenomena in statistical analysis of quantitative 
structure-activity relationships. Part 1：Multicollinearity of physicochemical descriptors. 
Pharmazie 45, 758-764.

Rocha, G.B.；Freire, R.O.；Simas, A.M.；Stewart, J.J.P.（2006）RM1：A reparameterization of 
AM1 for H, C, N, O, P, S, F, Cl, Br, and I. J. Comput. Chem. 27（10）, 1101 - 1111.

Schultz, T.W.；Cronin, M.T.D.；Walker, J.D.；Aptula, A.O.（2003）The present status of QSAR 
in toxicology. J. Mol. Struct.（Theochem） 622, 1-22.

Soffers, A.E.M.F.；Boersmaa, M.G.；Vaes, W.H.J.；Vervoort, J.；Tyrakowska, B.；Hermens, J.
L.M.；Rietjens, I.M.C.M.（2001）Computer-modeling-based QSARs for analyzing experimen-
tal data on biotransformation and toxicity.  Toxicol. in Vitro 15, 539-551.

Stewart, J.J.P.（2007）Optimization of parameters for semiempirical methods V：Modification of 
NDDO approximations and application to 70 elements. J. Mol. Model. 13, 1173-1213.

Stone, M.（1974）. Cross-validatory choice and assessment of statistical predictions（with dis-
cussion）. J. Roy. Statist. Soc. Ser. B 36, 111-147.

Todeschini, R.；Consonni, V.（2000）Handbook of Molecular Descriptors, Wiley, Weinheim, p. 
369.

Todeschini, R.；Consonni, V.；Mauri A.；Pavan M.（2003）MobyDigs：software for regression 
and classification models by genetic algorithms in：Nature-inspired Methods in Chemomet-
rics：Genetic Algorithms and Artificial Neural Network（Leardi, R., Ed.）, Chapter 5, Elsevier, 
p. 141-167.

Todeschini, R.；Consonni, V.；Mauri, A.；Pavan, M.（2004）Detecting ‘bad’ regression models：
multicriteria fitness functions in regression analysis. Anal. Chim. Acta. 515, 199-208.

Wold, S.（1978）Cross validatory estimation of the number of components in factor and princi-
pal components models. Technometrics 20, 397-405.

Wold, S.；Dunn III W.J.（1983）Multivariate quantitative structure-activity relationships
（QSAR）：conditions for their applicability. J. Chem. Inf. Comput. Sci. 23, 6-13.



29Acute Toxicity Modeling of Benzodiazepine Drugs

要　旨

ベンゾジアゼピン系薬物における急性毒性のモデリング

Simona Funar-Timofei,  鈴木孝弘

ベンゾジアゼピン系薬物は、3 つの環構造のベンゾジアゼビン骨格を有する化合物であ
る。鎮静・催眠作用、抗不安作用、中枢性筋弛緩作用などの広い薬理学的作用を示す。本
研究では、54 種類のベンゾジアゼビン系薬物の化学構造とマウスに対する経口急性毒性
試験結果との定量的な関係を見出すため、主成分回帰分析（PCR）を適用した急性毒性の
モデル化を試みた。先ず、分子力学法と半経験的 RM1 法によって最適化した分子構造か
ら、種々の構造記述子を計算し、急性毒性試験結果との相関を検討した。遺伝的アルゴリ
ズムを適用して最適な PCR モデルを得たところ、重回帰モデル（MLR）の結果と比較し、
ベンゾジアゼビン系薬物の毒性に影響を与える構造因子についてより詳細な知見を得るこ
とができた。


