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Abstract

In vitro cytotoxicity of 23 alkylphenols (APs) on human
cervical cancer cell lines (HeLa) was determined using
the lactate dehydrogenase (LDH) cytotoxicity assay.
Two different sets of descriptors were used to con-
struct the calibration model based on Genetic Algo-
rithm-Multiple Linear Regression (GA-MLR) based on
the experimental data. A statistically robust Struc-
ture-Activity Relationships (QSAR) model was achi-
eved (R?=95.05%, Q?%,00=91.23%, F=72.02 and SE=
0.046) using three Dragon descriptors based on Me
(0D-Constitutional descriptor), BELp8 (2D-Burden
eigenvalue descriptor) and HATS8p (3D-GETAWAY
descriptor). However, external validation could not
fully prove its validity of the selected QSAR in charac-
terization of the cytotoxicity of APs towards Hela
cells. Nevertheless, the cytotoxicity profiles showed
a finding that 4-n-octylphenol (4-NOP), 4-tert-octyl-
phenol (4-TOP), 4-n-nonylphenol (4-NNP) had a more
potent cytotoxic effect than other APs tested, infer-
ring that increased length and molecular bulkiness
of the substituent had important influence on the LDH
cytotoxicity.
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In vitro short-term cytotoxicity assays are potentially

useful tools that have been used to screen compounds
not only to assess the reproducibility and the test con-
ditions but also as aids in establishing priorities for
regulation’.

Reactive oxygen species (ROS) damage various cell
components such as unsaturated lipids, proteins and
nucleic acids. Direct cell damage occurs, since the ROS
oxidize the lipid moiety in the plasma cell membrane,
leading to the initiation of a lipid peroxidation cas-
cade, followed by complex biochemical processes?.

It is well known that hydrophobic compounds can
disturb membrane energetization by non-specific
membrane perturbation. APs are known to cause
most severe changes in cell membrane structures and
lipid droplets by such an oxidative stress’. Relation-
ship between lipophilicity of C6-10 hydrocarbon com-
pounds and their ROS-inducing potency in animal
cells was established®. Both nonylphenol and octyl-
phenol showed a significant cytotoxic effect on sple-
nocytes in vitro®. It was found that nonylphenol cause
apoptosis (both via the intrinsic and extrinsic pathway)
and that ROS generation and Ca’?* play a fundamen-
tal role in the process®. 4-NNP caused suppressive
effects on cell growth and cellular respiration in dif-
ferent cells and that these effects were associated with
4-NNP-induced reactive oxygen species (ROS) gen-
eration’®. In addition, nonylphenol and octylphenol
induced cell death by inhibiting testis endoplasmic
reticulum Ca®* pumps!®. 4-tert-octylphenol (4-TOP)
or p-Nonylphenol (4-NNP)-induced apoptosis increas-
ed in a concentration-dependent manner in cultured
rat Sertoli cell'!, and in human embryonic stem cells'?.

The QSAR analyses have demonstrated that many
physico-chemical properties were dominantly impor-
tant for the prediction of cytotoxicity. LogP was of
critical importance in describing the cytotoxicity for
phenols with both electron-withdrawing and releasing
groups'>"°. Hydrophobicity and acidity as well as ster-
ic effects and charge distribution within the molecule
govern the partitioning of for the intrinsic uncoupling
activity of phenolic compounds'S. LogP, the constant
of Hammett (3.6), pKa, the first order valence mole-
cular connectivity index (1Xv) and the perimeter of
the efficacious section (?Dg), representing lipophilic,



electronic and steric effects, were chosen to predict
cytotoxicity of chlorophenols!”.

A QSAR analysis of cytotoxicity by a set of di- and
trisubstituted phenols with mostly alkyl substituents in
the ortho position was found with the combination of
the Taft steric parameter for the larger of the two ortho
substituents and radical parameter'8. The QSAR models
obtained for structurally diverse electron-releasing phe-
nols were characterized by ¢* (the Brown variation
of the Hammett 6) and logP, or BDE and logP for
each model, implying that highly electron-releasing
substituents (negative coefficient of 6*) enhance sta-
bilization of the phenoxy radical and increase cytotox-
icity'. As described above, authors provided basic
information and a clear picture of mechanistic basis
of substituted phenols.

The membrane toxicity of linear alcohol ethoxylates
increased strongly with increasing length of the alkyl
chain®. The cytotoxicity of APs increases with the
number of carbon atoms and with the partition coeffi-
cient’’. LogP is clearly linked with membrane pertur-
bation?** as well as enzymatic interactions?* in com-
bination with bioaccumulation. Cytotoxicity is closely
related to logP for electron releasing phenols such as
p-octyl- and p-nonylphenols®. Another study indicat-
ed that logP and 6" were important descriptors in
modeling the cytotoxicity (QSAR) of the simple alkyl-
phenols®®. However, the cytotoxicity of the sterically
encumbered phenols (para alkyl substituted phenols)
was found to be dependent primarily on electronic
and radical effects, not on steric factor?’. Cytoxicity
in human hepatocytes strongly correlate with hydro-
phobicity (logP), ease of oxidation (Exoumo) and dipole
moment (the asymmetric charge distribution accord-
ing to arrangement of halogen substituents)?®. Never-
theless, there is insufficient information on the cyto-
toxicity of APs in HeLa cell.

The LDH leakage assay is based on the measure-
ment of lactate dehydrogenase activity in the extra-
cellular medium?®. The release of LDH is the toxico-
logical endpoint associated with irreversible cell death
due to cell membrane damage®®?!. Determination of
LDH release from cultured cells shows values that
were significantly different, depending on cell type
(tumor or normal)*.

QSARs for the toxic and metabolic effects of ali-
phatic alcohols on the perfused rat liver were develop-
ed®, where cytotoxic activity of the LDH was assessed
for development of QSARs using descriptors, hydro-
phobicity (logP) and electrophilicity (LUMO). It was
shown that the cytotoxicity of halogenated aliphatic
hydrocarbons critically depended on their hydrophobic
and steric properties*. There is not much information
available in the literature concerning the structure-acti-
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vity relationship of APs on the HeLa cell-mediated
cytotoxicity.

Although octyl- or nonylphenols have been known
to be linked to strong cytotoxicity, there is still insuf-
ficient knowledge about the whole spectrum of the
cytotoxic potential of APs to HeLa cells. The objec-
tive of this study is to create a QSAR model able to
to predict the cytotoxic activities of APs that mediate
cell-damaging activity, and to understand the mecha-
nistic concepts of the activity in complex HeLa cells.

QSAR Model Derived Using Dragon
Descriptors

In order to investigate the possible existence of out-
liers from the 26 compounds which constitute the
entire data set. The LOO procedure indicated that 3
chemicals, no. 4 (4-Ethylphenol), 15 (4-tert-Butylphe-
nol) and 17 (3,5-Di-tert-butylphenol), were shown to
be outliers fell beyond £2SD and were removed from
the procedure of regression analysis to evaluate the
cytotoxicity of 23 compounds (Table 1). The best mo-
del for 23 APs was chosen on the basis of experimen-
tal data with 3 descriptors, Me, BELp8, and HATSS8p.
It results then in the following Eq. 1 with increasing
R2 and QzLool

Log(CT)=-13.34(£4.13)+19.87(+4.20)Me
—0.78(x0.12)BELp8

+8.06(£0.73)HATS8p (Eq- D
n=23, R*=89.07%, 0?100=84.24%,
R?;=8135%, (%,,=83.91%, SDEC=0.064,
SDEP=0.077, Kx=82.09%, Kxy=61.21%,
SE=0.071, PRESS=0.137, F=51.61

All 23 compounds lies within +206 standard devia-
tion. Multiple regression generated a statistically sig-
nificant predictive model with the highest predictivi-
ty, that could predict (0% 00=84.24%) and explain
(R?,4=87.35%) the variance to a significant extent.
The QSAR also gave F value of 51.61 and SE value
of 0.071. Standardized correlation coefficients of Me,
BELp8, and HATSS8p are 0.637, —1.375, and 1.929
respectively for this model (Table 2). The QSAR yield-
ed high Q%,,,, value 83.91% with a very low standard
error of 0.071 to simulate the reliability of this model.
However, the descriptors used for internal validation
of predictive models show high correlation among
themselves indicating high probability of chance cor-
relation as Kyy-Ky values of all compounds showed
negative.

The results of the cytotoxicity predictions are shown
in Table 1 and in Figure 1 as a scatter plot of the pre-
dicted versus experimental values.

List of molecular descriptors selected by Genetic
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Table 1. Values of experimental, calculated and predicted log(CT) using the cross validation method with Leave-One-Out pro-

cedure.
1D Compound Symbol CASRN Y-Exp. Y-Calc.  Y-Pred. Hat Std. Err. Pred.
1 2-Methylphenol 2-MP 95-48-7 6.08 6.14 6.15 0.107 0.99
2 4-Methylphenol 4-MP 106-44-5 6.18 6.13 6.12 0.171 ~0.92
3 2-Ethylphenol 2-EP 90-00-6 6.2 6.13 6.12 0.171 —1.29
4 4-Ethylphenol 4-EP 123-07-9
5 2-Propylphenol 2-PP 644-35-9 6.38 6.33 6.32 0.209 —1.01
6 4-Propylphenol 4-PP 645-56-7 6.23 6.33 6.36 0.209 2
7 2-Isopropylphenotl 2-IPP 88-69-7 6.31 6.41 6.43 0.173 1.84
8 3-Isopropylphenol 3-1PP 618-45-1 6.29 6.35 6.36 0.085 0.97
9 4-Isopropylphenol 4-1PP 99-89-8 6.38 6.34 6.34 0.142 —0.65
10 2,6-Di-isopropylphenol 2,6-DIPP 2078-54-8 6.07 6.01 5.99 0.198 —1.23
11 2-sec-Butylphenol 2-SBP 89-72-5 6.37 6.33 6.32 0.209 —0.81
12 4-sec-Butylphenol 4-SBP 99-71-8 6.47 6.51 6.52 0.195 0.72
13 2-tert-Butylphenol 2-TBP 88-18-6 6.18 6.19 6.2 0.243 0.28
14 3-tert-Butylphenol 3-TBP 585-34-2 6.29 6.28 6.28 0.168 —0.23
15 4-tert-Butylphenol 4-TBP 98-54-4
16 2,6-Di-rert-butylphenol 2,6-DTBP  128-39-2 6.06 6.12 6.13 0.166 1.14
17 3,5-Di-tert-butylphenol 3,5-DTBP 1138-52-9
18 2-Cyclopentylphenol 2-CPP 1518-84-9 6.41 6.32 6.31 0.134 -1.59
19 4-Cyclopentylphenol 4-CPP 1518-83-8 6.22 6.23 6.24 0.207 0.26
20 4-n-Pentylphenol 4-NPP 14938-35-3 6.08 6.19 6.2 0.066 1.7
21 4-tert-Pentylphenol 4-TPP 80-46-6 6.05 5.95 592 0.244 —2.06
22 4-n-Hexylphenol 4-NHP 2446-69-7 5.96 6.05 6.07 0.171 1.78
23 4-n-Heptylphenol 4-NHTP 1987-50-4 6.51 6.45 6.44 0.136 —1.04
24 4-n-Octylphenol 4-NOP 1806-26-4 6.59 6.58 6.58 0.168 -0.22
25 4-tert-Octylphenol 4-TOP 140-66-9 6.66 6.59 6.58 0.182 —1.28
26 4-n-Nonylphenol 4-NNP 104-40-5 6.65 6.65 6.65 0.244 0.01
3*HAT value is 0.522.
Y-Exp data represent the mean value of triplicate measurements.
CT indicates cytotoxicity/(mg L™").
Data represent the means and standard error in triplicate.
Table 2. List of molecular descriptors selected by Genetic 6.8

Algorithm, descriptor type and standardized regression coef-
ficient.

Descriptor Descriptor type Std. Reg. Coeff.
Me 0-D (Constitutional) 0.637
BELpS8 2-D (Burden eigenvalue) —1.375
HATS8p 3-D(GETAWAY) 1.929

Algorithm, descriptor type and standardized regression
coefficients are shown in Table 2.

The 2D plot of the correlation between experimental
log(CT) and predicted log(CT) using the cross valida-
tion method with LOO procedure was presented (Fig-
ure 1). The linear regression model was found to be
statistically significant although a compound 15 (4-
tert-Butylphenol) was slightly over the two standard
deviation line on the Williams plot (data not shown).
The chemical domain of applicability was verified by
the leverage approach in method section, thus all 23
chemicals belonged to the applicability domain and
the predicted data were reliable.

After the model was internally validated, the cyto-
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Figure 1. The correlation plot between experimental log(CT)
and predicted 1log(CT) using the cross validation method with
Leave-One-Out procedure.

toxicity was externally predicted for the same set of
molecules. Even though the external validation is the
way to establish a reliable QSAR model for predic-
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Table 3. The statistical results of the MLR models of the cytotoxicity on 23 AP.

Eqn. Equations n R? Qoo o SE F PRESS Q%xr
A set of descriptors for internal validation
Eq. 1 Log(CT)=~16.36(=+5.36)+19.060( +5.45)Me 23 89.07% 84.24% 83.84% 0.071 51.61 0.137
—0.715(+0.16)BELp8+7.34(+0.98)HATS8p
A set of descriptors for 30% external validation
Eq.2 Log(CT)=—7.140( £ 6.67)+13.590( + 6.78)Me 23 79.48% 68.79% 82.27% 0.100 34.06 0.083 84.43%

—0.887(+0.21)BELp8+7.83(£ 1.16)HATSS8p

A second set of descriptors for internal validation

Eq. 3 Log(CT)=4.603(£0.38)+5.803(+ 1.85)0m

—3.282(%1.00)Log P+0.14(+0.04H)MV

23 53.07% 37.33% 25.68% 0.126 7.16

0.88

A second set of descriptors for 30% external validation

Eq- 4 Log(CT)=5.81(£0.17)—0.80(+0.15)X0

—0.09(£0.02)TE—0.00019( £ 0.00004)MOMI-R1

23 80.66% 70.54% 60.90%

0.100 18.07 0.316

PRESS : the predicted residual sum of squares, Q% o0 : leave-one-out cross-validated R?, SE : standard error of estimation, F : sequential Fischer
test, Q%gxr: externally cross-validated R2, Me : the mean atomic Sanderson electronegativity (scaled on Carbon atom), BELpS : lowest eigenvalue
n. 8 of Burden matrix/weighted by atomic polarizabilities, HATS8p : the leverage-weighted autocorrelation of lag 8/weighted by the atomic polar-
izabilities, MV : molecular volume, °X : connectivity (Kier, order 0), G(m) : Hammet substituent parameter (meta-), TE : total energy, MIR3-R1 :

moment of inertia-rotational constants component 3.

tive purposes. The obtained model exhibited good
external predictivity (Table 3). However, 50% of the
whole 94 models generated a low external predictivity
ranging from 0.00% to 48.44%.

QSAR Model Derived using a Second Set
of Descriptors

A QSAR model for cytotoxicity was constructed
for a same training set of 23 APs using a second set
of descriptors. Eq. 2 shows a three-descriptor model
including Gy, logP and MV selected with the highest
R?and Q%40 :

Log(CT)=4.60(%0.38)+5.80(+ 1.85)C(m)
—3.28(£1.00)logP

+0.14(x£0.04MV (Eq. 2)
n=23, R*=53.07%, 0%100=37.33%,
R, ;;=45.66%, Q%,n=25.21%, SDEC=0.169,
SDEP=0.196, Kyx=56.47%, Kxy=48.81%,

SE=0.186, PRESS=0.088, F=7.16

The standardized regression coefficients of oy, logP
and MV were 1.137, —11.709 and 12.524, respective-
ly, so that logP and MV are regarded as relatively
more important than G, parameter.

As the QSAR model shown by Eq. 2 was statistical-
ly weak, we did not choose this Eq. 2 as a final pre-
dictive model. But this model provides valuable infor-
mation regarding the types of descriptors and mecha-
nistic interpretation of a QSAR by Eq. 1 constructed
by using Dragon descriptors as well.

The descriptors used in this QSAR Eq. 2 were divid-

ed into three categories: (i) the molecular hydrophobi-
city descriptor, logP as octanol/water partitioning coef-
ficient, (ii) electronic parameter, Gy, as a Hammet
substituent parameter, (iii) physicochemical parame-
ter, MV as a molecular volume. These physico-chemi-
cal parameters are used to characterize QSAR models
in the cytotoxicity study, as described above. A para-
meter for radical reactivity by activated oxygen spe-
cies or phenoxy radical of APs is considered as the gap
energy between Eyomo and Epymo. The shape of the
molecule is defined by the moment of inertia which is
proportional to length-to-breadth ratio (L./B). The prin-
cipal moments of inertia, a spatial descriptor that pro-
vides information about the orientation and confor-
mational rigidity of a molecule and are related to Rota-
tional constants (MHz)*. Thereby, n-nonylphenol
possesses a larger moment of inertia of the phenol
moicty due to its longer chain length. The Taft para-
meter’®?” was used to correlate the field/inductive
effects of alkyl substituents. The Hammett constant™®
is an electronic substituent descriptor reflecting the
electron-donating or -accepting properties of a substi-
tuent at the m- and p- position.

The resulting regression equations including statis-
tics are summarized in Table 3.

Discussion

In the present study, it was confirmed that octyl-
phols or nonylphenol with 8-9 carbon side chain eli-
cited a high cytotoxicity and selectivity of all APs



18 Mol. Cell. Toxicol. Vol. 5(1), 14-22, 2009

against HeLa cells, suggesting that the cytotoxicity is
very dependent on the alkyl chain length, and degree
of branching of the alkyl group and its position of
substitution on the phenol molecule. Additionally, 4-
n-nonylphenol induced a highest cytotoxicity of test-
ed compounds. However, no clear differences in the
degree of activity between 2- (ortho-) and 4- (para-)
substituted APs were found, although many 4- substi-
tuted APs have shown higher activities compared to
2- substituted APs (Table 1).

A combination of Me, BELp8 and HATS8p descrip-
tors were used for encoding the structural information
of the studied compounds: (i) Me is the mean atomic
Sanderson electronegativity(scaled on Carbon atom)
characterized the molecular polarity (ii) BELp8: low-
est eigenvalue n. 8 of Burden matrix/weighted by atom-
ic polarizabilities (2D-Burden eigenvalue descriptor),
encoding molecular branching, position and its length.
BELDpS is the one of the BCUT (Burden-CAS-Univer-
sity of Texas eigen values), topological descriptors
which are the eigen values of a modified connectivity
matrix known as the Burden matrix. (iii) HATS8p is
the leverage-weighted autocorrelation of lag 8/weight-
ed by the atomic polarizabilities (3D-GETAWAY des-
criptor).

These descriptors encode information about mole-
cular shape, size, and atom distribution, and that appli-
cation of the atomic polarizabilities® as weighting
coefficients, takes into account, to some degree, charge
distribution inside a molecule.

The most relevant descriptor according to the stdar-
dized regression coefficients is HATS8p. A negative
Kxy-Kx value, however, represents high degree of
collinearity of descriptors in this model. According to
the K (QUIK) rule, only those models with a global
correlation of the [X+y] block (Kyy) greater than the
global correlation of the X block (Kxy) variable (X
being the molecular descriptors and y the response
variable) were considered acceptable. In this study,
most of 94 models calculated were shown to have
negative values.

The problem of variable selection remains as in
GA-MLR technique even though PLSR (Partial Least
Squares Regression) or PCR (Principle Component
Regression) modeling solves the collinearity problem
of the descriptors®. Nonetheless, use of both PCR and
PLSR techniques using same data showed similar
predictive power and high chance correlation (data
not shown) when compared to GA-MLR result so that
future studies would be carried out to solve the colli-
nearity problems for further studies.

The QSAR approach achieved the prediction accu-
racy of 84.43% for the 30% external validation set
(70% training set) by random sampling. But, more

than 50% of the 95 predictive models generated by
GA-MLR technique showed low R? and Q% 0. The
finding seems to be due to the small data size and
inaccuracy of trained data set though their reliability
are reasonable. The results of the statistical analysis
are shown in Table 3.

It is postulated that cytotoxicity mechanism of cell
damage by APs follows three steps. Physico-chemi-
cal, steric (shape area, volume), structural (branching)
factors are likely to be involved in the penetration
process into membrane. Molecules may then permeate
into the cell by lipophilic diffusion both across and
along the membranes so that higher values of log P
(clongation of substituent) can allow the molecule to
cross membranes more rapidly*!,

The three-descriptor model provided a clear mecha-
nistic basis for the cytotoxicity. Thus, the coefficient
of Me in the QSAR is positive, hence polar AP mole-
cules with logKo/w higher than 4.0 will exhibit greater
cytotoxicity, that is, cell damage*. The negative regres-
sion coefficient of BELp8 leads to a decrease in the
value of cytotoxicity, implying that the decrease in
bulkiness and size inhibits permeation into the mem-
brane. The positive coefficient of HATS8 suggests
that they account for favorable steric effects that polar-
izabilities are increasing nearly linearly with the elon-
gation of the alkyl chain. The lipophilicity of a chemi-
cal is very relevant to cytotoxicity through nonpolar-
nonpolar interactions.

Additional use of a second set of descriptors confirm-
ed that the predicted model, which has poor statistical
quality (R*=53.07%, Q*00=37.33%, SE=0.255),
demonstrates that electronic (Gy,)) and chemical (MV,
logP) parameters are major factors controlling the
binding of the phenol derivatives to HeLa cells.

4-n-Octylphenol, 4-tert-octylphenol and 4-n-nonyl-
phenol were determined to be the most potent cytotox-
ic compounds within this group of chemicals (Table
1). Therefore, a long straight chain AP, n-nonylphenol
exhibited the highest cytotoxic activity among the
tested compounds. Straight chain APs appear to exert
higher activities compared to branched APs. Other
small alkylphenols were found to be less toxic to HeLa
cell distinctively. An additional finding indicated that
di-substituted APs such as 2,6-di-isopropylphenol and
2,6-di-tert-butylphenol were slightly less active than
we anticipated, reflecting that steric hindrance caused
by the double ortho substitution in 2,6-dialkylphenols
might limit its penetration into the membrane.

The QSAR model was validated for predictivity by
internal validation and was capable of achieving high
predictive power within their domain of applicability,
providing a predictive model of the HeLa cell cyto-
toxicity by 23 APs. Three important parameters for



the final predictive model were Me, HATS8p and
BELp8 encoding significant structural information
such as shape, branching and elongation etc. The find-
ing was also validated by the QSAR equation using a
different set of descriptors (O(m), logP and MV) in terms
of mechanistic interpretation. Further, the model ser-
ves as a tool to elucidate the mechanism of cell dama-
ge assessed by LDH release on APs for HeLa cells
(epitheloid cervix carcinoma).

In summary, the molecular polarity and topology
are two key characteristics that appear to explain the
observed cell viability of 23 APs. The choice of these
descriptor classes, and particularly these three mole-
cular descriptors, indicates a plausible connection
between the proposed QSAR model and molecular
stereospecificity of the cytotoxic potential, where the
2D and 3D atomic polarizability (elongation of the
alkyl chain) information about an AP is the most cri-
tical component of the AP-HeLa cell interaction.

Materials & Methods

Test Chemicals

Alkylphenols (purity >97%) and other reagents of
analytical grade were purchased from Sigma Chemi-
cal Company (St. Louis, MO).

Preparation of Cell and Test Solutions

The stock solution of each of 20 APs was made using
DMSO/water mixture (50 : 50; v/v). HeLa cells were
exposed to 107> mol of each AP. The pH of AP solu-
tions were in a range from 6.21 to 6.52 in a 50/50 (v/v)
ethanol/H,0 mixture. The human cervical cancer cells
(HeLa # CCL-2) were obtained from the American
Type Culture Collection (Manassas, VA, USA). The
cells were cultured in RPMI 1640 (Gibco, Grand Island,
NY, USA) supplemented with 5% FBS (fetal bovine
serum) (Gibco), 15 mmol HEPES (N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid), and maintained
at 37°C in 5% CO, in atmosphere.

Determination of Cytoxicity by LDH Activity
of HeLa Cell

The experiment of cytotoxicity was performed ac-
cording to CytoTox 96R Non-Radioactive Assay Kit
(Promega, Madison, WI), which quantitatively mea-
sures LDH, a stable cytosolic enzyme that is released
upon cell lysis. Cell culture medium (500 pL) was
taken from different samples and centrifuged at 1,000
rpm for 4 min. Then, 90 UL of each supernatant (10~3
cell mL™") in triplicate were transferred to a 96-well
enzymatic assay plate. To evaluate the target cell
maximum LDH release, cells were incubated with
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0.8% Triton X-100 (final concentration) in an atmos-
phere of 5% CO, at 37°C for 4 hours to yield complete
lysis of cells. Then, 10 UL of the reconstituted substrate
mix (alkylphenol) was added to each well. After incu-
bation for 4 hours at room temperature in the dark,
the reaction was stopped by addition of 50 uL stop
solution (at pH 2.3) to each well. After removal of
bubbles, the absorbance was measured at 490 nm in
ELISA reader (Bio-Rad Laboratories, Inc.) within one
hour after addition of stop solution. The cytotoxic
responses were expressed as percent of LDH released
by the testing compounds, compared with ones releas-
ed by control cells as follow:

Cytotoxicity (CT)=[(S—N)/(P—N)] x 100
S =Absorbance (A4g) of sample
N=Absorbance (A49,) of negative control
P =Absorbance (A490) of positive control

Data Set

The training set included 20 APs (Table 1). Log(CT)
values of the chemicals (4-ethylphenol, 4-tert-butyl-
phenol, 2,6-di-tert-butylphenol, 3,5-di-ters-butylphe-
nol, 4-n-pentylphenol and 4-n-hexylphenol) were
predicted from the final QSAR model derived with
20 training data set.

Optimization and Descriptor Calculation

By using Hyperchem software 7.0 (Hypercube, Inc.,
Gainesville, FL, USA), chemical structures were drawn
and named by CAS-number. Molecular mechanic force
field (MM +) was selected for the geometry optimiza-
tion using Polak-Ribiere algorithm with a maximum
cycle (10,000) and a convergence limit of the 0.005
kecal/mol. After optimizing chemical structures from
Hyperchem 7 software, Dragon 5.0 package (Milano
Chemometrics and QSAR Research Group, Universi-
ty of Milano-Bicocca, Milan, Italy) is employed for
the calculation of the Dragon molecular descriptors.
The block description including a diverse set of des-
criptors are as follows: topological descriptors, con-
nectivity indices, information indices, Burden eigen-
values, topological charge indices, eigenvalue-based
indices, Randic molecular profiles, geometrical des-
criptors, WHIM descriptors, GETAWAY descriptors,
atom-centered fragments and charge descriptors that
are classified into the groups, i.e. 0D, 2D and 3D. The
details of descriptor calculations and their meanings
are described in the Handbook of Molecular Descrip-
tors®.

A second set of additional descriptors, Hartree total
energy (kcal/mol), bending energy (kcal/mol), stretch
bend energy (kcal/mol), van der Waal’s energy (kcal/
mol), torsional energy (kcal/mol), dipole interaction
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energy (kcal/mol), moment of inertia (principal mo-
ment of inertia —X, Y and Z components (PMIx, PMIy
and PMIz), moment of inertia rotational constants com-
ponent 1, 2 and 3 (MIR1, MIR2 and MIR3)), Taft para-
meters sigma* (6*), the Hammett 6 constants sigma
(m) (6(m)), sigma (p) (6(p)) and summation of G con-
stants (X0) were calculated by means of an MM2 mini-
mizer and minimization with MOPAC 6.0 of the Mol-
ecular Modeling Pro (ChemSW, Inc.) program pack-
age. The highest occupied molecular orbital, Exomo
(eV) and the lowest occupied molecular orbital, Ey yymo
(eV) energies were calculated using PM5/H,O geo-
metry of MOPAC using version 6.1.10 of CAChe’s
Windows Project Leader interface (Fujitsu Ltd, OR,
USA).

Chemometric Analysis

For collinearity, the collinearity among descriptors
must be checked, and correlation between the X block
and the Y response verified (the QUIK rule of Todes-
chini based on K: Kxy must be significantly higher than
Kxx). From among models of similar performance,
those with higher AK (Kyy— Kxx) were selected.

For appilicability of domain, the developed model
was checked for the chemical domain to verify the
prediction reliability. In the Williams plot, or OLS
outlier and leverage plot, standardized cross-validated
(or jackknifed) residuals were plotted versus leverages
(hat diagonals). Outliers are considered to be those
compounds with crossvalidated standardized residuals
greater than 2.5 standard deviation units, while influ-
ential chemicals are those compounds with a leverage
value (h) greater than the critical point h*=3p’/n, where
p’ is the number of model variables plus one, and n
the number of objects used to calculate the model.

For the validation of the model, the combination
GA-MLRA technique was utilized to select the appro-
priate descriptors and to generate different QSAR
models as implemented in the Mobydigs program®,
This algorithm allows to construct the models with
the following statistical characteristics: the correlation
coefficient squared R?, low standard deviation S and
the least number of descriptors involved. Therefore,
the software package was employed for detailed sta-
tistical model analysis of the models obtained from
the entire data set. The statistics include high Fisher
coefficient F, Predictive Residual Error Sum of Squares
(PRESS), Standard error of calibration (SEC), standard
error of prediction (SEP), explained variance (R%;) as
additional statistical parameters. The predictive stabil-
ity of the models was verified applying internal Leave-
One-Out (LOO). The robustness of the model and its
predictivity was guaranteed by both the stability of
Q%.00, and bootstrap (Q%s..). The model obtained on

the first chemicals selected is used to predict the val-
ues for the excluded sample, then Q% oo is calculated
for each model. The bootstrapping was repeated 5,000
times for each validated model. The proposed model
was also checked for reliability and robustness by
permutation testing: new models were recalculated
for randomly reordered response (Y scrambling).
These chemometric validation techniques are well
described in literature*’.
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