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ABSTRACT — We present a systematic, comprehensive and reproducible weight-of-evidence approach 
for predicting the no-observed-adverse-effect level (NOAEL) for systemic toxicity by using read-across 
and quantitative structure-activity relationship (QSAR) models to fill gaps in rat repeated-dose and devel-
opmental toxicity data. As a case study, we chose valproic acid, a developmental toxicant in humans 
and animals. High-quality in vivo oral rat repeated-dose and developmental toxicity data were availa-
ble for five and nine analogues, respectively, and showed qualitative consistency, especially for devel-
opmental toxicity. Similarity between the target and analogues is readily defined computationally, and 
data uncertainties associated with the similarities in structural, physico-chemical and toxicological prop-
erties, including toxicophores, were low. Uncertainty associated with metabolic similarity is low-to-mod-
erate, largely because the approach was limited to in silico prediction to enable systematic and objec-
tive data collection. Uncertainty associated with completeness of read-across was reduced by including in  
vitro and in silico metabolic data and expanding the experimental animal database. Taking the “worst-case” 
approach, the smallest NOAEL values among the analogs (i.e., 200 and 100 mg/kg/day for repeated-dose 
and developmental toxicity, respectively) were read-across to valproic acid. Our previous QSAR models 
predict repeated-dose NOAEL of 148 (males) and 228 (females) mg/kg/day, and developmental toxicity 
NOAEL of 390 mg/kg/day for valproic acid. Based on read-across and QSAR, the conservatively predicted 
NOAEL is 148 mg/kg/day for repeated-dose toxicity, and 100 mg/kg/day for developmental toxicity. Exper-
imental values are 341 mg/kg/day and 100 mg/kg/day, respectively. The present approach appears promising 
for quantitative and qualitative in silico systemic toxicity prediction of untested chemicals.
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INTRODUCTION

Despite the urgent need for alternative, non-animal test 
methods, the complexity of systemic toxicity makes this 
endpoint difficult to model. The requirement for well-vali-
dated and proven alternative methods to fill gaps in safety 
data is especially urgent for the cosmetics industry, since 
the selling of cosmetic products containing substances 
that have been tested in animals has already been banned 

in the European Union (EU) by the 7th amendment of 
the EU cosmetics directive. Nevertheless, the importance 
of systemic toxicity assessment for cosmetic ingredients 
has been highlighted in “Notes of Guidance for Testing 
of Cosmetic Ingredients and Their Safety Evaluation” by 
the Scientific Committee on Consumer Safety (SCCS) as 
well as in “Safety Evaluation Guidelines Edition 2014” 
by the Personal Care Products Council (PCPC), which 
both strongly recommend calculation of the Margin of 
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Safety (MoS). For this purpose, we require no-observed-
adverse-effect level (NOAEL) data for repeated-dose, 
reproductive and developmental toxicities without rely-
ing on animal testing. However, because of the multiplic-
ity and complexity of the processes underlying systemic 
toxicity, no alternative method has yet been brought into 
general use. Indeed, the embryonic stem cell test (EST) is 
the only in vitro method that has been validated by The 
European Centre for the Validation of Alternative Meth-
ods (ECVAM; Seiler and Spielmann, 2011). However, 
this method is designed to identify only potential devel-
opmental toxicity. Most other in vitro methods being 
developed also have limitations, and a reliable method for 
quantitative toxicity prediction is still needed.

At present, read-across is one of the few in silico meth-
ods for predicting systemic toxicity, and is the furthest 
advanced towards regulatory acceptance. Read-across is 
a data-gap-filling technique using within-category and 
analogue approaches for hazard identification and risk 
assessment (Cronin et al., 2013). The guidance from the 
Organisation for Economic Co-operation and Develop-
ment (OECD) accepts the extrapolation of measured data 
to similar untested chemicals for hazard identification and 
risk assessment through a category or analogue approach 
(OECD, 2014). In addition, about 75% of European Reg-
istration, Evaluation, Authorisation and Restriction of 
Chemicals (REACH) dossiers submitted between 2010 
and 2013 contain read-across for at least one endpoint 
(Ball et al., 2016). The read-across method is endorsed 
by other regulatory authorities worldwide including the 
Research Institute for Fragrance Materials, the Interna-
tional Council of Chemical Associations (ICCA) and the 
U.S. Environmental Protection Agency’s High Production 
Volume (HPV) Challenge Program (Bishop et al., 2012; 
Stanton and Kruszewski, 2016).

But, even though read-across has been accepted for 
years, challenges remain concerning the consistency and 
robustness of its methodology. Several guidance notes 
and publications offer guidelines on how to perform, 
assess and document a read-across study (ECHA, 2008; 
OECD, 2014; Patlewicz et al., 2015; Schultz et al., 2015). 
The importance of two critical steps (i.e. analogue identi-
fication and analogue evaluation) is emphasized in all of 
these documents, but a definitive protocol has not been 
established. Recently, a series of case studies focusing 
on repeated-dose toxicity has provided some operative 
examples of a read-across protocol (Firman et al., 2018;  
Przybylak et al., 2017; Schultz et al., 2017). However, 
these protocols are applicable only to a chemical with a 
simple structure for which analogues can be easily chosen 
(e.g., analogues with a different number of carbon atoms 

in the alkyl chain of n-alkanols). Furthermore, there are 
only a few reports of read-across studies that aimed to 
make quantitative predictions, such as NOAEL values 
(Lizarraga et al., 2019; Mellor et al., 2017; Schultz et al., 
2017), especially where the data gap involves reproduc-
tive or developmental toxicity.

In this study, we propose a systematic, comprehensive 
and reproducible protocol for read-across that should be 
applicable to a wide range of chemicals. As a case study, 
we chose valproic acid (CAS: 99-66-1), or 2-propylpen-
tanoic acid, to illustrate and evaluate the suitability of the 
method not only for repeated-dose toxicity assessment, 
but also for other endpoints such as developmental toxic-
ity. Valproic acid is a common developmental toxicant. In 
humans, exposure during pregnancy causes spina bifida 
aperta and a typical pattern of minor facial malformations 
in children (Lammer et al., 1987; Robert and Guibaud, 
1982). Valproic acid is an embryotoxin in the rat, causing 
skeletal defects including incomplete ossification, abnor-
mal vertebrae, ribs and craniofacial dysmorphia, cardi-
ovascular defects and hydronephrosis (Binkerd et al., 
1988). In contrast, it caused only slight hematological 
alterations, such as increase in blood potassium, decrease 
in total protein and serum albumin and lymphocytosis, in 
a 6-month repeated-dose toxicity study in rats (ECHA, 
2011a). Experimental studies support the idea that val-
proic acid causes hepatotoxicity, including changes in 
serum levels of liver enzymes and low plasma fibrino-
gen levels, in rats (Tong et al., 2005). In the present case 
study, NOAEL values of 341 and 416 mg/kg/day for male 
and female rats, respectively, for repeated-dose toxicity, 
and 100 mg/kg/day for rat developmental toxicity were 
extrapolated from the ECHA database (ECHA, 2011a); 
these values are comparable to other reported values.

Here, we present reproducible steps for obtaining val-
proic acid analogues and for toxicological evaluation. 
A number of recent guidances and publications empha-
size the importance of conducting analogue evaluation 
in addition to analogue identification (Ball et al., 2016; 
Pradeep et al., 2017; Schultz et al., 2015). In the present 
study, analogue identification was done based on a well-
known structural similarity calculation method (i.e. Dice), 
by determining the presence or absence of structural frag-
ments in a fingerprint (Jaworska and Nikolova-Jeliazkova,  
2007). However, this method lacks the ability to catego-
rize analogues that are toxicologically similar to the tar-
get. Therefore, for analogue evaluation, we considered a 
range of parameters that could be relevant to the toxico-
logical endpoint in question. We also predicted NOAEL 
values of repeated-dose and developmental toxicity using 
a weight-of-evidence (WoE) approach, incorporating 
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NOAEL values obtained from quantitative structure-ac-
tivity relationship (QSAR) models.

MATERIALS AND METHODS

Overview of the approach
Figure 1 summarizes the workflow in this study. The 

read-across approach was adapted from several studies, 
including Wang et al. (2012), OECD (2014) and Schultz 
et al. (2015). First, a set of structurally similar analogues 
was selected in an objective manner using OECD QSAR 
Toolbox (version 4.2.). Second, the available animal 
experimental data was collected systematically. Third, 
analogues with available toxicity data were used to eval-
uate the data confidence and uncertainty. Fourth, NOAEL 
was predicted using QSAR models to provide input for 
the WoE approach. Finally, predicted NOAELs of repeat-
ed-dose and developmental toxicity were established for 
the target chemical.

Identification of Analogues
A list of possible analogues of valproic acid was 

acquired using OECD QSAR Toolbox. To expand the 
number of possible analogues, the compounds listed in all 

databases under “Human Health Hazards” were defined 
by the category of structural similarity with the follow-
ing options: (1) “Dice” for the measure, (2) “Atom cen-
tered fragments” for the molecular features, (3) “Holo-
gram” and “Combine all features” for the calculation, (4) 
“Atom type” and “Hybridization” for the atom character-
istics and (5) a threshold of ≥ 80% structural similarity 
with valproic acid.

Data Collection of Selected Analogues
Toxicity Data

To fill a NOAEL data gap for the target chemical, it 
is important to obtain as many in vivo data of analogues 
for the endpoint under consideration as possible. There-
fore, various sources, including the registration dossier of 
the European Chemicals Agency (ECHA), ILSI Devel-
opmental Toxicity Studies, and published literature were 
explored in addition to the data already stored in OECD 
QSAR Toolbox. Moreover, their details and reliabili-
ty were verified manually by directly accessing the data 
sources when appropriate. The validity of NOAEL values 
was checked from the raw data or the full report, when 
available. However, some databases do not allow access 
to a full report; in those cases, the NOAEL values sug-
gested by the authors were still adopted as long as they 
appeared consistent with available data. In this study, 
for example, the in vivo data with reliability of at least 2 
(reliable with restrictions) in ECHA’s report or the studies 
in compliance with the Good Laboratory Practice (GLP) 
standards were accepted.

The endpoint for this case study was repeated-dose 
and developmental toxicity. These were assessed using 
data from protocols comparable to OECD Test No. 408: 
Repeated Dose 90-Day Oral Toxicity Study in Rodents 
(OECD, 2018a) or OECD Test No. 414: Prenatal Devel-
opmental Toxicity Study (OECD, 2018b). Only NOAEL 
assigned using rats and oral administration were adopted 
in order to ensure uniformity of data. These values pro-
vide a quantitative expression of the analogues’ toxicity.

Criteria for category membership
To conduct toxicological evaluation of analogues, cri-

teria related to physico-chemical and molecular proper-
ties (Table 3), mechanistic plausibility and adverse out-
come pathway (AOP)-related events (Table 4), potential 
metabolic products (Table 5) and toxicophores or struc-
tural alerts (Table 6) were collected for valproic acid 
and its analogues using US EPA EPI Suite (version 4.1; 
US EPA, 2012), MOPAC2016 (Stewart, 2016), OECD 
QSAR Toolbox, and Derek Nexus 6.0.1/Nexus 2.2.1  
(Sanderson and Earnshaw, 1991). For hydrophobici-Fig. 1. 	 Overall read-across analysis and Weight-of evidence 

approach workflow.
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ty (logKow) in Table 3, experimentally measured values 
are presented when available. When using Derek Nexus, 
alerts of all endpoints only for mammals with a predic-
tion of at least equivocal were adopted. Software used to 
obtain each criterion is shown in the corresponding table.

NOAEL Prediction Using QSAR models
The QSAR models previously developed using by the 

authors for the prediction of NOAEL for repeated-dose 
and developmental toxicities (Hisaki et al., 2015) were 
used. These QSAR models were developed using NOAEL 
of 421 chemicals for repeated-dose toxicity and 156 
for developmental toxicity collected from Japan Exist-
ing Chemical Database (JECDB; http://dra4.nihs.go.jp/
mhlw_data/jsp/SearchPageENG.jsp). Molecular descrip-
tors to predict toxicity (i.e. total energy, heat of forma-
tion, gamma average, ionization potential, sum S and sum 
N for repeated-dose toxicity and total energy, heat of for-
mation, ionization potential and sum N for developmen-
tal toxicity), were calculated using the PM3 Hamiltonian 
of a semi-empirical MO Package (MOPAC2002), and the 
NOAEL values were predicted using artificial neural net-
work (ANN) models by QwikNet Ver.2.23.

RESULTS

Read-across
Analogue identification

Analogues of valproic acid were identified based on 
the protocol described previously. OECD QSAR Toolbox 
initially defined 33 structurally similar compounds with 
the predefined threshold of ≥ 80% similarity (data not 
shown); however, analogues with an invalid CAS number, 
overlapping structure or undefined chemical structure 
were excluded at this point, since accurate evaluation of 
analogue validity, which is mainly based on structure, 
would be difficult. Finally, 23 analogues were accepted as 
candidates (Table 1).

Compilation of experimental data and NOAEL values of 
analogues

Repeated-dose and developmental toxicity information 
for valproic acid and the available analogues are summa-
rized in Table 2.

From a repeated-dose toxicity perspective, the pre-
ferred test protocol was a 90-day oral repeated-dose tox-
icity study in rats. While administration route and species 

Table 1.   Structurally similar analogues of the target chemical.
No. Name CAS SMILES Structural 

Similarity*
0 Valproic Acid 99-66-1 CCCC(CCC)C(O)=O 100%
1 2-Propylhexanoic Acid 3274-28-0 CCCCC(CCC)C(O)=O 95.24%
2 2-Ethylhexanoic Acid 149-57-5 CCCCC(CC)C(O)=O 100%
3 6-Methylheptanoic Acid 25103-52-0 CC(C)CCCCC(O)=O 80.00%
4 2-Ethylhexanoic Acid Vinyl Ester 94-04-2 CCCCC(CC)C(=O)OC=C 81.82%
5 Enanthic Acid 111-14-8 CCCCCCC(O)=O 84.21%
6 2-Ethylhexanal 123-05-7 CCCCC(CC)C=O 84.21%
7 2-Methylpentanoic Acid 97-61-0 CCCC(C)C(O)=O 88.89%
8 Octanoic Acid 124-07-2 CCCCCCCC(O)=O 80.00%
9 2-Butylhexanoic Acid 3115-28-4 CCCCC(CCCC)C(O)=O 90.91%
10 2,2-Dimethyloctanoic Acid 26896-20-8 CC(C)(C)CCCCCC(O)=O 81.82%
11 Zinc 2-Ethylhexanoate 85203-81-2 [Zn+2].CCCCC(CC)C([O-])=O 95.24%
12 2-Ethylhexanoyl Chloride 760-67-8 CCCCC(CC)C(Cl)=O 80.00%
13 Methyl 2-Ethylhexanoate 816-19-3 CCCCC(CC)C(=O)OC 85.71%
14 1-Methylcyclohexanecarboxylic Acid 1123-25-7 CC1(CCCCC1)C(O)=O 80.00%
15 2-Ethylbutanoic Acid 88-09-5 CCC(CC)C(O)=O 88.89%
16 2-Methylbutanoic Acid 116-53-0 CCC(C)C(O)=O 82.35%
17 2-Methylbutanoic Acid 600-07-7 CCC(C)C(O)=O 82.35%
18 Sodium 2-Ethylhexanoate 19766-89-3 [Na+].CCCCC(CC)C([O-])=O 95.24%
19 Potassium 2-Ethylhexanoate 3164-85-0 [K+].CCCCC(CC)C([O-])=O 95.24%
20 Propylene Glycol Caprylate 31565-12-5 CC(O)CO.CCCCCCCC(O)=O 80.00%
21 Methyl 2-Ethylhexanoate 816-19-3 CCCCC(CC)C(=O)OC 85.71%
22 3-Ethyl-2-hydroxyheptanoic Acid 63834-30-0 CCCCC(CC)C(O)C(O)=O 81.82%
23 Valpromide 2430-27-5 CCCC(CCC)C(N)=O 80.00%
*Values typically derived from OECD QSAR Toolbox (v4.2.).
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were limited to oral administration in rats, some varia-
tions in test method were accepted as long as they were 
comparable to the test protocol noted above. Specifical-
ly, administration of 2-ethylhexanoic acid vinyl ester was 
limited to 5 days a week for 2 weeks, but the study was 
conducted following the GLP regulations with sufficient 
observations (ECHA, 2011b). The sensitivity of this short 
exposure study may not be as high as that of a 90-day 
study, but we decided to still incorporate this data as a 
source of WoE. Similarly, administration of octanoic acid 
was limited to 84 days, but this was accepted especial-
ly because the administration dose was much higher than 
the limit dose of 1000 mg/kg/day (ECHA, 2011c). For 
2,2-diemethyloctanoic acid, the highest dose in the study 
initially was 1000 mg/kg/day but this was reduced to 
700 mg/kg/day following the second week of exposure. 
But, since the rats were exposed to at least 700 mg/kg/
day throughout, this value was used as the final NOAEL 
(ECHA, 2011d). There was no marked discrepancy in 
the study protocols of the other analogues. According-
ly, NOAEL values of repeated-dose toxicity for five ana-
logues were obtained; among them, 2-ethylhexanoic 
acid vinyl ester showed the lowest value (i.e. 200 mg/
kg/day).

Similarly, some differences in the protocol of prenatal 
developmental toxicity studies were accepted. Specifical-
ly, 2-propylhexanoic acid was administered only during 
GD 8-12 and was tested at only one dose (Narotsky et al., 
1994). The test for 2-methylpentanoic acid was a screen-
ing test and had a small number of dams and reduced 
scope of examination of malformations (ECHA, 2018). 
2-Butylhexanoic acid was also administered at only one 
dose (Narotsky et al., 1994). Even though the sensi-
tivity may not be the same for these studies, we decid-
ed to incorporate the data in the WoE approach. The tests 
for other analogues followed OECD Test No. 414 or 
employed a very similar protocol. Thus, developmental 
toxicity NOAEL values for nine analogues were availa-
ble; among them, the lowest value was 100 mg/kg/day in 
a study of 2-ethylhexanoic acid.

Analogue evaluation
    Similarity of physico-chemical properties

The physico-chemical properties of valproic acid and 
its analogues are shown in Table 3. Based on OECD 
QSAR Toolbox, the organic functional groups of valp-
roic acid are “alkane, branched with tertiary carbon” and 
“carboxylic acid”. All category members, except for 2,2-
diemethyloctanoic acid, were placed in both or one of the 
same organic functional group categories.

    �Similarity of mechanistic plausibility and adverse    
outcome pathway (AOP)-related properties
The mechanistic plausibility and AOP-related proper-

ties of valproic acid and its analogues are summarized in 
Table 4. Lipinski’s rule is a useful concept to understand 
the oral absorption of compounds with drug-like bioac-
tivity (Lipinski et al., 2001). Valproic acid and all ana-
logues were determined to be bioavailable according to 
this rule. The Cramer classification proposes three classes 
of oral toxicity, whereby substances in Class I have sim-
ple structures with effective metabolic pathways, and are 
less likely to have strong oral toxicity, while substances 
in Class III have suggestive evidence of toxicity, or lack 
evidence of limited oral toxicity (Cramer et al., 1978; 
Kalkhof et al., 2012). Valproic acid and all the analogues 
were included in Class I. From the perspective of devel-
opmental toxicity, estrogen receptor-binding and retino-
ic acid receptor-binding affinity were chosen as general 
properties mechanistically related to the AOP. Here, the 
target and analogues were not suggested to bind to these 
receptors.
    Similarity of metabolism

It is generally accepted that, in both rat and human, 
valproic acid is metabolized almost entirely in the liv-
er via glucuronidation, beta oxidation and cytochrome 
P450-mediated oxidation (Kiang et al., 2010; Tong et al., 
2005). An important CYP-mediated reaction in the met-
abolic pathway is the formation of 2-propylpent-4-enoic 
acid (4-ene-VPA), creating a carbon-carbon double bond. 
Cytochrome P450 enzymes also catalyze the formation 
of 4-hydroxy-2-propylpentanoic acid (4-OH-VPA), 5-hy-
droxy-2-propylpentanoic acid (5-OH-VPA) and 3-hy-
droxy-2-propylpentanoic acid (3-OH-VPA) through 
hydroxylation. Moreover, glucuronidation of valproic 
acid occurs to afford valproic acid glucuronide.

To allow systematic evaluation of metabolic similari-
ty, we used an in silico simulation model in OECD QSAR 
Toolbox (Rat liver S9 metabolism simulator). As summa-
rized in Table 5, the simulation model suggested hydroxy-
lation of valproic acid to form 4-OH-VPA (CCCC(CC(C)
O)C(O)=O) and 5-OH-VPA (CCCC(CCC=O)C(O)=O), 
as well as production of unsaturated 4-ene-VPA 
(CCCC(CC=C)C(O)=O) as metabolites. While all ana-
logues, except 2-ethylhexanal, were predicted to undergo 
hydroxylation, only 2-propylhexanoic acid and 2-methyl-
pentanoic acid were suggested to produce an unsaturated 
metabolite.
    Similarity of toxicophores

Toxicophore alerts, or structural alerts, for the target 
substance and analogues are presented in Table 6. This 
provides information on the similarity of structure frag-

Vol. 45 No. 2

101

Read-across approach for systemic toxicity prediction of valproic acid



Ta
bl

e 
5.

   
Su

m
m

ar
y 

of
 p

ot
en

tia
l m

et
ab

ol
ic

 p
ro

du
ct

s.
Ta

rg
et

A
na

lo
gu

es
N

o.
0

1
2

3
4

5
N

am
e

Va
lp

ro
ic

 A
ci

d
2-

Pr
op

yl
he

xa
no

ic
 A

ci
d

2-
Et

hy
lh

ex
an

io
ic

 A
ci

d
6-

M
et

hy
lh

ep
ta

no
ic

 A
ci

d
2-

Et
hy

lh
ex

an
oi

c A
ci

d 
V

in
yl

 E
st

er
En

an
th

ic
 A

ci
d

M
et

ab
ol

ite
s

O
C

(=
O

)C
(C

C
=C

)C
C

=C
O

C
C

C
C

C
(C

C
=C

)C
(O

)=
O

C
C

C
(C

C
C

(C
)O

)C
(O

)=
O

 (H
)

C
C

(C
)(

O
)C

C
C

C
C

(O
)=

O
 (H

)
O

C
=C

C
C

(=
O

)C
C

C
C

C
(O

)=
O

O
C

C
C

C
(C

C
=C

)C
(O

)=
O

C
C

(O
)C

C
C

(C
C

=C
)C

(O
)=

O
C

C
C

(C
C

C
C

(O
)=

O
)C

(O
)=

O
C

C
(C

)C
C

C
(O

)=
O

C
C

(O
)=

O
C

C
(O

)=
O

C
C

(O
)C

C
(C

C
=C

)C
(O

)=
O

C
C

C
C

(C
C

C
(C

)O
)C

(O
)=

O
 (H

)
C

C
C

(C
C

C
C

=O
)C

(O
)=

O
C

C
(C

C
C

C
C

(O
)=

O
)C

(O
)=

O
C

C
=O

C
C

(O
)C

C
C

(O
)=

O
C

C
C

C
(C

C
(C

)O
)C

(O
)=

O
 (H

)
C

C
C

C
(C

C
C

C
(O

)=
O

)C
(O

)=
O

C
C

C
(C

C
C

C
O

)C
(O

)=
O

 (H
)

C
C

(C
C

C
C

C
(O

)=
O

)C
=O

C
C

C
(C

C
C

(C
)O

)C
(O

)=
O

C
C

(O
)C

C
C

C
C

(O
)=

O
 (H

)

C
C

C
C

(C
C

=C
)C

(O
)=

O
 (U

)
C

C
C

C
(C

C
C

C
=O

)C
(O

)=
O

C
C

C
C

(O
)C

(C
C

)C
(O

)=
O

 (H
)

C
C

(C
O

)C
C

C
C

C
(O

)=
O

 (H
)

C
C

C
(C

C
C

C
(O

)=
O

)C
(=

O
)O

C
=C

C
C

C
C

C
(O

)=
O

C
C

C
C

(C
C

1C
O

1)
C

(O
)=

O
C

C
C

C
(C

C
C

C
O

)C
(O

)=
O

 (H
)

C
C

C
C

C
(C

(C
)O

)C
(O

)=
O

 (H
)

C
C

(O
)=

O
C

C
C

(C
C

C
C

=O
)C

(=
O

)O
C

=C
O

C
(=

O
)C

C
C

C
=O

C
C

C
C

(C
C

C
(O

)=
O

)C
(O

)=
O

C
C

C
C

(O
)C

(C
C

=C
)C

(O
)=

O
C

C
C

C
C

(C
C

(O
)=

O
)C

(O
)=

O
C

C
C

(C
C

C
C

O
)C

(=
O

)O
C

=C
 (H

)
O

C
(=

O
)C

C
C

C
C

C
(O

)=
O

C
C

C
C

(C
C

C
=O

)C
(O

)=
O

C
C

C
C

C
(C

(O
)C

=C
)C

(O
)=

O
C

C
C

C
C

(C
C

=O
)C

(O
)=

O
C

C
C

(C
C

C
C

O
)C

(O
)=

O
O

C
(=

O
)C

C
C

C
C

C
=O

C
C

C
C

(C
C

C
O

)C
(O

)=
O

 (H
)

C
C

C
C

C
(C

C
(C

)O
)C

(O
)=

O
 (H

)
C

C
C

C
C

(C
C

O
)C

(O
)=

O
 (H

)
C

C
C

C
(O

)C
(C

C
)C

(O
)=

O
O

C
C

C
C

C
(O

)=
O

C
C

C
C

C
(C

C
=C

)C
(O

)=
O

 (U
)

C
C

C
C

C
(C

(C
)O

)C
(O

)=
O

O
C

C
C

C
C

C
C

(O
)=

O
 (H

)

C
C

C
C

C
(C

C
1C

O
1)

C
(O

)=
O

C
C

C
C

C
(C

C
(O

)=
O

)C
(=

O
)O

C
=C

C
C

C
C

C
(C

C
C

(O
)=

O
)C

(O
)=

O
C

C
C

C
C

(C
C

)C
(O

)=
O

C
C

C
C

C
(C

C
C

=O
)C

(O
)=

O
C

C
C

C
C

(C
C

=O
)C

(=
O

)O
C

=C
C

C
C

C
C

(C
C

C
O

)C
(O

)=
O

 (H
)

C
C

C
C

C
(C

C
O

)C
(=

O
)O

C
=C

 (H
)

C
C

C
C

C
(C

C
O

)C
(O

)=
O

H
yd

ro
xy

la
tio

n a
2

4
5

2
2

2
U

ns
at

ur
at

io
n b

1
1

0
0

0
0

A
na

lo
gu

es
N

o.
6

7
8

9
10

N
am

e
2-

Et
hy

lh
ex

an
al

2-
M

et
hy

lp
en

ta
no

ic
 A

ci
d

O
ct

an
oi

c A
ci

d
2-

B
ut

yl
he

xa
no

ic
 A

ci
d

2,
2-

D
ie

m
et

hy
lo

ct
an

oi
c A

ci
d

C
C

C
C

C
(C

C
)C

(O
)=

O
C

C
(C

(O
)C

=C
)C

(O
)=

O
C

C
(=

O
)C

C
C

C
C

C
(O

)=
O

C
C

C
C

C
(C

(O
)C

C
C

)C
(O

)=
O

 (H
)

C
C

(C
)(

C
)C

C
C

C
(O

)=
O

C
C

(C
C

(O
)C

O
)C

(O
)=

O
C

C
(O

)=
O

C
C

C
C

C
(C

C
C

(C
)O

)C
(O

)=
O

 (H
)

C
C

(C
)(

C
C

C
C

C
C

(O
)=

O
)C

(O
)=

O
C

C
(C

C
=C

)C
(O

)=
O

 (U
)

C
C

(O
)C

C
C

C
(O

)=
O

C
C

C
C

C
(C

C
C

C
(O

)=
O

)C
(O

)=
O

C
C

(C
)(

C
C

C
C

C
C

(O
)=

O
)C

=O
C

C
(C

C
1C

O
1)

C
(O

)=
O

C
C

(O
)C

C
C

C
C

C
(O

)=
O

 (H
)

C
C

C
C

C
(C

C
C

C
=O

)C
(O

)=
O

C
C

(C
)(

C
O

)C
C

C
C

C
C

(O
)=

O
 (H

)

C
C

(C
C

C
(O

)=
O

)C
(O

)=
O

C
C

C
C

(O
)=

O
C

C
C

C
C

(C
C

C
C

O
)C

(O
)=

O
 (H

)
C

C
(O

)=
O

C
C

(C
C

C
=O

)C
(O

)=
O

C
C

C
C

C
C

(O
)=

O
C

C
(C

C
C

O
)C

(O
)=

O
 (H

)
O

C
(=

O
)C

C
C

C
C

C
C

(O
)=

O
C

C
(O

)C
C

(C
)C

(O
)=

O
 (H

)
O

C
(=

O
)C

C
C

C
C

C
C

=O
O

C
C

C
C

C
C

C
C

(O
)=

O
 (H

)

H
yd

ro
xy

la
tio

n a
0

2
2

3
1

U
ns

at
ur

at
io

n b
0

1
0

0
0

M
et

ab
ol

ite
s t

yp
ic

al
ly

 d
er

iv
ed

 fr
om

 O
EC

D
 Q

SA
R

 T
oo

lb
ox

 (v
4.

2.
; R

at
 li

ve
r S

9 
m

et
ab

ol
is

m
 si

m
ul

at
or

)
a:

 T
he

 n
um

be
r o

f h
yd

ro
xy

la
te

d 
m

et
ab

ol
ite

s f
or

m
ed

 b
y 

ad
di

ng
 a

 h
yd

ro
xy

l g
ro

up
.

b:
 T

he
 n

um
be

r o
f u

ns
at

ur
at

ed
 m

et
ab

ol
ite

s f
or

m
ed

 b
y 

cr
ea

tin
g 

a 
C

C
 d

ou
bl

e 
bo

nd
.

(H
): 

M
et

ab
ol

ite
s i

n 
hy

dr
ox

yl
at

ed
 fo

rm
(U

): 
M

et
ab

ol
ite

s i
n 

un
sa

tu
ra

te
d 

fo
rm

Vol. 45 No. 2

102

T. Hisaki et al.



ments related to the toxicological endpoints of interest. 
For general systemic toxicity, the presence of structural 
alerts was predicted based on repeated dose (HESS) using 
OECD QSAR Toolbox and based on toxicity using Derek 
Nexus. Repeated dose (HESS) gave four alerts for val-
proic acid, and all of the analogues, except 2-ethylhex-
anal, gave one or more of the same alerts. Derek Nexus 
also gave four alerts for valproic acid, and most of the 
analogues had one or more alerts in common, except for 
2-ethylhexanal and 2,2-dimethyloctanoic acid. For devel-
opmental toxicity, DART scheme and rtER Expert Sys-
tem in OECD QSAR Toolbox were used. Valproic acid as 
well as three analogues (2-propylhexanoic acid, 2-ethyl-
hexanioic acid and 2-butylhexanoic acid) had the alert 
of “Alpha-alkylcarboxylic acid derivatives (22c)” which 
supports their toxicological similarity. In contrast, rtER 
Expert System did not generate any structural alerts for 
the target or its analogues.

Estimation of NOAEL values by read-across method
For data-gap filling of a target NOAEL, a “worst-case” 

approach was adopted to minimize potential under-esti-
mation of toxicity. Specifically, the smallest NOAEL val-
ue among well-trusted analogues was assumed to be the 
NOAEL of the target for the risk assessment. In this case 
study, the smallest repeated-dose and developmental tox-
icity NOAEL values were 200 mg/kg/day for 2-ethylhex-
anoic acid vinyl ester and 100 mg/kg/day for 2-ethylhex-
anoic acid respectively (Table 2). As discussed below, 
these analogues did not show any marked discrepancy 
from valproic acid in any of the factors assessed, so we 
considered that it was reasonable to use the NOAEL val-
ues of these two chemicals. Therefore, NOAEL values of 
200 and 100 mg/kg/day for repeated-dose and develop-
mental toxicity, respectively, were read-across to fill the 
data gap of valproic acid.

Prediction of NOAEL values by artificial neural 
network based QSAR models

Values of molecular descriptors of valproic acid calcu-
lated using MOPAC2002 were -43531.2 eV for total ener-
gy, -139.9 Kcal/Mol for heat of formation, 5488.5 a.u. 
for gamma average, 254.4 EV for ionization potential,  
0 for sum S and 0 for sum N. Results of NOAEL val-
ues obtained using QSAR models (Hisaki et al., 2015) 
are presented in Table 8. Repeated-dose toxicity NOAEL 
values of valproic acid in males and females were pre-
dicted to be 148 and 228 mg/kg/day respectively, and 
developmental toxicity NOAEL was predicted to be  
390 mg/kg/day.

DISCUSSION

Structural and toxicological similarity evaluation 
of analogues

The read-across approach was evaluated consider-
ing the level of similarity as well as toxicity of each ana-
logue.

Regarding physico-chemical properties (Table 3), 
while many analogues had similar molecular weight and 
logKow to those of valproic acid, some, 2-butylhexano-
ic acid and 2,2-diemethyloctanoic acid for example, had 
large values for both properties, which reduces its relia-
bility as an analogue. Molecular-orbital descriptors of 
total energy, heat of formation, gamma average, ioniza-
tion potential, sum S and sum N were calculated using 
MOPAC2016; these descriptors are considered to influ-
ence the NOAEL of systemic toxicity (Hisaki et al., 
2015). Accordingly, analogues with similar descriptor val-
ues to the target compound may be more likely to exhibit 
similar NOAEL values. All analogues were calculated to 
show descriptor values within the range of 1/2 to 2 times 
those of valproic acid. Valproic acid and all analogues, 
except for 2,2-dimethyloctanoic acid, were placed in the 
same organic functional group categories. This suggests 
that the systematic analogue identification methodology 
used in this study could effectively collect chemicals sim-
ilar to the target, satisfying the criteria for category mem-
bership required in some guidelines. Overall, based on 
the similarity of mechanistic plausibility and AOP-related 
properties, the analogues are proposed to have low uncer-
tainty of similarity in this regard (Table 4). From Table 5, 
it can be assumed that 2-propylhexanoic acid and 2-meth-
ylpentanoic acid will be metabolized similarly to valproic 
acid, and so may be more likely to show similar oral tox-
icity to valproic acid than other analogues. However, it is 
important to note that the metabolism simulator was not 
able to predict glucuronidation of valproic acid. Regard-
ing toxicophores, 2-propylhexanoic acid, 2-ethylhexano-
ic acid and 2-butylhexanoic acid seem to have the most 
toxicophores in common with valproic acid. In contrast, 
2-ethylhexanal did not show a common alert (Table 6). 
Thus, the reliability of 2-ethylhexanal as an analogue may 
be questionable.

The results of the toxicological similarity evaluations 
suggest that 2-propylhexanoic acid has the closest simi-
larity to the target, as it suggested to have a common met-
abolic pathway (Table 5) and it shows overlapping struc-
tural alerts (Table 6). In addition, 2-ethylhexanoic acid, 
2-methylpentanoic acid and 2-butylhexanoic acid would 
also be important analogues, as they appear to be simi-
lar to valproic acid in various properties. These analogues 
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had high structural similarity of around 90% (Table 1) as 
well. In contrast, 2-ethylhexanal or 2,2-diemethyloctano-
ic acid may have low reliability as analogues, in view of 
the discrepancy in toxicophores and/or physico-chemical 
properties.

Statement of uncertainty
A characterization of read-across uncertainty along 

with summary comments is presented in Table 7. This 
process was done with reference to published documents, 
which presented a framework to facilitate the consistent 
characterization of uncertainty (Blackburn and Stuard, 
2014; Schultz et al., 2015). Briefly, 10 analogues of val-
proic acid were available; all have high structural simi-
larity (over 80%) and in vivo data of repeated-dose and/
or developmental toxicity are available. Some analogues 
differ in some parameters, but the majority of analogues 
showed good consistency and therefore, the data uncer-
tainty could still be determined as low. Analogues with 
limited discrepancies should not necessarily be exclud-
ed from the category members for a “worst-case” pre-
diction; the result of analysis would be important for a 
WoE approach. The strength of evidence for some aspects 
of toxicokinetics and metabolism is moderate. This is 

because the analysis was intentionally limited to in sili-
co prediction in order to allow systematic and objective 
data collection. The strength of the evidence could be 
improved by using a range of in silico prediction tools, 
such as TIMES-SS and Meteor Nexus (Lhasa Limited, 
Leeds, UK), or conducting in vitro metabolic studies.

Safety assessment
Estimation of final NOAEL values

Given the complexity of systemic toxicity endpoints, 
there is still a need to recognize that individual models 
lack predictive ability. Currently available in silico meth-
ods including QSAR models and read-across approaches 
are only coding for some portion of the overall toxicity 
mechanisms. However, each method may address a part 
of the question, and could be used as a tool for a WoE 
approach. Therefore, NOAEL values were derived based 
on the results of both read-across and QSAR model meth-
ods.

In order to reduce the possibility of under-estima-
tion of target toxicity, a conservative approach was tak-
en at this step as well. The NOAEL values obtained from 
the two methods were compared and the smallest val-
ue was taken as the NOAEL of the target. In this case, 
NOAEL of repeated-dose toxicity is predicted to be  
148 mg/kg/day by the QSAR model (Table 8) and  
100 mg/kg/day by the read-across approach (Table 2). 
Keeping in mind that the value of NOAEL is variable 
depending on the chosen application dose, test protocols 
and other factors, the values predicted in this case study 
are regarded as being in good agreement, without under-
estimation, with the known NOAEL of valproic acid: 341 
mg/kg/day for repeated-dose toxicity and 100 mg/kg/day 

Table 7.   �Assessment of the read-across in terms of uncertainty, characterized in accordance with published documents 
(Blackburn and Stuard, 2014; Schultz et al., 2015).

Similarity Parameter Data 
Uncertainty a

Strength of 
Evidence b Comment

Substance identification and structure 
classifications Low High Sufficient number (i.e. 10) of analogues were available. All category members 

have CAS numbers and structural similarity of 80% and above. 

Physico-chemical properties and 
Functional groups Low High

Sufficient number of analogues are appropriately similar with respect to 
key physico-chemical and molecular properties. There is a high degree of 
consistency between measured and estimated values regarding hydrophobicity 
(logKow). All category members, except one, belong to the same chemical 
class/subclass.

Toxicokinetics, AOP and toxicological 
properties Low Medium

Based on model predictions, majority of category members may show similar 
oral absorption. All belong to the same Cramer classification class, and are not 
potential binders of recepters studied. 

Potential metabolic products Low to 
Moderate Medium Based on in silico metabolic simulation, potential metabolic products of two 

analogues are highly similar to that of the target.

Toxicophores/ Structural alerts Low High Based on in silico profiles, acceptable number of members contain the same 
toxicophores related to both general systemic and developmental toxicity.

a: Uncertainty associated with underlying information/data used in the exercise.
b: Consistency within the information/data used to support the similarity rational and prediction

Table 8.   �Predicted NOAEL values by QSAR models 
(Hisaki et al., 2015).

Predicted NOAEL by QSAR models (mg/kg/day)
Repeated Dose 

Toxicitiy
Name Male Female Developmental Toxicity
Valproic Acid 148 228 390
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for developmental toxicity (ECHA, 2011a).
The QSAR models used in this study were developed 

using the in vivo data of wide range of chemicals, includ-
ing general chemical substances and drugs, which were 
collected from JECDB. All the values of input descrip-
tors of valproic acid were within the range of model-con-
structed datasets. Therefore, we concluded that valpro-
ic acid lies within the applicability domain of the QSAR 
models.

However, it is important to note that many regulato-
ry guidelines (for example ICCR, 2014; SCCS, 2018) 
maintain a cautious stance regarding the use of QSAR 
approaches for safety evaluation of substances at the 
regulatory level. This is mainly because a well-validat-
ed QSAR model is not currently available. Limitations 
include the inability of QSAR models to clearly estimate 
the toxicity of all types of chemical substances. Never-
theless, the guidelines state that currently available mod-
els may provide supporting evidence as part of WoE for 
safety assessment in internal decision-making. Our ANN-
based QSAR models, therefore, were used in this case 
study with the aim of minimizing the likelihood of under-
estimation. Incorporation of plural QSAR models based 
on different algorithms would be useful for enhancing 
confidence in the validity of QSAR model-based predic-
tion.

Calculation of MoS
From a commercial point of view, calculation of the 

MoS is a necessary step in systemic toxicity assessment. 
According to the SCCS notes of guidance (SCCS, 2018), 
MoS can be obtained by dividing the oral Point of Depar-
ture (POD) by the Systemic Exposure Dose (SED). For 
POD, we can use the predicted smallest NOAEL value 
derived from the approach reported in the current study 
(i.e. 100 mg/kg/day in this case). SED depends on the esti-
mated daily exposure to a chemical per kg body weight. 
In the case of dermal absorption, a previously developed 
QSAR model can be used to predict human percutaneous 
absorption rate of a chemical (Atobe et al., 2015).

Hazard identification
Hazard identification is also a critical step in system-

ic toxicity assessment. As regards repeated-dose toxicity, 
haematological alterations were seen for two (2-ethylhex-
anioic acid and 2-ethylhexanoic acid vinyl ester) of the 
five analogues with available in vivo data (Table 2), with 
LOAEL values in the high range of 917-1000 mg/kg/
day (ECHA, 2011b, 2011e). Since the number of avail-
able repeated-dose toxicity tests was limited, the strength 
of evidence may not be high, but the possibility of val-

proic acid to show similar effects should not be denied. 
Hepatotoxicity of valproic acid is suggested experimen-
tally (Tong et al., 2005), but only one analogue (2-ethyl-
hexanoic acid) is reported to affect the liver. Therefore, 
the analogues do not predict valproic acid’s toxicological 
effect on liver. However, this is not surprising, since hepa-
totoxicity of valproic acid was not observed in a repeat-
ed-dose toxicity study that followed a standard protocol 
(ECHA, 2011a).

Regarding developmental toxicity, although some pro-
tocols varied, skeletal defects were commonly observed 
for five (2-propylhexanoic acid, 2-ethylhexanioic acid, 
2-ethylhexanoic acid vinyl ester, 2-ethylhexanal and 
2-butylhexanoic acid) of the nine analogues with availa-
ble in vivo data (Table 2). The major effects involved ribs 
and vertebrae, accompanied by reduced ossification, with 
the lowest-observed-adverse-effect level (LOAEL) in 
the range of 250-797 mg/kg/day (ECHA, 2011b, 2011e, 
2011f; Narotsky et al., 1994). From the preliminary inves-
tigation of available studies of analogues, we concluded 
that the analogues enabled prediction of valproic acid’s 
skeletal effect.

In summary, when data is available for a sufficient 
number of analogues, read-across can be useful to predict 
the likely target organ or major fetal toxicity of a chemi-
cal of interest. The facts that several analogues identified 
in the read-across approach exhibited developmental tox-
icity in rat studies and that some structural alerts related 
to teratogenicity were detected for valproic acid (Table 6) 
increases the confidence that the target possesses a devel-
opmental effect.

Moreover, developmental toxicity is only detected at 
doses equivalent to or higher than the repeated-dose tox-
icity (Laufersweiler et al., 2012; van Ravenzwaay et al., 
2017) in general. In other words, when a developmental 
effect is observed at a dose at which general toxicity is 
not seen, that chemical is likely to be a strong develop-
mental toxicant. In this case study, the NOAEL for devel-
opmental toxicity was smaller than that for repeated-dose 
toxicity and therefore, a developmental toxicity hazard of 
the target was suggested.

In conclusions, the aim of this study was to investigate 
a WoE approach for predicting systemic toxicity NOAEL, 
with valproic acid as a case study, using read-across and 
QSAR model predictions of the repeated-dose and devel-
opmental toxicity. This study focused on establishing a 
simple and systematic approach using widely available 
software tools to minimize subjective judgement. The 
initial step of analogue collection was based solely on 
mathematical structural similarity calculated with OECD 
QSAR Toolbox software. This greatly extends the appli-
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cability of read-across assessment to wide range of tar-
get chemicals, as it does not require empirical selection of 
analogues. Although some toxicologically differing ana-
logues may be included, the results of the present case 
study indicate that the structure-based read-across meth-
od is an excellent tool for contributing to the judgement 
of systemic toxicity.

In an effort to minimize the underestimation of 
NOAEL, we employed a WoE approach, integrat-
ing another type of computational method, QSAR mod-
els, which contribute to the same goal (i.e. prediction of 
NOAEL) with a conceptually different scheme. The study 
further indicates that the proposed method can identify 
developmental toxicity hazards.

By modifying the categories to be defined in the read-
across approach and the tools to be used in WoE, it should 
also be possible to apply this approach to other toxicity 
endpoints, including reproductive toxicity. Expansion of 
the experimental animal database would also be useful 
for enhancing confidence in the validity of read-across. It 
would also appear feasible to integrate additional in silico 
prediction tools or in vitro tests to reduce the underlying 
uncertainty, especially in the category of metabolic simi-
larity. Some in vitro studies on the prediction of hazards 
related to systemic toxicity endpoints, such as hepatotox-
icity (e.g. Susukida et al., 2016) or developmental toxic-
ity (e.g. Le Coz et al., 2015), are available, and should 
serve to increase the accuracy of hazard identification.
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