Archives of Toxicology (2024) 98:267-275
https://doi.org/10.1007/500204-023-03632-y

IN SILICO M)

Check for
updates

The prediction of acute toxicity (LD;,) for organophosphorus-based
chemical warfare agents (V-series) using toxicology in silico methods

Maciej Noga' - Agata Michalska? - Kamil Jurowski'-

Received: 17 August 2023 / Accepted: 7 November 2023 / Published online: 5 December 2023
© The Author(s) 2023

Abstract

Nerve agents are organophosphate chemical warfare agents that exert their toxic effects by irreversibly inhibiting acetylcho-
linesterase, affecting the breakdown of the neurotransmitter acetylcholine in the synaptic cleft. Due to the risk of exposure
to dangerous nerve agents and for animal welfare reasons, in silico methods have been used to assess acute toxicity safely.
The next-generation risk assessment (NGRA) is a new approach for predicting toxicological parameters that can meet mod-
ern requirements for toxicological research. The present study explains the acute toxicity of the examined V-series nerve
agents (n=9) using QSAR models. Toxicity Estimation Software Tool (ver. 4.2.1 and ver. 5.1.2), QSAR Toolbox (ver. 4.6),
and ProTox-1I browser application were used to predict the median lethal dose. The Simplified Molecular Input Line Entry
Specification (SMILES) was the input data source. The results indicate that the most deadly V-agents were VX and VM,
followed by structural VX analogues: RVX and CVX. The least toxic turned out to be V-sub x and Substance 100A. In silico
methods for predicting various parameters are crucial for filling data gaps ahead of experimental research and preparing for
the upcoming use of nerve agents.
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Abbreviations SMILES Simplified Molecular Line Input System

bw Body weight TEST Toxicity Estimation Software Tool

CAS Chemical Abstracts Service TTC Threshold of toxicological concern

CWA Chemical warfare agent

LDy, Median lethal dose

tLDs, Theoretical-median lethal dose Introduction

NA Nerve agent

0] Organophosphate Organophosphorus compounds have a relatively simple

OP-CWAs Organophosphorus chemical warfare agents

OECD Organization for Economic Cooperation and
Development
QSAR Quantitative structure—activity relationship
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chemical structure, which should ease the taming of this
group of compounds from both a chemical and toxicologi-
cal point of view. However, organophosphates (OPs) remain
a challenge for toxicologists due to their unique chemical
structure, which implies a distinctive mechanism of action.
One of the first problems with these compounds during
toxicological risk assessment was related to the concept
of the threshold of toxicological concern (TTC) concept,
which was a risk assessment tool for substances present
at low oral exposure and lacking hazard data previously
developed by Cramer et al. (1976) and further extended by
Munro et al. (2008) and Kroes and Kozianowski (2002) and
Kroes et al. (2004). Previously, a threshold of 0.3 pg/kg bw/
day was established for OPs based on the analysis of data
from OP insecticides included in the Munro dataset. These
insecticides belonged to the Cramer class III group with
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a threshold of 1.5 pg/kg bw/day. However, when the OPs
were excluded from the Cramer class III group, the threshold
for the remaining substances in this group was not recal-
culated. Through the ongoing reevaluation of the Cramer
class III substances in the Munro dataset, new thresholds
have been established for various compounds, including
OPs with carbamates, organohalogens, and the remaining
Cramer class III substances. These thresholds can be used
effectively within the TTC concept. It is confirmed that the
TTC threshold of 0.30 pg/kg bw/day for OPs remains valid,
even when incorporating carbamates. Why do OPs cause
so many problems? All this is due to the chemical structure
determining the toxic properties.

From a chemical point of view, OPs are a class of
organic chemicals derived from phosphoric acids and their
derivatives, characterised by the presence of at least one
carbon—phosphorus bond (Crofts 1958). Among the vari-
ous types of phosphorus-containing compounds, pentava-
lent OPs (sp>d-type hybridisation of the valence orbitals of

the phosphorus atom) find widespread usage in industrial
(especially pesticides) (Worek et al. 2020) and war (chemical
warfare agents) (Diauudin et al. 2019). The toxicity of these
compounds is significantly influenced by the substituents
attached to the phosphorus atom in the esters of phosphoric
acids. One of the most intriguing and problematic chemi-
cal classes is organophosphorus chemical warfare agents
(OP-CWAss), a distinct class of synthetic compounds recog-
nised for their exceptionally high toxicity, surpassing that of
various other chemical substances (Kloske and Witkiewicz
2019). One of the unique groups of OP-CWAs is the V-series
compounds, which are considered very dangerous from a
toxicological point of view. Still, there is limited experi-
mental data about them. The chemical structures with CAS
and SMILES notation of the known OP-CWAs V-agents are
presented in Table 1.

The median lethal dose (lethal dose 50; LD5,) has been
controversial among biologists and animal ethicists ever
since it was introduced by Trevan in 1927 (Pillai et al.

Table 1 The chemical structures with CAS and SMILES notation of the known V-agents (belonging to organophosphorus chemical warfare

agents)
Number Acronym Known structure CAS SMILES
(€)) VE (EA-1517) o 21738-25-0 O=P(OCC)(SCCN(CC)CO)CC
I
|/N\/\S/P """ o]
2) VG (EA-1508) ﬁ o 78-53-5 O=P(OCC)(OCC)SCCN(CC)CC
I
rN\/\S/P‘SO/\
A\
3) VM (EA-1664) \ o 21770-86-5 O=P(OCC)(SCCN(CC)CC)C
I
rN\/\S/P‘\'“'O/\
“) VR (RVX, Substance 33) H,C o 159939-87-4 O=P(OCC(C)C)(SCCN(CC)CO)C
I
HsC N~ CH,
\ O
5) VS (EA-1677) )\ o 73835-17-3 CCOP(=0)(CC)SCCN(C(O)O)C(C)C
NN
)\ \O/\
6) V-sub x (GD-7, EA-5478) 0 556-75-2 O=P(OCC)(SCCSCC)C
\/S\/\S/P\O/\
(@) VX (EA-1701) Y o 50782-69-9 O=P(OCC)(SCCN(C(C)C)C(C)C)C
I
YNwS/P\O
A\
®) CVX (EA-6043) \ 0 468712-10-9 CCCCOP(=0)(C)SCCN(Cco)CC
\/N\/\S/P\\O/\/\
) Substance 100A (EA-3148) HsC o 93240-66-5 O=P(OCICCCCI1)(SCCN(CO)CC)C
I
HSC\/N\/\S/T"O/O
CHs
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2021). Toxicologists perennially employ the LDs, test as an
initial step in evaluating the toxicity of a substance. How-
ever, animal ethicists raise concerns about LDs tests due
to the pain animals experience during these experiments,
and they argue that the LD5, values obtained are unimpor-
tant. The LDs, test focuses explicitly on acute toxicity and
determines the dose at which a substance becomes lethal to
a percentage of the tested animals. Moreover, the LDsj, test
is not in line with the principles of replacement, reduction,
and refinement of animal use and welfare (3R), which are
principles aimed at minimising the use of animals in toxic-
ity tests when applicable (Faria et al. 2016). In 2002, the
Organisation for Economic Cooperation and Development
(OECD) deleted the LD, test as a requirement for testing
new chemicals. The OECD replaced the classical LDy, test
with three alternative tests: the fixed dose procedure (FDP),
the acute toxic class method (ATC), and the up and down
procedure (UDP). Although LDy, is no longer used as a
relevant dose descriptor in modern toxicological health risk
assessment, it is still an essential parameter, the absence
of which for extreme poisons is a significant gap in the lit-
erature. The subject of OP-CWAs relationships is ancient,
and we should know almost everything about them, but it is
still a never-ending story (Bolt 2023). To fulfil the modern
requirements for toxicological research in the twenty-first
century and to consider the next generation risk assessment
(NGRA) with a new approach to toxicity testing (i.e. tak-
ing into account the prediction of toxicological parameters
first), it is necessary to apply in silico toxicology methods
to eliminate unnecessary animal studies (Bolt and Hengstler
2020). Researching this parameter is essential to determine
the accurate level of risk that V-agents may pose. The study
aimed to predict the acute toxicity (LDs,) for V-series NAs
using modern toxicology in silico methods. The study was

Fig.1 The schematic idea
of predicting V-agent acute
toxicity (LDsy rat, oral) using
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conducted using various in silico models included in the
software: QSAR Toolbox (Dimitrov et al. 2016), Toxicity
Estimation Software Tool (TEST) and ProTox-II. A general
flow chart showing the acute toxicity parameter (LDsy, rat,
oral) estimation process is presented in Fig. 1.

Methods
Application of QSAR Toolbox

We conducted in silico analyses using the QSAR Toolbox
(ver. 4.6) (Dimitrov et al. 2016; Schultz et al. 2018), a stan-
dalone software application recommended by the OECD.
The QSAR Toolbox was developed by OASIS (Yordanova
et al. 2019) in collaboration with the OECD and the Euro-
pean Chemicals Agency (ECHA) to evaluate the potential
hazards of chemicals with in silico models. This scientific
software uses a flexible workflow to fill data gaps by build-
ing compound categories and estimating incomplete data
through read-across or local QSARs. In addition to read-
across and trend analysis, the QSAR Toolbox includes
numerous databases of experimental results. Acute toxicity
was estimated using QSAR Toolbox software by manual
categorisation and data gap filling method (Mombelli and
Pandard 2021; Kutsarova et al. 2021a, b). The input data
for the software were the SMILES of individual V-series
NAs, included in Table 1. The target endpoint was defined as
human health hazards, acute toxicity, LDs, (endpoint), oral
(route of administration), and rats (test organisms/species).
The categorisation was determined as ‘organic functional
groups’. The read data were selected only for the initially
targeted endpoint. The read-across method for ‘qualita-
tive’ endpoints was used to fill data gaps. The scale/unit to

Toxicology in silico

QSAR
Toolbox

Toxicity Estimation

Software Tool (TEST) Rrolon-Tl
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estimate LDs, was chosen in mg/kg bw. Subcategorisation
was then used to exclude structurally different prediction
compounds from the investigated V-agents. Individual sub-
categories were made for each chemical. The initial stage of
subcategorisation for the targeted nerve agents (NAs) had a
particular common scheme. The option 'Structure similar-
ity' was used to remove dissimilar structures, and the option
'US-EPA New Chemical Categories' and 'Aquatic toxicity
classification by ECOSAR' (Kaiser et al. 1999; Reuschen-
bach et al. 2008) were used to remove selected analogues.
Other compounds that did not structurally match the tar-
geted V-type NAs were manually removed to ensure that
only appropriate structures were considered in the LDy,
prediction.

Application of Toxicity Estimation Software Tool
(TEST)

The second applied software was the Toxicity Estimation
Software Tool (TEST) (Gatnik and Worth 2010; Lapenna
et al. 2010; Martin 2019), an open-source application devel-
oped by the US EPA. TEST (ver. 5.1.2 and ver. 4.2.1) com-
prises several models assessing acute toxicity thresholds
(Diaza et al. 2015) by reading across structural analogues or
multivariate regression. The models were built on hundreds
of structural, constitutional, connectivity, shape, topologi-
cal, molecular distance, fragments, and electrotopological
property descriptors. The program demands only SMILES
(Simplified Molecular Line Input System) (Toropov et al.
2005) or CAS numbers as inputs to evaluate chemical toxic-
ity quickly. The software offers an estimated LD5, threshold
based on each model prediction and a Consensus average of
the component models. TEST assesses acute toxicity using
four QSAR methodologies:

(1) Consensus method—the predicted toxicity is estimated
by taking an average of the predicted toxicities from
each QSAR method's applicability domain; the Con-
sensus result was reported as the most reliable estimate
provided by the TEST software (Lunghini et al. 2019).

(2) Hierarchical method—the toxicity for a particular query
compound is estimated using the weighted average
of the predictions from various models; the different
models are achieved using Ward’s method to divide the
training set into a series of similar structural clusters
(Martin et al. 2008).

(3) Nearest-neighbour method—the predicted toxicity is
estimated by averaging the three chemicals in the train-
ing set with the closest similarity to the test compound
(Chavan et al. 2015).

(4) FDA method (only ver. 4.2.1)—the prediction for each
test chemical is made using a new model that fits the
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chemicals most similar to the test compound. Each
model is generated at runtime.

The advantages and disadvantages of the methods incor-
porated in TEST are described in a previous publication
(Noga et al. 2023). Calculation options (end point: oral
rat LDs,, method: Consensus and FDA, relax fragment
constraint: disabled, chemical transformation simulator:
disabled).

Application of ProTox-II

The ProTox-II (Drwal et al. 2014) web server is an open-
access tool that can predict the toxicity of chemicals. The
predictive capabilities solely rely on the two-dimensional
structure of the input compounds (canonical SMILES)
(Drwal et al. 2014; Banerjee et al. 2018a, b). Rigorous evalu-
ation has been conducted using a diverse external validation
set, demonstrating commendable performance. The sensi-
tivity, specificity, and precision of the ProTox methods are
reported as 76%, 95%, and 75%, respectively. The ProTox
web server employs chemical similarity and identifying
toxic fragments to predict toxicity accurately. Furthermore,
it incorporates a unique feature of toxicity class prediction
through similarity- and fragment-based methods, along with
alerts indicating potential toxicity targets. One significant
advantage of ProTox-II (Banerjee et al. 2018b) is its adapt-
ability for future enhancements. A selected oral toxicity
model based on a prediction method based on analysing
two-dimensional similarity to compounds with known LDy,
values and identifying fragments overrepresented in toxic
compounds. The validation method is based on leave-one-
out cross-validation. The three nearest neighbours from the
training set are calculated for each compound using finger-
print similarity. Oral toxicity prediction results for the input
compound are given as a predictive LDs, value (mg/kg).

Validation of applied in silico methods

To achieve the appropriate validation of the applied in
silico methods, we employed the only feasible strategy,
which involved comparing results with known data of
the same OPs. Specifically, we determined the prediction
similarity index (%) considering the experimentally deter-
mined LDs, value for a given substance, which we treat
as a reference value, in relation to the values estimated
by the in silico method. For this purpose, OPs had to be
selected that meet several criteria: (1) they have the same
mechanism of action, (2) they undergo the same metabo-
lism, (3) they do not directly belong to the same family of
compounds that are subject to experimental studies, and
(4) they have similar structure core. It should be noted
that this is a challenging task in the context of the studied
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CWAs, as their number is strictly limited to a few (they
are not broad groups of compounds like a given class of
pesticides). Another problem is the lack of reliable and/
or current experimental data. V-series chemical warfare
agents are widely known, but experimental studies regard-
ing their acute toxicity are (1) not widely available, (2) not
currently determined by OECD guidelines, and (3) not
a popular research topic. For this reason, there are only
a few experimental data to which in silico study results
can be compared. Given the imposed criteria for select-
ing substances for validation other than from the V-series
but behaving analogously in terms of toxicology and with
a similar structure, the only choices left were from the
G-series, i.e. Tabun and Sarin. To address the proper clas-
sification of validated substances, we also chose a com-
pound that can be classified as both V-series and G-series,
i.e. VG. The validation results for the indicated substances
using the applied methods are presented in Table 2.

It should be noted that for V-series substances, valida-
tion should exclude using the TEST (consensus) method.
However, due to the high prediction similarity index for
the VX, we decided to apply this method for our purposes.
The validation met the requirements in terms of conditions
for determining LDs, (rat, oral) values, specifically oral
administration in rats. It is important to note that other
kinds of validation recommended by Kutsarova et al. (Kut-
sarova et al. 2021b) are not feasible due to the unique
nature of chemical warfare agents, their limited quantity,
and the criteria to fulfil validation conditions. The con-
straints arising from the specificity of the subject matter
allow for validation to be conducted only in the manner
we have undertaken.

Table 2 Summary of validation analysis

Results

The acute toxicity of the examined V-type compounds
(n=9), displayed as tLDs, values for oral administration to
rats, was estimated using specialised software: QSAR Tool-
box, TEST, and web server tool ProTox-1I. Animal to human
(rat-to-human) extrapolation was based on toxicity values
conversed by the guidelines for converting doses between
animals and humans, described by Nair and Jacob (by divid-
ing the rat dose by 6.2 (Nair and Jacob 2016)). The esti-
mated tLDs, values for the oral administration of V-agents
and human-converted values are listed in Table 3.

Oral doses of tLDs, for rats, then converted to human
doses, estimated by the Consensus method implemented in
the TEST software, showed that the most dangerous of all
examined V-series NA was the compound VM (3), whose
value was 0.03 mg/kg bw. A slightly higher tLDs,, reaching
0.1 mg/kg bw, was estimated for VX (7). Compounds VR
(4) and CVX (8), structural VX isomers, reached tLDs val-
ues of 0.21 mg/kg bw and 0.23 mg/kg bw, respectively. VE
(1), the fifth most dangerous V-type NAs with acute toxic-
ity of 0.36 mg/kg bw, differed only in an additional methyl
group compared to the VM compound. VG (2), with a tLDy,
value of 0.63 mg/kg, unlike the other tested V-agents, lacks
a phosphonothioate functional group (any anion of the form
R-O-PH(=0)-S- or similar forms having the negative charge
on the oxygen atom) in its core, but a phosphorothioate.
However, VS (5), a structure analogous to VE, differing in
an additional methyl group at the carbon attached to the
quaternary amine, was less toxic (0.66 mg/kg bw). The
only structural difference that explains the variability in the
half-life of the two compounds is due to electronic effects

Compound Method Comment Predicted Experimental (oral, rat) Prediction
(oral, rat) LDs, (mg/kg) similarity
LDs, (mg/kg) (%)
Tabun CAS: TEST Consensus Same mechanism, same 35.38 3.6 10
77-81-6 TEST FDA metabolism considerations 3589 37 (Misik et al. 2015) 0
SMILES: QSAR Toolbox 3.16 88
N#CP(=0)(OCC)N(C)C ProTox-IT 4.00 90
Sarin CAS: TEST Consensus Same mechanism, same ND 0.67 ND
107-44-8 TEST FDA metabolism considerations 5727 3¢ (Misik et al. 2015) 0
SMILES: QSAR Toolbox 0.73 92
O=P(F)(OC(C)C)C ProTox-IT 1.00 67
VG CAS: TEST Consensus Same mechanism, same 3.88 3.3 85
78-53-5 TEST FDA metabolism considerations () 41 (ARSIM 1966) 12
SMILES: QSAR Toolbox 3.00 91
O =P(OCC)(OCC) ProTox-IT 3.67 90
SCCN(CC)CC

ND not determined
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Table 3 Rat and human oral LDj, values, calculated by TEST (ver. 5.1.2 and ver. 4.2.1), QSAR Toolbox (ver. 4.6) software, and ProTox-II tool

Number Acronym Rat oral LDs, (mg/kg bw.) Human oral LDs, (mg/kg bw.)
QSAR Toolbox TEST TEST ProTox-II  QSAR Toolbox TEST TEST ProTox-11

Consensus FDA Consensus FDA

method method method method
1 VE 2.63 223 1.9 1.0 0.42 0.36 0.31 0.16
2 VG 3.67 3.88 0.41 3.0 0.59 0.63 0.07 0.48
3 VM 0.32 0.18 0.6 1.0 0.05 0.03 0.10 0.16
4 VR (RVX) 1.04 1.32 2.1 1.0 0.17 0.21 0.34 0.16
5 VS 3.65 4.12 1.38 1.0 0.59 0.66 0.22 0.16
6 V-sub x 6.88 6.05 5.99 3.0 1.11 0.98 0.97 0.48
7 VX 0.26 0.63 1.34 1.0 0.04 0.10 0.22 0.16
8 CVX 1.67 1.44 1.97 1.0 0.27 0.23 0.32 0.16
9 100A 12.9 9.28 22.8 1.0 2.08 1.50 3.68 0.16

(electron-donating and/or electron-withdrawing groups) or
steric effect (Yuan et al. 1990) associated with the additional
methyl groups in the structure. The central functional group
of the V-sub x (6) compound is based on phosphonothioate,
which has been enriched with additional sulfur (aliphatic
attachment), which certainly increases the tLDs, value of
this NA to 0.98 mg/kg bw. However, the least toxic of the
examined V-agents, with a tLDs, value of 1.50 mg/kg bw, is
Substance 100A (9). This compound is the only V-series NA
with a cycloalkane attached to a phosphorus—oxygen atom.

The FDA model deployed in TEST software computed
the tLDs, values for each examined V-type NAs. The results
for only two compounds (1 and 8) were approximately con-
sistent compared to those estimated by the Consensus model.
According to the FDA methodology, compound VG (2) had
the lowest tLD5, value and 0.07 mg/kg bw. VM (3) reached a
slightly higher value of 0.10 mg/kg bw, while in the Consen-
sus model, it was the most dangerous compound (0.03 mg/kg
bw). Interestingly, VX (7) and VS (5) appeared slightly less
toxic NAs, reaching a tLDs, of 0.22 mg/kg bw. Values above
0.3 to 0.4 mg/kg bw were obtained for compounds VE (1),
CVX (8) and VR (4). V-sub x (6) poses a risk about three
times lower than the structures mentioned above (1, 4 and
8), reaching the value: 0.97 mg/kg bw. Substance 100A (9),
with a tLDs, value of 3.68 mg/kg bw. is the highest value,
and thus the least toxic, of the V-series NAs examined.

The Consensus and FDA models demonstrated numerous
inaccuracies in the tLDs, values for investigational V-series
NAs. Therefore, we decided to additionally use the QSAR
Toolbox to estimate the acute toxicity parameter. The tLDs,
values, estimated using the QSAR Toolbox, correlated with
the Consensus model of the TEST software for most of the
analysed compounds. However, in the case of compounds
VE (1) and V-sub x (6), for which the values from both
TEST models are comparable, a greater correlation cannot
be unequivocally stated. However, the tLD5, value estimated
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by the QSAR Toolbox for compound CVX (8) oscillates
between the Consensus and FDA methodology results. The
common feature of all the estimates is the highest tLDs, val-
ues, although still significant, are V-sub x (6) and Substance
100A (10). Considering this shift, the first five compounds
with the lowest tLDs, values are analogous to the Consensus
method.

Additionally, the online tool ProTox-II was used to pre-
dict the oral toxicity of rodents, and then rat doses were
converted to human doses. Compounds VG (2) and V-sub
x (6) reached tLDs, values of 0.48 mg/kg bw, while the rest
of the examined V-agents reached 0.16 mg/kg bw. The acute
toxicity model of the ProTox-II platform had lower predic-
tive accuracy than the other models described earlier; cor-
relations can only be found forcibly with the VG (2) com-
pound. However, for the remaining eight examined NAs, the
obtained values differ entirely from the estimations obtained
with previous software.

Discussion

The results of the FDA and Consensus methods differ sig-
nificantly, so the question is which model is more reliable?
The FDA method is reinforced by new models generated
based on the closest analogues of the substance tested. How-
ever, for some reason, the latest version of the TEST soft-
ware (5.1.2) does not include the FDA model implemented,
only available in the earlier version (4.2.1). In contrast, the
Consensus model utilises all QSAR methods included in
the TEST software for toxicity assessment. Moreover, the
Consensus model was reported as the most reliable estima-
tion method provided by the TEST software (Melnikov et al.
2016). Furthermore, the values of acute toxicity parameters
obtained using the QSAR Toolbox are overwhelmingly cor-
related with the Consensus method; no compounds of the V
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series had a value closer to the FDA method. The only com-
pounds whose tLDs, values in both TEST models are used
in some way similar are VE (1) and V-sub x (2). Considering
the arguments, the Consensus method and QSAR Toolbox
results are more robust. Unfortunately, the LDs, parameter
is given mainly for the VX compound and its structural iso-
mers RVX and CVX by literature sources.

The lack of correlation with previously used software
and models and the similarity between the values of the
assessed V-series NAs most likely result from the operation
of ProTox-II. The web server provides rodent oral toxicity
prediction based on similarity analysis of compounds with
known tLDs, and identification of toxic fragments. In the
absence of values implemented in databases, as is the case
with NAs, most of the results obtained are the same (1 mg/
kg bw or 3 mg/kg bw) because they are likely based on the
similarity of the same structures provided by the database.

The acute toxicity of the VM (3) estimated in our work
for oral administration to rats, obtained using the Consen-
sus model, is 0.18 mg/kg bw. It correlates to a large extent
with the values published in the work of Bajgar, where the
LDy, is 0.212 mg/kg bw (Bajgar 2004). Based on literature
data, the LDy, values for VX (7) are 0.09 mg/kg bw (Bajgar
1985, 1991; Marrs et al. 1996) and 0.12 mg/kg bw (Misik
et al. 2015) when administered orally to rats. These data
differ slightly from our estimated value of 0.26 mg/kg bw
using the QSAR Toolbox. However, the extrapolated acute
toxicity values for VX from animals to humans were esti-
mated at 0.10 mg/kg bw (Consensus TEST) and 0.04 mg/kg
bw (QSAR Toolbox). The obtained values were fully corre-
lated with the data in the literature, where the tLDj, for oral
administration to humans was between 0.04 and 0.14 mg/
kg bw (Moyer et al. 2014), and toxicity assessed for humans
was 0.07 mg/kg bw (Bajgar 1985, 1991; Marrs et al. 1996).
The acute toxicity of the VG (2), orally administered to rats,
at the value of 3.67 mg/kg bw, was somewhat contradicted
by data from (Moyer and Salem 2014), where the LD5, was
5.4 mg/kg bw. However, another source where the toxicity
value was 3.3 mg/kg bw confirms our estimation (ARSIM
1966). For the compound VR (4), two distinct acute toxicity
values were found in the literature review when administered
orally to rats: 1.4 mg/kg bw (Misik et al. 2015) and 0.55 mg/
kg bw (Zhukov et al. 2007). The first value almost perfectly
correlates with the result obtained by the Consensus method
(1.32 mg/kg bw), while the second value is less than twice
the estimated value. Other published experimental data
related to the acute toxicity of V-type NAs are included in
Supplementary Materials 1 (SM1).

Extrapolation of doses between species is particularly
worth looking at. The allometric approach accounts for dif-
ferences in body surface area related to animal weight while
extrapolating doses between species. In our work, rat doses
were converted to human equivalent doses by dividing the

rat dose by 6.2 (Nair and Jacob 2016). The allometric scaling
of different species to convert doses from animal to human
studies is considered one of the most controversial areas of
pharmacology and toxicology. Science changes in phases,
experiencing a series of anomalies that lead to crisis and
revolution. The result is a novel, immature scientific para-
digm that becomes the new norm (Hartung 2021). One of
these crises is the guide to converting doses between species,
which is not necessarily right. Make it clear that in toxicol-
ogy, humans are not 70 kg mice (Leist et al. 2008). This
is evidenced by a study based on a broad system approach
that confirms the low predictability of animal responses to
inflammation (Seok et al. 2013). The low levels of predict-
ability when directly comparing data between species raises
severe doubts about the usefulness of animal data as essen-
tial tools for predicting human safety. Most likely, that is the
reason for variations in predictions, or maybe is it alterna-
tive evidence of the validity of Hartung's concept? (Hartung
2009, 2021). Notwithstanding the foregoing, these studies
were necessary as an initial screening test prior to perform-
ing acute toxicity animal studies with V-series NAs.

Conclusions

OP-CWA s pose a severe threat to life. In particular, V-series
NAs pose a constant danger, as evidenced by examples of
using them so far, such as: during the Angola Civil War
(Hawk et al. 2014), the Halabja chemical attack (CIA 2007,
Hiltermann 2007), action by Aum Shinrikyo (Nakagawa and
Tu 2018) and assassination of Kim Jong-nam (Tu 2020).
Due to their extreme toxicity, the threat posed by V-agents
needs to be urgently assessed to be able to deal with future
terrorist attacks or the use of chemical weapons on the bat-
tlefield. Furthermore, the use of lethal chemicals defined in
the Chemical Weapons Convention (CWC) should be con-
stantly monitored. Therefore, some light has been shed on
the acute toxicity of V-type NAs by estimating the tLDsy,.
Estimation was performed using in silico software: Toxic-
ity Estimation Software Tool (TEST), QSAR Toolbox, and
ProTox-II. According to our assessments, the most lethal
V-agents were VX (7), VM (3) and structural VX analogues:
VR (4) and CVX (8), tLDs, values (administered orally)
were 0.04 mg/kg bw, 0.05 mg /kg bw, 0.17 mg/kg bw and
0.27 mg/kg bw, respectively. The least dangerous com-
pounds were V-sub x (6) and Substance 100A (9), whose
acute toxicity values reached 0.98 mg/kg bw and 1.50 mg/kg
bw. Further in silico studies of various properties (chemical,
physical, or toxicological) are needed to deal with the inevi-
table use of NAs in terrorist attacks. Our toxicology findings
provide the first comprehensive information on the acute
toxicity (LDs, rat, oral) of many V agents (n=9). The TEST
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and QSAR Toolbox software can successfully estimate the
tLD5, of V-series OPs prior to experimental laboratory tests.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-023-03632-y.

Author contributions MN: formal analysis and investigation, writing—
original draft preparation, writing—review and editing, visualization;
AM: data curation, supervision; KJ: conceptualisation, data curation,
supervision, writing—original draft preparation, writing—review and
editing. All authors have read and approved the manuscript.

Funding This research did not receive any specific grants from funding
agencies in the public, commercial, or not-for-profit sectors.

Data availability All data generated or analysed during this study are
included in this published article.

Declarations
Conflict of interest All authors declare no conflict of interest.

Ethical approval The manuscript does not contain newly generated
clinical studies or patient data.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

ARSIM (1966) RTECS NUMBER-TF0525000-VG-Chemical Toxic-
ity Database. Agricultural Research Service, USDA Information
Memorandum (Beltsville, MD 20705) 20:7. https://www.drugf
uture.com/toxic/q93-q400.html

Bajgar J (1985) Intoxication with organophosphorus cholinesterase
inhibitors. Mechanism of action, diagnosis, and treatment (in
Czech). Nov v Med (news in Medicine) 34:7-40

Bajgar J (1991) The influence of inhibitors and other factors on cho-
linesterases. Sb Ved Pr Lek Fak Karlovy Univ Hradci Kralov
34:5-77

Bajgar J (2004) Organophosphates/nerve agent poisoning: mechanism
of action, diagnosis, prophylaxis, and treatment. Adv Clin Chem
38:151-216. https://doi.org/10.1016/s0065-2423(04)38006-6

Banerjee P, Dehnbostel FO, Preissner R (2018a) Prediction is a balanc-
ing act: importance of sampling methods to balance sensitivity
and specificity of predictive models based on imbalanced chemi-
cal data sets. Front Chem. https://doi.org/10.3389/fchem.2018.
00362

Banerjee P, Eckert AO, Schrey AK, Preissner R (2018b) ProTox-11I:
a webserver for the prediction of toxicity of chemicals. Nucleic
Acids Res 46:W257-W263. https://doi.org/10.1093/nar/gky318

@ Springer

Bolt HM (2023) Sarin: a never-ending story. Arch Toxicol 97:1-2.
https://doi.org/10.1007/s00204-022-03417-9

Bolt HM, Hengstler JG (2020) The rapid development of computa-
tional toxicology. Arch Toxicol 94:1371-1372. https://doi.org/10.
1007/s00204-020-02768-5

Chavan S, Friedman R, Nicholls IA (2015) Acute toxicity-supported
chronic toxicity prediction: a k-nearest neighbor coupled read-
across strategy. Int J Mol Sci 16:11659-11677. https://doi.org/
10.3390/ijms 160511659

CIA (2007) Intelligence Update: Chemical Warfare Agent Issues
Chemical Warfare Issues During the Persian Gulf War. https://
web.archive.org/web/20070613051218/https://www.cia.gov/libra
ry/reports/general-reports- 1/gulfwar/cwagents/index.htm

Cramer GM, Ford RA, Hall RL (1976) Estimation of toxic hazard—
A decision tree approach. Food Cosmet Toxicol 16:255-276.
https://doi.org/10.1016/S0015-6264(76)80522-6

Crofts PC (1958) Compounds containing carbon—phosphorus bonds.
Q Rev Chem Soc 12:341-366. https://doi.org/10.1039/QR958
1200341

Diauudin FN, Rashid JIA, Knight VF et al (2019) A review of cur-
rent advances in the detection of organophosphorus chemical
warfare agents based biosensor approaches. Sens Bio-Sens Res
26:100305. https://doi.org/10.1016/j.sbsr.2019.100305

Diaza RG, Manganelli S, Esposito A et al (2015) Comparison of in
silico tools for evaluating rat oral acute toxicity. SAR QSAR
Environ Res 26:1-27. https://doi.org/10.1080/1062936X.2014.
977819

Dimitrov SD, Diderich R, Sobanski T et al (2016) QSAR Toolbox—
workflow and major functionalities. SAR QSAR Environ Res
27:203-219. https://doi.org/10.1080/1062936X.2015.1136680

Drwal MN, Banerjee P, Dunkel M et al (2014) ProTox: a web server for
the in silico prediction of rodent oral toxicity. Nucleic Acids Res
42:W53-W58. https://doi.org/10.1093/nar/gkud01

Faria EC, Bercu JP, Dolan DG et al (2016) Using default methodolo-
gies to derive an acceptable daily exposure (ADE). Regul Toxicol
Pharmacol 79(Suppl 1):S28-38. https://doi.org/10.1016/j.yrtph.
2016.05.026

Gatnik MF, Worth AP (2010) Review of software tools for toxicity pre-
diction. Publications Office of the European Union, Luxembourg.
https://doi.org/10.2788/60101

Hartung T (2009) Toxicology for the twenty-first century. Nature
460:208-212. https://doi.org/10.1038/460208a

Hartung T (2021) The state of the scientific revolution in toxicology.
Altex. https://doi.org/10.14573/altex.2106101

Hawk KD, Villella R, Varona AL de, Cifers K (2014) Florida and the
Mariel Boatlift of 1980: The First Twenty Days. University of
Alabama Press

Hiltermann JR (2007) A poisonous affair: America, Iraq, and the gas-
sing of Halabja. Cambridge University Press, New York, NY

Kaiser KLE, Dearden JC, Klein W, Schultz TW (1999) Short commu-
nication: a note of caution to users of ECOSAR. Water Qual Res
J 34:179-182. https://doi.org/10.2166/wqrj.1999.006

Kloske M, Witkiewicz Z (2019) Novichoks—the A group of organo-
phosphorus chemical warfare agents. Chemosphere 221:672—682.
https://doi.org/10.1016/j.chemosphere.2019.01.054

Kroes R, Kozianowski G (2002) Threshold of toxicological concern
(TTC) in food safety assessment. Toxicol Lett 127:43—46. https://
doi.org/10.1016/s0378-4274(01)00481-7

Kroes R, Renwick AG, Cheeseman M et al (2004) Structure-based
thresholds of toxicological concern (TTC): guidance for applica-
tion to substances present at low levels in the diet. Food Chem
Toxicol 42:65-83. https://doi.org/10.1016/].fct.2003.08.006

Kutsarova S, Mehmed A, Cherkezova D et al (2021a) Automated read-
across workflow for predicting acute oral toxicity: 1. the deci-
sion scheme in the QSAR toolbox. Regul Toxicol Pharmacol
125:105015. https://doi.org/10.1016/j.yrtph.2021.105015


https://doi.org/10.1007/s00204-023-03632-y
http://creativecommons.org/licenses/by/4.0/
https://www.drugfuture.com/toxic/q93-q400.html
https://www.drugfuture.com/toxic/q93-q400.html
https://doi.org/10.1016/s0065-2423(04)38006-6
https://doi.org/10.3389/fchem.2018.00362
https://doi.org/10.3389/fchem.2018.00362
https://doi.org/10.1093/nar/gky318
https://doi.org/10.1007/s00204-022-03417-9
https://doi.org/10.1007/s00204-020-02768-5
https://doi.org/10.1007/s00204-020-02768-5
https://doi.org/10.3390/ijms160511659
https://doi.org/10.3390/ijms160511659
https://web.archive.org/web/20070613051218/https://www.cia.gov/library/reports/general-reports-1/gulfwar/cwagents/index.htm
https://web.archive.org/web/20070613051218/https://www.cia.gov/library/reports/general-reports-1/gulfwar/cwagents/index.htm
https://web.archive.org/web/20070613051218/https://www.cia.gov/library/reports/general-reports-1/gulfwar/cwagents/index.htm
https://doi.org/10.1016/S0015-6264(76)80522-6
https://doi.org/10.1039/QR9581200341
https://doi.org/10.1039/QR9581200341
https://doi.org/10.1016/j.sbsr.2019.100305
https://doi.org/10.1080/1062936X.2014.977819
https://doi.org/10.1080/1062936X.2014.977819
https://doi.org/10.1080/1062936X.2015.1136680
https://doi.org/10.1093/nar/gku401
https://doi.org/10.1016/j.yrtph.2016.05.026
https://doi.org/10.1016/j.yrtph.2016.05.026
https://doi.org/10.2788/60101
https://doi.org/10.1038/460208a
https://doi.org/10.14573/altex.2106101
https://doi.org/10.2166/wqrj.1999.006
https://doi.org/10.1016/j.chemosphere.2019.01.054
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.1016/j.fct.2003.08.006
https://doi.org/10.1016/j.yrtph.2021.105015

Archives of Toxicology (2024) 98:267-275

275

Kutsarova S, Schultz TW, Chapkanov A et al (2021b) The QSAR Tool-
box automated read-across workflow for predicting acute oral tox-
icity: II verification and validation. Comput Toxicol 20:100194.
https://doi.org/10.1016/j.comtox.2021.100194

Lapenna S, Fuart GM, Worth A (2010) Review of QSAR models and
software tools for predicting acute and chronic systemic toxicity.
JRC Publ Repos. https://doi.org/10.2788/60766

Leist M, Hartung T, Nicotera P (2008) The dawning of a new age of
toxicology. Altex 25:103-114

Lunghini F, Marcou G, Azam P et al (2019) Consensus models to
predict oral rat acute toxicity and validation on a dataset coming
from the industrial context. SAR QSAR Environ Res 30:879-897.
https://doi.org/10.1080/1062936X.2019.1672089

Marrs TC, Maynard RL, Sidell FR (eds) (1996) Chemical warfare
agents: toxicology and treatment. J. Wiley & Sons, Chicester,
New York, Brisbane, Toronto, Singapore

Martin T (2019) Prediction of toxicity using WebTEST (Web-services
toxicity estimation software tool). ACS Nat Meet Expo Conf
Location Orlando FL Conf Dates. https://doi.org/10.13140/RG.2.
2.15742.08009

Martin TM, Harten P, Venkatapathy R et al (2008) A hierarchical clus-
tering methodology for the estimation of toxicity. Toxicol Mech
Methods 18:251-266. https://doi.org/10.1080/153765107018573
53

Melnikov F, Kostal J, Voutchkova-Kostal A et al (2016) Assessment
of predictive models for estimating the acute aquatic toxicity of
organic chemicals. Green Chem 18:4432-4445. https://doi.org/
10.1039/C6GC00720A

Misik J, Pavlikova R, Cabal J, Kuca K (2015) Acute toxicity of some
nerve agents and pesticides in rats. Drug Chem Toxicol 38:32-36.
https://doi.org/10.3109/01480545.2014.900070

Mombelli E, Pandard P (2021) Evaluation of the OECD QSAR tool-
box automatic workflow for the prediction of the acute toxicity of
organic chemicals to fathead minnow. Regul Toxicol Pharmacol
122:104893. https://doi.org/10.1016/j.yrtph.2021.104893

Moyer RA, Salem H (2014) V-series nerve agents: other than VX. In:
Wexler P (ed) Encyclopedia of toxicology, 3rd edn. Academic
Press, Oxford, pp 971-975

Moyer RA, Sidell FR, Salem H (2014) Nerve Agents. In: Wexler P (ed)
Encyclopedia of toxicology, 3rd edn. Academic Press, Oxford,
pp 483488

Munro IC, Renwick AG, Danielewska-Nikiel B (2008) The threshold
of toxicological concern (TTC) in risk assessment. Toxicol Lett
180:151-156. https://doi.org/10.1016/j.toxlet.2008.05.006

Nair AB, Jacob S (2016) A simple practice guide for dose conversion
between animals and human. J Basic Clin Pharm 7:27-31. https://
doi.org/10.4103/0976-0105.177703

Nakagawa T, Tu AT (2018) Murders with VX: Aum Shinrikyo in Japan
and the assassination of Kim Jong-Nam in Malaysia. Forensic
Toxicol 36:542-544. https://doi.org/10.1007/s11419-018-0426-9

Noga M, Michalska A, Jurowski K (2023) Application of toxicol-
ogy in silico methods for prediction of acute toxicity (LD50) for

Novichoks. Arch Toxicol 97:1691-1700. https://doi.org/10.1007/
$00204-023-03507-2

OECD, ECHA (2021) QSAR Toolbox, ver. 4.5. QSAR Toolbox.
https://gsartoolbox.org/

Pillai S, Kobayashi K, Michael M et al (2021) John William Trevan’s
concept of Median Lethal Dose (LD50/LC50)—more misused
than used. J Pre Clin Clin Res 15:137-141. https://doi.org/10.
26444/jpcer/139588

Reuschenbach P, Silvani M, Dammann M et al (2008) ECOSAR model
performance with a large test set of industrial chemicals. Chem-
osphere 71:1986—1995. https://doi.org/10.1016/j.chemosphere.
2007.12.006

Schultz TW, Diderich R, Kuseva CD, Mekenyan OG (2018) The
OECD QSAR toolbox starts its second decade. Methods Mol
Biol 1800:55-77. https://doi.org/10.1007/978-1-4939-7899-1_2

Seok J, Warren HS, Cuenca AG et al (2013) Genomic responses in
mouse models poorly mimic human inflammatory diseases. Proc
Natl Acad Sci 110:3507-3512. https://doi.org/10.1073/pnas.
1222878110

Toropov A, Toropova A, Mukhamedzhanova DV, Gutman I (2005)
Simplified molecular input line entry system (SMILES) as an
alternative for constructing quantitative structure-property rela-
tionships (QSPR). Ind J Chem Sect A Inorg Phys Theor Analy
Chem 44:1545-1552

Tu AT (2020) The use of VX as a terrorist agent: action by Aum Shin-
rikyo of Japan and the death of Kim Jong-Nam in Malaysia: four
case studies. Global Secur Health Sci Polic 5:48-56. https://doi.
org/10.1080/23779497.2020.1801352

Worek F, Thiermann H, Wille T (2020) Organophosphorus compounds
and oximes: a critical review. Arch Toxicol 94:2275-2292. https://
doi.org/10.1007/s00204-020-02797-0

Yordanova D, Schultz TW, Kuseva C et al (2019) Automated and
standardized workflows in the OECD QSAR Toolbox. Comput
Toxicol 10:89-104. https://doi.org/10.1016/j.comtox.2019.01.006

Yuan C, Li S, Liao X (1990) Studies on organophosphorus compounds.
XXXVI. Substituent effects of alkylphosphonates and -phosphi-
nates in alkaline hydrolysis. J Phys Org Chem 3:48-54. https://
doi.org/10.1002/poc.610030110

Zhukov VE, Kuznetsova EA, Frolova IG, Skalich IP (2007) Estima-
tion of maximal permissible level of contamination of protective
suits by organophosphorus agents. Voprosy khimicheskoi bezo-
pasnosti v Rossiiskoi Federatsii [Problems of Chemical Safety in
the Russian Federation] Proceedings of the Scientific and Practical
Conference Devoted to the 45th Anniversary of RIHOPHE, Saint
Petersburg 108-110

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.comtox.2021.100194
https://doi.org/10.2788/60766
https://doi.org/10.1080/1062936X.2019.1672089
https://doi.org/10.13140/RG.2.2.15742.08009
https://doi.org/10.13140/RG.2.2.15742.08009
https://doi.org/10.1080/15376510701857353
https://doi.org/10.1080/15376510701857353
https://doi.org/10.1039/C6GC00720A
https://doi.org/10.1039/C6GC00720A
https://doi.org/10.3109/01480545.2014.900070
https://doi.org/10.1016/j.yrtph.2021.104893
https://doi.org/10.1016/j.toxlet.2008.05.006
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1007/s11419-018-0426-9
https://doi.org/10.1007/s00204-023-03507-2
https://doi.org/10.1007/s00204-023-03507-2
https://qsartoolbox.org/
https://doi.org/10.26444/jpccr/139588
https://doi.org/10.26444/jpccr/139588
https://doi.org/10.1016/j.chemosphere.2007.12.006
https://doi.org/10.1016/j.chemosphere.2007.12.006
https://doi.org/10.1007/978-1-4939-7899-1_2
https://doi.org/10.1073/pnas.1222878110
https://doi.org/10.1073/pnas.1222878110
https://doi.org/10.1080/23779497.2020.1801352
https://doi.org/10.1080/23779497.2020.1801352
https://doi.org/10.1007/s00204-020-02797-0
https://doi.org/10.1007/s00204-020-02797-0
https://doi.org/10.1016/j.comtox.2019.01.006
https://doi.org/10.1002/poc.610030110
https://doi.org/10.1002/poc.610030110

	The prediction of acute toxicity (LD50) for organophosphorus-based chemical warfare agents (V-series) using toxicology in silico methods
	Abstract
	Introduction
	Methods
	Application of QSAR Toolbox
	Application of Toxicity Estimation Software Tool (TEST)
	Application of ProTox-II
	Validation of applied in silico methods

	Results
	Discussion
	Conclusions
	Anchor 12
	References




