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Mechanism-based category formation of aldehydes for acute aquatic toxicity and 
mutagenicity
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Abstract. Aldehydes are soft electrophiles which are able to interact with proteins, enzymes and DNA through various mechanisms. They are able to stimulate 
a range of environmental toxicity and adverse health effects. Chemical category formation and the use of read-across to fill data gaps are seen as crucial 
methods for risk assessment of industrial chemicals under the REACH legislation. Such methods are especially important if the goal of reducing the number of 
experimental animals used in toxicological testing is going to be met. One of the crucial steps in the development of a chemical category is the definition of the 
applicability domain of the category in terms of the types of chemicals that should be included in the category. It has been suggested that the use of reactive 
mechanistic domains can aid in this process for several endpoints including mutagenicity and acute aquatic toxicity. The aim of this study was to classify 
chemicals into several reactive categories for mutagenicity and acute aquatic toxicity. In addition, mechanistic categories for both endpoints have been 
compared. A discussion of the requirement for the mechanistic differences between the two endpoints has also been done.
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chemical, its toxicity can be predicted with some confidence Introduction
(Domingo et al., 2002).

Reactive electrophilic chemicals fall naturally into several Risk assessment is a central theme in the control of chemicals. 
mechanistic domains based on classic organic reaction chemistry. In the framework of the new European Union (EU) regulation 
The major domains are Michael type acceptor, S Ar, S 1, S 2, Schiff-N N NRegistration, Evaluation, Authorisation and Restriction of Chemicals 
base formation, and acyl transfer (Aptula and Roberts, 2006). The (REACH), risk assessment of industrial chemicals is a very 
selectivity of a compound toward a specific molecular site of action important issue in the upcoming decade (Regulation (EC) No 
can be explained by a classification of electrophiles and 1907/2006). To reduce animal testing in the context of requested 
nucleophiles according to their polarizability, in other words, the toxicological and ecotoxicological endpoints, there is an increasing 
chemical “hardness” and “softness” of the electrophilic or demand to introduce alternative testing strategies. These alternative 
nucleophilic center (Pearson and Songstad, 1967). The HSAB testing strategies include in vitro, in chemico and in silico methods. 
principle according to Pearson (1963) (Pearson, 1963) states that Our interest is focused on the formation of categories for 
hard Lewis acids bind strongly to hard Lewis bases and soft Lewis electrophilic chemicals that form covalents - usually irreversibles - 
acids bind strongly to soft Lewis bases. In this context, Lewis acids bonds with a specific target region of the affected biomolecule. The 
are electron acceptors, which act as electrophiles, while Lewis chemicals in question are molecules that have electron-poor 
bases are electron donors, acting as nucleophiles.regions, due to particular substituents and electronic configuration. 

Aldehydes are of special interest to industrial and regulatory They, therefore, prefer to react with nucleophilic groups on peptides, 
toxicologists, because at lower concentration, they are more toxic proteins, or DNA, thus causing disruption of these biological 
than their nonreactive counterparts of equal hydrophobicity. The aim macromolecules and hence toxic effects. The formation of 
of this study was to determine the mechanistic categories of categories to allow for read-across is probably the simplest in silico 
aldehydes for both endpoints (acute aquatic toxicity and tool to reduce animal testing for toxicological assessment. A 
mutagenicity), and the read-across (qualitative) to be applied for category is defined as being “a group of 'family' of chemicals whose 
prediction. The mechanistic categories between the two endpoints physicochemical, toxicological and ecotoxicological properties are 
have been compared.likely to be similar or follow a regular pattern as a result of structural 

similarity” (Jaworska and Nikolova-Jeliazkova, 2007). The basic 
assumption is that similarity in structure implies similarity in activities 

Material and methodsor properties and hence, respectively, mechanism of action (Bassan 
and Worth, 2008). Freely available tools such as the OECD (Q)SAR 

A listing of all aldehydes considered in the present study for Application Toolbox (OECD Quantitative Structure-Activity 
which CAS number, name, experimental values is given, as well as Relationships [(Q)SARs] Project, 2008) and Toxmatch (ECB QSAR 
known or predicted mechanistic  applicability domain for both Tools, 2008) are being promoted to assist in the development of 
toxicities (i.e. acute aquatic toxicity and mutagenicity) is provided categories. Mechanism-based read-across is a structure-activity 
(Dillon et al., 1998; Kazius et al., 2005; Koleva et al., 2008; Walker relationship method based on the principle that mechanistically 
and Printup, 2008). Read-across (qualitative) predictions of the similar chemicals should have similar toxic effects. Thus, if several 
chemicals for both endpoints are presented in Table 1.mechanistically similar chemicals can be identified for an untested 
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Table 1. Toxicity data for aldehydes and their likely mechanisms.

№
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number
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Chemical 
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Exp. log

(1/IGC50)

[mmol/l]E

Pred. log
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Predicted 

or known 

mechanism 

for acute 

toxicity

Expected 

(+/-); 

(TA100

[rev/

μmol])

Predicted 
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mechanism

 for mutage
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property - excess toxicity - was used to define the reactive toxicity of mutagenicity to S. typhimurium. Molecular interactions between 
these chemicals (Lipnick, 1991). The nonpolar narcosis baseline electrophiles and nucleophiles are governed by their properties, 
QSAR model (saturated alcohols and ketones) for the ciliate which follow general hardness and softness patterns. Nucleophilic 

Tetrahymena pyriformis is (Ellison et al., 2008):      groups in proteins and nucleic acids are the most likely site of their 
log (1/IGC ) = 0.78 log P – 2.01 action. The covalent binding to biological macromolecules can 50

2 explain the enhanced acute toxicity (Lipnick, 1991) and mutagenicity where n = 87, R = 0.96, s = 0.20, and F = 2131
(Eder et al., 1994).and the extent of excess toxicity was determined as the toxic ratio 

Mutagenicity. Current knowledge about the mechanisms of (TR), which was calculated by the following equation (Nendza and 
chemical mutagenicity is best developed for chemicals and Müller, 2007): 
metabolites believed to initiate mutagenesis through covalent TR = log (1/IGC )exp – log (1/IGC )calc 50 50

interaction with DNA. A DNA adduct is a piece of DNA covalently Establishing mechanism for mutagenicity from adducts. The 
bonded to a chemical and it can be mutagenic. The saturated interaction between aldehydes with DNA results in the formation of 
aliphatic 11-15 and aromatic aldehydes 16-20 weren't registered to adducts, which are useful to define mechanisms of mutagenicity. 
form adduct and based on qualitative data (Kazius et al., 2005) for Analysis of these adducts formation patterns allows some 
mutagenicity was found that they are non-mutagenic. An exception categories of reaction of aldehydes with DNA components to be 
to this group of aldehydes are two compounds (chloroethanal 15 and proposed (Figure 1) (Eder et al ,1994). The rules to separate 
4-nitrobenzaldehyde 20) that exhibit mutagenicity. This activity can mutagenic from non-mutagenic unsaturated aldehydes were 
be explained by the presence of certain functional groups (halogen, applied (Koleva et al., 2008).
which is more electronegativity or nitro) in the composition of Mechanism-based read-across predictions. The mechanism of 
saturated aliphatic and aromatic aldehydes. Another group of chemicals without experimental value was predicted by the read-
compounds, which showed reactivity are unsaturated aldehydes 1-across (qualitative) methodology (Koleva et al., 2008) (Table 1).
10. More chemicals have been tested and detected to be mutagens 
in strain TA100 of S. typhimurium than in any other strain. After 
analysis of the reactivity and mechanism of these α,β-unsaturated 

Results and discussion aldehydes in the training set, different types of compounds, sharing 
definite substructural features, act differently in interactions with 

Aldehydes are soft electrophiles which show various reactivity DNA; that is, subcategories or subdomains can be defined. 
to both toxic endpoints (mutagenicity and acute toxicity, i.e. excess Consequently, compounds in this class were separated into 
toxicity). In this study, aldehydes were classified into some subcategories based on presumed reactivity and inferred 
categories according to their functional groups in the structure and mechanism of action.
mechanism for both endpoints, respectively. In addition, the The different adducts between α,β-unsaturated aldehydes with 
mechanisms were compared between endpoints – IGC  (acute 50 DNA components, which contribute to mutagenicity, have been 
toxicity) for Tetrahymena pyriformis and TA100 (mutagenicity) for retrieved from the literature (Figure 1) (Eder et al., 1994). The 
Salmonella typhimurium (qualitative and quantitative data). adducts indicate that α,β-unsaturated aldehydes can be mutagenic 

This research compares the reactivity of different aldehydes and that they react with DNA. For many of these compounds, 
(aliphatic – unsaturated, saturated and aromatic) towards isolated adducts and their structure can be identified. This type of 
biomolecules in acute aquatic toxicity to T. pyriformis and information may assist in the interpretation of their genotoxic 

. . .
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Figure 1. Some adducts of α,β-unsaturated carbonyl compounds formed  with deoxyguanosine and deoxyguanosine 
monophosphate

Acute aquatic toxicity data. Toxicity values to Tetrahymena experiments.
pyriformis for aldehydes were obtained from the literature (Schultz, EcoSAR software. EcoSAR is a user-friendly computer 
1997) and reported in Table 1. Population growth impairment was programme developed and routinely applied by the US EPA for 
assessed after 40h with the common ciliate T. pyriformis. predicting aquatic toxicity to fish, daphnids and algae (EPA website). 

Mutagenicity data. The mutagenicity (Salmonella typhimurium This software was used for grouping of the chemicals.
(TA100–S9) strain) data (qualitative and/or quantitative) were Log P. Data for the logarithm of the 1-octanol-water partition 
retrieved from the literature (Dillon et al., 1998; Kazius et al., 2005; coefficient (log P) were obtained from the KOWWIN software (US 
Koleva et al., 2008). The mutagenic activity (quantitative data) of EPA, KOWWIN). Where possible measured log P values were 
positive compounds, expressed as the number of induced verified and used in preference to calculated values.
revertants/ μmol, was calculated by linear regression from the Excess toxicity. Aldehydes are compounds of special interest as 
number of induced revertants observed in three independent they are often found to have toxicity in excess of baseline. This 
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mechanisms. In this set of circumstances, the predominant which adducts cause mutations still remains unclear. A probable 
mechanism is Michael type addition (Figure 2). The relative mechanism which may be suggested is nucleophilic substitution 
mutagenic effects of nonhalogenated α,β-unsaturated aldehydes (Eder et al., 1994).
(1-5 in Table 1) were compared. A particularly interesting example is Acute aquatic toxicity. Table 1 presents the results of classifying 
cinnamaldehyde (3-phenyl-2-propenal 4), which has been shown in the 20 compounds with SMILES codes, into the classes of the 
recent studies to not only produce DNA damage but to be EcoSAR software. The EcoSAR software classified the compounds 
antimutagenic because of the particular way in which it causes DNA into aldehyde class. All organic chemicals have the potential to 
damage and stimulates repair (Shaughnessy et al., 2006; King et al., cause narcosis. In general, chemicals which have a more specific 
2007). Halogenated α,β-unsaturated aldehydes 6-8 are, in general, mode of action, especially hydrophilic ones, produce greater toxicity 
more reactive than nonhalogenated α,β-unsaturated aldehydes 1-5. than that expected from baseline non-polar narcosis. These 
However, evidence for the formation of DNA exists for only some of chemicals often contain specific structural fragments responsible for 
the halogenated α,β-unsaturated aldehydes . The mechanisms of their mechanism of action (Aptula and Roberts, 2006). There are 
these chemicals are presented in Table 1. In addition to these two several modes of action for acute aquatic toxicity. For the reactive 
categories of α,β-unsaturated aldehydes, a third category can be mode(s) of toxic action, where toxicity is observed to be in excess of 
defined from the data analyzed in this study, that is, a narcosis, the mechanism is reaction chemistry-based, involving 
cinnamaldehyde with a nitro group on the aryl ring 9-10. Compounds covalent modification of proteins (Verhaar et al., 1992; Russom et 
in this category, such as nitrocinnamaldehyde, although clearly al., 1997). The excess toxicity of these compounds is demonstrated 
mutagenic, have not been shown to be capable of the type of adduct clearly in Figure 3 where toxicity is observed to be not related to 
formation typical of α,β-unsaturated aldehydes. These results hydrophobicity and clearly in excess of baseline toxicity. Some 
suggest that the nitro group, rather than the acrolein moiety, is domains have been defined for aldehydes according to their 
activated and responsible for the genotoxic effects through an structure and possible mechanism of action (Lipnick, 1991, Dimitrov 
alternative mechanism - nitroreduction (Chin et al., 1978; Shimizu et al., 2004). Aldehydes contain carbonyl group which can be 
and Yano, 1986). A similar mechanism may be observed for 4- connected with aliphatic or aromatic part. It is considered that 
nitrobenzaldehyde 20 (Sabbioni,1994).Moreover, cinnamaldehydes aldehydes occupying the surface and thereby having specific 
are not mutagenic chemicals according to the data that were not interactions. Outliers to the surface are chemicals acting by specific 
demonstrated to form nucleoside adducts. However, in reality, the interactions (mechanisms of action) and with rearrangements of 
lack of current evidence for formation of DNA adducts does not imply covalent bonds.
lack of mutagenicity. Finally, the mechanism of chloroethanal 15 by Aldehydes (saturated aliphatic 11-15 and aromatic 16-20) can 
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Figure 2. Michael-type addition reaction; Characteristic: double or triple bond 
where X = electron withdrawing substituent.

Figure 4. Schiff base formation

Figure 3. Plot of toxicity to Tetrahymena pyriformis vs log P for aldehydes showing 
baseline toxicity.



elicit their acute toxic effect as electrophiles via covalent bond mechanism-based read-across within endpoints, an important step 
rearrangement, forming Schiff base with amino groups in biological is the determination of mechanisms of electrophilic compounds in 
macromolecules (Figure 4) (Lipnick, 1991). Depending on the different endpoints (mutagenicity and acute aquatic toxicity).
presence of other adjacent groups, the mechanism of toxic action by 
aldehydes can be more complex. Those having a carbonyl group 
with another π-bond, i.e. to form an α,β-configuration can react by 
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