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A B S T R A C T   

The field of chemical rodent control has seen no major developments in the last decades, even 
though anticoagulant rodenticides (AR), the mainly used substances to manage mice and rats, are 
known environmental pollutants and candidates for substitution under the European Biocidal 
Products Regulation 528/2012. Moreover, recent political developments in Europe and the USA 
demand more safety and sustainability in the management of chemicals, reinforcing the need for 
environmentally friendly substances. In this concept study, we present a step-by-step approach to 
improve the environmental properties of rodenticides. Repurposing of existing pharmaceuticals, 
the use of enantiomerically pure rodenticides, or the improvement of the formulation by 
microencapsulation can help to alleviate environmental problems caused by AR in the short term. 
Modification of the chemical structures or the development of prodrugs as medium-term strate-
gies can further improve environmental properties of existing compounds. Ultimately, the 
development of new substances from scratch enables the utilisation of so far ignored modes of 
actions and the application of modern safe and sustainable-by-design principles to improve target 
specificity and reduce the negative impact on non-target organisms and the environment. Overall, 
our concept study illustrates the great potential for improvement in the field of chemical rodent 
control when applying available techniques of green and sustainable chemistry to known or 
potential rodenticides. Most promising in the medium term is microencapsulation that would 
allow for the use of acutely acting substances as it could circumvent bait shyness. On a longer 
timescale the de novo design of new rodenticides, which is the only method that can combine a 
high target specificity with good environmental properties, is the most promising approach.  
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CMR Carcinogenic, mutagenic, and toxic for reproduction 
EC European Commission 
ECHA European Chemicals Agency 
ED Endocrine disruptor 
EU European Union 
FGAR First generation anticoagulant rodenticide 
log KOW Octanol water distribution coefficient 
PBT Persistent, bioaccumulating and toxic 
SGAR Second generation anticoagulant rodenticide 
t1/2 Degradation half-life 
VKOR Vitamin K epoxide reductase 
vPvB Very persistent and very bioaccumulating  

1. Introduction 

Rodents all over the world are important vectors for diseases and pose a threat to food production and materials. Furthermore, as 
invasive species, they contribute to the loss of biodiversity, especially of endemic species on islands. Up to now, their management 
relies almost exclusively on rodenticides, mainly with an anticoagulant mode of action. At the same time, the use of those substances is 
also associated with high environmental risks, especially for wildlife (Rattner et al., 2014). For this reason, the search for improvement 
and alternatives is ongoing (Chen et al., 2019; Chetot et al., 2020; Gibson et al., 2015). 

Anticoagulant rodenticides (AR) act as antagonists of Vitamin K epoxide reductase (VKOR), a key enzyme to the activation of 
several blood clotting factors of the haemostasis, leading to fatal internal bleeding. The common key feature of this group of coumarin- 
and indandione-derivatives is its delayed effect by several days which helps avoiding bait shyness, a main problem when using 
poisoned baits to control neophobic rodents. Through this delayed mechanism, acquired bait shyness can be effectively avoided. Albeit 
being effective and easy to handle ready-to-use bait formulations, AR have major drawbacks with regard to their impact on the 
environment and non-target organisms as well as in terms of animal welfare and resistance (Mason and Littin, 2003): 

All AR are classified as toxic for reproduction and specific target organ toxic due to their mode of action to cause coagulopathy 
(European Commission, 2016). While second generation anticoagulant rodenticides (SGAR) are currently still classified as toxic for 
reproduction, this property has recently been questioned due to them not being transferred to the foetus as much as the first generation 
anticoagulant rodenticides (FGAR), but rather accumulate in the liver (Chetot et al., 2020). 

For the earliest AR, the FGAR, such as warfarin, chlorophacinone, or coumatetralyl, genetic resistance in Norway rats (Boyle, 1960) 
and house mice (Dodsworth, 1961) have been frequently reported since the early 1960s in different parts of Europe. This was also the 
main driver behind the development of the more potent SGAR, namely difenacoum, bromadiolone, brodifacoum, flocoumafen and 
difethialone. The two latter having been introduced to the pest control market in the mid-1980s are the most recently developed AR, 
which means that for nearly 40 years there have been no new developments. As of today, for five out of eight anticoagulants currently 
approved as rodenticides in the EU, resistances in target rodents have been found, including the SGAR bromadiolone and difenacoum 
(Esther et al., 2014). The most potent SGAR, such as brodifacoum, difethialone and flocoumafen with LD50 values for rats ranging from 
0.13 to 0.4 mg/kg bodyweight, are considered as single-dose toxins which are also effective against FGAR-resistant rodent strains 
(Buckle et al., 2012; European Chemicals Agency, 2021b). 

The enhanced toxicity of SGAR is based on their higher binding affinity to the target enzyme VKOR in the liver, which in turn leads 
to a longer retention time in the rodent’s bodies. As an example, the hepatic elimination half-life of brodifacoum and warfarin in rats 
was established to be 113.5 ± 7.8 days and 26.2 ± 3.6 days, respectively (Fisher, 2003). But the intended elevation of the potency also 
comes along with higher risks of primary and secondary poisoning for non-target species. Since SGAR remain in the body for a longer 
time, predators and scavengers consuming poisoned rodents ingest higher amounts of the SGAR and are stronger affected by them 
compared to FGAR. As soon as the late 1970s, first deaths caused by excessive bleeding have been reported for owls and other animals 
feeding on rodents poisoned with SGAR (Mendenhall and Pank, 1980). Since then, detections of the substances in terrestrial and 
aquatic vertebrates around the globe have been frequently reported (Alomar et al., 2018; Berny et al., 1997; Brakes and Smith, 2005; 
Christensen et al., 2012; Eason et al., 2002; Kotthoff et al., 2019; Lambert et al., 2007; Liu et al., 2015; Regnery et al., 2019; Thomas 
et al., 2011). Evaluation of the substances according to the European Chemicals Agency (ECHA) led to the SGAR being identified as 
persistent, bioaccumulating and toxic (PBT) or even very persistent and very bioaccumulating (vPvB) and are consequently considered 
candidates for substitution (European Chemicals Agency, 2016b). But not only wildlife is affected by rodenticide poisoning. Humans 
are also susceptible to rodenticide poisonings (Feinstein et al., 2017). The annual report of the American Association of Poison Control 
Centers of 2017 reports 5186 cases of poisoning with anticoagulants, of which 182 stem from warfarin-type rodenticides (Lefebvre 
et al., 2017). Anticoagulant rodenticides were also among the most numerous compounds of pesticides involved in the poisoning of 
companion animals according to data collected from several German poison centers (McFarland et al., 2017) and also compiled in a 
more recent review by (Bertero et al., 2020) for Europe in general. This shows that poisoning with anticoagulant rodenticides poses a 
considerable risk to humans and their pets as well. 

In the European Union (EU), rodenticides intended to protect human and animal health or manmade materials are subject to 
authorisation under the Biocidal Products Regulation 528/2012 (BPR) (European Commission, 2012). The authorization procedure 
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involves a comprehensive risk and hazard assessment. Due to their reproductive toxicity and/or PBT/vPvB-properties AR fail to fulfil 
multiple authorization requirements and thus would have never been approved under the BPR, if appropriate alternatives were 
available. However, within the comparative assessment in the framework of their re-authorization, the European Commission (EC) 
concluded that a substitution with other chemicals or non-chemical alternatives was not possible (European Commission, 2017). With 
regard to non-chemical rodent control measures such as traps, EC acknowledged the availability of advanced trap systems to control 
rats and mice, but still discarded them from evaluation due to the absence of agreed scientific criteria to assess their efficacy, prac-
ticability and compliance in terms of animal welfare. With regard to chemical alternatives, i.e. non-anticoagulant rodenticides 
authorized under the BPR in the EU such as acutely acting alphachloralose, phosphine gas releasers, or the gassing agents cyanide and 
carbon dioxide, the EC pointed out their limited usability and restricted authorization either to certain areas of use (e.g. indoors), to 
certain target rodents (e.g. house mice) or to certain user categories (e.g. licensed pest control operators). It was moreover found that 
the chemical diversity among the authorized rodenticides in the EU would not be given to allow for a sound resistance management 
without SGAR being available. Overall it was concluded within the biocidal products authorization that all AR are essential to control 
commensal rodents and that substituting them with chemical or non-chemical alternatives would have a disproportionate negative 
impact on society compared with the risks arising from their use. Although all AR are authorized as biocidal products under the BPR in 
the EU, their authorization is subject to strict risk mitigation measures including the restriction of use to professional pest controllers 
only and mandatory instructions for use. 

Since the stipulation of strict risk mitigation measures for the use of anticoagulant rodenticides within the biocidal product 
authorization, non-chemical rodent control methods such as traps have experienced a renaissance and a surge in innovation. Digitally 
equipped trap and monitoring systems became available on the pest control market in the last years, a progress supported not only by 
the non-chemical industry but also by authorities and academics (NoCheRo-initiative) (German Environment Agency, 2020). In 
contrast, chemical rodent control still relies mainly on the use of AR, which were developed more than 30 years ago. As the only recent 
exception, new rodenticides containing the active substance cholecalciferol (Vitamin D3) have been authorized under the BPR. 

The potential of Vitamin D as an active substance for rodent control was first examined for ergocalciferol (Vitamin D2) (Greaves 
et al., 1974) and 10 years later also for cholecalciferol (Vitamin D3) (Marshall, 1984). After the European Biocidal Products Directive 
98/8/EC entered into force in 1998, both chemicals were identified as existing biocidal substances in the EU (European Commission, 
2007). However, neither of them was notified for substance approval and consequently rodenticides containing calciferol-derivatives 
were phased-out from the EU market. The recent revisit of cholecalciferol by industry highlights the search for chemical alternatives to 
AR and might have been an effective strategy to keep costs for research, development and authorization of a “new biocidal substance” 
as low as possible. However, while cholecalciferol in contrast to SGAR is neither classified as bioaccumulating nor persistent, is 
relatively little toxic to birds, and offers a new mode of action for the resistance management, it also has some significant drawbacks: 
Under the recently adopted Regulation (EU) 2017/2100, cholecalciferol was identified as an endocrine disruptor (ED), leading to an 
authorisation for professionals only. In contrast to birds, dogs are very susceptible to cholecalciferol, resulting in particular high risks 
of accidental primary poisoning. Finally, cholecalciferol exhibits a major detrimental characteristic known as the stop-feeding effect. 
The onset of toxic effects in rodents leading to a stop of bait consumption after about two days limits the time frame for target rodents 
to ingest a lethal dose and thus increases the probability of bait shyness due to sub-lethally affected but recovered rodents (Greaves 
et al., 1974). 

Another currently followed approach is making use of different properties of known SGAR isomers to decrease the environmental 
impact (Damin-Pernik et al., 2016, 2017). With alpha-bromadiolone being currently reviewed in the EU, the first active substance 
following this strategy has been applied for approval (see also discussion in chapter 3.1.1). However, until now no new active sub-
stance besides cholecalciferol has yet been approved to be used as a rodenticide under the BPR. 

In conclusion, this example shows that reviewing the potential of existing substances for rodent control and re-formulating ro-
denticides being used in the past might lead to slight improvements regarding environmentally friendlier chemical substitutes, but also 
shows the limitations of this approach. More generally, it underlines the urgent search for chemical alternatives, which are as effective 
as SGAR but less harmful to the environment. 

For rodent control to be more sustainable it has to be turned into rodent management and integrate a set of preventive, organi-
zational, and constructive measures with monitoring concepts and rodent control tools, focusing on the investigation of causes for 
rodent infestations. While non-chemical tools should be considered as a first-choice due to their low impact on humans and the 
environment, chemical rodent control measures are the only suitable option, if non-chemical measures prove inefficient (European 
Commission, 2017). Therefore, the process to make rodent management more sustainable should also include the development of 
advanced chemical control measures. 

The development of chemicals for specific purposes is a long process during which a lot of different aspects have to be considered. 
Discussions over the past years have shown that these aspects should not only be efficacy- or cost-centred, but should also take into 
account the consequences the use of the chemicals has on health and the environment (Kümmerer, 2007). This need has just recently 
been acknowledged in the “Sustainable Chemistry Research and Development Act of 2019” of the United States (The Senate of the 
United States, 2019) and the European Commission’s “Chemicals Strategy for Sustainability - Towards a Toxic-Free Environment” 
(European Commission, 2020). The strategy regards the transition to safe and sustainable-by-design chemicals “not only a societal 
urgency but also a great economic opportunity” (European Commission, 2020). The specific criteria for safe and sustainable-by-design 
chemicals are yet to be defined, but one particular goal is to avoid “groups of chemicals likely to be (eco-)toxic, persistent, bio-
accumulating or mobile” (European Commission, 2020). As known PBT or even vPvB substances, SGAR should be avoided following 
this approach. 

In our concept study we present a balanced approach to develop effective, more environmentally friendly and practical chemical 
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alternatives to existing rodenticides. These alternatives should possibly retain as many advantages of the AR as possible while avoiding 
their disadvantages. The study explores the possibilities of revisiting or repurposing existing substances as short-term solutions coming 
quicker and at lower costs (chapter 3.1). Modifying existing active compounds allows for the improvement of certain environmental 
properties, while retaining known modes of action (chapter 3.2). This requires an intermediate amount of time in research and 
development. Developing new active substances for rodent control from scratch following the safe and sustainable-by-design concept 
would best allow to consider and avoid undesirable features of the later rodenticide in advance, but clearly demands the highest 
financial backup and most time (chapter 3.3). 

2. Methods 

In order to allow for an efficient and pragmatic approach in this study, but still be able to assess the suitability of different chemicals 
as a rodenticide and to make a first comparison of their potential within this concept study, we devised a set of criteria to evaluate their 
efficacy, environmental safety, and practicability. Each criterion is rated individually with “-1” (undesirable), “0” (mediocre), or “1” 
(desirable). Subsequently, the ratings of the individual criteria, respectively, are summed up without any weighing to yield a total 
rating, with the maximum value of 17 points representing the best result possible. This rating is complemented by an “error margin” 
that is comprised of criteria for which no data was available. For the upper margin of the error it was assumed that all unrated criteria 
were rated as positive, for the lower margin as negative. Thus, the error margin illustrates the unrated potential of each substance in 
the best and the worst case, respectively. More details on the ratings can be found in the Supporting Information. 

One main principle of the BPR is that active substances with the worst hazard profiles should generally not be approved for the use 
in biocidal products. Moreover, conditions of BPR for granting an authorisation dictate that the respective biocidal product should be 
sufficiently effective and have no unacceptable effects on human health, animal health, the environment, and target vertebrates in 
terms of humaneness and resistance. In order to ensure compliance with the BPR requirements (European Commission, 2012), new 
biocides in general and with this, rodenticides used in baits, shall necessarily fulfil the following cut-off criteria. According to Articles 5 
and 19 of the BPR, they shall  

- have a lethal effect on the target-organisms.  
- not be known to lead to physiological resistances.  
- not be eco-toxic, bioaccumulating, or persistent (PBT-properties).  
- not be carcinogenic, mutagenic, toxic for reproduction (CMR-properties), or an endocrine disruptor.  
- be possible to be formulated in bait. 

Fig. 1. Currently authorised rodenticides. Currently authorised orally available rodenticides were rated according to the system described in this chapter. Substances 
that fulfil exclusion criteria according to the BPR are marked with an “!”. A maximum value of 17 points represents the best result possible. The low ratings of AR are 
mainly caused by their eco-toxicity, persistence, toxicity to reproduction, low target specificity, and low animal welfare, as well as in some cases the risk of bio-
accumulation and/or the known occurrence of physiological resistances. Details to all individual ratings can be found in the Supporting Information. 
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If any of these indispensable criteria is not fulfilled, a substance cannot be considered suitable as a rodenticide and was not further 
rated in our study. As additional criteria that are not indispensable from a regulatory point of view, we defined that new rodenticides 
should preferably also  

- be specific for the target-organisms in order to avoid primary as well as secondary poisoning of non-target animals.  
- not lead to bait shyness.  
- have a known mode of action.  
- kill humanely in order to increase animal welfare.  
- be economically efficient.  
- have an antidote in case of accidental poisoning. 

Some of the criteria of this second set relate to important aspects regarding usability but substances not fulfilling them might be 
useful anyway due to technical solutions (see for example chapter 3.1.3 on microencapsulation). 

As a first step, we applied this rating system to the currently used rodenticides (for details see Supporting Information). The results 
show that AR achieve only low ratings, in comparison to other active substances used to control rodents (Fig. 1). However, the 
application ranges of those substances are limited (see chapter 1). It is especially noteworthy that all AR as well as cholecalciferol fulfil 
exclusion criteria according to article 5 (1) of the BPR (European Commission, 2012) and are considered candidates for substitution. 
This rating was also applied to any substance proposals that are made in the following chapters. Details to all individual ratings can be 
found in the Supporting Information. 

A more sophisticated evaluation of active substances for their suitability as a rodenticide, as well as all the benefits and obstacles of 
strategies presented in this article, would require an extended, time consuming and expensive life cycle assessment of all alternatives, 
contradicting the intention of this study to provide a conceptual description of different strategies. 

3. Results: seven strategies for improvement 

In this section, different strategies on how to develop alternative rodenticidal chemicals are described. They are structured with 
regard to the time that is presumably needed to bring new solutions into the regulatory processes and subsequently onto the market. 
While relatively fast realisable solutions might not solve all problems at once, these should be worth considering anyway to replace the 
currently used problematic SGAR in the short-term. In contrast, the introduction of rodenticides that are derived from known com-
pounds or are completely newly designed might take many years (Fig. 2). Nevertheless, long-term research strategies should start in 
parallel to developing short-term approaches, so that future advancements can be implemented as soon as they are ready, thus leading 
to a step-by-step improvement until the most environmentally friendly option for chemical rodent control is developed. At the same 
time, substance-independent strategies like microencapsulation that are implemented at an early stage can later on also be applied to 
improved or new compounds. 

3.1. Short-term improvements 

The two main temporal factors influencing the introduction of newly developed rodenticides on the market are (1) the research 
time and (2) the approval process for new substances due to extensive testing and evaluation of the results. Time could be saved by 
using substances that have already been introduced in (other) regulatory contexts. If this is the case, there should already be extensive 
knowledge on the substances’ properties and data needed for approval of the substances might already be available. These substances 
could either be already approved rodenticidal active substances for which only the stereochemical configuration (chapter 3.1.1) or 
formulation (chapter 3.1.3) needs to be optimised or substances such as pharmaceuticals that have not yet been considered as ro-
denticides (chapter 3.1.2). For existing substances that can be repurposed, comparably little further research and testing would be 
necessary as much of the required data for authorization is probably already available. 

Fig. 2. Step-by-step improvement of rodenticides by applying short, medium and long-term strategies. While short-term strategies can be implemented quickly, long- 
term strategies have a higher potential to improve substance properties. 
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3.1.1. Utilisation of stereochemistry 
Most enzymes are chiral themselves and show varying degrees of (stereo) specificity and selectivity. Thus, they can interact 

stronger with one of the enantiomers/diastereomers of a compound than others. Precondition for this is that the substances retain their 
configuration and do not form a racemate, i.e. a 1:1-mixture of both enantiomers, in vivo. The quickest way to improve both envi-
ronmental impact and efficacy of currently used rodenticides could be the use of pure isomers of the chiral anticoagulant rodenticides, 
having been applied and authorized as isomeric mixtures so far. Since different configurations of these molecules have already been 
approved in the use of mixtures, it may shorten the approval process with regard to the concept of bridging data gaps (European 
Parliament, 2006). Generally, the database for the exact properties of single enantiomers is patchy, because enantiomers are often not 
studied in their pure form but as mixtures. Especially with regard to regulatory processes, usually only the isomeric mixture is used as 
the basis for evaluation. Thus, further research in this field is required in order to identify trends and finally even create in silico models 
that would allow for predictions about potency and degradability in dependence of stereochemistry. Still, the information already 
available can be used to identify environmentally less hazardous isomers and improve the properties of currently used (anticoagulant) 
rodenticides. This approach of using stereochemistry to optimise rodenticides is already pursued by examining the properties of pure 
stereoisomers of difethialone as well as the mixtures in different ratios (Lefebvre et al., 2020). Alpha-bromadiolone (with a content of 
at least 76.9% cis-Isomer) is currently in the active substance approval progress in Europe (European Chemicals Agency, 2020) and 
pure trans-difenacoum has already been patented (Caruel et al., 2015). 
3.1.1.1. Reduction of secondary poisoning. Studies have shown that behaviour and retention of existing anticoagulant rodenticides in 
the organism vary depending on the composition of the isomers. These properties could be used to reduce the risks of secondary 
poisoning, if predators feed on poisoned rodents: The R-enantiomer of the FGAR warfarin for example is metabolised quicker than the 
S-enantiomer (Barnette et al., 2017). However, this is only true for humans. In rats, it was observed that the R-enantiomer is 
metabolised more slowly than the S-enantiomer (Goding and West, 1969). Consequently, the stereochemistry might have a small effect 
on target specificity. Trans-isomers of the SGAR difenacoum show shorter half-lives in tissue than cis-isomers, while their efficacy on 
coagulation remains the same (Damin-Pernik et al., 2016). The same holds true for the SGAR difethialone and brodifacoum, while for 
flocoumafen and bromadiolone cis-isomers showed the shorter half-life in tissue (Damin-Pernik et al., 2017). One study showed that 
the half-lives of single enantiomers do not reflect the ones of mixtures of both trans- and cis-difethialone enantiomers. Rather they had 
distinct half-lives of 6.0 h, 25.4 h, 69.3 h, and 82.3 h for, respectively, E4-trans, E2-cis, E1-trans, and E3-cis stereoisomer with one 
trans- and one cis-enantiomer exhibiting the shortest half-lives (Lefebvre et al., 2020). Consequently, not only distinguishing between 
cis- and trans-isomers, but using pure stereoisomers allows for an even finer tuning of properties. The different elimination half-lives 
are also reflected in the varying frequency and concentration of hepatic residues of different SGAR diastereomers present in non-target 
species (Fourel et al., 2021). 
3.1.1.2. Enhancement of efficacy. The specific differences in efficacy between enantiomers of rodenticides relate to their interaction 
with enzymes as well and have also been studied only for selected substances. For example, it has already been shown that the S- 
enantiomer of warfarin is thrice as effective as the R-enantiomer (Scott, 1993) and S-phenprocoumon – another hydroxycoumarine 
derivative used as pharmaceutical – shows a 1.5 to 2.5 times stronger effect compared to the R-enantiomer (Jähnchen et al., 1976). 
This means that the required amount and in turn the amount possibly introduced into the environment can be reduced by 33% in case 
of warfarin and 25% in case of phenprocoumon, if the pure S-enantiomer is used instead of the racemate. There is also one example for 
a non-anticoagulant rodenticide that has been studied for the effect of stereochemistry on its efficacy: norbormide. Four out of eight 
possible isomers of norbormide are weaker than the most effective one by a factor of 50–70 (Poos et al., 1966). The commercially 
available mixture is still a quarter less efficient than the strongest pure isomer. In general, the use of a racemate can decrease the 
efficacy of a substance by up to 50%, given the most extreme case that one enantiomer has 100% efficacy while the other one has 0% 
efficacy. 

Apart from the potency of an isomer on the target enzyme itself, the metabolisation of a compound is affected by its stereochemistry 
as well. This applies to the kinetics – and thus effect duration – as well as the composition of the mixture of the resulting metabolites. 
Additionally, if a mixture of enantiomers is used, they can compete for enzymes, which further complicates the prediction of 
metabolisation kinetics and the composition of the metabolite mixture. For example, it was shown that R-warfarin inhibits the 
metabolisation of S-warfarin at cytochrome P450 CYP2C9 (Scott, 1993), which on the one hand increases the effect duration of 
S-warfarin as it gets transformed more slowly, on the other hand the composition of metabolites is different as other metabolic 

Table 1 
Summary of possible changes achieved by the use of pure enantiomers of AR compared to mixtures.  

Criterion Conclusion by the authors 

Lethal effect on the target-organisms (efficacy) May be slightly increased. 
Avoidance of eco-toxicity, bioaccumulation, or persistence Bioaccumulation and persistence might be lower compared to existing 

anticoagulant rodenticides, at the same time an increased efficacy can reduce 
the amounts introduced into the environment. 

Economic efficiency The requirement to separate the enantiomers might lead to slightly higher costs. 
Specificity for the target-organisms The risk of secondary poisoning may be slightly reduced. 
Avoidance of physiological resistances; avoidance of bait shyness; avoidance of 

carcinogenicity, mutagenicity, toxicity for reproduction, or endocrine 
disruptors; formulation in bait; known mode of action; animal welfare; 
availability of an antidote 

No major changes.  
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pathways are used instead (Smith, 2009). Still, the influence of stereochemistry on the metabolisation and the composition of me-
tabolites’ mixture has generally not been very well studied yet and should be further advanced. 
3.1.1.3. Increase of environmental biodegradability. Environmental biodegradation can be influenced depending on which stereoisomer 
can better interact with the enzymes involved in the degradation processes. For example, it was shown that the R-enantiomer of 
warfarin is degraded slightly faster in soil than the S-enantiomer (Lao and Gan, 2012). However, in this study a racemate of warfarin 
was tested, so it is possible that the competition for enzymes between the two might have influenced the results. Enantiomerically pure 
S-warfarin might thus degrade faster, when it does not have to compete with R-warfarin. 

The changes that can be achieved through the utilisation of pure enantiomers, are summarised in Table 1. 

3.1.2. Repurposing pharmaceuticals interfering with blood coagulation 
Another strategy, that could be employed in the short-term, is a direct substitution of the currently used anticoagulant rodenticides 

with existing pharmaceuticals interfering with blood coagulation. The pharmaceutical effect mechanism could be exploited to control 
rodents, if the respective active substance also fulfils the other criteria specified in chapter 2. 
3.1.2.1. Inhibition of coagulation. Anticoagulants are not only used in rodent control. They play an important role in human medicine, 
where they are administered to prevent thromboses and subsequently heart attacks, strokes, and embolisms in the lung. Haemor-
rhaging and excessive bleeding – the main goal using anticoagulants as rodenticides – occur as unwanted side effects in this case. In 
contrast to rodenticides, the development of innovative pharmaceuticals did not stop decades ago. New active substances with 
anticoagulating properties, such as non-vitamin K antagonist oral anticoagulants, continue to be developed and marketed. If they 
exhibit more favourable environmental properties, they might pose viable alternatives to the existing anticoagulant rodenticides and 
might replace them within a relatively short period of time. 

Since the harmful effect mechanism remains the inhibition of blood coagulation, the delayed onset of symptoms as a major feature 
of effective AR is expected to be kept. However, keeping the effect means that lack of target specificity and animal welfare would not be 
improved that way. There are already several pharmaceuticals on the global market that interfere with blood clotting and are orally 
administered (Norwegian Institute of Public Health, 2020). Apart from vitamin K antagonists, to which FGAR and SGAR count, there 
are other compounds that achieve the same effect by inhibiting the activity of thrombin or clotting factor Xa, or that directly impede 
the aggregation of thrombocytes (Fig. 3). The fact that they are approved for medicinal use ensures that they are already relatively well 
studied and should not exhibit any CMR-properties unless otherwise stated. Furthermore, the listed substances are reported or pre-
dicted of not being bioaccumulating (Martin et al., 2016; NCBI, 2020b, 2020c, 2020d; U. S. EPA, 2020) or showing endocrine effects 
(Benfenati et al., 2013; U. S. EPA, 2020). Consequently, they do not fulfil any exclusion criteria according to article 5 of the BPR 
(European Commission, 2012), which means that they might in general be preferable compared to the anticoagulant rodenticides if 
they prove to be sufficiently effective against rodents. 

Utilising alternative modes of actions to interfere with the coagulation system has the advantage that already formed resistances to 
vitamin K antagonists could be circumvented, while the desired effect mechanism stays the same. Additionally, it is at least theo-
retically possible to combine different active compounds with various modes of action in one product. This could also help to avoid the 
development of genetic resistances and may lead to synergistic effects, which would increase the effectivity of the rodenticide. 
However, combining two or more active substances in one rodenticide would increase the effort and costs for approval, as data would 

Fig. 3. Anticoagulants currently used in human medicine. Orally available anticoagulants currently used in human medicine were rated according to the system 
described in chapter 2 and sorted by mode of action: Vitamin K-antagonists (blue), thrombin inhibitors (orange), and clotting factor Xa inhibitors (grey). The red line 
indicates the average rating of the AR. A maximum value of 17 points represents the best result possible. The main causes for lower ratings are persistence, low target 
specificity, and low animal welfare. Details to all individual ratings can be found in the Supporting Information. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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be required to assess all active ingredients. 
3.1.2.2. Induction of coagulopathy. Inhibition of blood clotting can also be achieved via a consumptive coagulopathy. In this case, 
antihemorrhagic agents are used to induce a disseminated intravascular coagulation, which means that blood clotting is stimulated 
throughout the bloodstream, leading to the formation of thromboses in the whole body. As a consequence, thrombocytes and clotting 
factors are depleted, impeding the ability to stop bleeding, when necessary. As an additional effect the formed clots can cause in-
farctions, embolisms, and strokes, when they reach the heart, the lung, or the brain, respectively (National Institute of Health, 2019). 
Thus, antihemorrhagic agents inherently have two different harmful effects. Just as the anticoagulants, antihemorrhagic agents can 
have various modes of action. The thrombocytes ability to aggregate can be increased or the degradation of formed clots can be 
inhibited (antifibrinolytic agents). Additionally, the formation of thrombocytes and clotting factor VIII can be stimulated, increasing 
the number of formed blood clots and accelerating the depletion of thrombin and, as a consequence, the onset of a consumptive 
coagulopathy. Just like in the case of the pharmaceutical anticoagulants, the listed antihemorrhagic agents (Fig. 4) should not exhibit 
any CMR-properties unless otherwise stated and have not been reported or predicted to fulfil any other exclusion criteria according to 
article 5 of the BPR (Benfenati et al., 2013; NCBI, 2020a, 2020e, 2020f; U. S. EPA, 2020), which means that they are also preferable to 
the anticoagulant rodenticides if they prove to be sufficiently effective against rodents. As for the anticoagulants, the simultaneous 
utilisation of substances with different modes of action might reduce the risk of resistance development and gives rise to synergistic 
effects that might increase effectivity. However, this would increase the efforts for the substance approval under the BPR, as data 
would be required for the assessment of each substance. 

The changes regarding criteria listed in chapter 2, that can be achieved through the repurposing of pharmaceuticals interfering with 
blood coagulation, are summarised in Table 2. 

3.1.3. Microencapsulation 
Changing the formulation of rodenticides to improve characteristics such as effect mechanism or bait palatability or to reduce risks 

to non-target species could be another short-term strategy to utilise already existing substances, that are nowadays not or not 
frequently used as rodenticides. One particularly useful technique in this regard is microencapsulation. Active substances can be 
encapsulated in a coating material, which results in the formation of very small pellets (0.5–5000 μm). These have to be digested and/ 
or metabolised before the active compound is released. 
3.1.3.1. Reducing primary poisoning. If the active compound is encapsulated in a layer only digestible by the target animals (Jyothi Sri 
et al., 2012), the risk of primary poisoning of non-target organisms can be reduced. If the active compound is encapsulated in cellulose, 
for example, the coating could not be digested by carnivores and most omnivores. Rats and other rodents, on the other hand, would be 
able to digest these capsules and be affected by the active ingredients. At this point, it is important to note that rats and mice are 
hindgut fermenters, which means that the capsules are only digested in the rectum and the released active compound is eaten again in 
the form of so called cecotropes (Johnson et al., 1960). Consequently, the released active compound has to pass the acidic environment 
of the stomach after the second ingestion. Thus, either acid resistant substances have to be used or an additional microencapsulation 
beneath the cellulose layer is required, that protects the active compound from the acidic conditions of the stomach and is dissolved in 
the basic environment of the guts. 
3.1.3.2. Delayed effect. Microencapsulation makes it possible to delay the onset of effects. It has been proven for the acute rodenticide 

Fig. 4. Antihemorrhagic agents currently used in human medicine. Orally available antihemorrhagic agents currently used in human medicine were rated according to 
the system described in chapter 2 and sorted by mode of action: stimulants for thrombocyte aggregation (blue), antifibrinolytic agents (orange), and agents increasing 
thrombocyte count and coagulation factor VIII concentration (grey). The red line indicates the average rating of the AR. A maximum value of 17 points represents the 
best result possible. The main causes for lower ratings are persistence, low target specificity, and low animal welfare. Details to all individual ratings can be found in 
the Supporting Information. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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norbormide that using a gelatine matrix coated with shellac resin delayed the compound’s release for up to 8 h and has proven to 
effectively reduce the development of bait shyness in target rodents (Nadian and Lindblom, 2002). Microencapsulation would thus be a 
strategy to make the very target specific but fast-acting norbormide useable without experiencing bait shyness. This strategy can also 
be applied to other compounds with acute modes of action, which drastically expands the range of potential substances, that apart from 
their acute onset of effects may show properties that are preferable to AR (Fig. 5). In the past, several acute rodenticides have been 
replaced by the current AR on the market because of bait shyness against acute poisons. Since there already exists knowledge on these 
substances, this may speed up the process to develop new products. 

Additionally, there is a range of plant toxins all over the world that are used as rodenticides, but are not authorized as biocidal 
products in Europe (Lockhart, 2007). These substances have rodenticidal properties and might show – at least in part – favourable 
environmental properties, but would have to be tested to verify this. A main disadvantage for their use to control rats is their naturally 
selected fast mode of action. Microencapsulation could help to prolong the time between ingestion and the onset of symptoms in order 
to overcome bait shyness, making these substance promising candidates as effective rodenticides. However, their approval might take 
longer than that of acute synthetic rodenticides that have already been used in the past as the data available for newly exploited 
naturally occurring toxins is often patchy. 

Table 2 
Summary of possible changes achieved by exchanging AR with pharmaceuticals interfering with blood clotting.  

Criterion Conclusion by the authors 

Lethal effect on the target-organisms (efficacy) Depending on the substance used. 
Avoidance of physiological resistances Might control rodents showing resistance to currently used anticoagulant rodenticides; 

using several active substances might prevent development of further resistances. 
Avoidance of eco-toxicity, bioaccumulation, or persistence Depending on the substance used, these exclusion criteria might not be fulfilled. 

Especially, the bioaccumulation risk should be decreased for almost all stated 
substances. 

Avoidance of carcinogenicity, mutagenicity, toxicity for reproduction, 
or endocrine disruptors 

For the substances stated in Figs. 3 and 4 no such properties have been reported. 

Economic efficiency Potentially, since they are already produced for use in pharmaceuticals. However, 
higher costs are accepted for pharmaceuticals than for rodenticides. 

Avoidance of bait shyness; known mode of action; specificity for the 
target-organisms; animal welfare; availability of an antidote 

No major changes.  

Fig. 5. Acute rodenticides currently not approved for use in Europe. Acute rodenticides currently not approved for use in Europe were rated according to the system 
described in chapter 2. The red line indicates the average rating of the AR. A maximum value of 17 points represents the best result possible. The main causes for lower 
ratings are development of bait shyness, low target specificity, and low animal welfare. Details to all individual ratings can be found in the Supporting Information. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Moreover, microencapsulation not only expands the range of alternative chemical compounds to acute poisons, but also allows for 
the use of volatile substances and ones that are easily hydrolysed (Jyothi Sri et al., 2012), thus further increasing the spectrum of 
potential active substances to be used as rodenticides. 
3.1.3.3. Palatability. The taste and subsequently the acceptance of the poisoned baits by the target organisms can also be increased by 
microencapsulation, if neutral or even attractive microcapsules are used. At the same time, taste can be modified to reduce primary 
poisoning. This does not need to be done via microencapsulation but also via additives to the product. Palatability can be reduced for 
non-target animals by using repellents that only work on non-target species. 
3.1.3.4. Absorption. Furthermore, the direct exposure of the user to the active compound can be decreased by microencapsulation. For 
instance active compounds with a high dermal absorption can be encapsulated in not absorbable materials (Jyothi Sri et al., 2012), so 
the dermal exposure for the user is reduced. 

The changes regarding criteria listed in chapter 2, that can be achieved through microencapsulation, are summarised in Table 3. 

3.2. Medium-term strategies 

All short-term strategies may be implemented quickly as they focus on replacing existing rodenticidal active substances with other 
already available compounds considered generally suitable for rodent control. However, this approach is limited with regard to its 
opportunities to improve substance characteristics. All substitutes in question have either an already tried and tested effect mechanism 
and mode of action such as vitamin K antagonists being used as pharmaceuticals or simply an optimised formulation. While these 
possibilities allow for prompt improvements, they exhibit the same disadvantageous properties that are linked to currently used 
anticoagulant rodenticides, like the risk of primary and secondary poisoning or causing suffering and pain in the target rodents. In 
general, any possible improvements rely on the inherent properties of the chosen alternatives. As an example, substitutes that are 
considered generally suitable for rodent control in chapter 3.1.2 turned out to be mostly persistent. Medium-term strategies offer 
additional opportunities such as the modification of the molecular structure of existing active substances to enhance their original 
environmental properties such as degradability, while keeping their beneficial characteristics. This approach might be able to further 
decrease negative effects on the environment, but would require more time. 

3.2.1. Modification of the chemical structure of existing rodenticides 
In order to keep research effort as low as possible, known chemical structures could be used as a starting point to improve envi-

ronmental properties, while keeping their effect mechanism. At the same time, while screening suitable molecules, development time 
can be decreased by the use of in silico methods (Leder et al., 2015; Lorenz et al., 2021; Puhlmann et al., 2021). Quantitative structure 
activity relations allow to estimate a range of properties like the effect, that changes of the molecular structure have on the log KOW or 
on the environmental biodegradability, metabolism (e.g. ADME) and toxicity without actually having to synthesise them. At the same 
time, it is paramount that any change of the structure does not cause a loss of activity. Docking simulations can help to estimate how 
strong the interactions between an active compound and the target enzyme is and, thus, can indicate if a modified structure is still 
active at a target site. This also includes the activity against resistant variations of VKOR, which can help to develop new AR that 
circumvent resistances (Bermejo-Nogales et al., 2021). This way promising candidates for future synthesis will be easier, faster and 
probably more successful as the number of molecules necessary to synthesise for actual testing and actual testing itself can be reduced 
to a few preselected and most promising candidates. This saves time as well as financial and other resources in the development. This 
approach has already been realised for selected antibiotics and beta-blockers (Kümmerer, 2019; Leder et al., 2015; Rastogi et al., 
2015), as well as ionic liquids (Suk et al., 2020) and can be transferred to the development of rodenticides. 
3.2.1.1. Reduction of environmental persistence. Environmental degradability is influenced by certain functional groups. Some of them 
lead to a reduced degradability, such as nitro, sulfone, mercaptane, and trifluoromethyl groups, as well as halogens, tertiary amines, 
silicon-carbon bonds and quaternary carbon atoms. Also, heterocyclic and polycyclic ring systems are generally less degradable than 

Table 3 
Summary of possible changes achieved by microencapsulation of active compounds.  

Criterion Conclusion by the authors 

Lethal effect on the target-organisms (efficacy) Depending on the substance used. Many of the stated acute poisons have higher toxicity than the AR 
Avoidance of physiological resistances For the stated substances no physiological resistances have been reported, yet 
Avoidance of bait shyness Microencapsulation can reduce the development of bait shyness against acute poisons. 
Avoidance of eco-toxicity, bioaccumulation, or persistence Depending on the substance used, these exclusion criteria might not be fulfilled. Especially, the 

bioaccumulation risk should be decreased for almost all stated substances 
Avoidance of carcinogenicity, mutagenicity, toxicity for 

reproduction, or endocrine disruptors 
For the substances stated in Fig. 5 no such properties have been reported 

Formulation in bait Microencapsulation allows for the use of volatile and easily hydrolysable substances in bait. 
Economic efficiency Many substances stated in Fig. 5 have formerly been used as rodenticides, which suggests a 

reasonable registration and production cost. 
Known mode of action Depends on the active substance used. For the substances stated in Fig. 5 the mode of action is 

known. Herbal substances may not have a known mode of action. 
Specificity for the target-organisms The utilisation of digestion differences, taste preferences or specific modes of action of active 

substances used could improve target specificity. 
Animal welfare Depends on the active substance used, but might be more humane treatment of animals for acute 

poisons. 
Availability of an antidote Depends on the active substance used.  
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acyclic molecules with few branches (Boethling et al., 2007; Grabitz et al., 2021; Hiromatsu et al., 2000; Rücker et al., 2018). As an 
alternative to avoiding these groups, the persistence can also be reduced by introducing certain groups which favour environmental 
degradability. Functionalities usually increasing degradability are carboxy, hydroxy, aldehyde, and ester groups. Amides are very 
stable due to the mesomeric stabilisation, but still may lead to an increased degradability if they are degraded by peptidases or am-
idases. Furthermore, for many molecules the introduction of oxygen is the first step of degradation and thus structures containing 
oxygen are sometimes easier degradable than comparable structures without it. These trends can be illustrated by a comparison of the 
structural differences and the different properties of SGAR. Exchanging the sulphur atom in the coumarin ring of difethialone leads to 
brodifacoum and reduces the degradation half-life in soil from 524 days to 157 days (Fig. 6, green) (European Chemicals Agency, 2007, 
2016a). Opening the chiral ring in brodifacoum and adding a hydroxy group instead yields bromadiolone and further decreases the 
degradation half-life in soil to 29 days (Fig. 6, red) (European Chemicals Agency, 2010). It is noteworthy that for the SGAR the efficacy 
is linked to the retention time in the body and, consequently, to their risk for bioaccumulation. This makes balancing environmental 
properties and efficacy especially challenging and may make this approach more suitable for other active compounds. For example, 
microencapsulated acute poisons could be improved this way, since they do not rely on a long retention time in the body. 

However, not only functional groups determine the biodegradability and metabolisation, but the properties of the molecule as a 
whole (e.g. form, size, distribution of electron density, volume). Also, degrading the active compound itself may not be sufficient to 
make it environmentally friendly, because stable transformation products may be formed, that cannot be completely mineralised. Still, 
if any stable transformation products exhibit reduced activity and are not toxic for humans and the environment, it would be an 
improvement compared to the SGAR. Therefore, design for complete mineralisation is the final but also most challenging goal. 
3.2.1.2. Decrease of bioaccumulation. The risk of bioaccumulation can also be reduced by slightly modifying the chemical structure of 
the active compound. The bioaccumulation potential is mainly attributed to the lipophilicity of a compound and can be estimated via 
the octanol water distribution coefficient (log KOW), but may also depend on other factors like binding affinity to proteins (Marquardt 
et al., 2019, p. 1147). High positive log KOW values indicate lipophilic behaviour and a high risk of bioaccumulation, while negative 
values indicate hydrophilic behaviour and low risk for bioaccumulation. The log KOW can be reduced with groups that increase the 
polarity of the molecule, form hydrogen bonds, and/or are easily ionised. Among these groups are hydroxy, carboxy and amine groups. 
3.2.1.3. Decrease of secondary poisoning. In order to decrease the risk of secondary poisoning acid sensitive groups like esters, ethers, 
or amides can be introduced. That way, if the poisoned animal is afterwards eaten by a predator or scavenger, the active compound gets 
hydrolysed under the acidic conditions in the stomach and can be rendered inactive and less toxic to secondary exposed animals. This 
approach, of course, additionally requires a protective coating for the first passage through the stomach of the target animal and could 
be combined with the selectively digestible microcapsules. The only remaining risk for secondary poisoning would then stem from 
capsules that were ingested but not yet digested. 

The enhancement of known substances can speed up development of chemical alternatives to existing (anticoagulant) rodenticides, 
if the general mode of action is known and proven to be efficient. However, keeping the base structure of an active compound and the 
mode of action might also retain problematic properties and limits the improvements that can be achieved by re-design. In many cases, 
the core structure, that is required for the compound to show activity, is not readily degradable in the environment. Consequently, 
compounds can be improved to a higher degree if the low degradability is not linked to the core structure. The changes regarding 
criteria listed in chapter 2, that can be achieved through the modification of the chemical structure of known active compounds, are 
summarised in Table 4. 

3.2.2. Developing prodrugs based on existing molecules 
The previously mentioned modifications are supposed to alter the properties of active substances after exhibiting their intended 

effect. However, existing molecular structures of active substances could also be used as the basis for the design of prodrugs. This 
concept could make acute poisons more attractive as rodenticides. 
3.2.2.1. Avoidance of bait shyness. Prodrugs have to be metabolised in the body before they reach their active form. This leads to a 
delayed onset of effects and subsequently avoids the development of bait shyness, because the toxic effect is not associated to the 
consumption of the bait. Applying the concept of prodrugs (Rautio et al., 2008) to acute rodenticides would allow to use their 

Fig. 6. Comparison of structural differences and their effect on the degradation half-life in soil (t1/2) of selected SGAR. Avoiding specific structural features like 
sulphur atoms in heterocycles or introducing features like hydroxy groups can drastically decrease the degradation half-life. 
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advantages, while avoiding acquired bait shyness. This strategy has already been applied to the highly target specific but acutely acting 
rodenticide norbormide (Rennison et al., 2012, 2013). 
3.2.2.2. Increase of target organism specificity. The potency of a substance is strongly influenced by its bioavailability, which in turn is 
strongly dependent on the ratio between absorption and excretion. The creation of prodrugs can modify the absorption rate and 
consequently the bioavailability of a prodrug depending on the species and, thus, increase specificity (Rautio et al., 2008). Target 
specificity might be further optimised using differences in the renal excretion. Carnivores and some omnivores, that have an acidic 
urine, would transfer alkaline active compounds quicker into the urine, while rats and other herbivores maintain the substances in 
their bodies for longer because of their alkaline urine. Additionally, enzymatic variations may cause differences in the metabolisation 
speed of specific substances between species that can be utilised so that prodrugs are only metabolised by certain animals. Finally, the 
palatability could be increased by using prodrugs, which in turn can increase the acceptance of the poisoned bait. This was already 
shown for norbormide (Rennison et al., 2012, 2013). 

The changes regarding criteria listed in chapter 2, that can be achieved through the development of prodrugs based on known 
active compounds, are summarised in Table 5. 

3.3. Long-term strategies 

3.3.1. Utilising new target specific modes of action 
As both short- and medium-term strategies focus on improving the characteristics of already existing compounds, they are limited 

by the availability of suitable candidates to serve either as direct substitutes for currently used rodenticidal active substance or provide 
the base for limited molecular modifications only. Moreover, all of them, except for norbormide, rely on existing modes of action that 
lack target specificity, resulting in more or less high risks of poisoning to medium-sized to large non-target organisms. In contrast, long- 
term strategies provide an innovative approach to find new target species-specific modes of action taking into account unique 
anatomical and physiological features of target rodents such as the brown rat (Rattus norvegicus) or the house mouse (Mus musculus). In 
the following different modes of action will be explored that may improve target specificity. Active compounds named in these cases 
are not suitable as rodenticides, but only exemplify that substances already exist that can cause the desired effect. 
3.3.1.1. Ammonia excretion. One example for a compound that has a harmful effect through another mode of action is the antiepileptic 
valproate which interferes with the excretion of ammonium formed from amino acids. This excretion mechanism is different for 
obligate carnivores – predators such as cats or owls – compared to rodents. In rodents, valproate inhibits the formation of N-acetyl 
glutamate, which in turn is an allosteric co-factor for the enzyme carbamoyl phosphatase. As a consequence the detoxification via the 
urea cycle is blocked, which can lead to hyperammonemia (Eyer, 2017; Schubert, 2008) and subsequently to damages to the central 
nervous system. This approach would make use of the fact that the diet of obligate carnivores consists exclusively of meat. For these 
animals the excretion of ammonia cannot be inhibited and they should remain unaffected by these pharmaceuticals (Dimski, 1994). 

Table 4 
Summary of possible changes achieved by modification of the chemical structure of known active compounds.  

Criterion Conclusion by the authors 

Avoidance of bait shyness It is very likely that the development of bait shyness is similar to the base 
substance, but changes in palatability cannot be ruled out. 

Avoidance of eco-toxicity, bioaccumulation, or persistence Based on the structural modifications, these environmental properties 
can be improved. 

Formulation in bait Dependent on the substance used as a basis. Structural changes might be 
able to increase the stability in baits. 

Economic efficiency Difficult to predict. 
Specificity for the target-organisms Specificity is not necessarily increased, but risk of secondary poisoning 

might be decreased depending on employed modifications 
Lethal effect on the target-organisms; avoidance of physiological resistances; avoidance 

of carcinogenicity, mutagenicity, toxicity for reproduction, or endocrine 
disruptors; known mode of action; animal welfare; availability of an antidote 

No major changes.  

Table 5 
Summary of possible changes achieved by the development of prodrugs based on known active compounds.  

Criterion Conclusion by the authors 

Lethal effect on the target-organisms (efficacy) Efficacy should be similar to the base structures, although the molecular 
weight is increased, which is why formally the lethal dose would increase. 

Avoidance of bait shyness Might be improved if the prodrugs lead to a delayed effect. 
Formulation in bait It may be that the prodrug is more stable than the base substance, which may 

improve the formulation in bait. 
Economic efficiency The more complex structure compared to the base active compound is likely 

to increase the production cost, but it is difficult to predict. 
Specificity for the target-organisms Might be enhanced. 
Avoidance of physiological resistances; avoidance of eco-toxicity, 

bioaccumulation, or persistence; avoidance of carcinogenicity, mutagenicity, 
toxicity for reproduction, or endocrine disruptors; known mode of action; 
animal welfare; availability of an antidote 

No major changes.  
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Utilising this mechanism, carnivores, which are prone to secondary poisoning, might not be affected 
3.3.1.2. Glucose balance. The reduced effect on obligate carnivores can also be achieved with active compounds that operate via the 
hepatic glucokinase. This enzyme plays an important role in the regulation of glucose levels in the blood and can cause hyperglycaemia 
if inhibited or hypoglycaemia if instigated (Vandercammen and van Schaftingen, 1993; Zelent et al., 2005). Heavy cases of hypo-
glycaemia lead to cognitive disorder, seizures, and finally death (Maheandiran et al., 2013). Additionally, the hypoglycaemia may 
prompt animals to eat as a compensation reaction (Jensen et al., 2017), which can stimulate feeding and intake of poisoned bait and 
can counteract appetite loss, which was observed for example for cholecalciferol (Saini and Parshad, 1992). Carnivores only show low 
quantities of glucokinase in the liver and should thus be not – or at least less – affected by any pharmaceuticals that target the hepatic 
glucokinase (Myers and Klasing, 1999; Schermerhorn, 2013). Alternatively, disrupting the allosteric inhibition of the glycogenolysis 
can instil hyperglycaemia in non-carnivorous animals. In this process glucose is formed from glycogen, which is the main source of 
glucose for animals that mostly rely on eating other animals – i.e. carnivores – while other animals take up glucose through their 
regular diet as well and inhibit the glycogenolysis, when glucose levels reach a certain level (Schermerhorn, 2013). The continuous 
hyperglycaemia leads to renal failure, neuropathy and other symptoms that are commonly observed in cases of diabetes (American 
Diabetes Association, 2012). 
3.3.1.3. Vitamin A balance. Another target for a rodenticide could be the vitamin A balance in the body. A thyroxin deficit in rats 
prevents them from transforming β-carotenes into vitamin A (Hagemann and Schmidt, 2018, p. 213). Some carnivores like cats and 
minks rely on their diet containing sufficient amounts of vitamin A and are not affected by blocking this synthesis (McDowell and 
Cunha, 2014; Schweigert et al., 2002). Furthermore, dependence on prey is the reason that these animals are better suited to having 
varying vitamin A concentrations in the blood stream and means to store vitamin A in their body, which makes them less prone for 
hypervitaminosis A (Green and Fascetti, 2016; Schweigert et al., 1991). 
3.3.1.4. Body temperature. Finally, the small body of rodents causes them to lose a lot of heat due to their high surface to volume 
relation. When they are small enough like house mice, this also makes them more susceptible for hypothermia (Meiri, 2011). This 
mechanism is already utilised with alphachloralose; a narcotic that knocks out small animals, which freeze to death if the surrounding 
temperatures are sufficiently low (<20 ◦C). Other substances, that are known to induce hypothermia, but are not orally available, yet, 
are arginine vasopressin, chlorpromazine, and reserpine (Asanami and Shimono, 2000; Paro et al., 2003). These could be combined 
with alphachloralose to further decrease the body temperature, which would have the advantage of being effective even at higher 
temperatures, while causing the least suffering for the target animals. 

Apart from the possibility to develop new and species-specific modes of action, the greatest advantage of the de novo development 
of active compounds is that soft drugs can be developed following the benign by design concept. Soft drugs are active substances which 
are converted to harmless and possibly environmentally friendly metabolites directly after they unfurled their effect in the body of the 
target animal (Bodor and Buchwald, 2000). This approach requires careful planning from the beginning of the development not only 
regarding the intended mode of action and its fate and behaviour in the environment, but also with regard to the formation of possible 
metabolites. While this approach can be regarded as the most time and money consuming option, it offers the most and best possi-
bilities to positively influence any desired and to avoid any undesired properties and, consequently, to create the most environmentally 
friendly active compounds. Additionally, the newly developed substances can be synthesised according to green chemistry and on the 
basis of renewable resources as suggested in the new “Chemicals Strategy for Sustainability - Towards a Toxic-Free Environment” 
(European Commission, 2020), which would not only make the substances themselves more eco-friendly, but create a truly sustainable 
rodenticide. This long-term strategy should be applied in parallel to the previously mentioned strategies, in order to stepwise minimise 
the impact of chemical rodent control on the environment as soon as possible. 

3.3.2. Influencing reproduction 
A general goal of rodent control is to permanently eradicate pest rodents from infested areas or premises. However, in open areas, 

widely branched sewer systems or building complexes, where rodents may intrude from neighbouring sites, sometimes only a 
reduction of the rodent population can be achieved by using rodenticides. As commensal rodents such as brown rats are so called r- 
selected species (Pianka, 1970), being able to give birth to 5–10 pups per litter after a gestation period of only 21 days all year long 
(Salomon et al., 2015, p. 752), the survival of only one pregnant animal can theoretically lead to the regeneration of the whole rat 
population. Against this background, it could be argued that a sustainable rodent control could focus on limiting the reproduction of 
the rodents rather than on controlling the population by killing individuals without exterminating the whole population in a specific 
place. The controlled preservation of a small population can even be beneficial regarding the spread of diseases. Studies have shown 
that the territorial behaviour of rats keeps populations in a limited area (Combs et al., 2018). At the same time, certain populations of 
rats usually carry only a specific set of pathogens (Peterson et al., 2017). Consequently, each set of pathogens also remains in the 
limited area inhabited by its carrier population. Successful extermination of a population opens areas up for the incursion of new 
populations with different and potentially more dangerous sets of pathogens contributing to its overall spread. In contrast, the 
reduction of the population decreases the number of contacts between animals and humans reducing the risk of infection, while 
keeping the types of pathogens linked to specific areas. 
3.3.2.1. Reproductive toxins. As a chemical means of population control the animals can be sterilised. One attempt to follow this 
strategy was the use of 4-vinylcyclohexene diepoxide in New York (Molteni, 2017). This compound specifically induces apoptosis of 
oocytes and renders female animals infertile (Springer et al., 1996). It was possible to reduce the rat population in New York’s subway 
system by 43% during the first trial period. Studies have shown that non-human primates are slightly less affected by this toxin (Appt 
et al., 2006), but it is still to be expected that other mammals are affected. Besides being an (intended) endocrine disruptor, 4-vinyl-
cyclohexene diepoxide is classified as a carcinogen category 2 (European Chemicals Agency, 2021a), which would allow the approval 
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as a rodenticide only under strict regulatory restrictions if at all. 
3.3.2.2. Contraceptives. Another possible alternative to reduce the reproductive rate of rodents could be a hormonal treatment, that 
works similar to the oral contraceptive used by humans. However, since negative environmental effects of this hormonal treatment are 
already known, a good degradability and a low risk for bioaccumulation would be especially important. Still, these properties are 
continuously improved for active compounds used in human medicine, so many advancements discovered in this field could be 
transferred to the use as rodenticides. In any case, hormones would be most likely identified as endocrine disruptors, which makes the 
approval as a rodenticide challenging and only under strict regulatory restrictions. 

The approach to target the reproductive capability is fairly new and would require intense research. Additionally, to interfere with 
reproduction, substances are needed that have teratogenic or endocrine effects, and/or are toxic to reproduction, all considered un-
desired with regard to the protection of human or animal health and the environment. These properties are generally critical and are 
consequently exclusion criteria under the BPR, so the approval of these substances would be subject to strict restrictions in Europe 
(European Commission, 2012) and may face similar problems in other regions of the world. Keeping in mind that rodents are 
controlled to prevent the transmission of diseases, it also has to be discussed whether the presence of a decimated population of rodents 
can be considered tolerable under certain circumstances or in certain habitats, such as the sewer system. In any case, a high degree and 
rate of degradation in the environment would be mandatory for such compounds. 

As chemicals influencing the reproduction of rodents would be classified as endocrine disruptors, all of these substitutes would 
fulfil cut-off criteria of the BPR. For this reason, this strategy was not further pursued in the discussion. 

Table 6 
Summary of possible changes in relation to different strategies presented in this paper. Short-term strategies are highlighted in blue, medium- 
term strategies in yellow and long-term strategies in green. “↑” shows that a criterion can be improved with the respective strategy, “→” shows 
that a criterion cannot be improved with the respective strategy, and “?” shows that a prediction of possible improvements is too complex to be 
made with regard to the existing information. “↑” in bold are improvements compared to AR, while regular “↑” show improvements for and/or 
use of other compounds. 
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4. Discussion 

Until now, AR are the first choice in rodent control worldwide due to their delayed onset of effects, high efficacy, easy handling and 
the availability of an antidote. With the development of resistant-breaking SGAR in the 1980s, there was no need for alternatives from 
an efficacy viewpoint and thus no pressure to develop new or improve existing active compounds, except for creating new formulations 
to enhance palatability. However, evaluations over the years showing the risks of primary and secondary poisoning, the classification 
of SGAR as PBT and in part as vPvB under EU law as well as the recent detection of rodenticide residues in various terrestrial and 
aquatic non-target animals emphasise the negative impact on the environment and consequently the urgent need for environmentally 
friendly alternatives. The various risk mitigation measures restricting the availability of AR to certain user groups as well as the use of 
AR to certain areas and under certain use instructions have reinforced the need for alternatives with more flexible usability in the EU. 

The high demand for effective yet safe chemical and non-chemical alternatives is, besides their need for infection prevention, also 
due to the economic damage caused by rodents (Almeida et al., 2013; Pimentel et al., 2000; Tobin and Fall 2004). Furthermore, 
rodents pose a serious threat to endemic species and eco-systems, especially on islands (Crook, 1973; Hadfield et al., 1993; Tobin and 
Fall 2004; Towns et al., 2007). Breeding colonies of birds and endemic species that evolved in the absence of any predators are 
especially susceptive (Austin, 1948; Bertram, 1995; Kepler, 1967). An eco-friendly and species-specific chemical alternative to the 
currently heavily used (even in conservation areas) AR would thus also be highly valuable for the increasingly urgent efforts to 
preserve biodiversity. Non-chemical alternatives cannot always be used for this purpose. With increasing urbanisation and climate 
change driving climatic conditions in favour of the reproduction and survival of rodent populations it is to be expected that the 
importance of sustainable concepts for rodent control will become even more urgent and necessary. 

Against this background and current activities towards increased sustainability in the United States of America and the EU (Eu-
ropean Commission, 2020; The Senate of the United States, 2019), the development of new rodenticidal compounds will be needed and 
advantageous also from an economical point of view. The costs for research, development, and approval are outweighed by the huge 
global demand for save, effective and practicable rodent control measures. Chemical alternatives with more favourable properties will 
conquer a huge market as their availability will lead to a phase-out of the existing AR as long as enough chemical diversity to avoid 
genetic resistance is maintained. 

At the same time, the research and development of new active compounds itself has advanced since the last developments in the 
field of rodenticides. These advancements have not or at least not sufficiently been considered in the development of new eco-friendly 
rodenticides so far. However, examples, tools and strategies are available from pharmacy and chemistry and can easily be applied to 
rodenticides. This article elaborated promising approaches for the optimisation of rodenticides without the unconditional need of 
completely new developments and compounds in the long run, without neglecting the opportunities by re-design of compounds or 
their application. Interestingly, even common techniques like microencapsulation, which have been applied for decades in chemistry 
and pharmacy, are seldom used in the formulation of rodenticides. Microencapsulation can help to solve the problem of bait shyness as 
a consequence of acute effects, which is the main disadvantage of non-anticoagulant rodenticides. The development of completely new 
rodenticides can be supported by modern in silico methods which might be used to screen for substances with desired physicochemical 
characteristics or to exclude compounds with undesired properties, thereby reducing the workload and costs of developing and testing 
new compounds. This way substances can be synthetized that are – in the sense of safe and sustainable-by-design – effective and eco- 
friendly from scratch. While no single approach among the short- and medium-term strategies is able to improve all properties at the 
same time on its own (Table 6), each strategy can contribute to a stepwise improvement of different properties. Thus, the combination 
of short- and medium-term strategies allows for even stronger improvements without the requirement of developing and testing 
completely new active compounds. 

Additionally, chemical rodent control should always be considered only as one part of a systematic and sustainable rodent man-
agement which should be based on the ecological traits of target rodents and focusing on fighting the cause of an infestation rather than 
its symptoms. Moreover, sustainable rodent management consists of a set of measures including the definition thresholds of acceptable 
rodent population when possible, preventive measures, monitoring concepts and chemical and non-chemical alternatives. In short, 
rodent control should be based on systems thinking (Matlin et al., 2016) which is a characteristic of sustainable chemistry (Kümmerer, 
2017) and pharmacy (Kümmerer and Hempel, 2010; Zuin et al., 2021) integrating all these instruments rather than relying on ro-
denticides as the only management option (Lewis et al., 1997). Still, the application of effective, save, and practical rodenticides 
constitutes an important part in professional rodent control, once a rodent infestation has been detected. Thus, current methods in the 
field of research and innovative development should be applied in order to move rodent control into the direction of sustainability. It is 
one of the main concerns of this article to provide some thought-provoking impulses to stimulate this progress. 

5. Conclusion 

Despite considerable hazards and risks to human health and the environment and regardless of unacceptable effects on the target 
organisms in terms of animal welfare and the development of resistances, AR are still authorised in the EU, albeit under strict regu-
latory restraints. As there is a need to control commensal rodents for reasons of health, hygiene, and nature and environment pro-
tection, AR use is officially justified with the lack of chemical and non-chemical alternatives. This permission of continued use 
hindered urgently needed developments to improve the compounds in each aspect required for a more sustainable application, as well 
as new business opportunities resulting from new compounds. While innovative non-chemical solutions such as digitally advanced and 
sensor-equipped trap or monitoring systems made progress in the last years, the development of chemical alternatives stagnated after 
the market introduction of SGAR in the 1970s and 1980s. The potential of the since then advanced methods of modern chemical 
synthesis – including a more targeted substance design beforehand – and formulation remained largely unused. In this concept study a 
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general scheme for a sustainable substitution by design for rodenticides was elaborated and applied. Promising approaches and a great 
potential for improvement in the development of chemical alternatives could be identified: Microencapsulation allows for the use of 
formerly approved rodenticides like norbormide, which is highly selective, but acutely acting and persistent, or sodium hexa-
fluorosilicate, fluoroacetic acid, or 5-para-chlorosilatrane, which exhibit very low persistence, but are also acting very quickly and are 
not stable without a protective layer. With the correct type of encapsulation, they could pose viable and more environmentally friendly 
alternatives, that could be used in the relatively near future. On a longer timescale the de novo design of new rodenticides, which is the 
only method that can combine a high target specificity with good environmental properties, is the most promising approach. While it is 
not possible to directly present structures for new modes of action, tools that can accelerate their development, such as docking 
simulations that could show promising target points on enzymes and can help to identify promising candidates, as well as possible 
modes of action, that may increase target specificity, were presented. Even if the approaches and alternatives found by these methods 
would have to be further examined more thoroughly via life cycle assessments including the usage of in silico and in vivo studies, they 
present the most impactful approach for truly environmentally friendly rodenticides. 
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