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1. Introduction

Rodents are one of the largest taxonom‑
ic groups of all mammals. Of the 5419 mammali‑
an species, approximately 42%, or 2,277 species, 
are rodents. They are found on all continents except 
Antarctica (Wilson and Reeder, 2005; Yu et al., 
2020). Rodents are highly adaptable animals, with 
a wide distribution and diverse impacts on the econ‑
omy, environment, agriculture, food security and 
safety, biodiversity, public health, etc. (Capizzi et 
al�, 2014; Jacoblinnert et al., 2022). Despite their 
great species diversity and widespread distribution 
around the world, only about 5% of rodents are con‑
sidered pests (Witmer, 2018). Rodent pest control is 

used to control commensal rodents’ population, such 
as Norway rats (Rattus norvegicus), roof rats (Rat-
tus rattus), and house mice (Mus musculus), which 
represent not only economically important pests, but 
also a serious public health problem (Quinn et al., 
2019). It is estimated that 5% of food produced in 
the world is eaten or damaged by rodents (Jurišić 
et al., 2022). In addition, rodents can transmit more 
than 40 zoonotic pathogens to humans in a varie‑
ty of ways, both directly and indirectly (Buckle and 
Smith, 2015). The house mouse and roof rat are list‑
ed among the 100 World’s Worst Invasive Alien 
Species by the IUCN/ISSG (Invasive Species Spe‑
cialist Group).
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2. Rodent pest control

Methods used for rodent pest control are: trap‑
ping, poisons, habitat management, fertility control, 
barriers, repellents (acoustic and olfactory), behav‑
ioural mechanisms, predators or parasites, control 
of ectoparasites or pathogens, damage prevention 
and forecasting, etc. (Capizzi et al�, 2014). One of 
the most widely applied methods for pest control is 
the use of poisons. Anticoagulant rodenticides are 
the most commonly used of all poisons, and as of 
2017, accounted for more than 95% of rodenticides 
approved as biocides in the European Union (Capiz-
zi et al., 2014; ECHA, 2017; Kotthoff et al., 2019).

Many different biocidal products are registered 
as rodenticides worldwide and classified into three 
main classes: acute, subacute, and chronic rodenti‑
cides. The acute and subacute poisons include com‑
pounds such as arsenic, strychnine, zinc phosphide, 
sodium monofluoroacetate, alphachloralose, thallium 
sulphate, calciferols, bromethalin and others (Buck-
le and Smith, 2015). Of these, zinc phosphide is still 
allowed for use in many countries, including in Serbia.

Anticoagulant rodenticides are the most effec‑
tive and most commonly used biocidal products 
(Regnery et al., 2019). According to Capizzi et al� 
(2014), anticoagulants were used in 61% of cas‑
es of pest control. Anticoagulant rodenticides are 
divided into first‑generation anticoagulant rodenti‑
cides (FGAR) (i. e. pindone, diphacinone, chloro‑
phacinone, warfarin, and coumatetralyl) and sec‑
ond‑generation anticoagulant rodenticides (SGAR) 
(i. e. difethialone, brodifacoum, bromadiolone, flo‑
coumafen, and difenacoum). FGARs show a lethal 
effect on consecutive multiple oral intakes, while 
SGARs are more toxic, and single feeding is often 
sufficient for a lethal dose (Fisher et al., 2019).

Anticoagulant rodenticides inhibit the produc‑
tion of vitamin K by blocking the activity of vitamin 
K epoxide reductase and subsequently clotting fac‑
tors (II, VII, IX, and X) involved in the blood coagu‑
lation process. Therefore, poisoned animals die from 
internal haemorrhage within 3 to 7 days (Buckle and 
Smith, 2015; Damin-Pernik et al., 2016).

3. Anticoagulant rodenticides and impact on 
non‑target animals and wild game

Considering that anticoagulant rodenticides are 
indiscriminate and can affect all vertebrates, there is a 
high risk of unintentional poisoning of non‑target wild‑
life or domesticated animals (Regnery et al., 2019).

Exposure of wildlife (non‑target animals) to 
anticoagulant rodenticides occurs via three path‑
ways: 1) direct ingestion of rodenticide bait (prima‑
ry exposure), which is common in herbivores and 
omnivores because most baits are cereal‑based, 2) 
direct consumption of unabsorbed rodenticides from 
the digestive tract of prey (secondary exposure), and 
3) indirect exposure typically occurs when an ani‑
mal consumes poisoned prey that carries residual 
concentrations of anticoagulant (tertiary exposure) 
(Morzillo and Mertig, 2011, Regnery et al., 2019).

All SGARs, due to their high risk to human 
health and the environment, have been identified as 
being either persistent, bioaccumulative, and toxic or 
very persistent and very toxic (Kotthoff et al., 2019), 
hence have a higher risk of poisoning non‑target ani‑
mals in comparison to the FGARs (Fisher et al�, 2019).

Widespread use of anticoagulant rodenticides can 
lead to the accumulation of anticoagulants in the envi‑
ronment, and consequently, poisoning and accumula‑
tion of anticoagulant rodenticide residues in non‑target 
terrestrial and aquatic species. Furthermore, the accu‑
mulation of anticoagulants in the environment can lead 
to their transfer along the food chain, with potentially 
serious health consequences for wildlife and humans 
(Regnery et al., 2019). Therefore, there is growing 
concern about the detection of second‑generation anti‑
coagulant residues in different tissues of a large num‑
ber of animal species, e.g., barn owls (Geduhn et al., 
2016), foxes (Geduhn et al�, 2015), hedgehogs (Dow-
ding et al., 2010) and snails (Alomar et al�, 2018), 
including game, e.g., black bear, wild pigs (McMillin 
et al., 2018) and white‑tailed deer (Stone et al., 1999). 
Considering the abovementioned issues, these resi‑
dues pose a potential danger to human health.

SGARs have liver half‑lives of >80 to 350 days 
and are typically used only for rodent pest control 
(Erickson and Urban, 2004, McMillin et al., 2018). 
SGARs contain two asymmetric carbons in their 
chemical structure and each is a mixture of four ste‑
reoisomers assembled into two pairs of diastereoiso‑
mers (cis‑diastereoisomers or trans‑diastereoisomers), 
each pair containing two (1R,3R) (1S,3S)‑isomers and 
(1R,3S) (1S,3R)‑isomers in different proportions, with 
different pharmacokinetic properties and biological 
activities. There is always one diastereoisomeric form 
with a shorter half‑life than the other one, so the risk of 
secondary poisoning in predators can differ between 
isomers (Lefebvre et al., 2017; Alabau et al�, 2020).

Wild animals can become exposed to roden‑
ticides in urban, suburban and agricultural are‑
as where the use of rodenticides against commen‑
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sal rodents is continuous, or in farmland areas 
where the use of rodenticides is periodically inten‑
sive (López-Perea et al., 2018). However, intensive 
use of rodenticides in the environment can lead to 
long‑term chronic accumulation of SGAR in preda‑
tors or can cause fatal poisonings in many different 
species of non‑target animals with secondary poi‑
soning in predators (Olea et al., 2009).

Game animals are also at risk of exposure to 
SGARs, especially omnivorous species, such as wild 
boar (Sus scrofa), by the direct ingestion of rodenti‑
cide baits or by the consumption of carcasses of ani‑
mals poisoned by rodenticides (Alabau et al., 2020).

Alabau et al� (2020) indicated a high preva‑
lence of rodenticides liver and muscle of wild boars 
in urban areas (60.8%), suburban areas (40%) and 
rural areas (7.7%). These results showed a positive 
relationship between the presence of SGAR resi‑
dues in wildlife and human population density, most 
likely because of the intensive use of rodenticides 
for rodent pest control in urban areas, consequently 
leading to long‑term chronic accumulation of roden‑
ticides in wildlife. This indicates a potential risk to 
game meat consumers. Namely, although rodenti‑
cide doses are low, wild game in urban areas could 
have much higher concentrations of rodenticides in 
meat and other organs, which would increase the 
risk to human health (Alabau et al., 2020).

4. Anticoagulant rodenticides in wild game 
edible tissues and risk to human health

The use of anticoagulants. primarily warfa‑
rin and diphacinone, as antithrombotic therapy in 
humans is well known. However, problems regarding 
involuntary exposure can occur when anticoagulants 

enter the food chain, primarily through foods of ani‑
mal origin. One example is the presence of anticoag‑
ulant residues in game meat, which is a potential haz‑
ard to human health, primarily in regions where game 
meat is often consumed (López-Perea et al., 2018).

Game meat has exceptional nutritional value, 
low fat content, and good digestibility. The skin of 
game animals is lighter and thinner than that of domes‑
tic animals, resulting in a higher meat yield in the total 
carcass weight. For example, the amount of meat in 
roe deer, European deer, and mouflon ranges from 55 
to 70%. The percentage of fat in meat differs between 
the different types of game: from 3.85% in deer thigh 
meat to 0.98% in pheasant breast meat (Zakula, 1976).

Since game meat is not widely available to 
the public, it does not occupy a significant place in 
the diet, except for hunters. According to data from 
2021, there are over 87,500 hunters in Serbia (Anon, 
2022). The average game meat consumption per 
capita in Serbia is 0.14 kg, whereas per hunter, it 
is 17.22 kg. This consumption is much lower com‑
pared to other European countries, where Austria 
has the highest average game meat consumption per 
capita (1.21 kg), while Hungary has the highest con‑
sumption per hunter (146.86 kg).

Table 1 shows the ten‑year average of planned 
and executed hunting of the most important big 
game in Serbia (Anon, 2022). Based on this data, it 
has been estimated that the production of game meat 
per 100 ha in Serbia is similar to in Croatia, aver‑
aging around 15.65 kg. However, this is more than 
seven times less than the production of game meat 
in Austria, over five times less than in the Czech 
Republic, Hungary, and Germany, and more than 
half of that in Slovakia (Anon, 2021).

Table 1. The number of animals of the four big‑game species in Serbia (from 2011–2021) according the 
planned and executed game shooting (Anon, 2022)

Year
European 

deer
European 

fallow deer
Roe 
deer

Wild 
boar

European 
deer

European 
fallow deer

Roe 
deer

Wild 
boar

Planned game shooting Executed game shooting

2011 823 169 12824 8046 653 114 8039 4962

2013 1122 351 14017 10365 870 182 8529 6475

2015 1366 309 15683 11023 1035 99 9279 7775

2017 1243 168 16962 13939 856 85 10544 11179

2019 1145 293 17689 15942 813 229 10484 12919

2021 1429 246 19503 20560 984 188 11454 15228
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In the study by Eason et al. (1999, 2001), the 
accumulation of brodifacoum in various tissues of 
different wild game is reported. Namely, the brodi‑
facoum concentration in wild boar was in the range 
from 0.007 to 1.7 mg/kg in the liver, and from 0.01 
to 0.07 mg/kg in muscle; in red deer (Cervus ela-
phus) the concentration was up to 0.02 mg/kg in 
muscle and 0.03 mg/kg in liver; and in goat (Capra 
hircus) the brodifacoum concentration was up to 
0.01 mg/kg in liver. McMillin et al� (2018) demon‑
strated that in the black bear (Ursus americanus) liv‑
er, the concentration of residual anticoagulants was 
8.7 mg/kg. The Authors indicated that at such a high 
concentration of rodenticide, a 60 kg human would 
need to consume 2.68 kg of liver to reach mammali‑
an LD50 values (0.39 mg/kg body weight for rats) of 
brodifacoum.

Research conducted by Pitt et al� (2011) found 
that cooking has an impact on diphacinone residues 
concentration in meat, thereby increasing its poten‑
tial hazard to human health. In that study, the concen‑
tration of diphacinone increased in all tissues after 
cooking, which could indicate that water loss during 
heating tended to concentrate diphacinone in tissues.

Eisemann and Swift (2006) indicated the haz‑
ards of maximum concentrations of diphacinone res‑
idues in pig muscle (0.25 mg/kg), pig liver (3.07 mg/
kg) and game liver (0.56 mg/kg). They reported that 
a 55 kg person would have to eat 28.49 kg of pork 
meat, 2.33 kg of pork liver or 12.77 kg of game liv‑
er to reach a dose of diphacinone equivalent to that 
affecting blood clotting in rats, while pregnant wom‑

en of the same weight (55 kg) would have to ingest 
5.50 kg, 0.45 kg or 2.46 kg, respectively, for the 
amount of diphacinone equivalent to the dose that 
has been shown to cause foetal reabsorption in rats.

Although it seems unlikely that all this could 
happen in one day, the risk is reflected in the facts 
that some SGARs are highly accumulative and that 
repeated exposure increases the risk of adverse 
effects of anticoagulants, and people who use 
antithrombotic therapy should be especially careful 
(López-Perea et al., 2018).

5. Conclusion

Anticoagulant rodenticides have been used 
for more than half a century and today are the most 
commonly used biocides for rodent pest control. 
Widespread use of these poisons can lead to poison‑
ing and accumulation of anticoagulant rodenticide 
residues in the environment and wild animals. Anti‑
coagulant rodenticides can occur in the environment 
due to several pathways: during the production of 
the active substance, the formulation of the biocidal 
product, the application of baits, and the disposal of 
baits. Entry of rodenticides into the food chain is a 
big risk, which can potentially lead to serious prob‑
lems for human health. Although anticoagulant resi‑
dues were found only in low levels in wild game tis‑
sues, these chemicals can potentially affect human 
health. Given the seriousness of the problem like‑
ly in the future, more research is needed to properly 
deal with anticoagulant residues in game meat.
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