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DRUG RESISTANCE AGAINST ANTHELMINTICS IN ANIMALS
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ABSTRACT
Helminths are a class of worms that pose a serious threat to animal health all over the world. Worldwide, parasite-caused infections reduce the productivity and well-being of livestock.The World Association for the Advancement of Veterinary Parasitology (WAAVP) raised awareness of this problem in 1992 by publishing techniques for identifying anthelmintic resistance.The most important factor influencing the rate at which AR develops is the frequency of treatment. Several management techniques, including pasture management and refugia, are used to try to prevent parasite infection and or maintain low infection pressure. These would lessen the need to use anthelmintics, which may help postpone the onset of AR. This review article included the development of AR in animals, detection of AR and the management of AR.
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1. INTRODUCTION
Helminths are a class of worms that pose a serious threat to animal health all over the world. Worldwide, parasite-caused infections reduce the productivity and well-being of livestock. The use of pharmaceutical anthelmintics, which can account for the single biggest portion of animal health spending in many nations, has been the mainstay of helminthiasis control (Fissiha and Kinde, 2021).
Anthelmintic resistance (AR) has emerged shortly after the medicine’s introduction to the market due to heavy and unintentional drug use. The World Association for the Advancement of Veterinary Parasitology (WAAVP) raised awareness of this problem in 1992 by publishing techniques for identifying AR. Nowadays; AR has grown to be a significant issue, particularly in sheep. Multiple medication resistance has led to the closure of sheep and goat farms in several nations, including South Africa, Australia, the United Kingdom, and New Zealand (Rebuma et al., 2023, Marsh and Lakritz, 2023).
A lack of antiparasitic vaccinations necessitates anthelmintic medications and will likely continue to be the mainstay of treatment for helminth-caused infections. Because of the anthelmintics’ exceptional efficacy (more than 95% parasite elimination), broad spectrum nature, reasonable prices, and overall good safety margin, chemical control of parasites in animals has been incredibly successful during the past 50 years. Unfortunately, the widespread use of anthelmintic medications has resulted in a severe and dramatic degree of AR, primarily in the gastrointestinal nematodes of cattle, sheep, goats, and horses. Animal health and productivity are under risk globally due to the growing prevalence of AR in livestock parasites. Benzimidazoles (BZs), Macrocyclic lactones (MLs), and Cholinergic agonists-particularly levamisole (LEV) are the three kinds of anthelmintics that are currently most frequently employed in small ruminants. There have been reports of AR in every anthelmintic class (Ambaw et al., 2025, Lamb et al., 2017).
 Numerous factors influence the development of AR, including the host, the parasite, the type of anthelmintic and how it is used, animal care, and environmental conditions. This increases the difficulty of creating preventative and controlling measures, which may differ depending on the methods used for animal production. Many factors contribute to the development of AR, including the difficulty of developing new anthelmintics and the difficulty of converting resistant strains to susceptible ones. Even while AR is occasionally on the rise and is becoming a significant problem as a result of the extensive use of anthelmintics, there are now no established viable alternative methods for controlling the helminthic infection (Charlier et al., 2022).
Helminthic infections cause a serious health concern to dogs and cats, particularly in young animals. For this reason, it is important to treat and eradicate parasites strictly and strategically. Additionally, some of the most common intestinal helminths in dogs (Toxocara canis, hookworms, Echinococcus spp.) and cats (Toxocara cati, hookworms) pose significant zoonotic risks and can even arise from older, asymptomatic infected pets. The most crucial element of a methodical and successful prevention of clinical helminthoses is the use of anthelmintic treatments, similar to in livestock (Ridwan et al., 2023).
Twenty years ago, scientists raised awareness of the possibility of drug resistance developing in intestinal helminths of dogs and cats, especially nematodes. They were worried that a shift from sporadic treatments that targeted specific parasites to frequent, metaphylactic use of broad-spectrum anthelmintic combinations could foster the emergence of AR (von Samson-Himmelstjerna et al., 2021).
In certain parts of the world, there is confirmation that intestinal worms of dogs have acquired AR. The canine hookworm Ancylostoma caninum has been shown to be resistant to pyrantel in Australia. Based on a decrease in worm burden relative to the worm burden in untreated control dogs, a controlled investigation using dogs experimentally infected with a presumed pyrantel-resistant A. caninum field population revealed an efficacy of just 25.7%. Pyrantel efficacy against another population of A. caninum from Australia’s Northern Territory was reported to be 71% in a later, smaller in vivo testing with two dogs. It is currently unknown how pyrantel resistance is in Australia and other countries due to the lack of published data on the drug’s effectiveness against A. caninum. Since pyrantel is the anthelmintic that has been used for treating intestinal nematodes in dogs in over a longer period of time than BZs or MLs, it may be anticipated that it will be the first medication to fail due to AR (Sönmez et al., 2025).
Additionally, anthelmintic efficacy field assessments in dogs and cats are incredibly rare when compared to the situation in livestock. There are only two examples of AR in Europe: a study conducted on stray dogs in Spain and a corresponding study conducted in Germany. Both studies found no evidence of AR with regard to the BZs drugs used against intestinal nematodes and praziquantel against cestodes. But as is typically the case, “lack of evidence does not mean evidence of absence”, and much more research is undoubtedly needed to determine the effectiveness of drugs in dogs and cats (Humak et al., 2025).
2. CONTRIBUTING FACTORS TO ANTHELMINTIC RESISTANCE DEVELOPMENT 
Nowadays, about 99 percent of anthelmintics work against sensitive strains. A small number of tolerant parasites are the most resilient in the population. When these surviving parasites are discharged into the environment and contaminate the pasture, helminthic drugs develop AR, resulting in the majority of resistant generations. The most important factor influencing the rate at which AR develops is the frequency of treatment (McIntyre, 2020).
2.1 Frequency of Treatment 
This has a significant role in determining how quickly AR develops. The development of AR occurs more quickly when an anthelmintic is administered more frequently. Treatment gives the surviving parasites a reproductive and replication advantage over the susceptible parasites for two to three weeks following the anthelmintic’s administration, according to the basic concept of selection for AR (Nielsen et al., 2023).
2.2 Timing and Targeting of Mass Treatment 
 One major aspect influencing the development of AR is mass therapy. Prophylactic treatment has been shown to contribute to the development of AR in helminthes; however, treating around 80% of the flock may delay the development of AR (Pilotte et al., 2022).
2.3 Low Dose Anthelmintics 
The animals should be weighed and the right dosage should be calculated to guarantee that the treatment is completely effective. Low-dose medication use makes more parasites survive longer and hastens the emergence of AR following therapy. Animal species and therapeutic administration routes are linked to decreased drug bioavailability. The development of AR is exacerbated by irregular topical (pour-on) treatments. The host is exposed to modest doses at the conclusion of the elimination phase when long-acting or slow-releasing anthelmintics are used (Erez and Kozan, 2018; Ploeger and Everts, 2018).
2.4 Genetics
 Resistant parasites are already present in a parasite’s population. Nowadays, AR is understood to be a pre-adaptive phenomenon, meaning that the resistance alleles are already present in the parasite population before the parasite has ever been exposed to the relevant anthelmintic. In the absence of anthelmintics, natural selection keeps the resistance alleles at a low frequency because they make the worms carrying them less viable than worms that are fully susceptible (Doyle and Cotton, 2019).
On the other hand, resistant worms have a survival advantage when an anthelmintic is introduced and maintained. This increases the frequency of worms with a resistance phenotype in the population by enabling them to reproduce more quickly than susceptible worms. When worms with a resistant phenotype become more common, AR is considered to have developed or emerged. When worms have AR as a recessive trait, only homozygous worms can withstand an appropriate dosage of the anthelmintic. The heterozygous parasites are eliminated by the anthelmintic (Sauermann et al., 2019, Whittaker et al., 2017).
3. DETECTION OF ANTHELMINTIC RESISTANCE
 The development of a genetically transmitted lack of susceptibility to a medication that was previously known to be susceptible to a parasite population is known as AR. When the frequency of alleles is low, it is crucial to identify AR in a parasite population. As a result, medication sensitivity might be maintained and AR could be prevented (Singh et al., 2017).
Currently, both in vitro and in vivo techniques are used to determine AR. Because these tests are time-consuming, costly, labor-intensive, and need test animals, their usage is restricted. Only when the target parasite population exhibits phenotypic resistance of at least 25% may some tests used to identify AR be successful (George et al., 2017). 
3.1  In Vivo Methods for Detection of AR
The controlled efficacy test (CET) and the fecal egg count reduction test (FECRT) are the two most widely used techniques for identifying AR. The most popular in vivo test is the FECRT, even though the CET is the most reliable to approach (Gainza et al., 2021, Crook et al., 2016).
3.1.1 Fecal Egg Count Reduction Test (FECRT) 
The WAAVP has approved the fecal egg count reduction test as the best practicable method for identifying AR. This approach is based on calculating the percentage difference between the pre-treatment and post-treatment (10–14 days later) counts of nematode eggs in faeces (Kholik et al., 2019, Khatun et al., 2025).
When the percentage of eggs per gram (EPG) in the faeces falls below 95% following therapy, it is deemed to have developed resistance. Every anthelmintic is covered by this test. This method is dependable if the parasite population has more than 25% resistance. Ten animals with an EPG of at least 150 are ideally chosen for each group. Less than 50 EPG in faeces prevents the modified McMaster procedure from being applied, which restricts its application. If, prior to therapy, the number of eggs in the stool was less than 150, a more careful approach is advised. The absence of species specificity is another drawback of this approach (Shehab and Hassan, 2023).
3.1.2 Controlled Efficacy Test (CET)
 The best way to ascertain the impact of anthelmintics is thought to be the CET. The test involves experimentally infecting the animals with both susceptible and known resistant L3, followed by treatment with varying anthelmintic doses. Parasites are extracted from the abomasum after a specific amount of time (Luque et al., 2021, Bartley et al., 2021).
It can be considered resistant if the number of parasites decreases by less than 90% or if over 1000 parasites survive therapy. This approach has the drawbacks of being costly, time-consuming, and labor-intensive. Also, there are certain ethical issues with utilizing animals in experiments (Ceballos et al., 2019). 
3.2 In Vitro Methods for The Detection of AR
In vitro tests have the advantages of being inexpensive, homogeneous, and requiring no testing animals. Using nematode larvae, numerous techniques have been developed to identify AR. The majority of these tests are not realistically utilized very often because their sensitivity, repeatability, reliability, and ease of interpretation are not up to par. Larval Developmental Test (LDT) and Egg Hatching Test (EHT) are the only commonly utilized tests. Larval Paralysis Test, Larval Migration Inhibition Test (LMIT), Micro-Motility Measurement Test, and Molecular-Based Tests are also employed (Babják et al., 2018, Qamar and Alkheraije, 2023).
3.2.1 Egg Hatching Test (EHT) 
Because the egg hatching test is not ovicidal, it can only be used to identify resistance to BZ and LEV. After the eggs are extracted from the faeces, they are incubated with anthelmintics at different concentrations to determine the proportion of eggs that hatch. In order to determine the ideal dosage, sensitive isolates are used. The proportion of egg hatching in the tested samples is also thought of as the resistance percentage. This method’s benefit is that it only works once stool collection is adequate. EHT results are often interpreted using ED50 (50% inhibition value) or ED99 (99% inhibition value) values. The population must contain at least 25% of resistant parasites in order to identify benzimidazole resistance (BZ-R) if the ED50 is utilized as the threshold value. The ED99 value was used to boost the test’s sensitivity, making it possible to identify resistant parasites that are present in the population in small amounts (Tsukahara et al., 2017; Erez and Kozan, 2018).
3.2.2 Larval Developmental Test (LDT)
 To determine the anthelmintic drug’s capacity to prevent egg development, the LDT was created. Using this procedure, trichomelid-type eggs are cultured with tested anthelmintics in Escherichia coli containing media for 6–8 days, after which the ratio of developed L3 is computed. The most crucial element in ensuring the test runs smoothly is the use of freshly harvested eggs. The LDT is more time-consuming and labor-intensive than the EHT, which is used to assess resistance to a variety of anthelmintics, including MLs. The larval growth test can identify up to 10% of parasites with resistance in populations, making it more sensitive than the FECRT and EHT (Mickiewicz et al., 2021, Potârniche et al., 2021).
3.2.3 Larval Migration Inhibition Test (LMIT)
 Anthelmintics are used to paralyze the trichostrongylid nematodes’ muscles in order to examine their motility and migration. After 24 hours of incubation with anthelmintic serial dilutions, the third-stage larvae are moved onto a mesh for a further 24 hours. Sensitive L3s stay on the mesh despite resistant L3s passing through it. The percentage of larvae that migrate is then determined. The curve that results from varying concentrations is used to determine migration inhibition (Zhao et al., 2017, Evans et al., 2017).
3.2.4 Molecular-Based Tests
Tests based on DNA have been created to detect qualitative or quantitative alterations (differences in gene expression) that are hereditary in nature. Molecular-based tests have been developed to determine low BZ-R that cannot be identified by in vitro methods (Venkatesan, 2023).
Despite costly equipment and resources, molecular-based testing is faster and more sensitive than in vitro and in vivo studies. These tests enable the identification of parasites in a population that carry resistance genes on an individual basis. Theoretically, molecular-based testing can identify resistance alleles even if the frequency of resistance is low in the population. BZ-R is identified via polymerase chain reaction (PCR)-based techniques that use single nucleotide polymorphisms (SNPs). Following PCR, the bands are identified by separating the DNA on agar electrophoresis. The application of pyrosequencing and real-time PCR methods followed. To date, the majority of molecular studies aimed at identifying AR have focused on BZs. Although research is currently ongoing, the resistance mechanism of other anthelmintics is not as well understood as that of BZs (Araújo-Filho et al., 2021).
4. MECHANISM OF ANTHELMINTIC RESISTANCE
4.1 Benzimidazole Resistance (Bhinsara et al., 2018, Jaeger and Carvalho-Costa, 2017)
Point mutations are caused by a number of distinct alterations in the beta-tubulin-encoding sequence in BZ-R gastrointestinal worm genetic research, which decrease drug susceptibility. The beta-tubulin isotype 1 gene (Phe200Tyr or F200Y) has a point mutation at codon 200 that encodes tyrosine (resistant, TAC) rather than phenylalanine (sensitive, TTC), according to genetic research on Teladorsagia circumcincta, T. colubriformis, H. contortus, and Cooperia oncophora.
The second, less frequent mechanism of BZ-R is the phenylalanine-tyrosine (Phe-Tyr) polymorphism at codon 167, which is particularly prevalent in horse nematodes. For BZ-R in Haemonchus contortus, Tyr (tyrosine) was necessary at codon 200; phenylalanine-phenylalanine. When T. circumcincta has homozygous phenylalanine-tyrosine (Phe/Phe), heterozygous phenylalanine-tyrosine (Phe/Tyr), or homozygous tyrosine-tyrosine (Tyr/Tyr) at codon 167, the parasite may develop resistance. In Haemonchus contortus, BZ-R requires Tyr (tyrosine) at codon 200. The parasite may develop resistance due to the homozygous phenylalanine-phenylalanine (Phe/Phe) at codon 200 and the heterozygous phenylalanine-tyrosine (Phe/Tyr) or homozygous tyrosine-tyrosine (Tyr/Tyr) at codon 167 in T. circumcincta. As an alternate route of BZ-R, alanine (Ala) is encoded instead of glutamic acid (Glu) due to a point mutation at codon 198, which is present in H. contortus.
According to certain research, P glycoproteins play an indirect role in nematode resistance to BZs. In the H. conctortus population, loss of β-tubulin isoform 2 is another mechanism of BZ-R. 
4.2 Levamisole Resistance (LEV-R) (Soares et al., 2023, Kalkal et al., 2020)
The resistance mechanisms of tetrahydropyrimidines, such as pyrantel, imidazothiazole, and LEV, have not been thoroughly studied. Research on Caenorhabditis elegans has revealed five genes that encode the ionotropic acetylcholine receptor subunits (L AChRs), which are susceptible to LEV-R. These include two non-α subunit genes (lev-1, unc 29) and three α-subunit genes (lev-8, unc-63, and unc-38). Furthermore, mutations in ric-3, unc-74, and unc-50 cause muscle cells to lose their production of L-AChR, which in turn causes a reduction in levamisole sensitivity (LEVS). Glycine (Gly), not glutamic acid (Glu), must be expressed at codon 153 in the C. elegans unc-38 gene in order for the LEV-R to emerge. Encoding glycine (Gly) rather than glutamine (Gln) at codon 57 of the C. elegans unc-63 gene has resulted in a lack of pyrantel receptor susceptibility.
The five glycoprotein subunits that make up nicotinic acetylcholine receptors are grouped around a central ion channel, and each subunit confers distinct pharmacological characteristics to the nAChR. Using the cDNA-AFLP approach, the expression difference in the gene fragments HA17 between LEVS and LEV-R parasites were found. This difference was intended to serve as a potential marker for the identification of LEV-R. 
Significant polymorphism changes in the pyrantel subunits ARR-29, ARR-38, and ARR-63 were not found in Ancylostoma caninum; nonetheless, it was demonstrated that resistant parasites exhibit much lower expression of these genes. The unc-29, unc-38, and unc-69 genes that are present in C. elegans are orthologs of these genes.
4.3 Macrocyclic Lactone Resistance (Molento and Brandão 2022, Pivoto et al., 2020)
There is still much to learn about the mechanism underlying macrocyclic lactone (MLs) resistance. The structure of acetylcholine receptors and glutamate-gated chloride channels is identical, and the primary ion channel is made up of five subunits (α and β). The ivermectin (IVM) binding site is found in the β subunits, whereas the glutamate binding site is found in the α subunits. Glutamate and GABA-gated chloride channels are among the genes implicated in ivermectin resistance (IVM-R). Glutamate and GABA chlorine subunit allele frequencies varied among Haemonchus contortus populations, but variations in a particular allele were not linked to resistance. 
Mutations in a few glutamate-gated chloride subunit genes in C. elegans result in MLs resistance. A simultaneous mutation in all three genes (avr-14, avr-15, and glc-1) that encode the α-subunit of the glutamate-gated chloride channel is necessary for C. elegans to achieve a high level of IVM-R. The C. elegans pharyngeal muscles express GluCla2, which is encoded by Avr-15, while the retropharyngeal nerve cells express GluCla3, which is encoded by Avr-14. 
The pharyngeal pump is inhibited by IVM, which results in parasite starvation and is one of its most significant modes of action. In addition to having distinct GluCl subunit genes from C. elegans, parasitic nematodes also contain orthologs that lessen IVM sensitivity, such as avr-14 in C. oncophora. Uncertainty surrounds the genetic mechanism underlying IVM-R in Trichostrongylid parasites. MLs resistance is believed to be caused by alterations in the γ-amino butyric acid (GABA) receptor genes. Macroscopic lactone resistance is believed to be influenced by the detoxification process of P-glycoproteins (PGP).
P-glycoproteins are active membrane transporters of endogenous and exogenous hydrophobic compounds and belong to the ATP binding cassette superfamily. P-glycoproteins are highly expressed in the membranes of intestinal and pharyngeal cells and are mostly located in the digestive tract. P-glycoproteins are primarily responsible for protecting the organism by removing harmful substances from cells. According to a study on IVM-R T. circumcincta, Tc-Pgp-9, a kind of PGP, has elevated expression at the mRNA level, a high degree of sequence polymorphism, and helminthes may be a significant factor in IVM-R. 
Tc-Pgp-9, which is derived from IVM-R T. circumcincta of sheep, has been shown to exhibit high levels of polymorphism in the sequence and increased expression at the mRNA level. It has been concluded that this polymorphism may be crucial for helminthic IVM-R. PGP-deficient Collie dogs and mice are extremely vulnerable to IVM, which can be fatal due to its severe neurotoxicity. As a calcium channel blocker, verapamil prevents Pgp from binding, which boosts the effectiveness of anthelmintics. Verapamil's use as a Pgp inhibitor in vitro has demonstrated that MLs resistant parasites become more susceptible. 
4.4 Amino-Acetonitrile Resistance Derivatives (AAD)  (Wit et al., 2021, Liu et al., 2020)
Four years after monepantel was originally put on the market, the first resistance instance was documented. Monepantel was first utilized in small ruminants in 2009. Then, there are stories of resistance from all across the world. Nicotinic receptors are the mechanism of action of monepantel, an amino acetonitrile derivative. These receptors consist of the DES-2 and ACR-23 subunits, which are found in the pharyngeal muscles, in between the sensory nerves and the nerves that run through the nerve cord. Mammals, insects, and other vertebrates are not poisoned by nicotinic acetylcholine receptor subunits that are sensitive to amino-acetonitrile derivatives because their mechanism only affects worms.
Two genes are useful for resistance, according to in vitro research on Haemonchus contortus. The stop codon appears before the regular place in the monepantel-1 (Hco-mptl-1, also known as Hc-acr-23H) gene of resistant H. contortus due to deletions at the intron exon boundary.
4.5 FAMACHA (Faffa Malan Chart) (Mphahlele et al., 2019, Cunha et al., 2024)
In order to prevent the unnecessary use of anthelmintics, South African scientists created the FAMACHA test, which is inexpensive and simple to use, to identify the anemia linked to haemonchosis in sheep and goats. South America and Sub-Saharan Africa both make extensive use of this test. This test’s basic idea is to assess the degree of anaemia by comparing the color of small ruminants’ eye conjunctiva to the Famacha card.
5. MANAGEMENT STRATEGIES TO DELAY THE DEVELOPMENT OF ANTHELMINTIC RESISTANCE 
The use of anthelmintics to control livestock helminths over the past 50 years has led to the emergence of resistance to all of the main anthelmintic classes. Creating new anthelmintics to control resistance is a time-consuming and expensive procedure. Utilizing the current anthelmintics in a manner that reduces the effects of AR is therefore vitally important (Muchiut et al., 2018).
Several management techniques, including pasture management and refugia, are used to try to prevent parasite infection and or maintain low infection pressure. These would lessen the need to use anthelmintics, which may help postpone the onset of AR (Raza et al., 2019).
Maintaining an anthelmintic-susceptible population of worms and routinely testing for AR are crucial steps in preventing the introduction of resistance onto a farm by treating purchased stock upon arrival followed by a quarantine period, reducing dependence on anthelmintic, and properly using anthelmintic are all necessary to slow down the progression of AR ( Pramanik et al., 2025).
5.1 Correct Use of Anthelmintics (Osman, 2024, Lanusse et al., 2018)
When helminth parasite populations are exposed to an anthelmintic medication, it is thought that there is a chance that AR will develop. It is surprising to learn that under dosing and repeated use of anthelmintics in the same class enhance the likelihood of resistance development. It has been proposed that switching up the anthelmintic classes can delay the emergence of resistance. Important tactics to postpone AR include applying a trustworthy diagnosis to identify the type of worm, using anthelmintics that work based on the diagnosis, and adhering to the label’s instructions for proper dosage and administration.
5.2 Refugia (Hodgkinson et al., 2019, Greer et al., 2020)
Slowing the accumulation of resistance alleles must be the main goal of resistance prevention, and methods to do so must be put into place early in the resistance evolution process, before there is clinical evidence of decreased medication efficacy. Adhering to policies that ensure a sufficient level of refugium-a term used to describe the portion of a parasite population that is not exposed to a particular treatment, hence avoiding selection for resistance-is the best way to accomplish this. Once AR has been established, it cannot be reverted or lost; it is inherited in a worm population. By allowing susceptible individuals to be conserved, refugia reduces the number of resistant parasites that survive treatment. As the refugium gets bigger, the rate of evolution toward resistance slows down
5.3 Use of Combined Anthelmintics  (Sankar et al., 2021)
The use of combination anthelmintics with a similar spectrum of activity but a distinct method of action has been suggested as a means of slowing down the development of AR. Recently, there has been a greater interest in using a combination of multiple anthelmintic classes to control the presence of resistant nematodes and reduce the growth of resistance numbers due to the development of imidazothiazole and tetrahydropyrimidine resistance.
5.4 Additional Choices 
It is highly helpful to reduce the frequency of anthelmintic use in order to slow down the development of AR. One viable and beneficial strategy to lessen the frequency of anthelmintic use is to use improved grazing management. Implementing mixed grazing among various animal species and reducing the stocking rate and grazing period on the pastures are important components of improved grazing practices (Kapo et al., 2024).
Another excellent method for lowering the need of anthelmintics is the application of biological control. The basic idea behind biological control is to reduce the amount of infection on pastures by employing natural enemies that are capable of killing the parasites. While encouraging an acquired immune response, these treatments aim to reduce free-living larval stages to a level where they have little clinical or subclinical effect. One strategy that has been tried to reduce the helminth burden in animals is the selection of genetically less susceptible animals (Verma et al., 2018).
Developing effective vaccines to prevent intestinal parasites will reduce the need for antiparasitic drugs. Only a Dictyocaulus viviparus vaccine is presently offered for sale, despite considerable efforts to create vaccines to shield grazing animals from helminthic infections (McCarthy et al., 2022).
6. Conclusion
Anthelmintic resistance (AR) has become one of the most significant challenges in modern veterinary parasitology and livestock production. The widespread and often indiscriminate use of anthelmintic drugs over the past several decades has led to the emergence of resistant parasite populations in many regions of the world. Resistance has now been reported against all major classes of anthelmintics, including benzimidazoles, macrocyclic lactones and Levamisole. Resistance, particularly in gastrointestinal nematodes affecting livestock such as cattle, sheep, goats and horses. This growing problem threatens animal health, reduces productivity, and increases economic losses in the livestock industry. The development of AR is a complex process influenced by several factors, including frequent and improper drug administration, under dosing, mass prophylactic treatments, genetic variation within parasite populations, and management practices. Once resistance genes become established in a parasite population, they can spread rapidly through natural selection, making the reversal of resistance extremely difficult. Therefore, early detection and monitoring of resistance are crucial for maintaining the effectiveness of existing anthelmintic drugs. Both in vivo and in vitro diagnostic techniques, such as the faecal egg count reduction test, controlled efficacy test, egg hatching test, and molecular-based methods, play an important role in identifying resistant parasite populations and guiding appropriate treatment strategies.
Understanding the mechanisms underlying resistance is also essential for developing effective control measures. Genetic mutations affecting drug targets, alterations in receptor function, and increased activity of drug efflux transporters such as P-glycoproteins are among the major mechanisms responsible for reduced drug susceptibility in parasites. These mechanisms enable parasites to survive exposure to anthelmintics and pass resistant traits to subsequent generations. New anthelmintic drug development and the limited availability of alternative control methods, sustainable parasite management strategies are essential to delay the progression of resistance. Integrated parasite control approaches-including correct and strategic use of anthelmintics, maintenance of refugia, and combination of drug classes, improved grazing management, biological control methods and selective breeding for parasite-resistant animals-can significantly reduce the selection pressure for resistance. In addition, continued research into novel control strategies, including vaccine development and improved diagnostic techniques, is necessary to ensure long-term parasite control. Combating anthelmintic resistance requires a comprehensive and sustainable approach that combines responsible drug use, continuous monitoring, and integrated management practices. Such strategies are essential to preserve the efficacy of existing anthelmintic drugs, safeguard animal health and welfare, and ensure the long-term productivity and sustainability of livestock production systems worldwide.
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