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Abstract
The review presents metabolic properties of Ivermectin (IVM) as substrate and inhibitor of human P450 (P450, CYP) 
enzymes and drug transporters. IVM is metabolized, both in vivo and in vitro, by C-hydroxylation and O-demethylation reac-
tions catalyzed by P450 3A4 as the major enzyme, with a contribution of P450 3A5 and 2C9. In samples from both in vitro 
and in vivo metabolism, a number of metabolites were detected and as major identified metabolites were 3″-O-demethylated, 
C4-methyl hydroxylated, C25 isobutyl-/isopropyl-hydroxylated, and products of oxidation reactions. Ivermectin inhibited 
P450 2C9, 2C19, 2D6, and CYP3A4 with IC50 values ranging from 5.3 μM to no inhibition suggesting that it is no or weak 
inhibitor of the enzymes. It is suggested that P-gp (MDR1) transporter participate in IVM efflux at low drug concentration 
with a slow transport rate. At the higher, micromolar concentration range, which saturates MDR1 (P-gp), MRP1, and to a 
lesser extent, MRP2 and MRP3 participate in IVM transport across physiological barriers. IVM exerts a potent inhibition 
of P-gp (ABCB1), MRP1 (ABCC1), MRP2 (ABCC2), and BCRP1 (ABCG2), and medium to weak inhibition of OATP1B1 
(SLC21A6) and OATP1B3 (SLCOB3) transport activity. The metabolic and transport properties of IVM indicate that when 
IVM is co-administered with other drugs/chemicals that are potent inhibitors/inducers P4503A4 enzyme and of MDR1 (P-gp), 
BCRP or MRP transporters, or when polymorphisms of the drug transporters and P450 3A4 exist, drug–drug or drug–toxic 
chemical interactions might result in suboptimal response to the therapy or to toxic effects.
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Introduction

Avermectin compounds are a class of 16-membered mac-
rolide lactone compounds produced by the fungus Strep-
tomyces avermitilis, which synthesizes a complex of eight 
individual avermectin compounds (Burg et al. 1979). Iver-
mectin (IVM), as one of the avermectin derivative, is a sem-
isynthetic derivative of avermectin B1 and consists of an 
80:20 mixture of the equipotent homologous 22,23-dehydro 
B1a and B1b (Fig. 1). IVM is a widely used FDA-approved 
broad-spectrum antiparasitic drug used also to treat pest 
insects and was found to be especially effective to decrease 
P. vivax transmission (Hotson 2020; Campbell et al. 1983; 
Pinilla et al. 2018). As an anthelminthic drug, IVM is used to 
treat various parasitic infestations in veterinary and human 

medicine. Applications include river blindness (onchocer-
ciasis) (African region Onchocerciasis Control Programme 
of West Africa, 1975–2002, (Mectizan) by Merck & Co. 
Inc., in 1988), head lice, scabies, lymphatic filariasis, asca-
riasis, enterobiasis, strongyloidiasis, and trichuriasis (Lind-
ley 1987; Boatin and Richards 2006; Moncayo et al. 2008; 
Anselmi et al. 2015; Thomsen et al. 2016; King et al. 2018; 
Sharun et al. 2019).

In the treatment of onchocerciasis, the optimal dose of 
IVM is 150 μg/kg once or three times yearly (González 
Canga et al. 2008). The drug is effective in most patients 
with scabies after a single oral dose of 0.2 mg/kg, which 
is the maximal FDA-approved dose, but often the regimen 
involves two or three repeated doses, separated by intervals 
of 1 or 2 weeks (Dourmishev et al. 2005). Pharmacokinetic 
data of IVM in humans following single oral dose (6 and 
12 mg) showed that no unchanged or conjugated Ivermec-
tin could be detected in urine, AUC and Cmax were dos-
ing proportional and increased linearly with dose with tmax 

 *	 Slobodan P. Rendic 

1	 Independent scientist, Haulikova 6, Zagreb 10000, Croatia

http://orcid.org/0000-0002-0970-1407
http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-021-03025-z&domain=pdf


1536	 Archives of Toxicology (2021) 95:1535–1546

1 3

approximately 4 h and t1/2 elimination, depending on the 
doses applied, was up to 91 h. Due to its high lipid solubil-
ity, IVM is widely distributed within the body and strongly 
binds to plasma proteins (93.2 ± 4.4% (SD) (Klotz et al. 
1990; Krishna and Klotz 1993; Guzzo et al. 2002; Muñoz 
et al. 2018).

In addition to its antiparasitic action, IVM was also 
reported to inhibit the growth of some human cancer cells. 
IVM has powerful antitumor effects, including the inhibition 
of proliferation, metastasis, and angiogenic activity in dif-
ferent cancer cells (Korystov et al. 2004; Melotti et al. 2014; 
Kwon et al. 2015; Dou et al. 2016; Zhu et al. 2017; Nambara 
et al. 2017; Juarez et al. 2018; Jiang et al. 2019; Liu et al. 
2020; Tang et al. 2021).

IVM also possess broad-spectrum antiviral property 
in vitro against RNA and deoxyribonucleic acid (DNA) 
viruses, including human immunodeficiency virus-1 (HIV-
1), dengue virus (DENV), influenza, Venezuelan equine 
encephalitis virus (VEEV), a flavivirus, and Zika virus 
(Wagstaff et al. 2012; Mastrangelo et al. 2012; Pandey et al. 
2020; Yang et al. 2020). A single dose of IVM effectively 
removed SARS-CoV-2 viral RNA in cell culture by 48 h. It 
was suggested that IVM might be used for the treatment of 
COVID-19 patients in the early phase with mild to moder-
ate symptoms, PCR positive for SARS-CoV-2 virus, and 
those without comorbidities such as chronic obstructive 
pulmonary disease, diabetes, hypertension, obesity, acute or 
chronic renal failure, and coronary diseases. IVM suggested 
anti-CoV-2 effects are based on in vitro studies, showing that 
this compound inhibits the importin alpha/beta-1 nuclear 
transporter, and thus, in cell cultures, reduces the replica-
tion of various viruses including SARS-CoV-2 (Bray et al. 

2020; Caly et al. 2020; Rizzo 2020; Sharun et al. 2020; 
Heidary and Gharebaghi 2020; Dixit et al. 2020; Chac-
cour et al. 2020a, b; Formiga et al.2020). In addition, in a 
silico-based analysis of Ivermectin’s molecular interaction 
indicates positive interaction of Ivermectin with viral pro-
tein targets, which is leading for SARS-CoV 2 N-protein 
NTD (nucleocapsid protein N-terminal domain) (Kaur et al. 
2021). Avermectins have also antifungal activity and are 
used for the treatment of several metabolic disorders. Iver-
mectin plasma concentrations required to reach an in vitro 
antiviral efficacy (about 2–10 μM) might be very toxic as 
very high oral doses would be needed for antiviral use and 
overdose or uncontrolled administration of IVM can lead to 
the development of severe toxicity (El-Saber Batiha et al. 
2020). Ivermectin has not been approved for the treatment 
of viral diseases, including SARS-CoV-2, and in April 2020, 
FDA issued a warning not to use Ivermectin to treat COVID-
19 in humans (Bray et al. 2020).

The pharmacokinetics and hepatic metabolism of IVM 
was investigated in a subpopulation of the CF-1 mouse 
stock naturally deficient in mdr1a P-glycoprotein (multi-
drug-resistance protein). Intestinal excretion of (3H)IVM 
enhances in P-gp (+/+) animals. The absence of P-gp 
resulted in higher blood concentrations of IVM after oral 
dosing, suggesting enhanced absorption of IVM in (−/−) 
mice. Concentrations of (3H)IVM were always greater in 
the brains of (−/−) mice compared with (+/+) mice after 
either i.v. or oral administration. In contrast, liver con-
centration was not different between (+/+) and (−/−) ani-
mals after an i.v. dose. These results show the P-gp (−/−) 
and (+/+) subpopulations of CF-1 mice are useful for 
studying the role of P-gp in systemic exposure and tissue 

Fig. 1   Ivermectin B1a (IVM-
B1a) and B1b (IVM-B1b)
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disposition of P-gp substrates (Umbenhauer et al. 1997; 
Kwei et al. 1999). A mechanism of antiparasitic action of 
IVM is inhibition of a glutamate-gated chloride channel 
and a GABA receptor, specific for some invertebrates. In 
mammals, IVM may also inhibit GABAergic neurotrans-
mission by promoting the release of GABA and acting as a 
GABA receptor agonist exerting neurotoxic activity (Yang 
2012; Ménez et al. 2012). Potential neurotoxic activity in 
humans depends on the absorption-extrusion activity of 
the drug from the gastrointestinal tract/blood–brain bar-
rier which is regulated by P-gp, MRPs, ABCB1, and other 
ABC transporters. In the case of IVM, it was suggested 
that the severe central nervous system side effects seen 
in various vertebrates following IVM treatment may be 
due to an absence of, or functional deficiency in P-gly-
coprotein (Edwards 2003). Due to the wide range of its 
clinical applications and its possible co-administration 
with other drugs when used to treat various illnesses, 
there is a possibility that toxic and/or clinically signifi-
cant drug–drug interactions might occur. Consequences of 
toxic drug–chemical and/or drug–drug interactions which 
might occur during co-treatment of IVM with other drugs/
chemicals will depend on metabolic and pharmacokinetic 
properties of IVM and co-administered drugs, i.e., their 
interactions with drug-metabolizing enzymes (cytochrome 
P450s) and drug transporters involved in IVM metabolic 
pathways. The interactions might thus result in changes of 
activity and/or expression of drug metabolism enzymes 
and/or transporters with consequences such as changed 
responses to drug treatment or significant adverse/toxic 
effects.

In the earlier paper discussed was metabolism and inter-
actions of chloroquine and hydroxychloroquine with human 
cytochrome with P450 enzymes and drug transporters. These 
drugs are since years used in the treatment and prevention of 
malaria and chronic inflammatory diseases but also proposed 
to be used in treatment of COVID-19 (alone or in combina-
tion with other drugs). The data on their metabolism showed 
that they are metabolized by white range of P450 enzymes 
in vitro (1A2, 2C8, 2C19, 2D6, and 3A4/5) and by P450s 
2C8 and 3A4/5 in vivo. In addition, chloroquine effectively 
inhibited P450 2D6 in vitro and in vivo in particular in per-
sons with limited P450 2D6 activity. Concluded was that by 
co-administration of the drugs with other drugs, substrates 
of P450 2D6 enzyme, attention should be given to substrate-
specific metabolism by P450 2D6 alleles present in persons 
taking the drugs for possible drug–drug interactions (Rendic 
and Guengerich 2020).

The present paper summarizes data published on the 
metabolism of IVM by human cytochrome P450 enzymes, 
interactions with drug transporters, and the potential to cause 
drug–drug/drug–chemical interactions and toxicity which 
might occur in a wide range of its clinical applications.

Results and discussion

Metabolism of Ivermectin (IVM) by P450 enzymes

IVM is extensively metabolized by cytochrome P450 
enzymes (P450s, CYP) both in vivo and in vitro. In vivo 
IVM metabolites are predominately excreted in feces 
with only 1% of the doses in the urine. Using human liver 
microsomes, human recombinant enzymes, hepatocytes 
and blood samples up to 13 metabolites were identified. 
The major metabolites of IVM-B1a in humans occurs by 
the following metabolic recitations: methyl-hydroxylation, 
O-demethylation, and oxidation reactions occurring at dif-
ferent positions of the molecule. The structure of the major 
five metabolites of IVM identified in vitro indicated that 
they occur by 3″-O-demethylation, C4-hydroxylation, C25 
isobutyl-hydroxylation, and 3″-O-demethyl-4-hydroxyme-
thyl metabolite formation (Fig. 2). The major contribution 
to the metabolism of IMV in vitro is attributed to P450 
3A4. In addition, 3″-O-demethyl metabolite was also pro-
duced to a small extent by P450 3A5 and is considered 
as a minor metabolite. The other hydroxylated metabolite 
occurs also by P4502C8 (Table 1 and references therein). 
Of the major metabolites of IVM formed in vitro, three of 
them were identified also in human plasma and occur by 
3″-O-demethylation, C4-hydroxylation, and the metabo-
lite formed by both 3′-O-demethylation and C4-hydrox-
ylation reactions. These reactions are catalyzed in vitro 
by P450 3A4 and 3″-O-demethylation was also catalyzed 
in minor extent by P450 3A5 (Zeng et al. 1998; Tipthara 
et al. 2021). The data showed that IVM is predominately 
substrate of P450 3A4 and that co-administration of drugs 
that are potent inhibitors or inducers of the enzyme activ-
ity, or polymorphism of the enzyme might provoke pro-
nounced drug–drug interactions. Potent inhibitors of P450 
3A4 activity are, for example, ketoconazole, econazole, 
troleandomycin, azamulin, cyclosporine, while potent 
inducers of P4503A4 activity are, for example, carbamaz-
epine, cortisol, hydrocortisone, rifampicin, amprenavir, 
and clotrimazole (Rendic 2002).

Inhibition of P450 enzymes by Ivermectin (IVM)

IVM was demonstrated as a weak, no, or medium inhibi-
tor of the reactions catalyzed by P450 enzymes (Table 2 
and references therein). The potency of inhibition for IC50 
and % of inhibition values were rated according to the 
values and ranges as presented in Table 3. Taking into 
account these data and the data on the inhibition of P450 
3A4 IVM was assigned as a medium to week inhibitor 
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of P450 3A4. The IC50 values of inhibition of P450 2C9, 
2D6, and 2C19 enzymes ranged from 5.3 to 13.8 μM, or 
no inhibition (Table 2 and references therein). Thus, the 
data reported show that they are at least somewhat depend-
ent on the experimental model used, that the potential for 
drug–drug interactions due to inhibition of P450 enzymes 
is not likely, and that it will depend on the dose applied. 
As blood plasma concentrations of IVM in humans were 
reported to be rarely higher than 100 ng/ml (about 0.1 μM) 
at a standard oral dose, it might be concluded that IVM, 
when applied under clinically recommended dose, does not 
have the potential to cause drug–drug interaction poten-
tial on the level of inhibition of P450 enzymes. In addi-
tion, it was reported that co-administration of IVM and 
tribendimidine in rats did not significantly alter the phar-
macokinetic behavior of each other and no clinically rel-
evant drug–drug interactions between tribendimidine and 
Ivermectin on the level of P450 metabolism were observed 
(Neodo et al. 2018) .

Interaction of Ivermectin (IVM) with drug 
transporters

In the present chapter discussed is the role of transporters 
that belong to the ATP-binding cassette (ABC) transporter 
family and solute carrier family (SLC) transporters in the 
transport of IVM (Table 4 and references cited). ABC trans-
porters are membrane-bound proteins that are present in all 
prokaryotes, as well as plants, fungi, yeast, and animals. In 
humans, the ABC transporters take part in the transport of a 
variety of compounds (drugs, environmental and physiologi-
cal compounds) using the energy of ATP and have important 
role in drug disposition and effects/toxicities by affecting the 
absorption, distribution and excretion of drugs (Liu 2019).

The multiple drug-resistance transporter (MDR, P-glyco-
protein, P-gp) is an export transporter discovered for its role 
in imparting resistance to drugs in cancer cells by pumping 
them out (Bradley et al. 1988). The transporter was in the 
course of research assigned in the literature under differ-
ent names (Table 4). Its role as a drug export protein was 

Fig. 2   Ivermectin (IVM) metab-
olites formed by cytochrome 
P450 enzymes

Table 1   Metabolism of Ivermectin (IVM) with human cytochrome P450 enzymes

P450 Method Reaction Reference PUBMED IDs References

3A4 Recombinant enzyme, yeast expressing 
human P450; microsomes, hepatocytes, 
blood samples

Hydroxylation, C4-CH3- 9574819, 33497030 Zeng et al. (1998), Tipthara et al. (2021)
Hydroxylation, C26-CH3 9574819, 33497030 Zeng et al. (1998), Tipthara et al. (2021)
Demethylation, 3"-O- 9574819, 33497030 Zeng et al. (1998), Tipthara et al. (2021)

3A5 Recombinant enzyme, yeast expressing 
human P450; microsomes, hepatocytes

Hydroxylation, C4-CH3- 33497030 Tipthara et al. (2021)
Demethylation, 3"-O-

2C8 Recombinant enzyme, yeast expressing 
human P450; microsomes;

Hydroxylation, CH3 33497030 Tipthara et al. (2021)
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realized in the late 1990s and with time, the number of pro-
teins involved in drug transport processes was grown. P-gp is 
present in intestinal epithelial cells, liver, kidney, and brain. 
It was also realized that drug’s transport in or out of the 
cells, as well as passive diffusion, is dependent on the trans-
porter’s activity, having important role in many cases of drug 
transport, and can have major effects on tissue selectivity of 
drugs. Another point is that P-gp export transporter can also 
lower the level of a drug in a cell and so slow the rate of its 
metabolism and influence pharmacokinetics and therapeu-
tic activity of drugs, including anticancer drugs (Lin and 
Yamazaki 2003; Jiang et al. 2019). Similarly, MRP1, 2, and 
3 are efflux transporters that are present in hepatocytes with 
wide substrate transport specificity, including important 

drugs. The main roles of the MRP transporter proteins are 
the efflux of xenobiotics (drugs and food components) and 
endogenous metabolites, transport of inflammatory media-
tors (e.g., LTC4), and defense against oxidative stress. In 
addition, P-gp and MRP1 play a role in the development of 
drug resistance of various types of cancer and contribute to 
inflammatory responses (Cole and Deeley 1998; Cole 2014; 
Nakanishi and Tamai 2015; Guengerich and Rendic 2010).

IVM is a potent inhibitor of the MDR1 (P-gp) (Pouliot 
et all 1997; Didier and Loor 2015) and MRP transporting 
proteins (Table 4 and referenced cited). For instance, RH123 
accumulation into LS180V cells was used as an assay for 
P-gp inhibition in the screening of 17 clinically used drugs. 
The results showed that IVM was one of the most potent 

Table 2   Inhibition of cytochrome P450-catalyzed metabolic reactions by Ivermectin (IVM)

P450 Method Remarks Reference 
PUBMED 
IDs

References

1A2 Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays

no inhibition, 8% of test reaction inhibition 11124226 Bapiro et al. (2001)

Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays (Vivid CYP450 
screening kit)

IC50 > 10 µM 30323047 Neodo et al. (2018)

2C9 Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays

no inhibition 11124226 Bapiro et al. (2001)

Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays (Vivid CYP450 
screening kit)

IC50 5.3 (range 4.5–6.2) 30323047 Neodo et al. (2018)

2C19 Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays

no inhibition, 11% of test reaction inhibition 11124226 Bapiro et al. (2001)

Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays (Vivid CYP450 
screening kit)

IC50 6.7 µM (range 5.3–8.9) 30323047 Neodo et al. (2018)

2D6 Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays

no inhibition, 10% of test reaction inhibition 11124226 Bapiro et al. (2001)

Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays

IC50 13.8 µM (range 10.0–27.1) 30323047 Neodo et al. (2018)

3A4 Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assay

Ki 27.2 µM 11124226 Bapiro et al. (2001)

Human liver microsomes using triazolam-4-hy-
droxylation, % of inhibition

 < 10% 12948015 Perloff et al. (2003)

Fluorescence-based microtiter plate screening 
assay

IC50 > 50 µM 12699389 Schwab et al. (2003)

Recombinant enzyme, yeast expressing human 
P450, microsomes, fluorescence-based high-
throughput screening assays (Vivid CYP450 
screening kit)

IC50 11.3 µM (range 9.1–19.8) 30323047 Neodo et al. (2018)
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P-gp inhibitors, causing a ninefold increase in RH123 accu-
mulation compared to control cells (Perloff et al. 2003). 
The data presented in Table 4 with IC50 ranging from 0.1 to 
2.5 µM classify IVM to potent inhibitors of the P-gp medi-
ated transport (Table 3). The data also show that MRP1, 
and to a lesser extent MRP2 and MRP3 take part also to 
IVM flux across physiological barriers (Schwab et al. 2003) 
and that IVM is also a substrate of P-gp. Thus, the MDR1 
and MRP binding properties and its large molecular size 
(Fig. 1) make IVM potential competing inhibitor when co-
administrated with other drugs/chemicals which are P-gp 
and MRPs substrates. IVM also inhibited the P-gp, MRP1, 
2, and 3 ATPase activity after stimulation by their respective 
activators (Table 4 and references cited).

Organic-anion transporting polypeptides (OATP trans-
porters, OATPs) are influx transporters having important 
role of drug transport in intestine and transport across 
blood–brain barrier (OATP1A2, OATP2B1) and hepatocytes 
(OATP1B1, OATP1B3). Thus, OATPs might have impact on 
drug disposition and efficacy by facilitating oral absorption 
and drug access to the liver and brain (Nakanishi and Tamai 
2015; Varma et al. 2010; Shitara et al. 2013). IVM, when 
interacting with organic anion transporter polypeptide fam-
ily, showed to be weak to a medium inhibitor of the activity 
(Table 3 and Table 4 and references cited). Thus, drug–drug 
interactions on the level of OATPs by IVM might be pos-
sible with application of high doses of IVM.

BCRP (ABCG2) is a member of the ATP-binding cas-
sette (ABC) superfamily of transmembrane transporters and 
localized to the apical plasma membrane of cells. It actively 
transports xenobiotic and endogenous substrates out of the 
cell with energy derived from the hydrolysis of ATP. BCRP 

was discovered in cancer cells but present also in normal 
cells preventing the accumulation of chemicals and their 
toxicity. It has a broad substrate specificity and important 
role by modulating efflux and having an impact on the phar-
macokinetics of drugs, nutrients, and toxicokinetic of toxi-
cants, and to have an important role in transporter-mediated 
drug–drug interactions (Bricsak and Aleksunes 2015; Safar 
et al. 2019). IVM inhibits BCRP (Table 4 and references 
cited) and according to the reported IC50 values (1–3.1 µM) 
IVM is classified as a potent to medium potency inhibi-
tor (Table 3). Consequently, this interaction may also have 
implications in the metabolism and distribution of IVM and 
give rise to drug–drug interactions (Jani et al. 2011). The 
properties of IVM as a potent multidrug-resistance rever-
sal agent, when combined with antitumor agents, led to its 
application as enhancer of antitumor activity. IVM drasti-
cally reversed the resistance of the tumor cells to the chemo-
therapeutic drugs both in vitro and in vivo. IVM reversed 
the resistance by inhibiting the proliferation of several tumor 
cells by regulating multiple signaling pathways and not by 
directly inhibiting P-gp activity. The inhibition of the tran-
scriptional factor NF-κB led to the reduced P-gp transcrip-
tion in tumor cells leading to reversal of the resistance of the 
tumor cells (Jiang et al. 2019; Tang et al. 2021).

On the level of P450 enzymes, drug–drug interaction 
might be provoked by co-administration with drugs which 
are potent inhibitors of P450 3A enzymes by lowering its 
extrusion from the body. Alternatively, potent inducers of 
P450 3A activity might affect IVM systemic exposure lower-
ing its therapeutic effect. On the level of drug transport, by 
inhibition P-gp or MRPs, unexpected high plasma concentra-
tion and potential toxic effects of IVM might be elicited. On 

Table 3   Potency of inhibition 
of the drug/compound to inhibit 
P450 enzymes and transporters

Inhibition IC50 (Ki) > 100 µM Very weak inhibitor
IC50 (Ki) > 30 µM Weak inhibitor
IC50 (Ki)  1–30 µM Medium inhibitor
IC50 (Ki) < 1 µM Potent inhibitor
IC50 (Ki) < 0.010 µM Highly potent inhibitor

% of inhibition of tested reaction  ≥ 99% Highly potent inhibitor
 > 90% Potent inhibitor
50—90% Medium inhibitor
20—50% Weak inhibitor
10—20% Very weak
 < 10% No inhibitor or very weak inhibitor

% of the control reaction activity  < 1% Highly potent inhibitor
 < 10% Potent inhibitor
10—50% Medium inhibitor
50—80% Weak inhibitor
80—90% Very weak inhibitor
 > 90% No inhibitor or very weak inhibitor
 < 1% Highly potent inhibitor



1541Archives of Toxicology (2021) 95:1535–1546	

1 3

Ta
bl

e 
4  

In
te

ra
ct

io
n 

of
 Iv

er
m

ec
tin

 (I
V

M
) w

ith
 h

um
an

 d
ru

g 
tra

ns
po

rte
rs

Tr
an

sp
or

te
r

Su
bs

tra
te

In
hi

bi
to

r
M

od
el

In
hi

bi
tio

n/
re

m
ar

ks
Re

fe
re

nc
e 

PU
B

M
ED

 
ID

s

Re
fe

re
nc

e 
no

B
C

R
P1

; B
C

R
P;

 A
B

C
G

2;
 M

R
X

; M
X

R
; 

A
B

C
P;

 B
M

D
P;

 M
X

R
1;

 A
B

C
15

; C
D

33
8;

 
C

D
w

33
8;

 S
T1

57
48

1;
 M

G
C

10
28

21

x
C

el
lu

la
r a

nd
 m

em
br

an
e 

as
sa

ys
IC

50
 v

al
ue

s i
n 

th
e 

1–
1.

5 
µM

 ra
ng

e
20

57
49

95
Ja

ni
 e

t a
l. 

(2
01

1)
In

ta
ct

 P
LB

-9
85

 c
el

ls
, P

he
nG

re
en

 (P
G

)-A
M

 
ex

tru
si

on
IC

50
 3

.1
 µ

M
33

43
52

73
Te

lb
is

z 
et

 a
l. 

(2
02

1)

H
EK

29
3 

ce
ll 

m
em

br
an

e 
ve

si
cl

es
IC

50
 1

.1
 µ

M
M

D
R

1,
 P

-g
ly

co
pr

ot
ei

n,
 P

-g
p,

 A
B

C
B

1,
 

A
B

C
*2

0,
 C

D
24

3,
 C

LC
S,

 G
P1

70
, P

G
Y

x
x

LL
C

PK
1-

m
dr

1 
ce

lls
 fl

uo
re

sc
en

t d
er

iv
at

iv
e 

BO
D

IP
Y

 Iv
er

m
ec

tin
Su

bs
tra

te
 a

t l
ow

 d
ru

g 
co

nc
en

tra
tio

n
12

69
93

89
Sc

hw
ab

 e
t a

l. 
(2

00
3)

P-
gp

 m
em

br
an

es
 (M

D
R

1)
, c

al
ce

in
-A

M
 

as
sa

y
IC

50
 0

.1
 µ

M

C
aC

o-
2 

as
sa

y,
 R

H
O

-1
23

 a
ss

ay
, i

nh
ib

iti
on

 
re

la
tiv

e 
to

 th
e 

po
si

tiv
e 

co
nt

ro
l n

ic
ar

di
pi

ne
34

%

SH
-S

Y
5Y

 c
el

ls
, H

33
34

2 
dy

e 
effl

ux
,

K
i  0

.2
4 ±

 0.
08

 µ
M

25
86

54
32

D
al

ze
ll 

et
 a

l. 
(2

01
5)

C
aC

o-
2 

as
sa

y,
 R

H
O

-1
23

 a
ss

ay
IC

50
 0

.1
0 ±

 0.
04

 µ
M

15
95

31
99

G
riffi

n 
et

 a
l. 

(2
00

5)
Sf

9 
ce

lls
, M

em
br

an
e 

ve
si

cl
es

, a
ct

iv
at

ed
 

A
TP

as
e 

ac
tiv

ity
IC

50
 2

.5
 ±

 2.
0 

µM
K

i c
al

c.
 0

.0
6 

µM
16

38
4,

55
2

Le
sp

in
e 

et
 a

l. 
(2

00
6)

Sf
9 

ce
lls

, M
em

br
an

e 
ve

si
cl

es
, b

as
al

 
A

TP
as

e
H

al
f-

in
hi

bi
tio

n 
at

 a
bo

ut
 0

.1
–0

.2
 µ

M

LL
C

PK
1-

M
dr

 c
el

ls
, R

ho
12

3
IC

50
  0

.4
 µ

M
PL

B
-9

85
/A

B
C

B
1 

C
el

ls
, C

al
ce

in
-A

M
 

ex
tru

si
on

 a
ss

ay
IC

50
 0

.6
 µ

M
33

43
52

73
Te

lb
is

z 
et

 a
l. 

(2
02

1)

H
EK

/-2
93

 A
B

C
B

1 
m

em
br

an
e 

ve
si

cl
es

, 
3H

-N
-m

et
hy

l-q
ui

ni
di

ne
 u

pt
ak

e
IC

50
 0

.3
 µ

M

Sf
9 

ce
lls

, a
ct

iv
at

ed
 A

B
C

B
1 

A
TP

as
e 

ac
tiv

-
ity

in
hi

bi
tio

n

C
ac

o-
2 

ce
lls

, R
H

12
3 

ex
cl

us
io

n 
as

sa
y

te
nf

ol
d 

in
cr

ea
se

 in
 R

H
12

3 
ce

ll 
ac

cu
m

ul
a-

tio
n

12
94

80
15

Pe
rlo

ff 
et

 a
l. 

(2
00

3)

M
od

ul
at

io
n 

of
 b

as
al

 P
-g

p 
A

TP
as

e 
ac

tiv
ity

EC
50

 2
.0

 µ
M

;
17

13
4,

88
7

Le
sp

in
e 

et
 a

l. 
(2

00
7)

M
od

ul
at

io
n 

of
 v

er
ap

am
il-

sti
m

ul
at

ed
 P

-g
p 

A
TP

as
e 

ac
tiv

ity
K

i 0
.0

5 
µM

LL
C

-P
K

1-
m

dr
1a

 c
el

ls
, R

H
12

3 
ex

cl
us

io
n 

as
sa

y
0.

44
 ±

 0.
07

 µ
M



1542	 Archives of Toxicology (2021) 95:1535–1546

1 3

Ta
bl

e 
4  

(c
on

tin
ue

d)

Tr
an

sp
or

te
r

Su
bs

tra
te

In
hi

bi
to

r
M

od
el

In
hi

bi
tio

n/
re

m
ar

ks
Re

fe
re

nc
e 

PU
B

M
ED

 
ID

s

Re
fe

re
nc

e 
no

M
R

P1
, A

B
C

29
, A

B
C

C
1,

 G
S-

X
, M

R
P

x
x

H
L6

0-
M

R
P1

 c
el

ls
, B

O
D

IP
Y

 Iv
er

m
ec

tin
 

flu
or

es
ce

nt
 d

er
iv

at
iv

e
Su

bs
tra

te
 a

t h
ig

he
r c

on
ce

nt
ra

tio
ns

16
38

45
52

Le
sp

in
e 

et
 a

l. 
(2

00
6)

Sf
9 

ce
lls

 m
em

br
an

e 
ve

si
cl

es
, a

ct
iv

at
ed

 
A

TP
as

e
IC

50
 >

 10
 µ

M

Sf
9 

ce
lls

 m
em

br
an

e 
ve

si
cl

es
, a

ct
iv

at
ed

 
A

TP
as

e
IC

50
 9

 ±
 4 

µM
K

i c
al

c.
 0

.5
 µ

M

H
L6

0-
M

R
P1

 c
el

ls
, i

nh
ib

iti
on

 o
f C

al
ce

in
-

A
M

 e
ffl

ux
IC

50
 3

.8
 µ

M

A
54

9 
tu

m
or

 c
el

ls
, c

al
ce

in
 re

te
nt

io
n

IC
50

 1
 µ

M

A
54

9 
tu

m
or

 c
el

ls
, c

al
ce

in
 re

te
nt

io
n

IC
50

 2
.5

 µ
M

H
um

an
 S

H
-S

Y
5Y

, fl
uo

re
sc

en
t d

ye
 H

33
34

2 
tra

ns
po

rt
IC

50
 1

.5
8 ±

 0.
51

 µ
M

25
86

5,
43

2
D

al
ze

ll 
et

 a
l. 

(2
01

5)

H
L6

0/
A

B
C

C
1 

C
el

ls
, C

al
ce

in
-A

M
 e

xt
ru

-
si

on
 a

ss
ay

IC
50

 3
.3

 µ
M

33
43

52
73

Te
lb

is
z 

et
 a

l. 
(2

02
1)

Sf
9/

A
B

C
C

1 
m

em
br

an
e 

ve
si

cl
es

, 3
H

-e
str

a-
di

ol
-1

7b
-g

lu
cu

ro
ni

de
 v

es
ic

ul
ar

 tr
an

sp
or

t
80

%
 in

hi
bi

tio
n 

at
 a

 2
5 

μM
 c

on
ce

nt
ra

tio
n

IC
50

 1
3.

3 
µM

M
R

P2
, A

B
C

C
2,

 A
B

C
30

, C
M

O
A

T,
 D

JS
, 

cM
R

P
x

x
Su

bs
tra

te
 a

t h
ig

he
r c

on
ce

nt
ra

tio
ns

;
16

38
45

52
Le

sp
in

e 
et

 a
l. 

(2
00

6)
M

em
br

an
e 

ve
si

cl
es

 fr
om

 S
f9

 c
el

ls
, a

ct
i-

va
te

d 
A

TP
as

e 
ac

tiv
ity

IC
50

 1
8 ±

 5 
µM

K
i c

al
c.

 3
.6

 µ
M

M
R

P3
, A

B
C

31
, E

ST
90

75
7,

 M
LP

2,
 

M
O

A
T-

D
, c

M
O

A
T2

x
x

Su
bs

tra
te

 a
t h

ig
he

r c
on

ce
nt

ra
tio

ns
M

em
br

an
e 

ve
si

cl
es

 fr
om

 S
f9

 c
el

ls
, a

ct
i-

va
te

d 
A

TP
as

e 
ac

tiv
ity

IC
50

 40
 ±

 21
 µ

M

O
A

TP
1A

2,
 O

A
TP

-A
, O

A
TP

1,
 O

A
TP

, 
SL

C
21

A
3,

 S
LC

O
1A

2
x

A
43

1-
O

A
TP

1A
2 

ce
lls

, S
R

10
1 

up
ta

ke
IC

50
 5

.2
 µ

M
33

43
52

73
Te

lb
is

z 
et

 a
l. 

(2
02

1)

O
A

TP
1B

1,
 S

LC
21

A
6,

 H
B

LR
R

, L
ST

-1
, 

LS
T1

, O
A

TP
-C

, O
A

TP
2,

 O
A

TP
C

x
H

um
an

 e
m

br
yo

ni
c 

ki
dn

ey
 2

93
 (H

EK
29

3)
 

ce
lls

, e
str

ad
io

l-1
7β

-g
lu

cu
ro

ni
de

 u
pt

ak
e

64
.7

%
 in

hi
bi

tio
n

22
54

10
68

K
ar

lg
re

n 
et

 a
l. 

(2
01

2)

O
A

TP
2B

1,
 S

LC
O

2B
1,

 O
A

TP
-B

, O
A

TP
B

, 
SL

C
21

A
9

x
A

43
1-

O
A

TP
2B

1 
ce

lls
, p

yr
an

in
e 

up
ta

ke
IC

50
 8

.6
 µ

M
33

43
52

73
Te

lb
is

z 
et

 a
l. 

(2
02

1)
H

um
an

 e
m

br
yo

ni
c 

ki
dn

ey
 2

93
 (H

EK
29

3)
 

ce
lls

, e
str

on
e-

3-
su

lfa
te

 u
pt

ak
e

39
.0

%
 in

hi
bi

tio
n

22
54

10
68

K
ar

lg
re

n 
et

 a
l. 

(2
01

2)

O
A

TP
1B

3,
 S

LC
O

1B
3,

 H
B

LR
R

, L
ST

-2
, 

LS
T-

3T
M

13
, L

ST
3,

 O
A

TP
-8

x
H

um
an

 e
m

br
yo

ni
c 

ki
dn

ey
 2

93
 (H

EK
29

3)
 

ce
lls

, e
str

ad
io

l-1
7β

-g
lu

cu
ro

ni
de

 u
pt

ak
e

55
.2

%
 in

hi
bi

tio
n



1543Archives of Toxicology (2021) 95:1535–1546	

1 3

another side, induction of transporter’s activity in the host, 
as observed for induction of ABC transporters by rifampicin 
(Chaccour et al. 2017), or its synthesis by co-administered 
drugs, might result in subtherapeutic concentrations at the 
site of action, or cause the development of strains resistant 
to the drug (James and Davey 2009). Drug–drug interac-
tions at the level of transporters may affect systemic expo-
sure blocking influx transporters in the intestine, but increase 
it by modulating influx and efflux transporters in the liver 
and efflux transporters in the small intestine (Nakanishi and 
Tamai 2015). In addition to co-administered drugs, also 
polymorphism of drug transporters and P450 enzymes as 
well as foods might influence the metabolism and pharma-
cokinetics of IVM in humans. The plasma concentration of 
IVM in healthy volunteers was found as much higher in beer 
drinkers, but orange juice decreased AUC values of IVM. 
The latter effect was ascribed to the inhibition of drug trans-
porters (González Canga et al. 2008). Thus, the results and 
discussion presented suggest that co-administration of IVM 
with other drugs, polymorphism of the drug-metabolizing 
enzymes and transporters or even kinds of food, might affect 
biotransformation and transport of IVM affecting its phar-
macokinetic properties and provoke drug–drug interactions 
or toxic effects.

Concluding remarks

In clinical practice, IVM is often co-administered with 
other drugs when different diseases are treated (parasitic, 
cancers, and COVID-19). Therefore, the effect of IVM and 
co-administered drugs on P450 enzymes and ABC-mediated 
transport have to be considered to provide the most effective 
treatments for patients. IVM is metabolized, both in vivo and 
in vitro, by C-hydroxylation and O-demethylation reactions 
catalyzed by P450 3A4, and with a contribution of P450 3A5 
and 2C9 enzymes.

P-gp (MDR1) participates in IVM efflux at low drug con-
centration with slow transport rate. In the higher, micromolar 
concentration range, which saturates MDR1 (P-gp), MRP1, 
and to a lesser extent MRP2 and MRP3 take part in IVM 
flux across physiological barriers. IVM exert a potent inhibi-
tion of P-gp (ABCB1), MRP1 (ABCC1), MRP2 (ABCC2), 
and BCRP1 (ABCG2), and medium to weak inhibition of 
OATP1B1 (SLC21A6) and OATP1B3 (SLCOB3) transport 
activity. The data reported emphasize the potentially unsafe/
toxic effects when IVM is applied at higher doses, in the 
subjects with an impaired P-gp transporter function (Ménez 
et al. 2012). It might be well expected that in the clinic, fol-
lowing application of higher doses of IVM, the pharmacoki-
netics of co-administered drugs might be critically altered as 
result to drug–drug interactions and that toxic effect might 
be provoked as a result of the inhibition of P-gp and/or MRP 

transporters. In addition, polymorphism of the enzymes and 
transporters which take part in IVM metabolism might addi-
tionally contribute to the effects.

The presented data show complex interactions of IVM 
being a substrate of P450 3A enzymes, and substrate and 
inhibitor of P-gp and MRP, and an inhibitor of BCRP trans-
porter. Besides its FDA-approved antiparasitic activity, it 
exerted potent anticancer and antiviral effects. Therefore, 
co-administration of IVM with other drugs in complex treat-
ments should take particular attention to develop the most 
effective treatment strategies for patients receiving multiple 
drug regimens to avoid unwonted and toxic effects.
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