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aBsTraCT

Avermectins are macrocyclic lactones produced by Streptomyces species. They are widely 
used in veterinary and human medicine; in the latter to treat onchocerciasis, strongyloides, 
scabies, lymphatic filariasis. Recently, their mosquitocidal activity has added malaria to 
a potential field of application. Reports showed that these drugs from this family called 
wonder drugs due to their unprecedented public health impact for which the Nobel Prize of 
Medicine or Physiology 2015 was awarded, also act on mycobacteria, namely M. tuberculo-
sis and M. ulcerans. Tuberculosis and Buruli ulcer, the diseases caused by these respectively 
bacteria are in dire need for new drugs; multidrug-resistance is emerging for TB and Buruli 
ulcer disease control is hampered by long and unpractical therapy in the rural African set-
ting where the disease mainly occurs. Mycobacterial infections would require repeatedly 
administered high doses of avermectins to achieve PK comparable to intermediate MICs, 
this is in contrast to a single low dose of 150-200 ug/kg ivermectin being used for parasitic or 
helminth infestation. Here, we first evaluated tolerability and pharmacokinetics of high-dose 
avermectins ivermectin and selamectin in healthy BALB/c mice. Due previously reported 
accumulation of avermectins in fat tissue, we first tested their efficacy against M. ulcerans 
in the footpad model. Ivermectin was tolerated by mice until 40 μg/kg. We observed a 
Cmax of 5.7 – 7.4 μg/ml after a single oral doses of 20 and 30 μg/kg ivermectin, respectively, 
this is in the range of the MIC reported against M. ulcerans. A two-compartment model 
described the ivermectin pharmacokinetics best. Selamectin and ivermectin did not result 
in a considerable reduction of CFU cultures from mouse footpads. Conversely, we observed 
dose-dependent swelling of footpads with elevated avermectin doses attributable to local 
inflammatory effects and edema at the site of the infection. We characterized the phar-
macokinetics of a high-dose, repeatedly administered regimen of ivermectin. Even though 
inefficient for the treatment of M. ulcerans with the large-scale use and increasing field of 
application of avermectins we deem these results valuable. Further research is needed to 
understand the immunomodulatory effects of avermectins on infected / inflamed tissue. 
Possibly, compounds of the avermectin family with more favorable pharmacokinetics, nota-
bly less toxicity at high doses could be re-evaluated for the use in mycobacterial infections.
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InTrOduCTIOn

Avermectins are macrocyclic lactones that are employed in the treatment of worm and para-
site infestations (1). The most prominent avermectin is ivermectin, it’s use is widespread 
in veterinary and human medicine alike; a single dose of 150-200 µg/kg of body weight 
orally can be used to treat onchocerciasis, strongyloides or scabies in humans. Due to its 
unprecedented global health impact it has been denoted as ‘wonder drug’ and ‘panacea’ 
especially with regards to low- and middle-income countries (2) and the 2015 Nobel Prize in 
Physiology or Medicine partially was awarded to its discoverers William C. Campbell and Sa-
toshi Ōmura (3). Since 1987, Merck has donated all ivermectin for onchocerciasis treatment 
through their Mectizan® program (4). Recently, the use of avermectins as vector control 
agents regained attention in the scientific community; ivermectin MDA programs coincided 
with a reduction of mosquitoes in malaria co-endemic regions and a mosquitocidal effect 
of the drug has been demonstrated experimentally (5). Interestingly, it has been reported 
that avermectins kill M. tuberculosis in-vitro with an intermediate MIC of 2 to 8 μg/ml (6). 
These finding had been refuted by Ameen et al. who argued that these concentrations are 
multiple magnitudes higher than peak plasma concentrations achieved in patients with the 
conventional single dose of 200 µg/kg (7). Further reports have shown comparable activ-
ity against Myocobacterium ulcerans (8,9), which is phylogenetically closely related to M. 
tuberculosis. New drugs for tuberculosis (TB), and Buruli ulcer (BU), which is the disease 
caused by M. ulcerans, are direly needed. The recent WHO TB report showed that 3.6% of 
new cases and 17% of previously treated cases are multi-drug resistant (10). Buruli ulcer 
is a neglected tropical disease (NTD), mainly occurring in isolated foci in West Africa and 
Australia. Several antimicrobials are available for its treatment (11) but shortening of the 
current two-month regimen would greatly facilitate disease management in the rural Afri-
can setting (12). In this study, we explore the pharmacokinetics of a a high-dose repeatedly 
administered avermectin regimen for the potential treatment of mycobacterial infections. 
The conventional dosage of 150 ug/kg results in peak plasma concentrations of 52 ng/ml 
(13). However, it was observed that increasing the dose in healthy human volunteers by a 
10-fold did not result in any side-effects and was tolerated safe. Furthermore, a 5-fold higher 
dose administered repeatedly was found safe (14). Interestingly, it was also observed that 
ivermectin, a highly lipophilic molecule, accumulates in the subcutaneous fat of patients 
treated orally and that concentrations are even 4-fold higher than corresponding serum 
levels reaching up to 141 ng/g tissue and concentrations in this tissue are maintained at 
>100ng/g for up to 4-5 days (13). Also, experimental studies in rats showed that if bathed in 
ivermectin solution, skin concentrations would yield 200-400 ng/g ivermectin without any 
systemic side effects (15). M. ulcerans mainly resides in the subcutaneous fat tissue, we thus 
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decided to that avermectin pharmacokinetics would be more favorable of an application 
against M. ulcerans than M. tuberculosis.

We first evaluated the tolerability and pharmacokinetics of oral repeatedly administered 
high-dose, ivermectin and selamectin in healthy BALB/c mice. We then proceeded to test 
their efficacy in the mouse footpad model for infection with M. ulcerans (16).

MaTerIals and MeThOds

experimental animals: All animal experiments reported in this manuscript were carried out 
in accordance with the Animal Welfare Act and Public Health Service Policy. The experiment 
and procedures were approved by the Johns Hopkins University Animal Care and Use Com-
mittee under protocol number xxx. Four to 6 week old, female BALB/c mice were purchased 
from Charles River (Wilmington, MA, USA). Before initiation of experiments, an acclimatiza-
tion period of at least 5 days was adhered to. Food and water were provided ad libitum. 
Mice were regularly checked for general signs of illness or distress.

Tolerability and pharmacokinetic testing in healthy mice: First, a single dose ranging from 
5 to 50 mg/kg ivermectin was administered to healthy, non-infected BALB/c mice (n = 5 
per group) to mice orally and mice were observed for illness or death during seven days. 
Secondly, to obtain a 24-hour pharmacokinetic profile, healthy mice, non-infected mice (n 
= 3 / group) were administered 2, 6, 20 or 30 ug/kg ivermectin p.o.. At 2, 4, 6, 8, 10 and 24 
hours after, blood samples for analysis of ivermectin were obtained by use of the tail-vein 
bleed method and collected into EDTA-tubes (xx). These were spun down at 10.000 rpm 
and serum was collected. Thirdly, mice (n = 3 / group) were administered 2 or 6 ug/kg daily 
for the duration of 12 days. Blood samples at approx. 6 hours after the daily administration 
were taken at day 5, 7 and 12 of the experiment to obtain trough concentrations.

pharmacokinetic modelling: Ivermectin Pharmacokinetic parameters were estimated by 
pooling all measured data per dose level and calculating Cmax, Tmax, AUC and half-life after 
building a mouse population pharmacokinetic model. Parametrisation of the mouse popu-
lation pharmacokinetic model and calculation of PK parameters per dose level was carried 
out by the software package MW/Pharm (17). Because bioavailability (F) was unknown, this 
value was fixed at 1 and volume of distribution is expressed as V1/F.
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M. ulcerans strain and culture conditions: The M. ulcerans MU1059 AL strain described 
previously was used in this study (16,18). This strain had previously been cultures from a 
patient in Ghana and is supplemented with a bioluminescent reporter plasmid that allowing 
for auto-luminescence without the substitution of an exogenous substrate. M. ulcerans was 
cultured on Middlebrook 7H11 selective agar (Becton-Dickinson, Sparks, MD) at 32°C.

Mouse-footpad model: Mice were infected with approx. xx CFU/ml M. ulcerans 10250 AL 
in 0.2 ml 1x PBS into both hind footpads. After a six-week incubation period, when the 
majority of mice showed extended signs of Buruli ulcer disease, treatment was initiated. 
Drugs were administered as described above. Untreated mice were used as negative control, 
RIF, a well-defined drug used to treat Buruli ulcer was used as positive control. Relative light 
units (RLU) were measured with the use of a luminometer model TD 20/20 (Turner Designs, 
San Jose, CA, USA) as previously reported (18) under general anesthesia through the i.p. 
application of a ketamine/xylazine 87.5/12.5 mg/kg solution (Zoetis, Kalamazoo, MI). Also, 
the average lesion index (ALI) was assessed clinically as described previously (19), briefly, 
a normal footpad equals to an ALI of 0, ALI 1 is a lightly swollen footpads without further 
signs of inflammation, ALI 2 indicated swelling and redness heralding an inflammatory stage, 
ALI 3 corresponds to rising inflammation of the entire foot-pad with impeding ulceration. 
Upon initiation of the treatment, mice were allocated to trial groups at random. Subsets of 
animals were euthanized at planned time-points and footpad tissue was carefully dissected 
from the dorsal and palmar side of the footpad. It was then shredded finely with surgical 
scissors. Aliquots of the footpad homogenate were plated in 10-fold dilutions on selective 
7H11 agar plates (Becton-Dickinson, Sparks, MD). Colonies were then counted after incuba-
tion at 32°C for 8-12 weeks.

statistical analysis: Statistical analysis and graphing was performed using GraphPad Prism 
7.0a. Results from CFU analysis were log transformed before further analysis. Groups means 
were compared by one-way analysis of variance (ANOVA) with Dunnett’s posttest.

resulTs

Tolerability assay

Escalating oral doses of ivermectin were administered to healthy, uninfected mice in order 
to test the tolerability. A single oral dose 30 mg/kg body weight IVM was tolerated by all 
mice. Administration of 40 mg/kg and 50 mg/kg IVM resulted in death of 33% and 67% of 
animals, respectively (FIG 1A).
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pharmacokinetic properties and modelling

In order to establish the pharmacokinetic properties of high dose ivermectin, the drug was 
administered to mice orally and at given time-points blood samples for drug concentration 
measurement were obtained. Administration of oral ivermectin resulted in dose dependent 
plasma concentrations. A Cmax of 7.3 µg/ml was observed with the 30 µg/kg IVM dose. The 
lower concentrations of IVM 2 µg/kg and 6 µg/kg achieved a Cmax of 0.49 and 1.5 µg/ml, 
correspondingly (Table 1, FIG 1B). Repeated daily, oral administration of IVM 2 and 6 µg/kg 
resulted in mean (± SD) trough concentrations of 1.24 (± 0.25) and 0.38 (± 0.05) µg/ml at day 
7 and 1.67 (± 0.15) and 0.61 (± 0.08) µg/ml at day 12, respectively (FIG 1 C).

Fig 1: Tolerability and pharmacokinetics of high-dose, repeatedly administered ivermectin (IVM) in BALB/c mice 
(n = 3 per group / time-point). Tolerability to a single dose of escalating IVM was tested first and showed safety of 
up to 30 mg/kg IVM (A). Only a marginal difference was observed in plasma concentrations of 20 and 30 mg/kg 
IVM (B). Repeated, daily administration of 2 or 6 mg/kg IVM lead to rising trough concentrations of the drug (C).

Table 1: PK parameters of different doses of oral ivermectin. The half-life time could not be calculated because the 
sampling time was limited to 24 hours. IVM, ivermectin; AUC area under the curve.

IVM dose Cmax tmax auC( 0–24h)
Clearance
(ug*h/l)

2 µg/kg 0.49 2.75 4.0 0.0251

6 µg/kg 1.5 3.02 13,0 0.0231

20 µg/kg 5.7 2.90 54.5 0.0183

30 µg/kg 7.3 2.78 57.8 0.0259

A 2 –compartment model with lag-time before absorption was found to describe the data 
best. Mouse population pharmacokinetic parameters are displayed in table 2 and pharmaco-
kinetic parameters per dose level are displayed in table 1. Because sampling time was limited 
to 24 h after administration, a reliable terminal half-life could not be established (Table 2).

Table 2: Characteristics of the PK-model
Kelm V1/F K12 K21 Ka_po Tlag_po

population 0.00026 0.15 0.2084 0.0241 1.9966 1.5415

+/- (sd) 0.00082 0.026 0.0849 0.0086 0.5009 0.1573
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efficacy in the mouse footpad model of M. ulcerans

In order to test in-vivo efficacy of avermectins against M. ulcerans, infected BALB/c mice 
were treated with oral avermectins. Untreated mice exhibited a mean RLU (±SD) of 24.79 
(±16.02) at D0, the start of the experiment. Flowingly, luminescence increased slowly to a 
maximum of 87.24 (±65.24) at week 3 and proceeded to decline slightly at week for, like all 
other groups except selamectin 20 mg/kg (SEL20). RLU of all avermectin treated groups was 
comparable to those of untreated mice with the exception of ivermectin 10 mg/kg (IVM10) 
which saw a maximum of 310.05 (±282.10) at week 2. Treatment with RIF reduced RLU to 
a minimum of 0.07 (±0.10). Addition of IVM 2 or 10 mg/kg to RIF resulted in less reduction 
of RLU than that observed with RIF alone, albeit performing better than ivermectin alone 
at any dose. RIF alone and RIF+SEL resulted in similar RLU reduction (FIG 1A). Clinically 
observed pathology graded by the average lesion index was assessed from week 2 of treat-
ment onwards. In untreated mice, median ALI was between 1.25 – 2.5 in week 2-3. In week 
4, a maximum median ALI of 2.5 (1 – 2.5)) was noted. IVM 0.2 and 2 mg/kg resulted in a 
mild reduction of ALI compared to untreated animals. In IVM 10 mg/kg a constant median 
ALI of 2 was observed. SEL 0.2 mg/kg slightly reduced the ALI. In mice treated with IVM 
and RIF a marginally higher ALI was noted when compared to RIF alone of 2 and 20 mg/
kg SEL however rather resulted in higher ALI at week 3, at week 4, 2 mg/kg, 20 mg/kg and 
untreated mice had the same median ALI of 2.5. Addition of SEL to RIF had no effect on 
ALI (FIG 2B). Concerning the microbiological outcome, the mean CFU (±SD) count at D0 
was 5.30 (±0.41) CFU/ml. RIF and RIF plus IVM 10 mg/kg reduced CFU to a minimum mean 
(±SD) 1.17 (±1.20) and 0.84 (± 0.98) CFU/ml. However, at week 4 no avermectin achieved 
a statistically significant different CFU result compared to untreated mice (p > 0.23 – 0.99). 
Also, when adding IVM or SEL to RIF, no statistically significant difference compared to RIF 
alone was noted (p > 0.99; FIG 3).
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Fig 2: Clinical effect of ivermectin (IVM) or selamectin (SEL) on BALB/c mice infected with M. ulcerans MU1059AL. 
Relative light units (RLU) were read out with a luminometer and showed no effect of avermectins when compared 
to untreated mice. The average lesion index (ALI), was elevated in IVM 10, whereas in treatment groups, avermec-
tins did not show an effect on clinical pathology. RLU, relative light units; ALI, average lesion index; RIF, rifampin; 
IVM, ivermectin; SEL, selamectin. Drug concentrations are given as numbers after drug abbreviations in mg/kg of 
body weight.

Fig 3: Colony forming units (CFU) cultured from mouse footpads infected with M. ulcerans after treatment with 
ivermectin or selamectin. The dotted line represents the mean (±SD) CFU at D0 which was 5.30 (0.41) CFU/ml. 
Avermectins treatment did not result in statistically significant different CFU outcome when compared to results 
from untreated mice (p > 0.23 – 0.99). The addition of either ivermectin (IVM) or selamectin (SEL) did not have an 
effect on rifampin (RIF) alone (p > 0.99). RIF, rifampin; IVM, ivermectin; SEL, selamectin. Drug concentrations are 
given as numbers after drug abbreviations in mg/kg of body weight.
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dIsCussIOn

As previous in-vitro studies had shown in-vitro activity of avermectins (6,8,9) we evaluated 
pharmacokinetics of a high-dose regimen that would allow to reach plasma concentrations 
in the range of anti-mycobacterial MICs reported before. We then proceeded to test the 
efficacy of ivermectin and selamectin in mice infected with M. ulcerans.

Ivermectin is usually used as single or dual dose of 150 – 200 μg/kg body weight for an-
thelminthic and anti-parasitic indication (1). The above mentioned doses only achieve peak 
plasma concentrations that are 10-fold lower than the reported anti-mycobacterial MICs 
(6,8,9,13). In our pharmacokinetic study we observed a relatively long lag-time (mean 1.5 
hours) and fast absorption with Tmax at about 3 hours (table 1). We estimated drug clearance 
as F*D/AUC. Even though AUC appeared not to increase notablly when 20 μg/kg IVM is 
administered, the data showed that the clearance even at 30 μg/kg IVM is in line with the 
2 and 6 μg/kg doses. Overall, the mean clearance at 20 μg/kg was lower than expected. 
Accumulation observed as increasing trough concentrations after several days of IVM 
administration (FIG 1C) as well as the previously reported lipophilicity and accumulation 
in subcutaneous tissue after both oral and topical administration of IVM (13,15) led us to 
assume oral doses of IVM between 2 and 10 μg/kg will achieve active tissue concentrations 
over time that may add to the efficacy of known drugs such as rifampin. We refrained from 
repeat administration of > 10 μg/kg IVM due to toxicity concerns.

Due to its reported accumulation in fat tissue and the availability of a topical formulation we 
hypothesized that avermectins could be a feasible drug class to be added to the armamen-
tarium for the treatment of Buruli ulcer. However, we paradoxically observed marginally 
elevated lesion swelling (ALI) in mice infected with M. ulcerans and treated with higher 
doses of IVM or SEL .

Such an effect was not observed in terms of CFU, so we conclude that the worsened clini-
cal pathology is not due to increased bacterial load. Avermectin may have some unknown 
effect on mycolactone production in M. ulcerans and therefore lead to increased swell-
ing. Also, immunological effects on the skin and subcutaneous tissue of IVM have been 
reported that might have led to worsening pathology (20,21). Further research on the effect 
of avermectins would be needed to investigate this paradoxical effect. However, we did not 
observe any microbiological improvement when adding even high doses of IVM or SEL to 
RIF compared to RIF alone and thus conclude that there is no benefit of adding avermectins 
to the Buruli ulcer treatment. Inversely, lower doses such as 0.2 and 2 mg/kg IVM or SEL 
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did not worsen pathology so from this study in experimentally infected BALB/c mice there 
is no indication that Buruli ulcer patients that suffer from other infectious diseases such as 
strongyloides or scabies and are treated for those with avermectins.

Anti-mycobacterial treatment with avermectins could be revisited if less toxic formulations 
of avermectin are available that achieve higher plasma concentrations and if paradoxical 
swelling was shown to be controllable e.g. through co-administration of immune-suppres-
sants as is done in the case of the Buruli ulcer paradoxical reaction sometimes observed 
during regular RIF+STR or RIF+CLR treatment (22,23).

These data represent, to our knowledge, the first study of high-dose repeated admin-
istration of avermectins in BALB/c mice. With the increasing use of avermectins both for 
infectious but also for non-infectious indications such as alcohol use disorder (21) and even 
cancer chemotherapy (24) we believe that they will further increase our understanding of 
avermectin pharmacology.
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