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Ivermectin (IVM) is currently approved as an antiparasitic agent for human use in the treatment of onchocer-
ciasis, lymphatic filariasis, strongyloidiasis, scabies, and pediculosis. Recent findings indicate that IVM may
reach other pharmacological targets, which accounts for its proven anti-inflammatory/immunomodulatory,
cytostatic, and antiviral effects. However, little is known about the assessment of alternative drug formula-
tions for human use.

Objective: To compare the systemic availability and disposition kinetics of IVM orally administered as different
pharmaceutical formulations (tablet, solution, or capsule) to healthy adults.

Experimental design/main findings: Volunteers were randomly assigned to 1 of 3 experimental groups and orally
treated with IVM as either, a tablet, solution, or capsules at 0.4 mg/kg in a three-phase crossover design. Blood
samples were taken as dried blood spots (DBS) between 2 and 48 h post-treatment and IVM was analyzed by
HPLC with fluorescence detection. IVM Cmax value was higher (P < 0.05) after the administration of the oral
solution compared to treatments with both solid preparations. The oral solution resulted in a significantly higher
IVM systemic exposure (AUC: 1653 ng h/mL) compared to the tablet (1056 ng h/mL) and capsule (996 ng h/mL)
formulations. The simulation of a 5-day repeated administration for each formulation did not show a significant
systemic accumulation.

Conclusion: Beneficial effects against systemically located parasitic infections as well as in any other potential
therapeutic field of IVM application would be expected from its use in the form of oral solution. This
pharmacokinetic-based therapeutic advantage without the risk of excessive accumulation needs to be corrobo-
rated in clinical trials specifically designed for each purpose.

1. Introduction

Ivermectin (IVM) has been used as an anthelmintic agent both in
veterinary and human medicine for over 35 years [1,2]. After its intro-
duction into the pharmaceutical market, it became the most used drug in
veterinary medicine due to its broad spectrum of activity, high potency,
efficacy, and safety [3]. In humans, it was first used to treat Onchocerca
volvulus [2], but nowadays it is widely distributed through the Mectizan
Donation Program for the treatment of onchocerciasis and lymphatic
filariasis [4] and is one of the World Health Organization’s Essential
Medicines, used for the treatment of scabies and lice [5]. In addition,
IVM is being increasingly used in combination with benzimidazole drugs
to control soil-transmitted helminthiasis considered a neglected disease

such as those produced by Strongyloides stercoralis and Trichuris trichiura
[6-9].

IVM is prescribed in weight-based dosing regimens for any person >
2 years old at 50-400 pg/kg. Doses up to 400 pg/kg are used against
Wuchereria bancrofti infections [10] and, doses > 400 pg/kg are under
evaluation to control soil-transmitted helminths and malaria [8,9,11].
IVM has a favorable safety profile with rare and mostly mild adverse
events, leading to a wide therapeutic index in humans [10,12]. The rare
adverse events are headache, nausea, and dizziness. Mydriasis was re-
ported in documented human overdosing cases [8,12].

The pharmacological activity of IVM is not restricted to an ecto-endo
parasiticide effect. Considering its versatile pharmacological activity
including anti-inflammatory [13], immunomodulatory [14], antimitotic
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[15-17], antimalarial [18-21], and antiviral, mostly towards RNA vi-
ruses [22,23], and based on its pleiotropic multitarget pharmacological
activity, IVM repurposing is now receiving full consideration for the
treatment of a wide variety of diseases in different therapeutic fields.
Following the emergence of the COVID-19 pandemic, the use of IVM for
the prevention/treatment of SARS-CoV-2 infections has notably
increased in many regions of the world, supported by either in vitro [24]
or in vivo [25] studies, suggesting that it could be used as a possible
therapeutic option in infected humans. Additionally, an important
number of studies (32 completed studies available at https://clinicaltr
ials.gov/) have evaluated the potential IVM clinical usefulness in
COVID-19-infected patients. Overall, both in vitro and in vivo evidence
postulate that the activity of IVM would be mainly based on the inhi-
bition of virus replication, with a significant reduction in SARSCoV-2
viral load in respiratory secretions of infected patients. A correlation
between IVM systemic exposure and viral load reduction has been
shown [25]. However, the efficacy of IVM for the prevention of
SARS-CoV-2 infection and COVID-19 treatment is still under debate.

Such treatments include primarily the use of a tablet formulation.
However, other oral IVM pharmaceutical formulations are currently
available for human parasite control in some countries. Differences in
the manufacturing procedures (micronized, particle size/surface/crystal
structure of the active substance, type of excipients/vehicle, etc.)
applied to elaborate the final formulation and/or the quality of active
ingredient/excipients/vehicles may drastically affect the amount of
active drug available to be absorbed in the gastrointestinal tract. It has
been demonstrated a close relationship between systemic drug exposure
and either antiparasitic [26-28] or antiviral [25,29] activities. These
results highlight the potential impact of drug formulation on drug ac-
tivity, since the drug formulation may affect the patterns of drug
dissolution, absorption, and efficacy [30]. There is a need to build sci-
entific evidence on the IVM concentration profiles achieved in systemic
circulation after its administration as different pharmaceutical formu-
lations. Pharmacokinetic studies focused on the measurement of drug
concentration profiles achieved in the bloodstream are useful in esti-
mating drug exposure in other specific sites/tissues of pathogen
location.

Despite the great potential that IVM offers as a pleiotropic thera-
peutic agent, little is known about the assessment of alternative drug
formulation for human use. The estimation of the systemic availability
may be useful to compare the extent of absorption and systemic expo-
sure of different formulations of the same active ingredient administered
at the same dose rate. The goal of the current study was to compare the
blood pharmacokinetic profiles (systemic exposure) of three marketed
IVM formulations (tablets, solution, and capsules) orally administered to
healthy adult volunteers.

2. Materials and methods
2.1. Ethical aspects

The study protocol and informed consent form (ICF) were approved
by the regulatory authorities of the Province of Buenos Aires, Argentina,
Comité de Etica en Investigacion, Instituto de Investigaciones Clinicas,
CEL-IIC, Mar del Plata, Argentina (CIF IVM1.03.7june2021, Protocol
IVM1.02.31may2021). The study was conducted following the Decla-
ration of Helsinki and the International Conference on Harmonization
Guidelines in Good Clinical Practice.

2.2. Eligibility criteria

The study included twelve [12] healthy adults 29-62 years old.
Exclusion criteria included intake of IVM within the 30 days previous;
evident renal pathology, malabsorption syndromes, or other gastroin-
testinal disorders; the presence of acute or chronic clinical conditions;
pregnancy or breastfeeding; treatment with warfarin or any drug
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compound with potential chromatographic interference with IVM.
2.3. Study design and sampling

This trial was conducted following good clinical and laboratory
practices. Twelve healthy adult volunteers (six females and six males,
aged 29-62 years) participated in a crossover design with three different
experimental phases. IVM was orally administered at 0.4 mg/kg body
weight (bw), 30 min after a standard breakfast (estimated fat content 40
g). The administered dosage for the different formulations under eval-
uation did not differ by more than 5 % from the established 0.4 mg/kg
bw. In phase I, participants were randomly assigned to 1 of 3 experi-
mental groups: Tablet Group: volunteers received a single oral dose of a
commercially available IVM tablet (6 and 9 mg Tablets were used),
Solution Group: volunteers were orally treated with a single dose of a
commercially available 0.6 % IVM solution and, Capsule Group: in-
dividuals received oral treatment with a commercially available IVM
capsule (6 and 9 mg capsules were used).

The tablets (Elea®) were formulated with lactose monohydrate,
cellactose 80, sodium starch glycolate, magnesium stearate, and talcum
powder; the capsules Berlari Pharmacy) were formulated with lactose
monohydrate and the copulas were of standard gelatin. The IVM solu-
tion vehicle (Cassara®) was propylene glycol, essence of mint, essence of
vanilla, saccharin sodium, and sorbitol 70 %.

Participants were crossed over between the other 2 groups, with a
14-days washout period between phases. The dried blood spot (DBS)
method was used to collect blood samples. Capillary blood was collected
from each participant previously (sampling time 0) and at 2, 4, 6, 8, 12,
24, and 48 h post-treatment. Sterile finger prickers (Accu-Chek® Soft-
clix) were used to puncture the tip of a finger obtaining a blood drop,
which was dropped onto special cards (Western blotting filter paper,
Thermo Scientific, USA). This was performed in two replicates for each
participant at each sampling time point. The DBS cards were allowed to
dry for at least 2 h and then stored at room temperature in sealed plastic
bags until analysis by High-Performance Liquid Chromatography
(HPLC), which was performed within the following 48 h.

2.4. Analytical phase

Samples extraction: the dried blood drops were punched from each
DBS card and weighed, then transferred to 5 mL glass tubes. The samples
were spiked with moxidectin as the internal standard (10 uL, 5 ng/mL
solution). The IVM extraction was performed by adding 1 mL of an
acetonitrile/water solution (4/1, cold) as a solvent. Then, the samples
were agitated at room temperature for 15 min and sonicated in an ul-
trasonic bath for 90 min. Finally, the supernatant was evaporated to
dryness for further analysis by HPLC.

Measurement of IVM: IVM concentrations were determined by HPLC
(Shimadzu Corporation, Kyoto, Japan) with fluorescence detection
following the chromatography technique previously described by Lif-
schitz et al., [31]. After the extraction procedure, IVM was converted
into a fluorescent molecule using n-methylimidazole and trifluoroacetic
anhydride (Sigma Chemical, St Louis, MO, USA). An aliquot (100 mL) of
this solution was injected directly into the HPLC system and analyzed
using a reverse phase C18 column (Kromasil, Eka Chemicals, Bohus,
Sweden, 5 pm, 4.6 mm x 250 mm) and an acetic acid 0.2 % in
water/methanol/acetonitrile (1.6/60/38.4) mobile phase at a flow rate
of 1.5 mL/min at 30 °C. The fluorescent detector was set at 365 nm
(excitation) and 475 nm (emission wavelength).

Validation procedure: full validation of the analytical methods for the
extraction and quantification of IVM was performed before the analysis
of the experimental samples, following internationally recognized
criteria including selectivity, linearity, precision, accuracy, limit of
detection, limit of quantification and stability [32]. The chromato-
graphic identification of IVM was undertaken by comparison with
retention times of pure (99 %) reference standard. The calibration for
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the IVM curveswase in the 2-50 and 40-300 ng/mL ranges using 10
different concentrations (n = 6) (2, 4, 10, 20, 40, 50, 80, 100, 200, and
300 ng/mL). Calibration standard curves and quality controls (n = 6: 4,
20, 80, and 300 ng/mL) were prepared using drug-free blood voluntarily
contributed by some of the volunteers (before treatment) supplemented
with IVM prepared in methanol to achieve the final concentration above
mentioned. Seventy uL of each were dropped onto the cards. The dry
DBS cards were stored at room temperature in sealed plastic bags until
the IVM extraction and analysis by HPLC.

Pharmacokinetic analysis: pharmacokinetic analysis of the experi-
mental data was performed by non-compartmental analysis. The
following pharmacokinetic parameters were obtained using the PK So-
lution software (Summit Research Services, Ashland, USA): peak IVM
blood concentration (Cmax), time to reach Cmax (Tmax), elimination
half-life (T;/2¢1), area under the curve concentration vs time from time
zero to either the limit of quantification (AUCy_10q) or extrapolated to
infinity (AUC(_.) and mean residence time (MRT).

Statistical analysis of the data: the pharmacokinetic parameters and
concentration data are reported as the arithmetic mean + SD. Para-
metric paired tests (analysis of variance [ANOVA] plus Tukey) were
used for the statistical comparison of the different pharmacokinetic
parameters among the experimental groups. The Cmax and AUCy_100
values observed for male and female individuals in each experimental
group were compared by Student’s t-test.

The measured blood profiles obtained after a single IVM adminis-
tration were used to simulate the concentrations achieved after the
repeated administration of daily (x 5) oral doses (0.4 mg/kg) using the
Modfit 6.9 software [33]. Pharmacokinetic parameters were calculated
from a non-compartmental approach. The simulation was addressed to
assess the potential drug accumulation due to an IVM multiple-dose
regimen schedule. Assuming that a single dose profile of a drug is
available for each formulation (observed data), then the principle of
superposition was used. The assumptions that the kinetics are linear and
unchanging over a repeat dose regimen in addition to the premise that
all doses are independent of each other were made. Drug accumulation
was calculated as AUC or Cmax ratios betweenthe last and first doses.
Besides, to obtain a PK/PD indicator, the software estimated the AUC
above MIC. The MIC of 80 ng/mL and 40 ng/mL were selected as
representative of therapeutic targets which need high and medium drug
exposure.

3. Results

The analytical methodology was correctly validated before the
measurement of IVM concentrations in DBS samples. The blank samples
were free of chromatography interferences at the retention time of the
analytes under study. The coefficient of determination (%) of the cali-
bration curve was > 0.997. The mean absolute recovery percentage for
IVM was 77 %. The IVM theoretical limit of quantitation (LOQ) was 4
ng/mL. The precision of the method showed a coefficient of variation of
7.4 %.

IVM was detected in DBS samples of healthy adults treated with a
single postprandial dose of the commercially available tablet, solution,
or capsule (0.4 mg/kg) between 2 and 48 h post-administration. The
mean concentrations (+ SD) over the sampling time are summarized in
Table 1. The IVM concentrations achieved after treatment with the so-
lution formulation were higher (P < 0.05) at most of the sampling times
assessed compared to those observed after its administration as tablets
and capsules (Fig. 1). The main pharmacokinetic parameters (+ SD)
obtained after administration of the different IVM formulations are
summarized in Table 2. Except for one participant with a Tmax at 8 h p.t.
(Tablet group), the peak concentrations (Cmax) were observed between
2 and 6 h after administration of all IVM formulations. The Cmax value
was significantly higher in the group treated with the solution (120.4 +
53.5 ng/mL) compared to that observed after administration of either
tablet (71.8 + 18 ng/mL, P = 0.0056) or capsules (66.0 + 27.1 ng/mL,
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Table 1

Mean (+ SD) ivermectin (IVM) blood concentrations obtained after its single
oral administration (0.4 mg/kg) as either Tablet, Solution, or Capsule formu-
lations to healthy adult volunteers (n = 12).

IVM concentration (ng/mL)

;Z:f treatment Tablet Solution Capsule

(h) Mean SD Mean SD Mean SD
0 0.00 0.00 0.00 0.00 0.00 0.00
2 49.3° 17.0 105.0° 56.2 4212 23.2
4 66.4° 18.6 109.8° 55.6 62.3% 29.5
6 54,4 22.0 77.4%¢ 41.6 50.9° 18.4
8 41.6° 16.2 59.4° 20.1 39.12 14.2
12 26.7° 12.3 39.9° 12.3 27.3° 9.90
24 15.3 6.20 23.3° 6.20 15.0° 7.50
48 8.50° 2.80 12.7° 3.00 9.10° 3.90

Blood samples obtained by the Dried Blood Spot (DBS) technique. Different
letters mean a statistically significant difference at P < 0.05.

200
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Fig. 1. Comparative mean (& SD) ivermectin (IVM) blood concentration-time
profiles obtained after its oral administration at 0.4 mg/kg as either Tablet,
Oral Solution or Capsule formulations to healthy adult volunteers (n = 12).

Table 2

Mean (+ SD) ivermectin pharmacokinetic parameters obtained after its single
oral administration (0.4 mg/kg), formulated as either Tablets, Solution or
Capsules, to healthy adult volunteers.

Pharmacokinetic Tablet Solution Capsule
parameters

Mean SD Mean SD Mean SD
Cmax (ng/mL) 71.8*  18.0 120.4*> 535 66.0°  27.1
Tmax (h) 4.50? 1.50 3.30% 1.30 4.30% 0.78
AUCy.10q (ng h/mL) 1056 344.7 1653 498.6 996.5%  432.6
AUCy., (ng h/mL) 12617 401.5 1958 516 1246* 544.1
MRT (h) 24.4% 3.10 24.6% 6.50 25.3% 4.60
TYel (h) 16.5% 1.80 17.4% 4.90 17.0? 3.80

Cmax: maximum blood IVM concentration; Tmax: time to reach Cmax;
AUCq 10q area under the curve concentration vs time from time zero to the limit
of quantification; MRT: mean blood residence time; T /2¢;: elimination half-life.
Different letters indicate statistically significant differences (P < 0.05) among
experimental groups.

P = 0.0002).

The sampling schedule chosen provided a reliable estimation of the
extent of exposure since AUCpoq covers > 80 % of AUCq., in all
experimental groups. Fig. 2 compares the kinetic variables Cmax and
AUC_10q for IVM after administration of tablets, solution, and capsules.
The higher concentrations reached in the solution group were reflected
in greater systemic availability, expressed as AUCp.ioq (1653.3
=+ 498.6 ng h/mL) compared to that obtained after the tablet (1056.1
+ 344.7 ng h/mL, P = 0.0008) and capsules (996.5 + 432.6 ng h/mL,
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Fig. 2. Comparative mean (+ SD) ivermectin peak blood concentration (Cmax)
and area under the blood concentration-time curve (AUC) values obtained after
its oral administration (0.4 mg/kg) as either Tablet, Solution or Capsule for-
mulations to healthy adult volunteers (n = 12). Different letters indicate sta-
tistically significant differences at P < 0.05.

P = 0.0002) administration. Those values were between 56 % and 66 %
higher in the volunteers receiving the solution treatment compared to
those treated with tablets or capsules, respectively. The Ty, and MRT
parameters resulted similar among the three formulations under eval-
uation (Table 2). The pharmacokinetic parameters Cmax, Tmax,
AUCq_100, AUCo_«, MRT, and Ty ,2¢1 Were not statistically different be-
tween tablets and capsules (P > 0.05).

Both in women and men, the administration of the solution formu-
lation correlated with a significant increase in systemic exposure,
compared to solid formulations (tablet and capsule). The pharmacoki-
netic parameters obtained for tablets and capsules were similar
(P > 0.05) between genders. However, after treatment with the solu-
tion, the peak concentration achieved in women (153.7 + 54.6 ng/mL)
was higher (P < 0.05) than that observed in men (87.1 &+ 25.5 ng/mL)
(Fig. 3). Although the mean IVM systemic availability value tended to be
higher in women (1849.3 + 604.6 ng.h/mL) compared to men (1457.3
+ 298.8 ng.h/mL), the differences did not reach statistical significance
(P > 0.05).

2400 +
2000 +
1600 —
g
1200 4
8004
r *
200 4
160
120

Tablets Solution Capsules Tablets Solution Capsules
L ] L J

Cmax AUC

[ 1Women
I Ven

(ng.h/mL)

Cmax (ng/mL) and AUC
3
1

N
o
1

o

Fig. 3. Comparative mean (+ SD) ivermectin peak blood concentration (Cmax)
and area under the concentration-time curve (AUC) values observed in women
and men, after its oral administration (0.4 mg/kg) as either Tablet, Solution or
Capsule formulations to healthy adult volunteers (n =6 for each gender).
*Differences are statistically significant at P < 0.05.
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Fig. 4 shows a model predicting blood IVM concentration profiles
achieved following a multiple-dosing (x 5) regimen for each formula-
tion. The simulated drug accumulation calculated as the ratios of the
AUCy_24 on day 5 and the AUC_34 on day 1 was 1.62, 1.60, and 1.69 for
the tablet, solution and capsule formulations, respectively. The ratios of
the Cmax on day 5 and Cmax on day 1 were 1.38, 1.35, and 1.42,
respectively. These results suggest no relevant accumulation of IVM
after five consecutive days of dosing. Taking the theoretical IVM con-
centrations of 80 ng/mL and 40 ng/mL as the minimum inhibitory
concentrations (MIC) for some given targets, the AUC/MIC as a PK/PD
parameter was calculated for the multiple-dosing regimen. The mean
(+ SD) of AUC/MICg over simulated five treatment days was signifi-
cantly greater (P < 0.05) after the administration of the solution (248
+ 103) compared to tablets (8.3 + 8.2) and capsules (3.8 + 4.3). Simi-
larly, the differences were maintained if the analysis was carried out on a
target that needed less exposure to IVM. The mean (+ SD) of AUC/MICy4o
was also significantly greater (P < 0.05) after the solution treatment
(785 + 255) compared to tablets (253 +101) and capsules (231
+ 107).

4. Discussion

Advances in science and technology have stimulated a permanent
search for therapeutic tools to combat a variety of human and animal
diseases. Given the complexity of the discovery and development pro-
cess of new drugs which implies many years and high costs, an alter-
native approach is the “repurposing” of approved or investigational
drugs, identifying new uses that are outside the scope of the original
medical indication [34].

IVM, a well-known ecto-endoparasiticide compound, has now been
repurposed to control dengue [35,36] and malaria infection [37,38].
Thus, the perspective of IVM use has been expanded beyond its
broad-antiparasitic spectrum in veterinary and human medicine to a
wide range of targets and activities, including anti-plasmodial [19],
antiviral [23,24], anti-mycobacterial, cytostatic [16,39] and antiin-
flammatory/immunomodulatory [40]. IVM has also been postulated as
a potential candidate among currently used drugs to promote the repair
of myelin damage [41]. The variety of potential alternative IVM targets
implies the need for a deep understanding of its pharmacokinetic
behavior. IVM repurposing requires a clear interpretation of its capacity
to reach different tissues in the human body.

The pharmacokinetic properties of IVM have been extensively
studied in different animal species [42-45] and data on the kinetic
behavior in humans are available [12, 46-48]. However, most studies in
humans were performed using the IVM tablet formulation varying the
experimental conditions by using different doses or regimens of

IVM multiple dosing

150
-o- Tablet

-= Capsule

100 - Solution

50

Blood concentrations (ng/mL)

1 1
0 20 40 60 80 100 120
Time (hours)

Fig. 4. Simulated ivermectin (IVM) blood concentration versus time profiles
following administration of repeated daily (x 5) oral doses (0.4 mg/kg) as

either Tablet, Solution or Capsule formulations to healthy volunteers.
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administration. While a previous report compares different IVM for-
mulations [46], this earlier work was performed with markedly different
experimental designs including fixed dose administration (12 mg) of
widely different pharmaceutical preparations in fasted individuals.
Additionally, the comparative pharmacokinetic data reported in the
current study are based on the measurement of blood concentrations
collected by the DBS collection technique.

IVM formulation may drastically affect its absorption and the
resulting concentrations that reach the bloodstream and the tissues [30,
31,49]. Considering the increase in potential therapeutic targets for IVM
described in the latest years, beyond those widely known (gastrointes-
tinal nematodes or ectoparasites), the characterization and development
of new formulations aiming to improve its systemic availability are
considered of relevant value. In 1987, the first formulation of IVM in
tablet form (Mectizan®) was approved; however, other formulations for
both oral (solutions and capsules) and topical use were later commer-
cially developed. The work reported here provides updated information
on the comparative kinetic behavior and systemic exposure of IVM after
oral treatment to adult volunteers with three different marketed IVM
formulations (tablets, solution, and capsules).

A key factor that determines clinical favorable responses (efficacy)
against systemic targets is the achievement of adequate/sustained drug
concentrations (exposure) at the target tissues. It has been established in
different animal species that the higher the drug concentrations ach-
ieved in the tissue of parasite location, the higher the amount of drug
accumulated within the target parasite [50-52]. There are different
pharmacokinetic-based strategies to increase the drug systemic avail-
ability, and consequently improve the therapeutic response. The
administration with food [53], the use of higher IVM doses [10,54], and
different regimens of administration [12,55] have been evaluated. Based
on those previous findings, we wanted to evaluate here the impact of the
type of drug formulations on IVM systemic exposure in healthy volun-
teers. A drug orally administered has to be released from its formulation,
dissolved in gastrointestinal fluids, and absorbed, before entering into
the bloodstream, distributed to tissues, and attaining an effective con-
centration at its site of action for a sufficient time [56].

The results reported here suggest that dissolution is an important
factor determining the systemic availability of IVM in humans. A
different situation has been reported in horses, in which a similar extent
of IVM absorption and plasma disposition was reported after its oral
administration as a paste or as a solution, despite the different compo-
sition of their excipients [57]. Higher IVM blood profiles were observed
after the solution administration compared to tablet or capsule admin-
istration. The increase in drug availability did not correlate with clinical
adverse experiences during the study, which is related to the safety and
tolerability reported for IVM even at doses as high as 2 mg/kg [12].

Even when the bioequivalence among formulations was not evalu-
ated, the Cmax and AUC ratios between Solution and Tablet (reference
formulation) were 1.56 (Cmax) and 1.67 (AUC(.10¢q)), indicating a
possible lack of bioequivalence between these formulations. However,
this assessment was out of the scope of the study reported here and
should be accurately evaluated in specifically-designed studies. These
are relevant results since there is a close relationship between IVM
availability in the bloodstream and the drug concentrations achieved in
different tissues such as the skin, gastrointestinal mucosa, nasopharyn-
geal and lung tissues [31,58].

Some sex-related differences in the kinetic behavior of some
macrocyclic lactone compounds have been observed in cattle [59], dogs
[60], and rats [61]. In agreement with that, we reported here a clear
tendency to achieve higher peak concentrations and systemic exposure
in women compared to men, even though a statistically significant dif-
ference was only observed for the Cmax values in volunteers receiving
the oral solution treatment (Fig. 3). IVM is a well-established P-glyco-
protein (P-gp) substrate [62], and among many other possibilities to be
elucidated, the observed sex-related differences may be due to differ-
ential activity of this efflux pump protein acting as drug transporter in
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different tissues, as it has been discussed in the available literature [61].
Similar to previous studies [12,63,64], most of the IVM pharmaco-
kinetic parameters showed a large inter-individual variability. The
pharmacokinetic differences observed among formulations were in
agreement with data previously reported by Edwards et al. [46]. The
IVM AUC.10q coefficient of variation (CV) was higher (43.4 %) after
treatment with capsules, compared to both solution (CV = 30.2%) and
tablets (CV = 32.6 %). However, after the treatment with the liquid
solution preparation a large high variability was observed in the peak
concentration value (CV =44.4%). This is not surprising since
numerous factors can influence absorption from the gastrointestinal
tract, making it rather unpredictable. Among many others, these factors
include tablet/capsule size, the dissolution rate of solid formulations,
the presence of water-soluble excipients in the formulation, the presence
of food in the stomach, gastrointestinal motility, and the activity of some
intestinal efflux pumps. All these factors may primarily impact the
pattern of IVM gastrointestinal absorption. It is important to highlight
that the sampling time used in the current experiment was not the most
appropriate for evaluating drug absorption. IVM absorption was fast
(Tmax between 3.3 and 4.5 h) regardless of the formulation and the first
sampling point was taken 2 h after administration. The current work
reports for the first time the systemic availability and overall pharma-
cokinetic behavior of IVM in adult volunteers orally treated with
different pharmaceutical formulations at a dose rate of 0.4 mg/kg.
Considering the overall differences in the used experimental design
(dose rate, food intake, type of formulations, sampling points, etc.), as
well as the inter-individual variability, the values describing key phar-
macokinetic parameters obtained for IVM in the current work, are in
agreement with those reported in previous studies [8,46,64].

Overall, the work reported here demonstrates that the IVM phar-
macokinetic behavior in humans can be markedly modified by changes
in drug formulation. The treatment with an oral solution in healthy
volunteers resulted in improved absorption of IVM compared to that
observed for the solid formulations, without risk of excessive accumu-
lation. Beneficial effects against systemic parasitic infections as well as
in any other potential therapeutic field of IVM application would be
expected from its use in the form of oral solution. The estimation of a
PK/PD-based parameter, such as the AUC/MIC relationship, shows a
potential therapeutic advantage for IVM given as a solution. However,
considering the observed large inter-individual variability on IVM sys-
temic concentrations in humans, the expected clinical advantage from
the use of the solution formulation needs to be corroborated. In this
sense, the increase in the dosing level, regardless of the formulation
used, may also have a great impact on the increase in systemic con-
centrations and efficacy against systemically located infections. The
toxicological profile of IVM allows dose adjustments without significant
increases in associated side effects [9,12], which is also supported by the
low risk of excessive drug accumulation shown here when a
multiple-dosing simulation approach was performed.

Overall, the described potential pharmacokinetic-based therapeutic
advantage without risk of excessive accumulation needs to be corrobo-
rated in clinical trials specifically designed for each purpose. This in-
formation may be of particular relevance considering the growing
interest in the repurposing of IVM as a tool in a variety of different
therapeutic fields.

CRediT authorship contribution statement

Laura Ceballos: Conception and design of the study, Writing —
original draft, Writing — review & editing, Analytical development,
Validation, HPLC analysis. Luis Alvarez: Conception and design of the
study, Analytical development, Validation, HPLC analysis, Writing —
review & editing. Adrian Lifschitz: Conception and design of the study,
simulation analysis, Writing — review & editing. Carlos Lanusse:
Conception and design of the study, Integration/analysis/discussion of
the data, Supervision, Writing — review & editing.



L. Ceballos et al.

Funding

All sources of funding should be acknowledged, and you should
declare any extra funding you have received for academic research of
this work. If there are none state ‘there are none’.

Conflict of interest statement

Please declare any financial or personal interests that might be
potentially viewed to influence the work presented. Interests could
include consultancies, honoraria, patent ownership or other. If there are
none state ‘there are none’.

Acknowledgments

This work was supported by Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET), Agencia Nacional de Promocién
Cientifica y Técnica (ANPCyT), both from Argentina. The authors would
like to acknowledge all the volunteers who have generously participated
in this work, and Dr. Eduardo Spitzer (Laboratorio Elea Phoenix S.A.,
Buenos Aires, Argentina) for providing IVM tablets, and Lic. Far. Ale-
jandra Berlari (Berlari SA) for providing IVM capsules.

References

[1]
[2]
[3]

[4]

[5]

[6]

71

[8

[}

[91

[10]

[11]

[12]

[13]

W.C. Campbell, M.H. Fisher, E.O. Stapley, G. AlbersSchonberg, T.A. Jacob,
Ivermectin: a potent new antiparasitic agent, Science 221 (1983) 823-828.

D. Lindley, Merck’s new drug free to WHO for river blindness programme, Nature
329 (6142) (1987) 752, https://doi.org/10.1038/329752a0 (4).

W.C. Campbell, G.W. Benz, Ivermectin: a review of efficacy and safety, J. Vet.
Pharm. Ther. 7 (1984) 1-16, https://doi.org/10.1111/j.1365-2885.1984.tb00872.
X.

World Health Organization, Summary of global update on implementation of
preventive chemotherapy against neglected tropical diseases in 2019, Wkly.
Epiemiol. Rec. 39 (2020) 469-475.

World Health Organization, 21st Model List of Essential Medicines, Geneva,
Switzerland, 2019b, 2021. Available at: (https://www.who.int/publications/i/it
em/WHOMVPEMPIAU2019.06).

S. Knopp, K.A. Mohammed, B. Speich, J. Hattendorf, 1.S. Khamis, A.N. Khamis, J.
R. Stothard, D. Rollinson, H. Marti, J. Utzinger, Albendazole and mebendazole
administered alone or in combination with ivermectin against Trichuris trichiura: a
randomized controlled trial, Clin. Infect. Dis. 51 (12) (2010) 1420-1428, https://
doi.org/10.1086/657310 (15).

A. Echazi, M. Juarez, P.A. Vargas, S.P. Cajal, R.O. Cimino, V. Heredia, S. Caropresi,
G. Paredes, L.M. Arias, M. Abril, S. Gold, P. Lammie, A.J. Krolewiecki, Albendazole
and ivermectin for the control of soil-transmitted helminths in an area with high
prevalence of Strongyloides stercoralis and hookworm in northwestern Argentina:
a community-based pragmatic study, PLoS Negl. Trop. Dis. 11 (10) (2017),
0006003, https://doi.org/10.1371/journal.pntd.0006003.

J.D. Schulz, J.T. Coulibaly, C. Schindler, D. Wimmersberger, J. Keiser,
Pharmacokinetics of ascending doses of ivermectin in Trichuris trichiura-infected
children aged 2-12 years, J. Antimicrob. Chemother. 74 (2019) 1642-1647,
https://doi.org/10.1093/jac/dkz083.

G. Matamoros, A. Sanchez, J.A. Gabrie, M. Juarez, L. Ceballos, A. Escalada,

C. Rodriguez, H. Marti-Soler, M.M. Rueda, M. Canales, C. Lanusse, P. Cajal,

L. Alvarez, R.O. Cimino, A. Krolewiecki, Efficacy and safety of albendazole and
high-dose ivermectin co-administration in school-aged children infected with
Trichuris trichiura in Honduras: a randomized controlled trial, Clin. Infect. Dis. 73
(2021) 1203-1210, https://doi.org/10.1093/cid/ciab365.

M. Navarro, D. Camprubi, A. Requena-Méndez, D. Buonfrate, G. Giorli, J. Kamgno,
J. Gardon, M. Boussinesq, J. Munoz, A. Krolewiecki, Safety of high-dose
ivermectin: a systematic review and meta-analysis, J. Antimicrob. Chemother. 1
(754) (2020) 827-834, https://doi.org/10.1093/jac/dkz524.

M.R. Smit, E.O. Ochomo, D. Waterhouse, T.K. Kwambai, B.O. Abong’o,

T. Bousema, N.M. Bayoh, J.E. Gimnig, A.M. Samuels, M.R. Desai, P.A. Phillips-
Howard, S.K. Kariuki, D. Wang, F.O. Ter Kuile, S.A. Ward, G. Aljayyoussi,
Pharmacokinetics-pharmacodynamics of high-dose ivermectin with
dihydroartemisinin-piperaquine on mosquitocidal activity and QT-prolongation
(IVERMAL), Clin. Pharm. Ther. 105 (2019) 388-401, https://doi.org/10.1002/
cpt.1219.

C.A. Guzzo, C.I. Furtek, A.G. Porras, Safety, tolerability, and pharmacokinetics of
escalating high doses of ivermectin in healthy adult subjects, J. Clin. Pharm. 42
(2002) 1122-1133, https://doi.org/10.1177/009127002401382731.

X. Zhang, Y. Song, X. Ci, N. An, Y. Ju, H. Li, X. Wang, C. Han, J. Cui, X. Deng,
Ivermectin inhibits LPS-induced production of inflammatory cytokines and
improves LPS-induced survival in mice, Inflamm. Res. 57 (2008) 524-529, https://
doi.org/10.1007/s00011-008-8007-8.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]
[37]

[38]

[39]

Biomedicine & Pharmacotherapy 160 (2023) 114391

M.S. Sajid, Z. Igbal, G. Muhammad, M.U. Igbal, Imnmunomodulatory effect of
various anti-parasiti review, Parasitology 132 (2006) 301-313.

S. Sharmeen, M. Skrtic, M.A. Sukhai, R. Hurren, M. Gronda, X. Wang, S.B. Fonseca,
H. Sun, T.E. Wood, R. Ward, M.D. Minden, R.A. Batey, A. Datti, J. Wrana, S.

O. Kelley, A.D. Schimmer, The antiparasitic agent ivermectin induces chloride-
dependent membrane hyperpolarization and cell death in leukemia cells, Blood
116 (2010) 3593-3603, https://doi.org/10.1182/blood-2010-01-262675.

S. Ashraf, R. Prichard, IVM exhibits potent antimitotic activity, Vet. Parasitol. 226
(2016) 1-4.

K. Intuyod, C. Hahnvajanawong, P. Pinlaor, S. Pinlaor, Anti-parasitic drug
ivermectin exhibits potent anticancer activity against gemcitabine-resistant
cholangiocarcinoma in vitro, Anticancer Res. 39 (2019) 4837-4843, https://doi.
org/10.21873/anticanres.

C. Chaccour, J. Lines, C.J.M. Whitty, Effect of ivermectin on Anopheles gambiae
mosquitoes fed on humans; the potential of oral insecticides in malaria control,
J. Infect. Dis. 202 (2010) 113-116.

K.C. Kobylinski, M. Sylla, P.L. Chapman, M.D. Sarr, B.D. Foy, Ivermectin mass drug
administration for humans disrupts malaria parasite transmission in Senegalese
villages, Am. J. Trop. Med. Hyg. 85 (2011) 3-5.

B.D. Foy, K.C. Kobylinski, I.M. da Silva, J.L. Rasgon, M. Sylla, Endectocides for
malaria control, Trends Parasitol. 27 (2011) 423-428.

M. Panchal, K. Rawat, G. Kumar, K.M. Kibria, S. Singh, M. Kalamuddin,

A. Mohmmed, P. Malhotra, R. Tuteja, Plasmodium falciparum signal recognition
particle components and antiparasitic efect of ivermectin in blocking nucleo-
cytoplasmic shuttling of SRP, Cell Death Dis. 16 (2014), e994.

S.N.Y. Yang, S.C. Atkinson, C. Wang, A. Lee, M.A. Bogoyevitch, N.A. Borg, D.

A. Jans, The broad spectrum antiviral ivermectin targets the host nuclear transport
importin o/p1 heterodimer, Antivir. Res. 177 (2020), 104760, https://doi.org/
10.1016/j.antiviral.2020.104760.

M.Y. Tay, J.E. Fraser, W.K. Chan, N.J. Moreland, A.P. Rathore, C. Wang, S.

G. Vasudevan, D.A. Jans, Nuclear localization of dengue virus (DENV) 1-4 non-
structural protein 5; protection against all 4 DENV serotypes by the inhibitor IVM,
Antivir. Res. 99 (2013) 301-306.

L. Caly, J.D. Druce, M.G. Catton, D.A. Jans, K.M. Wagstaff, The FDA-approved drug
ivermectin inhibits the replication of SARS-CoV-2 in vitro, Antivir. Res. 178
(2020), 104787, https://doi.org/10.1016/j.antiviral.2020.104787.

A. Krolewiecki, A. Lifschitz, M. Moragas, M. Travacio, R. Valentini, D.F. Alonso,
R. Solari, M.A. Tinelli, R.O. Cimino, L. Alvarez, P.E. Fleitas, L. Ceballos,

M. Golemba, F. Fernandez, D. Fernandez de Oliveira, G. Astudillo, I. Baeck,

J. Farina, G.A. Cardama, A. Mangano, E. Spitzer, S. Gold, C. Lanusse, Antiviral
effect of high-dose ivermectin in adults with COVID-19: a proof-of-concept
randomized trial, EClinicalMedicine 18 (37) (2021), 100959, https://doi.org/
10.1016/j.eclinm.2021.100959. . Erratum in: EClinicalMedicine. 2021 Sep;39:
101119. PMID: 34189446; PMCID: PMC8225706.

C.E. Lanusse, R.K. Prichard, Relationship between pharmacological properties and
clinical efficacy of ruminant anthelmintics, Vet. Parasitol. 49 (1993) 123-158,
https://doi.org/10.1016,/0304-4017(93)90115-4.

J.D. Baggot, Q.A. McKellar, The absorption, distribution and elimination of
anthelmintic drugs: the role of pharmacokinetics, J. Vet. Pharm. Ther. 17 (1994)
409-419, https://doi.org/10.1111/j.1365-2885.1994.tb00271.x.

L. Ceballos, M. Elissondo, S.S. Bruni, G. Denegri, L. Alvarez, C. Lanusse,
Flubendazole in cystic echinococcosis therapy: pharmaco-parasitological
evaluation in mice, Parasitol. Int. 58 (2009) 354-358, https://doi.org/10.1016/].
parint.2009.07.006.

J.C. Rajter, M.S. Sherman, N. Fatteh, F. Vogel, J. Sacks, J.J. Rajter, Use of
ivermectin is associated with lower mortality in hospitalized patients with
coronavirus disease 2019: the ivermectin in COVID nineteen study, Chest 159
(2019) 85-92, https://doi.org/10.1016/j.chest.2020.10.009.

P.K. Lo, D.W. Fink, J.B. Williams, J. Blodinger, Pharmacokinetic studies of
ivermectin: effects of formulation, Vet. Res. Commun. 9 (1985) 251-268, https://
doi.org/10.1007/BF02215150. . PMID: 3841626.

A. Lifschitz, G. Virkel, J. Sallovitz, J.F. Sutra, P. Galtier, M. Alvinerie, C. Lanusse,
Comparative distribution of ivermectin and doramectin to parasite location tissues
in cattle, Vet. Parasitol. 87 (2000) 327-338, https://doi.org/10.1016/s0304-4017
(99)00175-2.

ICH, ICH Q2 (R1) Harmonised tripartite guideline validation of analytical
procedures: text and methodology, in: Proceedings of the International Conference
on Harmonisation of Technical Requirements for Registration of Pharmaceuticals
for Human Use, Somatek Inc., San Diego, CA, 2014.

G.D. Allen, MODFIT: a pharmacokinetics computer program, Biopharm. Drug
Dispos. 11 (1990) 477-498.

Ashburn, Thor, Drug repositioning: identifying and developing new uses for
existing drugs, Nat. Rev. Drug Discov. 3 (2004) 673-683.

L. Botta, M. Rivara, V. Zuliani, M. Radi, Drug repurposing approaches to fight
Dengue virus infection and related diseases, Front Biosci. (Landmark Ed.) 23
(2018) 997-1019, https://doi.org/10.2741/4630.

E.E. Ooi, Repurposing ivermectin as an anti-dengue drug, Clin. Infect. Dis. 72
(2021) e594-e595, https://doi.org/10.1093/cid/ciaal341.

S. Omura, A. Crump, Ivermectin and malaria control, Malar. J. 16 (2017) 172,
https://doi.org/10.1186/512936-017-1825-9.

C. Chaccour, N.R. Rabinovich, Advancing the repurposing of ivermectin for
malaria, Lancet 13 (393) (2019) 1480-1481, https://doi.org/10.1016/50140-6736
(18)32613-8.

L.E. Lim, C. Vilcheze, C. Ng, W.r. Jr. Jacobs, S. Ramon Garcfa, C. Thompson,
Anthelmintic avermectins kill Mycobacterium tuberculosis, including



http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref1
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref1
https://doi.org/10.1038/329752a0
https://doi.org/10.1111/j.1365-2885.1984.tb00872.x
https://doi.org/10.1111/j.1365-2885.1984.tb00872.x
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref4
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref4
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref4
https://www.who.int/publications/i/item/WHOMVPEMPIAU2019.06
https://www.who.int/publications/i/item/WHOMVPEMPIAU2019.06
https://doi.org/10.1086/657310
https://doi.org/10.1086/657310
https://doi.org/10.1371/journal.pntd.0006003
https://doi.org/10.1093/jac/dkz083
https://doi.org/10.1093/cid/ciab365
https://doi.org/10.1093/jac/dkz524
https://doi.org/10.1002/cpt.1219
https://doi.org/10.1002/cpt.1219
https://doi.org/10.1177/009127002401382731
https://doi.org/10.1007/s00011-008-8007-8
https://doi.org/10.1007/s00011-008-8007-8
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref13
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref13
https://doi.org/10.1182/blood-2010-01-262675
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref15
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref15
https://doi.org/10.21873/anticanres
https://doi.org/10.21873/anticanres
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref17
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref17
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref17
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref18
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref18
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref18
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref19
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref19
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref20
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref20
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref20
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref20
https://doi.org/10.1016/j.antiviral.2020.104760
https://doi.org/10.1016/j.antiviral.2020.104760
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref22
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref22
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref22
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref22
https://doi.org/10.1016/j.antiviral.2020.104787
https://doi.org/10.1016/j.eclinm.2021.100959
https://doi.org/10.1016/j.eclinm.2021.100959
https://doi.org/10.1016/0304-4017(93)90115-4
https://doi.org/10.1111/j.1365-2885.1994.tb00271.x
https://doi.org/10.1016/j.parint.2009.07.006
https://doi.org/10.1016/j.parint.2009.07.006
https://doi.org/10.1016/j.chest.2020.10.009
https://doi.org/10.1007/BF02215150
https://doi.org/10.1007/BF02215150
https://doi.org/10.1016/s0304-4017(99)00175-2
https://doi.org/10.1016/s0304-4017(99)00175-2
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref31
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref31
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref32
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref32
https://doi.org/10.2741/4630
https://doi.org/10.1093/cid/ciaa1341
https://doi.org/10.1186/s12936-017-1825-9
https://doi.org/10.1016/S0140-6736(18)32613-8
https://doi.org/10.1016/S0140-6736(18)32613-8

L. Ceballos et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

multidrugresistant clinical strains. Antimicrob. Agents Chemother., vol. 57, 2013,
pp. 1040-6.

M. Juarez, A. Scheolnik-Cabrera, G. Dominguez-Gomez, A. Chavez-Blanco, J. Diaz-
Chavez, A. Duenas-Gonzalez, Antitumor effects of ivermectin at clinically feasible
concentrations support its clinical development as a repositioned cancer drug,
Cancer Chemother. Pharm. 85 (2020) 1153-1163, https://doi.org/10.1007/
$00280-020-04041-z.

A. Zabala, N. Vazquez-Villoldo, B. Rissiek, J. Gejo, A. Martin, A. Palomino,

A. Perez-Samartin, K.R. Pulagam, M. Lukowiak, E. Capetillo-Zarate, J. Llop,

T. Magnus, F. Koch-Nolte, F. Rassendren, C. Matute, M. Domercq, P2 x 4 receptor
controls microglia activation and favors remyelination in autoimmune
encephalitis, EMBO Mol. Med. 10 (8) (2018), e8743, https://doi.org/10.15252/
emmm.201708743.

D.N. Ali, D.R. Hennessy, The effect of level of feed intake on the pharmacokinetic
disposition and efficacy of ivermectin in sheep, J. Vet. Pharm. Ther. 19 (2) (1996)
89-94, https://doi.org/10.1111/§.1365-2885.1996.tb00018.x. . PMID: 8735414.
C. Lanusse, A. Lifschitz, G. Virkel, L. Alvarez, S. Sanchez, J.F. Sutr, P. Galtier,

M. Alvinerie, Comparative plasma disposition kinetics of ivermectin, moxidectin
and doramectin in cattle, J. Vet. Pharm. Ther. 20 (1997) 91-99, https://doi.org/
10.1046/j.1365-2885.1997.00825.x.

A. Lifschitz, A. Pis, L. Alvarez, G. Virkel, S. Sanchez, J. Sallovitz, R. Kujanek,

C. Lanusse, Bioequivalence of ivermectin formulations in pigs and cattle, J. Vet.
Pharm. Ther. 22 (1999) 27-34, https://doi.org/10.1046/j.1365-2885.1999.00172.
X.
A. Gonzalez-Canga, N. Fernandez-Martinez, A. Sahagin-Prieto, M.J. Diez-Liébana,
M. Sierra-Vega, J.J. Garcia-Vieitez, A review of the pharmacological interactions of
ivermectin in several animal species, Curr. Drug Metab. 10 (4) (2009) 359-368,
https://doi.org/10.2174/138920009788498969. . PMID: 19519344.

G. Edwards, A. Dingsdale, N. Helsby, M.L. Orme, A.M. Breckenridge, The relative
systemic availability of ivermectin after administration as capsule, tablet, and oral
solution, Eur. J. Clin. Pharm. 35 (1988) 681-684, https://doi.org/10.1007/
BF00637608.

0.Z. Baraka, B.M. Mahmoud, C.K. Marschke, T.G. Geary, M.M. Homeida, J.

F. Williams, Ivermectin distribution in the plasma and tissues of patients infected
with Onchocerca volvulus, Eur. J. Clin. Pharm. 50 (1996) 407-410.

Q.C. Long, B. Ren, S.X. Li, G.X. Zeng, Human pharmacokinetics of orally taken
ivermectin, Chin. J. Clin. Pharm. 17 (2001) 203-206.

S. Wicks, B. Kaye, A.J. Weatherley, D. Lewis, E. Davison, S.P. Gibson, D.G. Smith,
Effect of formulation on the pharmacokinetics and efficacy of doramectin, Vet.
Parasitol. 49 (1993) 17-26.

D. Hennessy, D. Ali, J. Sillince, The effect of a short-term reduction in feed on the
pharmacokinetics and efficacy of albendazole in sheep, Aust. Vet. J. 72 (1995)
29e30.

L. Alvarez, F. Imperiale, S. Sanchez, G. Murno, C. Lanusse, Uptake of albendazole
and albendazole sulphoxide by Haemonchus contortus and Fasciola hepatica in
sheep, Vet. Parasitol. 94 (2000) 75e89.

M. Lloberas, L. Alvarez, C. Entrocasso, G. Virkel, C. Lanusse, A. Lifschitz,
Measurement of ivermectin concentrations in target worms and host
gastrointestinal tissues: influence of the route of administration on the activity
against resistant Haemonchus contortus in lambs, Exp. Parasitol. 131 (2012)
304-309, https://doi.org/10.1016/j.exppara.2012.04.014.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Biomedicine & Pharmacotherapy 160 (2023) 114391

U. Duthaler, R. Leisegang, M.O. Karlsson, S. Krahenbiihl, F. Hammann, The effect
of food on the pharmacokinetics of oral ivermectin, J. Antimicrob. Chemother. 75
(2020) 438-440, https://doi.org/10.1093/jac/dkz466.

M.R. Smit, E.O. Ochomo, D. Waterhouse, T.K. Kwambai, B.O. Abong’o,

T. Bousema, N.M. Bayoh, J.E. Gimnig, A.M. Samuels, M.R. Desai, P.A. Phillips-
Howard, S.K. Kariuki, D. Wang, F.O. TerKuile, S.A. Ward, G. Aljayyoussi,
Pharmacokinetics-pharmacodynamics of high-dose ivermectin with
dihydroartemisinin-piperaquine on mosquitocidal activity and QT-prolongation
(IVERMAL), Clin. Pharm. Ther. 105 (2019) 388-401, https://doi.org/10.1002/
cpt.1219.

Y. Suputtamongkol, P. Avirutnan, D. Mairiang, N. Angkasekwinai,

K. Niwattayakul, E. Yamasmith, F.A. Saleh-Arong, A. Songjaeng, T. Prommool,
N. Tangthawornchaikul, C. Puttikhunt, S. Hunnangkul, C. Komoltri,

S. Thammapalo, P. Malasit, Ivermectin accelerates circulating nonstructural
protein NS1 clerance in adult dengue patients: a combined phase 2/3 randomized
double-blinded placebo controlled trial, Clin. Infect. Dis. 72 (10) (2020)
e586-e593, https://doi.org/10.1093/cid/ciaal332 (18).

J.D. Baggot, Q.A. McKellar, The absorption, distribution and elimination of
anthelmintic drugs: the role of pharmacokinetics, J. Vet. Pharm. Ther. 17 (1994)
409-419, https://doi.org/10.1111/j.1365-2885.1994.tb00271.x.

C. Saumell, A. Lifschitz, R. Baroni, L. Fusé, M. Bistoletti, F. Sagiies, S. Bruno,

G. Alvarez, C. Lanusse, L. Alvarez, The route of administration drastically affects
ivermectin activity against small strongyles in horses, Vet. Parasitol. 236 (2017)
62-67, https://doi.org/10.1016/j.vetpar.2017.01.025.

J. Errecalde, A. Lifschitz, G. Vecchioli, L. Ceballos, F. Errecalde, M. Ballent,

G. Marin, M. Daniele, E. Turic, E. Spitzer, F. Toneguzzo, S. Gold, A. Krolewiecki,
L. Alvarez, C. Lanusse, Safety and pharmacokinetic assessments of a novel
ivermectin nasal spray formulation in a pig model, J. Pharm. Sci. 110 (6) (2021)
2501-2507, https://doi.org/10.1016/j.xphs.2021.01.017.

P.L. Toutain, D. Upson, T. Terhune, M. McKenzie, Comparative pharmacokinetics
of doramectin and Ivermectin in cattle, Vet. Parasitol. 72 (1997) 3-8.

J. Dupuy, A. Derlon, J.F. Sutra, M.C. Cadiergues, M. Franc, A. Alvinerie,
Pharmacokinetics of selamectin in dogs after topical application, Vet. Res. 28
(2004) 407-413.

A. Lifschitz, M. Ballent, G. Virkel, J. Sallovitz, C. Lanusse, Sex-related differences in
the gastrointestinal disposition of ivermectin in the rat: P-glycoprotein
involvement and itraconazole modulation, J. Pharm. Pharm. 58 (2006)
1055-1062, https://doi.org/10.1211/jpp.58.8.0005.

A. Schinkel, J. Smit, O. vanTelligen, J. Beijnen, E. Wagenaar, L. van Deemter,

C. Mol, M. van der Valk, E. Rocabus-Maandag, H. Riele, A. Berns, P. Borst,
Disruption of the mouse mdrla P-glycoprotein gene leads to a deficiency in the
bloodbrain barrier and to increased sensitivity to drugs, Cell 77 (1994) 491-502.
M.M. Homeida, S.B. Malcolm, A.Z. ElTayeb, R.R. Eversole, A.S. Elassad, T.

G. Geary, M.M. Ali, C.D. Mackenzie, The lack of influence of food and local
alcoholic brew on the blood level of Mectizan(®) (ivermectin), Acta Trop. 7 (2013)
97-100, https://doi.org/10.1016/j.actatropica.2013.03.019.

J. Munoz, M.R. Ballester, R.M. Antonijoan, I. Gich, M. Rodriguez, E. Colli, S. Gold,
A.J. Krolewiecki, Safety and pharmacokinetic profile of fixed-dose ivermectin with
an innovative 18mg tablet in healthy adult volunteers, PLoS Negl. Trop. Dis. 12
(2018), e0006020, https://doi.org/10.1371/journal.pntd.0006020.


https://doi.org/10.1007/s00280-020-04041-z
https://doi.org/10.1007/s00280-020-04041-z
https://doi.org/10.15252/emmm.201708743
https://doi.org/10.15252/emmm.201708743
https://doi.org/10.1111/j.1365-2885.1996.tb00018.x
https://doi.org/10.1046/j.1365-2885.1997.00825.x
https://doi.org/10.1046/j.1365-2885.1997.00825.x
https://doi.org/10.1046/j.1365-2885.1999.00172.x
https://doi.org/10.1046/j.1365-2885.1999.00172.x
https://doi.org/10.2174/138920009788498969
https://doi.org/10.1007/BF00637608
https://doi.org/10.1007/BF00637608
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref44
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref44
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref44
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref45
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref45
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref46
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref46
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref46
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref47
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref47
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref47
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref48
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref48
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref48
https://doi.org/10.1016/j.exppara.2012.04.014
https://doi.org/10.1093/jac/dkz466
https://doi.org/10.1002/cpt.1219
https://doi.org/10.1002/cpt.1219
https://doi.org/10.1093/cid/ciaa1332
https://doi.org/10.1111/j.1365-2885.1994.tb00271.x
https://doi.org/10.1016/j.vetpar.2017.01.025
https://doi.org/10.1016/j.xphs.2021.01.017
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref56
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref56
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref57
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref57
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref57
https://doi.org/10.1211/jpp.58.8.0005
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref59
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref59
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref59
http://refhub.elsevier.com/S0753-3322(23)00179-8/sbref59
https://doi.org/10.1016/j.actatropica.2013.03.019
https://doi.org/10.1371/journal.pntd.0006020

	Ivermectin systemic availability in adult volunteers treated with different oral pharmaceutical formulations
	1 Introduction
	2 Materials and methods
	2.1 Ethical aspects
	2.2 Eligibility criteria
	2.3 Study design and sampling
	2.4 Analytical phase

	3 Results
	4 Discussion
	CRediT authorship contribution statement
	Funding
	Conflict of interest ​statement
	Acknowledgments
	References


