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Abstract—A comparative hazard assessment of the antiparasitics ivermectin, albendazole, and morantel was performed, with a
particular focus on bioavailability and uptake into biological membranes. The experimentally determined liposome—water distribution
ratio at pH 7 (D, (pH 7)) of the positively charged morantel was 100 L/kg lipid. The Dy, (pH 7) of albendazole was 3,000
L/kg lipid. The membrane permeability determined with the parallel artificial membrane permeability assay was consistent with
predictions from a quantitative structure—activity relationship (QSAR) for morantel but 14-fold lower than predicted for albendazole,
which can be rationalized because neutral albendazole is, in fact, zwitterionic and the large dipole moment hinders permeation
through hydrophobic membranes. An unusually large molecule, ivermectin was suspected to show decreased bioaccumulation
because of its bulkiness, but experimental determination of solubility showed that it was 40-fold less soluble than expected from
a QSAR between solubility and the octanol-water partition coefficient. In contrast, its membrane permeability appeared to be typical
for a compound of the given hydrophobicity, but it was not possible to determine the membrane—water partition coefficient because
of its low solubility and high affinity to the dialysis membrane of the experimental device. The Dy, (pH 7) for ivermectin of 2,700
L/kg lipid was calculated with a QSAR model. Morantel and albendazole were baseline toxicants in the bioluminescence inhibition
test with Vibrio fischeri and a test for inhibition of photosynthesis in green algae. Only ivermectin exhibited a specific effect toward
algae, but the excess toxicity was not very pronounced and might be biased by the uncertainty of the estimated hydrophobicity

descriptor. Overall, we did not find any unexpected effect on nontarget endpoints.
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INTRODUCTION

The parasiticides albendazole, morantel, and ivermectin are
used primarily to treat infections caused by helminths in cattle.
They typically are administered through ingestion or injection
and are partially excreted with feces. Parasiticides may pose
an environmental hazard to dung organisms but also may be
washed out from the dung into soil and surface water or pho-
tochemically or biologically degraded [1-3].

Ivermectin belongs to the group of avermectins. It is a
semisynthetic product derived from a macrocyclic lactone pro-
duced by the soil actinomycete Streptomyces avermitilis, and
it comprises a mixture of ivermectin Bla and B1b [4]. Besides
its application for cattle, it also is used to treat river blindness
in humans. The neurotoxicant ivermectin affects the nerve
pulse transmission in various parasites via induction of chlo-
ride influx through interaction with the y-aminobutyric acid
receptor and the glutamate receptor [5]. Because it cannot cross
the blood-brain barrier in mammals, it is less toxic to mammals
but is highly toxic to a range of aquatic invertebrates, such as
daphnids and shrimps, and even to fish, because it is assumed
that it can pass the blood—brain barrier in fish [6,7]. Environ-
mental risk assessments have concluded that a risk exists for
dung organisms and, potentially, for soil organisms [1,8]. One
study on the risk of ivermectin to marine organisms concluded
that no risk exists for the marine environment in the vicinity
of aquacultures [9].
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The benzimidazole albendazole interferes with microtu-
bule-dependent glucose uptake [5]. Albendazole is metabo-
lized more extensively, but some of the excreted metabolites
also have antiparasitic activity. Abundant literature exists re-
garding the environmental risk of ivermectin, but only few
studies have been conducted with the benzimidazoles. Oh et
al. [10] recently concluded that hazard quotients of various
benzimidazoles, which were based on acute and chronic daph-
nia toxicity data, warrant further investigation of these an-
thelmintic agents [10].

Even less information is available for the pyrimidine mor-
antel. It is poorly absorbed orally and, thus, is excreted in
significant amounts with feces [11]. It was prioritized for en-
vironmental hazard assessment by Boxall et al. [12] and as-
signed to the same priority group as ivermectin. Morantel ap-
pears to be relatively harmless to dung fauna [13].

Despite the abundant literature, quite a few questions re-
main concerning the bioavailability and uptake of these three
parasiticides. All three are nonclassical environmental pollut-
ants. Ivermectin is a very large molecule, and previous bio-
accumulation studies have suspected that membrane perme-
ability (P,,) is reduced because of the bulkiness of the molecule
[14]. Consequently, uptake kinetics and calculated kinetic bio-
concentration factors are smaller than expected for compounds
of similar hydrophobicity.

Morantel is a base that is fully protonated and carries a
positive charge at ambient pH values. In contrast, albendazole
is neutral overall but, presumably, is zwitterionic. Charged
molecules are expected to accumulate to a smaller extent into
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aquatic organisms, because passive diffusion is energetically
unfavorable and uptake models demonstrated that only the
neutral species likely is taken up by passive diffusion and that
the charged species will form only in the cytosol according to
the acidity constant of the compound and the cytosolic pH
[15]. Consequently, steady-state bioconcentration factors are
lower than expected for corresponding neutral compounds.
Overall partitioning of ionizable compounds into cells and
biological organisms can be better predicted with the lipo-
some—water distribution ratio at pH 7 (Dy,,, (pH 7)) than with
the octanol-water partition coefficient (Kg,y) of the neutral
species or the ionization-corrected octanol-water distribution
ratio at pH 7 [16]. Therefore, Dy,, (pH 7) was determined
experimentally in the present study and used as an indicator
to assess if the parasiticides act as baseline toxicants or ac-
cording to a specific mode of action in the two investigated
organisms, bacteria and algae.

Another indicator of the potential to bioaccumulate is the
P.. The parallel artificial membrane permeability assay (PAM-
PA) commonly is used as an in vitro model for passive uptake
of pharmaceuticals in the gastrointestinal tract [17-19], but it
recently was applied to mimic the passive absorption and elim-
ination in small fish [20]. The measurement principle of PAM-
PA is as follows: A cocktail of membrane lipids dissolved in
dodecane is spread on a porous membrane support, where a
thin film membrane forms. This lipid membrane is then
brought into contact with an aqueous phase containing the
compound of interest on one side of the membrane (donor
phase) and an aqueous phase devoid of the compound on the
other side (acceptor phase). The increase of concentration in
the acceptor phase is being measured as a function of time
and the composition of the phases, and intrinsic permeability
is derived from the experimental data as described by Avdeef
[18]. The PAMPA gives information regarding the uptake ki-
netics and whether membrane permeation is possible, but at
this point, the PAMPA cannot be used to estimate bioconcen-
tration in aquatic organisms directly. For the parasiticides in-
vestigated here, the PAMPA experiments will be compared
with the extended database on P,, measurements for drugs to
explore if the nonclassical compounds, indeed, behave unex-
pectedly or obey the general principles of membrane perme-
ation and partitioning.

We previously developed a mode of action—based battery
of ecotoxicological test systems to evaluate primary mecha-
nisms of toxicity and nontarget effects of human pharmaceu-
ticals to aquatic life [21,22]. This test battery is comprised of
five to eight in vitro, low-complexity test systems that cover
a series of fundamental modes of toxic action plus a few par-
ticularly environmentally relevant receptor-mediated effects.
This test battery was applied in the present study to check for
potentially overlooked nontarget effects; therefore, none of the
previously identified specific effects on aquatic and terrestrial
invertebrates, such as dung flies and water fleas, were inves-
tigated again. In the present study, we tested for baseline tox-
icity, specific and nonspecific inhibition of photosynthesis, and
receptor-mediated estrogenic, genotoxic, and other reactive
mechanisms [21,22]. None of the results showed specific ef-
fects that would trigger more refined studies. We therefore
focused the present study on two bioassays selected from this
test battery, the 30-min bioluminescence inhibition test with
the marine bacterium Vibrio fischeri and the 24-h chlorophyll
fluorescence test with the green algae Desmodesmus subspi-
catus. Quantitative structure—activity relationships (QSARSs)
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of baseline toxicity are available for these two bioassays; there-
fore, it is possible to analyze if the nontarget effect of the
parasiticides in these organisms can be explained by nonspe-
cific membrane toxicity or if they are more toxic than predicted
by baseline toxicity. The membrane affinity and permeability
of the three parasiticides will be related to the toxic effects
elicited in the two test systems. The focus of the analysis was
the influence of the physicochemical properties of the inves-
tigated parasiticides on their bioavailability and effect.

With this focus, the present study makes a fundamental
contribution to the hazard assessment of these compounds. It
does not focus on the most sensitive invertebrate species but,
rather, allows an improved interpretation of literature data re-
garding invertebrates (as demonstrated for the toxicity of iver-
mectin toward Daphnia sp. described below). The present
study is only one of the puzzle pieces of the European Union
Framework 6 project entitled “Environmental Risk Assess-
ment of Pharmaceuticals” [23], in which ivermectin is one of
the case-study chemicals and all environmental compartments
as well as many other organisms are considered.

MATERIALS AND METHODS
Chemicals

The parasiticides ivermectin (Chemical Abstract Services
[CAS] no. 70288-86-7; mixture of 94% ivermectin Bla and
2.8% ivermectin B1b), morantel (CAS no. 20574-50-9), and
albendazole (CAS no. 959-24-0) were obtained from Sigma
(Buchs, Switzerland). All buffers and medium components
were purchased from Fluka (Buchs, Switzerland). Poylethyl-
ene glycol (PEG400) was obtained from VWR (Bridgeport,
NJ, USA). Universal PRISMA® buffer (P/N 110151; pION,
Woburn, MA, USA) was used for permeability determination.

Chemical analysis

The concentrations of the parasiticides were quantified with
high-performance liquid chromatography (HPLC) with a Summit
HPLC System (Dionex, Olten, Switzerland) and ultraviolet de-
tection (UVD 340-U; Dionex). A reversed-phase C18 column
(length, 125 mm; inner diameter, 4 mm; film thickness, 5 pwm;
Nucleodur Gravity; Macherey-Nagel, Oensingen, Switzerland)
was used for separation. The eluent was composed of buffer (10
mM ortho-phosphoric acid and 2 mM 1-octanesulfonic acid at
pH 5) and acetonitrile. The buffer to acetonitrile ratio was 55:45
for morantel, 50:50 for albendazole, and 30:70 for ivermectin.
Compounds were detected at 230 nm (ivermectin), 315 nm (mor-
antel), and 227 nm (albendazole).

Physicochemical descriptors

Physicochemical descriptors were collected from different
literature sources (see Table 1). Data gaps were filled exper-
imentally using the methods described below.

Acidity constant

The potentiometric acidity constant (pK,; Gemini®; pION)
was used to determine ionization constants [24,25]. The pK,
of morantel was determined using 74 to 33% (w/w) methanol
as cosolvent in six titrations with different methanol contents,
followed by an extrapolation to 0% methanol.

Solubility

The intrinsic solubility (S,) of albendazole and ivermectin
were determined at 25 *+ 3°C using a nDISS Profiler® (pION),
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Table 1. Physicochemical descriptors of the three parasiticides?

Log Dlipw (pH 7)

Dy, (pH 7) P, (cm/s)c

Experimental

Predicted®

Cs (mg/L)

S, (mg/L)

Log Kow

Jrewrar (PH 7)

pK.

—2.05 = 0.12
=3.12 £ 0.10
—2.21 = 0.08

110 = 38
2,940 = 120

2.03
3.47
ND

2.85
3.35
3.43

423 *= 185°
0.42 = 0.08f
0.72 = 0.01

ND
0.40 = 0.02"

3.69¢
3.14¢
3.22

3 X 103

11.91¢

4.21/10.43¢

Morantel

1.00¢
1.00

Albendazole
Ivermectin

2.00 = 0.05%

Neutral

= water solubility; f,.... = fraction of neutral species; Koy = octanol-water partition coefficient; ND = not determined; P, = intrinsic membrane permeability of the neutral species; S,

intrinsic solubility.
® Predicted from Ky and converted to liposome-water partition coefficient (Kj;,,), and then speciation was considered as described previously [22].

¢ Calculated from the experimental permeability data and the pK, of the compounds as described in Materials and Methods.

'sat
w

acs

4 Measured with pSol Gemini™ instrument (pION, Woburn, MA, USA), in presence of cosolvents, and extrapolated to aqueous pK,.

¢ Data from the Physprop database (http://www.syrres.com/esc/physprop.htm).

f Solubility related to the molecular weight of the free base and zwitterions, not to the salt used in the experiment.

¢ Overall neutrality, but most likely in zwitterionic form.
h Solubility measured with wDISS Profiler™ (pION).

i Data from Bloom and Matheson [1] and Edwards et al [8].

i For ivermectin, solubility was determined independently by the modified shake flask method to be 4.11 *= 0.38 mg/L. ND = not determined.
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which collects in situ concentration data in the presence of
background solid. Compounds generally were introduced as a
powdered sample, typically 0.2 to 0.5 mg in 3 ml of solubility
medium in the six-vessel instrument. The PRISMA universal
buffer, adjusted to pH 7.4 with 1 N NaOH and 18 M() deion-
ized water, was used as the assay media. In all six vessels,
ultraviolet spectra from 240 to 390 nm were collected. Solu-
bility of the compounds was determined after 12 to 24 h,
assuring that the dissolution profile reached saturation and an
excess of the solid was present in the solution. The method
requires no separation of the solid from the suspension to
measure sample concentration.

For ivermectin, six dilution points in a concentration range
from 0.6 to 10.0 mg/L were taken for the standard calibration
curve. Then, approximately 0.2 to 0.5 mg of ivermectin was
weighed into four test tubes of the wDISS Profiler. Three mil-
liliters of deionized water (18 M()) were added. The stirring
speed was set to 700 rpm. The concentration—time profile was
calculated by the wDISS processing software (pION) based on
the area under the second-derivative curves (optical density
vs wavelength) in the wavelength interval from 260 to 268
nm, a strategy that minimizes the contributions from the back-
ground scattering of the turbid solutions.

The solubility of albendazole was measured, as described
above, in 50 mM buffer solution adjusted to pH 7.4 with 1 N
NaOH. In five vessels, the compound was introduced as a solid
powder, and the dissolution profile was monitored over 17 h.
Three microliters of 20 mM dimethyl sulfoxide (DMSO) so-
lution of the compound were added to the sixth vessel. Final
concentration of DMSO in the buffer was less than 1.0%.

Solubility also was determined using the miniaturized shake
flask method [26]. In this method, filtration was used to sep-
arate solid from saturated solution. Residual DMSO concen-
tration in the method [26] was kept at 1.0% (v/v) in the final
buffer solutions.

Liposome—water partitioning

The Dy, (pH 7) values of albendazole and morantel were
determined using the equilibrium dialysis method described
by Escher et al. [27]. For determination of the Dy, (pH 7) of
ivermectin, the recently developed ultracentrifugation method
[28] also was used, because the majority of the compound was
sorbed to the dialysis membrane and could not be recovered.

Small unilamellar liposomes were made from synthetic
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine by the
membrane extrusion method described by Kaiser and Escher
[28]. Concentrations in the aqueous phase (C,) were deter-
mined by the HPLC method described above. The concentra-
tions in the liposomes (Cj;,; mol/kg lipid) were computed by
subtracting the C,, in the reference dialysis cells without li-
posomes from the C,, in the dialysis cells with liposomes,
considering the liposome to water ratio [27]. The Dy, (pH 7)
is defined as the ratio of Cy, and C,,. The Dy, (pH 7) values
were derived from the slope of the linear regression of Cj;, as
a function of C,,, and the standard error of the slope was used
to define the error of Dy, (pH 7).

PAMPA measurements

All PAMPA experiments were performed at 25 = 3°C using
the PAMPA evolution instruments from pION. The PAMPA
96-well sandwich was preloaded with 96 magnetic stirrers (PN
110212; pION). Morantel was introduced in the PAMPA assay
as a citrate salt. Possible influence of the counterion on the
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PRISMA buffer was studied using the simulation option of the
pK, Gemini Program (Ver 1.5; pION). Calculated results
showed a shift of 0.1 pH unit from the required pH values.
To avoid unwanted shift of pH in the donor compartment,
quality control of the buffer was performed in the presence of
morantel citrate at a concentration of 50 uM (0.5%, v/v, DMSO
in the background) at pH between 3 and 12. Permeability
results for albendazole were taken from Avdeef [26].

The effective permeability (P,) of each compound was mea-
sured at pH between 3 and 12. The donor solutions were varied
in pH (NaOH-treated PRISMA buffer), whereas the receiver
solutions had pH 7.4 (gradient-pH sink). The buffers used in
the donor were prepared automatically on Tecan Freedom Evo
robotic system (Tecan, Mannedorf, Switzerland). The quality
control of the buffers and the pH electrode were performed
by alkalimetric titration, incorporating the Avdeef-Bucher pro-
cedure [29]. Optimized pH-gradient conditions were selected,
using the pOD procedure [18], to ensure that the pH would
be above and below the pK!“x value (defined below) of the
compounds. The pH variation was necessary to correct the P,
values for ionization and aqueous boundary layer (ABL) ef-
fects [18,30]. The receiver buffer solutions contained a sur-
factant mixture (lipophilic sink) to mimic some of the function
of drug-binding proteins [31]. Vigorous stirring of the donor
solutions was employed in the assay, with stirring speed set
to produce an ABL thickness of approximately 40 wm to match
the ABL contribution of the measured P, to that expected in
the human gastrointestinal tract [30]. The PAMPA sandwich
was assembled and allowed to incubate for 30 min for the
highly permeable molecules in a controlled-environment
chamber (Gut-Box™, pION, PN 110205) with a built-in mag-
netic stirring mechanism. The sandwich was then separated,
and both the donor and receiver wells were assayed for the
amount of material present by comparison with the ultraviolet
spectrum (230-500 nm) obtained from reference standard so-
lutions. Mass balance was used to determine the amount of
material remaining in the membrane filter and attached to the
plastic walls of the microtiter plate [19].

The P, value was calculated as described previously by Avdeef
et al. [18] except that the filter area, 0.3 cm?, was multiplied by
the apparent porosity, 0.76. This latter step ensured that the ABL
thickness determined from PAMPA assays using filters with a
different porosity would be on an absolute scale [31].

In the vicinity of organisms, the ABL thickness is expected
to be from 10 to 100 pm (e.g., 30 wm for 1-g fish [20]), whereas
in unstirred PAMPA, the ABL thickness can be as high as
4,000 pm [29,30]. By taking stirred or unstirred PAMPA data
over a range of pH values, it is possible to match the effect
of the ABL to that expected in vivo by applying the so-called
pK™* method [18,30,32], in which P, is related to P, and the
ABL permeability (P, ) as shown in Equation 1:

1 1 1
=5t o (1)
Pe PABL Pm

where P, is dependent on the pH of the bulk aqueous solution
for acids and bases. The maximum possible P, is designated
P,, the intrinsic permeability of the uncharged species. For
monoprotic weak acids and bases, Equation 2 relates P, to P:

1 10=0H-pK) 4 |

P h *

with + used for acids and — used for bases. Other cases are
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described elsewhere [18,33]. The logarithmic form of Equation
2 describes a hyperbolic curve, characterized by a horizontal
region that indicates intrinsic permeability and a diagonal re-
gion with a slope of =1. The bend of such curves corresponds
to pH = pK, of the molecule. Combining Equations 1 and 2
leads to Equation 3:

1 1 10=GH-PK) 4 |

= +
Pe PABL PO

3)

With highly permeable molecules, Equation 2 cannot be used
to determine either pK, or P, because of the attenuation effect
of the ABL, as indicated by Equation 3. Such ABL-limited
transport is observed when P, > P,y . This generally is the
case with lipophilic chemicals, for which the overall perme-
ability is a property of water rather than of membrane and in
which P, typically is approximately 30 X 107¢ cm/s [30].

Because the direct pK* method cannot be used with low-
solubility, nonionizable molecules, such as ivermectin, a co-
solvent assay procedure, based on the Biomek-FX® ADMETox
workstation (Beckman Coulter, Fullerton, CA, USA), was
used. The PRISMA buffer at pH 7.4 with addition of 15, 20,
25, and 30% (v/v) PEG400 were used in the donor compart-
ment to enhance the solubility of ivermectin. Aqueous per-
meability was extrapolated from cosolvent data.

Bioassays

All bioassays were performed as described by Escher et al.
[21]. For assessing baseline toxicity and specific interference
with the energy metabolism, we used the 30-min biolumines-
cence inhibition test with the marine bacterium V. fischeri.
Direct and indirect effects on photosynthesis were evaluated
with the 24-h chlorophyll fluorescence test with the green algae
D. subspicatus using the chlorophyll fluorometer Tox Y-PAM
(Waltz, Effeltrich, Germany).

Mode-of-action analysis

The toxic ratio (TR; Eqn. 4) is defined as the quotient of
the predicted median effective concentration (EC50) of the
baseline toxicity of a given compound (EC50,,.;,.) to the ex-
perimentally determined EC50 (EC50crimenwa) [34]. The TR
allows differentiation between baseline toxicity and specific
modes of action, with TR < 10 pointing to baseline toxicity
and TR = 10 pointing to a specific mode of toxic action [34]:

ECSObasclinc

~ EC50 @

experimental
The QSAR to predict EC50,,.e for the 30-min biolumines-
cence inhibition test (Eqn. 5) and for the 24-h chlorophyll
fluorescence assay (Eqn. 6) were determined earlier by Escher
et al. [21]:

log[1/EC50,,ciine] M) = 0.79-log Dy, (pH 7) + 1.54  (5)
log[1/EC50,eine] M) = 0.91-log Dy, (pH 7) + 1.10  (6)

RESULTS AND DISCUSSION
Acidity constants

The acidity constant K, was determined with a pK, Gemini
instrument. The apparent pK, in the presence of cosolvents
were extrapolated to the aqueous pK, by linear regression (data
not shown). The resulting pK, are listed in Table 1. Morantel
is fully protonated, with a pK, of 11.91, and at pH 7, it is
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present in its cationic form. Albendazole has one pK, value at
4.21 (deprotonation of the amine group) and the other one at
10.43 (protonation of the benzimidazole ring) and, therefore,
is present as predominantly neutral overall but zwitterionic at
pH 7 (dominant species calculated with the computer program
SPARC [35]) (http://ibmlc2.chem.uga.edu/sparc/). Ivermectin
does not possess any ionizable groups and is neutral.

Octanol-water partition coefficient

The log K,y values of morantel and albendazole (Table 1)
were taken from the Physprop database (http://www.syrres.
com/esc/physprop.htm). Both are estimated values, not ex-
perimental values. The log Ky value of ivermectin has been
measured earlier [1,8]. All three Ky, values are in the same
order of magnitude, between 1,000 and 3,000; thus, these com-
pounds are not considered to be bioaccumulative.

Solubility

The S, of the uncharged form was determined for alben-
dazole with a wDISS profiler instrument and miniaturized flask
shake method [26] (Fig. 1a). Solubility was 0.4 mg/L and more
than doubled in the presence of 1% DMSO.

Figure 1b shows an averaged dissolution profile of iver-
mectin monitored over 17 h. The S, of ivermectin was 2.00
* 0.05 mg/L, and just like that for albendazole, it doubled in
the presence of 1% DMSO. Literature data regarding the sol-
ubility of ivermectin are scarce and inconclusive, ranging from
9 mg/L [4] to 4 mg/L [1], and the measured S is at the higher
end of the reported literature data.

We did not measure the S, of morantel, because it is pos-
itively charged at pH 7 and 7.4. Therefore, its solubility is not
limiting in our tests. The apparent solubility in algal growth
medium was 423 mg/L. The solubility of albendazole in algal
medium was very similar to its S, (Table 1). In contrast, we
could dissolve 50% less ivermectin in the algal medium than
was expected from S.

The solubility (Table 1) is lower than one would expect for
compounds in this range of hydrophobicity, as can be dem-
onstrated when applying the log S,—log K relationship given
by Avdeef [19] (Eqn. 7):

log S, (mol/L) = — 0.63-log Koy — 2.00 (7)

If this equation is applied to albendazole, we get a log S, of
—3.98, whereas the experimental value is 108-fold lower. The
same holds for ivermectin, for which the predicted solubility
is 40-fold higher than the measured S,, presumably because
of the bulkiness of the molecule, which requires more water
molecules to solubilize it. The comparison cannot be done for
morantel, both because it is fully protonated and positively
charged at pH 7 and because the apparent solubility is 30-fold
higher than the predicted S, of the neutral species.

Uptake in liposomal membranes

The Dy, (pH 7) values are listed in Table 1. The experi-
mental log Dy, (pH 7) of the zwitterionic albendazole agrees
very well with the prediction from the Ky, of this substance
(computational method described by Escher et al. [22]) (Table
1). We use this QSAR model under the assumption that a
zwitterion behaves as a neutral molecule. The good agreement
between experimental and predicted values confirms the va-
lidity of this assumption.

The positively charged morantel has a lower affinity to the
membrane than predicted from the QSAR model described
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Fig. 1. Solubility (S) measurements of (a) albendazole and (b) iver-
mectin at 25°C and pH 7.4. Black dots correspond to the data measured
with the modified shake flask method [26] in the presence of 1%
(v/v) dimethyl sulfoxide (DMSO), and open circles correspond to the
data determined using the pDISS Profiler™ (pION, Woburn, MA,
USA) in the presence of background solid (powder). Error bars denote
the standard deviations of the averages of six replicates.

above (Table 1), but the difference of less than one order of
magnitude is well within the variability of the partition pre-
diction model, in which we assume that the liposome—water
distribution coefficient (Kj,,) of the neutral species is 10-fold
higher than that of the corresponding charged species. In fact,
experimental Ky, values for positively charged amines vary
considerably, from being almost equal between the two cor-
responding species to a difference of two orders of magnitude
(for a compilation of literature data, see Escher and Sigg [16]).

It was not possible to determine Dy;,,, (pH 7) for ivermectin.
The equilibrium dialysis method did not work, presumably
because a high fraction of ivermectin sorbed to the dialysis
membrane. We could not confirm this assumption, because no
mass balance could be measured. Alternatively, it is possible
that the diffusion across the dialysis membrane is too slow for
a high-molecular-weight compound like ivermectin. Size ex-
clusion cannot be the cause, because the dialysis membrane
has a cutoff of 10,000 Da. The porous diffusion coefficient,
however, slows considerably with an increase in molecular
weight. If we consider a porous membrane with a cutoff of
10,000 Da, like the one used here, then a compound with a
molecular weight of 800 g/mol takes approximately 10-fold
as long to diffuse through this porous membrane as compared
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base morantel was measured as a function of pH, and the intrinsic
permeability (P,) was extrapolated from the slope of the pH-partition
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aqueous permeability P, was determined by linear extrapolation to
0% PEG (> = 0.997, s = 0.039).
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to a compound with a molecular weight of 200 g/mol [36].
The ultracentrifugation method also produced artifacts. In
many replicates of the experiments, we found highly variable
but, on average, equal concentrations between the ultracentri-
fugation vials without and with liposomes, which were below
the solubility limit determined above. Presumably, there occurs
a colloidal agglomeration of ivermectin that is assigned to the
soluble fraction after low-speed centrifugation but that actually
precipitates in the ultracentrifuge. For the toxicity QSAR mod-
els, the predicted K, (= Dy, (pH 7) for the neutral iver-
mectin) was used.

Membrane permeability

Figure 2a and b shows the permeability profiles for morantel
citrate and albendazole. The P, of the neutral species of mor-
antel (Fig. 2a) and albendazole (Fig. 2b) was deduced from
plots of P, as a function of pH at different stirring speeds (i.e.,
different ABL thicknesses). From these plots, it is possible to
deduce P, by extending the pH partition line to the measured
pK, as the inflection point.

Solid lines in Figure 2a and b indicate the best fit of the
P, values, log P, (filled circles), as a function of pH, according
to the logarithmic form of Equation 3. The dashed-line P,
curves, log P, versus pH, result when the calculated ABLs
(dotted horizontal lines) are factored out of the P, values (Eqns.
1 and 2). The solid-line curve in Figure 2a is an example of
ABL-limited transport, because at its maximum extent, it is
substantially below the dashed-line curve. The permeability
of albendazole (Fig. 2b) reflects the two macroscopic pK, val-
ues of the amine at 4.21 (from positively charged to zwitter-
ionic) and at 10.43 (from zwitterionic to negatively charged).
Only the lower inflection point of the pH profile was used to
deduce the intrinsic permeability of the neutral (zwitterionic)
species. These extrapolated P, values were 891 X 1073
cm/s for the neutral species of morantel and 7.59 X 10~*
cm/s for the neutral species of albendazole.

The P,, of the neutral ivermectin was measured with PAM-
PA in the presence of 15 to 40% PEG400 because of the
solubility problems. The measured P, lay in the range of 8 X
107¢ cm/s (30% PEG400) to 1.7 X 10~* cm/s (15% PEG400)
(Fig. 2c¢). A linear correlation of log permeability (log P,) as
a function of the fraction of PEG400 allowed the linear ex-
trapolation to pure water, and the corresponding P, in aqueous
solution was 6.17 X 1073 cm/s (Fig. 2c).

The experimentally obtained log P, values were compared
with the QSAR prediction given by Equation 8, which was
derived for a large compilation of 164 common drug molecules
[19]. As expected, P, increased with increasing lipophilicity,
with a slope close to one, which means that an increase in
hydrophobicity by a factor of 10 corresponds to the same
increase in permeability:

log P, (cm/s) = 1.18-logKyy — 5.68 (8)

The predicted values of P, (Fig. 3) were higher than the cor-
responding experimental values by a factor of 2.2 (ivermectin),
5.3 (morantel), and 14 (albendazole). The values for ivermectin
and morantel lie well within the range of variability of the
QSAR prediction [19]. The 14-fold lower experimental P, of
albendazole as compared to the QSAR prediction can be ra-
tionalized by the fact that albendazole actually is a zwitterion
and that the permeability is expected to be hindered because
of its relatively large dipole moment (6.2 Debye for the oxi-
dized form of albendazole [37]).
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Fig. 3. Correlation of intrinsic membrane permeability of the neutral
species (P,) as a function of the log octanol-water partition coefficient
(Kow)- Solid line corresponds to the quantitative structure—activity
relationship (QSAR) regression line of the parallel artificial membrane
permeability (PAMPA) measurements (Eqn. 8) [19], and dotted lines
indicate the band of one order of magnitude higher and lower P,
values and experimental data from Table 1.

Because the P,, of ivermectin does not show any unusual
behavior, we conclude that the inability to quantify the Dy,
(pH 7) is an experimental problem and not a result of negligible
uptake. Therefore, we used the estimated Dy, (pH 7) for the
TR analysis reported below. Note, however, that the PAMPA
membrane contains a large fraction of dodecane and, therefore,
cannot perfectly mimic the steric constraints of biomembranes.

Consequences for bioconcentration in fish

Bioconcentration of ivermectin Bla was measured in blue-
gill sunfish [38] and in sturgeon [14]. In those studies, a bio-
concentration factor 50-fold lower than expected from the Ky
was found because of an unusually low uptake rate. Van den
Heuvel et al. [38] hypothesized that this unusual behavior
resulted from steric constraints, because the large molecular
dimension of 17.0 X 18.7 X 18.4 A surpasses the size-exclu-
sion limits proposed by Opperhuizen et al. [39] for superli-
pophilic compounds.

The extremely low uptake rate constant in fish is not con-
sistent with the experimental permeability obtained in the pres-
ent study, although a PAMPA system was shown to be a good
in vitro model to predict the uptake rate constant in fish [20].
The discrepancy may result from the low solubility of iver-
mectin reducing the available concentration for biological up-
take. The assumption of size exclusion also may hold for iver-
mectin, however, because the PAMPA membranes contain a
significant amount of dodecane, which does not form a highly
organized structure as biomembranes.

Parasiticide stability under biotest conditions

Wislocki et al. [6] reported photolytic degradation of iver-
mectin B1 in sunlight with a decay half-time of less than 12
h. Therefore, we tested the stability of the investigated para-
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siticides under the conditions of the biotests, some of which
had to be conducted in the light.

The morantel concentration decreased by more than 60%
during 24-h incubation in the light at 260 wE/m?/s. Addition-
ally, an unknown substance appeared in the HPLC with a
retention time of approximately 1 min before that of morantel.
The degradation was not induced by light, because in the dark,
some of the unknown degradation products were detected, al-
beit in smaller fractions. By optimizing the experimental con-
ditions of the bioassay, we could reduce the formation of the
degradation product to 2 to 10%, and we assumed that it con-
tributed in a negligible way to the toxicity burden. This as-
sumption can be rationalized as follows: With few exceptions,
environmental degradation products and metabolites of drugs
are of lower hydrophobicity, which is the case here because
the retention of the unknown compound in the reverse-phase
HPLC is lower than that of the parent compound. Unless a
new toxicophore is formed and the transformation product
shows a new specific mode of toxic action, which we assume
to be unlikely based on structural analysis of the parent com-
pound, the toxicity of the product also is lower by the same
factor as the decreases in hydrophobicity [40].

On addition of algae in the dark, albendazole did not sig-
nificantly change its dissolved concentration. After 24-h in-
cubation in the light, however, 38 to 54% of albendazole had
disappeared in the absence of algae and 24 to 42% in the
presence of algae, pointing to photodegradation.

For ivermectin, we could not measure concentrations using
HPLC if algae were added to concentrations below the solu-
bility, presumably because of significant sorption to and uptake
into the algae. Therefore, we determined the maximum con-
centrations in the presence of algae. In this situation, the con-
centration at saturation was 0.69 * 0.12 mg/L, which corre-
sponds to that in the absence of algae (0.72 = 0.01 mg/L)
(Table 1). Ivermectin appeared to be stable during 24-h in-
cubation in the light at 260 wE/m?/'s, because no significant
difference was observed in the concentration in the dark and
in the light as well as in the presence and absence of algae.

Bioluminescence inhibition test

In the bioluminescence inhibition test, albendazole and
morantel showed a log-logistic concentration—effect curve
(Fig. 4a). Albendazole reached only 50% effect up to the sol-
ubility limit, but it was possible to derive an EC50. To obtain
a fit at all, however, it was necessary to fit the concentration—
effect curves with a constant slope of one. Knowing the exact
slope is necessary if 5 or 10% effective concentrations are to
be deduced from the concentration—effect curve. The EC50 is
fairly robust, however, and is not much influenced by the slope,
because it can be considered as an anchoring point for the
concentration—effect curve. The resulting EC50s are listed in
Table 2. The EC50 for albendazole was 4.6 mg/L, which is
fivefold less sensitive than the value reported by Oh et al. [10].

In contrast, up to the solubility limit, no significant effect
of ivermectin could be measured (Fig. 4a). The highest con-
centration measurable using HPLC (after incubation and cen-
trifugation of the bacteria) was 0.24 pM (0.21 mg/L), which
was slightly lower than the solubility limit in the algal medium.
The maximum effect achieved at 0.21 mg/L was 25%, but
scatter was large: At the same concentration, 0% effect also
was measured. Tisler and Erzen [7] reported an EC50 of 0.69
mg/L for the 30-min bioluminescence inhibition test with V.
fischeri.
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test vial by high-performance liquid chromatography (HPLC).

When comparing the derived EC50s with QSARs for base-
line toxicity (Eqn. 5), it is evident that albendazole and mor-
antel act as baseline toxicants, with TRs (Eqn. 4) of 2.9 and
0.24, respectively. A deviation of the TR by a factor of three
to four from the ideal TR of baseline toxicants can be con-
sidered as acceptable given the uncertainties in the QSAR,
which was derived for neutral compounds and is now applied
to charged species as well and given the experimental vari-
ability. Therefore, TR = 10 typically is used as a criterion for
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baseline toxicity [7]. No final conclusion can be drawn for
ivermectin, because it was not soluble at the concentrations
theoretically needed to elicit a baseline toxic effect (32
mg/L).

Chlorophyll fluorescence test

In the chlorophyll fluorescence test, a maximum effect of
60% for morantel and ivermectin was observed up to the sol-
ubility limit, but a maximum effect of less then 20% was
observed for albendazole (Fig. 4b). Data variability was very
large (see confidence intervals in Table 2), which results from
all the uncertainty related to redissolution in the test vial, deg-
radation in the light, HPLC analysis, and so on. Therefore, the
concentration—effect curves were fitted with a constant slope
of one, as was done for the bioluminescence inhibition test.
Effect concentrations reported in Table 2 refer to analytically
determined concentrations in each vial. The relatively large
confidence intervals of the EC50s are related to the variability
caused by the difficult test compounds. They are untypical for
theses bioassays, in which quality-control reference com-
pounds 3.4-dichlorophenol for the bioluminescence inhibition
test and diuron for the algal bioassay confirmed the reliability
and quality of the bioassays [21,22]. Unlike studies by other
authors, we did not increase solubility of the test compounds
with cosolvent, because cosolvents interfere, in an undefined
way, with bioavailability and toxicity (see the discussion above
regarding the influence of cosolvent on solubility and per-
meability). In the present study, we added the test compounds
in a solvent, evaporated the solvent by a gentle nitrogen stream,
and redissolved the precipitated residue by test medium. Po-
tential loss of the compound because of evaporation to dryness
is accounted for by analyzing C,, at the end of each toxicity
experiment in every test vial. This is a more rigorous procedure
than typically applied but still has the uncertainty of slow
dissolution kinetics, because C, was determined in the test
vial after the exposure and after centrifugation of the bio-
material.

When comparing the EC50 to the predictions for baseline
toxicity, it can be concluded that morantel and albendazole act
as baseline toxicants whereas ivermectin has an excess toxicity
with an estimated TR of more than 50 (Fig. 5). Given that the
TR calculation was based on an estimated Dy, (pH 7), this
high TR does not allow the firm conclusion that ivermectin
shows a specific effect in algae; it can only be taken as an
indication.

The end point of photosystem II quantum yield after
24-h incubation (EC50, 0.94 mg/L) appears to be fivefold more
sensitive than the 72-h chronic growth inhibition end point,
which yielded an EC50 of 4.4 mg/L for D. subspicatus [7].
Additionally, D. subspicatus was more sensitive toward iver-
mectin than the green algae Scenedesmus obliquus and Chlo-
rella pyrenoidosa, which had EC50s of 9.9 and 7.3 mg/L,

Table 2. Median effective concentrations (EC50s) of the investigated parasiticides?®

Bioluminescence inhibition test

Inhibition of photosystem II quantum yield

EC50 (uM) EC50 (mg/L) EC50 (u.M) EC50 (mg/L)
Morantel 1,910 (1,750-2,080) 506 (464-552) 239  (204-280) 63 (54-74)
Albendazole 11.1 (8.2-16.0) 4.6 (3.4-6.6) >70 >30
Ivermectin >0.2 >0.2 1.0 (0.8-1.3) 0.91 (0.73-1.13)

2 Values in parentheses are the 95% confidence intervals.
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Fig. 5. Comparison of the median effective concentrations (EC50s)
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quantitative structure—activity relationship (QSAR) of baseline tox-
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< toxic ratio < 10). The EC50 for albendazole is extrapolated from
the limited available data; the liposome—water distribution ratio (Dy,,
(pH 7)) of ivermectin is estimated.

respectively, in a 96-h growth inhibition test [41] despite the
shorter exposure period.

Additional bioassays

The parasiticides were not active in the yeast estrogen
screen, a selective test of receptor-mediated estrogenic activity.
Ivermectin was tested in a concentration range from 1 nM to
1 uM, morantel from 5 nM to 1 mM, and albendazole from
50 nM to 50 uM. Even at the highest concentration, the in-
duction was less than 5%, which was within the range of the
variability of the negative control (evaporated ethanol). We
also explored the effect of the parasiticides on the estrogenic
effect of estradiol (i.e., a potential antiestrogenic effect). Com-
pounds that affect the uptake of estradiol or its binding to the
estrogen receptor have a quenching effect when an estradiol
concentration that elicits an approximately 50% effect on its
own is added to the assay. All parasiticides quenched the effect
of estradiol by 10 to 30%. This effect was not dependent on
concentration over six orders of magnitude, however, and the
variability of effect was large. Therefore, we conclude that the
parasiticides do not exhibit a direct antiestrogenic effect.

In the umu-Test for genotoxicity [21], ivermectin was tested
in a concentration range from 1 nM to 1 wM, morantel from
1 nM to 1 mM, and albendazole from 1 nM to 50 puM. In all
concentrations and both the absence and presence of activating
S9 liver enzyme extract, no induction of the umuC DNA repair
gene was observable. Also, growth of Salmonella sp. was not
impaired in this concentration range. Thus, we can conclude
that the test performed was valid but not positive.

CONCLUSION

Albendazole and morantel acted as baseline toxicants in all
test systems investigated during the present study. Together
with their relatively moderate hydrophobicity (accumulation
in biological membranes at pH 7 by a factor of 100 for morantel
and 3,000 for albendazole), one can conclude that they do not
pose a hazard to the aquatic environment. The picture might
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look different, however, if toxicity end points in target species
are evaluated.

In contrast, for ivermectin, it is not possible to draw a clear
conclusion. The large size of the molecule does not impair
uptake by passive diffusion, but quantitative data are difficult
to obtain because of experimental problems encountered when
measuring partitioning into biological membranes. The esti-
mated TR was greater than 10 in the algal chlorophyll fluo-
rescence test. The estimation is based on a rather limited da-
tabase, and the effect concentrations are extrapolations.

In conclusion, the three investigated parasiticides did not
show any unexpected effect on nontarget organisms and end
points. In target organisms (soil and aquatic invertebrates),
however, the ecotoxicity can be quite dramatic. For example,
the median lethal concentration of ivermectin toward daphnia
is as low as 25 ng/L [1,42,43]. When comparing this value
with the baseline toxicity QSAR for Daphnia magna [44]
(reformulated to Dy, (pH 7) as described by Escher and
Schwarzenbach [45]), a TR of 10° is obtained, pointing to a
very high specific toxicity for D. magna. Only the present
results concerning membrane permeability and membrane—wa-
ter distribution allow such a conclusion. Thus, a comprehen-
sive risk assessment should focus on this and other sensitive
end points, but the analysis should include the results for bio-
availability and membrane—water partitioning presented here.
The present, detailed study clearly shows that ivermectin in
particular is a compound that is difficult to handle because of
its low solubility, but it is not an unusual compound. Never-
theless, great care should be taken when handling ivermectin,
and effect analysis always should be accompanied by a rig-
orous chemical analysis of the bioavailable concentration in
the surrounding medium.
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