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Abstract: This study aimed to analyze whether enhancement of the biopharmaceutical efficiency of
mebendazole (MBZ), a poorly water-soluble anthelmintic drug, significantly improves its antipara-
sitic activity in a murine model of trichinellosis. Two advanced oral formulations were developed:
polyvinyl alcohol-derived nanoparticles (NP) and (3-cyclodextrin citrate inclusion complexes (Comp).
The NP and Comp formulations' physicochemical characteristics, pharmacokinetics, in vitro anthel-
mintic activity, and in vivo therapeutic efficacy against Trichinella spiralis encysted muscle larvae were
examined. The formulations showed smaller particle sizes and enhanced dissolution properties than
pure MBZ. The pharmacokinetics studies indicate that NP and Comp significantly improved MBZ
bioavailability. The in vivo activity was assessed during the parenteral stage of T. spiralis infection
in male and female mice from two genetically distinct lines differing in mebendazole pharmacoki-
netic parameters and susceptibility to the parasite. Both NP and Comp significantly increased meben-
dazole's anthelmintic activity against the encysted parasites, which would be attributed to the im-
proved MBZ absorption provided by these innovative formulations. The formulations overcome the
drug's poor solubility and low bioavailability limitations, resulting in a higher plasma concentration
of the active drug, even at low doses. In summary, these findings suggest that the newly designed
mebendazole formulations are suitable for treating 7. spiralis infection and highlight a potential
improvement in the pharmacological treatment of trichinellosis.
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1. Introduction

Neglected diseases are a diverse set of bacterial, viral, fungal, and parasitic infections considered
endemic and affecting more than one billion people in 150 countries, mainly undeveloped or eco-
nomically disadvantaged regions [1,2]. Trichinella spiralis (T. spiralis), a nematode parasite that infests
humans and a wide range of carnivorous and omnivorous mammals, is one such parasite that causes
considerable morbidity and mortality. The parasite is metabolically and evolutionarily dependent on
the host, creating a complex and permanent balance between both species [3] Though the host's im-
mune response limits parasitic aggression, it usually does not achieve the elimination of the foreign
agent [4]

Trichinellosis is the parasitic zoonosis caused by Trichinella spp., including Trichinella spiralis,
which humans contract primarily through consuming undercooked or raw meat contaminated with
encysted larvae [5]. It is a significant concern for public health, especially in regions with endemic
outbreaks like Latin America [6,7]. It should be noted that trichinellosis is a reemerging disease and
the seventh most important global parasitic infection [8,9]. The disease is characterized by its chronic
nature, posing a significant challenge to healthcare systems worldwide. Diagnosis and treatment in
the early stages are challenging, and effective procedures to limit the infection have not been found
to date. The pharmaceutical therapy available for treating these parasitic diseases consists of several
anthelmintic compounds, including mebendazole (MBZ) [10]. MBZ, a broad-spectrum anthelmintic
compound used for treating and controlling several parasitic infections, is currently on the World
Health Organization Model List of Essential Medicines. It is a member of the benzimidazole family
of drugs and exhibits broad-spectrum anthelmintic activity. Its unique chemical structure and
mechanism of action make it highly effective against various parasitic infections, including nematode
infestations such as trichinellosis. While it is usually well-tolerated, it may present common side
effects such as stomach pain, diarrhea, nausea, and dizziness. It is poorly water-soluble (1 pug/mL),
and its oral bioavailability is approximately 20 %, primarily due to its poor absorption and extensive
hepatic first-pass metabolism. This low systemic availability significantly affects its therapeutic
efficacy and overall clinical outcomes, particularly in systemic parasitic infections. The small amount
of absorbed MBZ binds strongly to plasma proteins (95 %) and is rapidly and partially metabolized
by the liver to form two predominant metabolites: methyl-5-(a-hydroxybenzyl)-2-benzimidazole
carbamate and 2-amino-5-benzoylbenzimidazole.

In this context, designing and developing new pharmaceutical formulations is decisive in
achieving optimal results after oral administration. We have been working on new derivatives of f3-
cyclodextrin (3-CD), a cyclic oligosaccharide composed of seven a-D-glucopyranose units linked by
a-(1—4) glycosidic bonds. B-cyclodextrin is widely used in the pharmaceutical, food, and cosmetic
industries due to its ability to form inclusion complexes with hydrophobic molecules, improving
their solubility, stability, and bioavailability.

The new (-cyclodextrin derivative (citrate-f3-cyclodextrin) exhibit enhanced water solubility,
making an exceptional carrier for incorporating hydrophobic compounds [11].

Nanoparticles (NPs) are materials with dimensions in the nanometer (nm) range. Their small
size endows them with unique physical, chemical, and biological properties, making them valuable
in medicine, pharmaceuticals, and environmental applications. The increased surface area of
nanoparticles enhances their solubility and absorption, further improving the bioavailability of active
compounds. Nanoparticle based formulations using hydrophilic polymers, such as polyvinyl alcohol
(PVA), serve as excellent delivery systems for active compounds administered by the oral route[12].

Therefore, the primary goal of this study was to develop nanoparticles and inclusion
complexes of MBZ to enhance its solubility, dissolution, and bioavailability, thereby improving its
therapeutic efficacy as an anthelmintic [13] The in vivo activity was evaluated during the parenteral
stage of T. spiralis infection in males and females from two mouse lines differing in the novel
formulations' pharmacokinetic parameters and susceptibility to the parasite. Using phenotypically
defined animal models is a significant step forward in understanding the role of the host genetic
background in resistance to parasitism and response to treatments. This approach may help identify
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the genes involved in the trait since genetic factors may influence a drug's efficacy and the likelihood
of an adverse reaction. Comparative analysis of extreme response phenotypes, such as the ones used
in these experiments, is instrumental in studies of the host-parasite relationship [14-17]and has been

rn

proposed as the procedure of choice in pharmacogenomics due to the phenotypes' "mendelian”
nature [18]. Furthermore, it plays an important role in evaluating the efficacy and safety of new
pharmaceutical devices as therapeutic alternatives for medical and veterinary use, potentially leading

to more effective treatments.

2. Materials and methods
2.1. Materials

Mebendazole (MBZ) and 3-cyclodextrin (3-CD) were supplied by Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). RPMI 1640 was obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany), whereas fetal bovine serum and gentamicin were purchased from Klonal (Argentina). All
other chemicals were of analytical grade.

2.2. Nanoparticle synthesis

MBZ (50 mg) was dissolved in formic acid (2.4 mL) and sonicated until complete dissolution.
The resulting solution was dropped over an aqueous solution of polyvinyl alcohol (PVA, 10 mL, 0.5
% p/v) under magnetic stirring at 1000 rpm for 10 min. Then, the suspension was dried using a Mini
Spray Dryer Buchi B-290 under the following controlled conditions: inlet temperature: 130 °C, outlet
temperature: 60 °C, airflow: 30 m3/h, feed rate 5 mL/min, and aspirator set 100 % [19]

2.3. B-cyclodextrin citrate and inclusion complexes synthesis

The p-cyclodextrin citrate (C-p-CD) and inclusion complexes were synthesized following the
procedure outlined by Garcia et al.(Garcia et al. 2014) Briefly, citric acid (10.57 mmol, 2.03 g) was
dissolved in water (1.2 mL), and 3-CD (1.76 mmol, 2.00 g) was added in 1:6 molar ratio. The reaction
mixture was refluxed at 100 °C for 6 h. Then, the product (C--CD) was precipitated employing
isopropanol and centrifuged at 6000 rpm. The precipitate was washed twice with isopropanol to
remove unreacted citric acid. Finally, C-p-CD was dried for 24 h at 60 °C, mortared, and stored in a
tightly closed bottle until use. The inclusion complexes (Comp) were prepared using the spray drying
method. MBZ (0.56 mol) was dissolved in formic acid (10 mL), and then C-$-CD (0.56 mol) and water
(20 mL) were added to the solution. The resulting solution was dried in a Mini Spray Dryer Buchi B-
290. The drying conditions were as follows: inlet temperature, 130 °C; outlet temperature, 70 °C;
airflow, 38 m3h; pump efficiency, 12 % (flow rate ~5 mL/min); vacuum cleaner, 100 %.

2.4. Particle Size Determination

The particle size of the NP and inclusion complexes was determined by imaging using scanning
electron microscopy (Leitz AMR 1600 T [Amray, Bedford, MA]), with an acceleration potential of 20
kV. Samples were sputter-coated with a gold layer to make them conductive. Then, to determine the
particle size, scanning electron microscopy images were analyzed using the Image]J software, a Java-
based graphic design program dedicated to image analysis to estimate size. The particle size of nano-
formulations was determined by using a Nano Particle Analyzer Horiba SZ-100 (Germany). Samples
were diluted (1:30) in filtered distilled water before measuring.

2.5. Solubility and Dissolution Studies

The solubility of MBZ in the different formulations was determined by adding an excess amount
in sealed vials with 5 mL of 0.1 N HCl in an orbital shaker at 180 rpm for 72 h. Afterward, the solutions
were filtered through 0.45 mm PVDF filters, and the drug concentration was determined by UV
spectroscopy at 285.0 nm (MBZ formulations) in a Shimadzu spectrophotometer. Dissolution studies
of MBZ and MBZ formulations were performed using a Hanson Research SR8 8-Flask Bath

d0i:10.20944/preprints202504.2256.v1
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equipment. The conditions were as follows: rotating paddle (apparatus II) speed of 75rpm (MBZ
formulations), dissolution medium HCI 0.1 N (900 mL), and temperature of 37.0 + 0.1 °C.

Dissolution efficiency of the dosage forms was calculated following the procedure proposed by
Khan, 2015 [21]. For each formulation, the dissolution efficiency (DE) was calculated as the
percentage ratio of the area under the dissolution curve up to time t to that of the area of the rectangle
described by 100 % dissolution during the same time (Q100) using the following equation:

Dissolution efficiency:

DE= (AUC . to/Qioo .t ) .100

The area wunder the dissolution curve was calculated using GraphPadPrism 9.5
(GraphPadSoftware, San Diego, CA).

Solubility and dissolution experiments were carried out in triplicate. Following USP procedures
[22]The dissolution medium for MBZ is 0.1 N HCI, which contains 1 % sodium lauryl sulfate, an
anionic surfactant.

2.6. Animal model

Adult mice (80-90 days old) of lines CBi/L and CBi+ from the Animal Facilities of the Instituto
de Genética Experimental, Facultad de Ciencias Médicas, Universidad Nacional de Rosario (CBi-IGE
stock) were used. These lines, obtained by divergent selection for body conformation, are in the 160t
generation of selective breeding, and their theoretical inbreeding coefficient is 0.99. The lines differ
in body shape (CBi/L, low body weight-long-tail; CBi+, high body weight-long tail) and weight (mean
+ SEM, g; CBi/L males 29.9 + 0.23; CBi/L females 27.2 + 0.21; CBi+ males 48.3 + 0.48; CBi+ females 44.9
+ 0.55), and characters related to growth [23]. Previous experiments demonstrated that these lines
also differ in response to infection with increasing doses of T. spiralis [24]. There was a significant
difference in the infection intensity among genotypes. Though the larval muscle load increased as the
infective dose rose, the magnitude of this increase was significantly different among lines: the
analysis of variables that estimate the resistance/susceptibility of the host, such as intestinal parasite
load and muscle larval load, allowed us to classify the CBi/L line as the resistant genotype and CBi+
as the most susceptible.

All the experiments with animals were done during the first half of the light cycle. Mice had
access to complete balanced feed for rats and mice (Gepsa Feeds, Grupo Pilar S.A., Argentina) and
water ad libitum. At the end of the experiment, mice were euthanized by inhalation of 70 % CO2 using
a chamber prepared ad hoc or by cervical dislocation.

Mice were handled according to the institutional regulations (Facultad de Ciencias Médicas,
Universidad Nacional de Rosario, permit number 1926/2020), which comply with the guidelines
issued by the Institute for Laboratory Animal Resources, National Research Council (2011).

2.7. Parasite

T. spiralis was generously provided by Dr. Maria Dalla Fontana (Laboratorio de Zoonosis,
Laboratorio Central de la Red Provincial de Laboratorios, Direccién de Bioquimica y Farmacia, Santa
Fe, Argentina). This parasite has been maintained in CBi mice since 2006. The strain was genotyped
as T. spiralis using multiplex polymerase chain reaction (Dr. Silvio Krivokapich, Departamento de
Parasitologia, Administracién Nacional de Laboratorios e Institutos de Salud ‘Dr. Carlos Malbran’,
Buenos Aires, Argentina, personal communication).

The Ll-infective larvae used in the infection were recovered by artificial digestion from the
muscles of mice from line CBi, infected 3—4 months earlier for that purpose, as described previously
(24]

2.8. In vitro analysis of the anthelmintic activity of the MBZ formulations
2.5.1. Preparation of T. spiralis female worms

CBi mice given an oral dose of 10 L1 T. spiralis larvae per g body weight were sacrificed in the
intestinal phase of the infection on day 6 post-infection (p-i), as already described [24]. The animals
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were euthanized, the small intestine was removed, cut into several pieces of roughly equal length,
and placed on Petri dishes with 8-12 mL of 0.85 % NaCl plus 250 pg/mL gentamicin (incubation
medium). Each piece was then opened lengthwise using small iris scissors, grasped with forceps,
agitated gently in the medium, and incubated for 4 h at 37 °C in 5 % COx. After incubation, the pieces
of the intestine were rinsed with the medium onto the Petri dish and discarded. All the content of the
Petri dishes was transferred to centrifuge tubes and centrifuged at low speed. The parasite pellet was
resuspended in approximately 2-3 mL RPMI 1640 medium supplemented with gentamicin and fetal
bovine serum (250 pg/mL and 10 % v/v, respectively) and placed in a sterile plate to identify and
separate the female worms for the assay.

2.8.2. Preparation of the antiparasitic solutions

As described elsewhere [11] MBZ, NP, and Comp stock solutions were prepared at a 10 mg
MBZ/mL concentration in dimethyl sulfoxide (DMSO). Briefly, the working solutions were
formulated with RPMI 1640 medium containing gentamicin (250 pg/mL) and DMSO (up to a
maximum of 2 %) to obtain a final concentration of 500 pg/mL of MBZ. They were stirred at room
temperature for 24 h and then filtered through sterile ethyl cellulose filters 0.2 um pore (Minisart®,
Sartorius Stedim Biotech, USA).

2.8.3. In vitro assay

The entire procedure was done under sterile conditions, as Priotti ef al. [12] described. T. spiralis
female worms obtained as explained above were incubated overnight in RPMI 1640 supplemented
with gentamicin (250 pg/mL) and fetal bovine serum (10 % v/v) at 37 °C in a 5 % CO:2 atmosphere
before being used. For the assay, females were placed in 24-well cell culture plates (10 to 12 per well)
containing the antiparasitic MBZ formulations to be tested supplemented with 10 % fetal bovine
serum. The MBZ solution was used as a positive control, and the culture medium with the solvent
was employed as a negative control. The worms were incubated in a humid 5 % CO2 atmosphere at
37 °C for 30 h and were observed with an inverted microscope at 2, 4, 7, 24, and 30 h. Female viability
was estimated at each time point by analyzing its motility and morphology to count it as “live” or
“dead.” The amount and motility of newborn larvae were also examined. The effect of the various
antiparasitic solutions on median worm survival was estimated using a survival curve analysis.

Each experiment was performed in duplicate, and data were corrected with the negative control.

2.9. Pharmacokinetic analysis

The preparation and administration of the solid dosage forms were performed following the
protocol outlined by Codina et al [25]. A pure or formulated MBZ suspension was mixed with
glycerin (50 mg powder/1 g glycerin) and sonicated to homogenize. Aliquots of this suspension were
added to Eppendorf® tubes to reach the dose of 15 mg MBZ/kg mean body weight for each line and
sex. Separately, 2.6 g gelatin powder was solubilized in 10 mL hot water (60 °C) to obtain a solution;
before the gelatin solidified, an aliquot of this solution (100 puL) was added to the Eppendorf® tube
containing the glycerin suspension. Next, the mixture was sonicated in a water bath at 60 °C, and 40
mg of powdered commercial chow was incorporated to make the preparation palatable so that mice
would eat it without waste. The final pharmaceutical dosage form contained pure MBZ or the
formulation, gelatin, and food powder. Glycerin and gelatin are GRAS (Generally Recognized as
Safe) excipients listed as inactive ingredients by the U.S. Food and Drug Administration. Finally, the
formulations were stored at 4 °C until administration.

CBi/L and CBi+ males and females were fasted for approximately 12 h, with free access to water
(n=93-99 per line and sex), and randomly divided into three groups to receive a single oral dose of
pure MBZ, NP, or Comp prepared as described. Following the procedures described by Codina et al.
[26], three to four animals per formulation were anesthetized after the drug administration with an
intraperitoneal injection of ketamine/xylazine 10:1, 5 min before blood collection. Whole blood
(approximately 1.5 mL) samples were taken by cardiac puncture at 0.3,0.6,1,1.2,2,2.5,3,4,5,7, and
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24 h post-treatment. Blood was collected into heparinized vials and centrifuged at 9000 rpm for 15
minutes to obtain plasma, which was transferred to a plastic tube and stored at -20 °C until HPLC
analysis.

2.9.1. HPLC analysis

The MBZ plasma concentration of each mouse was quantified by HPLC analysis using a
UVDAD detector (Agilent 1260 HPLC DAD). Briefly, each plasma sample (200 uL) was treated to
eliminate proteins by adding methanol (1 mL), frozen for 30 min at -20 °C, and centrifuged at 15000
rpm at 4 °C for 12 min. Then, the supernatant was evaporated under vacuum, and the dried samples
were frozen until analyzed. Samples were resuspended in 100 pL of mobile phase and filtered
through 0.2 um polyvinyl difluoride syringe filters (Agilent). The mobile phase consisted of 0.05 M
monobasic potassium phosphate buffer/methanol (40:60, v/v). Samples of 25 pL were injected, and
the analytes were eluted (flow 1.2 mL/min) from a column Zorbax Eclipse C-18 (150 x 4.6 mm; 5 pm).
The absorbance was measured at a wavelength of 247 nm. The analyte retention time was 3.8 + 0.2
min. A calibration curve was made with a control concentration MBZ, range of 0.25-4 ug/mL (R?=
0.99). MBZ was determined by comparing retention times with those of a pure reference standard[27].

2.9.2. Pharmacokinetic parameters

To estimate MBZ bioavailability in the different formulations, the parameters maximum plasma
concentration (Cmax), time to achieve the maximum plasma concentration (Tmax), and areas under the
concentration-time curve from 0 to 7 h (AUCo—) and from 0 to 24 h (AUCo-24) were measured[28].
AUCs were calculated using the trapezoidal rule. Pharmacokinetic parameters were expressed as
mean = SEM. The NP and Comp systems’ relative bioavailability (AUCr, %) was calculated for each
group as follows:

AUC:= AUCsystem /AUCwmsz.100

where AUCwsz is the mean value of the corresponding genotype and sex.

2.10. In vivo analysis of the anthelmintic activity of pure MBZ and its formulations
2.10.1. Infection

Since CBi/L and CBi+ mice show significant body weight differences, as already stated, adult
animals of both sexes were infected orally with an equivalent dose of 2 T. spiralis L1 larvae per gram
of the host’s body weight. Each animal was weighed before infection, 24—48 hours before treatment,
and before sacrifice. During the infection course, the general health of each mouse (overall physical
condition and behavior) was monitored three times a week [29].

2.10.2. Assessment of the new formulations’ therapeutic efficacy

The anthelmintic activity of pure MBZ and its new formulations were evaluated in the parenteral
stage of the parasite cycle. A single daily oral dose of MBZ, NP, or Comp was given to each mouse
(15 mg MBZ/kg body weight/day) in the parenteral phase of the infection on days 27, 28, and 29 p-i.
Six mice per line and sex were randomly assigned to the non-treated control (C) or treated groups
(MBZ, NP, or Comp). Seven days after the last dose, mice were sacrificed to determine the number
of encysted muscle larvae in the tongue. Briefly, the tongue was excised, weighed, and subjected to
artificial pepsin-HCI digestion, and after overnight incubation at 37 °C, the digestion was stopped
by adding saline. Next, the larvae were rinsed with saline several times to remove debris, and the
supernatant was gently removed after centrifugation at a very low speed (250 — 300 g) for 5 min.
Finally, the pellet containing all the tongue’s encysted larvae was resuspended in 2 mL saline and
placed in an acrylic plate to count them under an optical microscope at 40x magnification.

Each formulation’s anthelmintic efficacy was assessed by its effect on the larval muscle load
(relative larval load: rLL, number of L1 larvae per g fresh tissue). Also, the effect of the formulations
on the encysted L1 larvae viability (dead larvae percentage: proportion of dead muscle larvae/total
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muscle larvae recovered from each animal) was analyzed using the methylene blue supravital
staining technique, as already described [30].

2.10.3. Assessment of increasing doses of pure MBZ on its therapeutic efficacy

Higher concentrations of pure MBZ were administered to determine whether increasing the
dose significantly improved the drug's therapeutic outcome. Briefly, adult susceptible CBit+ mice of
both sexes orally infected with 2 T. spiralis L1 larvae/g of the host's body weight were randomly
assigned (n = 4 per sex, per treatment) to non-treated control (C) or treated groups receiving a daily
dose of 30 or 45 mg MBZ/kg body weight. As in the experiments described in section 2.10.2, the pure
drug was administered in the parenteral stage of infection on days 27, 28, and 29 post-infection. Seven
days after the last dose, mice were sacrificed, and the number and viability of the tongue's encysted
muscle larvae were determined to evaluate anthelmintic efficacy. The results were compared with
those obtained from animals treated with the pure drug or the formulations at a dose of 15 mg
MBZ/kg body weight.

2.11. Statistical analysis

Survival curves were calculated using Kaplan and Meier’s product limit method (GraphPad
Prism® 9.5; GraphPad Software, Inc., San Diego, California, USA). The significance of the difference
among survival curves was determined with the log-rank test.

The statistical significance of the differences among treatment groups was assessed with a one-
way analysis of variance (ANOVA), followed by Tukey post-test or the nonparametric Kruskal-
Wallis” test and Dunn’s test, as appropriate [31]. Comparisons between sexes within genotype and
treatment were analyzed with Student’s t-test or the nonparametric Mann-Whitney test. Differences
were considered significant if P < 0.05.

3. Results and discussion
3.1. Particle Size, Solubility, and Dissolution Studies

The physicochemical characteristics of the new formulations were studied, and particle size,
solubility, dissolution efficiency (DE), and dissolution rate (DR) were measured (Table 1).

Table 1. Solubility and dissolution efficiency and particle size of the different formulations.

Solubility in  Solubility = Dissolution = Dissolution

Drug HC10.1N increase Efficiency Efficiency Particle size#
(mg/ml) (fold) (%) Increase (fold)
MBZ 0.025 +0.003 - 20.6 0.1 - -
MBZ-NP 0.53 £0.040 21 742+0.5 7 500 nm
MBZ-Comp 2.015 + 0.009 81 87.4+0.3 8 5 um

# mean diameter.

The novel systems, nanoparticles (NP) and (3-cyclodextrin inclusion complexes (Comp) showed
decreased particle size and improved solubility and DR compared with the pure drug. In both
formulations, MBZ particles' size decreased by 2-98 times: Comp exhibited particles with less than 5
pm mean diameter, and NP nanoparticles were under 500 nm and monodispersed.

NP increased MBZ solubility and DR but to a much lower extent than the pure drug. Comp
presented the best dissolution profile, indicating that (3-cyclodextrin citrate should be the excipient
of choice to improve the solubility of poorly water-soluble active pharmaceutical ingredients. It
should be expected that, as particle size decreases, the aqueous solubility properties of the new orally
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bioavailable MBZ formulations improve positively, thereby impacting the drug's systemic absorption
[32].

3.2. In vitro assay

Figure 1 and Table 2 show the effect of NP and Comp on the survival curves and survival
parameters of the female parasites cultured for 30 h in medium RPMI 1640 containing the MBZ
formulations. The Kaplan-Meier estimates revealed a lower survival time for the new MBZ systems,
thus improving MBZ parasiticidal activity (P = 0.023). The NP formulation was considerably more
efficient than pure MBZ (P = 0.009), with a median survival of 30 h and a proportion of live worms of
47.6 % at the end of the experiment; the survival estimates of Comp did not differ significantly from
that of the pure drug in the period analyzed.

The effect of the formulations on the newborn larvae released by T. spiralis females exposed to
the antiparasitic solutions was also examined. Neither MBZ nor the formulations affected the
mobility of the T. spiralis newborn larvae during the studied period, notwithstanding that fewer
larvae were observed in the wells containing the NP system.

It is known that increasing the solubility of an active pharmaceutical ingredient can be achieved
by "particle size reduction," which leads to an increase in surface area and a faster dissolution rate
[33-36]. The particle size of the nanoparticles in this formulation was small enough to facilitate the
rapid passage of the drug through the cuticle of T. spiralis females, thus disrupting the reproductive
capacity of the female worms and producing some degree of infertility during the in vitro assay.

The NP formulation's significant improvement in efficacy suggests that it could be a promising
alternative to traditional MBZ treatments.

100 -6 MBZ
E _____ = NP
s 0 o - COMP
@ A
E 60
1
K o
40
oA
4/
0 10 20 30

Time (h)

Figure 1. Analysis of the in vitro parasiticidal effect of the MBZ pure drug and the new formulations on T. spi-
ralis adult worms. Survival curves of T. spiralis females cultured with the different MBZ antiparasitic solutions
were generated using the Kaplan-Meier product limit method. The significance of the differences between

curves was estimated with the log-rank test.

Table 2. Effect of the MBZ formulations on the survival parameters of T. spiralis females after 30 h incubation
in RPMI 1640 medium containing the MBZ systems.

Median survival Survival proportion
Formulations
(hours) after 30 h (%)
MBZ 2 Undefined 79.3
NP? 30 47.6
Comp @ Undefined 68.2

Data in the table are derived from the Kaplan-Meier survival curves generated with GraphPad Prism version
9.5. The significance of the differences among formulations was calculated with the log-rank test. Groups not
sharing the same superscript differ significantly (P < 0.025).
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3.3. Pharmacokinetic analysis

The NP and Comp systems' bioavailability was evaluated by measuring MBZ plasma
concentration levels and comparing them to pure MBZ. Figure 2 shows the plasma levels of MBZ as
a function of time after a single oral dose of pure MBZ, NP, or Comp given to CBi/L and CBi+ animals
of both sexes. Tables 3 and 4 summarize the pharmacokinetic parameters maximum plasma
concentration (Cmax), time to reach the maximum concentration (Tmax), and area under the plasma
drug concentration versus time curve (AUC), derived from the bioavailability curves for CBi/L and
CBi+ mice, respectively.
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Figure 2. Plasma MBZ concentration-time profiles after oral administration of a single dose of pure MBZ, NP,
or Comp (dose, 15 mg MBZ/kg body weight) to male and female mice of the lines CBi/L (A) and CBi+ (B). Each

time point represents the mean + SEM of 3 mice.

Two of the three bioavailability parameters examined in this analysis, Cmax and AUC, showed a
genotype effect in the MBZ group: CBi/L mice had significantly higher Cmax ((3) P = 0.044; (@) P =
0.007) and AUC ([J) P = 0.085; (@) P = 0.014) values than CBi+ animals. The variation in the
pharmacokinetic response observed in this group is only attributable to the host's genotype [37,38]
since the parameters did not show a sex effect.

Formulating drugs with poor water solubility as nanoparticles or cyclodextrin complexes has
proven to be an effective strategy for increasing the drug’s plasma levels.

Table 3. Pharmacokinetic parameters for MBZ obtained after oral administration of MBZ, NP, or Comp to

male and female CBi/L mice*.

Formulations
Parameter Sex
MBZ NP Comp

) 1.3+0.31~ 2.3+0.28P 1.7+0.42 b
Cnax (pg/mL) #

Q) 1.3+ 0.26 2 22+0.08" 1.7+0.20 b

& 0.66 0.66 0.66
Tumax (h)

Q) 0.66 1.33 1.33
AUCos . &) 2740822 8240340 5.1+1.00 b

(pg-h/mL) # @ 3.9+0.632 74+1.162 6.4+1.242
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AUCons . © 8.4+3.372 12.6 +0.69 * 14.1+2.30 2
(ug-h/mL) # @ 7.2+1.534 11.3+2.292 11.1+1.102
i 204 88
AUCro7n (%)
@) 90 64
© 50 67
AUCro-241 (%)
) 57 54

*Mice were given a single oral dose of 15 mg MBZ/kg body weight. MBZ: pure mebendazole; NP: MBZ nano-
particles; Comp: MBZ inclusion complex with B-cyclodextrin citrate. # Mean + SEM. Differences among the
treatment groups within sex were estimated using a parametric ANOVA followed by Tukey’s multiple com-

parisons test. In each row, groups that do not share the same superscript are significantly different (P <0.025).

Table 4. Pharmacokinetic parameters for MBZ obtained after oral administration of MBZ, NP, or Comp to

male and female CBi+ mice*.

Formulations
Parameter Sex
MBZ NP Comp
&3] 03+0.112 1.5+0.08° 1.1+0.04 ¢
Cnax (pg/mL) #
© 0.2+ 0.02 2 1.3+0.09¢ 1.4+0.08°
&3] 0.66 3 5
Tmax (h)
© 0.66 1.33 1.33
AUCos N &) 0.4+0.202 54+0.18° 47+050°
(ugh/mL) # @) 0.6 +0.08 5.7+0.350 5.3+0.63"°
AUCo2 N &) 0.7+033a 9.8+254"b 81+1.13"b
(ugh/mL) # @) 1.8+0.40 2 10.1+0.62b 9.0+1.98"b
S) 1250 1175
AUCro7n (%)
© 850 783
& 1300 1057
AUCro-241 (%)
@ 461 400

*Mice were given a single oral dose of 15 mg MBZ/kg body weight. MBZ: pure mebendazole; NP: MBZ nano-
particles; Comp: MBZ inclusion complex with (-cyclodextrin citrate. # Mean + SEM. Differences among the
treatment groups within sex were estimated using a parametric ANOVA followed by Tukey’s multiple com-

parisons test. In each row, groups that do not share the same superscript are significantly different (P <0.025).

This enhancement directly addresses the limitations of poor bioavailability, allowing for
improved systemic drug exposure and therapeutic outcomes [39,40]. In this animal model, the effect
of NP or Comp on MBZ bioavailability depends on both the host genotype and sex. In CBi/L mice
(Table 3), NP led to a higher plasma concentration and a significantly increased Cmax compared to
animals receiving pure MBZ ([3) P = 0.04; (@) P = 0.01); mice given Comp showed a nonsignificant
increase in the parameter (P > 0.05). Conversely, in CBi+ mice (Table 4), both NP and Comp led to a
higher Cmax than those treated with pure MBZ ((S) P = 0.0002; (@) P < 0.0001). Notably, only CBi+
males showed differences between formulations: NP improved Cmax compared with those receiving
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Comp ([J) P =0.0029). This difference between formulations was not observed in CBi+ females nor
CBi/L animals (P > 0.5), thus implying a genotype x sex interaction in the MBZ formulations'
bioavailability [41]. Tmax values also showed genotype and sex effects in the groups receiving the
formulations. Regardless of genotype, females given NP or Comp doubled the Tmax value obtained in
the MBZ group; CBi/L males administered the new systems did not modify Tmax, while CBi+ males
increased it 3 to 4-fold (Table 4). These results also reveal a genotype x sex interaction for Tmax. In
summary, the rate of absorption of MBZ estimated by both Tmax (an indirect and approximate
measure of the duration of the absorption process) and Cmax (partly determined by the balance
between rates, rate of entry, and rate of exit) was affected by the sex and genotype of the host in this
animal model.

Differences attributable to genotype were also observed in bioavailability after oral
administration, estimated by computing AUC. AUC increased in all CBi/L groups (Table 3), as
reflected in AUCr; however, only CBi/L males given NP had a significantly higher AUCo- than those
receiving pure MBZ (P = 0.004). CBi+ males and females treated with NP or Comp (Table 4)
significantly increased AUCo7 compared to pure MBZ (@ P=0.015; () P= 0.006), but there were no
significant differences between the formulations (P > 0.05). Although AUCo7 and AUCo-24 did not
show a significant sex effect (P > 0.05) in any formulation, in both genotypes, the relative
bioavailability (AUCr) showed differences between sexes. Males given NP or Comp had an average
higher increase in AUCro~ than females of the same genotype and treatment group. CBi+ males
displayed higher values than CBi+ females in AUCro-24 for both formulations.

Biological sex is a significant source of variation in the responses to pharmacological treatments
due to its effect on genes involved in the metabolism and transport of the active pharmaceutical
ingredient and excipients [42] the magnitude of sex differences depends on the substrates and
metabolic pathways involved [43]. Additionally, recent reviews have emphasized the role of sex as a
biological variable significantly influencing the efficacy and toxicity of therapeutic nanomaterials.
There is compelling recent evidence that sex differences can alter the efficacy of nanoparticles at the
cellular level. Among other factors, the level and pathway of nanoparticle uptake and intracellular
trafficking in certain human cells are heavily influenced by sex; furthermore, the composition of the
biomolecular/protein is affected by sex-specific paracrine factors [44] Anatomical and physiological
differences between sexes impact nano drugs' four main processes: absorption, distribution,
metabolism, and excretion [45]. There are some differences in the functioning of the gastrointestinal
system between males and females. Female sex hormones, gastric hormone receptors, and nitric oxide
influence gastric motility, likely resulting in decreased contraction frequency and slower gastric
emptying, as observed in rats. Sex-dependent differences in body composition can also affect the
distribution of pharmacological or non-medicinal formulations: males and females have distinct total
body water distribution and differences in muscle and fat distribution.

The observed differences could also involve cytochrome P450 enzymes. CYP genes are highly
polymorphic and represent a significant pharmacokinetics and drug response variability source.
Additionally, several CYP genes have been documented to have sex-dependent expression or activity
in rodents and humans [46-48]. CYP3A4 is a critical hepatic cytochrome that metabolizes up to 50 %
of all drugs and is the most abundant CYP isoenzyme in the human liver. Most clinical studies
indicate that women metabolize drugs faster than men [49], as was observed in our animal model;
though not significant, females tended to achieve a lower AUC than males. Recognizing the sources
and understanding the factors contributing to pharmacokinetic and pharmacodynamic variability
within and between individuals remains a significant challenge, especially for drugs with a narrow
therapeutic index [50,51].

3.4. In vivo anthelmintic activity of MBZ formulations

The in vivo therapeutic efficacy of the MBZ formulations and the comparison of their
effectiveness with that of the pure drug were assessed in the chronic stage of the infection with
Trichinella spiralis in mouse lines CBi/L and CBi+ of the CBi-IGE animal model of trichinellosis (Table 5) [24].
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During this study, animals neither significantly changed their body weight nor showed signs of
impaired health status. Also, signs or symptoms of trichinellosis or adverse effects resulting from the
treatments were not observed.

The level of infection in each animal, measured through the relative muscle parasite burden
(rLL), showed significant differences between lines.

As expected, CBi/L mice of the control group showed significantly lower rLL than CBi+ controls
(P <0.001). This result is directly related to genotypic differences between these lines: CBi/L behaves
as resistant against infection with T. spiralis and has a very low parasite load compared to the highly
susceptible CBi+ genotype. Contrary to what other authors have observed, treatment with pure MBZ
on days 27, 28, and 29 post-infection did not reduce the number of muscle larvae recovered compared
to the control animals. The different responses could result from using dissimilar treatment protocols,
mainly higher doses of MBZ, either administered twice a day or for more extended periods [52-54].

As stated by Wesotowska [55], the sex of a host affects the intensity, prevalence, and severity of
helminth infection. One sex may be more susceptible than the other, with the prevalence and intensity
of helminth infections being generally higher among male than female hosts. Nevertheless,
exceptions may exist. Table 4 shows that rLL on day 37 p-i was significantly lower in animals treated
with NP or Comp compared to control or pure MBZ groups, regardless of genotype and sex.
However, CBi/L females and males did not respond equally to treatment; females showed a higher
muscle larval load than males in the three treatment groups (P < 0.05). This sex effect was not
observed in treated CBi+ mice or the control groups.

The improvement in therapeutic efficacy achieved with the MBZ formulations was also
observed when determining the viability of the recovered muscle larvae. Though CBi/L and CBi+
control animals showed significant differences in the proportion of dead L1 larvae, the treatment
groups did not exhibit this genotype effect. Males and females from both lines, given NP or Comp,
showed a major increase in the proportion of dead larvae, as estimated using the methylene blue test.
CBi+ males and females and CBi/L females receiving the formulations showed a significantly higher
proportion of dead larvae compared to their controls or MBZ-treated groups (CBi+: (3] P = 0.0043;
(@) P =0.0005; CBi/L: (@) P = 0.0122). Though CBi/L males given the formulations also showed an
increase in the proportion of dead larvae, the difference was not statistically significant. The lack of
significance would be, in part, a consequence of a reduction in the sample size since of the six male
mice studied in each group, L1 larvae were not recovered in 3 animals of the NP group and 1 of the
Comp group.

CBi+ males and females treated with 30 or 45 mg MBZ /kg showed a 40 % decrease in muscle
rLL compared with the control mice or treated with 15 mg MBZ/kg (Figure 3).

Figure 3. Representative micrographs of Trichinella spiralis L1 larvae recovered after artificial digestion of the
tongue of mice in the chronic stage of the infection, stained with the methylene blue supravital technique
(magnification 40X). A) The solid arrow indicates a dead L1 larva obtained from a mouse treated with MBZ

showing the characteristic “comma” shape and blue color; dashed arrows point to live, unstained L1 larvae. B)
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Dead, non-viable L1 larva from an NP-treated mouse exhibiting an altered internal morphology and light blue

staining (solid arrow).

However, despite increasing the dose of pure MBZ, animals treated with NP or Comp still
showed a significantly lower muscle load (@, P <0.0001; (@), P= 0.0036) and a higher dead larvae
percentage compared with the pure MBZ ((J), P = 0.0005; (], P < 0.0001). The efficacy of increased
MBZ dosage in treating T. spiralis infection was low compared to what other investigators have
reported. This variation in the response observed among experiments could be due to different
treatment regimens, parasite strains, and experimental models.

Figure 4 shows dead larvae recovered from mice of either sex or genotype treated with NP or
Comp, which exhibited a highly altered internal structure. Furthermore, they were [56-59] stained in
a light blue, [60]almost transparent color and localized on the solution's surface (Fig. 4B). In contrast,
dead larvae obtained from MBZ-treated animals showed a dark blue stain, maintained the typical
internal structure, and were found at the bottom of the plate (Fig. 4A).
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Figure 4. Comparative study of the therapeutic efficacy of increasing mebendazole dose vs. a low dose of the
new formulations in T. spiralis-infected CBi+ mice. The drug was administered in the chronic stage of the infec-
tion. A) Relative larval load: total muscle-encysted larvae per g of fresh tissue. Larval load was measured in
the tongue, a preferred site of encystment in mice. B) Dead larvae percentage: proportion of dead muscle lar-
vae/total muscle larvae recovered from each animal. The significance of the differences among groups was
evaluated by a one-way ANOVA, using Bonferroni’s post-test for comparisons between groups (Relative larval
load) or by the nonparametric Kruskall-Wallis” test and Dunn’s test for between-groups comparison (Dead lar-

vae percentage).

During the parenteral phase, T. spiralis larvae penetrate muscle cells, modifying them and
creating a protective niche known as a nurse cell or larval cyst, a new capillary network, originating
from pre-existing blood vessels and required for the larvae's nutrition and waste elimination, forms
on the surface of the nurse cell. The larva/nurse cell complex is characterized by promoting chronic
inflammation at the site of infection, sustained by the "invasion" of the infected muscle tissue by the
host's immune cells that attempt to destroy it [61]. Histological studies by other authors concluded
that MBZ acts primarily on the tissue surrounding the larvae, causing larval metabolites and antigens
to enter the host's circulation, eliciting more intense immune and inflammatory responses. MBZ
induces significant degenerative changes in the nurse cells, allowing inflammatory cells to infiltrate
and ultimately destroy the parasite. The anthelmintic action of MBZ disrupts the cellular components
of the cell matrix, turning each larva into an exposed antigenic focus that triggers cell-mediated
immunity. Notably, 80 to 100 % of the larvae recovered from CBi/L and CBi+ males and females
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treated with NP and Comp formulations were dead and showed destroyed internal structures. In
contrast, the few dead larvae recovered from animals treated with MBZ retained their internal
conformation. If the anthelmintic action of MBZ in the muscle phase is the result of combined
pharmacological and immunological effects, it could be hypothesized that a larger number of dead
larvae would stimulate a stronger immune response, leading to the destruction of the parasite's
internal structure, potentially resulting in the total disintegration of the larva. Such a situation could
explain the results obtained in male CBi/L mice, in which no muscle larvae were recovered, and the
finding of the differences in the structure of the dead larvae from each treatment group.

While MBZ has demonstrated a considerable effect on all stages of the T. spiralis life cycle in mice
treated with high doses, its use would be limited in clinical practice since MBZ has been found
effective only against newborn larvae present in blood vessels and lymphatics, but not against larvae
encapsulated in muscle cells [62]. Treatment of human trichinellosis is a complex matter since
antiparasitic treatment, control of inflammation, analgesic and symptomatic medication, and
rehabilitation in the case of chronic trichinellosis should be considered [63]. Prolonged oral high-dose
MBZ therapy may provide an effective anthelmintic response, but side effects such as Herxheimer-
like reactions may occur after the initiation of the specific treatment. These reactions are usually
observed following the massive discharge of antigenic molecules and immunologic stimulation and
can also be noticed in heavy infections. It should be stressed that MBZ is not recommended for
treating human trichinellosis in the muscle phase, as exacerbating the immune response generated
by the presence of the encysted larvae could provoke, as noted above, a reaction similar to a
dangerous anaphylactic shock [64].

4. Conclusions

The results showed that both formulations improved the therapeutic efficacy of MBZ in
genetically different hosts, reducing the parasitic load by 80-90 %. In the animal model employed,
the host's genotype contributed noticeably to the expression of sex differences in its pharmacokinetic
and therapeutic responses. The bioavailability analysis of pure MBZ revealed that host genotype
and sex significantly influenced the pharmacokinetic parameters of the drug. While these effects were
observed to a lesser degree in animals administered the formulations, they still played a role in the
absorption profile. The significant increase in anthelmintic efficacy of MBZ against already encysted
T. spiralis parasites would be primarily attributed to the improved absorption provided by these
innovative formulations, which overcome the limitations of the drug’s poor solubility and low
bioavailability, resulting in higher plasma concentrations of the active drug, even at low doses. These
findings suggest that the novel MBZ formulations are suitable for treating T. spiralis infection,
highlighting a potential improvement in the pharmacological treatment of trichinellosis.
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