Journal Pre-proof %

PHARMACEUTICAL
SCIENCES

Is intranasal administration an opportunity for direct brain delivery of e e e AR
lacosamide?

Joana Gongalves , Gilberto Alves, Carla Fonseca ,
Andreia Carona, Joana Bicker , Amilcar Falcdo, Ana Fortuna

PII: S0928-0987(20)30420-6

DOI: https://doi.org/10.1016/j.ejps.2020.105632
Reference: PHASCI 105632

To appear in: European Journal of Pharmaceutical Sciences
Received date: 10 September 2020

Revised date: 20 October 2020

Accepted date: 26 October 2020

Please cite this article as: Joana Gongalves, Gilberto Alves, Carla Fonseca, Andreia Carona,
Joana Bicker , Amilcar Falcao, Ana Fortuna, Is intranasal administration an opportunity for di-
rect brain delivery of lacosamide?, European Journal of Pharmaceutical Sciences (2020), doi:
https://doi.org/10.1016/j.ejps.2020.105632

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.ejps.2020.105632
https://doi.org/10.1016/j.ejps.2020.105632

Journal Pre-proof

Highlights:

e The first in vivo pharmacokinetic study of lacosamide after intranasal administration.
e Lacosamide intranasal administration enables direct nose-to-brain drug delivery.
e The in situ nasal gel has no impact on nasal and lung cells viability.

o Drug target efficiency (DTE) was 128.6% in the brain.
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Abstract

Lacosamide is well-known as an effective and safe anticonvulsant drug. Nevertheless,
there are also evidence of anti-epileptogenic, neuroprotective and antinociceptive
properties of lacosamide. It is currently available as oral and intravenous (IV)
formulations, and its brain concentrations and therapeutic effect depend on its
passage across the blood-brain barrier (BBB). Therefore, to circumvent the restrictive
BBB, we herein evaluated the intranasal (IN) administration of lacosamide.

Nasal thermoreversible gels were screened in vitro for their influence on the viability
of human nasal septum (RPMI 2650) and lung adenocarcinoma (Calu-3) cells.
According to the Alamar Blue test, the in situ gel composed of Pluronic F-127 (22.5%,
w/v) and Carbopol 974P (0.2%, w/v) did not affect cell viability, which remained higher
than 85%, within the concentration range of lacosamide.

The in situ gel was intranasally administered to healthy male CD-1 mice (8.33 mg/kg) to
describe the pharmacokinetic profiles of lacosamide in plasma, brain, lung and kidney
and compare them with those obtained after IV administration of the same dose.
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Accordingly, IN administration allowed a fast (tmax in plasma: 5 min) and complete
systemic absorption of lacosamide (bioavailability: 120.46%). Interestingly, IN
lacosamide demonstrated higher exposure (given by the AUC,) in the brain (425.44
ug.min/mL versus 274.49 pg.min/mL), but lower exposure in kidneys (357.56
ug.min/mL versus 762.61 pg.min/mL), in comparison to IV administration. These
findings, together with the ta in brain of 15 min, a drug targeting efficiency (DTE) of
128.67% and a direct transport percentage of 22.28%, evidence that part of
lacosamide reaches the brain directly after nasal administration, even though
penetration into the brain from the systemic circulation seems to be the major
determinant of brain exposure. Importantly, lacosamide concentrations found in lungs
following IN administration were considerably higher than those observed after IV
injection, until 30 min post-dosing (p < 0.05). Nevertheless, attained drug
concentrations were lower than those tested in vitro in the Calu-3 cell line (1-100 uM),
indicating that adverse effects are unlikely to occur in vivo.

Hence, it seems that the proposed IN route has potential to be a suitable and valuable

strategy for the brain delivery of lacosamide in emergency conditions and for the
chronic treatment of epilepsy and other neurological diseases.

Keywords

Lacosamide; Intranasal administration; Nose-to-brain delivery; Pharmacokinetics;
Refractory epilepsy

Abbreviations

AEDs, antiepileptic drugs; AUC, area under the concentration-time curve; AUC,, area
under the concentration-time curve from time zero to the time of last measurable
concentration; AUCeyrap, €xtrapolated area under the concentration-time curve; AUCiy,
area under the concentration-time curve from time zero to infinity; BBB, blood-brain
barrier; Byrainin/iv, brain bioavailability between IN and IV routes; Cpmax, maximum
concentration; CNS, central nervous system; CYP, cytochrome P450; CV, coefficient of
variation; LLOQ, lower limit of quantification; DRE, drug-resistant epilepsy; DTE, drug
targeting efficiency; DTP, direct transport percentage; Fans, absolute bioavailability;
HPLC, high performance liquid chromatography; IN, intranasal; IV, intravenous; P-gp, P-
glycoprotein; ty/,, half-life; tmax, time to reach the Cpay; SD, standard deviation; SEM,
standard error of the mean; VGSC, voltage-gated sodium channels
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1. Introduction

Lacosamide is unique among all marketed antiepileptic drugs (AEDs) due to its two
novel mechanisms of action and favorable pharmacokinetic and safety profiles. It
selectively enhances the slow inactivation of voltage-gated sodium channels (VGSCs),
in opposition to classic VGSC modulators, such as carbamazepine, phenytoin and
oxcarbazepine, which increase fast channel inactivation (de Biase et al., 2014). The
slow inactivation of VGSCs is an endogenous mechanism by which neurons reduce
ectopic hyperactivity and their modulation by lacosamide stabilizes hyper-excitable
neuronal membranes in a selective manner, decreasing repetitive neuronal firing.
Hence, lacosamide reduces the pathophysiological hyperactivity underlying epilepsy
without affecting the physiological activity (Halford and Lapointe, 2009). In addition,
lacosamide inhibits a nervous system phosphoprotein called collapsing-response
mediator protein-2, attenuating the effects of neurotrophic factors on axon outgrowth
and suppressing spontaneous recurrent seizures, with consequent inhibition of
epileptogenesis (Wang et al., 2018). This feature is unique to lacosamide, as the other
AEDs lack it (Engel and Pitkdnen, 2020).

The aforementioned mechanism of action confers lacosamide fewer adverse effects
and an excellent therapeutic profile, achieving patients high rates of seizure freedom,
in monotherapy or as add-on treatment of partial-onset seizures, with or without
secondary generalization (de Biase et al., 2014; Halford and Lapointe, 2009). Its
multifactorial mechanism of action created the possibility of using lacosamide in other
pathologies, mainly due to its antinociceptive and neuroprotective functions,
specifically chronic migraine treatment (Lionetto et al., 2012), glioma (Rizzo et al.,,
2017), hypoxic-ischemic brain injury due to its neuroprotective effect (Kim et al., 2017)
and in diabetic patients with neuropathic pain (Carmland et al., 2019; Moutal et al.,
2016) and inflammation (Al-Massri et al., 2018).

Lacosamide is also distinctive among other AEDs because it exhibits many of the
pharmacokinetic characteristics of an ideal AED. It displays a dose-proportional
pharmacokinetic profile, rapid and complete intestinal absorption, low plasma protein
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binding (< 15%) and minor first-pass hepatic metabolism. Nevertheless, it is a P-
glycoprotein (P-gp) substrate (Zhang et al., 2013), which is overexpressed in refractory
epilepsy (Lazarowski et al., 2007; Leandro et al.,, 2019). Consequently, it is expected
that the quantity of lacosamide that can cross the BBB decreases as the disease
advances and the P-gp expression enhances. Furthermore, only 40% of the
administered dose is excreted as the unchanged form. The remaining dose is
previously metabolized to the inactive O-desmethylmetabolite that results primarily
from cytochrome P450 (CYP) 2C19 activity, and to other minor metabolites that result
from CYP2C9 and CYP3A4 mediated metabolism. Consequently, the concomitant use
of lacosamide with CYP2C19 substrates or inhibitors may decrease the formation of
the major metabolite by approximately 60%, increasing the risk of toxicity (Cawello et
al., 2014). Inter-individual variability has also been observed due to the polymorphic
alleles that encode CYP2C19 (de Biase et al., 2014). Accordingly, the renal excretion of
O-desmethylmetabolite decreases 70% in poor metabolizers relatively to extensive
metabolizers (Dean, 2018). Since both unchanged form and metabolites of lacosamide
are excreted in urine, dose adjustment is required for patients with severe renal
impairment and submitted to hemodialysis, which removes approximately 50% of the
drug from plasma (Cawello et al., 2013). Indeed, the half-life (t;;) of lacosamide
increases from 13h in healthy individuals to up to 18-20 h in severe renal impaired
patients, compromising the drug’s safety profile (Cawello et al., 2013; Kumar et al.,
2017).

Besides the aforementioned advantages of lacosamide, it is currently available in
different dosage forms, including syrup and tablets for oral administration, and
solution for IV infusion; these pharmaceutical formulations are bioequivalent and
directly converted without dose adjustment (de Biase et al., 2014). Parenteral
administration is beneficial to patients in emergency situations or unable to take oral
medications. For instance, we highlight the hospitalized patients, after surgical
procedures, patients with swallowing difficulty or suffering from acute gastrointestinal
disorders, which is one of the most frequent adverse effect of lacosamide (Halford and
Lapointe, 2009). However, IV injection is invasive and requires qualified clinical
professionals.

Since ambulatory monitoring systems are being developed to improve seizure
detection, novel therapeutic systems must be able to be self-administered “at home”
to improve the quality of life of patients with epilepsy and their families (Amengual-
Gual et al.,, 2019). In this context, we developed the present work in order to
administer lacosamide by non-invasive intranasal (IN) route. This route is characterized
by a fast onset of action and direct nose-to-brain delivery, which results in lower
systemic and peripheral exposure than classical drug administration routes. We expect
to contribute to the development of a new therapeutic strategy for epilepsy and other
neurological diseases, by surpassing hepatic first-pass metabolism and consequently
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reducing metabolic drug-drug interactions and the inter-individual variability of the
marketed formulations (Goncalves et al., 2020; Gongalves et al., 2019). Moreover, as
lower plasma concentrations are expected to be attained, systemic side effects,
including the renal ones, will be probably decreased. Nevertheless, there is risk of
increased drug exposure in lungs and therefore will be herein investigated.
Complementarily, the direct nose-to-brain delivery is expected to decrease the
development of pharmacoresistance associated to the P-gp overexpression at the
endothelial cells of the blood-brain barrier (BBB) (Wang et al., 2016). Therefore, a
pharmacokinetic study was performed in mice to compare the biodisposition of
lacosamide after IN and IV administrations. Taking into consideration the fast
mucociliary clearance in nasal mucosa, lacosamide was loaded into an in situ
mucoadhesive gel system before being administered in the nasal cavity.

2. Material and methods
2.1. Chemicals and reagents

Lacosamide (Vimpat® solution for infusion, 10mg/mL), used in in vivo studies, as well
as ketamine (Imalgene® 1000, 100 mg/mL) and xylazine (Vetaxilaze 20®, 20 mg/ml)
used for animal anesthesia, were commercially acquired. Antipyrine, applied as
internal standard (IS) in the high performance liquid chromatography (HPLC) method,
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Lacosamide power (purity >
98%), used for the development and validation of the HPLC method, and in vitro
studies, was purchased from Molekula SRL (Rimini, Italy).

For the preparation of the in situ gel, Pluronic F-127 was purchased from Sigma—
Aldrich (St. Louis, MO, USA), while Noveon® Polycarbophil and Carbopol® 974P were
acquired from Lubrizol (Wickliffe, OH, USA). Sodium dihydrogen phosphate dehydrate,
disodium hydrogen phosphate dehydrate and hydrochloric acid 37%, used to prepare
the 0.1 M sodium phosphate buffer pH 5.0, were purchased from Merck KGaA
(Darmstadt, Germany).

The preparation of in vivo samples and analysis by HPLC required ethyl acetate,
methanol and acetonitrile, which were purchased from Fisher Scientific (Leicestershire,
UK) and ultrapure water (HPLC grade, 18.2 MQ.cm) prepared using a Milli-Q Millipore
Water Appliance (Milford, MA, USA). Dimethyl sulfoxide (DMSO) used in in vitro assays
was purchased from Fisher Scientific (Leicestershire, UK). Sodium chloride 0.9%
solution was acquired from B. Braun Medical (Queluz de Baixo, Portugal). All the
remaining chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated.

2.2. Preparation of lacosamide formulations
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The in situ nasal mucoadhesive gel system was developed by the cold method,
dissolving Pluronic F-127 in 10 mL of cold Milli-Q water (22.5%, w/v), under magnetic
stirring, at a controlled temperature (5- 10°C). After mixture at 4°C overnight, distinct
mucoadhesive polymers were tested, particularly Carbopol® 974P and Noveon®
Polycarbophil, at different percentages. The one with lower effect on cell viability was
selected for in vivo pharmacokinetic studies. Therefore, to load lacosamide into the
gel, 500 pL of the Vimpat® solution for injection (10 mg/mL) were added to 500 pL of
gel, obtaining a final concentration of 5 mg/mL.

The IV solution injected to mice was prepared by diluting Vimpat® 10 mg/mL in saline
solution (0.9% NaCl), attaining a final concentration of 2.0825 mg/mL.

2.3. In vitro cell viability assays in RPMI 2650 and Calu-3 cell lines

The Alamar Blue assay was performed on the human nasal septum cell line (RPMI-
2650, ECACC 88031602) and in human lung adenocarcinoma cell line (Calu-3, ATCC®
HTB-55TM) to assess the impact of free lacosamide and distinct mucoadhesive gels on
metabolic activity and cell viability. Accordingly, resazurin (7-hydroxy-10-
oxophenoxazin-10-ium-3-one), which has high membrane permeability, exists in its
oxidized non-fluorescent blue form. Once inside the cells, it is reduced to resorufin by
the activity of mitochondrial and cytoplasmic enzymes. Resorufin is a pink substance
that emits fluorescence, allowing its quantification and further correlation with viable
and metabolic active cells (Page et al., 1993; Rampersad, 2012).

RPMI-2650 cells were cultured in T-75 flasks with Eagle's Minimum Essential Medium
(EMEM), supplemented with 2 mM glutamine, 1% nonessential amino acids and 10%
inactivated fetal bovine serum (FBS). A 1% penicillin-streptomycin mixture was further
added as recommended for bacterial contamination prophylaxis. Calu-3 cells were
cultured in the same aforementioned conditions, but making use of Dulbecco's
Modified Eagle Medium (DMEM), supplemented with 0.04 M sodium bicarbonate, 1%
mixture penicillin-streptomycin and 10% FBS. Three times a week, cells from both cell
lines were passed with a 0.25% trypsin-EDTA solution and cultured at 37 °C in 5% CO,
and 95% relative humidity.

The Alamar Blue assay was conducted as previously described (Goncalves et al., 2019).
Briefly, 3 x 10° cells per well (RPMI 2650) or 3.5 x 10* cells per well (Calu-3) were
seeded in 96-well plates, incubated at 37 °C and 5% CO, for 24 h. Once confluent, the
cells were treated with 200 pL of each lacosamide solution or empty and drug loaded
thermogels for 24 h. Free lacosamide was tested at several concentrations (1, 5, 10,
25, 50, 100, 150, 200, 250 and 400 uM) and distinct thermoreversible gel formulations
were tested: with no lacosamide, and loading lacosamide at 50, 100, 150, 200, 250 and
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400 pM. Controls corresponding to 100% viability were performed by incubating the
cells with fresh medium. Afterwards, treatment solutions were removed, 10%
resazurin solution (125 mg/mL) was added and the cells were incubated at 37 °C in 5%
CO,. The incubation period with resazurin was 2 and 3 h for RMPI-2650 and Calu-3
cells, respectively. Finally, fluorescence was determined at 560 and 590 nm in a Biotek
Synergy HT microplate reader (Biotek Instruments®, Winooski, VT, USA).

Cell viability was calculated based on the following equation (Gongalves et al., 2020;
Gongalves et al., 2019):

Cell viability (%) Flr = Flw 100
el viaotiicy 0) — X
FLControl - FLW

where FL; refers to the mean fluorescence observed after incubation with a treatment
solution, Flcontrol is the mean fluorescence observed in non-treated cells and FLy is the
mean fluorescence observed in wells without cells (negative control) (Zachari et al.,
2013).

Graphpad Prism® 5.03 software (San Diego, CA, USA) was used for processing in vitro
data, expressing them as mean + standard deviation (SD). ANOVA test was applied to
determine differences in cell viability treated with lacosamide and gel formulations in
relation to the control (100% viability).

2.4. In vivo studies
2.4.1. Animals and ethics

All experiments were conducted in accordance with the European Directive regarding
the protection of laboratory animals used for scientific purposes (2010/63/EU)
(European Parliament, Council of the European Union, 2010) and the Portuguese law
on animal welfare (Decree-Law no. 113/2013). The applied experimental procedures
were authorized by DGAV — Direcdo Geral de Alimentagdo e Veterindria.

Healthy adult male CD-1 mice, weighting 25-30 g and supplied by Charles River
Laboratories (France), were housed in the local animal facilities under controlled
environmental conditions (temperature 20+2°C; relative humidity 5515%; 12 h
light/dark cycle) for at least 1 week before starting the experimental procedures.
Before and during the experimental procedures, animals had ad libitum access to tap
water and standard rodent diet (4RF21, Mucedola®, Italy).

2.4.2. In vivo pharmacokinetic study

Mice were randomly divided into two groups, one of which was administered with a
single dose of lacosamide by IN route, and the other by IV injection. Before IN or IV
administration, animals were anesthetized with a mixture of ketamine and xylazine
(100 mg/kg and 10 mg/kg, respectively), by intraperitoneal route, and kept in a
properly warmed environment until recovery.
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The in situ IN gel (50 pyL) was administered with a polyurethane tube (24 G, 19 mm)
coupled to a 1 mL syringe, introduced about 1 cm from the left nostril of the animal,
positioned laterally. Then, 120 uL of the sterile IV solution described in section 2.2
were injected in the lateral tail vein using an insulin syringe (27 G, 1.0 mL). Both
administration routes allowed the administration of the same dose (8.33 mg/kg).

After the administration of lacosamide, animals were sacrificed by cervical dislocation
followed by decapitation at predefined time points (5, 15, 30, 60, 90, 120, 240, 360 and
480 min, n =5 per time point). Blood was immediately collected into heparinized tubes
and tissues of interest (brain, lungs and kidneys) were excised, gently washed with
sodium chloride 0.9% solution, dried with sterile compress and weighed. Blood was
centrifuged at 4°C and 2880 g for 10 min, followed by plasma collection for further
sample treatment and drug quantification (section 2.4.3). Using a THOMAS® Teflon
tissue homogenizer, tissues were homogenized with 4 mL of sodium phosphate buffer
(0.1 M, pH 5.0) per g of tissue.

All samples were stored at -80°C until appropriate treatment and subsequent
chromatographic analysis.

2.4.3. Quantification of lacosamide in biological samples

The HPLC method to quantify lacosamide in plasma and tissues was adapted from the
previously developed and validated technigue in human plasma, with slight changes
optimized for mice plasma and tissues analysis (Gongalves et al., 2018).

Sample preparation consisted of adding 40 uL of methanol, 10 uL of antipyrine (50
ug/mL) and 1 mL of ethyl acetate to 100 pL of plasma or 150 pL of tissue homogenate
supernatant. After vortex-mixing for 30 seconds and centrifugation at 12,045 g during
3 or 5 min for plasma or tissue homogenate, respectively, the organic phase was
collected into a glass tube and the procedure was repeated. Organic phases were
totally evaporated at 45°C under a slight nitrogen stream. The solid residue was
reconstituted in 100 pL of water and acetonitrile (90:10, v/v), followed by 1 min of
vortex-mixing and filtration through Costar® Spin-X® (0.22 um, Corning, Inc., NY, USA)
at 12,045 g for 3 or 5 min. A final volume of 20 pL of sample was injected into the HPLC
system for lacosamide quantification.

A Shimadzu HPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with a
solvent release model (LC-20A), a degasser (DGU-20A5), an autosampler (SIL-20AHT), a
column oven (CTO-10ASVP) and a diode array detector (SPD-M20A) were used. Control
and monitoring of the apparatus, as well as result collection were performed by
LCsolution Software (Shimadzu Corporation, Kyoto, Japan).

Lacosamide and the IS were separated in a LiChroCART® Purospher® Star C18
reversed-phase column (55 mm x 4 mm, 3 um particle size; Merck KGaA, Darmstadt,
Germany), at 402C, and employing, at 1 mL/min, the same elution gradient reported in
(Goncalves et al., 2018). Diode array detector was set at 220 nm.
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A partial validation was performed in plasma, brain, lung and kidney according to the
international guidelines of bioanalytical method validation of the European Medicines
Agency and the Food and Drug Administration (EMA, 2011; FDA, 2018). The validation
parameters (n=5) included selectivity, linearity, inter- and intra-day accuracy and
precision, recovery and the results are summarized in Table 1. Aliquots (10 pl) of the
working standard solutions of lacosamide were added to blank mice plasma and tissue
homogenate to obtain seven calibration standards and four quality control (QC)
samples. Calibration standards were used to assess linearity while the QCs were used
to determine inter- and intra-day accuracy and precision as well as recovery.
Descriptive statistics reported for the partial validation of HPLC bioanalytical method
was performed using Microsoft Excel® 2016.

2.4.4. Pharmacokinetic and statistical analysis

For both administration routes, mean experimental concentration versus time profiles
were plotted in plasma, brain, lung and kidney and submitted to non-compartmental
pharmacokinetic analysis, using WinNonlin software, version 5.2 (Pharsight Co,
Mountain View, CA, USA). The pharmacckinetic parameters were estimated
considering the mean concentrations (n = 5) obtained at each post-dose time point
and included the maximum concentration (C,.ax) of lacosamide achieved in plasma and
tissues, the time required to reach Cpay (tmax), the area under the concentration-time
curve from time zero to the time of last measurable concentration (AUC;), and from
time zero to infinity (AUC;.s), which is calculated by the addition of AUC; and the
guotient between the last guantifiable concentration (C.s) and the apparent
elimination rate constant (Kq). K¢ is estimated by a log-linear regression of the
terminal segment of the concentration-time profile. The area under the extrapolated
curve [AUCexirap (%)} was also estimated, representing the drug exposure since the last
time for which the concentration was quantifiable to infinity, which should not exceed
20%. Additionally, the apparent elimination half-life (t;/2), and the mean residence
time (MRT) were also quantified. The aforementioned parameters allowed the
calculation of the absolute bioavailability in accordance witth the equation 1 (Table 2).
Plasma-to-tissue ratios were also estimated to compare the affinity of lacosamide for
each organ in relation to its systemic exposure.

In order to assess the tendency of lacosamide to reach the brain after IN
administration, specific parameters regarding drug delivery were determined, namely
the drug targeting efficiency (DTE), which predicts the drug propensity to be directly
delivered from the nasal cavity to the brain and is calculated based on equation 2
(Table 2). When expressed as a percentage, a DTE value higher than 100% suggests a
preferential drug transport to the brain directly through the nasal cavity instead of the
systemic route (Kumar et al., 2008; Nigam et al., 2019). In addition, direct transport
percentage (DTP) was calculated according to equation 3 (Table 2), which corresponds

10
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to the drug percentage that reaches the brain by direct route (Fatouh et al., 2017). The
brain bioavailability of lacosamide, which corresponds to the ratio between the AUC; in
brain after IN and IV administrations, was also estimated (equation 4, Table 2).
Graphpad Prism® 5.03 software (San Diego, CA, USA) was used to express the
concentrations as mean * standard error of the mean (SEM) and determine statistical
differences between both administrations (IN and 1V). Unpaired two-tailed Student’s t-
test was performed between IN and IV administration groups. Differences were
considered statistically significant for p-values lower than 0.05 (p < 0.05).

3. Results
3.1. Cell viability of intranasal thermoreversible gel

The herein used IN gel was developed based on our previous investigations (Gongalves
et al., 2020; Gongalves et al., 2019; Serralheiro et al., 2015), maintaining the basis of
Pluronic F-127 block copolymer due to its physicochemical and biological properties,
namely its thermoreversibility in water (Gongalves et al., 2020; Gongalves et al., 2019).
This means that it is liquid at room temperature and gelifies at the temperature of
nasal mucosa.

RPMI 2650 cells were incubated for 24 h with distinct gel formulations, firstly empty
and then loaded with lacosamide at different concentrations. Their effects on cell
viability in relation to the control group are expressed in Figure 1. Accordingly, it is
evident that, although no differences have been registered, inclusion of lacosamide in
Carbopol 974P and polycarbophil gels slightly decreased cell viability in relation to the
correspondent unloaded gel. Moreover, cell viability was always equal to or higher
than 85%, with exception of the Carbopol 974P gel loaded with lacosamide at the
highest concentration (mean value of 83.75%) and polycarbophil gel loaded with
lacosamide at 50, 100 and 150 uM (mean values of 82.72%, 81.53% and 80.31%,
respectively).

It was also observed that at the concentration range herein investigated (1-400 uM,
Figures 1 and 2), lacosamide did not affect the viability of RPMI 2650 cells, although it
decreases as concentrations increase. No statistically significant differences were
observed. Similar results were also found in Calu-3 lung cells between 1 and 100 uM
(Figure 2).

3.2. In vivo pharmacokinetic analysis

11
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The mean lacosamide concentrations and SEM (n = 5) obtained at each time-point in
plasma, brain, lungs and kidneys after single dose administration of lacosamide (8.33
mg/kg) by IV and IN routes to mice are depicted in Figure 3 together with the
statistical differences. The correspondent pharmacokinetic parameters are presented
in Table 3.

The Cphax Of lacosamide in plasma was attained at 5 min for both routes of
administration even though it was significantly higher after IV injection (12.67£1.429
ug/mL) than IN instillation (8.59+0.464 pg/mL). At the remaining time-points, profiles
were practically overlapped with exception of 90 and 240 min, which revealed
statistically higher concentrations after IN administration (p<0.01 and p<0.05,
respectively, Figure 3A). Nonetheless, systemic exposure was slightly higher for the IN
gel (850.33 pg.min/mL vs 705.93 pg.min/mL), probably because its clearance was
slower, as suggested by the enhanced t;/; (96 min vs 34 min) and MRT (139 min vs 60
min, Table 3). These facts are corroborated by the enhanced values observed for the
Kei (0.0072 min™ versus 0.0206 min™ for IN and IV routes, respectively).

Regarding brain tissue, Cnax Of lacosamide was attained at 15 min for both
administration routes, but lower values were found after IN administration (3.45 ug/g
vs 4.79 ug/g), with statistical differences (p<0.05). Interestingly, the mean
concentration attained at 5 min post IV dosing was approximately twice of that
achieved after IN instillation (2.354+0.282 ug/g and 1.467+0.101 pg/g, Figure 4B), even
though the differences were not statistically significant. The remaining time-points
clearly evidence that lacosamide concentrations are higher after IN administration
(Figure 4B), culminating in a considerably higher brain exposure to lacosamide (given
by the AUC;y) following IN administration (471.84 pg.min/mL vs 289.36 pg.min/mL,
Table 3). Moreover, the brain-to-plasma ratios were small and similar for both routes
(Table 3). Notwithstanding, DTE was 128.67% and DTP was 22.28%.

Regarding the concentration-time profile obtained for lung tissue after IV injection
(Figure 3C), lacosamide concentrations were always inferior to the LLOQ of the
analytical technique with exception of 15 min post-administration (mean value of
2.52+1.03 pg/g). After IN instillation of lacosamide loaded gel, the drug was quantified
at 5, 15 and 30 min and attained a Cpax value of 6.65+1.11 pg/g. Importantly, this value
is lower than those tested in vitro in Calu-3. In lungs, the estimated DTE value was
888.91%, confirming that there is direct passage to the lungs even though lacosamide
is quickly eliminated, presenting unquantifiable concentrations after 30 min post-
administration.

In the kidney, lacosamide concentrations were also higher only at initial sample
collection times (5 and 15 min) after IN dosing; thereafter, IV concentrations were
higher, attaining statistically significant differences at 60 min post-dosing (Figure 3D).
Complementarily, kidney exposure to lacosamide was considerably higher for the IV
route (762.61 pg.min/mL vs 357.56 pg.min/mL), which is corroborated by the higher
AUCyigney/AUCpjasma ratio (0.51 vs 0.42) and the DTE value of 38.92%.

12
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Discussion

Lacosamide is undeniably effective in epilepsy, particularly due to its anticonvulsant
and anti-epileptogenic effects. It is also demonstrating success in other neurological
diseases as antinociceptive. In addition, its IV administration is considered essential
when it is not possible to use the oral route. However, IV injection is invasive and
requires health care professionals to be performed. Therefore, developing a novel non-
invasive therapeutic strategy to deliver lacosamide into the brain is expected to
increase its clinical use, adherence to therapy and marketing potential.

Making use of our previous know-how in nose-to-brain delivery, this study is the first
to demonstrate the potential of the IN route to deliver lacosamide into the brain.
Herein a simple in situ mucoadhesive gel system was used to counterbalance the
anatomical and physiological characteristics of nasal mucosa, particularly the fast
mucociliary clearance and efflux transporters of the nasal cavity that reduce drug
absorption. Therefore, Pluronic F-127 was selected at the concentration of 22.5%
(w/v). Besides its already well-documented thermoreversibility (Gongalves et al., 2020;
Gongalves et al., 2019), it is a long poly(propylene)oxide block with high
hydrophobicity that allows the incorporation of lipophilic compounds such as
lacosamide. Furthermore, it strongly modifies the microviscosity of plasma membranes
and potentially inhibits P-gp (Pitto-Barry and Barry, 2014), which is strongly expressed
in the nasal mucosa of mice, rats and humans (Oliveira et al., 2016). Bearing in mind
that lacosamide is a P-gp substrate, inhibition of this efflux transporter by Pluronic F-
127 is expected to increase lacosamide distribution from the nasal mucosa to the
brain. Carbopol 974P and Noveon® Polycarbophil (0.2%, w/v) were tested together
with Pluronic F-127 to increase gel viscosity and avoid quick drug clearance from the
nasal cavity towards the nasopharyngeal region by prolonging its retention time in the
nasal cavity. Since the gel system composed of Noveon® Polycarbophil and Pluronic F-
127 when loaded with lacosamide compromised the viability of RPMI 2650 cells to
values lower than 85 % (Figure 1), the Carbopol 974P plus Pluronic F-127 combination
was selected for IN administration to mice. It is important to note that maximum
concentrations tested in vitro were defined in accordance with drug solubility in
DMSO, since this should not exceed 0.5%. Nevertheless, herein, the DMSO percentage
did not exceed 0.2%.

When the IN formulation was optimized, a comparative pharmacokinetic study was
performed in mice after IN or IV administration of lacosamide at the same dose (8.33
mg/kg). Based on the Assessment Report of Vimpat® (EMA, 2008), lacosamide
revealed to be effective at the dose of 1 mg/kg in a mouse model essential tremor and it
completely antagonized tonic convulsions with no adverse effects at 20 mg/kg. Therefore, we
tested different IV doses between 1 and 20 mg/kg and selected the 8.33 mg/kg dose
because it led to plasma concentrations that were within the therapeutic range
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suggested for lacosamide (2.2-20 ug/mL) in therapeutic drug monitoring (Schultz and
Mahmoud, 2020).

The pharmacokinetic results demonstrated that, similarly to IV injection, the IN
instillation of lacosamide in situ nasal gel brought an extensive but longstanding
systemic absorption of the drug, attainting C,. at the same time, although with lower
values than IV route. The absolute bioavailability value achieved for intranasally
administered lacosamide was high (120.40%). This value is superior to 100%
presumably because of the inter-individual variability among different animals since
each mouse was assigned not only for one of the two administration groups but also to
a unique sampling time-point. Nevertheless, it illustrates the fact that a substantial
drug fraction is absorbed from the nasal cavity into the systemic circulation, gaining
access to the CNS by crossing the BBB.

Moreover, the same tmna value was found in brain (15 min) after IN and IV
administration, suggesting a fast delivery of lacosamide to the brain. The DTE was
128.67%, indicating that lacosamide is directly delivered from the nose to the brain.
Approximately 22.28% of the drug reached the brain by direct nose-to-brain pathways,
probably through the olfactory and trigeminal nerves. This means that IN delivery may
be very practical and useful in emergencies. Furthermore, after the first 15 min, brain
concentrations were always higher for IN administration, suggesting a sustained drug
release from the nasal system and/or a slow absorption into the systemic circulation
following its passage through the BBB to the target. These findings, together with the
higher K¢ and smaller MRT and ty/; of lacosamide in the brain following IV injection,
suggest that a longer protective effect may occur with the IN instillation. Also, IN
dosing may require a less frequent administration than IV or oral administrations.

Even though plasma concentrations were similar between both routes of
administration, anticipating similar peripheral side effects, the lower drug exposure in
renal tissue must be highlighted. Indeed, C,.x is reached earlier after IN administration,
but it is smaller, as well as the extent of drug exposure given by AUC;, which is
approximately 50% of that observed after IV injection. This feature may become
relevant for patients with renal failure for whom lacosamide prescription has several
limitations, as discussed in section 1. Since the renal concentrations achieved after IN
dosing do not exceed the C,o reported for IV route, less toxicity is expected to occur.

Kidneys have a different pharmacokinetic profile compared to lungs. This can be justified
because lacosamide is excreted by renal route and one of its major adverse effects regards
the kidney. Therefore, it probably reaches the kidney earlier and at higher quantities than
those attained in the lung. Moreover, to the best of our knowledge, no pulmonary adverse
effects have been reported for lacosamide probably due to its low distribution to the lungs.
However, the DTE is 888%, which clearly emphasizes the direct nose-to-lung delivery
of lacosamide, even though the lung-to-plasma ratio was the lowest when compared
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with other organs. This means that lacosamide has higher affinity to brain and kidneys
than to lungs. On the other hand, it is important to highlight that lacosamide was
detected at all the time-points but it was only quantified 15 min after its IV administration.
After IN administration, lacosamide was quantifiable up to 30 min. This means that a slight
increase in AUC after IN instillation comparatively to IV route is sufficient to significantly
increase DTE. Moreover, the in vitro investigations herein performed with Calu-3 cells
evidence that lacosamide does not compromise cell viability including at
concentrations higher than those found in vivo. These results are in accordance with
pharmacokinetic studies that evaluated the nose-to-brain delivery of levetiracetam
(Gongalves et al., 2019) and zonisamide (Gongalves et al., 2020). Nevertheless, the
reported DTE (888%) is considerably higher than those of levetiracetam (253.63%) or
zonisamide (144.47%) (Gongalves et al., 2020; Gongalves et al., 2019). In opposition,
the DTE into the brain was higher for levetiracetam [182.35% (Gongalves et al., 2019)]
and zonisamide [149.54% (Gongalves et al., 2020)] than for lacosamide (128.67%).
These findings can be justified not only because of the ‘different physicochemical
characteristics of the drugs [eg. levetiracetam has the lowest partition coefficient (logP
= -0.6), followed by zonisamide (logP = 0.5) and lacosamide (logP = 0.7)] but also
because of the nasal device that was used. Herein, = catheter was used for the
administration of lacosamide, instead of the pulverization system used for the nasal
instillation of levetiracetam and zonisamide (Gongalves et al., 2020; Gongalves et al.,
2019). These results alert the scientific community for the impact of drug
physicochemical characteristics and nasal device when designing future nasal
formulations.

Conclusion

To the best of our knowledge, a comprehensive characterization of the
pharmacokinetic profiles of lacosamide in plasma, brain, lungs and kidneys following IN
instillation to mice was herein reported for the first time.

Altogether, IN and IV administrations of lacosamide exhibited similar concentration—
time profiles, suggesting similar pharmacological responses. However, brain drug
exposure was enhanced after IN instillation, demonstrating, together with a DTE of
128.67% and a DTP of 22.28%, the direct drug delivery from the nasal cavity to the
brain. Moreover, tmax in brain was similar for both administration routes (15 min),
highlighting the potential of IN delivery for acute convulsive emergencies. The MRT
value of lacosamide in the brain supports the sustained concentrations and the
usefulness of IN administration during chronic treatments with lacosamide.

The IN instillation of lacosamide loaded in the mucoadhesive gel is practical and
adequate to be used outside the hospital setting particularly due to its ease and
reduced frequency of administration, as well as improved patient compliance and
comfort. Herein, evidence was gathered accounting for a direct transport of
lacosamide from the nose to the brain, circumventing the BBB, which may render the
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IN route as a promising and valuable drug delivery strategy for a prospective
management of pharmacoresistance.
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Figure 2 — Viability (%) of Calu-3 and RPMI 2650 cells after incubation with lacosamide
for 24 h (1-100 uM). Data represented as mean * standard deviation (n = 4).
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Figure 3 — Concentration-time profiles of lacosamide after intranasal (IN) and
intravenous (IV) administration (8.33 mg/kg) in plasma (A), brain (B), lung (C) and
kidney (D). The symbols represent the mean + SEM values of five determinations per
time point (n =5). * p<0.05
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Table 1. Validation parameters of the analytical method developed in high performance liquid
chromatography (HPLC-DAD) for quantification of lacosamide in plasma and brain, lung and
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homogenate (n = 5).
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: Plasma Brain Lungs Kidneys

a
N range 0.5-30 0.4-120° 4-120° 4-120°
:n y=0.0924x - 0.0353 y=0.0557x + 0.0123 y=0.0500x — 0.009 y=0.0497x + 0.09!
1t of

. ) 0.996 0.997 0.995 0.995

ation (r)
/mL) 0.5 0.1 1 1
n (%CV) 5.84-10.69 2.24-14.00 1.79-8.69 1.82-12.76
y (%Bias) -8.40 - 6.65 -3.03-10.99 -1.07 - 8.25 -1.29-7.18
n (%CV) 5.90-7.80 2.74-11.55 1.25-4.88 6.36 —9.87
y (%Bias) -5.50-9.74 -9.47 -9.69 -5.71-7.72 1.06-9.73
(%) 83.93 - 96.25 82.70-90.11 86.91 —95.52 89.05 -97.45

: Inter-day values (n = 5) and the equation of the calibration curve is given by the general equation of y = mx+b, with m corresponding to the slope and b
to the intercept. The equation represents the peak areas signals of each drug to that of the internal standard (y), versus the corresponding plasma concentration
of lacosamide (x).

®values expressed in pg/g.

CV, coefficient of variation; Bias, deviation from nominal value; LLOQ, lower limit of quantification.

Table 2. Equations for determination of bioavailability and drug delivery
parameters described in section 2.4.4.

Equation 1 F = AUC,y x 100
AUC,y
Equation 2 DTE (%) (A UCbrain/AUCplasma)IN % 100
0 —
(A UCbrain/AUCplasma)”,
Equation 3 AUCy 4
quation AUCprainIN — W XAUCplasma IN]
DTP (%) = 1
(/O) AUCbrain IN X100
Equation 4 AUChrain 1y

Bprain n/1v = AUCoram 1y
rain

AUC,, area under drug concentration-time curve from time zero to the time of last measurable
concentration; Byrininsv, brain bioavailability between IN and IV routes; DTE, drug targeting
efficiency; DTP, direct transport percentage; F, bioavailability; IN, intranasal, IV, intravenous.
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Table 3. Pharmacokinetic parameters following administration of lacosamide (8.33 mg/kg) in
plasma and tissue (brain, lung and kidney) of mice through intranasal thermoreversible gel
(IN) and intravenous solution (IV).

Pharmacokineti Plasma Brain Lung Kidney
c Parameters’ IN v IN v IN v IN v
tnax (Min) 5.00 5.00 15.00 15.00 5.00 15.0 5.00 60.00
0
Cmax (Mg/ML)° 859 1267 3.45° 479" 6.65°  2.52 733  8.70
AUC, 850.33 705.9 425.4 274.49 135.0 126 357.5 762.61
(ng.min/mL) 3 4° ¢ 2° 1 6
AUC; ¢ 1044.3 711.7 471.8 289.36 420.7 ND ND 1028.1
(ug.min/mL) 3 7 4 0° 8
AUC,yirap (%) 18.58 0.82 9.83 5.14 67.90 ND ND 25.83
Kel (min'l) 0.0072 0.020 0.006 0.0134 0.015 ND ND 0.0141
6 3 3
t1/2 (min) 96 34 109 52 45 ND ND 29
MRT (min) 139 60 156 81 70 ND ND 92
F (%) 120.46 - - - - - - -
AUC, Ratios IN v DTE DTP
(%) (%)
AUCy,,in/AUC,.s  0.50 0.39 128.6 22.28
ma 7 %
AUC,,,/AUC,,; 0.16 0.02 888.9
ma 1
AUCii4ne,/AUC,  0.42 0.51 38.92

asma
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? Parameters were estimated using the mean concentration-time profiles obtained from five different animals
per time point (n = 5). ® Values expressed in pg/g; © Values expressed in pg.min/g; 4 Absolute intranasal
bioavailability (F) was calculated based on AUC, values; AUCep Extrapolated area under the drug
concentration time-curve; AUC;;, Area under the concentration time-curve from time zero to infinite; AUC,, Area
under the concentration time-curve from time zero to the last quantifiable drug concentration; C,,.,, Maximum
concentration; DTE, Drug targeting efficiency index; DTP, direct transport percentage; ke, Apparent elimination
rate constant; MRT, Mean residence time; NC, not calculated; t;/,, Apparent terminal elimination half-life; tya
Time to achieve the maximum peak concentration.
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