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ABSTRACT
Purpose Zonisamide clinical indications are expanding be-
yond the classic treatment of epileptic seizures to Parkinson’s
disease and other neurodegenerative diseases. However, the
systemic safety profile of zonisamide may compromise its use
as a first-line drug in any clinical condition. Since zonisamide
is marketed as oral formulations, the present study aimed at
exploring the potential of the intranasal route to centrally
administer zonisamide, evaluating the systemic bioavailability
of zonisamide and comparing its brain, lung and kidney phar-
macokinetics after intranasal, oral and intravenous
administrations.
Methods In vitro cell studies demonstrated that zonisamide
and proposed thermoreversible gels did not affect the viability
of RPMI 2650 or Calu-3 cells. Thereafter, male CD-1 mice
were randomly administered with zonisamide by oral
(80 mg/kg), intranasal or intravenous (16.7 mg/kg) route. At
predefined time points, animals were sacrificed and plasma
and tissues were collected to quantify zonisamide and describe
its pharmacokinetics.
Results Intranasal route revealed a low absolute bioavailabil-
ity (54.95%) but the highest value of the ratio between the

area under the curve (AUC) between brain and plasma, sug-
gesting lower systemic adverse events and non-inferior effects
in central nervous system comparatively to intravenous and
oral routes. Furthermore, drug targeting efficiency and direct
transport percentage into the brain were 149.54% and
33.13%, respectively, corroborating that a significant fraction
of zonisamide suffers direct nose-to-brain transport. Lung and
kidney exposures obtained after intranasal administration
were lower than those observed after intravenous injection.
Conclusions This pre-clinical investigation demonstrates a di-
rect nose-to-brain delivery of zonisamide, which may be a
promising strategy for the treatment of central diseases.
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ABBREVIATIONS
AUC Area under drug concentration-time curve
AUCt Area under drug concentration-time curve from

time zero to the time of last measurable
concentration

AUCextrap Extrapolated area under drug concentration-time
curve

AUCinf area under drug concentration-time curve from
time zero to infinity

BBB Blood-brain barrier
BbrainIN/IV Brain bioavailability between IN and IV routes
Cmax Maximum concentration
CNS Central nervous system
CYP Cytochrome P450
CV Coefficient of variation
DRE Drug-resistant epilepsy
DTE Drug targeting efficiency
DTP Direct transport percentage
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FAbs Absolute bioavailability
FRel Relative bioavailability
HPLC High performance liquid chromatography
IN Intranasal
IV Intravenous
LLOQ Lower limit of quantification
SD Standard deviation
SEM Standard error of the mean
SMPA Sulfamoylacetylphenol glucuronide
tmax Time to reach the maximum concentration

INTRODUCTION

Since the beginning of the XXI century (2000–2005), zonisa-
mide (1,2-benzisoxazole-3-methanesulfonamide) is licensed in
the US and European Union for the treatment of generalized
and focal seizures, not only as monotherapy in firstly diag-
nosed adults but also as add-on therapy in adults and children
with at least 6 years old (1). Serendipitously, zonisamide also
demonstrated to improve motor symptoms in patients with
Parkinson’s disease when co-administered with levodopa
(2,3), being currently approved in Japan as adjunctive therapy
of Parkinson’s disease at lower doses than those used in epi-
lepsy (4). In addition, zonisamide revealed to be effective in
relieving chronic and episodic cluster headaches (5).
Underlying this widespread clinical use are probably the mul-
tiple mechanisms of action of zonisamide, encompassing the
blockage of voltage-dependent sodium channels and T-type
calcium channels, which contribute to neural membranes sta-
bilization (6), inhibition of carbonic anhydrase (7), alteration
of dopamine metabolism (2) and reduction of glutamate re-
lease (8). Importantly, pre-clinical investigations recently high-
lighted that zonisamide attenuates cell death induced by sei-
zure and/or ischemia and seems to protect the nigrostriatal
dopaminergic neurons when administered to Parkinson’s dis-
ease mice models (2,9). Moreover, zonisamide improved the
treatment of dementia with Lewy bodies parkinsonismwhen it
was added as an adjunct to levodopa (8).

However, in spite of its undeniable efficacy as antiepileptic
drug, high potential as anti-parkinsonian drug and expected
success as a neuroprotective drug in neurodegenerative pa-
thologies, zonisamide exhibits a challenging safety profile, re-
quiring careful patient selection and drug monitoring (10).
Indeed, its safety profile is currently preventing zonisamide
from being used as a first-line drug for the treatment of epi-
lepsy or other pathological conditions (10). Among the major
adverse effects of zonisamide, gastro-intestinal-related (e.g.
weight loss, nauseas, dizziness) and central-related (e.g. confu-
sion, concentration difficulty, depression, somnolence) are the
most prevalent. In addition, as a carbonic anhydrase inhibitor,
zonisamide commonly induces nephrolithiasis, with formation
of symptomatic kidney stones (10–12). Importantly, blood

concentrations of zonisamide have demonstrated to be sub-
stantially increased in patients with adverse effects than in
those without adverse effects, ascribing high blood concentra-
tion as a risk factor for urolithiasis either in monotherapy or
polytherapy (1,13). In this regard, the ideal administration
route for zonisamide would be one that would allow the drug
to attain the central nervous system (CNS) with minimal sys-
temic exposure. However, the only currently available admin-
istration route is the oral one, which requires the systemic
absorption of zonisamide followed by its passage through the
blood-brain barrier (BBB) to attain the brain. Although zoni-
samide is completely and quickly absorbed after oral admin-
istration, reaching the maximum concentration (Cmax) in plas-
ma at 2–4 h, its absorption rate is slowed with concomitant
food intake, while drug absorption extent remains constant
(14). Moreover, zonisamide exhibits a long half-life time
(t1/2), approximately 60 h (14), which is a limitation when
the drug needs to be quickly discontinued. Furthermore, the
t1/2 of zonisamide presents a high inter-individual variability
and can be as low as 25 h (15,16) or as high as 80 h (10). In
fact, 97% of zonisamide excretion occurs renally, 30–35% as
the unchanged form, 15–20% as N-acetyl-zonisamide and
50% as the 2-sulfamoylacetylphenol glucuronide (SMPA),
which suffers subsequently conjugation to SMAP-
glucuronide (14,17). The major metabolite mainly results
from the reduction of the parent compound by the cyto-
chrome P450 (CYP) 3A4 isoform, even though CYP2C19
and CYP3A5 have also demonstrated to be involved (18).
The first-pass hepatic metabolism considerably observed after
oral administration not only increases inter-individual vari-
ability of its pharmacokinetic parameters particularly due to
the genetic polymorphisms coupled to the CYP2C19 isoen-
zyme (19–21) but also the potential of zonisamide to be in-
volved in drug-drug interactions (14). Importantly, patients
co-treated with other drugs that inhibit or induce CYP3A4,
are advisable to be subjected to dose adjustment, as zonisa-
mide concentrations considerable change irrespective of the
administered dose (14).

Bearing in mind the aforementioned limitations of
oral formulations to deliver zonisamide into the brain,
the exploitation of a novel administration route became
of great interest and one of the most challenging re-
search areas. Hence, the present research work aims at
directly deliver zonisamide to the brain after intranasal
administration, thereby reducing drug systemic exposure
and ameliorating its safety profile. Non-invasive nose-to-
brain drug transport via olfactory epithelium has
revealed to be a promising strategy for chronically given
central-acting drugs with potential increasing of patient
compliance (22–27). For instance, we have demonstrated
that the antiepileptic drug, levetiracetam, loaded in a
thermorreversible gel composed of Carbopol 974P,
achieved higher concentrations in the brain 5 min after
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intranasal administration than after administration by
classic systemic route (23). In theory, it has been postu-
lated that drugs can be transported from the nasal cav-
ity directly to cerebrospinal fluid (CSF) or brain paren-
chyma through two possible routes along the olfactory
neurons: the olfactory nerve pathway (intracellular axo-
nal transport) and the olfactory epithelial pathway (ex-
tracellular perineural transport). The extracellular trans-
port, apparently a faster route of nose-to-brain delivery,
allows drugs to paracelullarly cross the perineural epi-
thelium into the fluid-filled perineuronal space (within
30 min), mainly by a bulk flow transport phenomenon,
along the olfactory axon up to the subarachnoid space
filled with CSF. On the other hand, the intracellular
mechanism has been proposed as a feasible route to
transfer drugs directly to the brain via intracellular ax-
onal transport along the olfactory sensory neurons.
Accordingly, there is a slow axonal internalization of
the molecule (endocytosis) and subsequent release by
exocytosis into the olfactory bulb and other brain areas
by the anterograde axoplasmic flow (28). Nevertheless,
due to the physiological defense mechanisms of nasal
mucosa, compounds administered in nasal cavity often
suffer mucocilliary clearance and are quickly eliminated
from the nasal mucosa. This hampers the drug to re-
main enough time in olfactory epithelium, compromis-
ing its distribution into the brain (29).

Therefore, for the first time, the present study character-
ized the pharmacokinetics of zonisamide in plasma, brain,
lung and kidney after intranasal (IN) administration, compar-
ing them to those observed after oral and intravenous (IV)
administrations. Due to the aforementioned principle and
advantages of IN delivery route, the present study made use
of a mucoadhesive formulation to reduce the clearance rate of
zonisamide and increase its delivery into the brain.

MATERIAL AND METHODS

Chemicals and Reagents

Zonisamide was acquired from Molekula SRL (Rimini, Italy)
while antipyrine and pluronic F-127 were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and Carbopol 974P and
Noveon® Polycarbophil were kindly provided by Lubrizol
(Wickliffe, OH, USA). Quantification of zonisamide in pharma-
cokinetic study samples required acetonitrile of High
Performance Liquid Chromatography (HPLC) gradient grade
(Fisher Scientific, Leicestershire, UK) and ultrapure water
(HPLC grade, 18.2 MΩ.cm), which was prepared using a
Milli-Q water apparatus from Millipore (Milford, MA, USA).
Reagents used for sample homogenization and drug extraction
included hydrochloric acid fuming 37%, disodium hydrogen

phosphate dihydrate and sodium dihydrogen phosphate dihy-
drate, fromMerck KGaA (Darmstadt, Germany), and dimethyl
sulfoxide (DMSO), ethyl acetate and methanol from Fisher
Scientific (Leicestershire, UK). Animals were anesthetized with
ketamine (Imalgene 1000®, 100 mg/ml) and xylazine
(Vetaxilaze 20®, 20 mg/ml), both commercially available. All
the remaining chemicals and reagents were obtained from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified.

In Vitro Assays

Human Lung Adenocarcinoma Cell Line In Vitro Viability

The viability of human lung adenocarcinoma cells (Calu-3,
ATCC® HTB-55TM) was tested by exposing them to zoni-
samide at various concentrations. Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich) with 0.04 M sodium bicar-
bonate and enriched with inactivated fetal bovine serum
(10%, v/v) and penicillin-streptomycin (1%, v/v) was used as
culture medium for Calu-3 cells. These cells were grown in T-
75 flasks (Orange-Scientific, Braine-l’Alleud, Belgium), pas-
saged 3 times/week using a 0.25% Trypsin-EDTA solution
and cultured at 37°C in 95% relative humidity and 5% CO2.

The viability of Calu-3 cells was determined applying the
Alamar Blue assay, performed in accordance with (30). Briefly,
cells were seeded in 96-well plates (3.5 × 104 cells/well) and in-
cubated for 24 h at 37°C and 5% CO2. After removing the
culture medium, control cell group was put into contact with
fresh medium without zonisamide, while the treatment groups
were incubated with zonisamide at the following concentrations:
1, 5, 10, 25, 50 and 100 μM.The incubation treatment time was
24 h. Afterwards, treatment solutions were withdrawn and fresh
medium with 10% Alamar Blue solution (125 mg/mL) was
added to each well. After an incubation of 3 h, fluorescence
was measured (560 nm / 590 nm) on the Biotek Synergy HT
microplate reader (Biotek Instruments®, Winooski, VT, USA).

The Alamar Blue assay is based on the quantification of
resorufin, a substance with endogenous fluorescence and that
results from the reduction of resazurin by viable cells. The
viability of the cells was determined in accordance with the
following equation:

Cell viability %ð Þ ¼ FLT−FLW

FLControl−FLW

� 100 ð1Þ

FL refers to the mean value of fluorescence displayed after
incubation with the treatment solution (FLT), in the controls
(FLcontrol) and in the wells without cells (FLW).

Human Nasal Septum Cell Line Cell Line In Vitro Viability

The human nasal septum cell line (RPMI-2650, ECACC
88031602) was used to evaluate the influence of zonisamide
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and both gels on cell viability and, hence, select the most
suitable formulation to be administered to mice.

The culture medium used for RPMI-2650 cells was the
Minimum Essential Medium Eagle (EMEM) with Earle′s salts
and sodium bicarbonate, and enriched with glutamine
(2 mM), nonessential amino acids (1%, v/v), heat-inactivated
fetal bovine serum (10%, v/v) and penicillin-streptomycinmix-
ture (1%, v/v). Grown conditions were those aforementioned
for Calu-3 cell line.

After optimization of the protocol, Alamar Blue assay was
performed as described in section "In Vitro Cell Viability
Studies", with the exception of cell density, which was 3.0 ×
105 cells/well, and the period of incubation with Alamar Blue
solution which was only 2 h. The differences of incubation
period and cell density were defined according to the metab-
olizing capacity of the cells. Metabolically viable cells convert
non-fluorescent resazurin (Alamar Blue) into highly fluores-
cent resorufin. Thus, cell lines with higher metabolic activity
require a shorter incubation time. The experimental condi-
tions herein tested included: zonisamide in concentrations
ranging from 1 to 100 μM; Noveon® Polycarbophil or
Carbopol® 974P gels unloaded; and both gels loaded with
zonisamide at the concentrations of 50, 100, 150, 200, 250
and 400 μM.

In Vivo Pre-Clinical Studies

Ethical Considerations and Animals

The European Directive (2010) 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 (Decreto-Lei 113/
2013) were taken into account when designing and performing
these investigations. In addition, the studies were authorized by
the national entity, Direção-Geral de Alimentação e Veterinária

(DGAV, 421/000/000/2016), and all efforts were made to re-
duce the number of used animals and their suffering.

The pre-clinical studies were carried on adult male CD-1
mice weighing between 25 and 30 g. They were acquired to
Charles River Laboratories (France) and acclimatized to the
local bioterium for at least 1 week. During this period, animals
were housed in groups of five animals at controlled environ-
mental conditions (20 ± 2°C; relative humidity 55 ± 5%; 12 h
light/dark cycle). Standard rodent diet (4RF21, Mucedola®,
Italy) and tap water were of ad libitum access during acclima-
tization and all experimental procedures.

Preparation of Zonisamide Formulations

For IN administration, the appropriate amount of zonisamide
was firstly dissolved in DMSO to obtain the final concentra-
tion of 400 mg/mL; 25 μL of this stock solution was added to

975 μL of the thermoreversible gel, yielding a final zonisamide
concentration of 10mg/mL. Briefly, Pluronic f-127 (18%w/v)
was dissolved in 10 mL of cold Milli-Q water and stored at
4°C overnight for complete hydration of the flakes.
Subsequently, 0.02 g of Carbopol® 974P or the same amount
of Noveon® Polycarbophil was added until complete dissolu-
tion as described in (23). The gel was selected according to the
results obtained during in vitro tests (section "In Vitro Cell
Viability Studies"), with Carbopol® 974P being the polymer
for which the results were more favorable.

In order to obtain an adequate IV solution (without sus-
pension particles), different solvents were tested to prepare a
concentrated stock solution of zonisamide. Transcutol®

(Diethylene Glycol Monoethyl Ether) was selected, as it
allowed zonisamide to solubilize at 10 mg/mL. This solution
was, then, diluted in sodium chloride 0.9% solution (B. Braun
Medical, Queluz de Baixo, Portugal) to attain the final con-
centration of 4.17 mg/mL without compromising physiolog-
ical pH and fluidity.

For oral administration, zonisamide was suspended in so-
dium chloride 0.9% solution at the final concentration of
3.2 mg/mL.

In Vivo Pharmacokinetic Study

Pharmacokinetic studies were performed to compare the phar-
macokinetics of zonisamide in different biological matrices after
its single-dose administration by IN, IV and oral routes.

To attain this objective, 140 animals were randomly divid-
ed into three groups: 45 animals received zonisamide by IN
route, 50 by oral route and 45 by IV. All animal groups were
pre-anesthetized with ketamine/xylazine (100/10 mg/kg, in-
traperitoneal) and kept in a heated environment to avoid
hypothermia.

Regarding the IN administered animal group, 50 μL of the
thermoreversible gel loaded with zonisamide, corresponding
to 16.7 mg/kg, were aerosolized using the high pressure sys-
tem MicroSprayer® Aerosolizer (model IA-1B, Penn-
Century, Inc., Wyndmoor, PA) connected to a high pressure
syringe (Model FMJ-250 from Penn-μCentury, Inc.,
Wyndmoor, PA). The device was introduced approximately
1 mm into the left nostril of anesthetized mice, while anatom-
ically positioned in right lateral decubitus.

The same dose reported for the IN route was administered
intravenously via the injection of 120 μL of the previously pre-
pared solution with final concentration of 4.17 mg/mL. Both
IN and IV administered animal groups were sacrificed at 5, 15,
30, 60, 90, 120, 240, 360 and 480 min post-administration (5
animals per time point).The group of orally treated animals was
also previously anesthetized, in order to mimic the conditions of
IN and IV groups. The administered single dose was 80 mg/kg
and sample collection times were 5, 15, 30, 60, 90, 120, 240,
360, 480 and 780 min post-administration.
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The animals were sacrificed at the defined endpoints by
cervical dislocation and decapitation. Blood was quickly col-
lected to heparinized tubes, centrifuged at 2880 g (4°C,
10 min) to obtain plasma while the tissues were excised,
cleaned with sodium chloride 0.9% solution, weighted and
homogenized with 0.1 M sodium phosphate buffer pH 5.0
(4 mL/g) by use of the THOMAS® Teflon. Homogenates
were also centrifuged at 2880 g (4°C, 15 min) and, similarly
to plasma, the supernatant samples were collected and kept
frozen at −80°C until preparation and analysis by HPLC.

Drug Analysis

Before quantitative analysis, both plasma (100 μL) and tissue
supernatants (150 μL) were spiked with the internal standard
(antipyrine, 50 μg/mL) and, then, subjected to protein precip-
itation with methanol and two liquid-liquid extractions with
ethyl acetate in order to remove endogenous contaminants
and extract zonisamide. More details of extraction and con-
centration procedures can be found in (23).

To quantify zonisamide in the biological samples collected
from in vivo pharmacokinetic studies, 20 μL of each final pre-
pared sample was injected into the Shimadzu HPLC system
(Shimadzu Corporation, Kyoto, Japan) composed of LC-20A
solvent delivery model, DGU-20A5 degasser system, SIL-
20AHT auosampler, CTO-10ASVP column oven (set at
40°C) and SPD-M20A diode array detector (used at 220 nm
and 239 nm for antypirin and zonisamide, respectively).
LCsolution software (Shimadzu Corporation, Kyoto, Japan)
controlled HPLC apparatus and data acquisition.
Chromatographic separat ion was achieved on a
LiChroCART® Purospher® Star C18 reverse phase column
(55 × 4 mm, 3 μm; Merck KGaA, Darmstadt, Germany) and
using a mobile phase of water and acetonitrile with gradient
elution, based on our previously validated method (31).

Before analyzing the samples, the bioanalytical method was
partially validated considering the guidelines defined by the
European Medicines Agency (32,33) and Food and Drug
Administration (34) as demonstrated in Table I and Fig. 1.

Pharmacokinetic Analysis and Statistical Analysis

The maximum concentrations (Cmax) and respective times to
reach peak concentrations (tmax) of zonisamide in plasma and
tissues were directly estimated in accordance with the tempo-
ral evolution of drug concentrations. The other pharmacoki-
netic parameters that were herein estimated included two re-
lated with drug exposure – the area under the curve (AUC)
from time zero to the last time with quantifiable concentration
(AUCt), from time zero to infinity (AUCinf) [determined by
calculating AUCt + (Clast/kel), where Clast is the last quantifi-
able concentration and kel is the apparent elimination rate
constant] – and other two related with drug elimination –

t1/2 and the mean residence time (MRT). The t1/2 was esti-
mated as the quotient of ln2 per kel, whileMRT represents the
average time a molecule stays in the body and is estimated as
the ratio between the area under the first moment curve or the
curve of concentration versus time and the correspondent
AUC. All the aforementioned pharmacokinetic parameters
were estimated by non-compartmental analysis, using the
WinNonlin version 5.2 (Pharsight Co, Mountain View, CA,
USA). Non-compartmental analysis was herein selected be-
cause it considers the mean concentrations (n= 5) obtained
at each endpoint without assuming an exponential function
and, consequently, decreasing the bias of the estimated phar-
macokinetic parameters. In addition, the extrapolated area
under the curve (AUCextrap) was calculated in percentage,
corresponding to the percentage of AUC extrapolated from
tlast to infinity. This is a relevant parameter, since AUCextrap

should preferably be inferior to 20% to guarantee that sam-
ples were collected during enough time to accurately describe
zonisamide’s pharmacokinetics.

The absolute and relative bioavailabilities were estimated
according to Eqs. 2 and 3, respectively:

FAbs ¼ AUCinf IN � DoseIN
AUCinf lV � DoseIV

� 100 ð2Þ

FRel ¼ AUCinf IN � DoseIN
AUCinfOral � DoseOral

� 100 ð3Þ

where AUCinfIN, AUCinfIV and AUCinfOral are the AUCinf

values observed following IN, IV and oral administration,
respectively; DoseIV, DoseIN and DoseOral represent the drug
dose (mg/kg) administered by IV, IN and oral routes.

The ratio between AUCtissue and AUCplasma was calculated
for each tissue sample collected from three animal groups in
order to assess drug distribution into the three tissues under
analysis and verify whether it depends on the administration
route.

In addition, the percentage efficiency of drug targeting
(DTE) and the percentage of direct transport (DTP) were
calculated following Eqs. 4 and 5, respectively.

DTE %ð Þ ¼ AUCbrain=AUCplasma

� �
IN

AUCbrain=AUCplasma

� �
IV

� 100: ð4Þ

DTP %ð Þ ¼
AUCbrain IN−

AUCbrain IV

AUCplasma IV
x AUCplasma IN

� �

AUCbrain IN
� 100

ð5Þ
where AUCplasma and AUCbrain correspond to the AUCt ob-
served in plasma and brain, respectively. According to
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literature, it is established that transport is preferential to the
brain compared to the systemic pathway, when DTE is great-
er than 100% (35–37). On the other hand, DTP estimate the
drug percentage that directly attained the brain after admin-
istration into the nasal cavity, without involving systemic ab-
sorption followed by the passage through the BBB. Thus,
DTP values greater than 0 indicate direct drug targeting, so
the lower plasma and brain exposure following IV adminis-
tration, the greater the amount of drug that reaches the brain
by direct transport (38). Even though both DTE and DTP
have been associated to be high variable depending on the
in vivo protocols (39), they were herein chosen as they are
the most mentioned parameters to assess nose-to-brain deliv-
ery and to compare different routes of administration (40).

The brain bioavailability of the drug has also been estimat-
ed to evaluate which pathway allows greater drug accumula-
tion at the therapeutic target, according to the quotient:

Bbrain IN=IV ¼ AUCbrain IN

AUCbrain IV
ð6Þ

Statistical Analysis

Graphpad Prism® 5.03 (San Diego, CA, USA) was used to
construct graphics and perform the statistical data both from
the in vitro cell investigations and in vivo pharmacokinetic
study. The in vitro results were expressed as mean ± standard
deviation (SD) and ANOVA test was used to determine differ-
ences of cell viability (%) after incubation with zonisamide/
formulations compared with untreated control cells (100%
cell viability). On the other hand, in vivo pharmacokinetic
data was expressed as mean ± standard error of the mean
(SEM) and the two-way ANOVA test followed by the
Dunnett’s multiple comparison test were applied to determine

statistical differences among the three administration routes of
administration (dose-normalized concentrations versus time).

In both data types, differences were considered statistically
significant when p-values were inferior to 0.05 (p< 0.05).

RESULTS

In Vitro Cell Viability Studies

The results found for Alamar Blue assay (Fig. 2) demonstrated
no decrease on the viability of the Calu-3 and RPMI-2650
cells in the presence of zonisamide for 24 h at the tested con-
centrations (1–100 μM), since no statistically significant differ-
ences were observed compared to the negative control.
Indeed, cell viability was within ±15% compared with nega-
tive control, which is acceptable by international guidelines.

As described in section "Preparation of Zonisamide
Formulations", two thermorreversible gels were herein tested:
one encompassing 0.02 g of Carbopol® 974P while the other
integrated the same quantity of Noveon® Polycarbophil. The
viability of RMPI 2650 cells was screened in the presence of these
two gels. Empty or loaded with zonisamide, the gels did not
impair cell viability within the range of 50 to 400 μM (Fig. 3).
Nevertheless, it is noteworthy that the Noveon® polycarbophilic
gel loading zonisamide revealed lower cell viability (ranging from
82.78 to 94.46%) when compared to the zonisamide-loaded
Carbopol® 974P gel (ranging from 99.32 to 105.16%). For this
reason, the thermoreversible gel prepared with Carbopol® 974P
was selected to be administered to mice.

Pharmacokinetics of Zonisamide

Mean concentration-time profiles (n = 5) of zonisamide in
plasma, brain, lung and kidney obtained after administration

Table I Main parameters of the HPLC-DAD method validation employed to quantify zonisamide in plasma, brain, lung and kidney matrices (n= 5)

Validation Parameter Plasma Brain Lungs Kidneys

Calibration rangea (μg/mL) 0.5–50 0.2 – 200b 0.2–200 b 4–200 b

Regression Equationa y = 0.0566658x - 0.010688 y= 0.095754x + 0.008597 y= 0.116435x - 0.057024 y= 0.119375x - 0.045099

Coefficient of determination (r2) 0.9958 0.9918 0.9949 0.9950

LLOQ (μg/mL) 0.5 0.2 b 0.2 b 4 b

Inter-day

Precision (%CV) 2.88–9.48 4.27–12.24 3.23–7.34 9.57–10.86

Accuracy (%Bias) −1.52 – 13.42 −13.74 – 2.95 0.70–2.15 −10.16 – 9.87

Intra-day

Precision (%CV) 2.81–9.91 5.36–7.66 1.89–5.20 2.87–7.96

Accuracy (%Bias) 0.60–8.88 −5.30 – 2.10 2.59–7.46 −1.04 – 1.50

Recovery (%) 68.38–81.45 69.10–87.07 64.47–84.59 65.93–90.46

a Inter-day values, n = 5; b values expressed in μg/g

LLOQ, lower limit of quantification; CV, coefficient of variation; Bias, deviation from nominal value
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Fig. 1 – Representative chromatograms achieved during validation of the analytical technique described in section "Drug Analysis" for mice plasma (A), brain (B),
lung (C) and kidney (D) spiked at the lower limit of quantification (LLOQ) level and at the upper limit of quantification (ULOQ) of the calibration ranges; the internal
standard (IS, antypirine) was detected at 220 nm while zonisamide was at 239 nm
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of one dose of IV solution (16.7 mg/kg), IN thermoreversible
in situ gel (16.7 mg/kg) or oral suspension (80 mg/kg) to mice
are presented in Fig. 4. Since the administered oral dose was
different from the IV and nasal ones, zonisamide concentra-
tions were normalized according to the administered drug
dose of the corresponding route (Fig. 5)-, the Dunnett’s mul-
tiple comparison test results obtained for oral and IN routes
using IV as the control comparator are also depicted in Fig. 5.
The corresponding mean pharmacokinetic parameters of
zonisamide in plasma, brain, lung and kidney are summarized
in Table II and the dose-normalized pharmacokinetic param-
eters in Table III.

Regarding plasma levels, zonisamide concentrations
achieved after IN administration were lower than those ob-
served after IV and oral routes, at all the collected time-points
(Fig. 4A). Identically to IV route, IN delivery allowed zonisa-
mide to attain the mean Cmax in plasma at 5 min post-dosing
(Table II). Furthermore, after IN dosing, zonisamide
exhibited the lowest value of Cmax (9.93 μg/mL versus 13.72
and 31.33 μg/mL observed for IV and oral routes, respective-
ly) and AUCt (1832.63 μg.min/mL versus 3955.13 and
3813.40 μg.min/mL for IV and oral routes, respectively). As
these results were found with IN and IV doses that were 4.79-
fold lower than the oral dose (16.7 mg/kg and 80 mg/kg,
respectively), the lower plasma exposure of zonisamide is

undeniable after IN delivery (as corroborated by the IN abso-
lute bioavailability of 54.95%). In addition, comparing the
dose-normalized plasma AUCt following IN and IV adminis-
trations, an increment of approximately 2.16-fold is detected
for the IN route, confirming the advantage of its lower system-
ic exposure (Table III). In opposition, the AUCt/dose
obtained after oral administration was 2.30-fold lower than
the one of IN route. Nevertheless, in brain tissue, the AUCt/
dose observed after oral route was 2.44-fold lower than that
after IN route, suggesting a decreased brain-target delivery
when orally administered. Indeed, observing Fig. 4B-D, it is
noteworthy that the concentrations achieved in brain, liver
and kidney tissues are considerably higher for oral route at
almost all time-points. This is not surprising, since the oral
dose was considerably higher than IV or IN doses, confirming
the importance of analyzing dose-normalized concentrations
depicted in Fig. 5, when comparing with oral route.
Accordingly, zonisamide concentrations presented the small-
est values after oral administration in all tissues.

When comparing brain concentration-time profiles after
IV and IN administration (Fig. 4B), it is particularly interesting
to observe the anticipation of tmax of IN zonisamide in relation
to IV formulation (120 min versus 240 min, Table II). In
addition, it is noteworthy that, at 5 min post-IN-dosing, zoni-
samide concentration is significantly increased relatively to the

Fig. 2 – Viability (%) of Calu-3 and
RPMI 2650 cells after incubation
with zonisamide for 24 h (1, 5 10,
25, 50 and 100 μM). Data repre-
sented as mean± standard devia-
tion (n=4, three independent
replicates)

Fig. 3 – Viability (%) of RPMI-
2650 cells after incubation with
zonisamide for 24 h (50–400 μM);
empty Noveon® Polycarbophil and
Carbopol® (0.02% for both) ther-
moreversible gels; and thermore-
versible gels loaded with zonisa-
mide at the same concentrations.
Data represented as mean± stan-
dard deviation (n=4, three inde-
pendent replicates)
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IV injection (3.636 ± 0.867 and 0.420 ± 0.075 μg/g, respec-
tively), presenting a p value of 0.021. Statistical differences
were not identified at other time-points, with the exception
of 240 min, when concentrations were considerably lower
for IN route [11.470 versus 3.437 μg/g, respectively; p =
0.0065, which is in accordance with the superior kel of zoni-
samide after IN administration than IV injection (Table II).
Moreover, plasma concentration-time profiles traced for both

administration routes, revealed statistical differences, not at
5 min, but at 15 min p= 0.0087; t (4) = 4.797] and 240 min
p= 0.0020; t (4) = 7.218] post-administration, suggesting that,
at 5 min, an additional route allowed zonisamide to reach the
brain tissue besides the systemic one. Consistently, DTE was
149.54% and DTP was 33.13%. Furthermore, at 5, 15 and
30min post-administration, the highest brain-to-plasma ratios
were observed after IN administration, exhibiting significant

Fig. 4 – Concentration-time pro-
files of zonisamide up to 800 min
post-dosing in plasma (A), brain (B),
lung (C) and kidney (D) following
intranasal (IN, 16.7 mg/kg), intrave-
nous (IV, 16.7 mg/kg) or oral ad-
ministration (80 mg/kg) to mice.
The figure bellow each profile cor-
responds to the respective enlarge-
ment up to 250 min post-adminis-
tration. Symbols represent the
mean values ± SEM of five deter-
minations per time point (n=5)
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statistical differences relatively to IV and oral routes, as de-
tailed in Fig. 6A. In opposition, from 60 to 480 min, evolution
of brain-to-plasma ratios after administration of the thermor-
eversible gel is parallel to that observed after IV injection,
demonstrating that zonisamide attained the brain after sys-
temic absorption and BBB crossing.

Since intranasally administered drugs may reach the lungs
in mice, which may compromise the safety of the zonisamide
IN formulation, lung tissue was also analyzed in the present
study. From Fig. 4C and Table II, it is undeniable that, in
lungs, the IN route was the fastest to attain the Cmax, which
was almost twice of that observed after IV injection (17.66

Fig. 5 – Dose-normalized con-
centration-time profiles of zonisa-
mide up to 800 min post-dosing in
plasma (A), brain (B), lung (C) and
kidney (D) following intranasal (IN,
16.7 mg/kg), intravenous (IV,
16.7 mg/kg) or oral administration
(80 mg/kg) to mice. The figure bel-
low each profile corresponds to the
respective enlargement up to
60 min post-administration.
Symbols represent the mean values
± SEM of five determinations per
time point (n=5). Statistical differ-
ences are in relation to the IV ad-
ministration route as follows:
*p<0.05, **p<0.01,
***p<0.001 assessed by two-way
ANOVA followed by Dunnett’s
multiple comparison test
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versus 8.93 μg/g). Notwithstanding, when considering lung
exposure given by AUCt and AUCt/dose, the IV route
exhibited higher values [2680.70 μg.min/g and 160.52 (μg/
g)/(mg/kg)] than IN route [1794.50 μg.min/g and 107.46
(μg/g)/(mg/kg)], while the oral route stood out as the one
with the lowest value of AUCt/dose [53.95 (μg/g)/(mg/kg),
Table III]. The faster Cmax attainment coupled to the lower
exposure observed after IN administration are corroborated
by the ratios depicted in Fig. 6B. Accordingly, at 5 min post-
administration, the lung-to-plasma ratio observed after IN
instillation was almost 10-fold of those observed after the clas-
sical administration routes. These statistical differences were
readily minimized from the 15 min post-dosing time, even
though the evolution of ratios has been very distinct from IV
and oral administration, suggesting that a fraction of

zonisamide directly reaches the lung. Indeed, the DTE%
was 144.47%. For these reasons, the viability of Calu-3 cells
was assessed in vitro after exposure to zonisamide, as discussed
in section "In Vitro Cell Viability Studies".

With respect to zonisamide concentrations found in kidney
tissue up to 480 min (Fig. 4D), the IN route displayed the
lowest values. Indeed, at all collected time-points, the concen-
trations were always inferior to those obtained with IV injec-
tion, as well as the Cmax and AUC values (Table III).
Comp lemen tar i l y , when ana ly z ing norma l i z ed
concentration-time profiles (Fig. 5D), both IN and oral admin-
istrations showed decreased concentrations in kidney relative-
ly to IV injection. However, the concentrations found after IN
were slightly higher than those obtained by oral route, with
statistical differences at 15 min. These findings are further

Table III Dose-normalized pharmacokinetic parameters of zonisamide in plasma, brain, lung and kidney tissues following its intranasal (IN, 16.7 mg/kg),
intravenous (IV, 16.7 mg/kg) and oral (80 mg/kg) administration to mice

Dose-normalized Pharmacokinetic Parametersa Plasma Brain Lung Kidney

IV IN Oral IV IN Oral IV IN Oral IV IN Oral

Cmax/Dose (μg/mL or μg/g)/(mg/kg) 0.82 0.60 0.39 0.52 0.41 0.21 0.53 1.06 0.24 1.07 0.55 0.21

AUCt/Dose (μg.min/mL or μg.min/g)/(mg/kg) 237 110 47.7 162 112 46.1 161 107 53.9 270 141 40.6

AUCinf/Dose (μg.min/mL or μg.min/g)/(mg/kg) 260 143 53.1 180 115 47.6 177 119 55.4 306 147 42.0

a Parameters were estimated using the mean concentration-time profiles obtained from five different animals per time point (n=5). AUCinf, Area under the
concentration time-curve from time zero to infinite normalized per administered dose; AUCt, Area under the concentration time-curve from time zero to the last
quantifiable drug concentration; Cmax, Maximum peak concentration

Fig. 6 – Tissue-to-plasma concentration ratios of zonisamide at 5, 15, 30, 60, 120, 240, 360, 480 and 720 min after drug administration by intranasal (IN),
intravenous (IV) or oral route. A represents the variation of brain-to-plasma concentration ratios versus time; B represents the variation of lung-to-plasma
concentration ratios versus time andC represents the variation of kidney-to-plasma concentration ratios versus time. Statistical differences are in relation to the IV
administration route as follows: *p<0.05, **p<0.01, ***p<0.001 assessed by two-way ANOVA followed by Dunnett’s multiple comparison test
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supported by the fact that zonisamide renal exposure (given by
Cmax/dose and AUC/dose) was approximately half of that
observed after IV injection, but twice of that found after oral
administration (Table III). Nonetheless, after IN instillation,
Cmax was attained much latter (tmax = 120 min) than after IV
(tmax = 15 min) or oral (tmax = 60 min) administrations
(Table II). In addition, it is also important to emphasize that
the DTE observed for zonisamide in the kidney after IN ad-
ministration was 1.12. This was the lowest value compared to
the other tissues, suggesting that zonisamide has a decreased
ability to accumulate in the kidney. Consistently, zonisamide
remained in the kidney for the shortest period when intrana-
sally administered (193.37 min versus 194.14 min and
254.24 min after oral and IV routes, respectively, Table II).
The kidney-to-plasma ratios observed for IN zonisamide are
very similar to those registered with IV and oral formulations,
occasionally presenting statistically significant differences with
oral zonisamide at 30, 120 and 480 min post-administration
(Fig. 6C).

DISCUSSION

Aiming at formulating a successful and original nose-to-brain
drug delivery system, but keeping it simple and achievable, the
experimental design was optimized in order to warrant that
zonisamide was administered in olfactory mucosa of the res-
piratory mucosa. The accessibility to these regions is rather
difficult in mice, particularly due to their small dimensions.
Although drug administration into the nose is often performed
using a pipette or a polyethylene tube attached to a
microsyringe/micropipette (41,42), herein we preferred to
use the MicroSprayer® Aerosolizer and to load zonisamide
in an in situ-gelling hydrogel, the Pluronic F-127 vehicle.
This choice was based on our recent studies that demonstrated
that almost 50% of levetiracetam undergoes direct nose-to-
brain delivery after its nasal administration (23,41–45).
Nonetheless, to increase in situ-gelling properties and
mucoadhe s ion , Carbopo l® 974P and Noveon®

Polycarbophil polymers were herein investigated and sub-
jected to cellular viability tests to select the safest one for IN
administration to mice. The results found in the RPMI 2640
cell line for zonisamide and the four formulations (empty and
drug-loaded) are depicted in Figs. 2 and 3. Accordingly, the
thermoreversible mucoadhesive gel prepared with Carbopol®

974P (0.2%) plus Pluronic F-127 (18%) exhibited higher val-
ues of RPMI-2650 cells viability in relation to the control and
the other tested gel, and therefore it was selected to incorpo-
rate and deliver zonisamide at the dose of 16.7 mg/kg by IN
route.

Although zonisamide is only currently marketed in oral
dosage forms, IV route was herein used as control because
the absolute oral bioavailability of zonisamide was only

20.42% in mice (Table II), unlike in humans, where it ranges
60–100% (46,47). Moreover, when assessing the potential of a
new route of administration, IV administration is recommen-
ded to be used for comparison, since intestinal absorption is
avoided, decreasing the variability that may occur during in-
corporation. Importantly, the blood-mediated zonisamide de-
livery into the CNS after drug nasal instillation is estimated by
IV injection and, consequently, the fraction of the drug direct-
ly transported from nose-to-brain is more accurately discrim-
inated. Nevertheless, the pharmacokinetics of oral zonisamide
was also assessed in an attempt to investigate whether systemic
and brain exposures after nasal administration were within
safe therapeutic ranges. This is determinant, because DTE
and DTP are limited when used alone and are associated to
high variability. Therefore, the orally administered dose was
defined to achieve plasma concentrations within human ther-
apeutic range of 10–40 μg/mL (46,47). It was established at
80 mg/kg since plasma concentrations were within it up to
120 min post-dosing (Fig. 4). Given that the oral dose was
more than four-times higher than the nasal and IV ones
(16.7 mg/kg), concentrations reached in plasma, brain, lung
and kidney were dose-normalized (Fig. 5), as well as the phar-
macokinetic parameters which directly depended on adminis-
tered doses (Cmax and AUC, Table III). Only applying this
strategy, could oral results be compared with the remaining
ones.

Pharmacokinetic results revealed that, similarly to IV injec-
tion, the IN administration of zonisamide nasal gel allowed
zonisamide to be quickly absorbed into the bloodstream (tmax

of 5 min) while oral route required 15 min to attain tmax. On
the other hand, zonisamide concentrations attained in plasma
after IN instillation were considerably lower than those ob-
served after IV injection (Fig. 4A), limiting systemic drug ex-
posure (given by Cmax, AUCt and AUCinf). This was sup-
ported by the absolute IN bioavailability of only 54.95%
(Table II). Although it is undeniable that a significant amount
of zonisamide was not absorbed through nasal respiratory
epithelium to bloodstream, the almost overlapping time
course of plasma and brain concentrations after both routes
of administration suggest that a fraction of the drug was
absorbed to the systemic circulation, attaining the CNS after
crossing the BBB. Nevertheless, bearing in mind that the pres-
ent work intended to promote a direct nose-to-brain delivery
of zonisamide, the absolute bioavailability of only 54.95%
may not hamper the drug from targeting the CNS.
Moreover, it is expected to be advantageous, as fewer systemic
side effects are probable to occur after IN administration.
Indeed, as discussed in section "Pharmacokinetics of
Zonisamide", brain concentrations of IN zonisamide at
5.00 min were 8.66-fold higher than after IV injection and
DTE was 149.54%, suggesting that a direct transport of zoni-
samide occurs from nasal mucosa to the brain through the
olfactory and/or trigeminal nerve pathways. DTE represents
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the ratio between brain and plasma concentrations after IN
administration in comparison to IV injection. According to
Fatouh et al. (36) and Pires et al. (40), values higher than 1.0
indicate more efficient brain targeting following IN adminis-
tration. Furthermore, the calculated DTP for zonisamide IN
gel highlights that 33.13% of the drug that reaches the brain
attains it through direct nose-to-brain mechanisms, circum-
venting the BBB. The results found for the DTE and DTP,
together with the pharmacokinetic behavior of zonisamide in
plasma and brain after IN administration comparatively to
classical routes are the base for the development of new math-
ematical pharmacokinetic/pharmacodynamic models as
Ruigrok and Lange suggest (48). Moreover, these findings
are of huge clinical relevance, because 30–40% of medicated
epileptic patients develop drug-resistant epilepsy, which has
been associated, among other mechanisms, to the overexpres-
sion of efflux transporters located in peripheral organs and
endothelial cells of BBB. Consequently, the available concen-
trations to reach the CNS are reduced (49,50). Therefore, by
circumventing BBB and enabling a direct nose-to-brain trans-
port of zonisamide, the original strategy herein exploited may
become successful for the treatment of drug-resistant epilepsy.

Bearing in mind that IV zonisamide is not available in
clinical practice, oral administration was also investigated in
order to compare the ability of IN administration to deliver
higher zonisamide concentrations into the brain, without
compromising systemic safety. Thus, the relative bioavailabil-
ity of nasal thermoreversible gel was 269.08%, suggesting that
the concentration of systemically absorbed drug through the
respiratory epithelium is more than twice of that absorbed at
the intestinal level. These results reinforce that the nasal first-
passage effect is less relevant than the intestinal and hepatic
pre-systemic effects that occur after oral administration. As
explained in introduction, zonisamide is highly metabolized
in humans by CYP3A4 and CYP2C19 (18,20) which is one of
the major drawbacks of the current oral forms available in
clinical practice (14). Applying the novel nose-to-brain strate-
gy, drug-drug interactions and inter-individual pharmacoki-
netic variability are expected to decrease or become
negligible.

In addition, it is noteworthy that the brain concentrations
of zonisamide after oral administration are considerably
higher (Fig. 4B). However, when dose-normalized concentra-
tions are plotted against time administration (Fig. 5B), it
becomes clear that these differences result from the higher
orally administered dose. Indeed, IN and IV routes exhibit
dose-normalized Cmax and AUC that are more than twice of
those of oral administration (Table III). In addition, IN route
has the highest AUCtbrain/AUCtplasma ratio (1.02 versus 0.68
for IV and 0.98 for oral administrations, Table II), confirming
that the IN route allows a higher brain exposure, despite lower
systemic drug exposure. Interestingly, since zonisamide was
quantified only up to 8 h and the intracellular nose-to-brain

transport implies 1.5–6 h through the olfactory route and 17–
56 h through the trigeminal nerve (28, 51), it can be hypoth-
esized that zonisamide directly attained the brain through the
olfactory pathway. Despite the above conclusions, specific bio-
distribution and pharmacodynamic studies should be carried
out in the future to clarify the issue.

In order to assess whether IN administration could com-
promise drug safety at pulmonary level, the pharmacokinetics
of zonisamide in lungs was compared after administration by
the three routes. It was clearly observed that lung concentra-
tions of zonisamide at 5 min post-dosing were considerably
superior after IN administration than intravenously (17.66 ±
2.651 and 3.33 ± 1.004 μg/g, respectively; p= 0.007) (Fig.
4C). Nonetheless, at the remaining time-points, concentra-
tions were always lower after IN instillation (Fig. 4C). In ad-
dition, lung exposure given by AUC was lower for IN admin-
istration than for IV route (Table II), suggesting that pulmo-
nary safety is expected to be maintained. These data are cor-
roborated by the inferior value of AUCtlung/AUCtplasma ob-
served with IN instillation than oral administration (Table II
and Fig. 6B). Additionally, zonisamide did not compromise
the viability of Calu-3 cells after 24 h of exposure at concen-
trations between 1.0 and 100 μM (Fig. 2), which include the
concentrations found during preclinical in vivo investigation
herein performed.

Finally, zonisamide pharmacokinetics was also assessed in
kidney, particularly due to the its most relevant side effect, i.e.
renal lithiasis. Higher zonisamide concentrations in kidney
were found after IV injection than those observed with the
thermoreversible gel (Fig. 4D), substantiating that the drug
has enhanced renal exposure after IV injection. Comparing
with oral route, kidney exposure (given by Cmax and AUCt

and AUCinf) after dose-normalization was higher for intrana-
sal route (Table III). Nevertheless, nasal route is expected to
require lower doses than the oral, since the first-passage effect
in the nasal cavity is less than in the intestine.

In conclusion, the present study demonstrated that the IN
administration of zonisamide allowed a faster drug targeted-
uptake into the brain, in relation to the IV injection.
Moreover, systemic absorption through respiratory epitheli-
um was approximately 50% of IV route, which is considered
advantageous, since fewer systemic side effects are expected to
occur. The IN administration of zonisamide was also com-
pared to the oral route, corroborating the obtained results
and highlighting that drug exposure in lungs and kidneys are
comparable for the three administration routes, thereby pro-
specting very similar pharmacological responses at those lev-
els. Thus, the novel nose-to-brain strategy herein investigated
for the first time seems to be beneficial to directly deliver the
drug into the CNS, representing a suitable and promising
alternative route for zonisamide administration, not only for
chronic treatment of epilepsy or Parkinson’s disease but also in
acute emergency situations, such as status epilepticus. In addition
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to this, zonisamide is currently marketed only in oral forms,
requiring novel formulations that can be used in acute situa-
tions. From this perspective, the discussed in vitro/in vivo
results support that the aforementioned clinical needs can be
met by resorting to the applied nose-to-brain strategy. It will
be an economical strategy, applicable to patients with physio-
logical or pathophysiological swallowing restrictions (pediat-
rics, geriatrics, among others). Importantly, the quantitative
pharmacokinetic data herein obtained for the three adminis-
tration routes will be also of utmost importance to develop
pharmacokinetic/pharmacodynamic mathematical models
that can be, then, scaled to humans.
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