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Abstract. Objective: To develop a physi-
ologically based pharmacokinetic (PBPK)
model for amiloride, an acid-sensing ion
channel (ASIC) antagonist, and to simulate
its pharmacokinetics in plasma and the cen-
tral nervous system following intranasal ad-
ministration in a virtual human population.
Materials and methods: We first developed
a PBPK model of amiloride after oral ad-
ministration and optimized the model using
data from 5 clinical studies. Next, we added
a nasal compartment to the amiloride oral
PBPK model and parameterized using data
from previous clinical studies. We simulated
amiloride’s pharmacokinetics in plasma,
brain, and cerebrospinal fluid (CSF) after
intranasal administration of amiloride at
various doses in a virtual human population.
Results: The target amiloride concentration
in the central nervous system required for
maximal ASIC inhibition was achieved with
a 75-mg intranasal amiloride dose. How-
ever, this finding is based on simulations
performed using a mathematical model and
needs to be further validated with appropri-
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ate clinical data. Conclusion: The nasal PBPK
model of amiloride could be used to design
future clinical studies and allow for success-
ful clinical translation of intranasal amiloride
formulation.

What is known about the subject

— Anxiety disorders are the most common
mental health conditions, and there is a
significant unmet need to develop new
therapeutics to treat anxiety disorders.

— Amiloride, an ASIC antagonist, has shown
pre-clinical efficacy potential in reducing
anxiety and can potentially be translated
for clinical use in humans.

— Amiloride can be formulated and admin-
istered as a nasal spray and can result in
rapid onset of action and improved ab-
sorption into brain tissue.
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What this study adds

— This is the first study to show that the
pharmacokinetics of intranasal amiloride
can be simulated in a virtual human pop-
ulation using a PBPK model.

— The simulations from PBPK modeling
showed that amiloride reaches the brain
rapidly when compared to other routes
of administration.

— The simulations also showed that in-
tranasal administration of amiloride at
75-mg dose will result in maximum con-
centrations in the brain ASIC inhibition
activity. However, further studies are
required to generate data to verify and
validate the data simulated by the cur-
rent PBPK model.

Introduction

Anxiety disorders are the most prevalent
mental health conditions, with up to 34% of
the general population diagnosed with at
least one anxiety disorder in their lifetime
[1, 2]. Anxiety disorders also account for
the largest cost fraction (32%) of all mental
disorders [3]. A subset of anxiety disorders
is panic disorder, which is characterized by
recurrent unexpected panic attacks [4]. The
standard first-line pharmacological treat-
ments for panic disorder are selective sero-
tonin reuptake inhibitors (SSRIs) [5, 6] and
the serotonin noradrenaline reuptake inhibi-
tor venlafaxine [6], while benzodiazepines
may also be effective both in panic disorder
and acute panic attacks [7]. However, overall
rates of treatment efficacy and duration of
illness have not improved since the previous
generation of treatments (tricyclic antide-
pressants) [8, 9, 10]. Therefore, there is an
unmet need for developing better therapeu-
tics for the treatment of panic disorders.

Amiloride is a potassium-sparing diuretic
currently approved by the Food and Drugs
Administration (FDA) as an anti-hyperten-
sive agent [11]. Amiloride was also shown
to reduce anxiety symptoms in pre-clinical
models by inhibiting acid-sensing ion chan-
nels (ASIC) channels in the brain [12, 13].
Amiloride is commercially available only as
a tablet formulation for oral administration
with an onset time of 2 hours and peak plas-
ma levels reaching between 3 to 4 hours. For
the treatment of panic attacks, rapid absorp-

tion of amiloride leading to a rapid onset of
action, preferably within a few minutes, is
highly desirable. Therefore, an intranasal
administration route can be utilized to al-
low rapid absorption of the drug into the
systemic circulation. Furthermore, this route
can provide additional advantages, including
rapid and extensive absorption, the ability to
bypass the blood-brain barrier (BBB), and in-
creased patient adherence [14, 15]. As a first
step towards the clinical development of in-
tranasal amiloride, we developed and char-
acterized the formulation according to FDA
guidance on intranasal products [16, 17].

It is important to characterize the phar-
macokinetics (PK) of intranasal amiloride for
a successful clinical translation to treat anxi-
ety and panic disorders. The knowledge of
PK is important because: 1) it provides the
guantitative basis for developing a safe and
effective dosage regimen, 2) it accounts for
the biological barriers involved in the delivery
of amiloride by the intranasal route, and 3) it
provides a framework to evaluate the dose-
response relationships between amiloride
dose and its ability to reduce panic attacks. In
this research project, we utilized a mathemati-
cal physiology-based pharmacokinetic (PBPK)
modeling approach to predict amiloride
plasma and brain PK after intranasal adminis-
tration in the virtual human population [18].
While the PK of amiloride after oral inhalation
using a nebulizer for the treatment of cystic fi-
brosis is known [19], this is the first report of a
nasal PBPK model of amiloride that can predict
its PK in human plasma, brain, and CSF after
intranasal administration. PBPK modeling due
to its mechanistic nature has been widely used
in clinical translation of various drugs that are
delivered as inhalation and nasal formulations
[20, 21]. The oral PBPK model for amiloride
was used as a base model for the nasal PBPK
model and was verified for simulation accu-
racy using data obtained from 5 clinical stud-
ies. The present data will inform future clinical
PK and efficacy studies and pave the way for
the successful clinical translation of intranasal
amiloride.

Materials and methods

Model parameters

The physicochemical and absorption,
distribution, metabolism, and elimination

. 204217Azzeh / 1. March 2022, 4:28 PM



eee Author: short title?

Table 1. Amiloride parameters used for PBPK model development.
Parameter (units) Definition Reported value | Optimized | Ref.
value
log P Lipophilicity -0.49 -0.43 [22]
Unbound protein fraction (%) | N/A 60 [3]
Molecular weight (g/mol) N/A 229.63 [3]
Compound type/pKa Dissociation constant Alkaline/ 8.70 [23]
Solubility at pH 7.4 (mg/mL) | N/A 5.2 [23]
Renal clearance (L/h) N/A 25.0 [23]
Pert (x 107* cm/s) Effective permeability of amiloride across gastrointestinal epithelium 1.6 [24]
Pocsr (X 107 cm/s) Permeability amiloride across brain plasma to CSF 0.028 [25]
Picsr (x 107 cm/s) Permeability amiloride across brain intracellular region to CSF 0.028 [25]
Vy (cm3) Volume of the nasal cavity 25 [26]
Vsc (cm3) Volume of blood compartment 420 [25]
Ve (cm?) 720 [25]
Vies (cm?) 1,210 [25]
Vs (cm?) 1,440 [25]
Vese (cm?) 140 [25]
Vp (cm?) in brain 32 [25]
SAe (cm?/cm?3) Surface area of the non-olfactory epithelium per unit volume of the nasal 6.3 [26]
cavity
SAot (cm?/cm?) Surface area of the olfactory epithelium per unit volume of the nasal cavity 0.51 [26]
SAa (cm?/cm?) Surface area of the gastrointestinal tract per unit volume of the gastrointesti- 444 [27]
nal tract
SAges (cm?/cm?®) Surface area of the respiratory tract per unit volume of the respiratory tract 578 [28]
SApcsr (cm?/cm?) Surface area of CSF interfacing brain plasma per unit volume of the brain 180 [25]
SAicsr (cm?/cm?) Surface area of CSF interfacing intracellular region of brain per unit volume of 6.25 [25]
the brain

(ADME) properties of amiloride were ob-
tained from literature sources and are re-
ported in Table 1.

PBPK model development
workflow

We first developed an oral PBPK model
of amiloride and optimized it using amiloride
concentration vs. time data after single- and
multiple-dose administration from 5 clinical
studies that reported PK of amiloride in hu-
mans [19, 29, 30, 31, 32]. We compared the
distribution of the observed plasma concen-
tration to the predicted plasma concentra-
tion of amiloride for a virtual population with
demographic characteristics representative
of all 5 studies. The finalized oral amiloride
model served as the basis for developing
the nasal PBPK model. In the nasal model,
we sustained the physicochemical and drug-
specific ADME parameters of amiloride and
added nasal compartment using MoBi (Ver-
sion 9.1 Build 2, Open Systems Pharmacol-

ogy Suite, open-systems-pharmacology.
org). The structure of the nasal PBPK model
is provided in Figure 1. We performed simu-
lations with virtual populations representing
healthy human subjects to predict amiloride
PK after intranasal administration.

Clinical data and software used

To provide the concentration vs. time
data for the oral amiloride PBPK model de-
velopment, we selected a total of 5 clini-
cal studies. Four studies were based on a
single-dose administration [19, 29, 31, 32],
and 1 study used multiple-dose administra-
tion [30]. Multiple-dose administration data
will help show that our model accurately
predicts amiloride steady-state PK. We used
the software Plot Digitizer (version 2.6.8) to
extract the concentration vs. time data. The
study details, including dose information,
demographics, and analytical method used,
are provided as Supplemental material S2
Table. The data files with plasma concentra-
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Figure 1. Schematic representation of nasal physiologically-based pharmacokinetic (PBPK) model of amiloride.

Coe = drug concentration in the olfactory epithelium; Cye = drug concentration in the non-olfactory epithelium;
Ares = amount of drug entering the lungs; As = amount of drug entering the gastrointestinal compartment; Cic =
concentration of drug in brain intracellular region; Ccss = concentration of drug in CSF; Cg = concentration of drug
in brain plasma; C; = concentration of drug in organ i. SAce = surface area of the olfactory epithelium of the nose;
SAxe = surface area the non-olfactory epithelium of the nose; SAg = surface area of the gastrointestinal tract; SAges =
surface area of the respiratory tract; SAecsr = surface area of CSF interfacing with plasma; SAicss = surface area of CSF
interfacing the intracellular region of the brain; Pes = effective permeability of amiloride across the gastrointestinal
epithelium; Pycse = permeability of amiloride across brain plasma to CSF; Picss = permeability of amiloride across the
brain intracellular region to CSF; Qs = blood flow rate to the brain; Q’s = blood flow rate from the brain; Q; = blood
flow rate to organi; Q'i = blood flow rate from organ i. The volume (V), permeability (P), and surface area (SA) values

are provided in Table 1. The values of blood flow rates are provided in Supplemental material (S1 Data).

tion vs. time profiles of all 5 studies are pro-
vided in Supplemental material S3 Data File.
We used PK Sim and MoBi (Version 9.1
Build 2, Open Systems Pharmacology Suite,
open-systems-pharmacology.org) for mod-
el development and simulation. We used
GraphPad Prism (Version 9, GraphPad LLC,
San Diego, CA, USA) for data visualization.

Oral amiloride PBPK model
development

We developed a standard whole-body
PBPK model for the amiloride using PK-Sim,
Version 9.1.-Build 2 (Open Systems Phar-
macology Suite, http://www.open-systems-
pharmacology.com). The initial base model
was built using the amiloride human model
after oral administration due to the avail-
ability of clinical PK data for verifying the
model. The tissue or plasma partition co-
efficients were calculated using the PK-Sim
standard model.

The cellular permeabilities for the barri-
ers between interstitial space and intracel-
lular space for amiloride were calculated
from the physicochemical properties using

PK Sim standard method. This method in-
volves the calculation of permeability sur-
face-area products of each organ. For the
oral amiloride PBPK model, the oral formula-
tion function was assumed to be dissolved.
Amiloride is not metabolized by the liver
and is excreted unchanged by the kidneys
[22]. Therefore, renal excretion was con-
sidered as the only elimination mechanism
for amiloride after systemic absorption. The
total renal clearance value of amiloride was
obtained from the literature [23]. We also
compared the PK parameters AUC,.. and
Cnax Of Observed and simulated amiloride
concentrations. To evaluate the model per-
formance, we simulated concentration vs.
time data in a virtual population with demo-
graphics (age and body weight) representa-
tive of all 5 clinical PK studies. The model’s
prediction accuracy was established by a
visual prediction check. We considered the
model final if the geometric mean + SD of
the simulated data captured > 80% of the
observed data within the 90% prediction
interval of the amiloride concentrations vs.
time curve. For PK parameters, the model
acceptance criteria within 0.5- to 2-fold was
applied [33]. We optimized the lipophilicity
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parameter using the parameter identifica-
tion toolkit available in PK Sim.

Nasal PBPK model development

The oral amiloride PBPK model was ex-
ported into MoBi, where a new compart-
ment reflecting the nasal cavity was added.
The nasal compartment was modeled using
4 default sub-compartments: blood, plasma,
interstitial fluid, and intracellular compart-
ments [29]. These sub-compartments were
linked to the entire PBPK model through ar-
terial and venous blood compartments. The
pathways for the absorption of amiloride
after intranasal administration in the model
included: nose to the brain via olfactory epi-
thelium and trigeminal pathway, nose to the
systemic circulation via nasal epithelium,
lungs to the systemic circulation via respira-
tory epithelium, and gastrointestinal tract
to systemic circulation due to swallowing
of the drug. The volume of the nasal cavity
was assigned as 25 cm?® based on reported
typical human nasal cavity volume [34]. The
total amiloride dose administered was par-
titioned between the 4 pathways based on
the liquid spray nasal deposition studies in
humans [35]. We partitioned the total dose
administered as 25.4% for the direct nose
to brain pathway, 60.4% for the nose to sys-
temic circulation pathway, 0.1% for the nose
to lungs pathway, and 14.1% for the nose
to gastrointestinal pathway based on pub-
lished literature on nasal spray absorption
patterns [35].

The absorption rate constants of
amiloride transport from nose to brain (Kyg)
and nose to the systemic circulation (Kys)
were calculated by multiplying the effective
permeability (P.;) of the drug with the sur-
face area (SAy) of each absorption site [26].
The P value of amiloride was obtained as
human intestinal permeability reported by
Dahlgren et al. [24]. The absorption rate
constants of amiloride for lungs to systemic
circulation and stomach to systemic circula-
tion were obtained from data published by
Vulovic¢ et al. [23] and Dahlgren et al. [24],
respectively. The differential equations used
to model amiloride delivery to the brain fol-
lowing absorption through various pathways
after nasal administration are provided in
Supplemental material S4 Equations.

Simulations of amiloride PK after
intranasal administration at
various doses

The nasal amiloride PBPK model in MoBi
was exported to PK Sim for population
analyses. We created a virtual healthy adult
population (N = 100) using PK Sim’s default
healthy adult individual parameters. We sim-
ulated amiloride PK in this virtual population
at various doses between 5 and 75 mg. For
simplicity, we considered the dosage form
for intranasal administration as a nasal spray
solution. We calculated the PK of amiloride
in plasma, brain tissue, and cerebrospinal
fluid (CSF) in the virtual population at dif-
ferent doses. The brain was modeled using
the following 4 default sub-compartments:
blood, plasma, interstitial fluid (represent-
ing the CSF) [36], and intracellular compart-
ments [29]. These sub-compartments were
linked to the entire PBPK model through
arterial and venous blood compartments.
We also simulated amiloride PK in brain sub-
compartments after oral administration and
compared them with simulations after intra-
nasal administration at the same doses.

Results

Oral PBPK model

Optimized oral PBPK model predictions
vs. observed data from the 4 single-dose oral
datasets showed good agreement, with over
80% of the observed data within the 90%
prediction interval of the simulated popula-
tion concentrations (Figure 2). The doses in
4 studies varied between 2.5 mg to 10 mg
and involved both liquid and tablet formula-
tions (Supplemental material S2 Table). The
optimized oral PBPK model also accurately
predicted the steady-state (6-day multiple-
dosing) PK of amiloride after multiple-dose
administration. The model predictions vs.
observed data from the multiple-dose oral
dataset showed good agreement, with the
majority of the observed data falling within
the 90% prediction interval of the simulated
population concentrations (Figure 3). To fur-
ther evaluate the model’s prediction accu-
racy, we compared the PK parameters t.y,
AUCq_., and Cra. The tmay, AUCo-w, and Chax
values from simulated data were within the
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Figure 2. Observed and physiologically based pharmacokinetic (PBPK) model-simulated concentrations of
amiloride in plasma after single-dose oral administration in the human population. The black circle symbols repre-
sent the mean amiloride concentration of the observed data from the following clinical studies: A: A single 10-mg
oral dose of amiloride as 10-mL solution in 19 patients with mild-to-moderate cystic fibrosis [19]; B: A single 5-mg
oral dose of amiloride as capsules in 12 healthy subjects [32]; C: a single 10-mg oral dose of amiloride as tablets in
12 healthy subjects [29]; and D: a single 2.5-mg amiloride oral dose as a capsule in 6 healthy subjects [31]. The solid
lines represent geometric means of the amiloride plasma concentrations from the PBPK model. The shaded region
represents the 90% prediction interval for the simulated amiloride concentrations.
100- that our oral PBPK model is robust and has
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2 107 multiple-dose and different dosage forms of
(] . .
s amiloride.
g 14
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@
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Figure 3. Observed and physiologically based phar- further modifications, and the nasal com-

macokinetic (PBPK) model-simulated concentrations of
amiloride in plasma after multiple-dose oral administra-
tion in the human population. The black circle symbols
represent the mean amiloride concentration of the ob-
served data from the clinical study where 8 participants
received 5 mg amiloride as tablets for 6 days, and the
blood samples were collected on the seventh day [30].
The solid line represents the geometric mean of the
amiloride plasma concentrations from the PBPK model.
The shaded region represents the 90% prediction inter-
val for the simulated amiloride concentrations.

predetermined 0.5- to 2-fold acceptance cri-
teria of the PK parameter observed in all 5
clinical studies (Table 2). These data suggest

partment was successfully added. The
concentration vs. time curve for amiloride
in plasma, brain tissue, and CSF after in-
tranasal administration showed a biphasic
response with a rapid increase in brain con-
centrations, followed by a decline, and then
the concentration increasing slowly (Figure
4). The first rapid spike (0.1 hours) in brain
and CSF concentrations can be attributed to
the rapid absorption of amiloride through
the olfactory epithelium, and the second
more gradual increase in brain and CSF con-
centrations are due to a combination of the
absorption via nasal epithelium, respiratory
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Observed and simulated PK parameters from oral amiloride PBPK model.

Observed data Simulation data Mean ratio of
simulated/observed
AUCp Gz (e AUCo— Crnax T AUCo— Com tmax
(ngxh/mL) (ng/mL) (h) (ngxh/mL) (ng/mL) (h)
Jones et al. [19] 275+ 115 20.6 £ 10 3.2 298.2 20.5 1.8 1.0 0.9 0.5
Brooks et al. [29] 149.9+62.8 13.9+5.8 4 298.2 20.5 5 1.9 1.4 1.2
Flouvat et al. [32] 115+ 16.9 83+1.6 3 150 10.6 2.75 1.3 1.2 0.9
Sabanathan et al. [31] 89.7+6.8 59+0.8 4 98.1 5.1 4.5 1.0 0.8 1.1
Somogyi et al. [30] 174.3 +53.6 143 +3.1 3 217.2 13.8 1.8 1.2 0.9 0.6
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Figure 4. The physiologically based pharmacoki-
netic model concentration-time model predictions
of amiloride in brain tissue and CSF after 25-mg dose
of intranasal amiloride. The solid line represents the
geometric mean of amiloride concentrations in brain
tissue, and the dashed line represents the geometric
mean of the amiloride concentrations in CSF from the
nasal PBPK model. The shaded region represents the
90% prediction interval for the simulated amiloride
concentrations.

epithelium, and gastrointestinal epithelium
to the systemic circulation.

As expected, the PK parameters AUC, ..
and C,., of amiloride in plasma, brain, and

CSF showed a dose-dependent increase (Ta-
ble 3). The t,.x of amiloride in plasma and
brain tissues was 0.15 hours and 0.1 hours,
respectively. The shorter t,. of amiloride
in brain tissues suggests a direct nose-to-
brain transport of amiloride after intranasal
administration. The C,., of amiloride in CSF
is much higher than the C,., in brain tissue,
which may be due to the unusual solubility
behavior of amiloride, where even though
it has low lipophilicity (Log P = -0.43) it is
sparingly soluble in water (~ 1 mg/mL). The
relative bioavailability (F) of amiloride nasal
spray with reference to the oral tablet was
4.18, indicating an overall increase in sys-
temic absorption of amiloride after nasal
administration. Furthermore, the simula-
tions after oral administration at the same
dose (75 mg) as that of intranasal admin-
istration showed that C,. (0.11 pg/mL) is
significantly smaller, and t..., (1.65 hours) is
significantly longer in CSF when compared
to intranasal administration.

Discussion

We developed a nasal PBPK model of
amiloride from an optimized oral PBPK mod-
el to predict PK in the brain and CSF after
intranasal administration. eee The ratio of
simulated vs. observed values of the PK

Table 3. Simulated plasma, brain, and CSF PK parameters of intranasal amiloride.

Plasma PK parameters Brain tissue PK parameters CSF PK parameters

Dose tmax () | Crax (Lg/mML) AUCo- tmax (h) | Crax (Lg/mML) AUCo- tmax (D) | Crmax (Lg/mL) AUCo-
(mg) (ngxh/mL) (ngxh/mL) (ngxh/mL)
1 0.15 0.05 0.12 0.1 0.003 0.1 0.1 0.05 0.088

5 0.15 0.29 0.62 0.1 0.0016 0.5 0.1 0.26 0.044
25 0.15 1.45 3.12 0.1 0.08 2.53 0.1 131 2.2

50 0.15 2.9 6.24 0.1 0.016 5.08 0.1 2.63 4.4

75 0.15 4.35 9.36 0.1 0.025 7.62 0.1 3.95 6.6
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parameters t.., AUC,.., and C.,, within
the 0.5- to 2-fold parameter for our oral
PBPK model [¢e* Sentence incomplete]. To
our knowledge, this is the first report of the
nasal PBPK model of amiloride. Our model
has high clinical significance as amiloride
can be delivered intranasally to treat panic
attacks rapidly in anxiety disorder patients.
The PBPK model developed by us in this re-
search has been previously utilized by other
investigators to characterize the plasma and
central nervous system exposure of fluco-
nazole in adult and pediatric patients [36].
Furthermore, the structure of the intrana-
sal PBPK model that we developed was also
previously utilized by Kadakia et al. [26] to
predict the transport of drug to the brain af-
ter intranasal administration.

The only other administration route
where amiloride was investigated in clini-
cal studies apart from the oral route is the
oral inhalational route of administration.
Jones et al. [19] reported a clinical PK study
involving the delivery of amiloride via oral
inhalational route using a nebulizer in cystic
fibrosis patients. Because the lung deposi-
tion of a drug administered as a nasal spray
is less than 0.1% [35], we did not use the
oral inhalational PK data of amiloride from
the published clinical studies to verify our
nasal PBPK of amiloride. As expected, the
PK of amiloride after oral inhalation ad-
ministration were quite different from the
simulated PK of amiloride after intranasal
administration. For example, the plasma
t.x Of amiloride after intranasal administra-
tion was 0.15 hours, which was significantly
lower than the t,., after oral inhalational ad-
ministration of 0.5 hours. Interestingly, both
AUGC,... and C,., (14.4 ngxh/mL, and 1.37
ng/mL) of amiloride after oral inhalational
administration at 4.5-mg dose [19] were
significantly lower compared to the AUC, ..
and C,. after intranasal administration
(624.52 ngxh/mL, and 290.24 ng/mL, re-
spectively) at 5-mg dose (Table 3). Further-
more, the absorption rate (K,) calculated us-
ing C,.x to AUC,_.. ratio of amiloride is 0.095
h=* after inhalation administration, which is
significantly lower than the K, of 0.465 h™!
intranasal administration. The increase in
bioavailability of amiloride after intranasal
administration, when compared with the
oral inhalational route, needs further explo-
ration.

It is well established that ASICs are en-
riched in human neurons and are distrib-
uted widely in the central nervous system
[13, 37]. Accumulating evidence has shown
that ASICs activation is implicated in sev-
eral physiological processes, including fear
behaviors [38], nociception [39], and brain
ischemia [40]. The studies on the membrane
topology of ASICs have confirmed that ASICs
are predominantly present as extracellular
domains on cells and are activated by chang-
es in the extracellular environment [41, 42].
Therefore, the concentration of amiloride
in brain extracellular fluid, which is mainly
comprised of CSF, is the major determinant
of amiloride’s anti-anxiety efficacy rather
than the brain tissue concentrations. Con-
sequently, to reduce the onset of panic at-
tacks, it is imperative that amiloride rapidly
reach high concentrations in CSF after intra-
nasal administration. Leng et al. [13] report-
ed that the ICs, value for amiloride’s ASICs
inhibition efficacy is 3.17 pg/mL from in vi-
tro experiments on isolated human cortical
neurons. The nasal PBPK model of amiloride
predicted that a C,., of 3.17 pug/mL can be
achieved after administering a dose of 60.1
mg in a virtual human population (Table 3).
This indicates that the intranasal dose of 75
mg is ideal to achieve optimal ASIC inhibi-
tion activity in the human brain as this dose
will result in concentrations that are signifi-
cantly higher than 3.17 ug/mL. The simula-
tions of amiloride PK in CSF after oral admin-
istration showed at 75-mg dose that the C,..,
is significantly lower (0.11 pug/mL) than the
target Cnax (3.17 pg/mlL), and the intrana-
sal route of administration is the preferred
route to maximize the delivery of amiloride
to the brain. This information is valuable for
successfully translating intranasal amiloride
as a treatment option for reducing panic at-
tacks. Furthermore, the optimal amiloride
dose required to achieve maximal ASIC inhi-
bition activity will help develop an intranasal
formulation. However, our nasal PBPK mod-
el’s simulations need to be verified with data
from a prospective clinical trial in healthy
subjects using intranasal amiloride. To that
end, we obtained an investigator-initiated
new drug application approval from the FDA
to evaluate the PK of intranasal amiloride
in healthy human subjects, and we are cur-
rently enrolling participants for the study
[43].
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Some limitations of this model need to be
considered. First, the nasal amiloride PBPK
model requires verification with clinical data
to confidently make clinical decisions based
on the model predictions. However, this first
report of an oral PBPK model of amiloride
verified data from 5 clinical studies and add-
ed a nasal cavity compartment to predict
amiloride PK after intranasal administration.
Second, the permeability coefficient (P.s)
value used to calculate the absorption rate
constants of amiloride across the olfactory
epithelium and nasal epithelium was ob-
tained from human gastrointestinal epithe-
lium experiments. We assumed that the dif-
ference in permeability of amiloride across
olfactory, nasal, and gastrointestinal tissues
is negligible as amiloride follows a passive
diffusion pathway for transport across the
membranes. However, to improve the accu-
racy of nasal model prediction, the permea-
bility of amiloride across olfactory and nasal
epithelium needs to be calculated by ex vivo
experiments using isolated tissues.

Conclusion

In conclusion, a nasal PBPK model of
amiloride was developed from an oral PBPK
optimized model using data from 5 clini-
cal studies. Using the nasal PBPK model of
amiloride, we successfully simulated the PK
of amiloride in plasma and CSF after intra-
nasal administration of amiloride at vari-
ous doses. However, our simulations need
to be validated and verified using clinical
or experimental data. The PK parameters
of amiloride in CSF were correlated with
amiloride’s ASIC inhibition activity data ob-
tained from in vitro experiments, and an ide-
al dose for maximal therapeutic efficacy was
identified. However, the ideal dose needs to
be validated using clinical pharmacodynam-
ic data. The nasal PBPK model of amiloride
could be valuable for further clinical transla-
tion of intranasal amiloride as a therapeutic
product to treat anxiety disorders. Future
developments include examining clinical
PK of intranasal amiloride prospectively in
healthy human subjects and developing
optimal intranasal amiloride formulation to
achieve maximal brain exposure.
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