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ABSTRACT

Nafamostat has been actively studied for its neuroprotective activity and effect on

various indications, such as coronavirus disease 2019 (COVID-19). Nafamostat has low

water solubility at a specific pH and is rapidly metabolized in the blood. Therefore, it is
administered only intravenously, and its distribution is not well known. The main purposes
of this study are to predict and evaluate the pharmacokinetic (PK) profiles of nafamostat in a
virtual healthy population under various dosing regimens. The most important parameters
were assessed using a physiologically based pharmacokinetic (PBPK) approach and global
sensitivity analysis with the Sobol sensitivity analysis. A PBPK model was constructed using
the SimCYP® simulator. Data regarding the in vitro metabolism and clinical studies were
extracted from the literature to assess the predicted results. The model was verified using
the arithmetic mean maximum concentration (C,,,), the area under the curve from O to

the last time point (AUC,.), and AUC from O to infinity (AUC,..) ratio (predicted/observed),
which were included in the 2-fold range. The simulation results suggested that the 2 dosing
regimens for the treatment of COVID-19 used in the case reports could maintain the proposed
effective concentration for inhibiting severe acute respiratory syndrome coronavirus 2 entry
into the plasma and lung tissue. Global sensitivity analysis indicated that hematocrit, plasma
half-life, and microsomal protein levels significantly influenced the systematic exposure
prediction of nafamostat. Therefore, the PBPK modeling approach is valuable in predicting
the PK profile and designing an appropriate dosage regimen.

Nafamostat; COVID-19; Pharmacokinetics; SimCYP

INTRODUCTION

Nafamostat was originally developed as a synthetic serine protease inhibitor, similar
to trypsin and thrombin [1]. The main indications for nafamostat are disseminated
intravascular coagulation, acute pancreatitis, and anticoagulant therapy for patients
undergoing continuous renal replacement [1,2]. The pharmacokinetic (PK) profile of
nafamostat is not well known. However, it appears to have extensive distribution and
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elimination profiles. A previous clinical study evaluated PK profiles after IV infusion of 10,
20, and 40 mg of nafamostat for 2 hours using compartmental analysis [3]. The mean and
standard deviation (SD) of area under the curve from O to the last time point (AUC,.) in
the 3 dosage groups were 1,438.7 + 284.84; 3,382.3 +1,772.5; and 6,577.3 + 1,531.1 ng-min/
mL. The maximum concentrations (C,,,) in the 3 dosage groups were 14.49 + 3.88, 40.4 +
12.5, and 60.4 + 15.8 ng/mL. As the AUC and C,,,, increase in proportion to the dose, they
are considered to have linear PK profiles. Nafamostat is mainly metabolized to 6-amidino-
2-naphthol and p-guanidinobenzoic acid by arylesterase and carboxylesterase (CES) in the
blood, plasma, and various tissues, especially the liver [4,5].

Various drug repurposing studies are underway for using nafamostat for other indications.
Drug repurposing refers to using approved drugs for new indications [6]. Several studies
have confirmed the promising role of nafamostat in the treatment of coronavirus disease
2019 (COVID-19) and as a neuroprotective agent for degenerative brain diseases. Activation
of the spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by
transmembrane protease serine 2 (TMPRSS2) is a critical process involved in host cell fusion
and bronchial infection [7,8]. Analysis of the half maximal effective concentration (ECs)
of camostat mesylate and nafamostat mesylate for 3 types of coronaviruses, Middle East
respiratory syndrome coronavirus, SARS-CoV, and SARS-CoV-2, indicated that nafamostat
has a lower ECs, than camostat against all coronaviruses used in the study [8]. In vitro

assay and in silico prediction of molecular docking suggested that p-guanidinobenzoic acid
is the primary active moiety that confers the pharmacological activities of nafamostat
[9,10]. p-guanidinobenzoic acid also drives the inhibitory mechanisms of bovine trypsin
and TMPRSS2 by forming a covalent complex with the enzyme. Furthermore, nafamostat
exhibits neuroprotective activity by activating tyrosine receptor kinase B, extracellular
signal-regulated kinase 1/2, cAMP-response element binding protein, inhibition of cyclin-
dependent kinase 5, and antagonism of the N-methyl-D-aspartate receptor [1,11].

Numerous studies have been conducted on various indications using nafamostat. However,
animal and clinical studies are limited, likely owing to the instability and polarity of
nafamostat [12,13]. Notably, the reported half-life of nafamostat in plasma is up to 8 min,
indicating that nafamostat is rapidly metabolized in the plasma. The presence of polar
groups, such as guanidine, in nafamostat causes inadequate retention, interference, and
analyzed results under reverse-phase bioanalytical conditions [14,15]. Consequently,
insufficient in vivo data can be a potential barrier to the drug repurposing process while
exploring the potential of repurposing and deciding on further steps.

Physiologically based pharmacokinetic (PBPK) models based on a bottom-up approach
using in vitro absorption, distribution, and elimination data can help predict PK profiles or
drug-drug interactions in drug development stage or post-market study. Recently, new drug
applications using PBPK modeling were submitted to regulatory agencies, such as the US
Food and Drug Administration (FDA) and European Medicines Agency. From 2013-2019,

the percentage of new drug applications submitted to the FDA that used PBPK modeling
increased from 20-45% [16]. PBPK modeling is used for predicting PK profiles as well as for
enzyme- or transporter-mediated drug-drug interactions or for predicting PK profiles for
special populations such as hepatic and renal impairment and pediatric populations [17]. For
instance, the PBPK model for tetrahydrocannabinol and 11-hydroxy-tetrahydrocannabinol
that developed and validated with observations of healthy and non-pregnant populations was
applied to predict systemic exposure to during pregnancy [18]. The PBPK model was used
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to evaluate the effect of renal function on the PK profile when rivaroxaban and amiodarone
were co-administered to the elderly population [19]. Additionally, the authors quantified
the impact of age and renal organic anion transporter 3 on the fold-change of the AUC of
rivaroxaban using sensitivity analysis.

Sensitivity analysis is valuable for recognizing parameters that significantly influence the
model prediction results. The commonly used local sensitivity analysis can analyze the effect
of parameters on the model prediction results; however, it cannot evaluate the interaction
among input parameters because it is based on a single parameter [20]. A global sensitivity
analysis is able to simultaneously analyze the interactions between various parameters to
overcome this limitation [20]. The Sobol sensitivity analysis, a general global sensitivity
analysis method, does not depend on the assumption between the input and output of

the model and can evaluate the interaction between parameters; however, it requires high
computing power [20].

The purposes of this study were to (1) construct a nafamostat PBPK model, (2) evaluate the
reported dosing regimen for the treatment of COVID-19, and (3) assess the importance of
input parameters using global sensitivity analysis.

METHODS

PBPK model development

The nafamostat PBPK models were constructed using the SImCYP® simulator version 21
(Certara, Princeton, NJ, USA). The observed plasma nafamostat concentration profiles were
extracted from the literature using an Engauge digitizer to verify and improve the model. All
the input parameters for the nafamostat are presented in Table 1. Input parameters, such as
microsomal CES2 clearance (CL), tissue:plasma partition coefficient (Kp) scalar, and renal CL,
were obtained from previous studies or parameter estimation. The full PBPK model and Rodger
and Rowland method (method 2) were applied to the distribution module to consider the
tissue distribution profiles. An enzyme kinetics module was applied as an elimination model to
consider plasma esterase half-life and CES2 CL. The reported plasma esterase half-life ranges
from 8-41.9 minutes [5,21]. As the excretion rate of the unchanged form in urine was unclear,
it was estimated using clinical research data. Additional systemic CL was estimated to consider
the elimination pathway other than the established esterase-mediated metabolism.

Model simulation and verification

In the model development and evaluation process, the study design, including the dosing
regimen, was set similar to that used in clinical studies [3,22]. The clinical study included
healthy Chinese individuals aged 20-30 years; however, the sex ratio was not defined.
Therefore, the simulation conditions in the current study were set as follows: the age of

the virtual volunteers and the sex ratio were set to 20—-40 years and 50:50, respectively. The
dosing regimen was set as an intravenous (IV) infusion of 10, 20, and 40 mg nafamostat

for 2 hours to verify the developed model. In the simulation, total 1,000 virtual volunteers
(100 subjects x 10 trials) were participated. The predicted and observed PK parameters were
compared to evaluate the model prediction results. The predicted/observed ratios for C,,s,
AUC, and AUC from O to infinity (AUC,..) were calculated to estimate the prediction power.
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Table 1. Input parameters for the final nafamostat model

Parameters Value Source
Phys-chem properties
Molecular weight (g/mol) 347.378 Drugbank
LogP 2.52 Drugbank
Compound type Monoprotic base
pKa 11.32 Predicted using ChemAxon
B/P 1.19 Predicted in SImCYP®
f, 0.46 Predicted in SimCYP®
Distribution
Distribution model Full PBPK
Kp scalar 2.18 Parameter estimation
Vs (L/kg) 11.66 Adjusted by Kp scalar
Prediction model Method 2 (Rodgers & Rowland model)
Elimination
CL type Enzyme kinetics
CES2 Vyax (Pmol/min/mg protein) 26,900 [5]
CES2 Ky, (LM) 1,790 [5]
Plasma esterase half-life (min) 0.63 Parameter estimation
Additional HLM CL;, (LL/min/mg protein) 16.96 [27]
Additional HLC CL;, (1uL/min/mg protein) 73 [27]
CLg (L/h) 0.56 Parameter estimation
Additional systemic CL (L/h) 0.02 Parameter estimation

B/P, blood-to-plasma partition coefficient; f,, unbound fraction; K,,, Michaelis constant; V., maximum rate in the
reaction; V,, volume of distribution at steady state; CL;,, intrinsic clearance; CLg, renal clearance; HLM, human
liver microsome; HLC, human liver cytosol; CES, carboxylesterase.

Model application: assessment of dosing regimen for treating COVID-19

The concentrations of nafamostat in plasma and lung tissue were simulated after IV infusion
0f 200 mg and 4.8 mg/kg nafamostat for 24 hours [23,24] to confirm clinical case reports

of in vitro half maximal inhibitory concentration (ICs) values (approximately 10 nM) and
therapeutic concentrations reported in the literature (30-240 nM) [23,24]. The dosing
regimen for COVID-19 treatment was obtained from phase 1 and 2 clinical trials for approval
of nafamostat as a novel drug for COVID-19 treatment or case reports describing clinical
changes that occurred after nafamostat was administered to COVID-19 patients [23,24].

Global sensitivity analysis

Global sensitivity analysis was performed on 22 parameters that reportedly affect the prediction
results during the model improvement involved in the distribution and elimination process to
quantitatively evaluate the effect of physiological or drug-specific parameters on the prediction
power. The influence of the parameters on the PK profiles of nafamostat was evaluated using

2 sensitivity indices. The first-order index evaluates the influence of individual parameters on
the model, and the total-order index contains both the impact of individual parameters and the
correlation with other parameters. The closer is sensitivity index to O, the less effect it has on
the model. Increasing proximity to a value of 1 enhances its impact on the model. In this study,
the parameters with 2 indices exceeded 0.05 and hence were regarded as significantly affecting
the robustness of the developed model [20].

RESULTS

Model verification
The constructed model was validated using the observed nafamostat concentration-
time and PK profiles. For IV infusion 0f 10, 20, and 40 mg nafamostat for 2 hours, most
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Figure 1. The observed black circle and predicted (n =1,000, blue solid line) time-plasma concentration profiles after single intravenous infusion of (A) 10 mg, (B)
20 mg, and (C) 40 mg nafamostat. The grey dotted line represents the 5th and 95th percentile.

Table 2. Observed and predicted AUCq.jast, AUCq.co, Cmax @rithmetic means and their ratios for nafamostat

Parameters Observed [22] (n = 10) Predicted (n = 1,000) Mean ratio + SD,, (range)
10 mg administration
AUC,. 0 (ng-h/mL) 24.00 + 4.75 41.70+9.11 (27.50-57.60) 1.74 +0.51 (1.23-2.25)
AUC,.., (ng-h/mL) 27.60 = 4.59 45.30 % 10.50 (28.90-63.20) 1.64 + 0.47 (1.17-2.11)
Crnax (ng/mML) 14.50 = 3.88 18.50 + 3.61 (12.80-24.80) 1.28 + 0.42 (0.85-1.70)
20 mg administration
AUC, e (ng-h/mL) 56.40 + 28.70 83.50 + 18.20 (55.10-115.10) 1.48 + 0.82 (0.66-2.30)
AUC, .., (ng-h/mL) 59.50 = 21.50 90.60 + 21.10 (57.80-126.40) 1.52+ 0.65 (0.87-2.18)
Crnax (Ng/ML) 40.40 + 12.50 36.90 + 7.21 (25.50-49.60) 0.91 + 0.33 (0.58-1.25)
40 mg administration
AUC,. st (ng-h/mL) 110.00 + 25.50 167.00 + 36.50 (110.10-230.30) 1.52 + 0.48 (1.03-2.00)
AUC,.., (ng-h/mL) 115.00 + 26.10 181.00 + 42.10 (115.60-252.70) 1.57 + 0.51 (1.06-2.09)
Crnax (ng/mML) 60.40 = 15.80 73.90 + 14.40 (51.00-99.30) 1.22 + 0.40 (0.82-1.62)

Observed PK parameters are presented as mean = SD, and predicted PK parameters are presented as mean + SD (5th-95th percentile). The mean ratio was
calculated as redced

SD, standard deviation; PK, pharmacokinetic; AUC,. s, area under the curve time 0 to last sample point; AUC,..., area under the curve time 0 to infinity; Coax
maximum concentration.

of the observed plasma nafamostat concentration profiles were fitted to the predicted

mean concentration and the 5th and 95th percentile ranges of the predicted mean plasma
concentration-time profiles (Fig. 1). The predicted arithmetic mean ratios of AUC,., AUC,..,
and C,,,, were 1.74, 1.64, 1.28 for 10 mg, 1.48, 1.52, 0.91 for 20 mg, and 1.52, 1.57, and 1.22 for
40 mg, respectively (Table 2).

Model application: assessment of dosing regimen for COVID-19 treatment
After applying the dosing regimen used for COVID-19 treatment [1) 200 mg/24 h continuous
infusion for 13 days and 2) 4.8 mg/kg/24 h continuous infusion for 13 days], the total (bound +
unbound form) and unbound plasma nafamostat concentrations and the total concentration
in lung tissue were predicted. The 2 dosing regimens used for COVID-19 treatment were
sufficient to maintain the proposed effective concentration range (30-240 nM) for total
plasma concentration, unbound plasma concentration (Fig. 2A, B, D, and E). Predicted
nafamostat concentration in the lung tissue was maintained the in vitro ICs, (approximately 10
nM) (Fig. 2C and F).

Global sensitivity analysis

The parameters that had the greatest impact on AUC and C,,,, were plasma esterase half-
life, plasma fold scalar, and hematocrit (Fig. 3A and B). Plasma fold scalar is used to predict
plasma volume, and an increase in plasma fold scalar has caused a decrease in AUC and C,,y.
AUC and C,,,, were proportional to hematocrit and plasma esterase half-life. The parameters
that had the greatest influence on CL were baseline level of microsomal protein, cardiac
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Figure 2. The predicted time-plasma and lung concentration profiles after intravenous infusion of (A-C) 200 mg/24 h and (D-F) 4.8 mg/kg/24 h nafamostat for 13
days. The grey dotted line represents 5th and 95th percentile, and blue area represents proposed therapeutic range (30-240 nM).

output scalar, and blood-to-plasma partition coefficient (B/P; Fig. 3C). The microsomal
protein level is associated with hepatic metabolism of nafamostat, and cardiac output scalar
and B/P are associated with tissue distribution. The results of global sensitivity analysis
suggested that hepatic distribution and metabolism have a significant impact on systemic
exposure and CL of nafamostat.

DISCUSSION

In this study, nafamostat PBPK model was successfully constructed using reported clinical,
physicochemical, and metabolic data. The reported in vitro metabolism profiles and

clinical studies data were extracted from the literature to develop and verify the model. The
assessment of predicted vs. observed C,,.x, AUC,, and AUC, .. ratios was performed, and, as
aresult, all the calculated PK parameter ratios were within the 2-fold range. The arithmetic
means ratios of predicted vs. observed C,, + SD (range) values after iv infusions of 10, 20,
and 40 mg of nafamostat during 2 hours were 1.28 + 0.42 (0.85-1.70), 0.91 + 0.33 (0.58-1.25),
and 1.22 + 0.40 (0.82-1.62), respectively. Although the predicted plasma concentration-

time profiles were well-fitted to the observations, the AUC was slightly overestimated. This
problem could be affected by the high variation in observed AUC values and the variability of
inter-individual or drug-specific parameters, such as intrinsic CL for esterase or half-life for
plasma esterase. The percentages of the coefficient of variance for the calculated observed
AUC, . and AUC,.. were 58.8% and 50.0%, respectively [3]. The minimum-maximum

values for individual AUC,, and AUC,.. were 20-105.28 ng-h/mL and 31.05-117.73 ng-h/mL,
respectively. This phenomenon is likely attributed to the highly unstable and polar properties
of nafamostat, thereby affecting the results of the PK study. The constructed PBPK model was
applied to predict the PK profiles for the reported COVID-19-treatment dosing regimens.
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PBPK modeling is valuable for clinical study design and optimal dose design for drug
repurposing. Rajoli et al. [25] developed a whole-body PBPK model for nitazoxanide, an
anthelmintic drug, and used an in vitro half maximal effective concentration for SARS-CoV-2
to design an optimal dosage regimen for COVID-19 treatment. In a study by Idkaidek et

al. [26], the PBPK model for hydroxychloroquine was utilized to design the dose for the

inhalation formulation required to maintain an effective concentration in the alveolus. The
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Figure 3. The first order (black bar) and total order (grey bar) sensitivity indices for (A) area under the curve, (B) maximum concentration, and (C) systemic
clearance. The error bar denotes the standard deviation.
Ptp, partition coefficient of tissue:plasma; f,, unbound fraction; HLM, human liver microsome; HLC, human liver cytosol; V.., maximum velocity of an enzymatic
reaction; K,,, Michaelis constant; CL;,, intrinsic clearance; CLg, renal clearance; B/P, blood-to-plasma partition coefficient; GFR, glomerular filtration rate;

CPPGL, cytosolic protein per gram of liver.
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Figure 3. (Continued) The first order (black bar) and total order (grey bar) sensitivity indices for (A) area under the curve, (B) maximum concentration, and (C)
systemic clearance. The error bar denotes the standard deviation.

Ptp, partition coefficient of tissue:plasma; f,, unbound fraction; HLM, human liver microsome; HLC, human liver cytosol; V., maximum velocity of an enzymatic
reaction; K,,, Michaelis constant; CL;,, intrinsic clearance; CLg, renal clearance; B/P, blood-to-plasma partition coefficient; GFR, glomerular filtration rate;

CPPGL, cytosolic protein per gram of liver.

PBPK model built using in vitro absorption data and a mathematical function can be used to
predict the first-in-human PK profile, the PK profile in a particular population, and assess the
effect of formulation changes. Evaluating the reported nafamostat dose regimen used to treat
COVID-19 confirmed that the total plasma concentration, unbound concentration, and lung
nafamostat concentration maintained the expected therapeutic concentration range (30240
nM) and ICs, (up to 10 nM). These predictions suggest that the reported nafamostat dosing
regimen for treating COVID-19 can sufficiently block viral entry; however, as it was based on
in vitro studies, additional clinical studies are required to evaluate the in vivo antiviral effects.

Global sensitivity analysis results have both implications and limitations to interpret the PK
characteristics of nafamostat. Nafamostat has been reported to be metabolized by erythrocytes,
plasma, liver microsomal/cytosolic enzymes, esterase which is distributed in tissues, and it is
reported that it can be widely distributed in tissues [3,5,27]. Therefore, global sensitivity analysis
on physiological or drug-specific parameters that can affect distribution and metabolism of
nafamostat has been performed. The baseline level of microsomal protein, cardiac output scalar,
B/P, unbound fraction in plasma (f,), human liver cytosol CL;, and liver fold scalar showed

a proportional relationship with CL. The baseline level of microsomal protein and liver fold
scalar influenced CL by changes in the abundance of drug metabolism enzyme or liver volume.
The perfusion rate limited distribution model, which determines the tissue distribution by the
blood flow, was applied to the developed model. The changes in cardiac output scalar caused
changes in blood flow to each tissue, affecting CL. B/P and f, were screened as parameters

that significantly influence CL because they affect tissue distribution, especially into the liver.
Plasma esterase half-life, plasma fold scalar, and hematocrit can affect both tissue distribution
and metabolism of nafamostat, however, these parameters caused an increase or decrease in
AUC and C,,,, without affecting CL in the current model. This phenomenon was thought to be
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caused by the metabolism of nafamostat by erythrocyte does not take into account in the current
model. The enzyme kinetic or metabolism profiles for the erythrocyte of nafamostat have not
been applied to the current model since this information was unclear. The other cause is half-life
of the plasma esterase is not considered for CL calculation method of SimCYP®. In SimCYP®
simulators, total plasma CL was calculated as the sum of liver and kidney, metabolic kidney, and
additional plasma CL, and thus the effect of plasma esterase was not properly reflected in CL.
Therefore, plasma volume or half-life of plasma esterase does not appear to have affected the
predicted CL. Based on the results of global sensitivity analysis and reported literatures [3,5,27],
the disposition process by the liver thought to have a significant effect on the metabolism

of nafamostat, although the effects of erythrocyte and half-life of plasma esterase on the
metabolism of nafamostat were underestimated.

Developed PBPK model with appropriate predictive power for nafamostat was developed,
this study still has several limitations. The predicted-to-observed ratios of the AUC and the
plasma nafamostat concentration were slightly overpredicted. Overprediction of the PK
profiles of nafamostat might be attributed to insufficient disposition profiles, high inter-
individual variability and also effect of infusion on disposition in the model development
process. The estimated half-life of plasma esterase was less than the experimental value.
However, the plasma nafamostat concentration in the infusion phase was overestimated.

In the global sensitivity analysis, f, in the plasma and B/P significantly affected the CL
prediction. These results suggest that the distribution and elimination profiles of nafamostat
may vary depending on the distribution of protein binding or plasma and whole blood,
along with the intrinsic CL of drug metabolism enzymes during the disposition process

of nafamostat. The published %CV of the observed AUC was estimated to be 58.8% [3]. A
study suggested that the acceptance criteria of the PBPK model prediction results should be
based on the %CV parameter [28]. When comparing results with %CV exceeding 30%, the
acceptance criteria should be adjusted to wider than the 2-fold range, thereby preventing
the high false-negative rate. Although the false-negative rate for AUC in this study could be
increased by using the 2-fold limit as the acceptance criterion, it may also adequately explain
the clinical study results even with conservative criteria. Another limitation is that the same
dataset was used for model development and refinement. It is preferable to use a separate
dataset to develop, improve, and verify the modeling approach. However, the sources are
limited to obtaining sufficient observations for the above process. Last one is that developed
model was verified using healthy populations, not COVID-19 patients. Information about
typical physiological changes in COVID-19 patients are very limited. Thus, the PBPK model
for nafamostat was developed and validated using dataset from the healthy population and
predicted the systemic exposure of nafamostat in healthy population.

In conclusion, A PBPK model for nafamostat was successfully constructed and evaluated
using a previously reported dataset. The ratios of the clinical study results and the predicted
PK parameters were within a 2-fold range. When predicting the dose regimen for the
treatment of COVID-19 used in the clinical study, the concentrations of nafamostat in
plasma and lung tissue met the in vitro proposed effective concentration and ICs, range.

In conclusion, the nafamostat PBPK model established in current study may help predict
systemic exposure or lung concentration. The input parameters of the hematocrit, plasma
half-life, and microsomal protein levels have the most significant influence on the model.
We believe the model will help evaluate PK profiles and decision-making regarding dosing
regimens in drug repurposing studies.
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