
The PBPK LeiCNS-PK3.0 framework predicts Nirmatrelvir (but not
Remdesivir or Molnupiravir) to achieve effective concentrations
against SARS-CoV-2 in human brain cells
Saleh, M.A.A.E.W.; Hirasawa, M.; Sun, M.; Berfin, G.; Elassaiss, J.; Lange, E.C.M. de

Citation
Saleh, M. A. A. E. W., Hirasawa, M., Sun, M., Berfin, G., Elassaiss, J., & Lange, E. C. M. de.
(2022). The PBPK LeiCNS-PK3.0 framework predicts Nirmatrelvir (but not Remdesivir or
Molnupiravir) to achieve effective concentrations against SARS-CoV-2 in human brain cells.
European Journal Of Pharmaceutical Sciences, 181. doi:10.1016/j.ejps.2022.106345
 
Version: Accepted Manuscript
License: Creative Commons CC BY-NC-ND 4.0 license
Downloaded from: https://hdl.handle.net/1887/3502348
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hdl.handle.net/1887/3502348


 

Journal Pre-proof

The PBPK LeiCNS-PK3.0 framework predicts Nirmatrelvir (but not
Remdesivir or Molnupiravir) to achieve effective concentrations
against SARS-CoV-2 in human brain cells

Mohammed A.A. Saleh , Makoto Hirasawa , Ming Sun ,
Berfin Gülave , Jeroen Elassaiss-Schaap ,
Elizabeth C.M. de Lange

PII: S0928-0987(22)00230-5
DOI: https://doi.org/10.1016/j.ejps.2022.106345
Reference: PHASCI 106345

To appear in: European Journal of Pharmaceutical Sciences

Received date: 3 August 2022
Revised date: 17 November 2022
Accepted date: 29 November 2022

Please cite this article as: Mohammed A.A. Saleh , Makoto Hirasawa , Ming Sun , Berfin Gülave ,
Jeroen Elassaiss-Schaap , Elizabeth C.M. de Lange , The PBPK LeiCNS-PK3.0 framework pre-
dicts Nirmatrelvir (but not Remdesivir or Molnupiravir) to achieve effective concentrations against
SARS-CoV-2 in human brain cells, European Journal of Pharmaceutical Sciences (2022), doi:
https://doi.org/10.1016/j.ejps.2022.106345

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

© 2022 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

https://doi.org/10.1016/j.ejps.2022.106345
https://doi.org/10.1016/j.ejps.2022.106345
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

predicting the brain PK of small molecule drugs for COVID-19 

The PBPK LeiCNS-PK3.0 framework predicts Nirmatrelvir (but not Remdesivir or Molnupiravir) to 

achieve effective concentrations against SARS-CoV-2 in human brain cells 

Mohammed A. A. Saleh
1
, Makoto Hirasawa

2
, Ming Sun

3
, Berfin Gülave

4
, Jeroen Elassaiss-Schaap

5
, Elizabeth C. 

M. de Lange
6 

1
Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden 

University, Leiden, The Netherlands. ORCID ID: 0000-0002-0517-6051 

2
Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden 

University, Leiden, The Netherlands. ORCID ID: 0000-0002-1678-8539 

3
Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden 

University, Leiden, The Netherlands. ORCID ID: 0000-0001-8018-1152 

4
Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden 

University, Leiden, The Netherlands. ORCID ID: 0000-0001-8954-882X 

5
PD-value B.V., Houten, The Netherlands. ORCID ID: 0000-0002-3333-861X 

6
Division of Systems Pharmacology and Pharmacy, Leiden Academic Center for Drug Research, Leiden 

University, Leiden, The Netherlands. ORCID ID: 0000-0001-8303-1117 

*
Correspondence: Dr. Elizabeth CM De Lange, Leiden University Leiden Academic Centre for Drug 

Research, Netherlands, ecmdelange@lacdr.leidenuniv.nl, telephone: +31 71 527 6330, address: Gorlaeus 

laboratorium, Einsteinweg 55, 2333 CC, Leiden, The Netherlands 

Graphical abstract 

                  



2 
 

 

Highlights 

 No information exists on the pharmacokinetics of antiCOVID-19 drugs in human brain 

 LeiCNS-PK3.0 framework predicts adequately the human brain pharmacokinetic profiles 

 Nirmatrelvir is predicted to reach effective brain concentrations against COVID-19 

 Ineffective brain concentrations are predicted for Molnupiravir and Remdesivir 

 LeiCNS-PK3.0 is a promising tool to optimize and accelerate CNS drug development 

Abstract 

SARS-CoV-2 was shown to infect and persist in the human brain cells up to 230 days, highlighting the need to 

treat the brain viral load. The CNS disposition of antiCOVID-19 drugs: Remdesivir, Molnupiravir, and 

Nirmatrelvir, remains, however, unexplored. Here, we assessed the human brain pharmacokinetic profile (PK) 

against the EC90 values of antiCOVID-19 drugs to predict drugs with favorable brain PK against the delta and 

omicron variants. We also evaluated the intracellular PK of GS443902 and EIDD2061, the active metabolites of 

Remdesivir and Molnupiravir. Towards this, we applied LeiCNS-PK3.0, the physiologically based 

pharmacokinetic framework with demonstrated adequate predictions of human CNS PK. Under the 

recommended dosing regimens, the predicted brain extracellular fluid PK of only Nirmatrelvir was above the 

variants‘ EC90. The intracellular levels of GS443902 and EIDD2061 were below the intracellular EC90. 
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Summarizing, our model recommends Nirmatrelvir as the promising candidate for (pre)clinical studies 

investigating the CNS efficacy of antiCOVID-19 drugs. 

Keywords: LeiCNS-PK3.0, COVID-19, brain, pharmacokinetics 

1. Introduction 

Increasing evidence supports that COVID-19 is not only a respiratory disease but may also have serious impact 

on, among others, the central nervous system (CNS) (Philippens et al., 2021). The neurological manifestations 

associated with SARS-CoV-2 include headaches, encephalopathy (Chou et al., 2021; Guadarrama-Ortiz et al., 

2020), Alzheimer‘s disease-like manifestations (Shen et al., 2022), and brain atrophy (Douaud et al., 2022). 

SARS-CoV-2 has also been demonstrated to infect (Matschke et al., 2020; Veleri, 2022) and persist in neurons 

for up to 230 days (Stein et al., 2021). A causal relationship of neurotropism and neurological manifestations is 

still, however, unestablished (Pacheco-Herrero et al., 2021; Shen et al., 2022; Yang et al., 2021). Addressing the 

viral infection in the brain is therefore relevant to avoid a long-term latent state of virus in the CNS, which could 

result in recurrent CNS pathologies.  

Three small molecule drugs have so far been approved for the treatment of COVID-19 in humans, which include 

the main protease inhibitor, Nirmatrelvir, in addition to Remdesivir and Molnupiravir that are activated 

intracellularly to the nucleoside analogues GS443902 and EIDD2061, respectively. The PK profiles of these 

drugs and their active metabolites in the human brain have not been assessed. We here apply the physiologically 

based LeiCNS-PK3.0 framework to predict the PK profiles of these drugs in the brain, and relate these to their in 

vitro EC90 (Gonçalves et al., 2020) values against the delta and omicron variants of SARS-CoV-2. By this 

approach we select drug(s) that seems to be promising for treating these viruses in the brain. 

2. Data and Methods 

2.1. Data collection 

We first compiled in vitro and preclinical in vivo data on CNS disposition and blood-brain barrier (BBB) 

transport of Nirmatrelvir, Remdesivir (and its metabolites: GS704277, GS441524, and its active form 

GS443902), and Molnupiravir (and its metabolites: EIDD1931 and its active form EIDD2061). Molnupiravir is 

unstable in plasma and is efficiently and rapidly converted to EIDD1931. Therefore, EIDD1931 was used as a 

surrogate to describe Molnupiravir‘s plasma and CNS disposition. Also, Molnupiravir dosing was performed in 

molarity to account for the difference in molecular weight between the parent drug and its metabolite. 
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In addition, the extent of CNS distribution of these drugs given by Kpuu,BBB (brainECF to plasma unbound drug 

ratio) was evaluated using the in-silico brain exposure efficiency (BEE) score (Gupta et al., 2020). Population 

plasma PK models were extracted from literature. Drug physicochemical properties were available from 

DRUGBANK (Wishart et al., 2017). The model related input is reported in table 1. Literature data, where 

required, were digitized with WebPlotDigitizer version 4.2 (https://apps.automeris.io/wpd/). 

2.2. LeiCNS-PK3.0 framework 

LeiCNS-PK3.0 is a physiologically based pharmacokinetic (PBPK) model of the CNS, which can predict the 

unbound PK profile in different CNS compartments, including the target sites in the brain extracellular (brainECF) 

and intracellular (brainICF) compartments and also the lumbar cerebrospinal fluid compartment. The model was 

previously validated and was shown to predict, independently of clinical brain PK data, the unbound PK profiles 

of morphine in the human brainECF and of indomethacin, oxycodone, and acetaminophen at the lumbar region of 

the subarachnoid space cerebrospinal fluid (CSF) compartments, both with less than two-fold error. Additional 

details on model structure and validation have been reported previously (Saleh et al., 2021). Here, we will use 

the validated LeiCNS-PK3.0 to predict the human brainECF and brainICF PK profiles of the three antiCOVID-19 

drugs. It will not be possible, however, to validate these predictions since relevant brain PK measurements are 

unavailable.  

2.3. LeiCNS-PK3.0 simulations 

Model simulations were performed using the physiological parameters of a healthy human adult as reported 

previously (Saleh et al., 2021) and the plasma PK parameters and drug physicochemical properties presented in 

table 1. Fifty simulations were performed to account for interindividual variability of the population plasma PK 

models and the median and 95 percentiles were reported. Simulations were performed in R (version 4.1.2) (R 

Core Team, 2019) using the package RxODE (version 1.1.4) (Fidler et al., 2019) and the LSODA (Livermore 

Solver for Ordinary Differential Equations) Fortran package. 

2.4. Brain intracellular PK assessment 

Remdesivir is a prodrug and is metabolized intracellularly to GS443902, the active nucleoside analogue. 

GS443902 is hydrophilic, with long elimination half-life (≈ 43 hours) as measured in human PBMCs (Humeniuk 

et al., 2021), which imply that GS443902 may accumulate intracellularly, producing a sustained effect. We 

therefore investigated the intracellular brain PK profile of GS443902. The intracellular PK profiles of 
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Remdesivir metabolites were reported in lung epithelium cells (Calu-3 cells) (Gilead Sciences, 2020) and were 

used to model the intracellular brain PK of GS443902. Briefly, we assumed that the triphosphate active 

metabolite GS443902 is formed from GS704277 metabolite directly (half-life = 30.4 hours), given the low 

concentrations of the intermediate monophosphate and diphosphate metabolites. The formation rate of 

GS443902 was multiplied by a factor of 24.9 to correct for the slow metabolic rate of Calu-3 cell line compared 

to other human cell lines, for example the hepatocellular carcinoma (Huh-7), primary airway epithelium (HAE), 

and kidney epithelium (293T) (Pruijssers et al., 2020; Tao et al., 2021). No formation of GS443902 from 

GS441524 was considered, supported by the inefficiency of this process, as demonstrated by the in vitro 

experiments using the Huh-7, HAE, Calu-3, Caco-2, and 293T cell lines (Gilead Sciences, 2020; Tao et al., 

2021). GS443902 is metabolized to GS441524 with a half-life of 43 hours (Humeniuk et al., 2021). 

Likewise, Molnupiravir is the prodrug of the parent nucleoside EIDD1931, which undergoes intracellular 

conversion to EIDD2061, the triphosphate metabolite of EIDD1931. Intracellular PK of EIDD2061 was modeled 

based on the mouse brain homogenate data of EIDD1931 and EIDD2061 (Painter et al., 2019). The formation 

and elimination half-lives of EIDD2061 were 3.5 (Painter et al., 2019) and 4.5 (European Medicines Agency, 

2021a) hours, respectively.  

2.5. Efficacy calculation 

Comparison of predicted brainECF PK profile against the EC90 was used to assess if a drug would achieve 

effective brain PK. Efficacy against the omicron and delta variants was considered as these are the current 

variants of concern (World Health Organization (WHO), n.d.). In addition, efficacy at a given time point ( t) was 

calculated using the predicted brainECF concentrations at given time point (CECF,t) and EC50. Average efficacy ( ) 

of the drug across the PK profile was calculated by integrating  t over the treatment duration (D)  (Gonçalves et 

al., 2020). In vitro measured EC50 and EC90 were available from literature and are reported in table 1. 
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A sensitivity analysis was performed to evaluate the impact of the CNS pathophysiological changes associated 

with COVID-19 on brain PK profiles of the three antiCOVID-19 drugs (Saleh and de Lange, 2021). Changes of 

all model physiological parameters were assessed including pH values of brainECF, brainICF, lysosomes, plasma, 

and CSF; effective surface area of paracellular transport across the BBB and blood-CSF (BCSFB); bulk fluid 

flow as cerebral blood flow, brainECF bulk flow, and CSF flow; surfaces areas of BBB, BCSFB, brain cells, and 

lysosomes; and the volumes of brain microvasculature, brainECF, brainICF, lysosomes, brain phospholipids, lateral 

ventricles, third and fourth ventricles, cisterna magna, and subarachnoid space. Model parameters were changed 

by 10% and 200%, while pH values were altered by 0.1 and 2 pH units. The Cmax, Tmax, AUC, and half-life of the 

PK profiles from the healthy and altered CNS parameters were then compared. 

3. Results 

The predicted PK profiles of plasma and brainECF of Remdesivir, GS441524, Nirmatrelvir, and EIDD1931 are 

presented in figure 1. The predicted brainECF PK profiles are depicted against the in vitro EC90 values specific for 

the delta and omicron variants, except for GS441524 which is depicted against the EC50 value, as the EC90 values 

specific for the delta and omicron variants were not available. Extracellular PK profiles were compared against 

the EC90 values, since the in vitro EC90 values reflect extracellular and not intracellular drug concentrations. 

The predicted brainECF PK profile of Nirmatrelvir was consistently above the EC90 value of both variants, with an 

average efficacy of 87% and 96% against the delta and omicron variants, respectively. Nirmatrelvir still achieved 

effective brainECF PK profiles following a 50% reduction of plasma Cmax (supplementary figure 1, online 

resource 1). The reduction of plasma Cmax was achieved with an 85% lower absorption rate constant to account 

for the formulation differences between tablets and oral suspensions (European Medicines Agency, 2021b). The 

predicted brainECF PK profiles of Remdesivir and of GS441524 were below the EC90. The predicted brainICF PK 

profile of GS443902 against the intracellular EC90 value are described in figure 2. The intracellular EC90 value 

was calculated based on the extracellular EC90 value of Remdesivir and the average intracellular levels of 

GS443902 (Pruijssers et al., 2020). BrainICF concentrations profile of GS443902 increased over time with each 

dose, but remained, however, below the intracellular EC90.  

The predicted brainECF PK of EIDD1931 was below the EC90 of the two variants. EIDD2061 brainICF PK profile, 

reported in figure 2, does not notably accumulate continuously in brain (Painter et al., 2019), mainly because of 

its short half-life. Data required to calculate the intracellular EC50/90 of EIDD2061 were not available. The 

average concentration ratio of EIDD2061 to EIDD1931 is between one-third and two, as measured in mice 
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spleen and brain, respectively (Painter et al., 2019). This means that the intracellular EC90 of EIDD2061 can be 

assumed to be (at best) threefold lower than that measured extracellularly for EIDD1931 or 1.55 nmol/ml, which 

is still three times higher than the predicted intracellular Cmax of EIDD2061 (0.4 nmol/ml). 

In this study, LeiCNS-PK3.0 simulations were performed using the parameters of the healthy human CNS. 

Therefore, a sensitivity analysis was performed to assess the PK changes caused by the potential COVID-19 

alterations of CNS physiology. Changes of pHECF and pHICF resulted in the largest change of brainECF and 

brainICF PK of Nirmatrelvir (pKa = 7.1, table 1). Remdesivir and EIDD1931 are neutral molecules and thus not 

impacted by pH changes. Also, changes of brain cell volume and surface area impacted the PK of EIDD1931. 

4. Discussion 

The neurotrophic characteristics and the associated neurological manifestations of SARS-CoV-2 strongly imply 

the need to eradicate the virus from the brain. CNS penetration of small molecules approved for COVID-19 have 

not been studied in humans. Using the LeiCNS-PK3.0 PBPK framework and the recommended dosing regimen, 

we predict that Nirmatrelvir alone achieves adequate PK profiles as based on in vitro EC90 values against SARS-

CoV-2 variants of interest, i.e. the delta and omicron variants. These results can guide clinical trials on the 

assessment of efficacy of antiCOVID-19 drugs in the human CNS.  

Based on our model simulations, the dose of Remdesivir or Molnupiravir required to achieve effective 

concentrations in the brain cells will exceed by several folds the highest dose that was tested during the clinical 

development of both drugs. A minimum dose of 300 mg twice daily of Remdesivir was needed for the brainICF 

Cmin of GS443902 to be higher than the calculated intracellular EC90 value (1.78 pmol/million cell (Pruijssers et 

al., 2020)). With regards to Molnupiravir, a dose of 4000 mg twice daily was required for the intracellular Cmin of 

EIDD2061 to exceed the lowest predicted intracellular EC90 value of 1.55 nmol/ml. Both doses were not 

explored in the dose escalation studies in humans (Humeniuk et al., 2020; Painter et al., 2021) and thus the 

associated potential toxicities have not been investigated.  

COVID-19 is associated with distinct CNS pathophysiological alterations. SARS-CoV-2 impaired the integrity 

of the BBB, either because of the impairment of the basement membrane without affecting tight junctions 

(Krasemann et al., 2022; Zhang et al., 2021) or the loss of tight junction proteins (Buzhdygan et al., 2020; 

Erickson et al., 2021; Reynolds and Mahajan, 2021; Wang et al., 2021). Also, the increased protein content in 

CSF (Jarius et al., 2022; Tandon et al., 2021) suggests a breakdown of the BCSFB (Pellegrini et al., 2020), but 

could also be a result of decreased CSF flow (Reiber, 1994). SARS-CoV-2 infection might result in brain 
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atrophy, wherein the volume of gray matter significantly reduced than white matter (Douaud et al., 2022; Qin et 

al., 2021). No direct evidence suggests the changes in the volume and the surface area of brain cells. Many 

COVID-19 patients, however, present with hypoxemia (Dhont et al., 2020; Solomon et al., 2020), which in turn, 

results in the increase of anaerobic metabolism in the mitochondria of brain cells (Abdennour et al., 2012). The 

accumulation of lactic acid produced by mitochondria can cause swelling of brain cells (Duan et al., 2021; 

Juzekaeva et al., 2018). In addition, patients recovered from severe COVID-19 have significantly reduced 

cortical cerebral blood flow (Qin et al., 2021). While no reports on the impact of SARS-CoV-2 on brainECF pH, 

the accumulation of lactic acid due to anerobic respiration might results in a lower brain pH (Fan et al., 2020). In 

addition, influenza virus results in a decreased brainECF pH, by H+ export from cells (Liu et al., 2016). Hence, we 

performed a sensitivity analysis to study the impact of these pathophysiological changes on brain PK with a 

focus on Cmax and exposure given by the AUC (Supplementary figure 2, online resource 1). An increase of brain 

cell volume as a result of brain cell swelling will reduce the Cmax and AUC of EIDD1931. A decrease of pHECF 

slightly decreased the Cmax of brainECF and increased the Cmax and exposure of brainICF. Therefore, based on the 

sensitivity analysis results and the literature summary of CNS pathophysiology in COVID-19, small changes 

(10%) of CNS physiology as expected in COVID-19 will not notably impact the brain PK profiles. We therefore 

postulate that our simulation results using healthy CNS parameters still apply for COVID-19 patients, 

independent of the disease state of the CNS. 

In this simulation study, asymmetry factors (AF), which represent active transport activity at BBB, were 

calculated based on Kpuu,BBB values provided by ―the brain exposure efficiency‖ (BEE) in silico calculator 

(Gupta et al., 2020) for Nirmatrelvir and Remdesivir, both drugs being P-glycoprotein substrates. The predicted 

Kpuu,BBB of Remdesivir was in line with total brain-to-plasma Remdesivir ratios measured in radiographic 

imaging studies in rats (Gilead Sciences, 2020) and in rhesus monkeys (Warren et al., 2016). No in vivo or in 

vitro data on P-glycoprotein activity were available for Nirmatrelvir. To assess the impact of the uncertainty 

associated with the predicted Kpuu,BBB (and consequently AF) on brain PK, we explored the scenario assuming a 

five-fold increase of BBB p-glycoprotein activity (i.e. a five-fold decrease of Kpuu,BBB), Nirmatrelvir still 

maintained activity against the omicron, but not the delta, variant (results not shown). Future in vitro or 

preclinical in vivo studies addressing the brain penetration of Nirmatrelvir are required to further substantiate 

these outcomes. 

Remdesivir and Molnupiravir are prodrugs of the parent nucleosides and undergo intracellular metabolism to the 

active nucleoside analogues, GS443902 and EIDD2061, respectively. EC50/90 were derived from in vitro systems 
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that were based on animal and human cell lines and vary by the metabolic capacity of these cell lines depending 

on the enzyme expression. Protein expression of human brain kinase and HINT1/3 (phosphoramidase enzymes) 

were comparable or lower to those of human lungs and liver (Sjöstedt et al., 2020), maintaining our earlier 

conclusion. 

5. Conclusion 

With the LeiCNS-PK3.0 PBPK framework, we predict that with the current dosing regimen only Nirmatrelvir 

and not Remdesivir or Molnupiravir will reach effective PK against the delta and the omicron variants in the 

human brain. Our study provides evidence-based guidance for the design of future (pre)clinical studies 

addressing the antiCOVID-19 drug efficacy in the human CNS. 
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Fig. 1 CNS PK predictions of LeiCNS-PK3.0 of drugs approved for COVID-19 treatment. Median (solid green 

line) and 95 percentiles (green shaded area) of brainECF and subarachnoid space PK profiles of Nirmatrelvir, 

EIDD1931 (Molnupiravir plasma metabolite), and Remdesivir, in addition to Remdesivir metabolite, GS441524. 

The PK profiles are depicted against the EC90 (dashed lines) against the omicron (blue) and the delta (red) 

variants. The concentrations of Nirmatrelvir only were above the respective EC90 of both variants, with an 

average efficacy of 87% and 96% against the delta and omicron variants, respectively.  
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Fig. 2 Median (solid green line) and 95 percentiles (green shaded area) of the predicted intracellular levels of 

GS443902 (top) and EIDD2061 (bottom), the active triphosphate metabolites of Molnupiravir and Remdesivir, 

respectively. GS443902 is hydrophilic (logP = -5.3 (Coordinators, 2018)), with an elimination half-life of 43.4 

hours (Humeniuk et al., 2021), which indicate its potential for intracellular accumulation. At the recommended 

dosing, however, GS443902 predicted levels are below the intracellular EC90 value (1.78 pmol/million cell 

(Pruijssers et al., 2020), dashed blue line) against USA-WA1/2020. EIDD2061 is also hydrophilic, but with a 

relatively short half-life of 4.5 hr (European Medicines Agency, 2021a) and therefore does not accumulate 

extensively intracellularly (Painter et al., 2019). Data required for calculating intracellular EC90 of EIDD2061 

were not available. EIDD2061 intracellular predicted Cmax is however ten fold lower than the EC90 reported for 

EIDD1931, while the average concentration ratio of EIDD2061 to EIDD1931 ranges from one-third to two. 

Thus, intracellular EC90 can be as low as 1.55 nmol/ml, which is still three times the Cmax of EIDD2061 at the 

recommended dosing regimen 

 

Table 1. LeiCNS-PK3.0 input parameters 

Drug 

Nirmatrelvir Remdesivir Molnupiravir 

Parent Parent 

Metabolites Metabolite 

GS704277 GS441524 EIDD1931 

Physicochemical properties (Wishart et al., 2017) 

MW (g/mol) 499.535 602.585 442.32 291.267 259.218 

LogP (unitless) 2.12 2.01 -0.88 -0.58 -2 

pKa (unitless) 7.1 10.23 2.38 12.13 12.55 

pKb (unitless) -1.6 0.65 0.64 0.65 2.39 

Plasma PK (European Medicines Agency, 2021a, 2021b; U.S. Food and Drug Administration, 2020) 

CLcen (mL min
-1

) 17 803.33 3500 2933.33 1281.667 

Qcen-per1 (mL min
-1

) 7.4 84 341.667 6316.667 55.833 

Qcen-per2 (mL min
-1

) 0 0 0 526.667 0 

Vcen (mL) 8200 6340 242000 104000 72000 

Vper1 (mL) 5650 6000 46000 236000 70000 

Vper2 (mL) 0 0 0 233000 0 
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Ka (min
-1

) 0.3783 not applicable not applicable not applicable 0.01383 

D1 (min) NA not applicable not applicable not applicable 48.12 

IIV on CLcen 0.264 0.387 0.565 0.4898 0.411 

IIV on Qcen-per1 0 0 0 0 0 

IIV on Qcen-per2 0 0.5656 0 0 0 

IIV on Vcen  0.307 0.387 0.6244 0.67 0.4 

IIV on Vper1 0.699 0.5656 0.5099 0.6557 0 

IIV on Vper2 0 0 0 0.5 0 

IIV on Ka 0.576 NA NA NA 0 

IIV on D1 0 NA NA NA 0.428 

Proportional residual error 0.0336 0.45 0.44 0.31 0.442 

Additive residual error 

(ng/ml) 399 0.884 0.604 0.511 0 

Drug biological parameters 

fu,p 0.31 0.121 0.98 0.99 1 

Kpuu,BBB 0.35
a
 0.14

a
 0.07

a
 0.22

a
 0.4

b
 

AFef,BBB 3.02 7.97 23864402 696.67 1719.71 

Kpuu,LV 0.35
c
 0.14

c
 0.07

c
 0.22

c
 0.4

c
 

AFef,LV 4.67 10.46 94737456 2739.28 6773.89 

Kpuu,SAS 0.35
c
 0.14

c
 0.07

c
 0.22

c
 0.4

c
 

AFef,SAS 4.71 10.48 95620650 2744.83 6893.5 

BBB transport (European Medicines Agency, 2021b, 2021a, 2020) 

P-gp substrate substrate NA substrate not substrate 

BCRP not substrate not substrate NA substrate not substrate 

ENT1 NA NA NA substrate NA 

ENT2 NA NA NA NA substrate 

CNT1 NA NA NA not substrate substrate 

CNT2 NA NA NA not substrate substrate 

CNT3 NA NA NA substrate substrate 
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Dosing (European Medicines Agency, 2021a, 2021b; U.S. Food and Drug Administration, 2020) 

Dose (mg) 300 200 + 100 NA NA 800
d
 

Dosing frequency (day
-1

) twice once NA NA twice 

Treatment duration (days) 5 5 NA NA 5 

Administration route oral IV NA NA oral 

Efficacy 

EC50 (delta) (uM) 

0.076 

(European 

Medicines 

Agency, 2021b; 

Rosales et al., 

2022) 

0.071 (European 

Medicines 

Agency, 2020; 

Rosales et al., 

2022) NA 

0.86 (Vangeel et al., 

2022) 

1.43 (European 

Medicines 

Agency, 

2021a; Rosales 

et al., 2022; 

Vangeel et al., 

2022) 

EC90 (delta) (uM) 

0.149 

(European 

Medicines 

Agency, 2021b; 

Rosales et al., 

2022) 

0.1455 

(European 

Medicines 

Agency, 2020; 

Rosales et al., 

2022) NA NA 

4.65 (Rosales 

et al., 2022) 

EC50 (omicron) (uM) 

0.02 (Rosales 

et al., 2022) 

0.02 (Rosales et 

al., 2022) NA 

0.5 (Vangeel et al., 

2022) 

0.25 (Rosales 

et al., 2022) 

EC90 (omicron) (uM) 

0.05 (Rosales 

et al., 2022) 

0.09 (Rosales et 

al., 2022) NA NA 

>10 (Rosales et 

al., 2022) 

a
Predicted values using the brain exposure efficiency score (Gupta et al., 2020) 

b
Kp value was calculated based on mouse brain homogenate (Painter et al., 2019) and was corrected to Kpuu,BBB 

accounting for the plasma and brain binding and brain pH differences 

c
assumed the same as Kpuu,BBB  

d
Molnupiravir dose in the model simulations was performed in units of molarity to account for the difference of 

molecular weight between Molnupiravir and its metabolite EIDD1931. 
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MW: molecular weight, LogP: octanol-water partitioning, pKa: acid dissociation constant, pKb: base dissociation 

constant, CLcen: drug clearance from central plasma compartment, Qcen-per: Drug clearance between central and 

peripheral plasma compartments, Vcen: volume of central plasma compartment, Vper: volume of peripheral 

plasma compartments, Ka: absorption rate constant, D1: estimated duration, IIV: interindividual variability, fu,p: 

plasma unbound fraction, Kpuu: unbound drug concentration ratio, AFef/in: asymmetry factor efflux/influx, P-gp: 

P-glycoprotein, BCRP: breast cancer receptor protein, ENT: equilibrative nucleoside transporters, CNT: 

concentrative nucleoside transporter, EC50/90: drug concentration for 50%/90% efficacy, NA: not available 

 

                  


