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ABSTRACT

(Aim): Ky uu,Bes Values are crucial indicators of drug distribution into the brain, representing the steady-state
relationship between unbound concentrations in plasma and in brain extracellular fluid (brainECF). Kp yu BB
values < 1 are often interpreted as indicators of dominant active efflux transport processes at the blood-brain
barrier (BBB). However, the potential impact of brain metabolism on this value is typically not addressed. In
this study, we investigated the brain distribution of remoxipride, as a paradigm compound for passive BBB
transport with yet unexplained brain elimination that was hypothesized to represent brain metabolism.
(Methods): The physiologically-based LeiCNS pharmacokinetic predictor (LeiCNS-PK model) was used to
compare brain distribution of remoxipride with and without Michaelis-Menten kinetics at the BBB and/or brain
cell organelle levels. To that end, multiple in-house (IV 0.7, 3.5, 4, 5.2, 7, 8, 14 and 16 mg kg'l) and external (IV 4
and 8 mg kg!) rat microdialysis studies plasma and brainECF data were analysed.

(Results): The incorporation of active elimination through presumed brain metabolism of remoxipride in the
LeiCNS-PK model significantly improved the prediction accuracy of experimentally observed brainECF profiles of
this drug. The model integrated with brain metabolism in both barriers and organelles levels is named LeiCNS-
PK3.5.

(Conclusion): For drugs with K y,pp values < 1, not only the current interpretation of dominant BBB efflux
transport, but also potential brain metabolism needs to be considered, especially because these may be con-
centration dependent. This will improve the mechanistic understanding of the processes that determine brain PK
profiles.

1. Introduction

Apart from the rate of brain distribution, the extent of brain distri-
bution, represented by the steady-state ratio of unbound concentration

The challenges in accessing direct information on human brain target
site concentrations have long posed a significant problem in drug
development (Cook et al., 2014). To address this issue, researchers have
turned to indirect approaches, utilizing methods such as observing
human plasma pharmacokinetics (PK) data. However, the use of plasma
PK cannot address the complex processes of blood-brain barrier (BBB)
transport and intra-brain distribution (Loryan et al., 2022). To under-
stand such PK processes, alternatively, often experimental animal data
are used.
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in the brain extracellular fluid (brainECF) over those in plasma (Kp,uy,
BBB), is a very important parameter (Hammarlund-Udenaes et al., 2008).
Kp, uu,BBB Values are often obtained from experimental animal or human
cell line monolayer transport studies (Summerfield et al., 2016). When it
comes to the translation and prediction of human central nervous system
(CNS) compartment PK profiles, CNS physiologically-based pharmaco-
kinetics (PBPK) models are used as a promising tool (Sanchez-Dengra
et al., 2021).

For Ky, uu,pB values around 1, passive BBB transport (diffusion) is the

0928-0987/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
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dominating process. The interpretation typically is that for K uupsB
values smaller than 1, active efflux transport dominates, while the other
way around, for values larger than 1, active influx transport is dominant.
For Ky, BB, typically all attention has been on the impact of active
transport processes. However, metabolism could also play a significant
role.

More and more studies indicate the abundant presence of drug-
metabolizing enzymes (DMEs) within the brain, such as cytochrome
P450 (CYP) (Fanni et al., 2021) and UDP-glucuronosyltransferase (UGT)
enzymes (Sakakibara et al., 2016). Emerging insights revealed that
many CNS-active drugs undergo brain metabolism, like codeine (Chen
et al., 1990), clozapine (Fang, 2000), alprazolam (Agarwal et al., 2008),
propofol (Khokhar and Tyndale, 2011), and tramadol (Wang et al.,
2015). These findings have prompted a growing recognition of the need
to consider brain metabolism in conjunction with other factors when
studying CNS drug distribution.

In this context, CNS PBPK model approaches have proven their
added value for predicting drug brain distribution in rats, especially for
their potential for translational applications to humans. Such models
make the explicit distinction between drug properties and CNS physio-
logical parameters, which are used as input variables, together with
estimated plasma PK exposure that depends on dosing regimens (Saleh
etal., 2021; Sanchez-Dengra et al., 2021). Notably, our group developed
the most comprehensive CNS PBPK model called the LeiCNS-PK model,
including 9 CNS compartments (Saleh et al., 2021; Yamamoto et al.,
2018). The most advanced version, LeiCNS-PK3.0, offers comprehensive
insights into drug distribution within various CNS compartments.
However, so far, this model did not consider potential brain metabolism.

Remoxipride, a compound without any active transport reported,
posed a challenge for PK model development of brain distribution using
plasma and brain microdialysis datasets. The best-fitting models iden-
tified passive BBB transport, with the need to include brain elimination
(Stevens et al., 2011; van den Brink et al., 2017a). In other words, there
was a discernible loss of remoxipride from the brain that did not return
to plasma (van den Brink et al.,, 2017b), strongly suggested the
involvement of brain metabolism in the elimination process.

Remoxripride is known to be metabolized by CYP2D6 in humans
(Marsh et al., 1999; Movin-Osswald et al., 1993). While concrete evi-
dence is lacking to definitively identify the responsible rat CYP2D iso-
form for remoxipride metabolism (Miksys et al., 2000; Tyndale et al.,
1999), it is certain that the CYP2D isoforms in rats fulfil the role of
CYP2D6 in humans (Grobe et al., 2012). Although there are no studies
directly measuring remoxipride metabolism in rat brain, studies on
remoxipride and its brain metabolites that have revealed consistently
high brain/plasma ratios for remoxipride FLA metabolites (~10-25)
(Ogren et al., 1993), strongly suggesting that localized remoxipride
metabolism occurs in the brain. Furthermore, CYP2D activity in rat
brain microsomes was identified using dextromethorphan O-demethy-
lation as a probe (Jolivalt et al., 1995). Altogether, our hypothesis is that
brain metabolism is responsible for brain elimination of remoxipride.

Brain expression of particular DMEs has been found to be extensive,
especially for CYP enzymes (Fanni et al., 2021; Miksys and Tyndale,
2013) and UGT enzymes (Ouzzine et al., 2014; Yang et al., 2022). It has
been reported that mammalian CYPs are membrane-associated en-
zymes, mostly attached to the endoplasmic reticula (ER) and inner
membranes of mitochondria (MT) facing the cytosol space of the cell
(McMillan, 2018; Srejber et al., 2018), where the substrate binding
pockets are deeply buried in the phospholipid bilayer (Srejber et al.,
2018). Therefore, we considered brain metabolism to mainly happen in
the brain cell organelles’ membranes. Moreover, although limited,
DME:s are also expressed within the BBB (Decleves et al., 2011) and the
blood-cerebrospinal fluid barrier (BCSFB) (Wang and Zuo, 2018), where
they could work as a metabolic barrier (Kadry et al., 2020).
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In this study we used our LeiCNS-PK3.0 model, as the most
comprehensive CNS PBPK model (Saleh et al., 2021), to compare brai-
nECF predictions without and with metabolism, be it within the
BBB/BCSFB, or within brain cell organelles’ membranes (Srejber et al.,
2018). Here we modelled metabolism by a Michaelis-Menten term. We
utilized comprehensive rat brain distribution datasets obtained at
different dosages to validate our model LeiCNSPK3.5. Finally, we
compared the brain distribution predictions of remoxipride in brainECF
by the LeiCNS-PK models, with observed brainECF PK.

2. Material and methods
2.1. Model development

2.1.1. The LeiCNS-PK3.0 model

For this study the previously published CNS PBPK model, LeiCNS-
PK3.0 (Fig. 1A), was used as base model (Saleh et al., 2021). This
comprehensive model consists of plasma, multiple CNS compartments
and fluid flows between them. Specifically, these multiple physiological
compartments, including brain microvasculature (MV) and several CSF
compartments, are connected through cerebral blood flow, brainECF
bulk flow, and CSF flow. Barriers are set according to the physiological
structure, between brainMV and brainECF. Furthermore, this model
considers pH values in each compartment, as well as brain non-specific
tissue binding.

2.1.2. Incorporation of brain metabolism in the LeiCNS-PK model

To address brain metabolism in brain barriers and brain cell organ-
elles, a Michaelis-Menten term was included (Deepika and Kumar 2023;
Lipscomb and Poet, 2008) into the LeiCNS-PK3.0 model at different
locations (bright yellow stars in Fig. 1B). Michaelis-Menten related pa-
rameters (Viax and Kp,) were considered generic, addressing overall
metabolic parameters in the brain. The resulting model is named
LeiCNSPK3.5

2.1.2.1. Metabolism at the level of endoplasmic reticulum and
mitochondria. In the LeiCNS-PK3.0 model, the brain intracellular fluid
compartment (brainICF) comprises only one compartment (lysosomes).
To integrate metabolism within brain cell organelles, we introduced four
additional compartments within brainICF to delineate the ER, ER
membrane (ERM), MT, and MT membranes (MTM).

The changes of drug amounts in each compartment (Ajcr, Agrm; AERs
Aprm, Aur) are described by Egs. (1) to (5). Here, CLyo (ml/min) is the
water-to-lipid clearance (flow into brain cell plasma membrane
compartment, BCM), while CLow (ml/min) represents the lipid-to-water
clearance (flow out of BCM). ERCLyo and MTCLy, indicate the water-
to-lipid clearance flow into the ERM and MTM. Conversely,
ERCLow and MTCLow are the lipid-to-water clearance flow out of the
ERM and MTM. Since the CYP active sites are deeply embedded within
the ER and inner MT membranes (Srejber et al., 2018), drug molecules
exclusively undergo metabolism within these membranes. The param-
eters efSAgr and efSAyr denote the effective metabolic surface area
fraction of ERM and inner MTM, respectively.

dAcr
dt
+Cumrmy X MTCLow

= Cgpemy X CLow

Vinax X Cermy

1)
Tmax X SERMN gy, SA (
K + Caruny) X ow X efSAgrm

+ Crrmy X ERCLoy —

+ Crysoy X Qryso
— Cicry X (CLwo + MTCLywo + ERCLwo + Quyso)
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Fig. 1. Incorporation of brain metabolism based on LeiCNS-PK3.0 model. (A) LeiCNS-PK3.0 is a nine compartments PBPK model, including compartments, flows
in the brain, and transport mechanisms, pH factors and other physiological processes, predicting unbound drug concentrations of brain compartments in rats (Saleh
et al., 2021). (B) We added brain metabolism for the 3.5 model by adding metabolism into newly developed compartments (a), endoplasmic reticulum (ER) and
mitochondria (MT), and barriers (b) in green dashed frames. CYPs are mainly expressed in the ER and inner membrane of MT (Srejber et al., 2018). They deeply
anchored in the membrane (Durairaj and Li, 2022), and the active sites of CYP enzymes are also buried in the membrane (Srejber et al., 2018). Thus, the metabolism
that takes place in the ER and MT membranes is thought to occur when drug molecules cross the membranes. In the green dashed frame, physiological position of
CYPs in brain cell organelles are presented. The detailed LeiCNS-PK3.5 model structure is shown in Fig. S1.
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dA
;tRM = CICFN X ERCLWO —

— Cpruy % 2 X ERCLow

Vimax X Cicry
(Km + Cicry)

dA
de = Crrmy X ERCLow — Crr, X ERCLyo 3)
dAym Vinax X Cur,
= MTCL MTCLyo — ———~
i Cicry X MTCLwo + Cuyry X MTCLyyo o + Corry)

— Cumiy X 2 X MTCLoyw

dAMT _
dt
7CMTN X MTCLWO

Vmu.x X CMTMN
———————~ X MTCLow x efSA
(Km T CMTMN) ow f MTM )

Cammy X MTCLoy —

In which V,,,, (ng/ml*min) is the maximum velocity achieved by the
enzyme when the drug concentration is high enough to saturate the
enzyme, and K;, (ng/ml) is the Michaelis-Menten constant. Q;yso is the
transmembrane clearance of lysosomes in ml/min. Cpcy, Cyrm, Crrums
Cur, Crr, Cryso, Cicr are the unbound concentrations (ng/ml) in BCM,
MTM, ERM, MT, ER, lysosome (LYSO), and brainICF compartments,
reSpeCtiVely. CBCMN, CMTMN: CERMNy CMTNy CERN: CLYSONy CICFN are the un-
bound neutral concentrations in corresponding compartment.

2.1.2.2. Metabolism at the level of BBB and BCSFB. In the LeiCNS-PK3.0

~
~

K

p,uu,BBB

Explained

AF
(PH factor

Passive transport

Paracellular transport
Non-specific binding
Bulk flow

> Metabolism

)

Fig. 2. The relationship between K ., gss and all other physiological
parameters under the in vivo steady-state, including AF. The orange colour
represents the temporarily unexplained physiological processes in which active
transport is considered to be the primary process affecting drug distribution and
metabolism is assumed to have no effect. The dark blue colour represents the
explained physiological processes in the LeiCNS-PK3.0 model. The difference be-
tween the LeiCNS-PK3.0 and the LeiCNS-PK3.5 is brain metabolism. To that end,
metabolism is taken out from AF and incorporated it in the “explained” part.
Thereby, brain metabolism is an explicitly defined physiological process in the
PBPK model.
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X ERCLWO X efSAERM + CERN X ERCLWO

(2

model, BBB and BCSFB transport is incorporated using asymmetry fac-
tors (AFs). To include metabolism at the level of the BBB/BCSFB we need
to reconsider the AFs. After all existing physiological processes in the
model are excluded, an AF value remains as the “pure” extent of drug

X MTCLyo x efSAymm

4

distribution at a particular barrier. In the LeiCNS-PK3.0 model, the AFs
are calculated using K,y seB values with explained physiological pro-
cesses as input (see Fig. 2). But, as indicated earlier, for K}, y,,ppp values
lower than one, brain metabolism is typically not considered, and should
be explicitly addressed. Therefore, we revised the AFs, by taking meta-
bolism out of the AFs, with a separated Michaelis-Menten term repre-
senting metabolism. Thus, in the new model (LeiCNSPK 3.5), the AFs
exclusively encompasses factors related to active transport across bar-
riers and any other as-yet-unknown physiological processes that may
affect drug concentrations in the brain. In this context, we re-evaluate
and determine a new constant AF.

As mentioned before, according to previous PK modelling of micro-
dialysis data remoxipride was identified to cross the BBB passively
(Stevens et al., 2011; van den Brink et al., 2017a) . Therefore, we set AFs
(AF;, and AF,) values equal to 1, which means there is no active
transport at the level of the brain barriers.

Previously, the amount per time of drug transcellularly crossing the
BBB and BCSFB was modelled by Q; x AF x Cy, where Cy is the unbound
neutral concentration (ng/ml) of drug. In Eq. (6), the changes of the drug
amount in brainMV compartment Ayy (in ng) is described. Eq. (7)
quantifies the amount per time of drug in the brainECF Agcr (in ng). Q; is
the transcellular transport clearance in ml/min, encompassing both
passive and active transcellular components. Q, is the paracellular
transport clearance in ml/min. AF;, is the influx asymmetry factor as
mentioned before. AF, is the efflux asymmetry factor.

dA
dIl‘fdv - th;s x AF, ingpp X CMVN - QPBBB x CMV

+ QtBBB x AF, efspp X CECFN + QPBBB X Crcr

- Qther.Lv x AF, ingesrpLy % CMVN - QPBCSFB.LV X Cuv
+ QIBCSFELV x AF, efscsrLy < CLVN + QPBCSFB w X Crv

- QchsFEJFv x AF, inpcs ey < CMVN - QPBCSFB.TFV x Cuv
+ QfBCSFB.‘va x AF, efscsesrv < CTFVN + QPBCSFB.‘I'FV x Crpy

+ Qcpr X Cpasma — Qcsr X Cuv

(6)

dAgcr _
dt

- qums x AFy opp < CECFN -

QtBEB X AFiﬂBEB X CMVN + QpBBB X CMV + CLOW X CBCMN

Qs X Cecr — CLwo X Cicry — Qgcr X Crcr
)
In the new model, we added brain metabolism within the barriers.

The elimination of drug molecules by brain metabolism is quantified by
including a Michaelis-Menten term into Eqs. (6) and (7), resulting in Eqs.
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(8) and (9).

dAuy _
dt

- QfBBE x CMVN - QPBBB x Cuv

Vinax X CECFN
(K + Crcry)

QPBCSFBLV x Cuv

+ QCBBB X CECFN - QtBBB X + QPBBB x Cgcr

- Qfscsps.Lv x CMVN -

+ Qs X Covy = Quacsimiy X (‘;?:_F—XCCL::N) + Qpesiniy X Crv ®
— Qucsmry X Cuvy = Qopespmy X Cuv
+ Quesiny X Crrvy — Qupesimy X Vmax X Corvy Qpsesnrv X Crrv
(Km + Crrvy)
+ Qcsr X Cpiasma — Qesr X Cuy
% = Qupy X Cuvy — Qi X %
(C))

+ Qpy X Cuyv + CLow X Cpemy
- thm X CECFN -

In Egs. (8) and (9), there are no AF values present because, for
remoxipride, as mentioned above, these are set equal to 1. Q, is still the
transcellular clearance, but only the passive transcellular component is
left. Cyv, Cicr, Crv, Crpv and Cyismq are the unbound concentrations of
the drug in the brainMV, brainECF, brain lateral ventricles (brainLV)
and brain 3rd and 4th ventricles (brainTFV), and plasma compartments,
respectively. Cuvy, Crcry, Crvy, Crrvy are the unbound concentrations
of the neutral drug in the corresponding compartment. After the model
development in which we added metabolism in organelles’ and barriers’
levels to the LeiCNS-PK3.0 model, we name the new model LeiCNS-
PK3.5.

Qpiss X Crcr — CLwo X Crery — Qecr X Crcr

2.2. LeiCNS-PK model input

In general, the input data for the LeiCNS-PK model is divided into
three parts: drug-specific parameters (Table S1), system-specific pa-
rameters (Table S2), and plasma PK parameters (in Section 4.1). Spe-
cifically for the LeiCNSPK3.5, remoxipride Michaelis-Menten
parameters were added. All other drug-specific and system-specific pa-
rameters come from the Drugbank database (Wishart et al., 2018) and
literature, respectively.

2.2.1. Remoxipride Michaelis-Menten parameters

We constructed a 3-compartment brain metabolism model (Figs. S2
and S3) employing non-linear mixed effects modelling to derive the
brain’s Ky, and V oy values (Table S3) based on observed rat plasma and
microdialysis brainECF PK data from 4 in-house studies (Table 1). The
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Peripheral 1 Peripheral 2
Vperl Vper2
Qcen-perl Qcen-per2
Plasma
Vcen
CLcen

Fig. 3. The empirical plasma PK model structure. A 3-compartmental plasma
PK model was chosen according to the model evaluation process described above.
Clcen, clearance from central compartment; Qcen-perl, clearance between central
compartment and peripheral 1 compartment; Qcen-per2, clearance between central
compartment and peripheral 2 compartment; Vcen, distribution volume in central
compartment; Vperl, distribution volume in peripheral 1 compartment; Vper2, dis-
tribution volume in peripheral 2 compartment.

software is mentioned in the “Data analysis and software” section.
2.2.2. Plasma PK parameters’ estimation

2.2.2.3. Data for remoxipride plasma PK model. Our research benefits
from 4 previous in-house studies conducted by colleagues within our
research group. Studies 1 to 4 (listed in Table 1) have produced observed
rat plasma PK data regarding remoxipride. We utilized these data to
develop a plasma PK model, from which critical plasma PK parameters
were derived to serve as input for the LeiCNS-PK3.0 and 3.5 models.
Study 5 was an externally performed and those data were used as an
external dataset to validate the estimation of plasma PK parameters
determined on the internal datasets.

2.2.2.4. Plasma PK modelling. The rat plasma PK model was con-
structed, using non-linear mixed effects modelling, to provide input for
the LeiCNS-PK models. The suitability of 1-, 2-, and 3-compartment
models was compared to identify the best-fitting model for the data.
Finally, the three-compartment model was selected, see Fig. 3. An
exponential method was employed, enabling the incorporation of indi-
vidual differences in drug response. Furthermore, to account for unex-
plained variability and random errors within the data, a proportional
error model was implemented.

The final selection of the plasma PK model was based on a

Table 1
Summarization of remoxipride plasma PK and brainECF PK rat datasets used in this project.
Study ID Dataset Doses (mg kg‘l) IV infusion time (min) PK data used Refs.
Plasma brainECF
In-house 1 JS05 4 30 X X (Stevens et al., 2011)
Datasets (DEC6132) 8 30 X X
16 30 X X
2 EWO01 (DEC14051) 0.7 10 X X (van den Brink et al., 2017b)
3 WB02 (DEC13186) 5.2 10 X X (van den Brink et al., 2017b)
14 10 X X
4 ‘WBO06 (DEC13186) 0.7 2 X X (van den Brink et al., 2017a)
3.5 2 X X
7 2 X X
External Dataset 5 NA 4 0.1 X This collaborative study
8 0.1 X

Note: JS, Jasper Steven’s dataset (Stevens et al., 2011); EW, Wong YC’s dataset (van den Brink et al., 2017b); WB, van den Brink WJ’s datasets (van den Brink et al.,
2017a, 2017b); 1V, intravenous; brainECF, brain extracellular fluid. This table summarizes the data sources. In-house datasets were used to estimate plasma PK pa-
rameters via a three-compartment plasma PK model. External datasets were used to validate the prediction accuracy of the plasma PK model.
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comprehensive set of criteria. A likelihood ratio test with a significance
level of p < 0.05, along with a significant decrease in the Akaike in-
formation criterion (AIC), was used to determine if the more complex
model (3-compartment model) provided a significantly better fit
compared to a simpler alternative (one- or two-compartment model).
Additionally, visual predictive check (VPC) plots were utilized to eval-
uate the model’s performance in predicting drug concentrations in
plasma. The precision of parameter estimates was denoted by% relative
standard errors (%RSE), with lower values indicating more precise es-
timates. To further assess the model’s accuracy and goodness of fit,
various plots were generated (Fig. S4A-C), including observations
versus individual and population predictions, and population weighted
residuals versus population prediction over time. Other pertinent factors
such as correlations, condition number and shrinkage were also taken
into consideration during the model selection process. Upon model
development, the selected 3-compartment plasma PK model successfully
described remoxipride plasma concentrations as input for the LeiCNS-PK
models.

2.3. External dataset materials and methods

The external dataset (study 5) was generated specifically for this
collaborative study. Remoxipride PK profiles were measured under 2
different dosages (4 mg kg ™' and 8 mg kg!) in rats, providing plasma and
brainECF data at multiple time points. Details on experiments of this
dataset are in the supplementary file “Experimental Details” section.

2.4. The LeiCNS-PK model accuracy evaluation, comparison between 3.0
and 3.5

We employed the above input data and experimental observed PK
data to assess the predictive performance of the LeiCNS-PK3.5, in which
brain metabolism is included. This performance was compared with that
of the LeiCNS-PK3.0 version. We achieved this evaluation by quanti-
fying the disparities between the model’s predictions and the actual
observations.

The LeiCNS-PK3.5 model’s performance evaluation involved
comprehensive statistical analysis, assessing accuracy, bias, and vari-
ability in predicting drug concentrations. Key statistical methods
ensured thorough examination. VPC plots played a pivotal role. These
plots visually represented model prediction alignment by comparing the
median and 95 % prediction interval from 200 simulations with in vivo-
measured unbound drug concentrations, offering an initial performance
overview. To handle interindividual variability (1) and residual vari-
abilities (¢) in the plasma PK model, simulations utilized random sam-
pling from normal distributions with mean of 0 and variances of 2 and
62, respectively. This ensured proper consideration of individual dif-
ferences and unexplained variations within the plasma PK model.

Prediction errors were computed by comparing individual measured
drug concentrations with corresponding time-matched simulation me-
dians. The relative accuracy (RAgrg), computed for each dose and
compartment, averaged logarithmic differences between all observed
drug concentrations and simulated median concentrations. RAgrug
values nearing O affirmed accurate, reliable predictions, reinforcing
model validity. Average fold error (AFE) and absolute average fold error
(AAFE) were derived from RAgyg. AFE, representing relative accuracy
for all dosages, quantified model bias, with values near 100 % indicating
minimal bias. AAFE gauged how well simulated typical PK profiles
matched measured typical PK data, with values close to 100 % indi-
cating accuracy. These summary metrics offered a concise assessment of
model accuracy, facilitating comparisons across dosages.

RAgrug at a given compartment was calculated as follows:
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Table 2
Rat plasma PK parameters used as input to LeiCNS-PK model.
REMOXIPRIDE PARAMETERS VALUES STOCH.
APPROX.
S.E. R.S.
E.
(%)
Estimated Plasma PK Clcen (mL/min) 32.46 1.25 3.84
Typical Values Qcen-perl (mL/ 11.01 0.31 2.80
min)
Qcen-per2 (mL/ 50.73 3.47 6.85
min)
Vcen (mL) 1.64 0.21 13.0
Vper1 (mL) 405.06 17.2 4.25
Vper2 (mL) 338.07 22.44 6.64
Standard Deviation of the Omega_Clcen 0.34 0.028 8.2
Interindividual (mL/min)
Variability Omega_Qcen-perl  0.08 0.022 27.1
(mL/min)
Omega_Qcen-per2 0.37 0.073 20.0
(mL/min)
Omega_Vcen (mL) 0.52 0.11 21.3
Omega_Vperl 0.3 0.035 11.7
(mL)
Omega_Vper2 0.47 0.054 11.5
(mL)
Residual Variability Proportional 0.19 0.0077  3.99

Note: Parameters are corresponding to Fig. 3. The proportional residual vari-
ability was chosen to describe the unexplained differences between the obser-
vations and the individual predictions (Proportional). STOCH.APPROX,
stochastic approximation; S.E., standard error; R.S.E, relative standard error.
The parameters were estimated using the basic 3-compartmental model in Fig. 3.

1 N o MedPi_-
RAing =723 Zlogm( ObsiJJ) (10)

N
M:Zm a1

Here Obs;; (or MedP;;) represents jth observation (or median value of
200 simulations corresponding to Obs;;) of the i individual; M stands
for the total number of observations across all individuals; N indicates
the overall number of individuals; and m signifies the count of obser-
vations of the i individual.

AFE of specific compartment was calculated as:

1 D
AFE = = RAuy 12)
D d=1

Here D is the number of dosages used for evaluation.
AAFE of a specific compartment was calculated as:

D

AAFE = %Z}RAM| 13)
d=1

2.5. Data analysis and software

The non-linear mixed effect model were built up using Monolix and
Sycomore version 2021R2. For general data analysis, visualization,
LeiCNS-PK3.0 simulations, and LeiCNS-PK3.5 simulations, R version
4.3.0 (R Core Team, 2023) was employed. The simulations were carried
out using the rxode2 package version 2.0.13 (Wang et al., 2016), and the
LSODA (Livermore Solver for Ordinary Differential Equations) Fortran
package was utilized for solving the differential equations. Furthermore,
algebraic equations were solved using Maxima Computer Algebra
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Fig. 4. Validation of estimated plasma PK parameters and comparisons of remoxipride brainECF concentration predictions between LeiCNS-PK3.0
(without metabolism) and LeiCNS-PK3.5 model (with metabolism). (A) Estimated plasma PK parameters are validated using an external dataset via visual predic-
tion check (VPC). The external dataset is not included in building up and estimating remoxipride plasma PK parameters. Besides, to better understand metabolic processes, we
performed a VPC by comparing the LeiCNS-PK model without and with metabolism (3.0 vs. 3.5 model) on a normal scale (B) and a logarithmic scale (C). Predictive accuracy is
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shown by comparing in vivo measured drug concentrations in plasma (A) and brainECF (B, C) (indicated by black dots) with the median (solid line) and 95 % prediction
intervals (red bands) of 200 model simulations. This analysis (B and C) spanned four studies and nine different doses of remoxipride. The VPC plots arrange columns as follows:
plasma data, LeiCNS-PK3.0 predictions, metabolism only in barriers, metabolism solely in ER and MT, and metabolism within ER, MT, and barriers (LeiCNS-PK3.5), offering a

comprehensive view of major metabolic sites.
(©

— median of prediction
observation data point
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Fig. 5. The RAgryg, AFE and AAFE evaluations of remoxipride between LeiCNS-PK3.0 (without metabolism) vs 3.5 (with metabolism). The comparison of
models using (A) RAgryg (B) AFE and AAFE evaluations. Green lines in A means the 2-fold error edge. The orange lines in A mean 10-fold errors. In B, values close to 100 %

(green line) indicated accuracy.

System version 22.04.0 (available from http://maxima.sourceforge.ne

).
3. Results
3.1. Plasma PK parameters

The rat plasma PK model parameters were estimated with high
precision and an accurate description of observed plasma drug con-
centrations (Table 2).

3.2. LeiCNS-PK model predictions — comparison without (version 3.0)
and with (version 3.5) Michaelis-Menten kinetics

Before predicting the brainECF remoxipride concentrations using the
LeiCNS-PK3.5 model, we validated our estimated plasma PK parameters
for being appropriate as input. We can see in the Fig. 4A, that our esti-
mated plasma PK parameters by internal datasets (study 1 to 4) can
properly describe the measured remoxipride concentrations in plasma
over time in both 4 mg kg! and 8 mg kg™! dosages (study 5).

After preparing all the input data, predictions of brainECF remox-
ipride concentrations using LeiCNS-PK models (3.0 and 3.5) were
executed. The plasma and brainECF predictions of remoxipride in
LeiCNS-PK (3.0 versus 3.5) are presented in Fig. 4B and C. It can be seen
that the LeiCNS-PK3.5 shows a substantially improved prediction of the
observed data in the brainECF for all dosages of remoxipride in brainECF
compartment compared to LeiCNSPK3.0.

Also, it can be seen that, for remoxipride, metabolism in the brain
barriers does not play a significant role, leading to very similar results
between the Michaelis-Menten added in “BBB+BCSFB” and LeiCNS-
PK3.0 simulations, and the Michaelis-Menten added in “ER+MT” and
“BBB+BCSFB and ER+MT” in Fig. 4B, C. Thus, based on the results in
Fig. 4, combined with what is already known, we conclude that, for

remoxipride, the primary metabolic location in the brain is at the level of
the brain cells on the ER and MT, not in the barriers.

3.3. Rat LeiCNS-PK model evaluation

In addition, the LeiCNS-PK3.5 model’s performance was evaluated
by calculating the RAgryg error, AFE and AAFE. AFE and AAFE assess the
model’s bias and typical PK profile predictability, respectively (Fig. 5).

Here we observe that the LeiCNSPK3.5 prediction of remoxipride
concentrations in brainECF presents a better accuracy and smaller bias
than those of the LeiCNS-PK3.0 model. However, the RAgg errors of 14
mg kg! remoxipride brainECF compartments’ predictions are slightly
over the 2-fold error interval. Overall, the LeiCNSPK3.5 model pre-
dictions of other dosages still perform better than the LeiCNSPK3.0
model. All the AFE and AAFE errors in the prediction of brainECF con-
centrations by LeiCNSPK3.5 are substantially reduced compared with
LeiCNSPK3.0.

4. Discussion

While the existence of DMEs in the brain is widely acknowledged
(Fanni et al., 2021; McMillan and Tyndale, 2018; Miksys and Tyndale,
2002; Ouzzine et al., 2014; Sakakibara et al., 2016), drug metabolism
within the brain has not received adequate attention. In this study we
investigated the potential impact of brain metabolism on brainECF
concentrations, and therewith on Ky, sgg. We choose remoxipride as
the paradigm drug for its passive BBB and BCSFB transport and sub-
stantial brain elimination, as found in earlier studies. It was found that
inclusion of active elimination of remoxipride in the brain, by read-
dressing AF and using a Michaelis-Menten term in the LeiCNS-PK pre-
dictor, substantially improved the prediction of observed brainECF
profiles of many in-house and external datasets.

For this study we rewrote parts of the LeiCNS-PK3.0 to include the
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specific mathematical equations representing physiological processes of
brain metabolism. In the LeiCNS-PK3.5, we explicitly separated brain
metabolism from the AF. This redefines the AF, where metabolism is no
longer lumped into this value, thereby primarily reflecting the remain-
ing impact of active transport, which could be neglected for remox-
ipride. Consequently, the 3.5 model version considers brain metabolism
when predicting unbound drug concentration in the brainECF, using a
Michaelis-Menten term.

The LeiCNS-PK3.5 adequately predicts the observed brainECF data of
remoxipride as obtained from multiple experimental studies, despite one
outlier in RAgryg values for the 14 mg kg"1 dose. Therefore, it seems that
brain enzyme conversion of remoxipride significantly affects remox-
ipride brainECF concentrations. Yet, the possibility of remoxipride
efflux from the brain via an unidentified transporter at the BBB cannot
be excluded. However, as mentioned before the mechanism-based
models that investigated such a possibility did not find a basis for that
(Stevens et al., 2011; van den Brink et al., 2017a).

Besides, the underprediction observed in plasma PK predictions in
study 1 at 4 mg kg! and 16 mg kg™! doses was attributed to using typical
plasma PK parameter values instead of individual values. Fig. S4D shows
that individual predictions accurately fit the observed plasma data for
each rat at these doses, while population predictions show under-
predictions. This indicates that although the distribution of individual
random effects (y) is normally distributed with a mean of zero, there is a
shift in y within the 4 mg kg™ and 16 mg kg™ subgroups, particularly in
CLcen and Vperl (Fig. S4E). Initially, estimating parameters for this
subgroup separately was considered, but the p shift issues persisted,
possibly due to data imbalance from the limited sample size. Moreover,
this approach did not align with our objective of uniformly describing
remoxipride plasma PK parameters. Consequently, we tried covariate
analysis. Preliminary assessments suggested the underprediction might
result from overestimating Vcen. Although the original suspicion was
dose dependency, no discernible trend in the Vcen against dosage was
observed. Subsequently, the variation in rat types—Wistar WU rats in
study 1 versus Wistar rats in other studies—was considered a potential
factor. Attempts to incorporate rat types as a categorical covariate on
Vcen did not substantially improve prediction accuracy and increased
the AIC value. Further analyses introduced inter-occasion variability
(I0V, different studies) or body weight as a covariate on CLcen or V3,
respectively, according to Fig. S4E. However, neither addition addressed
the underprediction issue, and even gave unreliable parameters (high
RSE%) or unstable models (condition numbers exceeding 1000).
Therefore, the basic model estimated parameters (Table 2) were
retained as input for the LeiCNS-PK models. Considering the accurate
predictions for external data (study 5), interindividual variability,
insufficient sample size of the subgroup, or lack of subpopulation-
specific covariates might be the primary cause of the underprediction
observed in study 1 at 4 mg kg! and 16 mg kg™ doses.

It is worth noting that the LeiCNS-PK3.5 model developed is only
suitable for CYP-mediated brain-metabolized drugs. If the drug is mainly
metabolized by other enzymes like UGTs, the model needs to be adapted
because the location of UGT enzymes is different from that of CYP
enzymes.

An important limitation is the collection of the Ky and Vpax
parameter values. Metabolic kinetic parameters from brain are rare.
Here, these parameters have been estimated by a 3-compartment PK
model fit (Fig. S2), and represent lumped enzymatic activity, without
specific enzyme identity nor CNS anatomical locations. Therefore, these
values cannot yet be considered as physiology-based. Still, combining
the PBPK model with estimated parameters can accurately predict drug
brainECF PK profiles and underscores the need to consider brain meta-
bolism in CNS, and rethinking interpretation mechanisms underlying
the value of K}, yu BB O Kp, uu,brain values.

Comparing model predictions on brainECF PK, Michaelis-Menten
kinetics only at ER and MT, or at BBB/BCSFB alone, and their combi-
nations, indicated that for remoxipride metabolism at the level of
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organelles in brain cells is most important. However, it should be noted,
that the inclusion of the enzyme kinetics at the level of the BBB/BCSFB,
at this stage, is not defined at the level of the membranes of these barrier
cells’ subcellular compartments. This is since BBB and BCSFB are not
defined as cellular compartments in the LeiCNS-PK3.0 model. This may
not be much of an issue as it has been reported that CYP enzyme
expression in BBB/BCSFB are rare (Decleves et al., 2011; Wang and Zuo,
2018), and may not be important for remoxipride, but it might be for
other drugs.

An interesting future approach would be to use the LeiCNS-PK3.5
model for the exploration of potential brain metabolism of other
passively transported drugs for which K, wu s values are reported as
being lower than 1, provided that typically available enzymatic kinetic
parameters can be found, or using brainECF data when available to be
subjected to mathematical modelling as was done here for remoxipride.
Furthermore, the LeiCNS-PK3.5 model provides the possibility to
explore the influence of enzyme polymorphism-related individual ge-
netic variations. For example, CYP2D6 is the major metabolic enzyme
for a number of CNS active drugs (Ayano, 2016) that displays genetic
polymorphism (van der Lee et al., 2021) leading to individual variations
in the capability of brain metabolism. Scaling the metabolic parameters
(K and Vi,ay) in the model according to the individual’s phenotypes or
genotypes could help to predict the unbound drug PK changes in the
brain for individuals.

5. Conclusions

For drugs with Kp, yu,seB values < 1, not only the current interpre-
tation of dominant BBB efflux transport, but also potential brain meta-
bolism needs to be considered, especially because these may be
concentration dependent. In conclusion, this study underscores the
importance of considering brain metabolism in CNS modelling and
simulations of drug transport into and within the brain, as well as a
modelling approach how to understand its impact on brain PK. This will
undoubtedly contribute to more accurate predictions and better insights
into CNS drug exposure.
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