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Abstract
One of the major reasons why central nervous system (CNS)-drug development has been challenging in the past, is the 
barriers that prevent substances entering from the blood circulation into the brain. These barriers include the blood-brain 
barrier (BBB), blood-spinal cord barrier (BSCB), blood-cerebrospinal fluid barrier (BCSFB), and blood-arachnoid barrier 
(BAB), and they differ from each other in their transporter protein expression and function as well as among the species. 
The quantitative expression profiles of the transporters in the CNS-barriers have been recently revealed, and in this review, 
it is described how they affect the pharmacokinetics of compounds and how these expression differences can be taken into 
account in the prediction of brain drug disposition in humans, an approach called pharmacoproteomics. In recent years, also 
structural biology and computational resources have progressed remarkably, enabling a detailed understanding of the dynamic 
processes of transporters. Molecular dynamics simulations (MDS) are currently used commonly to reveal the conformational 
changes of the transporters and to find the interactions between the substrates and the protein during the binding, translocation 
in the transporter cavity, and release of the substrate on the other side of the membrane. The computational advancements 
have also aided in the rational design of transporter-utilizing compounds, including prodrugs that can be actively transported 
without losing potency towards the pharmacological target. In this review, the state-of-art of these approaches will be also 
discussed to give insights into the transporter-mediated drug delivery to the CNS.
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ABBREVIATIONS
ABC  ATP-binding cassette
ASCT  Alanine-serine-cystine transporter
AUC   Area under drug concentration
BAB  Blood-arachnoid barrier
BBB  Blood-brain barrier
BCRP  Breast cancer resistance protein
BCSFB  Blood-cerebrospinal fluid barrier
BSCB  Blood-spinal cord barrier

CES  Carboxylesterases
CNS  Central nervous system
cryo-EM  Cryogenic electron microscopy
CSF  Cerebrospinal fluid
COMT  Catechol-O-methyltransferase
CTL  Choline transporter-like transporter
CNT  Concentrative nucleoside transporter
DDI  Drug-drug interaction
EAAT   Excitatory amino acid transporter
GLUT  Glucose transporter
IVIVE  In vitro-in vivo extrapolation
LAT1  L-type amino acid transporter 1
MATE  Multidrug and toxin extrusion
MCT  Monocarboxylic acid transporter
MDR  Multidrug resistance protein
MDS  Molecular dynamics simulation
MRP  Multidrug resistance-associated protein
NCE  New chemical entities
NET  Norepinephrine transporter
OAT  Organic anion transporter
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OATP  Organic anion transporting polypeptide
OCT  Organic cation transporter
P-gp  P-glycoprotein
SERT  Serotonin transporter
SLC  Solute carrier
SMVT  Sodium-dependent multi-vitamin transporter
SNAT  Sodium-coupled neutral amino acid 

transporter
3D-QSAR  3-dimensional quantitative structure-activity 

relationship
4F2hc  4F2 heavy chain

Introduction

The discovery and development of new drugs acting on the 
central nervous system (CNS) is a crucial subject in today’s 
aging society. It is well known that the success rate of CNS-
acting drug development is significantly low (1–3). One 
of the major reasons is that the blood-brain barrier (BBB) 
restricts the drug entry from the circulating blood to the 
brain. In recent years, several transport carrier proteins 
expressed in the BBB have been quantified by mass spec-
trometry and the differences in animal species have been 
clarified (4–9).

Recently, the usefulness and importance of modeling and 
simulation have also been well recognized for drug develop-
ment (10–12). Although the processes of drug absorption, 
distribution, metabolism, and excretion are greatly gov-
erned by the function of carrier-mediated transporters and 
metabolic enzymes, the expression levels of the responsible 
proteins are not fully utilized in modeling and simulation. 
Quantification of transporters in the brain barriers facilitates 
modeling and simulation towards in vitro - vivo extrapolation 
(IVIVE), thereby enabling the rational design of drugs that 
are capable of penetrating the BBB (13–15).

However, designing and developing compounds that 
can take advantage of transporter-mediated delivery across 
the BBB has been challenging, mainly because until very 
recently protein structures available for molecular model-
ers have not been with high enough resolution. Moreover, 
another challenge is to combine the structural features 
required for the potency together with features required for 
the interactions with the target transporter. Hence, a prodrug 
approach has been utilized in many cases to create trans-
porter substrate mimicking bioreversible conjugates.

In recent years, the progress in structural biology, compu-
tational modeling, and data science have been remarkable, 
and many new findings have been reported in the structural 
analysis of cell membrane transporter proteins (16–18). 
Since the transport carriers dynamically change their con-
formations to exert their function, the relationship between 
the substrate and the transport activity based on the crystal 

structure can be limited. On the other hand, Molecular 
Dynamics Simulations (MDS) can enable clarification of 
the dynamic structural changes of transporter proteins and 
elucidate the substrate recognition and translocation through 
the protein cavity (19–21).

In this review, we will summarize; 1) the similarity and 
differences of four CNS-barriers, 2) determinant factors 
affecting the drug concentration in the cerebrospinal fluid 
(CSF), and 3) usefulness of units of pmol/g of whole tis-
sue weight containing barrier cells and fmol/cm2 of surface 
area containing barrier cell layer. Further, 4) the advantages 
and significance of prodrug design for the CNS-acting drugs 
will be discussed together with 5) the importance of drug 
structural design by MDS for the substrate of the target 
transporter.

Barriers of the Central Nervous System (CNS)

Four Barriers Play Crucial Roles in Substrate 
Exchange between the Circulating Blood 
and the Separated CNS Region Independently

As illustrated in Fig. 1, there are four barriers in the CNS. 
The blood-brain barrier (BBB), consisting of brain capillary 
endothelial cells, plays a major role in substrate exchange 
between circulating blood (flow rate in humans: 700 mL/
min) and the extracellular fluid of the brain parenchyma 
(weight in human: 1400 g) (22). The volume of brain capil-
lary endothelial cells consists of 0.1% in the brain, while 
the surface area is 12  m2. Small molecules will reach glia 
and neurons rapidly by passive diffusion after crossing the 
BBB, as the average distance between neighboring capil-
laries is 45 μm, which is sufficiently short. Nevertheless, 
the diffusion rate in the brain parenchyma is significantly 
restricted for longer distances, e.g., 1 mm or longer. The 
blood-spinal cord barrier (BSCB), consisting of capillary 
endothelial cells in the spinal cord, plays a major role in 
substrate exchange between the circulating blood and the 
extracellular fluid of spinal cord tissue. The blood-cerebro-
spinal fluid barrier (BCSFB), consisting of choroid plexus 
epithelial cells, plays a major role in cerebrospinal fluid 
(CSF) production (flow rate in humans: about 350 μL/min) 
and substrate exchange between the circulating blood and 
the CSF. CSF located in the ventricular space has a vol-
ume of 25 mL in humans, i.e., 18% of the total amount of 
CSF (23). The blood-arachnoid barrier (BAB), consisting 
of arachnoid epithelial cells, plays a major role in substrate 
exchange between the circulating blood and the CSF in the 
subarachnoid space (volume in human is 115 mL, i.e., 82% 
of total CSF amount) (24). All cell layers consisting of bar-
riers are connected with tight junctions, thereby substrate 
exchange is limited to the transcellular pathway in the CNS 

1364 Pharmaceutical Research (2022) 39:1363–1392



1 3

barriers. Notably, the ependymal cell layer responsible for 
the exchange of brain interstitial fluids (ISF) and circulating 
CSF, consists in turn, of leaky gap junctions allowing com-
pounds with large molecular weight to permeate through the 
monolayer located at the apical surface of ventricular space 
(25). Therefore, characterization of the transport system in 
the respective barriers and comparison of the plasma mem-
brane permeability rate between carrier-mediated transport 
and passive diffusion are important subjects for the drug 
delivery to the CNS.

Drug Concentration in the CSF Is Not a Surrogate 
of the BBB Permeability

Considering drug effects in the CNS, unbound drug con-
centration in the extracellular fluid of the CNS is the most 
relevant concentration.  Kp,uu,brain defined by the AUC (area 
under the drug concentration) of unbound drug concentra-
tion ratio between brain and blood (Eq. 1) from time zero to 
infinity is governed by the ratio of permeability rate across 
the BBB between influx rate (from blood to the brain) and 
efflux rate (from the brain to blood) (26, 27). Therefore, 
 Kp,uu,brain is one of the most valuable parameters evaluating 

the differential BBB permeability for different drugs, animal 
species, and diseased conditions.

Breast cancer resistant protein, BCRP/ABCG2 is a well-
known drug efflux transporter (28, 29). The transporter 
protein expression of BCRP in the brain capillary endothe-
lial cells in the dog is 45.2 ± 10.8 (fmol/μg protein) (30), 
which is 5.6-fold greater than in humans (8.14 ± 2.26 
(fmol/μg protein)) (9) and 9.1-fold greater than in rats 
(4.95 ± 0.32 (fmol/μg protein)) (6). In the choroid plexus 
epithelial cells, BCRP protein is located in the plasma 
membrane facing CSF in mice (31) (Figs.  1 and 2C). 
BCRP protein has not been detected in the dog choroid 
plexus, indicating no functional contribution of BCRP at 
the BCSFB in the dog (30). Accordingly, the dog is an 
appropriate animal model to examine the contribution of 
transport function at the BBB for the drug distribution 

(1)Kp,uu,brain =
AUCu,brain,0−inf inity

AUCu,blood,0−inf inity

(2)

=
Inf lux permeability rate from blood to the brain across the BBB

Eff lux permeability rate from the brain to blood across the BBB

Fig. 1  Anatomical structure of barriers of the Central Nervous System.
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in the CSF.  Kp,uu,brain of daidzein, a selective substrate of 
BCRP, has been reported to be 0.115 ± 0.006 (30), which 
is affected by the BCRP efflux transport at the BBB. Inter-
estingly,  Kp,uu,csf of daidzein was in turn 0.792 ± 0.14 and 
similar to that of antipyrine (0.918 ± 0.085), which is a 
representative drug that permeates through the plasma 
membrane by passive diffusion. Although several reports 
are showing a fairly good correlation between  Kp,uu,brain 
and  Kp,uu,csf (32–34), the results shown in the dog (30) 
prove clearly that drug concentration in the CSF does not 
reflect the BBB transport function.

The volume of CSF (82%) is located in the subarach-
noid space (Fig. 1). Therefore, the substrate concentration 
in the CSF is significantly affected by the transport func-
tion of BAB (35, 48) (Figs. 1 and 2D). If the CSF were 
collected from the cerebroventricular space in a smaller 
volume than that of the space, the drug concentration 
would be mainly reflected by the transport function of the 
BCSFB (Figs. 1 and 2C). If the CSF were collected from 
the lumbar spine, the concentration would be reflected 

by the transport function of the BCSFB (Fig. 2C), BAB 
(Fig. 2D), and BSCB (Figs. 1 and 2B).

Regarding the drug concentration in the CSF, the water 
flow in the brain parenchymal tissue must also be considered. 
CSF, which is produced primarily by the choroid plexus in 
the ventricles (23, 49), flows from the subarachnoid space 
to the arachnoid villi, and returns to the circulating blood 
from the superior sagittal sinus. Recently, two theories have 
been proposed, i.e., 1) the perivascular pathway theory (50, 
51), in which “a part of CSF has a pathway that flows in the 
direction opposite to the blood flow around the brain side 
of the capillary endothelial cells of the brain parenchymal 
tissue”, and 2) the glymphatic pathway hypothesis (52, 53), 
in which “there is a partial pathway of CSF flow around the 
brain side of arterial vascular endothelial cells, that flows 
through the interstitial fluid of brain cells via glial cells, 
flows around the brain side of venous capillary endothelial 
cells and migrates to the subarachnoid space”. Although a 
common to these both theories is that “a flow exists near 
the brain side of brain capillary endothelial cells”, further 

Fig. 2  Transporter protein localization in the CNS barriers. The expression and localizations of transporters are taken from previous reports (5, 
8, 31, 35–47). Symbols with a question mark (?) indicate transporters that have not been confirmed the localization.
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studies will be necessary to verify “the significance of the 
interstitial fluid flow contributing to the substrate flow in the 
brain parenchymal tissue”(54, 55).

Comparison of the Transporter Protein 
Expression between the Blood‑Brain Barrier 
(BBB) and the Blood‑Spinal Cord Barrier 
(BSCB)

Transporter Protein Expression per Wet 
Tissue Weight (pmol/g) Is a Valuable Unit 
for the Understanding of Transport Capacity 
and Parameters for Pharmacokinetic (PK) 
Simulation

For the prediction of in vivo BBB transport rate from in 
vitro uptake study, it is important to use a unit of transporter 
protein expression per wet tissue weight (pmol/g). Previ-
ously, transporter protein expression has been reported with 
a unit of transporter protein per protein amount of the sam-
ple analyzed, such as whole cell lysate of the isolated brain 
capillaries, crude membrane fraction, or plasma membrane 

fraction (fmol/μg protein). We have recently established a 
method to convert the unit from (fmol/μg protein) to (pmol/g 
tissue weight) (5, 36). Briefly, the recovery of sample puri-
fication was determined by the quantification of the marker 
protein selectively expressing in the sample to be quanti-
fied, e.g., GLUT1/SLC2A1 for a vascular marker of the 
brain (5) both in the sample and whole cell lysate of the 
organ, such as brain or spinal cord. One of the advantages 
of this unit conversion is to counterbalance the purity of the 
sample preparation, and thereby the inter-laboratory differ-
ences of the determined membrane protein amount can be 
minimized. Moreover, it is useful to compare the transport 
capacity of the respective transporter in different barriers 
by assuming the transporter protein expression per grams 
of tissue weight correlates with the maximum transport rate 
of the transporter. More importantly, it enables us to predict 
in vivo BBB transport rate per grams of tissue (μL/(min x 
g tissue) by multiplying the transporter protein expression 
per grams of wet tissue weight (pmol/g) (Table I) and the 
intrinsic transport rate, i.e., the transport rate per transporter 
protein expression in the cells (in vitro; μL/(min x pmol)). 
Scheme 1 illustrates the outline of how to predict the in 
vivo BBB transport rate per gram brain from the transporter 

Table I  Comparison of 
Transporter Protein Expression 
Between the Blood-Brain 
Barrier (BBB) and the Blood-
Spinal Cord Barrier (BSCB) in 
Human

Values were cited from supplemental Table S2 in reference (5). GLUT 1 was used as a vascular endothelial 
cell marker. The protein expression level of GLUT1 was used for the unit conversion from (units: fmol/μg 
protein) to (units: pmol/g tissue). The average of the frontal cortex and temporal/parietal cortex region of 3 
donors, and that of the spinal cord of 4 donors are shown with the standard deviation (SD) in the table

Transporter Protein expression (pmol/g wet tissue weight)

Isolated capillaries from 
brain cortex

Isolated capillaries from 
spinal cord

Ratio

BBB BSCB (BBB /BSCB)

Efflux transporter
  MDR1/ABCB1 9.05 ± 5.15 1.93 ± 1.10 4.69
  BCRP/ABCG2 7.47 ± 3.12 2.11 ± 1.58 3.53
  ABCA8/ABCA8 1.55 ± 0.48 1.54 ± 0.95 1.00
Thyroid hormone transporter
  MCT8/ SLC16A2 6.19 ± 2.41 6.06 ± 2.68 1.02
Energy source transporter
  GLUT1/ SLC2A1 77.4 ± 31.5 20.6 ± 10.2 3.76
  MCT1/ SLC16A1 2.85 ± 1.06 0.892 ± 0.154 3.19
Amino acid transporter
  EAAT2/ SLC1A2 6.46 ± 3.20 2.10 ± 2.60 3.07
  EAAT1/ SLC1A3 24.4 ± 10.7 13.2 ± 6.0 1.85
  4F2hc/ SLC3A2 3.79 ± 2.26 1.51 ± 0.65 2.50
  SNAT3/ SLC38A3 2.14 ± 0.91 0.407 5.27
Vitamin transporter
  SMVT/ SLC5A6 19.1 ± 7.8 18.6 ± 8.5 1.02
Choline transporter
  CTL1/ SLC44A1 5.59 ± 2.81 6.31 ± 3.05 0.89
  CTL2/ SLC44A2 12.7 ± 4.9 7.37 ± 3.21 1.72
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protein expression per gram brain and the transport rate per 
transporter protein. In the pharmacokinetic (PK) modeling 
and simulation, it is noteworthy that the passive diffusion 
process also needs to be incorporated in the PK modeling 
and simulation (Scheme 1).

The BBB and the BSCB Have Similar Transport 
Functions but Different Transport Capacity

Table I lists the transporter protein expression per grams 
of wet tissue weight (pmol/g) in the BBB and BSCB for 
humans (5). Figure 2A and B illustrate the localization of 
transporter proteins in the BBB and BSCB, respectively. 
One of the most important findings is that the multidrug 
resistance protein 1 (MDR1/ABCB1) protein expression 
in the BBB is 4.69-fold greater than that of the BSCB in 
humans. The BCRP protein expression in the BBB is 3.53-
fold greater than that of BSCB. These notable differences 
suggest that substrates of MDR1 and BCRP may distrib-
ute in the spinal cord remarkably higher than those of the 
brain. As summarized in Table I, the BBB transporter pro-
tein expression of glucose (GLUT1), monocarboxylic acid 
(MCT1/SLC16A1), amino acid (EAAT1/SLC1A3, SNAT3/ 
SLC38A3) are 3-fold greater than those of the BSCB. Inter-
estingly, it has been reported that the BBB transport rate 
of 18F-FDG (2-deoxy-2-[18F]fluoroglucose), a substrate of 
GLUT1, is 4.8-fold greater than that of the BSCB (56, 57), 
suggesting that the differential GLUT1 protein expression 
between BBB and BSCB generates the differential in vivo 
transport rate between BBB and BSCB. Although the drug 
diffusion in the spinal cord is limited, the blood-arachnoid 
barrier (BAB) surrounding the CSF would participate in 

decreasing the drug concentration in the CSF by pumping 
out the substrates of MDR1 and BCRP to the circulating 
blood (Figs. 1 and 2D).

Transporter Protein Expression per Surface Area 
of the Barrier (fmol/cm2) Is an Important Unit 
for the Prediction of  Kp,uu,brain

Considering a drug of MDR1 substrate, an efflux transport 
activity/rate per 1 fmol of MDR1 (μL/(min x fmol)) indi-
cates  TAMDR1, a passive transport rate per  cm2 at the luminal 
and abluminal plasma membrane (μL/(min x  cm2)) of the 
brain capillaries indicates  Ppassive, MDR1 protein expression 
level per surface area of the brain capillaries (fmol/cm2) 
indicates  PELMDR1. Assuming no additional carrier-medi-
ated transport is participating the BBB transport,  Kp,uu,brain 
can be described as (5):

Equation 3 indicates that  Kp,uu,brain is predicted by the 
reciprocal value of 1 plus the ratio of transport rate per 
surface area at the luminal plasma membrane between the 
MDR1 mediated efflux transport and the passive diffusion. 
In other words, the ratio of transport rate per surface area  
between MDR1 mediated efflux rate and the passive diffu-
sion rate explains the unbound drug concentration gradient 
generated by the efflux transport function of MDR1 at the 
luminal membrane of the brain capillaries. Accordingly, 
the unit of transporter protein expression per surface area is 

(3)
Kp,uu,brain =

Ppassive

Ppassive+PELMDR1×TAMDR1

=
1

1+PELMDR1×(TAMDR1∕Ppassive )

Scheme 1  Prediction of in vivo 
BBB transport rate per gram 
brain from the BBB transporter 
protein amount per gram brain 
 (Atransporter) and the transport 
rate per transporter protein 
 (TRint, transporter).

1368 Pharmaceutical Research (2022) 39:1363–1392



1 3

important for the comparison of  Kp,uu in the different bar-
rier regions, different animal species, and different disease 
conditions.

MDR1 Protein Expression per Surface Area 
in the Human BBB and BSCB Is 10‑ and 30‑Times 
Smaller than that of Rats, Respectively

Table II lists the protein expression level/amount (PEL) of 
MDR1, BCRP, and bile acid and sterol efflux transporter 
A8 (ABCA8)(58) with the unit of transporter protein expres-
sion per surface area of the capillary endothelial cells in 
the cerebral cortex, cerebral white matter, and thoracic spi-
nal cord in humans (fmol/cm2) (5) together with those of 
cerebrum and spinal cord in rats. MDR1 and BCRP pro-
tein expressions in cerebral white matter are approximately 
30% smaller than those of the cerebral cortex, suggesting 
a small regional difference of the BBB efflux transporters 
in humans. Interestingly, MDR1 protein expression in the 
human cerebral cortex was 10-times smaller than that of the 
rat cerebrum (Table II). In addition, BCRP protein expres-
sion in the human cerebral cortex is 5-times smaller than that 
of the rat cerebrum (Table II).

MDR1 protein expression level per surface area 
 (PELMDR1) in the human spinal cord is 35% of that of the 
human cerebral cortex and white matter (Table II). BCRP 
protein expression per surface area in the human spinal 
cord is in turn 43% of that of the human cerebral cortex 
and white matter (Table II). Interestingly, MDR1 protein 
expression per surface area in the rat spinal cord is 80% of 
that of the rat cerebrum (Table II). On the contrary, BCRP 
protein expression per surface area in the rat spinal cord is 
120% of that of the rat cerebrum (Table II). Based on these 

protein expressions of MDR1 and BCRP in BBB and BSCB 
(Table II), it can be predicted that  Kp,uu of MDR1 and BCRP 
substrates in the spinal cord would be similar to those of the 
brain in rats. MDR1 and BCRP protein expressions per sur-
face area in humans are 30- and 17-times smaller than those 
of rats, respectively, suggesting that  Kp,uu of MDR1 and 
BCRP substrates in the human spinal cord can be 30-fold 
and 17-fold higher than those of rats. When extrapolating 
pharmacological and toxicological effects of drugs trans-
ported by MDR1 and BCRP to the spinal cord, it would 
be important to take into consideration of these remarkably 
lower expression profiles of MDR1 and BCRP in the spinal 
cord compared to the rats.

Prediction of the Unbound Drug 
Concentration Ratio Between Brain 
And Blood  (Kp,uu,brain)

Kp,uu,brain Can Be Predicted from the BBB MDR1 
Protein Expression and Intrinsic Efflux Activity 
of MDR1

Protein expression levels of the BBB transporters differ 
notably in humans and rodents (Table II) (5). Large quantita-
tive differences are also observed in the transport molecular 
mechanisms between in vitro cultured human brain capil-
lary endothelial cells and in vivo BBB (62). These results 
indicate that conventional animal experiments and in vitro 
analyses cannot predict the drug permeability across the 
BBB in vivo in humans. Therefore, we have developed a 
mathematical model to predict the drug transport across the 
BBB; by integrating the MDR1 protein expression levels 

Table II  Comparison of ABC 
Transporter Protein Expression 
per Surface Area of the Blood-
Brain Barrier (BBB) and the 
Blood-Spinal Cord Barrier 
(BSCB) Between Humans and 
Rats

Values were cited from supplemental Table S3 in reference (5). For the unit conversion from (pmol/g wet 
tissue weight) to (fmol/cm2 surface area), the following values were used: 180  cm2/g wet tissue for cortex 
in humans (59), 100 cm2/g tissue for white matter in humans (59), and 141  cm2/g tissue for the spinal cord 
in humans (5), 140  cm2/g tissue weight for the whole cerebrum in rats (60), and 159  cm2/g wet tissue for 
the spinal cord in rats (61), respectively. The average of the frontal cortex and temporal/parietal cortex 
region of 3 donors, and that of the spinal cord of 4 donors are shown with the standard deviation (SD) for 
humans. Capillaries were isolated from the pooled rat brains (n = 9) and spinal cord (n = 18). The averages 
are shown with the standard error of the mean (S.E.M) for rats

Protein expression (PEL) (fmol/cm2 surface area of the barrier)

ABCA8/ABCA8 MDR1/ABCB1 BCRP/ABCG2

humans humans rats humans rats

Blood-brain barrier (BBB)
  Cerebral cortex 8.62 ± 2.66 50.3 ± 28.6 41.5 ± 17.3
  Cerebral white matter 7.54 ± 1.10 33.1 ± 15.6 30.8 ± 6.3
  Cerebrum 497 ± 15 217 ± 2
Blood-spinal cord barrier (BSCB)
  Thoracic spinal cord 10.9 ± 6.7 13.7 ± 7.8 15.0 ± 11.2
  Spinal cord 398 ± 26 252 ± 3
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in brain microvessels and the drug efflux transport activity 
per mdr1a/MDR1 protein ([(in vitro MDR1 efflux ratio)-
1]/[MDR1 protein expression levels in MDR1-transfected 
cell monolayer]) the in vivo mdr1a/MDR1 efflux activity at 

the BBB can be predicted from in vitro experiments (13). 
We have also demonstrated that it is possible to predict the 
concentration of unbound drugs in the brain using a mouse 
model based on the following theory (Eq. 4) (Fig. 3A) (13):

Unlike the mice, the protein expression level of MDR1 
at the BBB in cynomolgus is quite similar to that in humans 
(7). Therefore, using the cynomolgus model, we have also 
demonstrated that the predictive theory above can be used 
to predict the concentration of unbound drugs in the brain 
in cynomolgus, a non-human primate (Fig. 3B) (15). Fur-
thermore, the transport functions at the BBB quantitatively 
change in CNS diseases. Using epilepsy and phenytoin-
treated mice models, we have demonstrated that it is pos-
sible to predict the changes in the brain concentration of 
mdr1a/MDR1 substrate in response to pathology and treat-
ment (Fig. 3C) (14). It is therefore expected that our predic-
tion method will apply to patients with CNS diseases. These 
results have opened the way to quantitative prediction of the 
unbound drug concentration of transporter substrates in the 
brain, and will contribute greatly to the development of the 

Fig. 3  Pharmacoproteomics-
based prediction of drug 
concentration ratio of brain and 
plasma  (Kp,uu,brain and  Kp,brain) 
for mdr1a/MDR1 substrates 
from in vitro experiments. (A) 
Validation using normal mice. 
1, quinidine; 2, loperamide; 
3, digoxin; 4, risperidone; 5, 
indinavir; 6, dexamethasone; 
7, vinblastine; 8, paclitaxel; 
9, verapamil; 10, loratadine; 
11, diazepam. The observed 
 Kp,uu,brain of vinblastine was 
less than 0.0248. (B) Valida-
tion using normal cynomolgus. 
1, indinavir; 2, quinidine; 3, 
loperamide; 4, paclitaxel; 5, 
diazepam; 6, verapamil. (C) 
Validation using epilepsy/
therapy model mice. Data were 
cited from (13–15) and modi-
fied.

(4)Kp,uu,brain =
1

1 + ((in vitroMDR1 efflux ratio) − 1) ×
MDR1 protein expression level in brain microvessels

MDR1 protein expression level in MDR1−transfected cell monolayer

new research field of “Pharmacoproteomics”, which com-
bines pharmacokinetics and proteomics (63).

Kp,uu,brain May Be Predicted for Humans from Rats

In order to evaluate the effect of the significant inter-species 
difference of the BBB efflux transporter protein expression 
(Table II), Eq. 5 can be derived from Eq. 3,

Considering MDR1 substrates for the brain distribu-
tion in rats,  TAvivo,MDR1/Ppassive,vivo,MDR1 can be estimated 
by Eq. 5 with changing  Kp,uu,brain,MDR1,rat from 1.00 ×  10−4 
to 9.90 ×  10−1 with  PELMDR1,rat of rat cerebrum (497 ± 15 

(5)TAin vivo, rat

Ppassive, in vivo, rat

=

((

1

Kp,uu,brain,rat

)

− 1

)

PELrat
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fmol/cm2) (Table  S1). The ratio of  TAvivo/Ppassive,vivo 
between humans and rats can be defined as RTA human/rat 
by Eq. 6:

Equation 7 can be derived from Eq.3 for the prediction of 
 Kp,uu,brain,human in human:

Assuming there is no species difference of MDR1 efflux 
activity per MDR1 protein, i.e., RTA MDR1, human/rat = 1.0, 
 Kp,uu,brain,human can be predicted by Eq. 7 with  TAvivo,MDR1/
Ppassive,vivo,MDR1 and  PELMDR1,human of human cerebral 
cortex (Table II, 50.3 ± 28.6 fmol/cm2). If  Kp,uu,brain,MDR1 
in rats is smaller than 1.00 ×  10−2, it can be predicted 
that  Kp,uu,brain,MDR1 in humans is 9-fold greater than that 
of rats. If  Kp,uu,brain,MDR1 in rats is in the range between 
1.00 ×  10−2 and 1.00 ×  10−1,  Kp,uu,brain,MDR1 in humans can 
be 5–9 -fold greater than that of rats. Interestingly, it has 
been reported that  Kp,uu,brain of verapamil, a substrate of 
MDR1, is 0.24 in humans (64) and 0.0786 in rats (65), 
showing 3.1-fold higher  Kp,uu,brain of verapamil in humans 
than that of rats. However, the predicted result has 5.8-fold 
greater  Kp,uu,brain,MDR1 in humans than that of rats, which is 
a twice greater value than the observed value. However, a 
possibility that RTA verapamil,MDR1,human/rat might be greater 

(6)RTAhuman∕rat =
TAin vivo,human

/

Ppassive,in vivo,human

TAin vivo,rat

/

Ppassive,in vivo,rat

(7)

Kp,uu,brain,human =
1

1 + PELhuman ×
(

TAin vivo,rat

/

Ppassive,in vivo,rat

)

× RTAhuman∕rat

than 1.0, e.g., 2.68, cannot be excluded. The ratio of 
 Kp,uu,brain,MDR1,human/Kp,uu,brain,MDR1,rat was also determined 
and plotted for  Kp,uu,brain,MDR1,rat (Fig. 4), which would be a 
useful parameter for the prediction of  Kp,uu,brain,MDR1,human 
from rats to human as a conventional scale-up factor (see 
supplemental Table S1). If RTA MDR1,human/rat could be 
determined by the in vitro transport study with quanti-
fication of MDR1 in rats and humans, the reliability of 
the prediction of  Kp,uu,brain,MDR1,human by Eq. 7 would be 
increased. Similar to MDR1, effects of a 5-times differ-
ence of BCRP protein expression in the BBB on the inter-
species difference of  Kp,uu,brain between humans and rats 
are also simulated and illustrated in Fig. 4 (supplemental 
Table S2). Further studies would be necessary to validate 
the predicted results in Fig. 4 by measuring  Kp,uu,brain in 
humans. Nevertheless, it is encouraged to re-analyze the 
data using Eq. 7 by measuring the protein expression of 
MDR1 in the in vitro culture system used for the drug 
screening.

Transporter Protein Expression 
in the Blood‑Cerebrospinal Fluid Barrier 
(BCSFB)

Table III lists the transporter protein expression level in the 
fourth ventricular choroid plexus in humans (66), i.e., the 
blood-CSF barrier (BCSFB). Figure 2C illustrates the locali-
zation of transporter proteins in the BCSFB. Similar to that 

Fig. 4  Effect of species difference of MDR1 and BCRP protein expression in the BBB to the ratio of  Kp,uu,brain,human/Kp,uu,brain,rat.  Kp,uu,human was 
estimated from  Kp,uu,rat and  Kp,uu,human/Kp,uu,rat was plotted for  Kp,uu,rat. MDR1 substrate (solid line): changing  Kp,uu,brain,MDR1,rat from 1.00 ×  10−4 
to 9.90 ×  10−1 with  PELMDR1,rat of rat cerebrum (497 fmol/cm2),  TAMDR1, rat, vivo/Ppassive,rat,vivo was estimated by Eq. 5. Assuming RTA MDR1,human/rat 
is 1.0,  Kp,uu,brain,MDR1,human was predicted by Eq. 7 with  PELMDR1,human of human cerebral cortex (50.3 fmol/cm2). BCRP substrate (broken line): 
changing  Kp,uu,brain,BCRP,rat from 1.00 ×  10−4 to 9.90 ×  10−1 with  PELBCRP,rat of rat cerebrum (217 fmol/cm2),  TABCRP, rat, vivo/Ppassive,rat,vivo was esti-
mated by Eq. 5. Assuming RTA BCRP, human/rat is 1.0,  Kp,uu,brain,BCRP,human was predicted by Eq. 7 with  PELBCRP,human of human cerebral cortex (41.5 
fmol/cm2). Dotted line indicates  Kp,uu,human/Kp,uu,rat is 1.0, i.e., no species difference.
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of the BBB shown in Table I, GLUT1 protein expression 
is highest, 46.7 ± 1.1 fmol/μg protein. Interestingly, protein 
expression of an organic cation transporter, multidrug and 
toxin extrusion 1 (MATE1/SCL47A1), organic anion trans-
porter 3,(OAT3/SLC22A8) and organic anion transporting 
polypeptide 3A1 (OATP3A1/SLCO3A1) are 8.61 ± 0.63 
fmol/μg protein, 1.87 ± 0.12 fmol/μg protein, 0.641 ± 0.119 
fmol/μg protein, respectively (Table III), while these trans-
porter proteins were not identified in the human BBB.

Relatively abundant protein expression of folic acid trans-
porters, PCFT/SLC46A1 (proton-coupled folate transporter) 
and RFC1/SLC19A1 (reduced folate carrier 1) has also been 
found in the human BCSFB. PCFT has a strong affinity for 
folic acid transport at about 1 μM  Km (67), while RFC1 has 
a very weak affinity for folic acid transport, at about 100 μM 
 Km (68). Methotrexate (MTX) used in MTX-leucovorin res-
cue therapy is a structural analog of folic acid, and its  Km 
values for both transport carriers are 2 to 10 μM (67, 68). It 
is considered that both transport carriers contribute to the 
transport of MTX from the circulating blood to the CSF. A 
correlation between the risk of developing adverse reactions 
during the treatment of acute leukemia with high-dose MTX 
and the RFC1 gene (SLC19A1) polymorphism has been 
already reported (69, 70). Dosage design based on kinetic 
evaluation, including the contribution of RFC1 and PCFT 
in the transport of MTX in the blood to the CSF, may be an 
important subject to be clarified for the future.

MDR1 and BCRP are also expressed in the BCSFB 
(Table III), while both are localized in the plasma membrane 
of choroid plexus epithelial cells facing the CSF (31, 37) 
(Fig. 2C). In the BBB, both transporters are preventing sub-
strate entry from the circulating blood to the brain, whereas 
the direction of both efflux transporters in the BCSFB is 
the opposite of the BBB, i.e., from epithelial cells to the 
CSF (Fig. 2A). There is a report supporting the differen-
tial in vivo contribution of MDR1 and BCRP to the brain 
parenchymal and the CSF (71). The brain distribution of 
topotecan, a substrate of MDR1 and BCRP was significantly 
increased after the systemic administration to the knockout 
mice with the Mdr1a, Mdr1b, and Bcrp1 genes, whereas the 
intraventricular CSF topotecan concentration measured by 
microdialysis decreased significantly in the knockout mice 
with the Mdr1a, Mdr1b, and Bcrp1, genes (71). Consider-
ing the barrier function of the choroid plexus, i.e., prevent-
ing xenobiotics entry from the blood in the CSF, the ability 
of MDR1 and BCRP to transport xenobiotics in the blood 
towards the CSF across the BCSFB may not be a rational 
physiological route. Considering endogenous substrates to 
be transported by MDR1, e.g., glucocorticoid (72), estrone 
and estriol (73), endomorphin-1 (74), it can be hypothesized 
that MDR1 and BCRP in the choroid plexus play a role in 
supplying endogenous substances to the circumventricular 
organ and/or any region of subarachnoid space facing with 
CSF (Fig. 1), which may be necessary for any CNS function 
in the region. Thus, there will be a significant risk caused by 
xenobiotics transport by MDR1 and BCRP from the circulat-
ing blood to the CSF across the BCSFB (Fig. 2C). However, 
the CSF xenobiotics concentration in subarachnoid space 
would be decreased effectively by the efflux transport func-
tion of the blood-arachnoid barrier (BAB) (Fig. 2D) (35, 
36, 48). Therefore, when analyzing the drug concentra-
tions in the CSF, it should be noted that the small samples 

Table III  Transporter Protein Expression in the Blood-Cerebrospinal 
Fluid Barrier (BCSFB) in Human

Values were obtained from Table  I published in the reference (66). 
Choroid plexus from the fourth ventricle of 92  years old male was 
quantified by LC-MS/MS as 3 replicates. S.D. value indicates a varia-
tion of the analysis

Transporter Protein expression 
(fmol/μg protein) 
(mean ± SD)

Efflux transporter
  MDR1/ABCB1 2.10 ± 0.17
  BCRP/ABCG2 0.706 ± 0.053
  MRP1/ABCC1 1.36 ± 0.11
  MRP4/ABCC4 0.818 ± 0.142
  ABCA8/ABCA8 1.52 ± 0.27
Organic anion transporter
  OAT3/SLC22A8 1.87 ± 0.12
  OATP3A1/SLC21A11/SLCO3A1 0.641 ± 0.119
Organic cation transporter
  MATE1/SLC47A1 8.61 ± 0.63
Thyroid hormone transporter
  MCT8/SLC16A2 1.65 ± 0.16
Energy source transporter
  GLUT1/SLC2A1 46.7 ± 1.1
  GLUT5/SLC2A5 1.24 ± 0.19
  GLUT3,14/SLC2A3, SLC2A14 0.472 ± 0.035
  MCT1/SLC16A1 3.47 ± 0.26
  MCT4/SLC16A3 0.382 ± 0.078
  MCT5/SLC16A4 0.685 ± 0.124
Amino acid transporter
  EAAT1/SLC1A3 5.04 ± 0.18
  CAT1/SLC7A1 1.22 ± 0.15
  4F2hc/SLC3A2 1.42 ± 0.28
Folic acid transporter
  RFC1/SLC19A1 3.68 ± 0.09
  PCFT/SLC46A1 1.78 ± 0.17
Creatine transporter
  CRT1/SLC6A8 0.450 ± 0.138
Nucleoside transporter
  ENT1/SLC29A1 2.49 ± 0.12
Monoamine transporter
  PMAT/SLC29A4 0.288 ± 0.041
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collected from the cisternal magna reflect the influx function 
of MDR1 and BCRP at the BCSFB, whereas the samples 
collected from the lumber corresponds the efflux function of 
MDR1 and BCRP at the BAB, BSCB, and the influx func-
tion of MDR1 and BCRP at BCSFB.

Characterization of Transport Function 
of the Blood‑Arachnoid Barrier (BAB)

The BAB Plays a Major Clearance Pathway of Organic 
Anions from CSF

It has been believed for several decades that arachnoid epi-
thelial cells do not permeate water-soluble substances (49). 
Yasuda et al. have reported that MDR1 is expressed at the 
apical membrane of arachnoid epithelial cells of mouse, 
monkey, and human leptomeninges (38). Several trans-
porter genes were also identified in the arachnoid epithe-
lial cells, e.g., Mdr1a/Abcc1a, Bcrp/Abcg2, Oat1/Slc22a6, 
Oat3/Slc22a8, Mrp1/Abcc1, Mrp4/Abcc4 in mouse and 
MDR1/ABCB1, BCRP/ABCG2, OAT1/SLC22A6, OAT3/
SLC22A8, OCT1/SLC22A2 in human (38). In order to 
prove that the arachnoid epithelial cells have substantial 
in vivo transport function, the intracisternal magna (i.c.m.) 
administration, which can prevent the transport function of 

choroid plexus in the ventricular space, has been employed. 
As shown in Fig. 5 (48), a significant elimination of the 
para-aminohippuric acid (PAH) concentration in the cis-
terna CSF was demonstrated with the elimination clearance 
of 26.5 μL/min, which was remarkably greater than the CSF 
bulk flow rate (2 μL/min) (75). Comparing the elimination 
clearance of PAH with the CSF volume in rats, 250 μL (76), 
the turnover rate is 9 min, suggesting major in vivo transport 
activity from the CSF in the subarachnoid space. Further-
more, leptomeninges containing arachnoid epithelial cells 
express Oat1 and Oat3 proteins; 2.73 ± 0.07 (fmol/μg pro-
tein) and 6.65 ± 0.20 (fmol/μg protein), respectively (48), 
and the elimination clearance of PAH was inhibited com-
pletely by ceftriaxone, an inhibitor of Oat1, and by 17% with 
cephalothin, an inhibitor of Oat3 (48, 66). Notably, Oat1 
protein has been reported to be under the detection limit in 
the rat choroid plexus. These results suggested that Oat1 in 
the leptomeninges plays the major elimination pathway from 
the CSF in the subarachnoid space (48). Thus, this is the 
first report demonstrating the functional activity of the BAB 
for the avid clearance of organic anion in the subarachnoid 
CSF in vivo.

Oatp1a4/Slco1a4 protein expression has been quantified 
to be 8.86 ± 0.12 fmol/μg protein in the leptomeninges of 
rats, which is remarkably greater than that of Oat3. Although 
Oatp1c1/Slco1c1 protein is 0.195 ± 0.018 fmol/μg protein in 
the leptomeninges of rats, the immunohistochemical analysis 
has indicated that Oatp1c1 protein is localized in blood ves-
sels of the leptomeninges and not in the arachnoid matter 
(35). Figure 6 shows the distribution of SR-101, a represent-
ative substrate of organic anion, in the cervical spinal cord 
after i.c.m administration in rats. The fluorescence signals 
of SR-101 were predominantly detected in the leptomenin-
ges at the surface of the spinal cord (Fig. 6 A, B), which is 
caused by the rapid uptake of SR-101 with Oatp1a4 in the 
leptomeninges. Although SR-101 is a substrate of Oatp1a4 
and Oatp1c1 the contribution of Oatp1c1 for the uptake of 
SR-101 can be excluded due to the fact that Oatp1c1 protein 
was not detected in the arachnoid matter in the immunohisto-
chemical analysis (35). Moreover, the fluorescence intensity 
of SR-101 was diminished in the leptomeninges and increas-
ing in the parenchyma of the spinal cord when pre-adminis-
tered with taurocholate (Fig. 6 C, D) and digoxin (Fig. 6E, 
F), a well-known broad-spectrum inhibitor of Oatps and a 
strong inhibitor of Oatp1a4, respectively (77, 78). Therefore, 
the results (Fig. 6) can be explained by the great inhibitory 
effect on the Oatp1a4-mediated uptake of SR-101 into the 
leptomeninges. Taking together, the arachnoid epithelial 
cells in the leptomeninges plays a crucial physiological and 
pharmacological role in CSF detoxification by restricting 
the distribution of organic anions to the spinal cord, and 
presumably brain parenchymal tissues (35).

Fig. 5  The concentration of para-aminohippuric acid (PAH) (●) and 
FITC-inulin (○) in the cisterna CSF versus time profile after intracis-
terna magna (i.c.m.) administration. FITC-inulin was used as a refer-
ence for CSF bulk flow turnover and passive diffusion into the spinal 
cord. Each point represents the mean ± SEM (n = 6–10). The values 
are expressed as the percentage of the dose remaining per milliliter 
of CSF. An asterisk (∗) denotes values of of PAH and FITC-inulin (% 
dose/mL) that were significantly different (p < 0.01). The figure was 
reprinted (adapted) with permission from reference (48). Copyright 
2022 American Chemical Society.
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The Transporter Protein Amounts 
of the Blood‑Arachnoid Barrier (BAB) 
Are Significantly Different from those 
of the Blood‑Cerebrospinal Fluid Barrier (BCSFB)

The BAB surrounds 82% volume of the CSF in the subarach-
noid space and 18% of the BCSFB in the ventricular space. 
The transporter protein expression amount in the total cer-
ebral leptomeninges and those of total choroid plexus and 
the ratio of respective transporters between leptomeninges 
and choroid plexus were listed in Table IV (36). Each value 
reflects the transport capacity of the barriers, especially the 
ratio indicating the similarities and differences of the trans-
port capacity between the pig BAB and BCSFB, while the 
transporter protein amounts in the leptomeninges in the spinal 
region are not involved in the results. One of the most sig-
nificant findings has been the protein amount of OAT1 in the 

leptomeninges, which was 125 ± 3 pmol and comparable to 
GLUT1 (134 ± 8 pmol), the highest expression among them 
all (Table IV). The protein amount of OAT3 in the leptome-
ninges was 54.8 ± 1.8 pmol, which was approximately half 
of OAT1. The protein amounts of OAT1 and OAT3 in the 
leptomeninges were 8–9-fold greater than those of the choroid 
plexus (Table IV). It is also an interesting finding that the pro-
tein amounts of organic cation transporter 2 (OCT2/SLC22A2) 
and MATE1 in the leptomeninges were 40.6 ± 1.2 pmol and 
15.2 ± 0.9 pmol, respectively, and were 90-fold and 33-fold 
higher than those of choroid plexus (Table IV). The protein 
amounts of MDR1 and BCRP in the leptomeninges were 
25.1 ± 0.9 pmol and 36.1 ± 0.9 pmol, respectively, which play 
significantly important roles as a functional barrier decreasing 
concentrations of the endogenous and exogenous substrates in 
the CSF in the subarachnoid space.

Considering the physiological role of the transporters in 
the barrier, it is crucial to clarify the polarized localization of 
the transporter proteins in the plasma membrane, i.e., either 
the CSF side or the blood side, or both sides (Fig. 2C, D). We 
have established a method to solve the subject by quantifying 
transporter proteins including marker proteins located either 
the CSF side and blood side for the plasma membrane frac-
tions separately isolated for the CSF side rich and the blood 
side rich by the density gradient separation method (8, 36). As 
the specific peptide of each transporter protein is quantified 
by the LC-MS/MS, the possibilities of identifying any trans-
porter proteins, which may belong to the same transporter 
family, can be excluded. The other advantage is the multi-
plex analysis, i.e., several transporter proteins can be clarified 
simultaneously (8). We have applied the method for analysis 
of leptomeninges in the pig. OAT1, OAT3, OCT2, and pep-
tide transporter 2 (PEPT2/SLC15A2) were identified in the 
plasma membrane of CSF facing side in the leptomeninges 
(Fig. 2D), suggesting that those substrates, organic anions, 
organic cations, and di- or tri-peptides would be transported 
at the plasma membrane of the leptomeninges. Interestingly, 
MDR1, BCRP, MATE1, multidrug resistance-associated 
protein 4 (MRP4/ABCC4), and OATP2B1/SLCO2B1 were 
identified in the plasma membrane of blood facing side in the 
leptomeninges (Fig. 2D), suggesting that substates of MDR1, 
BCRP, MRP4, and OATP2B1 are pumped out from the arach-
noid epithelial cells to the circulating blood, which will cause 
significant decrease of the substrate concentration in the CSF.

Considering the abundant expression of these transporter 
proteins in the leptomeninges listed in Table IV, these trans-
porters play important roles of the BAB as a dynamic inter-
face for the exchange of nutrients and xenobiotics between the 
circulating blood and the CSF in the subarachnoid space. As 
OCT2 and MATE1 could transport substrates bi-directionally 
at the plasma membrane, there would be possibilities that sub-
strates of these transporters are carried from the circulating 
blood to the CSF in the subarachnoid space (Figs. 1 and 2D). 

Fig. 6  Distribution of SR-101 in the cervical spinal cord 20 min after 
intracisterna magna (i.c.m.) injection in rats. SR-101 was adminis-
tered without inhibitor (A, B). The fluorescence signals of SR-101 
were predominantly detected in the leptomeninges at the surface of 
the spinal cord. The fluorescence intensity of SR-101 was diminished 
in the leptomeninges and instead increased in the parenchyma of the 
spinal cord pre-administered with taurocholate (C, D) and digoxin 
(E, F). Scale bars: 300 μm. Subfigures B,D,F are enlarged spinal cord 
images of A,C,E, respectively. The figure was reprinted (adapted) 
with permission from reference (35). Copyright 2022 American 
Chemical Society.
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Further studies would be necessary to clarify the transport 
direction of these substrates including OATP2B1 across the 
BAB, which would be important for the safety assessment to 
the CNS including transporter-mediated drug-drug interaction. 
The transporter protein amounts of the BAB were significantly 
different from those of the BCSFB (Table IV), demonstrating 
significantly different physiological roles of two barriers for 
the nutrients and xenobiotics turnover in the CSF.

Structural Design of Transporter‑Utilizing 
Compounds

Understanding of Transport Function Is Critical 
for the Rational Design of (Pro)Drugs to Be 
Efficiently Delivered to the CNS

As described above, there are several SLCs and ABCs not 
only at the BBB (Fig. 2A), but also at the BSCB, BCSFB, 

and BAB, (Fig. 2B, C, D, respectively) participating in the 
transporter of endogenous compounds and metabolites in 
and out of the brain. However, there are several carriers also 
transporting particular drugs, either into the brain (influx) 
or out of the brain (efflux) and thus, determining the drug 
exposure in the brain (Table V). A very well-known example 
of SLC function at the BBB is LAT1/SLC7A5 carrying the 
anti-parkinsonian drug L-dopa and the anti-epileptic drug 
gabapentin (Table V)(79). Another important family of drug 
carriers at the BBB are organic anion transporting polypep-
tides (OATPs); although there are only very limited data 
available demonstrating their clinically relevant role in brain 
drug disposition to date, they are known to be responsible for 
carrying several drugs, including statins, dopamine receptor 
antagonists and opioid conjugates across the BBB, mainly 
via OATP2B1/SLCO2B1 (39–41) and OATP1A2/SLCO2A1 
(39, 41–43) (Table V) (Fig. 2A). Notably, OATP-family 
is also expressed widely in other peripheral organs, e.g., 
OATP1B1/SLCO1B1 and OAPT1B3/SLCO1B3 are highly 

Table IV  Comparison of 
Total Transporter Protein 
Expression Between Cerebral 
Leptomeninges and Choroid 
Plexus in Pig

Values were obtained from Table II in the reference (36)
ULQ, under limit of quantification; ATA , amino acid transporter

Transporter Protein expression per head (pmol/pig cerebrum) Ratio

cerebral leptomeninges choroid plexus leptomeninges 
/choroid plexus

Drug efflux transporter
  MDR1/ABCB1 25.1 ± 0.9 13.6 ± 0.1 1.84
  BCRP/ABCG2 36.1 ± 0.9 8.42 ± 0.20 4.29
Organic anion transporter
  OAT1/SLC22A6 125 ± 3 14.0 ± 0.2 8.94
  OAT3/SLC22A8 54.8 ± 1.8 7.06 ± 0.35 7.76
  MRP1/ABCC1 ULQ(<5.62) 8.04 ± 0.18 <0.699
  MRP3/ABCC3 3.80 ± 0.12 4.56 ± 0.11 0.833
  MRP4/ABCC4 4.07 ± 0.21 2.65 ± 0.08 1.54
  OATP1A2/SLCO1A2 ULQ (<8.43) 40.1 ± 0.6 <0.21
  OATP2B1/SLCO2B1 4.72 ± 0.16 2.99 ± 0.07 1.58
  OATP3A1/SLCO3A1 ULQ (<1.63) 10.9 ± 0.1 <0.149
Organic cation transporter
  MATE1/SLC47A1 15.2 ± 0.9 0.464 ± 0.042 32.8
  OCT2/SLC22A2 40.6 ± 1.2 0.452 ± 0.021 89.8
  OCTN2/SLC22A5 ULQ (<2.65) 12.6 ± 0.2 <0.211
Energy source transporter
  GLUT1/SLC2A1 134 ± 8 112 ± 1 1.20
  MCT1/SLC16A1 15.8 ± 0.9 13.1 ± 0.3 1.21
Thyroid hormone transporter
  MCT8/SLC16A2 10.0 ± 0.6 8.01 ± 0.10 1.25
Amino acid transporter
  xCT/SLC7A11 72.8 ± 3.3 11.2 ± 0.3 6.50
  ATA2/SLC38A2 9.40 ± 0.69 ULQ (<5.49) >1.71
Peptide transporter
  PEPT2/SLC15A2 16.4 ± 0.5 2.83 ± 0.09 5.79
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expressed in the liver (80, 81). Moreover, the substrate spe-
cificities of OATPs overlap, and thus, targeting CNS-acting 
drugs to their site of action via OATPs and simultaneously 
avoiding the peripheral exposure, can be very challenging. 
Furthermore, the overlapping substrate specificities with 
efflux transporters at the CNS barriers are needed to be 
taken into consideration at the early stages of drug design 
to gain maximal brain drug delivery of novel CNS-acting 
drugs (Table VI).

Thus, the drug development of novel CNS-acting drugs 
has been very challenging due to the improper drug delivery 
across the BBB resulting in a lack of efficacy and late-stage 
(Phase II-III clinical trials) failures (83, 84). Particularly, in 
drug discovery/development, a great challenge is to com-
bine structural properties that are responsible for eliciting 
the pharmacological effects together with the acceptable 
pharmacokinetics and brain-targeting properties. With a 
prodrug approach, this can be overcome; with a temporal 
chemical modification, the prodrug can be targeted to the 
desired transporter at the CNS-barriers and be delivered 
more effectively into the brain. A well-known example of 
a transporter-utilizing brain-targeted prodrug is L-dopa that 
utilizes LAT1 for its BBB penetration (85) and is then bio-
converted to dopamine by dopa decarboxylase (86). How-
ever, due to its premature bioconversion in the periphery, 
L-dopa needs to be given together with peripheral enzyme 
inhibitors, such as carbidopa (dopa decarboxylase inhibitor) 
and/or entacapone (catechol-O-methyltransferase (COMT)-
inhibitor) (87, 88). Thus, the prodrugs should undergo bio-
transformation to their active parent drug forms, before they 

can interact with the final target proteins, although the bio-
transformation may take place before, during, or after BBB 
penetration, depending upon the bioactivation mechanism 
of the prodrug. Therefore, premature bioconversion rate and 
mechanism during the absorption and distribution need to 
be carefully evaluated to obtain a successful brain-targeted 
prodrug. Several enzymes, including hydrolyzing phos-
phatases (hydrolyzing e.g., anti-epileptic agent fosphenytoin 
and antiretroviral agent fosamprenavir), esterases (hydro-
lyzing e.g., neuraminidase inhibitor oseltamivir, antico-
agulant dabigatran etexilate, acetylenic retinoid tazarotene, 
and antiglaucoma agent dipivefrin), and cytochrome P450 
enzymes (responsible for oxidation of e.g., antineoplastic 
agents tegafur and nitrogen mustard cyclophosphamide) are 
known to participate in prodrug activation, but prodrugs can 
also be activated site-selectively via bacterial reductases 
(such as anti-inflammatory drug sulfasalazine) in the colon 
or chemically due to the change in hypoxic conditions of 
the tumor microenvironment (e.g., experimental anticancer 
agents tirapazamine and evofosfamide) (89, 90). One great 
advantage with prodrugs is the fact that they are suitable for 
several kinds of administration routes (89, 90), including 
intravenous infusion (fosphenytoin and tegafur) and par-
ticularly oral administration (fosamprenavir, oseltamivir, 
dabigatran etexilate, cyclophosphamide, and sulfasalazine), 
which is the preferred route for patients.

Since CNS-diseases is one the greatest threats to public 
health and there has been a slowdown and withdrawal of 
pharmaceutical companies from CNS-drug development 
in past decades, there is an enormous social, clinical, and 

Table VI  Challenges and Prospects in the Development of Transporter-Utilizing (Pro)Drugs

In Vitro
• Exploration of expression and function of brain-selective enzymes to achieve site-selective bioconversion of prodrugs
• Applying time-dependent experiments accompanied by computational methods to separate transported substrates from binding ligands
• Evaluation of intracellular pharmacoproteomics to optimize the efficacy of transporter-utilizing compounds
• Optimizing the affinity and the interactions of the substrates with adequate in vitro and computational methods (inducing dynamic process) 

to attain compounds that can compete with endogenous substrates for transporter utilization
In Vivo
• Utilization of quantitative proteomic data together with pharmacokinetic studies (pharmacoproteomics) to understand the drug disposition 

between the CNS and periphery
• Characterization of transporter expression in the selected diseases during the early phase of the drug development phase to understand if 

there are changes in pharmacoproteomics as a part of the pathology
• Discovering novel biomarkers related to transporter function to enable monitoring the disease conditions, progress, and effects of drug 

therapy
• Exploring epigenetic regulation of the transcriptional and post-transcriptional mechanisms of drug transporters to predict the response of the 

CNS-therapies and attaining the personalized medicine
• Studying and correlating the brain permeation data correctly from nocturnal rodents to diurnal humans to understand the effects of circadian 

rhythms at the CNS barriers
In Silico
• Understanding dynamic processes of protein by utilizing advanced computational methods, such as MDS, instead of using static protein 

models for protein-ligand interactions
• Screening compounds towards several transporters and using machine learning for the prediction of overlapping substrate specificities and 

possible interactions with efflux transporter
• Utilization of deep learning and generative methods in chemoinformatics and chemical biology in structural design and develop brain-tar-

geted transporter-utilizing compounds with desired properties
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economic need for improved CNS-therapies (83, 84, 91). We 
have shown with several parent drugs, including anti-inflam-
matories (ketoprofen, flurbiprofen, naproxen, salicylic acid, 
anti-oxidants (ferulic acid), anti-epileptics (valproic acid), 
and investigational immunomodulators (perforin inhibitors), 
that an attachment of a cleavable amino acid promoiety to 
these parent drugs via a hydrolytic bond, and thus creating 
prodrugs, can significantly improve their brain uptake across 
the BBB via LAT1 (AUC brain/AUC plasma ratio increased up 
to 124-times with prodrugs compared their parent drugs) 
(Fig. 7) (92–96). We have also systematically shown that 
LAT1-utilizing prodrugs can deliver the parent drugs into 
the brain parenchyma effectively, since neurons, astrocytes, 
and microglia express LAT1 protein (97, 98). Moreover, the 
LAT1-delivery was not changed at the BBB of mice hav-
ing APP/PSI Alzheimer’s disease (AD) gene mutations of 
induced inflammation by lipopolysaccharide (LPS) or into 
the astrocytes isolated from the above-mentioned AD-trans-
genic mice or astrocytes induced with LPS in vitro, since the 
expression or function of LAT1 was not altered in these con-
ditions (97, 99). The increased delivery (release) of the par-
ent drugs into the brain parenchyma has been also shown to 
greatly improve the neuroprotective effects (100–103). How-
ever, it needs to be remembered the effective site-selective 

release of the parent drugs in brain parenchyma avoiding the 
systemic premature bioconversion should be carefully opti-
mized, e.g., via prodrug bond selection, since there are more 
species-related variations in bioconverting enzyme func-
tionalities than LAT1-mediated transport (104, 105). More 
importantly, there is a lack of knowledge of brain-selective 
prodrug bioconverting enzymes. Thus, if no brain-selective 
bioconversion is possible to be achieved, peripherally-acting 
(meaning not crossing BBB) enzyme inhibitors could be co-
administered with the prodrug under the development. This 
is a highly important issue to be noted, particularly with 
carboxylesterases (CES), which are known to have higher 
expression levels in the rodent first-pass metabolism com-
pared to humans (89, 103, 104). Therefore, the utilization 
of peripheral CES-inhibitors could provide more reliable 
IVIVE and translation to the human clinical situation when 
used together with prodrugs that are prematurely biocon-
verted in rodents.

Nevertheless, LAT1 is not selectively expressed at the 
BBB, instead, it has also been found in the spleen, testis, 
colon, kidney, liver, placenta, skeletal muscles (106–108), 
which also affects the pharmacokinetics and brain delivery 
of LAT1-utilizing prodrugs. Therefore, the expression profile 
of each transporter at the CNS compared to the peripheral 

Fig. 7  Structures of developed LAT1-utilizing prodrugs (parent drug highlighted with red color) and their brain-targeting effectiveness com-
pared to their parent drugs reported as AUC brain/AUC plasma values from the pharmacokinetic studies of either mice or rats.
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tissues needs to be considered carefully, when developing 
brain-targeted transporter-utilizing compounds (Table VI). 
Moreover, LAT1 is not the only transporter to be utilized at 
the BBB, also GLUT1 and  Na+-dependent vitamin C trans-
porter (SVCT2/SLC23A2) have been successfully used by 
conjugating L-ascorbic acid to losartan or ibuprofen either 
directly or via a lipophilic thiamine disulfide system that can 
lock the compound into the brain after reduction of disulfide 
bond to thiazolium ion (109, 110). In the case of losartan, 
SVCT2/GLUT1-mediated increased brain exposure of the 
prodrug and released parent drug (losartan itself was not 
delivered into the brain at all) subsequently improved the 
locomotor activity and motor coordination in Parkinson’s 
Disease (PD) rat model. However, as we cannot exclude the 
peripheral exposure of these kinds of prodrugs in the other 
organs expressing SVCT2 and GLUT1, it would be highly 
important to evaluate both benefits of the CNS-effects and 
risks of the peripheral adverse reactions during the drug 
development process.

Molecular Dynamics Simulations (MDS) Improve 
Understanding of the Dynamic Structure 
of Transporter and Substrate Structure Design

In very recent years, structural biology has rapidly and expo-
nentially increased our understanding of membrane trans-
porters (111–113). Recent advancements e.g., in X-ray crys-
tallography and cryogenic electron microscopy (cryo-EM) 
have led to today’s high-resolution (< 2.5 Å) protein struc-
tures, which are rich in information. However, these struc-
tures are static and the transport process is a very dynamic 
process. Therefore, other techniques, such as computational 
methods, are needed to understand not only the binding of 
ligand to the target transporter, but also the translocation of 
substrates and their kinetic properties during the process 
(111). The dynamic process of transporters is generally 
described by the “alternating access” model (suggested by 
Oleg Jardetzky and Peter Mitchell already in the mid-1960s), 
in which the transporter alternates between outward and 

inward-facing conformations and has multiple intermediate 
states, like outward- and inward-occluded states (114, 115). 
To date, the improved computer power has enabled more 
detailed molecular dynamics simulations (MDS) and free 
energy calculations, and together with experimental trans-
port data have helped us to understand and separate differ-
ent kinds of mechanisms of this so-called “moving barrier” 
(116–119). These mechanisms for SLCs include (so far) 1) 
a rocker switch, 2) a rocking-bundle (or gated pore), and 3) 
an elevator-type mechanism (Fig. 8) (120–122).

In the rocker switch mechanism that is a typical 
mechanism for glucose transporters (e.g., GLUT1 and 
GLUT3/SLC2A3), there are four distinct states; firstly the 
ligand binds to the transporter in its outward-open state, 
which causes the outer gate to close to form the second out-
ward-occluded state followed by a rocker-switch movement 
to the third, inward-occluded state, and then, the ligand is 
finally released as the inner gate opens (Fig. 8; left) (114, 
115, 120). This mechanism resembles roughly a V-shape 
architecture, while the second mechanism, the rocking-
bundle resembles more like a K-shape architecture. In the 
rocking-bundle mechanism that is common for transport-
ers such as LAT1 as well as serotonin and norepinephrine 
transporters SERT/SLC6A4 and NET/SLC6A2, there are 
two main stages; the ligand binds roughly to the center on 
the interface between two domains in the outward-open 
state, which is closed by a thin gate, such as a salt bridge 
on the extracellular site and a thick gate on the intracel-
lular site. Then, the scaffold domain (light green color in 
Fig. 8 middle) remains static, while the bundle domain (light 
purple color in Fig. 8 middle) goes through conformational 
changes, resulting in the inward-open state and the release of 
the ligand (114, 115, 121). In the elevator type mechanism 
that e.g., ASCT2/SLC1A5 and EAAT1/SLC1A3 uses, the 
transporter domain (light purple color in Fig. 8 right), to 
which the ligand binds, is moved from outward-open state 
vertically (piston-like movement) within the membrane 
to form the inward-open state, while the oligomerization 
domain (light green color in Fig. 8 right) remains static (114, 

Fig. 8  The alternating access transport mechanisms; 1) rocker switch (left), 2) rocking bundle (middle), and 3) elevator type (right), with their 
example transporters named below.
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115, 122). Thus, keeping in mind that a transporter can have 
different conformational states, it is easy to understand that 
docking compounds e.g. to the inward-open state may not 
result in the best substrate design and successful substrates 
(Table VI). Notably, this has been the case with LAT1 in the 
past, since the first cryo-EM structure was achieved from 
the inward-open state (123, 124). Thus, due to the current 
limitations of structure-based molecular modeling, and 
improvements in the data accuracy and treatment consist-
ency, ligand-based molecular modeling approaches, such 
as 3-dimensional quantitative structure-activity relationship 
(3D-QSAR) and pharmacophore modeling, have retained 
their favor in predicting the interactions with the transport-
ers based on their molecular properties (125, 126). We have 
recently found some critical structure-activity relationships 
(SAR) between novel neurosteroids and OATP1A2-mediated 
transport with the aid of the MDS (20). Structurally, a 3α5β-
androstane core can be functionalized at both ends of C-3 
and C-17 positions (Fig. 9A). In more detail, the amidic 
structures at the C-3 position next to the α-amine are favored 
over the corresponding esters, a terminal carboxylic acid is 
a definite requirement (over alcohol) and the length of the 
C-3 residue should be at least 5 carbons long to achieve 
efficient OATP1A2-mediated cellular uptake avoiding P-gp/
BCRP/MRP-mediated effluxing out of the cells. The further 
principal component analysis of OATP1A2-ligand-bound 
complexes revealed two sets of extreme motions suggest-
ing the preferred protein conformations for ligands (Fig. 9B, 
C). The most favorable structures displayed an open con-
formation toward the intracellular site and stabilized resi-
dues, namely Arg168, Glu172 (TM4), Glu200 (TM5), and 
Arg556 (TM11) on the transmembrane helices. Therefore, 
these influences of the compound structural features on the 
helical movements and thus, in opening-closing transition 
can be taken into account in the future design of OATP1A2-
utilizing compounds. However, it was also noticed that the 
studied compounds may have two distinct binding sites in 
the same OATP (different transport efficiencies) or affinity 

towards different OATP subtypes, which was not differenti-
ated in the study. Therefore, this together with the function-
alization of the acetyl group at the C-17 position should be 
explored more thoroughly in the future.

Appropriate Transport Kinetics Is Important 
for a Better Understanding of Transport Function

When choosing the target transporter to be utilized (Fig. 2) 
e.g., for brain drug delivery, biophysical and biochemical 
roles of the transporters are also needed to be considered 
carefully. Due to the similar features in the function, enzyme 
kinetics has been widely applied for the transporters, which 
may not be the most optimal approach (Table VI). Michae-
lis-Menten kinetics achieved by analyzing concentration-
dependent uptake of substrates estimates the transporter 
capacity  (Vmax; e.g., nmol/(min x mg protein)) and ligand’s 
affinity (to reach the half of the maximum  Vmax) for the 
transporter  (Km; μM) can be misleading, and transporters’ 
function should be characterized in a way that takes into 
account the translocation speed of the substrate across the 
membrane via the target transporter. Therefore, we have sug-
gested that time-dependent uptake should be evaluated more 
closely, not only to find the most suitable time point for the 
concentration-dependent uptake assay, but also to under-
stand how tightly the compounds are interacting with the 
transporter over time and if they can induce the alternating 
access mechanism that will enable the release of the com-
pound from the transporter, e.g., in the cytosolic side (19). 
Thus, this kind of modified assay can help to differentiate the 
substrates (transported through the membrane) from binders 
(only binding to the transporter on the membrane), which is 
highly important to understand in order to achieve the high-
est possible drug response in the brain. We have, for exam-
ple, found by that way that small amino acid-mimicking 
ligands may benefit from the elongation of the aliphatic side 
and expansion of the flexibility to achieve the required rock-
ing-bundle mechanism of LAT1  (T½-max increasing from 4 

Fig. 9  Structure-activity (function) relationships (SAR) of neurosteroids in relation to OATP1A2-mediated cellular uptake (A) and principal 
component analysis of OATP1A2-ligand complexes revealing two states open and closed at the intracellular view (B) and lateral view (C). The 
figures are modified versions of the ones described in the reference (20).
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to 19 min) (Fig. 10) (19). In addition, attachment of the side 
chain to the para-position of the L-Phe and using aliphatic 
amino acid residues, such as L-Lys may support stronger 
binding and thus, inhibitory properties instead of being 
transported as a substrate via LAT1  (T½-max 0.6–1.3 min vs. 
20 min) (Fig. 10). Moreover, it was noticed that increasing 
the polarity of the side chain, particularly with larger com-
pounds may increase the solvation effect at the outward-open 
state of the cavity and thus, not induce the required rocking-
bundle mechanism of LAT1 (Fig. 10).

It should be noted also that any given compound is most 
likely a substrate not only a single transporter but to several 
of them. Working with transfected cell lines may hide this 
information, but also working with different inhibitors and 
native cells can result in confusing outcomes. We have seen 
that inhibiting LAT1-mediated uptake can actually increase 
the cellular accumulation of compounds, when they have 
been driven to another lower affinity, but higher capacity 
transporter, whereas LAT1 is a higher affinity, but lower 
capacity transporter (127–129). We have also found out that 
LAT1-utilizing prodrugs can have lower affinity at least for 
OATPs, but most likely also to some other yet un-identified 
amino acid transporter(s). Therefore, this can have an impact 

on the pharmacokinetics and brain delivery properties of 
these prodrugs; they may distribute to other organs, but then 
again, concomitant utilization of OATP1A2 or 2B1 at the 
BBB (Fig. 2A) can increase their brain uptake. Considering 
in vivo drug transport across the BBB, more efforts should be 
paid on the secondary and tertiary mechanisms in the drug 
development of each compound and utilize e.g., machine 
learning for the prediction of these interactions already dur-
ing the early design of the compounds (Table VI).

The interference of endogenous substrates to transporter-
utilizing compounds’ delivery or vice versa should also be 
carefully considered. The concomitant utilization of the 
same transporters by exogenous compounds may interfere 
with the endogenous substrate balance. In the case of amino 
acid transport via LAT1 into the brain, the basal levels of 
essential amino acids in the brain parenchyma were proved 
to be on a high enough level, and therefore, occupation of 
LAT1 temporarily by a slowly-reversible amino acid mim-
icking LAT1-inhibitor did not affect significantly brain 
amino acid homeostasis (130). Hence, the affinities of the 
endogenous and exogenous compounds towards the target 
transporter need to be in balance with the transportation 
speed through the transporter cavity. If the substrate has a 

Fig. 10  Molecular structures 
of LAT1-binders differentiated 
from LAT1-substrates accord-
ing to their half-maximal uptake 
time  (T½) studied at 10 μM 
concentration with LAT1-
overexpressing MCF-7 human 
breast cancer cells. Additionally, 
ketoprofen compounds (in the 
middle) have also been provided 
with the Michaelis-Menten 
kinetic values  (Km and  Vmax).
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very high affinity (e.g., ketoprofen prodrugs with L-Lys  (Km 
0.8 μM) and L-Tyr (2.1 μM) promoieties in Fig. 10) and 
thus, high binding interactions with the transporter, it may 
not induce the dynamic process of the transporter  (Vmax 1.0 
and 17.4 pmol/(min x mg protein), respectively). Therefore, 
the optimization (such as attachment of the parent compound 
to the meta-position of the L-Phe promoiety in Fig. 10;  Km 
6.9 μM,  Vmax 76.8 pmol/(min x mg protein)), are crucial 
to be executed in the early phase of drug development of 
transporter-utilizing compounds (Table VI) (19, 127).

Prospects

Considering Multiple Factors Will Improve 
the Understanding of CNS Barrier Functions 
and Regulations, and Be Helpful for the Drug 
Delivery to the Brain

Notably, little is known about the life cycles of transporters 
and their intracellular functions before they are transferred 
to the plasma membrane or vice versa. For example, LAT1 
is recruited by LAPRM4b to lysosomes, leading to the lys-
osomal accumulation of L-Leu and subsequent mTORC1 
(mammalian target of rapamycin complex 1) activation 
(131). Therefore, LAT1-utilizing compounds can also be 
accumulated into lysosomes (129), which may affect the 
pharmacological response of the drugs if they are trapped 
into the lysosomes when their final targets are in the cyto-
solic site or they are needed to be transported across the epi-
thelial cells. Moreover, there can also be species differences 
in intracellular transporter expression. For example, human 
ENT1 (hENT1) is today known to be responsible for mito-
chondrial toxicity of anti-hepatitis B agent, fialuridine (132). 
However, due to the lack of mitochondrial ENT1 expression 
in rodents (mice and rats) and thus, significant species dif-
ferences between humans and mice, this was not predicted 
from the pre-clinical toxicity studies (133). Therefore, intra-
cellular pharmacoproteomics of each drug candidate should 
be studied carefully during the preclinical phase (Table VI).

It has also been notified that some transporters can be 
down- or up-regulated as a part of disease pathogenesis 
(134, 135). For example, there are dozens of transporters 
already recognized, in which a single gene mutation is linked 
with diseases (Mendelian diseases), some of them affecting 
normal brain function. On the other hand, GLUT1 and LAT1 
may be useful to deliver compounds into brain tumors, such 
as accumulating boron (10B) in the boron neutron capture 
therapy (BNCT), since GLUT1 and LAT1 are often over-
expressed in many gliomas (136–138). The nuclear capture 
after low energy thermal neutron beam and subsequent fis-
sion reaction of 10B yields high-energy α-particles (4He) and 
7Li that selectively destroy the cancer cells without affecting 

non-boron-containing healthy cells. Therefore, these expres-
sional changes in the selected disease should be clarified 
in the very beginning when choosing the brain-delivering 
transporter to be utilized (Table VI).

To understand more of transporters’ role in the clinical 
context and their functional (or expression) changes in the 
disease, specific biomarkers should also be explored more 
broadly (Table VI) (139, 140). This may be challenging 
due to the overlapping substrate specificities of distinct 
transporters. In addition, several other criteria are needed 
to be met for the proposed endogenous compounds that 
could serve as valid biomarkers for transporters’ function, 
including sensitivity, robustness (measured from plasma 
or urine), and predictivity (141). Noteworthy, if reliable 
biomarkers are discovered, they can also be used to assess 
transporter-related DDIs. One way is the use of probe-drug 
cocktails, including several transporter substrates without 
mutual interaction, which are administered together with 
the drug candidate. This approach has been successfully 
used in the past with cytochrome P450-related DDIs and 
the field seems to be rapidly already emerging also in the 
case of the most common drug carriers (142–145). This 
gained knowledge should also be applied to the interactions 
at the BBB level. For example, although substrate specifici-
ties in the OATP-family overlap, levofloxacin could be used 
as an OATP1A2-selective substrate interacting at the BBB 
(146, 147). However, more mechanistic studies are required 
to establish selective OATP2B1-substrates (148), although 
naringin could serve as a probe substrate interacting with 
both OATP1A2 and 2B1 at the BBB (149, 150).

To predict the response of the CNS-therapy and attain 
personalized medicine, more focus should be paid to the 
inter-individual differences in the transporter expression at 
the CNS-barriers. There are already pieces of evidence that 
female rats have greater BBB permeability of taurocholate 
and atorvastatin, which are carried by Oatp1a4/Slco1a4 
(an ortholog for human OATP1A2), compared to the cor-
responding brain uptake of these compounds with male rats 
(151). A similar kind of trend has been seen in RNA expres-
sion of OATP1A2 collected from the human liver sam-
ples; females had approximately twice greater OATP1A2 
mRNA expression compared to that in men (P < 0.05) (152). 
Therefore, more studies are warranted to elucidate the age-, 
race-, and gender-related effects on the pharmacoproteom-
ics, not only OATP1A2 substrates but also other transport-
ers at the CNS-barriers (Fig. 2, Tables V and VI). More 
importantly, epigenetic mechanisms and post-translational 
modifications (PTM) controlling the transporters’ life 
cycle are not well understood in many cases. For example, 
OATP1B1/SLCO1B1 expression is known to be regulated 
via N-glycosylated and phosphorylated in the hepatocytes 
(153–156). However, it is not clear how these PTM affect 
the OATP1A2 or 2B1 expression at the CNS-barriers. 
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Therefore, integrated analysis of global proteome, phos-
phoproteome, and glycoproteome could help in the inter-
pretation of disease-related protein networks and facilitate 
personalized medicine (157).

Curiously, there is also emerging evidence of translational 
challenges with circadian rhythms at the CNS barriers (158, 
159). It is already known that P-gp at the BBB is downregu-
lated during the nighttime compared to the daytime, and thus 
making the brain drug permeation less restricted during the 
sleeping period (160–162). Unfortunately, the importance of 
circadian biology is rarely considered in pre-clinical studies, 
although the daytime executed experiments with nocturnal 
rodents can be very different from diurnal humans. There-
fore, fundamental differences have been seen in neuropro-
tection in human patients with stroke compared to the used 
rodent models (159). However, it needs to keep in mind that 
other aspects of rodent models, such as age, hypertension, 
and metabolic disease needs to be matched with clinical pop-
ulations. Thus, circadian rhythms that are affected by genetic 
and environmental factors, may not be the exclusive reason 
for translational failures, but they should be considered more 
carefully in future CNS-drug development (Table VI).

Finally, in transporter-utilizing (pro)drug design deep 
learning and generative methods in chemoinformatics and 
chemical biology should be utilized more effectively to cre-
ate molecules for the desired biological properties and not 
vice versa (to find the properties for established molecules)
(163) (Table VI). These methods require a deep understand-
ing of chemical biology, computational sciences, and bio-
informatics, in parallel. As the methods and the calculating 
power in the computational field are currently developing at 
an accelerated speed, it will allow increasingly larger data to 
be processed much faster than in the past. We also presume 
that the utilization of data mining in pharmacoproteom-
ics will help in finding changes and correlations to predict 
the role of transporters in diseases and clinical outcomes. 
Together with the computer-aided drug design and develop-
ment, it is believed that this will improve the success rate of 
future discovery and development of CNS-drugs.

Conclusions

In conclusion, it is very important to include the drug deliv-
ery aspects early in the brain drug discovery and develop-
ment process. By combining pharmacoproteomics of the 
CNS barriers together with computational drug design, we 
can influence the brain-targeting properties of compounds 
and finally achieve successful brain-targeted drug candidates 
for clinical use. When developing brain-targeted (pro)drugs 
that take advantage of transporter-mediated cargo, several 

key elements need to be considered; 1) the expression level 
of the target transporter at the CNS barriers, 2) prediction 
of  Kp,uu,brain based on the pharmacokinetic model using the 
transporter protein expression level and intrinsic transport 
activity 3) localization (CNS vs. periphery) and species dif-
ferences in both transporters and possible bioconverting 
enzymes, 4) structural requirements that enable the dynamic 
transport process of the compounds, 5) transporter selectiv-
ity, and 6) changes in transporter expression and/or function 
due to the different stages of distinct diseases and due to the 
individual variations.
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