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Abstract

Background The blood-brain barrier (BBB) expresses transporters, receptors, and tight junction proteins that regulate
the exchange of substances between the blood and brain. The differences in the expression of these proteins in the
BBB among different species and cultured BBB model cells should be clarified to interpret the BBB function in model
animals and cells. This study aimed to elucidate species differences among humans, monkeys, and mice and in vitro—
in vivo differences in the BBB proteome using deep proteomic analysis.

Methods Brain microvessels (BMVs) were isolated from frozen cerebral cortices of human and monkey and frozen
mouse cerebrums. BMVs and cultured brain microvascular endothelial cells (BMECs), such as hCMEC/D3, HBMEC/
Cif3, and primary BMECs, were analyzed via data-independent acquisition using liquid chromatography-mass
spectrometry.

Results Proteomics identified 7,149-8,274 proteins in the BMV fractions and 6,657-7,534 proteins in the brain
lysates. Comparative analysis revealed distinct proteomic profiles among the three species, with the human profile
being more similar to that of monkeys than that of mice. The expression profile of the solute carrier organic anion
transporter family was found to vary among mouse, monkey, and human BMVs. The expression levels of SLC22A6/
Slc22a6 and SLC22A8/SIc22a8 were higher in mice than in monkeys and humans, whereas SLC43A3/SIc43a3
expression levels were lower in mice. The expression of amino acid transporters, such as SLC7A5 and SLC3A2/SIc3a2,
was higher in BMVs, whereas that of SLCTA5/SIc1a5 and SLC38A9/SIc38a9 was higher in cultured BMECs. MFSD2A/
Mfsd2a and SLC27A1/SIc27a1 were highly expressed in BMVs. The expression of tight junction proteins, particularly
the claudin family, varied between BMVs and cultured BMECs and among cell lines. Specifically, the expression of
claudin-5 was higher in BMVs, and claudin-11 expression was higher in cultured BMECs.

Conclusions Deep proteomic analysis revealed species-specific differences in transport-related proteins in the BBB.
Furthermore, in vitro and in vivo differences were observed in the transporter and claudin protein expression. This
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study provides a BBB proteome profile dataset and offers insights for a comprehensive understanding of BBB protein
expression across species and between in vivo and in vitro conditions.

Keywords Brain microvessels, Proteomics, Mouse, Monkey, Human, Species differences, Transporter, Cultured

microvascular endothelial cells

Background

The blood-brain barrier (BBB) plays a crucial role in
maintaining brain homeostasis and is composed of
microvascular endothelial cells (BMECs), pericytes, and
astrocytes [1]. BMECs form tight junctions with proteins
such as claudin-5 and occludin, which prevent molecules
in the circulating blood from entering the brain via inter-
cellular diffusion [2]. Additionally, BMECs express vari-
ous transporters and receptors responsible for the uptake
of necessary molecules, such as nutrients, from the cir-
culating blood and supply these substances to the brain
parenchyma [3]. Efflux transporters are expressed in
BMECs and are involved in excluding unnecessary and
toxic substances from the brain parenchyma by pump-
ing them out of BMEC:s into the circulating blood [1, 4].
Tight junctions and transporters in the BBB regulate drug
distribution in the brain [5]. Tight junctions and ATP-
binding cassette (ABC) efflux transporters limit drug dis-
tribution to the brain [6]. In contrast, solute carrier (SLC)
influx transporters facilitate drug distribution in the
brain by enhancing BBB permeability [7]. Therefore, the
BBB plays an important role in maintaining homeostasis
and drug distribution in the brain.

Previous studies have reported species differences in
the BBB, which have profound implications for interpret-
ing its function [8—10]. Our previous study has reported
that ABCB1/Abcbla (MDR1/Mdrla), a major ABC drug
efflux transporter in the BBB, is expressed at higher levels
in the brain microvessels (BMVs) of mice and rats than
in humans [8, 9]. A positron emission tomography com-
parison of the pharmacokinetics of isotopically labeled
ABCB1/Abcbla substrates in the brain showed different
distributions in humans, monkeys, rats, and pigs, with
reduced brain concentrations of the substrate in rats
than in humans [11]. The expression of the organic anion
transporter SLC22A8/Slc22a8 (OAT3/Oat3) is below
the limit of quantification in human BMVs, whereas it
has been detected in mice and rats [8, 9]. In contrast,
ABCAS8/Abca8a was not detected in the BMVs of mice
or marmosets but was detected in human BMVs [8, 9].
The in vivo-in vitro differences in BBB protein expression
have also been reported [12, 13]. Protein expression levels
in hCMEC/D3 cells, a human BBB model cell line, were
compared with those in isolated human BMVs [12]. High
expression of ABCC1 (MRP1) and SLC29A1 (ENT1) was
observed in hCMEC/D3 cells, whereas SLC7A5 (LAT1)
was specifically expressed in human BMVs. The expres-
sion of claudin-5, a major BBB tight junction protein,

decreased in hCMEC/D3 cells. Information about these
differences is crucial for interpreting BBB function and
brain drug distribution in humans based on the results of
animal and in vitro studies.

Proteomic analysis is a useful method for character-
izing the BBB through protein expression profiling.
Quantitative absolute targeted proteomics (QTAP) mea-
sures the molar amounts of target proteins. We used
this method to evaluate species and in vitro—in vivo dif-
ferences in protein expression in BMVs [8, 12]. QTAP,
instead of standard untargeted proteomics, is necessary
for detecting transporters, receptors, and tight junctions
with high sensitivity and quantitative accuracy. Recently,
data-independent acquisition (DIA) has been developed,
which provides an in-depth proteomic analysis alongside
improvements in mass spectrometry [14]. Additionally, a
new data analysis tool improves the identification perfor-
mance, quantitative accuracy, and precision of proteomic
data [15]. Multiple reports have shown that nearly 10,000
proteins can be quantified through single-shot analysis
using the latest methods and instruments [16, 17]. There-
fore, obtaining an in-depth proteome profiling dataset
of the BBB can now be conducted to clarify novel spe-
cies and in vitro—in vivo differences. These data provide a
valuable reference dataset for BBB studies.

This study aimed to acquire deep protein expression
profiles of BMVs isolated from frozen human, monkey,
and mouse brain samples, as well as those of cultured
cells used as BBB models, including several immortalized
cell lines and primary cultured cells. By comparing the
obtained proteomic profiles, we also clarified the species
differences and differences between the in vivo and in
vitro models, focusing on membrane transporters, recep-
tors, and tight junction proteins.

Methods

Brain samples

Nine-week-old C57BL/6 N male mice were purchased
from Japan CLEA (Tokyo, Japan). All mice were bred
in the Kumamoto University Faculty of Pharmaceutical
Sciences Animal House and housed in a 12-h light/dark
environment. Mice were dissected at 10 weeks of age, and
the cerebrum was collected after perfusion with 1x phos-
phate-buffered saline (PBS) from the heart for 5 min at a
flow speed of 17.5 mL/min. Frozen cerebral cortices from
cynomolgus monkeys without perfusion were obtained
from Shin Nippon Biomedical Laboratories (Kagoshima,
Japan). A cynomolgus monkey’s cerebral cortices were
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collected after anesthesia with intramuscular administra-
tion of ketamine hydrochloride (50 mg/mL, 0.1-0.3 mL/
kg) and medetomidine hydrochloride (1 mg/mL, 0.08
mL/kg) and exsanguination through transection of the
axillary and femoral arteries and veins. Frozen human
cerebral cortices without perfusion were purchased
from ProteoGenex (Inglewood, CA, USA). Human brain
samples were obtained following official protocols with
appropriate Institutional Review Board/Independent
Ethics Committee approval, which adhered to current
Federal Regulations, the International Council for Har-
monization of Technical Requirements for Pharmaceu-
ticals for Human Use, Health Insurance Portability and
Accountability Act of 1996, and Guideline for Good Clin-
ical Practice guidelines for the protection of human sub-
jects. The conditions for the monkey and human cerebral
cortex samples are listed in Table S1. All animal experi-
ments were approved by the Institutional Animal Care
and Use Committee at Kumamoto University (approval
no. A2021-041 and A2023-046) and Shin Nippon Bio-
medical Laboratories (approval no. IACUC20241220-
1-50), following the Fundamental Guidelines for Proper
Conduct of Animal Experiments and Related Activities in
Academic Research Institutions under the jurisdiction of
the Ministry of Education, Culture, Sports, Science, and
Technology of Japan and in accordance with the Animal
Research: Reporting in Vivo Experiment Guidelines.

Isolation of microvessels from frozen brain

BMVs were isolated from frozen human and mon-
key cerebral cortices and frozen mouse cerebrum, as
previously described [18, 19]. Briefly, a single frozen
mouse brain was homogenized in 1 mL of homog-
enization buffer (101 mM NaCl, 4.6 mM KCl, 2.5 mM
CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,, and 15 mM
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid),
pH 7.4) using a bead homogenizer (Bead Mill 4, Thermo
Fisher Scientific, Waltham, MA, USA) for 60 s at 3 m/s
with stainless steel beads (3.2 mm, 1.8 g; TOMY SEIKO,
Tokyo, Japan). Fifty microliters of the brain homogenate
was collected in another tube as the brain lysate. The
homogenate was centrifuged (4500 x g, 10 min, 4 °C), and
the supernatant was removed. The pellet was suspended
in 1 mL of homogenization buffer, and 1 mL of 32% (w/v)
dextran/homogenization buffer was added. After mixing
by inverting, the samples were immediately centrifuged
(4500 x g, 15 min, 4 °C). The supernatant was collected
in another tube and centrifuged (4500 x g, 15 min, 4 °C)
once again. The pellet was suspended in 400 pL of sus-
pension buffer (homogenization buffer containing 25
mM NaHCO;, 10 mM glucose, 1.2 mM pyruvate, and
5 g/L bovine serum albumin) and filtered through a cell
strainer (70 pm). Glass beads were added to a new cell
strainer and washed four times with 500 uL of suspension
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buffer. The suspension was added to the strainer and
washed 10 times with 500 pL of suspension buffer. The
glass beads were collected in a 2 mL tube, and suspension
buffer was added. After centrifugation (3300 x g, 5 min,
4 °C), the supernatant was removed, and the samples
were suspended in 200 pL of homogenization buffer. A
portion of the BMV fraction was used for microscopy,
and the remaining BMV sample was lysed in a phase
transfer surfactant buffer (PTS buffer: 12 mM sodium
deoxycholate, 12 mM N-lauroylsarcosinate, and 50 mM
triethylammonium bicarbonate) through sonication [20].
Protein concentration was measured using a Pierce bicin-
choninic acid protein assay kit (Thermo Fisher Scientific).
Human and monkey BMVs were isolated from 0.6 t0 0.8 g
of frozen brain blocks. Brain blocks were cut in half, and
BMVs were isolated using the same method as for mouse
brains. After isolation, two BMV samples from the same
brain block were combined and lysed in the PTS buffer.

Cell culture

MBEC4 cells, immortalized mouse brain microvascu-
lar endothelial cells, were cultured in Dulbecco’s modi-
fied Eagle medium supplemented with 10% fetal bovine
serum (Biowest, Nuaille, France) and 1% penicillin—
streptomycin [21]. As immortalized human brain micro-
vascular cells, hCMEC/D3 and HBMEC/cif} cells were
cultured in Endothelial Cell Growth Basal Medium-2
(Lonza, Basel, Switzerland) supplemented with 5% fetal
bovine serum, 1% penicillin-streptomycin, 1% chemically
defined lipid concentrate, 10 mM (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), 1.4 uM hydrocortisone,
1 ng/mL of human basic fibroblast growth factor, 5 pg/
mL ascorbic acid, and 424 ug/mL LiCl in an atmosphere
of 95% air and 5% CO, at 37 °C or 33 °C for hCMEC/D3
or HBMEC/cip, respectively [22, 23]. After the HBMEC/
cip cells became confluent, the temperature was changed
to 37 °C for an additional three days for differentiation
[24]. Primary human brain microvascular endothelial
cells (prBMECs) were obtained from KAC Corporation
(Kyoto, Japan) and cultured using the CS-C Complete
Medium Kit R (KAC Corporation, Kyoto, Japan). Human
umbilical vein endothelial cells (HUVECSs) were obtained
from Promocell (Heidelberg, Germany) and cultured
in an endothelial cell growth medium (Promocell). prB-
MEC and HUVECs were cultured in an atmosphere of
95% air and 5% CO, at 37 °C. All cells were seeded at
0.5-1.0 x 10° cells onto collagen-1 coated 100 mm dishes
(Corning, Glendale, AZ, USA) for 3-5 days to reach
confluence.

Cell sample preparation for proteomic analysis

Confluent cells were collected using scrapers, washed
with 1x PBS, and centrifuged (1000 x g, 4 °C, 5 min).
After centrifugation, the supernatant was removed, and
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the pellet was suspended in PTS buffer. For targeted pro-
teomic analysis, the crude membrane was fractionated
from MBEC4 and hCMEC/D3 cells [25]. Four dishes of
confluent cells were washed three times with 1x PBS,
collected in a 15-mL tube with scrapers, and centrifuged
(4500 x g, 4 °C, 5 min). After centrifugation, the superna-
tant was removed, and the pellet was suspended in 500
pL of homogenized buffer containing a protein inhibitor
cocktail. Cells were lysed using a Dounce homogenizer
on ice, and the debris was removed through centrifuga-
tion (700 x g, 4 °C, 10 min). The supernatant was col-
lected as the cell lysate in a 1.5-mL tube, and the debris
was removed again. The supernatant was collected and
centrifuged (10000 x g, 4 °C, 30 min). The pellet was col-
lected as a crude membrane and resuspended in the PTS
buffer. All cell lysates and crude membrane samples were
solubilized through sonication, and the protein concen-
tration was measured using a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific).

Western blot analysis

Brain lysates and the isolated BMV fractions were treated
with sodium dodecyl sulfate sample buffer containing
50 mM dithiothreitol. Proteins were separated on 8%
sodium dodecyl sulfate-polyacrylamide gels and blot-
ted onto polyvinylidene difluoride membranes (Thermo
Fisher Scientific). The membranes were blocked with
3% skimmed milk in Tris-base buffer containing 0.1%
polyoxyethylene(20) sorbitan monolaurate, and then
immunoblotted with the following primary antibod-
ies: anti-claudin-5, 1/1500, overnight at 4 °C (35-2500;
Thermo Fisher Scientific), anti-PSD95/Psd95, 1/1500,
overnight at 4 °C (2507S; Cell Signaling Technology,
Danvers, MA, USA), and HRP-conjugated anti-B-actin,
1/2500, for 1 h at room temperature (12262S; Cell Sig-
naling Technology). The blots were incubated with HRP-
conjugated secondary antibody (7076S or 7074S; Cell
Signaling Technology), and imaged with Western BLoT
Hyper HRP Substrate (Takara Bio Inc., Shiga, Japan)
using an Omega Lum G imaging system (Gel Company,
Inc., San Francisco, CA, USA) and an iBright imaging
system (Thermo Fisher Scientific).

Quantitative proteomic analysis

Protein samples were digested with trypsin using the PTS
method, as previously described [20]. Peptide samples
from mice, humans, and cultured cells were analyzed
using DIA with an Orbitrap Fusion Tribrid coupled with
an Easy-nLC 1200 (Thermo Fisher Scientific). The mass
spectrometry parameters were established based on pub-
lished data [26], with a 2 h gradient, variable window, and
StepCE (22, 24, 26) of higher-energy collisional dissocia-
tion collision energy. One microgram of each peptide was
separated using a C18 column and injected into a mass
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spectrometer. Raw measurement data were converted
into mzML files using msConvert (https://proteowiza
rd.sourceforge.io/projects.html). Monkey brain, BMV,
and mouse BMV samples were analyzed using a Dionex
Ultimate 3000 RSLCnano System (Thermo Fisher Scien-
tific) coupled with a ZenoTOF 7600 mass spectrometer
(SCIEX, Framingham, MA, USA). Two to three hundred
nanograms of each peptide were separated using a C18
column with a 70 min gradient, as previously described
[16, 27].

Proteins were identified and quantified using the
library-free search function in the DIA-NN 1.8.1. The
data were analyzed using the MaxLFQ algorithm incor-
porated into the DIA-NN [28]. The precursor FDR was
set at 1%. Reference proteome FASTA files with one pro-
tein sequence per gene were downloaded from the Uni-
Prot proteome database (https://www.uniprot.org/prote
omes; UP000005640 for humans; UP000233100 for cyno
molgus monkeys; and UP000000589 for mice). Monkey
samples were analyzed using human proteome FASTA
files because there was no database containing sufficient
information. The quantitative values from ZenoTOF 7600
were normalized to those from fusion using the following
equation, determined from the values of the same mouse
BMYV samples:

Qp = 101(0810Q=+0.4693)/0.8208}

where Qp and Q, are the protein expression values
obtained using Fusion and ZenoTOF7600, respectively.
Protein intensities were normalized by dividing by the
total intensity of all molecules in each sample (Table S2,
S3, and S4), and the distribution diagram of the protein
expression profiles is shown in Fig. S1A. Among the
quantified proteins, molecules with at least one trans-
membrane region and Gene Ontology (GO) terms of
“Transporter activity” were extracted as transporters, and
molecules with GO terms of “Signal transduction” were
extracted as receptors. For ortholog analysis, mouse and
human gene information was obtained from the National
Center for Biotechnology Information (https://www.nc
bi.nlm.nih.gov/), and the protein database was obtained
from UniProt (https://www.uniprot.org/). Mouse gene
information was converted into the corresponding
human genes using Alliance of Genome Resources (h
ttp://alliancegenome.org/downloads) as orthologous
molecules (database version 8.0.0). Pseudogenes were
removed from the list of orthologs. The quantitative val-
ues of each molecule are annotated in the corresponding
table (Table S5), and species differences were analyzed.
Raw data files for liquid chromatography-linked mass
spectrometry analysis have been deposited in jPOST
(http://jpostdb.org, jPOST ID: JPST003553/PXD06008).
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Quantitative targeted absolute proteomics for SLC43A3/
Slc43a3

The amount of SLC43A3/Slc43a3 (ENBT1/Enbtl) in
the crude membrane fractions of MBEC4 and hCMEC/
D3 was determined using QTAP with multiple reac-
tion monitoring analysis, as previously described [29].
Briefly, proteins in the crude membrane fraction were
digested with trypsin using the PTS method as previ-
ously described [20], and stable isotope-labeled peptides
(Cosmo Bio, Tokyo, Japan) were added to the digested
peptide as an internal standard. The PTS buffer was
removed, and the samples were desalted. The peptide
samples were analyzed using a ZenoTOF 7600 mass
spectrometer interfaced with a Dionex Ultimate 3000
RSLCnano System. The standard peptide sequences
used were GHIPYPPNYGLCSR for mouse Slc43a3 and
SFWSYAFSR for human SLC43A3. The R at the C-ter-
minus was substituted with R (13C6, 15N,) in the internal
standard peptides. The transitions (Q1/Q3) for mouse
Slc43a3 peptides are 697.7/195.09+, 697.7/308.17+,
697.7/568.29+, 697.7/778.42+, and 697.7/1216.54 + for
the standard peptide and 701.0/195.09+, 701.0/308.17+,
701.0/568.29+, 701.0/778.42+, and 701.0/1226.55 + for
the internal standard peptide. Those for human
SLC43A3 peptides are 575.8/235.11+, 575.8/480.26+,
575.8/643.32+, 575.8/730.35+, and 575.8/916.43 + for
the standard peptide and 580.8/235.11+, 580.8/490.26+,
580.8/653.33+, 580.8/740.36+, and 580.8/926.44 + for the
internal standard peptide. Multiple reaction monitoring
data were analyzed using Skyline 23.1 (MacCoss Labo-
ratory, University of Washington, WA, USA). SLC43A3/
Slc43a3 expression levels were determined from the
average values of the peak area ratios of the five sets of
transitions.

RNA sequencing

Each cell pellet was collected in the same manner as for
proteomic analysis. Total RNA was extracted from the
cell pellets using an RNA extraction kit (Qiagen, Venlo,
Netherlands). RNA sequencing was performed by Mac-
rogen (Seoul, Korea), and mRNA concentration was
quantified. Data were analyzed using Galaxy Version
23.2.1. (https://usegalaxy.org/). Data on read counts
and transcript lengths for each molecule were obtained,
and transcripts per million (TPMs) were calculated.
To ensure data reliability, molecules with TPM >1 were
selected for analysis. Each TPM of the gene was normal-
ized by dividing it by the total intensity of all molecules in
each sample (Fig. S1B).

Statistical analysis

Numerical data are expressed as the mean *standard
deviation (SD). The statistical significance of the dif-
ferences between two groups was determined using a
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two-tailed Student’s t-test in Microsoft Excel (Microsoft,
Redmond, WA, USA). Multiple groups were compared
using one-way ANOVA followed by Tukey’s post-hoc test
with GraphPad Prism7 (GraphPad, Boston, MA, USA).
For testing multiple molecules, p-values were adjusted
using the Benjamini-Hochberg method, referred to as the
adjusted p-value. Principal component and cluster analy-
ses were conducted using SIMCA14 software (Sarto-
rius, Gottingen, Germany). GO enrichment analysis was
performed using DAVID 2011 referring to all identified
orthologous proteins as background (https://david.ncifcrf
.gov/), and graphs were created using GraphPad PRISMO9.

Results

Isolation of microvessels from mouse, monkey, and human
brain

We isolated BMVs from the frozen cerebrums of mice
(C57BL/6N) and frozen cerebral cortices of cynomolgus
monkeys and humans using previously reported meth-
ods [18, 19]. Microscopic images showed that BMVs
were isolated from all the sample types (Fig. 1A). Western
blotting was performed to evaluate BMV enrichment in
the isolated fractions (Fig. 1B). Claudin-5, which is spe-
cifically expressed in BMECs, was clearly detected in the
BMYV fractions of all species but was barely detectable in
brain lysates (Fig. 1B top panels). PSD95/Psd95, a neuro-
nal marker, was detected in the brain lysates of all species
but not in the BMV fractions (Fig. 1B, middle panels).
These results suggested that BMVs were enriched in the
isolated fractions, indicating that proteomic analysis
could be conducted with similar enrichment among bio-
logical replicates of all species.

Proteomic analysis of isolated brain microvessels

BMVs isolated from mouse, monkey, and human brain
were analyzed using DIA proteomics, as described in
Materials and Methods. The proteins were identified
using the UniProt reference proteome database. How-
ever, we found incompleteness in the monkey reference
proteome database because it did not contain the amino
acid sequences of proteins important for BBB function,
such as ABCB1, ABCG2, and claudin-5. Given that the
genetic difference between human and monkey genomes
is approximately 4% [30], the DIA data of monkey BMVs
and the brain were analyzed using either the monkey or
human reference proteome database, and the identifica-
tion and quantification data of the two proteome results
were compared (Fig. 2). The numbers of identified pro-
teins in the BMV fractions and brain lysates were not
significantly different between the data analyzed with
monkey and human reference proteome database files
(Fig. 2A). The quantified values of proteins in the BMV
fractions and brain lysates (total 12,288 proteins) were
significantly correlated with the monkey and human
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Fig. 1 Isolation of microvessels from mouse, monkey, and human brain. A Images of the microvessel fraction isolated from frozen mouse, monkey, and
human brain. Scale bar; 250 um. B Western blot analysis of claudin-5 and PSD95 in mouse, monkey, and human whole-brain lysate and the fraction of
brain microvessels (BMVs) fraction. The sizes of molecular weight (MW) markers are indicated on the left side of the image

reference proteome database files (p <0.0001), and 75.6%
of proteins were showing a 1.5-fold difference (Fig. 2B
and C). Based on these results, we used a human refer-
ence proteome database for protein identification and
quantification in the monkey samples. This allowed us to
quantify, on average, 7,149-8,274 proteins in the BMV
fractions and 6,657-7,534 proteins in the brain lysates
(Fig. 2D; expression data are shown in Table S2-54).

Proteomic and RNA-seq analyses of cultured BMECs

We also analyzed the protein and mRNA expression in
cultured BMECs using proteomic and RNA-seq analy-
ses, respectively. The average number of identified pro-
teins ranged from 7,676 to 8,460, and that of identified
genes ranged from 10,874 to 11,527 (Fig. 3A; expression
data are shown in Tables S5 and S6). In all samples, the
number of identified genes was greater than the num-
ber of proteins. Over 64% of the molecules detected in
RNA-seq were identified using proteomics, and con-
versely, over 90% of the molecules identified using pro-
teomics were also identified using RNA-seq (Fig. 3B for
immortalized cells and Fig. S2A for primary BMECs and
HUVEC). These results indicate the reliability of protein
identification in the present proteomic analysis. A com-
parison of gene and protein intensities in each sample
revealed a significant but broad correlation of intensities
between gene and protein (r<0.67) with a median gene-
to-protein intensity ratio of 1.41-2.45 fold, and the ratios

varied in the range of 2.46 x 10~* to 8.66 x 10° (Fig. 3C for
immortalized cells and Fig. S2B for primary BMECs and
HUVECS).

Comparison of proteome profile in mouse, monkey, and
human brain microvessels

To elucidate the species differences in proteins expressed
in the BBB, we compared the protein expression levels
in the BMV fractions of the three species. A human-
mouse ortholog table was created based on mouse and
human gene databases, as described in the Materials and
Methods section, and the proteome data were annotated
(Table S5). A total of 12,272 orthologous proteins were
identified, and 6,845 proteins were identified in all three
species (Fig. 4A).

The BMV fractions cannot fully exclude the contamina-
tion of brain cells other than BMECs, such as neurons,
pericytes, and astrocytes. To exclude protein data derived
from contaminated brain cells, proteins significantly
enriched in the BMV fractions compared with brain
lysates were selected as BMV-enriched proteins [log,
(ratio of BMVs / brain)>2.5, adjusted p-value<0.05];
1,636 proteins in mice, 1,166 proteins in monkeys, and
2,155 proteins in humans (Table S5). In mice, 13 known
BMEC-selective proteins were selected as BMV-enriched
proteins. In monkeys and humans, 11 and nine of the 13
BMEC-selective proteins, respectively, were selected as
BMV-enriched proteins (red dots, Fig. 4B). In monkeys,
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Fig. 2 Protein identifications in mouse, monkey, and human BMV fractions and brain lysates. A Number of proteins identified in the monkey BMV frac-
tions and brain lysates analyzed using either monkey (M) or human (H) reference proteome databases (n=5). B Correlation comparison of protein inten-
sity quantified in monkey BMV fractions and brain lysates between analyses using monkey and human reference proteome databases containing a total
of 12,288 proteins. The solid red line represents a ratio of 1:1. C Frequency distribution of the protein intensity ratio of the data quantified of monkey BMV
fractions and brain lysates analyzed using monkey and human reference proteome databases containing a total of 12,288 proteins. The dashed red lines
indicate the ratio of 0.667 and 1.50. D Number of proteins identified in BMV fractions and brain lysates of each species (n=3-5). Each bar represents the
mean £ SD. The numbers in the bar represent the averages, and dots indicate the individual data

one protein showed a low log, (ratio of BMVs / brain)
(light red dot, Fig. 4B). In humans, two proteins indi-
cated low log, (ratio of BMVs / brain) and adjusted
p-values>0.05 (light red dots, Fig. 4B). PSD95/Psd95,
a neuronal marker, was not found among the BMV-
enriched proteins in either species (blue dots, Fig. 4B).

The differences in the proteome profiles of proteins
enriched in the BMVs of the three species (3,053 pro-
teins, Fig. 4A) were analyzed using principal component
analysis (PCA) and clustering analysis (Fig. 4C). The pro-
teome profile of each species formed a cluster, and the
human profile was closer to that of monkeys than to that
of mice in the first component of the PCA and in the dis-
tance of clustering analysis.

Species differences of transport-related protein expression
in brain microvessels

We compared the protein expression levels of transport-
ers, for which we reported species differences in their
expression using QTAP [8], to assess the reproducibil-
ity of the present multi-species proteome data (Fig. 5A).
In a previous report, the ratios of ABCB1/Abcbla and
ABCG2/Abcg2 (BCRP/Bcrp) to mice in humans were
0.430- and 1.85-fold, respectively [8, 31]. Slc22a8 was
detected only in mice, and ABCAS8 was only detected in
humans [8]. These species differences were reproduced in
the present study, with human-to-mouse ratios of 0.344-
and 1.57-fold for ABCB1/Abcbla and ABCG2/Abcg2,
respectively, and species-specific detection of SLC22A8/
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Fig. 5 Species differences in protein expression in mouse, monkey, and human BMVs. A Protein expression levels of blood-brain barrier transporters in
mouse, monkey, and human BMVs. Statistical analyses were performed using one-way ANOVA with Tukey's test. **p <0.01, ***p <0.001, and ****p < 0.0001.
B Gene Ontology (GO) enrichment analysis of BMV-enriched proteins highly expressed in either human or mouse BMVs. The top 10 enriched GO terms
or biological processes are shown. C. Expression levels of SLCO family proteins in mouse, monkey, and human BMVs. The corresponding orthologs are
SLCO1A2/SIcota4, SLCO1B1/SIco1b2, SLCO1C1/SIcolcl, SLCO2A1/SIco2al, and SLCO2B1/Slco2b1. D SLC22A6/SIc22a6 expression levels in mouse, mon-
key, and human BMVs fraction. Statistical analyses were performed using one-way ANOVA with Tukey's test. *p < 0.05. E SLC43A3/Slc43a3 expression level
in BMV fractions and brain lysates in three species. F Protein expression levels of SLC43A3/SIc43a3 in the crude membranes of hCMEC/D3 and MBEC4
measured using QTAP with an internal standard peptide. Each data represents the mean+SD (n=3-5). Statistical analyses were performed using a two-

tailed Student’s t-test. ****p <0.0001

Slc22a8 and ABCAS8/Abca8a (Fig. 5A). The expres-
sion of these transporters in monkeys is similar to that
observed in humans. However, ABCG2 expression in
monkeys was 2.57-fold higher than that in humans, and
the expression of ABCA8 in monkeys was 34.2% lower
than that in humans. In a comparison between monkeys
and humans, SLCO1A2 was previously quantified only
in monkeys, whereas SLC16A1 (MCT1) was approxi-
mately 3-fold higher in humans than in monkeys [10]. In
the present study, the ratios of SLCO1A2 and SLC16A1

to monkeys in humans were 0.291- and 2.10-fold, respec-
tively (Fig. 4A). Thus, the species differences in these
transporters were reproduced in this study.

Further species difference analysis focused on trans-
port-related proteins (transporters and receptors) in
BMV-enriched proteins, as transport functions play an
important role in regulating the blood-brain exchange
and drug distribution in the brain. In humans, 19 trans-
port-related proteins were expressed more than 4-fold,
and 16 proteins were detected only in humans (Table S7).
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In contrast, 17 transport-related proteins were expressed
over 4-fold higher in mice, and 27 proteins were detected
only in mice (Table S8). A comparison of the expression
levels of transport-related proteins between human and
monkey brain capillaries revealed that 19 transport-
related proteins were expressed over 4-fold higher in
humans, and 29 proteins were detected only in humans
(Table S9). In contrast, 10 transport-related proteins were
expressed over 4-fold higher in monkeys, and eight pro-
teins were detected only in monkeys (Table S10).

A GO enrichment analysis of transport-related proteins
revealed that organic anion transport-related terms, such
as “organic anion transmembrane transporter activity”
and “sodium-independent organic anion transmembrane
transporter activity,” were enriched in humans and mice
(Fig. 5B). When focusing on the organic anion transport-
ers, we observed species differences in the SLCO family
expression profiles and SLC22A6/Slc22a6 (OAT1/Oatl)
(Fig. 5C and D). SLCO2B1 expression was predominantly
observed in humans, and Slcola4 and Slcolcl were pre-
dominantly observed in mice. These transporter proteins
were significantly enriched in the BMV fractions, exhibit-
ing more than a 5-fold increase compared to brain lysates
(adjusted p-value<0.05), except for human SLCO1A2
and SLCO2A1 (Table S12). These two transporter pro-
teins showed BMV-enrichment ratios>5 and adjusted
p-values of 0.0691 and 0.177, respectively. Therefore,
SLCO/SIco proteins detected in the present study are
suggested to be expressed in BMVs. SLC22A6/Slc22a6
was more highly expressed in mice than in humans or
monkeys (Fig. 5D). As a molecule involved in drug trans-
port, we focused on SLC43A3/Slc43a3, which is specifi-
cally expressed in human and monkey BMVs. (Fig. 5E).
To confirm the species-specific expression of SLC43A3/
Slc43a3, we performed QTAP analysis of SLC43A3/
Slc43a3 using internal standards in hCMEC/D3 and
MBECH4 cells. This analysis revealed that expression in
hCMEC/D3 cells was 22.4-fold higher than in MBEC4
cells (Fig. 5F), confirming the protein expression results
obtained from DIA proteomics (Fig. 5E).

Comparison of proteome profiles between BMVs and
cultured BMECs

To investigate proteomic differences in the BBB between
in vivo and in vitro conditions, we first compared the
expression profiles of human BMVs and cultured human
cells using PCA and clustering analysis with proteins
enriched in the human BMV fraction (Fig. 6A). Pri-
mary cultured human BMECs had the closest profile
to human BMVs compared with immortalized human
BMECs (hCMEC/D3 and HBMEC/cif) and HUVECs
in the first component of PCA and clustering analysis.
We then assessed the reproducibility of the proteomic
data by comparing them with data reported previously
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using QTAP [12]. In a previous comparison of hCMEC/
D3 with human BMVs, ABCC1 was identified only in
hCMEC/D3, and SLC29A1 (ENT1) was 11.7-fold higher
in hCMEC/D3. SLC7A5 was identified only in isolated
human BMYVs, and claudin-5 expression was 5.27-fold
higher in isolated BMVs. In the present analysis, ABCC1
and SLC29A1 were 11.3- and 1.54-fold more abundant
in hCMEC/D3 cells than in isolated BMVs, respectively
(Fig. 6B). In contrast, SLC7A5 expression was 5.79-fold
higher in human BMVs than in hCMEC/D3. Claudin-5
was identified only in BM Vs (Fig. 6B).

A GO enrichment analysis was conducted for proteins
enriched in BMV and differentially expressed by over
2-fold (adjusted p-value<0.05) in in vitro (hCMEC/D3
and MBEC4) and in vivo (BMVs) conditions in humans
and mice (Table S12). As a result, 233 differentially
expressed proteins enriched in BMVs were identified
as proteins that were highly expressed in vitro, and GO
terms related to transcription and RNA processing were
enriched (Fig. 7A). Amino acid transporters not only reg-
ulate cell proliferation but also mediate amino acid trans-
port across the BBB [32, 33]. Among these amino acid
transporters, SLC1A5/Slcla5 and SLC38A9/S1c38a9 were
highly expressed in vitro (Fig. 7B). A total of 218 proteins
that were highly expressed in vivo were identified, with
enriched GO terms related to cell adhesion, extracellular
matrix, and blood-brain barrier maintenance (Fig. 7A).
Among molecules related to the transport of amino acids
and docosahexaenoic acid (DHA), SLC3A2/SIc3a2 and
MEFSD2A/Mfsd2a were highly expressed in vivo (Fig. 7B).
Although not significantly enriched in BMVs, SLC27A1/
Slc27al, a molecule that transports DHA, was quantified
at higher levels in vivo than in vitro (Fig. 7B).

The claudin family plays an important role in tight
junction formation in the BBB, and the integrity of tight
junctions was attenuated in an in vitro BBB model [29-
36]. Therefore, we compared claudin protein profiles in
vitro and in vivo (Fig. 7C). Five claudin proteins (CLDN1/
Cldnl, CLDN5/Cldn5, CLDN7/Cldn7, CLDN11/Cldn11,
and CLDN12/Cldn12) were abundantly detected in the
present proteomic study, and the total claudin family
expression levels were higher in BMVs in vivo (Fig. 7C).
Additionally, the percentage of each claudin subtype in
the total claudin family was compared between samples
(Fig. 7D). Claudin-5 expression was the highest in BMVs,
followed by primary cells and cell lines. Claudin-11 was
highly expressed in all cell lines except MBEC4. The
major claudin subtype in MBEC4 cells is claudin-12.
Thus, the expression of the claudin subtype varies
between BMVs and cultured BMECs, as well as among
cell lines.
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Fig. 6 Comparison of proteome profiles of human BMVs, cultured BMECs, and HUVECs. A PCA and clustering analysis of human BMV-enriched proteins
in human BMV fractions and cultured brain microvascular endothelial cells (BMECs) (n=3). B Protein expression levels of ABCC1, SLC29A1, SLC7A5, and
claudin-5in human BMV fractions and hCMEC/D3 cells. Each bar represents the mean +SD (n = 3) and dots indicate the individual data. Statistical analyses
were performed using a two-tailed Student’s t-test. ***p <0.001 and ****p < 0.0001

Discussion

The present study provides a deep proteomic profile of
BMVs isolated from human, monkey, and mouse brain,
as well as the profile of cultured BBB model cells. The
profile obtained using DIA proteomics contained infor-
mation on 7,000-8,000 proteins. Our previous study
identified 1,527 proteins from mouse BMVs using DIA
proteomics, but with older instruments and data analy-
sis software than used in the present study [18]. Among
the 1,527 proteins previously identified, 1,447 (94.8%)
were also detected in the present study. Furthermore,
we identified 6,788 proteins in mouse BMVs. A previous
study identified 5,781 proteins from hCMEC/D3 using

quantitative proteomics with data-dependent acquisition
using different data analysis software [37]. Among the
identified proteins, 5,195 (89.9%) were quantified using
proteomic analysis, while the present study additionally
detected 3,496 proteins. These results suggest the high
depth and reproducibility of the proteome data.

In the present study, BMVs were isolated from fro-
zen brains, and the enrichment of BMVs in the isolated
fraction was assessed through the enrichment of BMEC
markers and the removal of a neuronal marker (PSD95/
Psd95). Claudin-5 enrichment and PSD95 removal were
similar in the BMV fractions isolated from all species
using western blotting (Fig. 1B). However, the proteome
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Fig. 7 Differences in protein expression between BMVs and cultured BMECs. A GO enrichment analysis of proteins highly expressed in either cultured
human BMECs or BMVs. The top 10 enriched GO terms of biological process are shown. B Protein expression levels of SLC1A5/SIc1a5, SLC38A9/SIc38a9,
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CLDN/Cldn10, CLDN/Cldn14, CLDN/Cldn15, and CLDN/Cldn23. D Relative protein expression percentages of claudins in mouse and human samples

data comparison in Fig. 4B shows a relatively lower
enrichment of BMEC markers in humans than in mice
and monkeys. Given the prolonged postmortem inter-
vals (PMI) and blood contamination affect the proteome
[38, 39], it is possible that a longer PMI in human speci-
mens (2.5-4 h) affected the enrichment of BMVs in our
samples compared with mice and monkeys. However,
the difference in PMI in human specimens was not large
enough to influence species difference analysis because
the three proteome datasets of human BMVs formed one
group in the PCA and clustering analysis (Fig. 4C). Addi-
tionally, blood removal through perfusion was performed

prior to brain dissection in mice only. Therefore, these
differences in brain conditions must be considered when
interpreting the present proteome dataset. To evaluate
the effect of blood removal, PCA and clustering analysis
were performed with the proteome data removing abun-
dant blood proteins and keratins (Fig. S3). The results
were similar to those without removal (Fig. 4C), suggest-
ing that the impact of blood removal is not significant for
the species difference profiles of BMV-enriched proteins.

The distribution of PCA and clustering analysis of
BMV-enriched proteins was more similar in monkeys
and humans than in mice (Fig. 4C). In a comparison of
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transport-related protein expression between humans
and monkeys or mice using targeted proteomics, a higher
correlation was observed between humans and monkeys
than between humans and mice [10]. In the evolutionary
phylogenetic tree, humans are more similar to monkeys
than to mice [40], indicating that the protein expression
profiles between species reproduce the evolutionary phy-
logenetic tree.

ABCB1/Abcbla expression levels in BMVs were higher
in mice than in primates, while ABCG2/Abcg2 expres-
sion was higher in monkeys than in humans or mice
(Fig. 5A). Targeted proteomics has reported similar
results [10]. These results suggested that the distribu-
tion of ABCB1/Abcbla and ABCG2/Abcg2 substrates
in the brain varied among mice, monkeys, and humans.
Previous positron emission tomography imaging has
shown that brain concentrations of erlotinib, a sub-
strate of ABCB1/Abcbla and ABCG2/Abcg2, are sig-
nificantly increased by the inhibition of ABCB1/Abcbla
and ABCG2/Abcg2 with elacridar in mice and monkeys
but were not significantly increased in humans [41, 42].
These positron emission tomography results of species
difference suggested that ABCB1/Abcbla and ABCG2/
Abcg2 were mainly involved in the BBB efflux of erlotinib
in mice and monkeys, respectively. Furthermore, the con-
tribution of ABCB1/Abcbla and ABCG2/Abcg2 to erlo-
tinib efflux through the BBB is relatively low in humans
compared with that in mice and monkeys.

Differences in the expression profiles of the organic
anion transporters were observed in the BMVs of all
three species (Fig. 5C). SLCOs are sodium-independent,
transmembrane organic anion transporters. Human and
mouse orthologs do not have one-to-one relationships;
in SLCO1A, there is SLCO1A2 in humans and Slcolal,
Slcola4, Slcola5, and Slcola6 in mice. In SLCOI1B,
SLCO1B1 and SLCOI1B3 are present in humans and
Slcolb2 in mice [43]. Using cell type-specific RNA-
seq and immunohistochemistry, Slcola4, Slcolcl, and
SLCO2B1 have been reported to be expressed and local-
ized in BMVs [44—-47]. Furthermore, all SLCO transport-
ers detected in the present proteomic analysis, including
Slcola4, Slcolcl, and SLCO2B1, were enriched in BMV
fractions compared with brain lysates, suggesting their
selective localization in BMVs. Similar to the present
results, previous studies have shown species differences
in SLCO1A2/Slcola2 and SLCOI1C1/Slcolcl between
humans and mice and in SLCO1A2/Slcola2 between
humans and monkeys [8, 46, 48]. Therefore, the species
differences in the SLCO expression profiles in the pres-
ent dataset were considered to reflect those in BMVs.
The SLCO family is responsible for the transport of vari-
ous drugs, and SLCO1A and SLCOZ2B transport statins
and dopamine receptor agonists [49, 50]. Additionally,
SLCO1C1/Slcolcl transports thyroid hormones [51].
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Therefore, the distribution of substrate drugs and thyroid
hormones may be affected by differences in the expres-
sion profiles of SLCO transporters.

Slc22a6 and Slc22a8 were highly expressed in mouse
BMVs, whereas those with low expression levels were
not detected in human or monkey BMVs (Fig. 5A and
D). Slc22a8 is localized in rat BMVs and is involved in
the brain-to-blood efflux transport of drugs and endog-
enous substrates such as 6-mercaptopurine, 6-thio-
guanine, and homovanillic acid [52, 53]. In the kidney,
SLC22A6/S1c22a6 and SLC22A8/SIc22a8 are localized in
the proximal renal tubular epithelial cells and are coop-
eratively involved in renal excretion by overlapping sub-
strates [54]. Therefore, Slc22a6 and Slc22a8 may play a
cooperative role in transport across the rodent BBB. In
humans, plasma HVA concentration of homovanillic
acid is a diagnostic marker of central dopaminergic activ-
ity [55]. The brain distribution of 6-mercaptopurine and
6-thioguanine is limited in humans [56, 57]. However,
SLC22A6 and SLC22A8 were not detected in human and
monkey BMYV fractions in previous and current studies
(Fig. 5A and D) [8]. Therefore, alternative transporters
are expected to be involved in the BBB transport of these
compounds in humans and monkeys. A recent study by
Kurosawa et al. demonstrated that SLC43A3 mediates
6-mercaptopurine production in BMECs differentiated
from human induced pluripotent stem cells [58]. The
present study demonstrated primate-specific expres-
sion of SLC43A3 in BMV fractions and cultured BMECs
(Figs. 5E and F). Therefore, SLC43A3 is a candidate trans-
porter for the transport of 6-mercaptopurine and 6-thio-
guanine across the human BBB.

We also obtained the proteome profiles of the cul-
tured BMECs and HUVECs. Compared with immortal-
ized human BMECs, primary cultured human BMECs
showed a proteomic profile similar to that of human
BMVs (Fig. 6A). Furthermore, the proteome profiles of
the two immortalized human BMECs were more similar
to those of HUVECs than to those of the primary cul-
tured BMECs. It has been reported that the expression
levels of several claudin proteins and occludin are lower
in immortalized cells than in primary cultured BMECs
and that BBB barrier function is also reduced in immor-
talized cells [13, 59]. Additionally, the expression levels
of genes involved in angiogenesis, such as TIE-2/Tie-2,
VEGF/Vegf, and Angiopoietin-2, are similar in immor-
talized BMECs and HUVECs; however, those in primary
cultured BMECs are different from those in HUVECs
[60, 61]. These results suggest that primary cultured
BMEC:s retain the protein expression of BMVs, whereas
immortalized BMECs have impaired BBB-selective pro-
tein expression and become closer to peripheral vascular
endothelial cells.
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Comparison of amino acid transporter expression
in vivo and in vitro revealed higher expression levels of
SLC7A5/Slc7a5 and SLC3A2/Slc3a2 in vivo and SLC1A5/
Slcla5 and SLC38A9/S1c38a9 in vitro (Figs. 6B and 7B).
Cancer cells require large amounts of glutamine to pro-
duce energy for growth [62], and the SLC7A5/SLC3A2
dimer and SLC1A5 transport glutamine into cells [63].
Additionally, SLC7A5 and SLC38A9 on the lysosomal
membrane activate mTORCI and cell signaling to trans-
mit amino acid deprivation [62, 64]. Thus, cells in vitro
may have increased expression of these transporters
because they supply intracellular glutamine, similar to
cancer cells. In contrast, SLC7A5 showed a low expres-
sion in vitro (Fig. 6B). Hypoxic and nutritional conditions
in cells affect the expression level of SLC7A5 [65-67].
Therefore, SLC7A5 expression may decrease in vitro
because of the differences between in vivo and culture
environments.

MESD2A/Mfsd2a and SLC27A1/Slc27al, which are
involved in DHA transport, were highly expressed in vivo
(Fig. 7B). DHA is required in the brain and has injurious
effects on tumor cells [68—70]. Therefore, cells in vitro
are in a state similar to that of tumor cells and may have
reduced the expression of DHA transporters to survive.
Furthermore, the lack of MFSD2A/Mfsd2a expression
in cultured BMECs indicated the necessity of identifying
BMEC lines expressing MESD2A/Mfsd2a for the molecu-
lar analysis of BBB DHA transport.

In immortalized BMECs, the expression of genes that
form tight junctions, such as claudin-5, occludin, and
JAM?2, is lower than in vivo, resulting in a weak barrier
function [71, 72]. When comparing the expression pro-
files of the claudin family, claudin-5 was mainly expressed
in BMVs in vivo, whereas claudin-11 was mainly
expressed in cultured human BMECS, including primary
cultured BMECs (Fig. 7D). MBEC4 mainly expresses
claudin-12 and exhibits different claudin expression pro-
files in human BMECs. In mice, claudin-12 knockout
did not affect BBB integrity [73]. The expression level
of claudin-12 in MBEC4 cells was comparable to that in
mouse BMVs (Fig. 7C). These results suggest that tight
junctions are weak in MBEC4 cells, with low expression
levels of claudin proteins other than claudin-12. Blood
flow-induced shear stress increases the expression of
the adhesion-binding proteins ZO-1 and claudin-5 [74].
Additionally, claudin-5 is downregulated by VEGEF, his-
tamine, and TNFa [75, 76]. In contrast, claudin-11 is
upregulated by GATA, NF-YA, and CREB [77]. In the
present proteome profile, the expression level of NF-YA
was 1.7- to 3.2-fold higher in the cultured BMECs than in
the BMV fraction (Table S5). The same expression trends
of claudins as those of proteins were observed at the
mRNA level (Table S6), indicating that the expression of
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claudin family members was repressed at the transcrip-
tional level.

Conclusions

Comprehensive proteomic analysis identified spe-
cies differences in transport-related proteins, including
SLC43A3/Slc43a3, SLC22A6/S1c22a6, and SLCO trans-
porters, in mouse, monkey, and human BMVs. in vivo—in
vitro comparisons revealed differences in the expression
levels of transporters involved in the transport of amino
acids and DHA, as well as in the expression pattern of
claudin proteins. This study provides an informative
dataset for protein expression in the BBB. Furthermore,
these findings may provide a comprehensive understand-
ing of the BBB proteome across species and between in
vivo and in vitro conditions, which is essential for inter-
preting BBB function and drug distribution in the brain.
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