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including the ABCB1/MDR1, ABCG2/BCRP, and 

SLCO2A1/OATP2A1 were significantly decreased by 
more than 50% in shINSR cells. The efflux activity of 
ABCB1/MDR1 was also suppressed. The expressions of 
the low-density lipoprotein receptor-related protein 1 
were significantly increased, and those of the transferrin 
receptor were significantly decreased in shINSR cells. The 
expression of claudin-5 was also suppressed in shINSR 
cells.
Conclusions The present study suggests that INSR-medi-
ated signaling is involved in the regulation of functional  
protein expression at the BBB and contributes to the 
maintenance of BBB function. Changes in the expres-
sions of amyloid-β peptide-related proteins may contrib-
ute to the development of cerebral amyloid angiopathy  
via the suppression of INSR-mediated signaling.
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INTRODUCTION

The blood–brain barrier (BBB) is a critical interface that 
regulates the exchange between the blood and brain. It 
consists of brain microvascular endothelial cells (BMECs), 
along with pericytes, astrocytes, neurons, and the extracel-
lular matrix as neurovascular units [1]. Importantly, tight 
junctions between BMECs restrict paracellular diffusion 
of substances between the blood and brain, and various 
transporters mediate the selective uptake of substances 
essential for brain functions. In addition, transport-
ers responsible for brain-to-blood efflux transport also  
function at the BBB [2]. BBB dysfunction is associated 
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ABSTRACT 
Purpose The insulin receptor (INSR) mediates insu-
lin signaling to modulate cellular functions. Although 
INSR is expressed at the blood–brain barrier (BBB), its 
role in the modulation of BBB function is poorly under-
stood. Therefore, in this study, we aimed to analyze the 
effect of INSR knockdown on the expression levels of 
functional proteins at the BBB.
Methods We established the INSR-knockdown cell 
line (shINSR) using human cerebral microvascular 
endothelial cells (hCMEC/D3). The cellular proteome 
was analyzed using quantitative proteomics.
Results INSR mRNA and protein expressions were 
decreased in shINSR cells. The suppression of INSR-
mediated signaling in shINSR cells was evaluated. The 
proteins involved in glycolysis and glycogenolysis were 
suppressed in shINSR cells. As amyloid-β peptide-related 
proteins, the expressions of presenilin-1 was increased, 
and those of the insulin-degrading enzyme and neprily-
sin were decreased. The expressions of BBB transporters, 
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with neurodegenerative diseases, such as Parkinson’s and  
Alzheimer’s diseases (AD), as well as various central  
nervous system (CNS) diseases, including stroke, multiple 
sclerosis, and brain tumors [3–7]. BBB dysfunction has 
also been reported in systemic diseases such as diabetes 
and hypertension [8]. Epidemiological studies have indi-
cated that type 2 diabetes is a risk factor for AD [9–11]. 
Chemically-induced type 1 diabetes reportedly enhanced 
amyloid-β peptide accumulation and tau phosphorylation 
in the brain of AD model mice [13]. These findings indi-
cate the possibility that the modulation of BBB function 
by blood-related conditions may affect the progression of 
AD by changing the brain homeostasis.

Insulin is a molecule associated with diabetes and 
AD [13, 14]. Insulin activates the phosphorylation sign-
aling in a number of molecules, including extracellu-
lar signal-regulated kinase (ERK) and protein kinase 
B, via the insulin receptor (INSR), which is expressed 
at the BBB [15]. Therefore, insulin is expected to be 
a key modulator of BBB function, connecting various 
CNS and systemic diseases. High-insulin and high-glu-
cose treatments weakened tight junctions in human 
BCECs in vitro [16]. The mRNA levels of the ABCB1/
MDR1, which is a major BBB efflux transporter, was 
also suppressed by high-insulin treatment in cultured 
human BMECs [17]. High-fat diet (HFD)-fed mice show 
increased serum insulin levels, while the expression lev-
els of transporters (Slc2a1/Glut1 and Abcb1a/Mdr1a) 
and tight junction proteins (claudin-5 and occludin) 
decrease in the isolated brain microvessels of HFD-fed 
mice [18]. The efflux function of Abcb1a/Mdr1a at the 
BBB is also decreased in the HFD-fed mice. In a rat 
model of streptozotocin (STZ)-induced type 1 diabetes, 
the protein expression and function of Abcb1a/Mdr1a 
were decreased at the BBB, which were later restored 
by insulin treatment [19]. These reports suggest that 
insulin is involved in the regulation of BBB function.

INSR is expressed at the BBB and transports insulin 
from the circulating blood to the brain via transcytosis 
[20, 21]. Many studies have focused on the receptor-
mediated transcytosis ability to enable efficient drug 
delivery to the brain with anti-INSR antibodies [22–24]. 
In contrast, data on INSR-mediated regulation of BBB 
function are limited. A study using endothelial cell-spe-
cific INSR knockout mice reported increased distribu-
tion of dextran to the olfactory bulb and median emi-
nence, and decreased expression of zonula occludens-1 
(ZO-1) in the hypothalamus [25]. Our previous study 
with HFD-fed mice indicated the possibility that modu-
lation of insulin signaling changes not only tight junc-
tions but also transport functions [18].

Therefore, the purpose of the present study was 
to clarify the role of INSR-mediated signaling in 

the regulation of protein expression and function 
at the BBB using INSR-knockdown human BMECs 
(hCMEC/D3). Protein expression levels were com-
prehensively analyzed via quantitative proteomics in 
the INSR-knockdown hCMEC/D3 cells. Furthermore, 
changes in the expression levels of transporter and 
receptor proteins were evaluated by targeted proteom-
ics, and functional changes in ABCB1/MDR1 were 
examined in the INSR-knockdown human BMECs by 
calcein accumulation assay.

MATERIALS AND METHODS

Cell Culture

hCMEC/D3 cells are the immortalized human cer-
ebral microvascular endothelial cells [26]. hCMEC/
D3 cells were cultured in endothelial cell growth 
basal medium-2 (EBM-2; Lonza, Walkersville, MD, 
USA) on collagen type I-coated dishes in an atmos-
phere of 95% air and 5% carbon dioxide  (CO2) at 
37 °C. EBM-2 was supplemented with 5% fetal bovine 
serum (FBS) (Nichirei Bioscience, Tokyo, Japan), 
1% penicillin–streptomycin (FUJIFILM Wako Pure 
Chemical, Osaka, Japan), 1.4 μM hydrocortisone 
(Sigma-Aldrich, St. Louis, MO, USA), 5 μg/mL ascor-
bic acid (FUJIFILM Wako Pure Chemical), 10 mM 
lithium chloride (FUJIFILM Wako Pure Chemical), 
1% chemically-defined lipid concentrate (Gibco/
Invitrogen, Carlsbad, CA, USA), 1 ng/mL human 
basic fibroblast growth factor (Sigma-Aldrich), and 
10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethane-
sulfonic acid (HEPES; Sigma-Aldrich). The medium 
was changed 2–3 times per week after seeding.

For insulin treatment, 1 ×  105 cells were seeded in 
a 6-well plate and cultured to 80% confluence. The 
medium was replaced with EBM-2 containing no 
additional factors and cultured for 24 h to nullify the 
effect of insulin in FBS and achieve 100% confluency. 
Insulin (FUJIFILM Wako Pure Chemical) was added 
to achieve a final concentration of 10 nM and incu-
bated for 5 min. This condition induces ERK phos-
phorylation in hCMEC/D3 cells [16]. The insulin-
free group was incubated with EBM-2 containing no 
additional factors. After washing the cell surface with 
cold phosphate-buffered saline (PBS), the cells were 
collected and snap-frozen in liquid nitrogen.
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INSR‑Knockdown with Short Hairpin RNA 
(shRNA)

The INSR-knockdown hCMEC/D3 cells (shINSR) 
were established by stably transfecting the cells 
with INSR-targeted shRNA in the pLKO.1 vec-
tor (TRCN0000196786; Sigma-Aldrich). Control 
hCMEC/D3 cells (shNT) were prepared by transfec-
tion with non-targeted scrambled shRNA in pLKO.1 
vector (MISSION pLKO.1-puro Non-Target shRNA 
Control Transduction Particles (SHC016V-1EA); 
Sigma-Aldrich). hCMEC/D3 cells were seeded at 
a density of 0.5 ×  105 cells in 24-well collagen type 
I-coated plates (Corning, Corning, NY, USA) and 
cultured for 1 day. Before transduction, the medium 
was replaced with 1 mL of EBM-2 culture medium 
containing 8 mg/mL hexadimethirine bromide. 
Lentivirus containing INSR-targeted shRNA in the 
pLKO.1 vector or non-targeted shRNA was added to 
the medium at a multiplicity of infection (MOI) of 3. 
Twenty-four hours after transduction, cells were pas-
saged to a 100 mm collagen type I-coated culture dish 
(Corning) and selected in EBM-2 culture medium 
supplemented with 2 μg/mL puromycin for 2 weeks. 
Then, selected cells were cultured in EBM-2 culture 
medium supplemented with 2 μg/mL puromycin for 
further analysis.

Quantitative Real‑Time Polymerase Chain 
Reaction (PCR)

Total RNA was isolated using the RNeasy kit (Qiagen, 
Valencia, CA, USA), and cDNA was prepared from 
50 ng total RNA using ReverTraAce (Toyobo, Osaka, 
Japan) and an oligo dT primer. Real-time PCR was 
conducted with QuantStudio 3 (Applied Biosystems, 
Foster City, CA, USA) using a Prime Time qPCR assay 
(Integrated DNA Technologies, Coralville, IA, USA). 
The following primers: primer 1, 5′-CTG GAT CAA 
CCC GAC AAC TG-3′; primer 2, 5′-GGT TGA CAA TCT 
CCA GGA AGG-3′; and probe, 5’-/56-FAM/AGA GAG 
TCA/ZEN/CTG ACC TCA TGC GC/3IABkFQ/-3’ were 
designed for INSR. Meanwhile, the following primers: 
primer 1, 5′-ACA TCG CTC AGA CAC CAT G-3′; primer 
2, 5′-TGT AGT TGA GGT CAA TGA AGGG-3′; and probe, 
5 ′ -/56-FAM/AAG GTC GGA/ZEN/GTC AAC GGA 
TTT GGTC/3IABkFQ/-3′ were designed for glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). 
Synthetic DNA from INSR or GAPDH gene was used 
for calibration curves, and INSR mRNA levels were 
normalized to those of GAPDH in the same sample.

Western Blotting Analysis

Whole lysates of hCMEC/D3 cells treated with insu-
lin were separated using 12% sodium dodecyl sul-
phate–polyacrylamide gel and blotted onto a polyvi-
nylidene fluoride membrane (Bio-Rad, Hercules, CA, 
USA). The membrane was blocked with Blocking One-P 
(Nacalai Tesque, Kyoto, Japan) and immunoblotted 
with primary antibodies overnight at 4 °C. The follow-
ing primary antibodies were used: phospho-p44/42 
MAPK (phospho-ERK1/2), 1/2000 dilution (4370S; 
Cell Signaling Technology, Danvers, MA, USA); p44/42 
MAPK (ERK1/2), 1/1000 dilution (4695S; Cell Sign-
aling Technology), and β-actin, 1/5000 (12262S; Cell 
Signaling Technology). The membrane was incubated 
with horseradish peroxidase (HRP)-conjugated sec-
ondary anti-rabbit IgG antibody (7074S; Cell Signaling 
Technology) and then imaged with a Western BLoT 
Hyper HRP substrate (Takara Bio, Shiga, Japan) using 
an Omega Lum G imaging system (Gel Company, San 
Francisco, CA, USA). The membrane was first reacted 
with an antibody against phospho-ERK1/2. After imag-
ing, the first and secondary antibodies were stripped 
from the membrane using EzReprobe reagent (ATTO, 
Tokyo, Japan). Next, the membrane was blocked with 
Blocking One-P and reprobed with an antibody against 
ERK1/2. β-actin was detected by reprobing after detec-
tion of ERK1/2. Band intensities were obtained using 
ImageJ software v.1.52a (National Institutes of Health, 
Bethesda, MD, USA).

To detect claudin-5, whole lysates of hCMEC/D3 
cells were separated using SuperSep TMAce, 10–20% 
(FUJIFILM Wako Pure Chemical). The membrane 
was cut into two pieces between 20 and 35 kDa and 
blocked with 5% w/v skimmed milk in Tris-buffered 
saline containing 0.1% Tween 20. The lower membrane 
was immunoblotted with primary antibody against clau-
din-5, 1:1000 dilution (35–2500, Invitrogen, Carlsbad, 
CA, USA), whereas and the upper membrane was immu-
noblotted with the HRP-conjugated antibody against 
β-actin, 1/10000 (12262S; Cell Signaling Technology). 
The lower membrane was incubated with HRP-conju-
gated secondary anti-mouse IgG antibody (7076S; Cell 
Signaling Technology) and imaged as described above.

Subcellular Fractionation of hCMEC/D3 Cells

The cytosol, crude membrane, and plasma membrane 
fractions were prepared from 10 cm dishes (80% con-
fluent) × 4 dishes of hCMEC/D3 cells using a Membrane 
Protein Extraction Kit (BioVision, Milpitas, CA, USA) 
according to a previous report [27]. Protein concentra-
tions of the fractionated samples were measured using 
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a BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA).

Sequential Windowed Acquisition Of All 
Theoretical Fragment Ion‑Mass Spectra 
(SWATH‑MS)‑Based Quantitative Proteomics

Subcellular fractions of hCMEC/D3 cell were digested 
by the phase-transfer surfactant method, as previously 
described [28, 29]. Briefly, the protein samples (5 μg) 
were solubilized in 12 mM sodium deoxycholate and 
12 mM N-lauroylsarcosinate in 100 mM Tris–HCl (pH 
9.0), and denatured at 95 °C for 5 min. After sonication, 
reductive alkylation was conducted with 100 mM dithi-
othreitol and 550 mM iodoacetamide in 50 mM ammo-
nium bicarbonate. After fivefold dilution, the samples 
were digested with lysyl endopeptidase (FUJIFILM 
Wako Pure Chemical) for 3 h and with trypsin (Pro-
mega, Madison, WI, USA) for 16 h. The detergents were 
removed by ethyl acetate under acidic conditions. After 
drying by vacuum centrifugation, the digested samples 
were dissolved in 5% acetonitrile/0.1% trifluoroacetic 
acid and desalted using GL-Tip SDB and GC (GL Sci-
ences, Tokyo, Japan). The sample was reconstituted with 
0.1% trifluoroacetic acid after drying, and subjected 
to liquid chromatography-tandem mass spectrometry 
(LC–MS/MS). The samples were analyzed by SWATH-
MS on TripleTOF5600 (SCIEX, Framingham, MA, 
USA) interfaced with a DIONEX Ultimate 3000 RSLC 
nano system (Thermo Fisher Scientific). Proteins were 
identified by Protein Pilot v.4.5 (SCIEX) with MS data 
from information-dependent acquisition (IDA) using 
the UniProt Human Proteome database. Peptide peaks 
were analyzed with SWATH data using PeakView Soft-
ware v.2.1 (SCIEX) or by DIA-NN v.1.7.14 [30] with a 
spectral library constructed from the identification data 
from IDA. PeakView software was used for the analysis 
of transporters and receptors in the plasma membrane 
fraction, as shown in Table 2. The protein expression 
levels were calculated as the protein peak areas by sum-
ming the peak areas of the unique peptides. The same 
peptides were used to calculate the protein peak areas 
in both shNT and shINSR samples. In all other analyses, 
the DIA-NN data were used. The analysis of INSR shown 
in Fig. S1 was conducted using DIA-NN with an in-house 
spectral library covering the whole human proteome. 
Protein expression data were calculated from precursor 
peak area data using the MaxLFQ algorithm integrated 
in DIA-NN [31]. The values of all quantified proteins 
are listed in Table S1. Pathway analysis was conducted 
using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [32].

Protein Quantification by Targeted Proteomics

To prepare the internal standard peptides for targeted 
proteomics, artificial protein concatenating internal 
standard peptides were synthesized from cDNA using 
Musaiboukun (Taiyo Nippon Sanso, Tokyo, Japan) in 
the presence of stable isotope-labeled lysine and argi-
nine (Taiyo Nippon Sanso) [33]. The internal stand-
ard peptides were produced from artificial proteins by 
trypsin digestion. The plasma membrane fraction of 
hCMEC/D3 cells was digested with trypsin as described 
in the quantitative proteomic analysis. After trypsin 
digestion, stable isotope-labeled internal standard pep-
tides were spiked to the samples. Detergents were then 
removed, and desalting was performed as described 
above. The prepared peptide samples were analyzed 
using a micro-LC system (Ekisigent, Redwood City, CA, 
USA) connected to a triple quadrupole mass spectrom-
eter (QTRAP6500, SCIEX). The analysis was performed 
according to previous studies [34, 35]. Briefly, the pro-
tein expression levels were quantified by the detection 
of unique peptides for each target protein with multiple 
reaction monitoring (MRM). The product ion peaks 
from each target peptide were extracted from the 
MRM data using the Skyline software [36]. The peak 
area ratio of the target peptide to the internal standard 
peptide was calculated, and the protein expression lev-
els were determined as the average values of the peaks 
area ratios from three or four product ions.

In vitro ABCB1/MDR1 Functional Analysis

ABCB1/MDR1 function was analyzed using a multi-
drug resistance assay kit (Calcein AM) (Cayman 
Chemical, Ann Arbor, MI, USA) according to the 
manufacturer’s protocol. We used a cell-based assay 
with verapamil and cyclosporin A in the kit as inhibi-
tors of MDR1. The hCMEC/D3 cells (2.0 ×  104 cells 
per well) were seeded onto 96-well plates, collagen 
type I coated black culture plates (Thermo Fisher 
Scientific), and cultured for 24 h. The medium was 
aspirated from wells and the cells were treated with 
the complete EBM-2 medium containing verapamil 
(1:2000) or cyclosporin A (1:1000), recommended 
dilution of the kit, for 30 min in a  CO2 incubator. 
At the end of the treatment, calcein AM solution 
(2 ×) was added to each well and incubated for an 
additional 30 min. Then, the cells were washed twice 
with the ice-cold medium. Fluorescence was meas-
ured using an Infinite M1000 plate reader (Tecan, 
Maennedorf, Switzerland) with excitation and emis-
sion wavelengths of 485 nm and 535 nm, respectively. 
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The average fluorescence of each sample was calcu-
lated from the values measured using a plate reader. 
The values relative to shNT without inhibitors were 
then calculated.

Statistical Analysis

Data are presented as the mean ± standard error of 
the mean (SEM). The significant differences between 
the two groups were estimated using a two-tailed, 
unpaired Student’s t-test by Excel (Microsoft, Red-
mond, WA, USA). Significant differences among 
more than two groups were determined by one-way 
analysis of variance (ANOVA) followed by Tukey’s 
post hoc test using StatMate III v.3.19 (ATMS, Chiba, 
Japan).

RESULTS

Suppression of INSR Expression and Signaling 
in the INSR‑Knockdown hCMEC/D3 cells

hCMEC/D3 cells are immortalized human cerebral 
microvascular endothelial cells [26]. Our previous pro-
teomic study demonstrated that the protein expression 
levels of transporters and receptors, including INSR, 
in hCMEC/D3 cells are similar to those in human 
brain microvessels [15]. Therefore, INSR-knockdown 
human BMECs were established by stably introducing 
INSR-targeted shRNA into hCMEC/D3 cells (shINSR 
cells). Control cells were developed by introducing 
non-targeted scrambled shRNA (shNT cells). The sup-
pression of INSR mRNA expression in shINSR cells was 
examined using qRT-PCR. As shown in Fig. 1A, INSR 

Fig. 1  Suppression of insulin receptor (INSR) expression and signaling in INSR-knockdown human cerebral microvascular endothelial cells 
(hCMEC/D3). (A) INSR mRNA expression levels in INSR-knockdown (shINSR) and control (shNT) of hCMEC/D3 cells. Each bar represents the 
mean ± SEM (n = 3 biological replicates). The dots represent individual data points. (B, C and D) Phosphorylation levels of ERK1/2 by insulin treat-
ment (10 nM). The phosphorylation level is indicated as the ratio of phospho-ERK1/2 to total ERK1/2 (B). The total level of ERK was normalized by 
β-actin (C). The representative image of western blot is shown in (D). Each bar represents the mean ± SEM (n = 6 biological replicates). The dots 
represent individual data points. *p < 0.05, **p < 0.01 significantly different. n.s., not significant
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mRNA expression was significantly decreased by 77.0% 
in shINSR cells compared to that in shNT cells.

The suppression of INSR protein expression was con-
firmed using quantitative proteomics. By analyzing the 
plasma membrane fraction of shNT cells, three tryptic 
peptides derived from INSR were detected (DLFPN-
LTVIR, TIDSVTSAQELR and IELQACNQDTPEER 
[amino acid positions: 101–110, 347–358 and 820–833, 
respectively]). The amount of these peptides was meas-
ured using chromatogram peaks. Chromatograms of 
the three detected peptides are shown in Fig. S1. Pep-
tide peaks were detected in shNT cells but were below 
the detection limit in shINSR cells.

To clarify the attenuation of insulin signaling via 
INSR, the phosphorylation status of ERK1/2 was exam-
ined by western blot analysis. The phosphorylation 
level was calculated as the ratio of phospho-ERK1/2 
to ERK1/2. In shNT cells, the phosphorylation level 
of ERK1/2 significantly increased 2.40-fold after treat-
ment with insulin (10 nM) for 5 min (Fig. 1B and D). 
In contrast, insulin stimulation did not increase the 
phosphorylation level of ERK1/2 in shINSR cells. There 
was no significant induction of ERK1/2 after insulin 
treatment (Fig. 1C and D). The additional western blot 
of phospho-ERK1/2 and ERK1/2 performed indepen-
dently from Fig. 1B-D is shown in Fig. S2. These results 
indicate that insulin signaling through INSR was sup-
pressed in shINSR cells.

Changes in the Expression of Proteome via INSR 
Knockdown in hCMEC/D3 Cells

Changes in protein expression following INSR knock-
down were analyzed by SWATH-MS-based quantitative 
proteomics. Since the target molecules in the present 
study include membrane transporters and receptors, 
the cells were fractionated into cytosolic, crude mem-
brane, and plasma membrane fractions to increase the 
detection sensitivity of the targeted molecules by their 
concentration in the plasma membrane fraction. As a 
result, 2938, 3248, and 3030 proteins were identified 
in the cytosolic, crude membrane, and plasma mem-
brane fractions, respectively (Table 1). Among them, 
500 molecules in the cytosolic fraction, 515 molecules 
in the crude membrane fraction, and 681 molecules 
in the plasma membrane fraction showed significant 
changes in shINSR cells by more than 1.50-fold or less 
than 0.667-fold compared to shNT cells.

Insulin modulates glycolysis and glycogen synthesis 
(glycogenosis) in the liver to regulate blood glucose 
levels. Hence, the effect of INSR knockdown on the 
levels of proteins involved in glycolysis and glycogenosis 
was investigated using proteomic data from shINSR and 

shNT cells. As shown in Fig. 2, all glycolytic enzymes, 
except HKs and GAPDH, were suppressed in shINSR 
cells. Glycogen synthase (GYS) is not affected by INSR 
knockdown, while glycogen phosphorylase (PYGL), 
which produces glucose-1-phosphate from glycogen as 
glycogenolysis, was significantly suppressed in shINSR 
cells.

In relation to AD, proteins related to amyloid-β 
peptide (Aβ), which accumulates in the brain of AD 
patients, were also investigated. Aβ was excised from the 
amyloid precursor protein (APP) by β-and γ-secretases. 
As shown in Fig. 3, APP expression was decreased in 
shINSR cells, and presenilin-1 (PSEN1), which is a 
component of γ-secretase, increased. β-Secretase was 
not detected in this analysis. Aβ is degraded by insulin-
degrading enzyme (IDE) and neprilysisn (membrane 
metalloendopeptidase, MME) [37, 38]. These proteo-
lytic enzymes were suppressed to 36.0% and 13.6% 
in shINSR cells, respectively. Low-density lipoprotein 
receptor-related protein 1 (LRP1) is involved in Aβ 
uptake in BMECs [39], and its expression was only 
detected in shINSR cells, suggesting its induction by 
INSR knockdown (Table S1). Given the higher-sensi-
tivity quantification afforded by targeted proteomics 
shown in the later result, LRP-1 was induced by 2.80-
fold in shINSR cells (Fig. 4).

Changes in the Expression Levels Of Transporter 
and Receptor Proteins via INSR Knockdown 
in hCMEC/D3 Cells

The protein expression of ATP-binding cassette (ABC) 
and solute carrier (SLC) transporters and receptors in 
plasma membrane fractions from shINSR and shNT 

Table 1  Number of identified and changed proteins in the insulin 
receptor (INSR)-knockdown human cerebral microvascular endothelial 
cells (hCMEC/D3)

The quantified protein values are listed in Table S1. “All” indicates the 
numbers of proteins identified in all 6 samples of subcellular fractions 
from INSR-knockdown (shINSR, n = 3 biological replicates) and con-
trol (shNT, n = 3 biological replicates) of hCMEC/D3 cells. a Number 
of proteins whose expression was significantly changed (p < 0.05) in 
shINSR cells. b Number of proteins whose expression was significantly 
changed (p < 0.05) by more than 1.50-fold in shINSR cells. c Number 
of proteins whose expression was significantly changed (p < 0.05) by 
less than 0.667-fold in shINSR

Number of proteins

Subcellular fraction All p < 0.05a  > 1.5-fold
(p < 0.05)b

 < 0.667-fold
(p < 0.05)c

Cytosol 2938 780 251 249
Crude membrane 3248 1128 203 312
Plasma membrane 3030 1150 322 359
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cells was quantified by targeted proteomics with spik-
ing internal standard peptides. This is because targeted 
proteomics provides more accurate and sensitive quan-
tification than SWATH-based quantitative proteomics 
and is a suitable method to verify expression data of 
multiple proteins with high specificity when compared 
with western blotting [40]. Eighteen transporters 
showed significant changes in shINSR cells by SWATH-
MS quantitative proteomics (Table 2; details are shown 
in Table S2), and 12 of these transporters were selected 
for quantification by targeted proteomics. Six transport-
ers were excluded from the quantification, because 

three transporters (SLC17A5, SLC20A2, and SLC12A7) 
lacked suitable peptides for targeted proteomics, and 
the other three transporters (SLC15A4, SLC25A4, and 
ABCD3) are not localized on the plasma membrane. 
ABCG2/BCRP was not detected by SWATH-based quan-
titative proteomics, and ABCC4/MRP4 and SLC2A1/
GLUT1 were not significantly different between shINSR 
and shNT cells, while these transporters were added to 
the quantification, because they are important trans-
porters for the BBB. As receptors, LRP1 and transfer-
rin receptor (TFRC) were quantified, because they are 
involved in receptor-mediated transport across the BBB 

Fig. 2  Expression profiles of enzyme proteins in glycolysis and glycogenosis. Protein expression levels in shINSR cells (closed bars) relative to 
shNT cells (open bars). Expression levels in the cytosolic fraction were determined using SWATH-MS-based quantitative proteomics. Expression 
levels of PFKL, PGAM1, and PKM were measured in the crude membrane fraction. Numbers of quantified tryptic peptides for each protein are indi-
cated in parentheses. The enzymes decreased in shINSR cells are colored in blue, and those increased in red. Each bar represents the mean ± SEM 
(n = 3 biological replicates). The dots represent individual data points. *p < 0.05, **p < 0.01, ***p < 0.001 significantly different.
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[41, 42], and their protein expression was altered in 
shINSR cells (Table S2).  Na+/K+-ATPase was quantified 
as a marker protein for the plasma membrane. Finally, 
18 membrane proteins were quantified in the plasma 
membrane fraction from shINSR and shNT cells by tar-
geted proteomics (Fig. 4).

Quantification by targeted proteomics revealed 
that nine molecules (ABCB1/MDR1, ABCG2/BCRP, 
SLCO2A1/OATP2A1, SLC43A3/ENBT1, SLC4A7/
NBC2, SLC12A9/CCC6/CIP1, SLC12A2/NKCC1, 
LRP1, and TFRC) showed significant changes of more 
than 1.5-fold or less than 0.667-fold in shINSR cells 
(Fig. 4). ABCB1/MDR1 and ABCG2/BCRP were sig-
nificantly suppressed by 72.3% and 58.8%, respectively, 
in shINSR cells. Among SLC transporters, SLCO2A1/
OATP2A1, a transporter for prostaglandins, decreased 

by 64.0% in shINSR cells. LRP1 expression was sig-
nificantly induced 2.80-fold, while TFRC significantly 
decreased by 62.7%. The expression of  Na+/K+ ATPase 

Fig. 4  Changes in the expression levels of transporter and recep-
tor proteins by INSR-knockdown in the plasma membrane fraction of 
hCMEC/D3 cells. Protein expression was measured by targeted pro-
teomics using standard internal peptides. Fold change was calculated 
as the ratio of mean protein expression in shINSR cells to shNT cells. 
Each bar represents the fold of mean ± error (n = 3 biological repli-
cates for each cell group). *p < 0.05, **p < 0.01 significantly different 
between shINSR and shNT cells. The bar graph indicating individual 
data points is shown in Fig. S3

Table 2  Number of identified and changed ATP-binding cassette 
(ABC) and solute carrier (SLC) transporters in the plasma membrane 
fraction of INSR-knockdown and control of hCMEC/D3 cells

“All” indicates the total numbers of ABC or SLC transporter proteins 
identified in all 6 samples of plasma membrane fractions from both 
INSR-knockdown (shINSR, n = 3 biological replicates) and control 
(shNT, n = 3 biological replicates) of hCMEC/D3 cells. ABC and SLC 
transporters were identified by the gene names including “ABC” and 
“SLC,” respectively. a Number of proteins whose expression was signifi-
cantly changed (p < 0.05) in shINSR cells. b Number of proteins whose 
expression was significantly changed (p < 0.05) by more than 1.50-fold 
in shINSR cells. c Number of proteins whose expression was signifi-
cantly changed (p < 0.05) by less than 0.667-fold in shINSR. The fold 
changes in each transporter are shown in Table S2

Number of identified proteins

Subcellular fraction Family All p < 0.05a  > 1.5-fold
(p < 0.05)b

 < 0.667-fold
(p < 0.05)c

Plasma membrane ABC 9 2 1 1
SLC 61 22 4 12

Fig. 3  Expression profiles of amyloid-β peptide-related proteins. Pro-
tein expression levels in shINSR cells (closed bars) relative to shNT 
cells (open bars). Expression levels were determined using SWATH-
MS-based quantitative proteomics. Numbers of quantified tryptic pep-
tides for each protein are indicated in parentheses. Amyloid precursor 
protein (APP), presenilin (PSEN1), and neprilysisn (membrane metal-
loendopeptidase, MME) were measured in the crude membrane frac-
tion, and insulin-degrading enzyme (IDE) was measured in the cytosolic 
fraction. Each bar represents the mean ± SEM (n = 3 biological repli-
cates). The dots represent individual data points. *p < 0.05, **p < 0.01, 
***p < 0.001 significantly different
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was not significantly different between shINSR and 
shNT cells (0.798-fold, p = 0.132), suggesting that the 
purity of the plasma membrane in the fraction was not 
significantly different between the cells.

Suppression of ABCB1/MDR1 Efflux Function 
in shINSR Cells

ABCB1/MDR1 plays a role in the clearance of exog-
enous substances from the BBB and shows the largest 
suppression in shINSR cells, as shown in Fig. 4. There-
fore, we examined the suppression of MDR1 efflux 
activity in shINSR cells using a calcein accumulation 
assay. In the calcein-only group, the intracellular accu-
mulation of calcein was significantly increased by 1.49-
fold in shINSR cells compared to shNT cells (Fig. 5). 
When ABCB1/MDR1 activity was inhibited by inhibi-
tors, such as verapamil or cyclosporin A, calcein accu-
mulation was increased and was not significantly dif-
ferent between shINSR and shNT cells. These results 
suggest that the efflux of calcein by ABCB1/MDR1 was 
decreased in shINSR cells in accordance with the sup-
pression of its protein expression.

Changes in the Expression Levels of Tight Junction 
Proteins via INSR Knockdown in hCMEC/D3 Cells

Tight junctions are an important feature of the BBB. 
The present SWAH-MS-based quantitative proteomic 
analysis identified claudin-1, claudin-11, occludin, and 
ZO-1, known tight junction proteins. Claudin-11 was sig-
nificantly increased by 1.40-fold in the crude membrane 
fraction of shINSR cells, and occludin was increased in 
crude and plasma membrane fractions of shINSR cells 
by 2.19- and 2.31-fold, respectively (Table S3). Clau-
din-5 is the main tight junction protein in the BBB; 
however, it could not be detected by SWATH-MS-based 
quantitative proteomics. Therefore, we performed west-
ern blot analysis to examine claudin-5 expression. As 
shown in Fig. 6, the protein expression of claudin-5 was 
suppressed in shINSR cells when compared with shNT 
cells.

DISCUSSION

In shINSR cells, INSR mRNA and protein expression 
levels were found to be significantly decreased. In 
addition, the phosphorylation level of ERK1/2 was 
decreased in shINSR cells, indicating attenuation of 
insulin signaling via INSR (Fig. 1). Furthermore, the 
expression levels of proteins involved in glycolysis were 
altered (Fig. 2). These results suggest that shINSR cells 
are suitable for studying the effect of INSR-mediated 
signaling on the protein expression levels in hCMEC/
D3 cells.

Insulin controls blood glucose levels by regulating 
glucose metabolism in the liver and muscles. In the 
liver, insulin signaling induces glycolysis and glycogeno-
sis, and both metabolic pathways are suppressed in type 
1 diabetes mellitus [43, 44]. In BMECs, the present 

Fig. 5  Effect of INSR-knockdown on the efflux activity of ABCB1/
MDR1 in hCMEC/D3 cells. The intracellular accumulation of calcein 
was quantified after pre-incubation with or without verapamil or cyclo-
sporin A in complete endothelial cell growth basal medium-2 (EBM-2) 
medium. Each bar represents the mean ± SEM (n = 3 biological rep-
licates). The dots represent the individual data points. NT, shNT; IR, 
shINSR cells. *p < 0.05, significantly different. n.s., not significant

Fig. 6  Protein expression of claudin-5 in shINSR and shNT cells. 
Western blot analysis was performed using whole-cell lysates of 
shINSR and shNT cells. The replicates were biological replicates in 
which the cells were cultured in different wells (n = 3)
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results suggest that the attenuation of insulin signal-
ing suppresses glycolysis and facilitates glycogenosis 
(Fig. 2). Therefore, insulin regulation partly differ-
ent from the liver is involved in glucose metabolism 
in BCECs. The expression levels of SLC2A1/GLUT1 
were not changed, while those of HK were induced and 
of PYGL were suppressed in shINSR cells (Figs. 2 and 
4), indicating the possibility that the conversion of glu-
cose taken up in the cells to glycogen was induced in 
shINSR cells. In the brain, glycogen is mainly stored in 
astrocytes and is an essential endogenous energy stor-
age during cerebrovascular obstruction [45]. Although 
glycogen synthesis in BMECs is unknown, the present 
study suggests that glycogen synthesis is induced in 
BMECs under insulin-signaling attenuated conditions.

The association between diabetes mellitus in an insu-
lin-resistant state and AD has been reported [9]. The 
present study demonstrated that the enzyme produc-
ing Aβ from APP increased in shINSRcells, and degrad-
ing enzymes decreased (Fig. 3). Despite the decrease 
in APP, these changes in expression may result in an 
increase in Aβ levels in hCMEC/D3 cells following 
INSR knockdown. In addition to these enzymes, LRP1 
is involved in Aβ uptake in BMECs, from both the brain 
and blood [39, 46]. MDR1 reportedly mediates efflux 
transport of Aβ from BCECs into blood, as cerebral 
Aβ clearance is mediated by LRP1 [47, 48]. Changes 
in expression levels shown in Fig. 4 suggest that INSR 
knockdown induces Aβ uptake into BMECs via LRP1 
induction and attenuates Aβ efflux from BMECs by sup-
pressing MDR1, indicating the possibility of Aβ accumu-
lation in BCECs. Cerebral amyloid angiopathy (CAA) is 
characterized by Aβ deposits inside and around brain 
microvessels. CAA coexists with AD [49], and type 2 
diabetes mellitus is a risk factor for CAA [50]. There-
fore, we postulate that INSR-mediated regulation of 
Aβ-related proteins contributes to the development of 
CAA.

The present study also demonstrated a decrease 
in SLCO2A1/OATP2A1 expression in shINSR cells 
(Fig. 4). SLCO2A1/OATP2A1 is involved in the trans-
port of  PGE2 to the central nervous system at the 
BBB [51, 52]. The protein expression of SLCO2A1/
OATP2A1 is decreased in the brains of patients with 
AD compared to healthy controls [53]. Thus, INSR-
mediated regulation plays a role in the reduction of 
SLCO2A1/OATP2A1 in the AD brain.

The present proteomic study revealed that pro-
tein expression levels of transporters and receptors, 
which play important roles in the BBB, such as MDR1, 
BCRP, LRP1, and TFRC, were altered in hCMEC/D3 
cells following INSR knockdown (Fig. 4). In a previ-
ous study on HFD-fed mice, the protein expression of 

Abcb1a/mdr1a and Tfrc was significantly decreased in 
brain microvessels by 36.0% and 23.2%, respectively, 
and Lrp1 was significantly increased by 1.08-fold [18]. 
It has also been reported that the protein expression 
of Abcb1a/Mdr1a was decreased by 25.0% in brain 
microvessels of a rat model of STZ-induced type 1 diabe-
tes [19]. The present results, showing similar changes in 
shINSR cells (Fig. 4), suggest that INSR-mediated signal-
ing is involved in the regulation of MDR1, BCRP, LRP1, 
and TFRC in BCECs in the studies mentioned above. 
In contrast, Slc2a1/Glut1 and Slc7a5/Lat1 were down-
regulated in HFD-fed mice [18], whereas the expression 
of these transporters was not affected in shINSR cells. 
Therefore, signaling other than INSR is likely to regu-
late the expression of Slc2a1/Glut1 and Lat1 in BCECs 
of HFD-fed mice.

Protein expression and efflux function of MDR1 were 
decreased in shINSR cells (Figs. 4 and 5). This suggests 
that INSR-mediated signaling plays an important role 
in maintaining the function of MDR1 at the BBB, and 
attenuation of INSR-mediated signaling, such as insulin 
resistance, resulted in attenuation of MDR1 function at 
the BBB. Indeed, our previous study demonstrated the 
suppression of Abcb1a/mdr1a expression and function 
at the BBB in 2-week HFD-fed mice [18]. The suppres-
sion of MDR1 function at the BBB leads to the accumu-
lation of substrate drugs in the brain. It was reported 
that the brain distribution of vincristine, a substrate of 
ABCB1/MDR1, was increased approximately twofold in 
a rat model of STZ-induced type 1 diabetes [19]. BCRP 
also plays a role in the BBB efflux system and has a syn-
ergistic efflux function with ABCB1/MDR1 against BBB 
permeability of substrates [54]. The protein expression 
of BCRP was also decreased in shINSR as well as MDR1 
(Fig. 4). Therefore, INSR-mediated regulation is consid-
ered to play an important role in maintaining the efflux 
function of the BBB, and its attenuation is considered 
to affect drug distribution in the brain.

TFRC is the protein responsible for iron transport 
to the brain, and its expression is decreased in shINSR 
cells (Fig. 4). Transferrin binds to iron and is a ligand 
of TFRC. The protein expression of transferrin was 
also significantly decreased to 63.1% in shINSR cells 
(Table S1, crude membrane fraction). Since iron is 
essential for the maintenance of normal brain func-
tion [55], decreased TFRC and transferrin in the BBB 
may affect brain function. In addition, abnormal iron 
accumulation has been reported in many neurode-
generative diseases [56, 57]. Therefore, the regula-
tion of TFRC expression by INSR at the BBB is con-
siderable to play a role in the maintenance of brain 
homeostasis. A similar regulation has been reported 
in hepatocytes. Hyperinsulinemia induces TFRC 
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protein expression in rat liver [58]. Insulin treatment 
induced TFRC expression and transferrin uptake in 
HepG2 cells, and hypoxia inducible factor-1 (HIF-
1) is involved in this induction [59]. INSR-mediated 
signaling activates HIF-1 in human and rat vascular 
smooth muscle cells [60], and HIF-1 is expressed and 
functional in BMECs [61]. Therefore, it is a possibil-
ity that HIF-1 is involved in INSR-mediated regula-
tion of TFRC at the BBB. In the present proteome 
data, several HIF-1 regulated proteins, such as platelet 
endothelial cell adhesion molecule (PECAM1), heme 
oxygenase 1 (HO-1), and leptin receptor[62–64], were 
significantly suppressed in shINSR cells (Table S1). 
HIF-1 is positively involved in ABCB1/MDR1 expres-
sion in cancer cells [65]. The PKC/NF-kB pathway 
was also reported to be involved in the induction of 
Abcb1a/mdr1a by insulin in rat BCECs [66]. There-
fore, it is possible that INSR-mediated regulation of 
ABCB1/MDR1 expression involves HIF-1 and/or 
PKC/NF-kB.

A previous study has demonstrated that treat-
ment with insulin increases tight junction integrity 
in hCMEC/D3 cells [16]. Endothelial-specific INSR 
knockout mice reportedly exhibit an increase in the 
brain distribution of fluorescent dextran, mainly in the 
median eminence and olfactory bulb [25]. Claudin-5 
is a key molecule for tight junction formation at the 
BBB [67], and HFD-fed mice showed a decrease in clau-
din-5 expression in brain microvessels [18]. Along with 
the present results presenting claudin-5 suppression in 
shINSR cells in Fig. 6, INSR-mediated signaling may 
contribute to the maintenance of tight junction integ-
rity by regulating claudin-5 expression. Claudin-5 was 
not detected by quantitative proteomics, as its expres-
sion level was below the detection limit. Indeed, we have 
previously reported that the expression of claudin-5 was 
lower than ABCG2/BCRP in the plasma membrane 
fraction of hCMEC/D3 cells, which was also undetect-
able [15].

In contrast to claudin-5, INSR knockdown induced 
occludin and claudin-11 in hCMEC/D3 cells. Occlu-
din localizes at the cell–cell contact region of BCECs 
and is involved in regulating tight junction integrity 
[68]. Occludin and claudin-5 expression are report-
edly suppressed in the brain microvessels of HFD-fed 
mice [18]. The present result that INSR knockdown-
induced occludin expression fails to clarify this sup-
pression. Claudin-11 was expressed in BMECs, and its 
suppression increased the paracellular permeability of 
BMECs [69]. The induction of occludin and claudin-11 
in shINSR cells might be a compensatory mechanism 
against claudin-5 suppression to maintain the integ-
rity of tight junctions. However, in vivo knockdown of 

claudin-5 did not alter occludin expression in mouse 
brain microvessels [70]. Furthermore, it should be 
noted that the present study cultured cells on plastic 
wells, which are deemed unsuitable conditions for form-
ing tight junctions. Further studies using Transwell cell 
culture inserts are necessary to analyze the contribution 
of INSR to tight junction regulation at the BBB.

CONCLUSIONS

The present study indicates that the suppression of 
INSR signaling changes the protein expression levels 
of transporters, tight junctions, and receptors in cul-
tured human BMECs, decreasing expression levels of 
ABCB1/MDR1, ABCG2/BCRP, SLCO2A1/OATP2A1, 
claudin-5, and TFRC, while increasing expression lev-
els of occludin, claudin-11, and LRP1. This suggests 
that the activation of INSR is necessary for expressing 
the BBB functions, and attenuation of its signal leads 
to BBB dysfunction. In addition, INSR-knockdown 
affected the expression levels of proteins related to Aβ 
production, degradation, and clearance. This altered 
expression may be associated with the development of 
AD and CAA in insulin signaling-attenuated conditions.
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