
Vol.:(0123456789)

Pharmaceutical Research (2024) 41:1427–1441 
https://doi.org/10.1007/s11095-024-03731-0

ORIGINAL RESEARCH ARTICLE

Effect of Apolipoprotein E isoforms on the Abundance and Function 
of P‑glycoprotein in Human Brain Microvascular Endothelial Cells

Ethan Kreutzer1 · Jennifer L. Short2 · Joseph A. Nicolazzo1 

Received: 12 April 2024 / Accepted: 13 June 2024 / Published online: 27 June 2024 
© The Author(s) 2024

Abstract
Background  Individuals with Alzheimer’s disease (AD) often require many medications; however, these medications are 
dosed using regimens recommended for individuals without AD. This is despite reduced abundance and function of P-glyco-
protein (P-gp) at the blood-brain barrier (BBB) in AD, which can impact brain exposure of drugs. The fundamental mecha-
nisms leading to reduced P-gp abundance in sporadic AD remain unknown; however, it is known that the apolipoprotein 
E (apoE) gene has the strongest genetic link to sporadic AD development, and apoE isoforms can differentially alter BBB 
function. The aim of this study was to assess if apoE affects P-gp abundance and function in an isoform-dependent manner 
using a human cerebral microvascular endothelial cell (hCMEC/D3) model.
Methods  This study assessed the impact of apoE isoforms on P-gp abundance (by western blot) and function (by rhodamine 
123 (R123) uptake) in hCMEC/D3 cells. Cells were exposed to recombinant apoE3 and apoE4 at 2 – 10 µg/mL over 24 – 72 
hours. hCMEC/D3 cells were also exposed for 72 hours to astrocyte-conditioned media (ACM) from astrocytes expressing 
humanised apoE isoforms.
Results  P-gp abundance in hCMEC/D3 cells was not altered by recombinant apoE4 relative to recombinant apoE3, nor did 
ACM containing human apoE isoforms alter P-gp abundance. R123 accumulation in hCMEC/D3 cells was also unchanged 
with recombinant apoE isoform treatments, suggesting no change to P-gp function, despite both abundance and function 
being altered by positive controls SR12813 (5 µM) and PSC 833 (5 µM), respectively.
Conclusions  Different apoE isoforms have no direct influence on P-gp abundance or function within this model, and further 
in vivo studies would be required to address whether P-gp abundance or function are reduced in sporadic AD in an apoE 
isoform-specific manner.
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ABBREVIATIONS
ACM	� Astrocyte-conditioned media
apoE	� Apolipoprotein E
BBB	� Blood-brain barrier
E3	� APOE3 allele
E4	� APOE4 allele
FAD	� Familial Alzheimer’s disease

hCMEC/D3	� Human cerebral microvascular endothelial 
cells

P-gp	� P-glycoprotein
rE3	� Recombinant apolipoprotein E3
rE4	� Recombinant apolipoprotein E4
SAD	� Sporadic Alzheimer’s disease

Introduction

Alzheimer’s disease (AD), a neurodegenerative condition 
resulting in cognitive decline, is a leading cause of death 
worldwide, which can be subcategorised into familial AD 
(FAD) and sporadic AD (SAD). FAD has a typical early 
onset, usually occurring before the age of 65, and accounts 
for approximately 1% of total AD cases, with well-defined 
genetic mutational causes [1]. SAD typically occurs later 
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in life and its cause is less well defined. Age remains the 
greatest risk factor for SAD, alongside other factors includ-
ing the gene for apolipoprotein E (apoE), which is the most 
established genetic risk factor for SAD development [2]. 
Individuals with AD often take five or more medications 
for both their AD symptoms and other comorbidities [3], yet 
these dosing regimens do not factor in possible AD-related 
changes to pharmacokinetics. AD may result in impacts on 
central nervous system (CNS) drug exposure given altera-
tions to the blood-brain barrier (BBB) have been reported, 
including changes to key drug transport systems [4].

The BBB is the critical interface between the blood and 
the brain and plays an essential role in the regulation of 
molecular transport into and out of the brain. The BBB 
consists of endothelial cells and the tight junction proteins 
between these cells, restricting paracellular transport [5]. 
Several transport mechanisms also exist at the BBB, includ-
ing efflux transporters, such as P-glycoprotein (P-gp), which 
have many drug substrates [6]. P-gp has received particular 
interest in AD due to being implicated in amyloid-β (Aβ) 
efflux [7]. Changes to P-gp at the BBB have already been 
documented in AD, including a reduction in P-gp abundance 
in FAD mouse models [8–10]. Similarly, studies with human 
AD brain samples have also shown a reduction in P-gp abun-
dance [11, 12], whilst positron emission tomography scan-
ning in humans with AD has suggested a reduction in P-gp 
function at the BBB [13]. Polymorphisms to this transporter 
have been investigated as a possible link to P-gp dysfunc-
tion in AD [14], and the reduced abundance of the protein 
transporter is suggested to play a role in AD pathology itself 
[15], given P-gp is reported to clear the neurotoxin Aβ from 
the brain [16]. However, many of these studies investigating 
P-gp abundance and function are often undertaken in FAD 
models, and the effect of apoE, the strongest genetic link to 
SAD development, on P-gp abundance and function remains 
under investigated.

ApoE is a 34 kDa glycoprotein which is associated with 
triglyceride and cholesterol-enriched lipoproteins, for the 
purposes of lipid and cholesterol trafficking to tissues. In 
humans, apoE has three different isoforms, apoE2, apoE3 
and apoE4, which differ from each other via two single 
nucleotide polymorphisms [17]. Whilst the APOE3 (E3) 
allele is the most prevalent in the Caucasian population [18], 
possession of the APOE4 (E4) allele has been linked to SAD 
development, with possession of one allele copy increasing 
SAD risk four-fold and possession of two copies increas-
ing that risk to greater than ten-fold, when compared to E3 
homozygotes [2]. Age of SAD onset is also decreased with 
possession of the E4 allele [18]. The liver is the primary 
site for apoE synthesis and the brain is the second largest 
source [19], with astrocytes being the cell type responsible 
for producing a large proportion of the apoE found in the 
brain [20]. The peripheral and CNS apoE pools are kept 

separate by the BBB [21, 22]. Given its links to AD devel-
opment and local synthesis within the CNS, there has been 
an increasing interest in the role of apoE in AD pathogenesis 
and its impact on the BBB.

There have been many studies demonstrating associations 
between possession of the E4 allele and AD hallmark pathol-
ogy including Aβ accumulation [23–26] and increased tau 
levels [27]; however, apoE4 is also involved in BBB dys-
function. This has been reported as a reduction in tight junc-
tion proteins in E4 knock-in mice relative to mice producing 
apoE3 [28], although this association was not observed in 
post-mortem human samples [29]. Increased BBB perme-
ability, as determined by magnetic resonance imaging, has 
been observed in humans carrying the E4 allele and reported 
to predict cognitive decline independent of AD pathology 
changes such as Aβ and tau levels [30]. A reduction in over-
all pericyte coverage of the BBB in mice expressing E4 com-
pared to E3 mice, in addition to accelerated neuron loss [31], 
is also suggestive of the detrimental effects of the apoE4 
isoform on cell types responsible for regulating the BBB. 
Acceleration in reduced pericyte coverage associated with 
apoE4 has also been observed in the human cortex [32]. A 
multi-omics analysis study reported progressive BBB break-
down which preceded synaptic changes in E4 knock-in mice 
relative to E3 knock-in mice [33]. Changes to the BBB para-
cellular route due to apoE4 isoform status may in turn alter 
the functionality of the BBB, which becomes particularly 
pertinent to the access of medications into the CNS.

One study assessing apoE status on CNS drug access 
found reduced brain uptake of the passively-diffusing mol-
ecule diazepam in mice expressing E4 compared to E3 and 
E2 [34]. This was attributed to a reduced brain microvascu-
lar surface area and subsequent reduction in cerebral vascu-
larisation in the E4 mice [34]; however, this study did not 
assess the impact of apoE isoforms on key BBB transporters 
such as P-gp. A reduction in P-gp abundance and function 
has been observed in a transgenic mouse model of FAD that 
had been crossed to express E4 [35]. However, the mecha-
nism for this reduction remains unclear and it is not known 
whether the interplay between apoE and AD pathology led 
to these observations or whether it was a direct apoE effect. 
Nevertheless, this suggests that there may be an interplay 
between apoE isoform status and P-gp.

The aim of this study, therefore, was to investigate the 
impact of different apoE isoforms on P-gp abundance and 
function in human brain microvascular endothelial cells. 
Whilst previous studies have offered insight into BBB 
changes in AD, these studies have primarily been centred 
around FAD models. Given the link between apoE isoform 
status and SAD development, the results of this study would 
not only provide insight into potential molecular changes 
for the greater proportion of individuals with AD, but also 
potentially lead to a better understanding of how apoE 
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genotype impacts drug transporters and in turn CNS drug 
exposure.

Materials and Methods

General Materials & Reagents

Dulbecco’s phosphate-buffered saline (D-PBS) 
(Cat.#D8537), dimethyl sulfoxide (DMSO) (Cat.#41640), 
HEPES (Cat.#H4034), Tris base (Cat.#T1503), glycine 
(Cat.#G8898), sodium chloride (Cat.#S3014), sodium 
dodecyl sulfate (SDS) (Cat.#L3771), TWEEN® 20 
(Cat.#P2287), Triton™ X-100 (Cat.#T8787), cOmplete™ 
Mini Protease Inhibitor Cocktail (Cat.#04693124001), 
SR12813 (Cat.#S4194), rhodamine 123 (R123) 
(Cat.#R8004), thiazolyl blue tetrazolium bromide (MTT) 
(Cat.#M5655), Trypan blue solution (Cat.#T8154), pen-
icillin-streptomycin (Cat.#P4458), Corning®: T25 flasks 
(Cat.#CLS430639), 6-well plates (Cat.#CLS3516), 48-well 
plates (Cat.#CLS3548), 96-well plates (Cat.#CLS3596), 
50 mL centrifuge tubes (Cat.#CLS430829) and 15 mL 
centrifuge tubes (Cat.#CLS430791) were purchased from 
Sigma-Aldrich (St. Louis, MO). PSC 833 (Cat.#20391) 
was purchased from Cayman Chemical (Ann Arbor, 
MI). Ultrapure™ DNase/RNase-free distilled water 
(Cat.# 10977015), Hank’s balanced salt solution (HBSS) 
(Cat.#14025134), Pierce™ IP lysis buffer (Cat.#87788), 
Pierce™ BCA protein assay kit (Cat.#23225), Invitrogen™ 
Apolipoprotein E human ELISA kit (Cat.#EHAPOE), 
Geneticin™ selective antibiotic (Cat.#10131035), sodium 
pyruvate (Cat.#11360070), poly-d-lysine (Cat.#A3890401), 
trypsin-EDTA (0.25%) (Cat.#25200072), and Gibco™ 
Advanced DMEM (Cat.#12491015) were purchased from 
Thermo Fisher Scientific (Waltham, MA). Endothelial basal 
medium-2 (EBM2) media (Cat.#190860) was supplemented 
with a growth factor kit (Cat.#CC-4176) purchased from 
Lonza (Walkersville, MD). Foetal bovine serum (FBS) 
(Cat.#SFBS-AU) was purchased from Bovogen Biologi-
cals (Melbourne, Victoria, Australia), HyClone™ bovine 
serum albumin (Cat.#SH30574.02) was purchased from 
Cytiva Life Sciences (Marlborough, MA) and rat-tail col-
lagen type I (Cat.#354236) was purchased from Corning 
(Corning, NY). 4-15% Mini-PROTEAN® TGX™ Pre-
cast Protein Gels (Cat.#4561084), extra thick blot filter 
paper (Cat.#1703960), 0.45 µm nitrocellulose membrane 
(Cat.#1620115) and Precision Plus Protein™ dual Xtra pre-
stained protein standards (Cat.#1610377) were purchased 
from Bio-Rad (Hercules, CA). Intercept® (PBS) Blocking 
Buffer (Cat.#927-70003), IRDye® 800CW Goat Anti-Mouse 
IgG (Cat.#926-32210) and IRDye® 680LT Donkey Anti-
Rabbit IgG (Cat.#926-68023) were purchased from LI-COR 

Biosciences (Lincoln, NE). Primary C219 monoclonal anti-
body for P-gp (Cat# 903701) was purchased from BioLeg-
end (San Diego, CA) and primary monoclonal antibody for 
β-actin (Cat.#ab179467), recombinant human apolipoprotein 
E3 (Cat.#ab123764) and recombinant human apolipopro-
tein E4 (Cat.#ab50243) were purchased from Abcam (Cam-
bridge, UK). Amicon® Ultra-15 Centrifugal Filter Devices 
(Cat.#UFC901096) were purchased from Merck Millipore 
(Burlington, MA). Microcentrifuge tubes (Cat.#P4010) were 
purchased from Rowe Scientific (Wangara, Western Aus-
tralia, Australia) and T75 flasks (Cat.#658175) were pur-
chased from Interpath Services (Somerton, Victoria, Aus-
tralia). Milli-Q (MQ) water was obtained from a Millipore 
system (Billerica, MA).

Culture of Human Cerebral Microvascular 
Endothelial Cell (hCMEC/D3) Line

The hCMEC/D3 cell line was kindly supplied by Dr Pierre-
Olivier Couraud (Inserm, Paris, France). These cells were 
kept between passages 29 and 35 to limit cellular drift and 
phenotypic changes [36]. hCMEC/D3 cells were also pur-
chased from Merck Millipore (Cat.#SCC066) and simi-
larly kept under 10 passages to prevent expressional and 
functional changes. hCMEC/D3 cells were cryopreserved 
before resuscitation, seeding and splitting for studies, as 
previously described by our laboratory [37]. Briefly, cell 
vials were removed from liquid nitrogen storage and the cells 
were seeded in T75 flasks coated with 0.1 mg/mL collagen 
type I and containing 14 mL of growth media referred to as 
EBM2+, consisting of EBM2 supplemented with: 0.01% 
(v/v) ascorbic acid, 0.01% (v/v) gentamicin/amphotericin, 
0.01% (v/v) hydrocortisone, 0.025% (v/v) epidermal growth 
factor, 0.025% (v/v) insulin-like growth factor, 0.025% (v/v) 
vascular endothelial growth factor, 0.1% (v/v) b-splice vari-
ant fibroblast growth factor, 10 mM HEPES, 1% (v/v) peni-
cillin/streptomycin and 2.5% (v/v) FBS. Flasks were incu-
bated at 37ºC with 5% CO2. After two hours, fresh EBM2+ 
was replaced in flasks and cells were allowed to grow to 
at least 80% confluency before splitting, replacing with 
fresh growth media every 48 hours. Cells were washed with 
D-PBS twice prior to splitting via exposure to trypsin/EDTA 
solution. Trypsin activity was stopped with 2.5% (v/v) FBS 
in D-PBS and the cell suspension was centrifuged at 650 
RCF for 5 minutes at 25ºC. Counting of cells was under-
taken using a haemocytometer with Trypan blue staining. 
Cells were then seeded at a density of 20,000 cells/cm2 for 
studies with 6-well plates being used for protein abundance 
studies, 48-well plates for functional studies and 96-well 
plates for viability studies. In these studies, hCMEC/D3 cells 
were either treated with recombinant apoE protein isoforms 
or conditioned media collected from cultured immortalised 
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astrocytes producing humanised apoE isoforms to assess 
their impact on P-gp abundance and function.

Culture of Immortalised Astrocytes Derived 
from Human APOE Knock‑in Mice

Immortalised astrocytes originally produced and character-
ised by Morikawa et al. [38] were kindly provided by A/
Prof. Lance Johnson (University of Kentucky, KY). These 
immortalised astrocytes are respectively homozygous for 
either human E2, E3 or E4 and secrete human apoE at 
detectable levels [38]. All cells used in studies were kept 
between passages 16 and 20 in growth media referred to 
as Adv. DMEM+, consisting of Advanced DMEM supple-
mented with 10% (v/v) FBS, 1% (v/v) sodium pyruvate and 
0.4% (v/v) Geneticin™ selective antibiotic. Cells were cryo-
preserved in freezing media consisting of Adv. DMEM+ 
and 10% (v/v) DMSO, and stored in liquid nitrogen prior to 
thawing and seeding for studies. Prior to cell resuscitation, 
T25 flasks were coated with 500 µL of poly-d-lysine and 
incubated for two hours at 37ºC. After two hours, poly-d-
lysine was removed, flasks were washed once with D-PBS 
and left to dry. Once dry, cells were removed from cryo-
preservation, transferred to a 15 mL tube containing 10 mL 
of Adv. DMEM+ and centrifuged at 310 RCF for 5 minutes 
at 25ºC. Media was then carefully removed, and the cell pel-
let was resuspended in 5 mL of Adv. DMEM+ before seed-
ing the T25 flask with this 5 mL cell suspension. Cells were 
grown in T25 flasks until at least 80% confluency, replac-
ing growth media every 48 hours before splitting into T75 
flasks. Briefly, 1 mL of trypsin/EDTA solution was added 
to T25 flasks and allowed to incubate at 37ºC with 5% CO2 
for 2 – 3 minutes. Detachment of cells was confirmed under 
the microscope and 10 mL of Adv. DMEM+ was added to 
arrest trypsin activity. Contents of the flask were transferred 
to a 15 mL tube and centrifuged at 310 RCF for 5 minutes at 
25ºC. The media supernatant was then aspirated, and cells 
were resuspended in 5 mL of growth media. Astrocytes were 
seeded at either a 1:10 or 1:15 ratio (cell suspension:growth 
media) dependent on the desired growth rate, with a final 
volume of 12 mL of growth media in T75 flasks. Astrocytes 
were allowed to grow until approximately 100% confluency 
and at this stage, the conditioned growth media from flasks 
was collected.

Collection and Concentration 
of Astrocyte‑Conditioned Media (ACM)

Astrocyte-conditioned media (ACM) containing secreted 
human apoE isoforms was collected from immortalised 
astrocyte lines at the point of approximately 100% conflu-
ency. ACM from E2, E3 and E4 astrocytes was collected 

after both 24 and 48 hours of growth of immortalised astro-
cytes. Briefly, conditioned media was removed from flasks 
at either 24 or 48 hours, transferred to a 15 mL tube and 
centrifuged at 3245 RCF for 10 minutes at 4ºC to remove 
any debris. ACM was then transferred to a new 15 mL tube 
and stored at -80ºC before use in treatments in either uncon-
centrated or concentrated volumes.

For concentration of ACM, the relevant conditioned 
media was thawed from -80ºC and transferred to centrifu-
gal filter devices with a nominal molecular weight limit of 
10 kDa chosen to capture the 34 kDa apolipoprotein. The 
devices were centrifuged at 4000 RCF for 20 minutes at 
4ºC based on the manufacturer’s recommendations. Concen-
trated ACM was then collected from the filter device sample 
reservoir using a pipette, and stored at -80ºC before use in 
treatments or analysis.

Cell Treatments

For all protein abundance analyses, hCMEC/D3 cells were 
grown in 6-well plates. Lyophilised recombinant apoE3 
(rE3) and recombinant apoE4 (rE4) were reconstituted in 
sterile distilled H2O to a concentration of 1 mg/mL before 
storage at -20ºC. hCMEC/D3 cells, which were seeded at 
20,000 cells/cm2, were exposed to rE3 or rE4 at 2 µg/mL 
for 24 and 48 hours or rE3 or rE4 at 2 µg/mL and 10 µg/
mL for 72 hours. A concentration of 2 µg/mL was chosen 
as it reflects the level of apoE that has been reported to be 
secreted from the immortalised astrocyte lines [38], as well 
as in the cerebrospinal fluid (CSF) of targeted-replacement 
APOE mice [39]. A concentration of 10 µg/mL was used 
given that human CSF levels of apoE have been reported to 
be an average of approximately 9 µg/mL in one study [40], 
and ranging from 5.7 to 8.9 µg/mL in another study [41]. As 
a positive regulator of P-gp, hCMEC/D3 cells were exposed 
to 5 µM of SR12813 for 48 or 72 hours [42, 43].

For ACM treatments, unconcentrated ACM was added 
to hCMEC/D3 growth media (EBM2+) in a 1:1 or 1:2 
ratio (ACM:EBM2+) and this solution was used to treat 
hCMEC/D3 cells for a 48 hour period. In separate studies, 
concentrated ACM was used to treat the hCMEC/D3 cells 
by mimicking the 1:1 unconcentrated treatment ratio. For 
example, if 5 mL of unconcentrated ACM was required to 
make the treatment solution and 10 mL of ACM, once con-
centrated, yielded 1 mL of concentrate, then 500 µL of the 
concentrated ACM would be used in treatments to reflect 
the required 5 mL, assuming negligible loss of apoE through 
the filter device. Cells were treated with concentrated ACM 
for a 72 hour period. ApoE content was also determined by 
enzyme-linked immunosorbent assay (ELISA) and the con-
centration of ACM adjusted in separate studies to normalise 
for apoE content across isoforms.
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Quantification of apoE by ELISA

To quantify the amount of apoE secreted by the immortal-
ised astrocyte lines, a sandwich ELISA was used. A com-
mercial human apoE ELISA kit was utilised with standard 
operating procedures followed as per the manufacturer’s 
protocols. Briefly, recombinant human apoE standards and 
ACM samples were diluted as required and 100 µL of both 
standards and samples were added in duplicate to human 
apoE antibody-coated wells in a 96-well plate. Wells were 
covered and incubated overnight with gentle agitation at 4ºC, 
after which, solutions were discarded and the plate washed 
four times with wash buffer. Diluted biotin-conjugated sec-
ondary antibody was added to wells and the plate incubated 
for an hour at room temperature with gentle agitation. Solu-
tions were then removed and wells were washed a further 
four times. Streptavidin-horseradish peroxidase was added 
and the plate was allowed to incubate for a further 45 min-
utes at room temperature with gentle agitation. Solutions 
were again removed and a final four washes undertaken. 
3,3′,5,5′-Tetramethylbenzidine substrate was added to each 
well and the plate incubated for a final 30 minutes in the 
dark at room temperature with gentle agitation, after which 
the stop solution was added, and absorbance read at 450 
nm using an Enspire absorbance spectrophotometere (Perki-
nElmer, Waltham, MA).

Cell Viability Assessment

hCMEC/D3 cells were seeded into 96-well plates at 20,000 
cells/cm2 for the purposes of assessing cell viability post 
treatment with recombinant apoE or ACM. Treatment 
periods were 48 or 72 hours, after which treatments were 
removed, cells were rinsed once with warm D-PBS and 150 
µL of 0.45 mg/mL MTT (thiazolyl blue tetrazolium bro-
mide) in FBS-free EBM2 was added to wells. Cells were 
then incubated for 4 hours at 37ºC with 5% CO2 before 
excess MTT solution was removed and 150 µL of sterile 
DMSO was added to each well. Cells were incubated for a 
further 30 minutes at 37ºC with 5% CO2 before the absorb-
ance was measured at 540 nm using an Enspire absorbance 
spectrophotometer. Viability was calculated as a percentage 
of the absorbance in treated cells relative to the absorbance 
of vehicle control treated cells after subtracting background 
absorbance.

Western Blotting Analysis of P‑gp Abundance

Following treatment of hCMEC/D3 cells with recombi-
nant apoE or ACM, cells were removed from incubation 
and lysed in 200 µL of Pierce™ IP Lysis Buffer containing 
cOmplete™ Mini Protease Inhibitor Cocktail for 20 minutes 
at 4ºC with gentle shaking. Cell lysates were collected and 

centrifuged at 14,000 RCF for 10 minutes at 4ºC, and lysate 
samples stored at -80ºC prior to use. Total protein content 
was determined via a bicinchoninic acid (BCA) assay which 
had been validated for precision (coefficient of variation < 
5%) and accuracy (100% ± 10%) using the protocols speci-
fied in the Pierce™ BCA protein assay kit. Lysate volumes 
containing 10 µg of protein, as determined by BCA assay, 
were combined with 6X Laemmli buffer in a 5:1 ratio, 
briefly vortexed and incubated for 20 minutes at 37ºC. Sam-
ples were then again vortexed and centrifuged at 14,000 RCF 
for 3 minutes at room temperature. Samples (10 µg) were 
loaded onto a 4-15% Mini-PROTEAN® TGX™ Precast 
Protein Gel, alongside Precision Plus Protein™ Dual Xtra 
Prestained Protein Standards, which was then assembled into 
the Bio-Rad Mini-PROTEAN® Tetra Cell. The gel was sub-
merged in cold running buffer (25 mM Tris base, 192 mM 
glycine, 0.1% (w/v) SDS in MQ water) and the Tetra Cell 
apparatus surrounded with ice. Electrophoresis was run at 
60V for 30 minutes followed by 150V for approximately one 
hour. The gel was subsequently removed from the appara-
tus and incubated for 20 minutes in cold transfer buffer (25 
mM Tris base, 192 mM glycine, 20% (v/v) methanol, 0.02% 
(w/v) SDS in MQ water), as were extra thick blotting paper 
and a 0.45 µm pore-size nitrocellulose membrane. Protein 
was transferred to the membrane using a Bio-Rad Trans-Blot 
Turbo transfer system (Hercules, CA) at 25V and 1.0A for 
40 minutes. After transfer, the membrane was washed with 
Tris-buffered saline (50 mM Tris base, 154 mM NaCl in MQ 
water, pH 7.6) containing 0.05% (v/v) TWEEN® 20 (TBS-
T), and then blocked with Intercept® (PBS) Blocking Buffer 
for 90 minutes at room temperature with gentle agitation.

After blocking, the membrane was rinsed with TBS-T and 
co-incubated with primary antibodies for P-gp (1:1000) and 
β-actin (1:500,000) overnight at 4ºC with gentle shaking. 
Primary antibody solutions were subsequently decanted, and 
the membrane was washed for 5 minutes four times with 20 
mL of TBS-T under constant, gentle agitation. Following 
washing, the membrane was co-incubated with secondary 
antibodies IRDye® 800CW Goat Anti-Mouse IgG (1:7500) 
and IRDye® 680LT Donkey Anti-Rabbit IgG (1:15000) 
for two hours at room temperature with gentle shaking in a 
lightproof box. Washing steps were repeated after secondary 
incubation and the membrane was then scanned for protein 
band detection using an Amersham Typhoon 5 biomolecu-
lar imager (Cytiva, Marlborough, MA). ImageJ software 
(National Institutes of Health, Bethesda, MD) was used to 
perform densitometric analysis of P-gp protein bands which 
were then normalised to the housekeeping protein β-actin.

Assessment of P‑gp Function

Accumulation of R123, a fluorescent P-gp substrate, in 
hCMEC/D3 cells was used to assess P-gp function. Cells 
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were seeded at 20,000 cells/cm2 in 48-well plates and treated 
for a 48 hour period with recombinant apoE isoforms, after 
which treatments were removed and cells washed twice 
with warm D-PBS. Cells were then incubated with trans-
port buffer (10 mM HEPES in HBSS, pH 7.4) for 15 min-
utes at 37ºC with 5% CO2, after which transport buffer was 
replaced with pre-warmed transport buffer containing R123 
(5 µM) and cells were incubated for 60 minutes at 37ºC 
with 5% CO2 under constant, gentle agitation. After 60 
minutes, cells were removed from incubation and washed 
three times with ice-cold transport buffer and then lysed with 
1% (v/v) Triton X-100 in MQ water for 20 minutes at 4ºC. 
Lysate samples were transferred to a 96-well plate alongside 
R123 standards of known concentrations, with fluorescence 
then measured at an excitation wavelength of 511 nm and 
an emission wavelength of 534 nm. Lysate samples were 
subsequently assessed for total protein content via the BCA 
assay, as previously described. The amount of R123 accu-
mulation was then normalised to total protein content and 
compared between groups. PSC 833, a known P-gp inhibitor 
[44], was included as a positive control. hCMEC/D3 cells 
were incubated with 5 µM of PSC 833 in transport buffer 
for 15 minutes at 37ºC with 5% CO2 before removal of solu-
tions and a subsequent 60 minute co-incubation with R123 
(5 µM) and PSC 833 (5 µM) at 37ºC with 5% CO2. After 60 
minutes, cells were lysed and analysed for fluorescence and 
total protein content as described above.

Statistical Analysis

Data generated from studies were analysed with GraphPad® 
prism version 9.5.1 (GraphPad Software, Boston, MA). 
Experimental groups were compared via an unpaired t-test 
or one-way analysis of variance (ANOVA) dependent on the 
number of groups for comparison and study design. In the 
case of a one-way ANOVA, this was followed by a post-hoc 
analysis, such as a Dunnett’s test or Tukey’s test. Statistical 
significance was defined as a p-value less than 0.05.

Results

Recombinant apoE Isoform Treatments Reduce 
hCMEC/D3 Cell Viability

To determine the impact of apoE recombinant isoform 
treatments on hCMEC/D3 cell viability, an MTT assay was 
conducted. Given the links between apoE4 and AD and the 
prevalence of the E3 allele, rE3 and rE4 were chosen as the 
initial isoforms of interest. hCMEC/D3 cells were treated 
with rE3 and rE4 at both 2 µg/mL and 10 µg/mL for 72 
hours. All the treatments, except the rE3 10 µg/mL, reduced 

hCMEC/D3 cell viability, by approximately 14 – 28% 
(Fig. 1). However, the most important comparisons were 
between rE3 and rE4 at both concentrations. A concentration 
of 2 µg/mL of either recombinant isoform reduced viability 
by approximately 14 – 15%; however, there was no 
significant difference observed between isoforms at this 
concentration. At the 10 µg/mL concentration, rE4 led to a 
statistically significant reduction in viability (by 28%), with 
rE4 resulting in an approximate 19% reduction compared to 
rE3 at this concentration. At a 10 µg/mL concentration, rE3 
treatment led to a reduction by approximately 9% compared 
to the vehicle control, although this did not reach statistical 
significance. These findings were taken into consideration 
for subsequent studies; however, as visual inspections of 
cultures confirmed cells treated with recombinant proteins 
were still able to proliferate, functional and abundance 
studies still proceeded.

Fig. 1   MTT cell viability assay of hCMEC/D3 cells after a 72 hour 
treatment with rE3 and rE4 at either 2 µg/mL or 10 µg/mL concen-
tration. DMSO 10% (v/v) was used as a positive control for acute 
cell toxicity. Data presented as mean ± SEM (n=4) expressed as % 
of basal growth medium (i.e., EBM2+) when assessed by one-way 
ANOVA followed by a post-hoc Tukey’s test, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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Recombinant apoE3 and apoE4 Isoforms 
do not have an Effect on P‑gp Abundance 
and Function in hCMEC/D3 Cells

To assess whether the apoE isoforms had a direct isoform-
dependent effect on P-gp abundance, rE3 and rE4 were 
reconstituted and used to treat hCMEC/D3 cells over 24 and 
48 hours. Analysis of P-gp abundance post western blot-
ting indicated no significant changes at any of the tested 
timepoints or concentrations when compared to vehicle 
control (Fig. 2a-d). There were also no isoform-dependent 
differences observed across all timepoints, suggesting that 
total P-gp abundance is not directly altered by apoE in an 
isoform-dependent manner. SR12813, which is known to 
upregulate P-gp, was used to treat hCMEC/D3 cells at a con-
centration of 5 µM and demonstrated that protein abundance 
of P-gp can be modified in this cellular model (Fig. 2e).

ApoE Isoforms do not alter P‑gp Efflux Function

As P-gp is a membrane-bound efflux transporter, functional 
studies were undertaken to determine whether apoE iso-
forms may have an impact on P-gp efflux activity, even if 
protein abundance was unaltered. Function was determined 
using R123, a known P-gp fluorescent substrate, with accu-
mulation of R123 serving as a surrogate for efflux activity. 
PSC 833 was included as a positive control for inhibition of 
P-gp. hCMEC/D3 cells were treated with either rE3 or rE4 
for 48 hours at 2 µg/mL. Accumulation of R123 did not dif-
fer after the 60 minute incubation when compared to vehicle 
control or between isoform groups (Fig. 3a). A significant 
increase in R123 accumulation was observed with 5 µM PSC 
833 treatment (Fig. 3b), confirming that P-gp functionality 
could be modified. These results indicate that there is no 
difference in P-gp function following treatment with differ-
ent apoE isoforms, in line with a lack of effect of apoE on 
P-gp abundance.

Impact of Conditioned Media from APOE Astrocytes 
on hCMEC/D3 P‑gp Abundance

Prior to assessing the impact of media from E2, E3 and E4 
astrocytes on P-gp abundance in hCMEC/D3 cells, it was 
important to assess whether altering the normal growth 
media of hCMEC/D3 cells (by combining it with ACM 
in a 1:1 or 1:2 ratio) affected the viability of hCMEC/D3 
cells. Treatment with a 1:2 ratio (growth media:ACM) did 
not produce significant cell toxicity, although all 1:1 treat-
ment ratios exhibited a loss in viability, irrespective of apoE 
isoform, when compared to 100% growth media (Fig. 4). 

Further, the vehicle control 1:1 treatment group (a media 
mix of EBM2+ and Adv. DMEM+ in a 1:1 ratio) dis-
played no significant loss in viability compared to the 100% 
hCMEC/D3 growth media control, suggesting that condi-
tioning of the media by astrocytes itself may be contributing 
to the reductions in cell viability observed.

Despite the differences in cell viability observed with 
ACM treatments via the MTT assay, there were no differ-
ences between viability of hCMEC/D3 cells treated with the 
different apoE isoforms at a 1:1 ratio. Therefore, as inter-
isoform differences in P-gp abundance were of interest, 
the cell culture system was first assessed for its ability to 
regulate and modify P-gp abundance within the 1:1 media 
ratio environment. SR12813 was used to treat hCMEC/D3 
cells at a concentration of 5 µM over 48 hours in the vehicle 
control 1:1 media system as well as in normal hCMEC/D3 
growth media (EBM2+) to ensure that P-gp is still able to 
be regulated when the basal media is modified. A signifi-
cant increase in P-gp abundance by SR12813 was observed 
with the use of normal growth media (Fig. 5a). However, no 
such increase was observed when treating the cells in the 1:1 
media mix (Fig. 5b), suggesting that this 1:1 media system is 
removing the ability of SR12813 to drive P-gp upregulation 
in hCMEC/D3 cells. Further, this suggests that the 1:1 media 
matrix employing unconcentrated ACM is unsuitable for the 
assessment of P-gp abundance, and an alternative system 
was therefore utilised.

Immortalised Astrocytes Derived from Human APOE 
Knock‑in Mice Produce apoE at Variable Quantities

To assess the homogeneity of humanised apoE secretion 
from immortalised astrocytes, ACM was collected from 
astrocyte cultures at different passages at the point of con-
fluency, after 24 and 48 hours of conditioning by cells. 
Collected ACM was then analysed via sandwich ELISA 
targeted against human apoE. Blank Adv. DMEM+ and 
sample media from hCMEC/D3 cell culture were included 
as controls to confirm the absence of external apoE or other 
confounding sources that may influence the results. No apoE 
was found in either the blank media or from growth media 
collected from hCMEC/D3 culture (data not shown). ELISA 
results from the collected ACM samples demonstrated an 
apoE production pattern of apoE3>apoE2>apoE4 at both 
24 hours (Fig. 6a) and 48 hours (Fig. 6b) of conditioning by 
astrocyte cultures. While the levels of apoE produced from 
astrocytes were highly variable, the ACM containing apoE3 
reached statistical significance over the ACM containing 
apoE4. Whilst conditioning time and passage number may 
account for some of the variability observed in apoE content, 
it appears that apoE is produced by immortalised astrocytes 
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at vastly different quantities both between isoform types and 
within isoform groups themselves, making it challenging to 
consistently isolate and collect secreted apoE for treatment 

purposes. However, concentrations of apoE determined by 
ELISA were subsequently used to inform the volumes of 
ACM used for concentration-corrected treatments.

Fig. 2   Recombinant apoE3 
(rE3) and apoE4 (rE4) do not 
directly modulate abundance 
of P-gp in hCMEC/D3 cells. 
Representative western blots of 
P-gp and β-actin protein abun-
dance levels grouped from a 
single gel after (a) 24 hour and 
(b) 48 hour exposure with 2 µg/
mL of rE3 or rE4, (c) 72 hours 
at 2 µg/mL of rE3 or rE4, and 
(d) 72 hours at 10 µg/mL of rE3 
or rE4. (e) A 72 hour treatment 
with 5 µM SR12813 was used 
a positive control for changes 
in P-gp abundance. Graphical 
representation of abundance as 
assessed by densitometry is pre-
sented as mean ± SEM (n=3-4) 
expressed as a fold change of 
vehicle control when assessed 
by (a-d) one-way ANOVA, or 
(e) an unpaired t-test, **p<0.01.
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Fig. 3   Recombinant apoE3 
(rE3) and recombinant apoE4 
(rE4) do not affect P-gp func-
tion as assessed via rhodamine 
123 (R123) accumulation after 
60 minutes. Treatment with 
(a) rE3 or rE4 (2 µg/mL) for 
48 hours prior to functional 
assay and (b) PSC 833 (5 µM) 
which was used as a positive 
control for inhibition of P-gp. 
Data presented as mean ± SEM 
(n=4) expressed as % R123 
accumulation of vehicle control 
when assessed by (a) one-way 
ANOVA and (b) unpaired t-test, 
**p<0.01.

Ve
hic

le rE
3

rE
4

0

50

100

150

200

R
12

3
ac

cu
m
ul
at
io
n
(n
m
ol
/µ
g)

ex
pr
es

se
d
as

%
of

ve
hi
cl
e

(a)

Ve
hic

le

PS
C
83
3

0

100

200

300

400

R
12

3
ac

cu
m
ul
at
io
n
(n
m
ol
/µ
g)

ex
pr
es

se
d
as

%
of

ve
hi
cl
e

(b)



1436	 Pharmaceutical Research (2024) 41:1427–1441

Concentrated ACM has no apoE Isoform‑Dependent 
Effect on Abundance or Function of P‑gp in hCMEC/
D3 Cells

To uncover if an alternative system using ACM was viable 
in exploring changes to P-gp abundance, collected ACM 
was concentrated, allowing a smaller total volume to be 
used. Firstly, ACM containing apoE2, apoE3 or apoE4 was 
collected and used to treat hCMEC/D3 cells for 72 hours, 
mimicking the 1:1 unconcentrated ratio treatment described 
above. SR12813 at 5 µM was again included as a positive 
control to confirm that P-gp abundance could be regulated in 
this system. There were no significant changes in hCMEC/
D3 abundance of P-gp between any of the ACM treated 
groups compared to the vehicle control, nor were differences 
detected between the various ACM treatment groups either 
(Fig. 7a). Secondly, apoE content within ACM was also 
analysed via ELISA analysis and this used to approximate 
a normalised concentration of apoE over the three differ-
ent isoforms within treatments. A concentration of approxi-
mately 162 ng/mL (SD = 7.23 ng/mL) was used based on 

the apoE content and available volumes after concentrat-
ing. After a 72 hour treatment with concentration-corrected 
ACM, P-gp abundance was unchanged (Fig. 7b). SR12813 
treatment did significantly increase P-gp abundance within 
this setup (Fig. 7c), suggesting that whilst P-gp abundance 
can be modulated to some extent, treatment with apoE from 
ACM does not elicit any changes to P-gp abundance.

Discussion

The BBB is critical in protecting the CNS and in particular, 
P-gp is a key efflux transporter that regulates the CNS access 
of drugs. Changes to P-gp abundance and function noted to 
occur in AD may therefore impact the access of drugs into 
the CNS. As such, it is essential to identify factors which 
may influence P-gp function to understand how access of 
drugs into the CNS may be altered in those with AD. If 
apoE isoforms were to be involved in changes to P-gp, as 
has been suggested [35], a detailed understanding of the spe-
cific changes occurring would be crucial in targeting affected 
groups and optimising medication regimens.

Our in vitro results to date would indicate that differ-
ent human apoE isoforms do not directly alter either P-gp 
abundance or function in the study designs specified. We 
employed the use of recombinant apoE isoforms to deter-
mine the potential direct impact of the protein on P-gp 
abundance and function in vitro. No differences were 
found between apoE3 or apoE4 isoforms, suggesting that 
there is no direct impact of apoE isoform on P-gp abun-
dance (Fig. 2a-d). However, the use of SR12183 as a posi-
tive control for P-gp regulation confirmed that P-gp abun-
dance could be upregulated in hCMEC/D3 cells (Fig. 2e), 
supporting a true lack of direct effect of apoE isoforms on 
P-gp abundance. R123 accumulation studies indicated no 
change in P-gp function (Fig. 3a). R123 accumulation, rather 
than permeability, was used to measure P-gp function, as 
hCMEC/D3 cells exhibit a leaky paracellular route and are 
not suitable for permeability assays [36]. The accumula-
tion of rhodamine fluorophores in hCMEC/D3 cells is a 
commonly-reported approach to assess P-gp function [37, 
42, 45]. These studies could be complemented with imag-
ing, however, this was not pursued given the accumulation 
studies demonstrated no impact of apoE isoforms on P-gp 
function, despite a positive effect with the use of PSC 833 
(Fig. 3b).

In its cholesterol trafficking role, apoE interacts with vari-
ous receptors in the low-density lipoprotein receptor (LDLR) 
family, including low density lipoprotein receptor-related 
protein 1 (LRP1) and LDLR [46]. LDLR and LRP1 are both 
expressed in hCMEC/D3 cells [47, 48]. LRP1 has shown to 
be expressed on both the abluminal and luminal surfaces 
of brain endothelial cells [49], whilst LDLR has shown to 
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Fig. 4   MTT cell viability assay of hCMEC/D3 cells after a 48 hour 
treatment with 1:1 and 1:2 ACM containing apoE2, apoE3 or apoE4, 
where X:Y ratio refers to X = ACM (in Adv. DMEM+) and Y = 
hCMEC/D3 growth media (EBM2+). Normal hCMEC/D3 growth 
media, EBM2+ (100%), was included as a baseline control. Vehicle 
controls of media mixes of Adv. DMEM+ and EBM2+ were also 
included. DMSO 10% (v/v) was used as a positive control for acute 
cell toxicity. Data presented as mean ± SEM (n=4) expressed as % 
of basal medium (i.e., EBM2+), when assessed by one-way ANOVA 
followed by a post-hoc Dunnett’s test, *p<0.05, ****p<0.0001.
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be luminally expressed [50]. However, LRP1 abundance 
was shown to be reduced in hCMEC/D3 cells when com-
pared to human brain microvessels [51], and the endocytic 

functionality of LRP1 in hCMEC/D3 cells has also been 
questioned relative to other transcytosis mechanisms [52]. 
Altered receptor functionality may limit the ability of apoE 

Fig. 5   SR12813 at 5 µM 
increases P-gp abundance in 
hCMEC/D3 cells when in basal 
growth media (EBM2+) but not 
in 1:1 media mix environment 
(Adv DMEM+ : EBM2+). 
Representative western blots of 
P-gp and β-actin protein abun-
dance levels when treated in (a) 
basal growth media or (b) 1:1 
media mix for 48 hours. Protein 
bands grouped from a single gel 
(--- dividing lines indicative of 
reordered lanes for presentation 
only). Graphical representation 
of abundance as assessed by 
densitometry is presented as 
mean ± SEM (n=4) expressed 
as a fold change of vehicle con-
trol (0.1% (v/v) DMSO) when 
assessed by unpaired t-test, 
**p<0.01.
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Fig. 6   ApoE levels secreted 
from immortalised astrocytes 
derived from targeted-replace-
ment APOE mice are highly 
variable. ApoE concentration 
as assessed via ELISA from 
immortalised astrocyte cultures 
after (a) 24 hours and (b) 48 
hours of media conditioning. 
Data presented as mean ± SEM 
(n=4) expressed as concentra-
tion (ng/mL) when assessed by 
one-way ANOVA followed by a 
post-hoc Tukey’s test, *p<0.05, 
**p<0.01.
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to carry out its physiological function, and the distribution 
of relevant receptors may be impacted by a possible lack of 
polarisation in the cell model. However, given the presence 
of these receptors in the in vitro model, should there be an 
effect to observe, we would expect to see this change. The 
lipidation status of apoE isoforms is also reported to affect 
the functionality of the protein, including receptor interac-
tions [53], and apoE lipidation status itself has been postu-
lated as a therapeutic target in AD [54]. Given the recombi-
nant apoE treatments used were not lipidated, this may yield 
different results to the lipidated versions found in biological 
systems. The reduction in cell viability with recombinant 
protein treatments as assessed via MTT (Fig. 1) is also con-
sidered a possible contribution to the observed results. The 
difference in viability between rE3 and rE4 treatments at 10 
µg/mL (Fig. 1), whilst suggestive of a toxic effect of apoE4 
compared to apoE3, was not borne out in later studies, as cell 

growth and proliferation were considered normal on visual 
inspection for all subsequent protein abundance studies, and 
inter-isoform differences on P-gp were not observed.

To account for some of these limitations with the recom-
binant protein system, and in an attempt to more closely 
replicate physiological interactions, treatments using apoE 
secreted from astrocyte cell culture within ACM were imple-
mented. Here we would expect the apoE isoforms to more 
closely represent their physiological form, including lipi-
dation by astrocytes upon secretion as has been previously 
characterised [38]. With the initial use of ACM, it was clear 
that hCMEC/D3 cell growth and viability were impacted 
detrimentally compared to hCMEC/D3 cells in their nor-
mal growth media (Fig. 4). A similar phenomenon has been 
reported, where the hCMEC/D3 cell line was subjected to 
DMEM and cells were observed to have a reduced growth 
rate [55]. This reduction in viability was lessened when the 

Fig. 7   P-gp abundance is 
unchanged by apoE isoforms 
produced by astrocytes in 
ACM treatments. Representa-
tive western blots of P-gp and 
β-actin protein abundance levels 
grouped from a single gel after 
a 72 hour treatment with (a) 
ACM mimicking the 1:1 media 
mix content of apoE and (b) 
concentration-corrected ACM 
by apoE content. (c) 5 µM 
SR12813 was used as a positive 
control for changes in P-gp 
abundance within the concen-
trated media system. Graphical 
representation of abundance 
as assessed by densitometry 
presented as mean ± SEM 
(n=3-4) expressed as a fold 
change of vehicle control when 
assessed by (a) & (b) one-way 
ANOVA, or (c) an unpaired 
t-test, *p<0.05.
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ACM was diluted out in a 1:2 ratio (Fig. 4). Further, the MTT 
assay results demonstrated that whilst the vehicle control 1:1 
treatments trended toward lower viability compared to basal 
media, this did not reach the significance of the 1:1 groups 
containing ACM, suggesting that the conditioning of the 
media by astrocyte cultures is leading to the observed reduc-
tions in hCMEC/D3 cell viability. Astrocytes are reported 
to modulate important BBB functions through the release 
of growth factors and cytokines [56], and murine astrocytes 
have been shown to release a wide array of different pro-
teins [57]. Activated astrocytes have also been implicated 
in neuronal loss in neurodegenerative disease [58]. Whilst 
our design did not have astrocytes and endothelial cells in 
direct communication, it appears likely that a combination 
of astrocyte-secreted factors has led to the observed reduc-
tion in hCMEC/D3 cell viability. Furthermore, the fail-
ure of SR12813 in the 1:1 media mix to upregulate P-gp 
(Fig. 5b), as has been shown in hCMEC/D3 basal growth 
media (Fig. 5a) and the literature [42], was a key finding in 
demonstrating that this cell system is not equally modifiable 
and not valid to accurately assess changes to P-gp abundance.

A method of concentrating ACM was devised using 
molecular weight cut-off filters to retain apoE collected from 
astrocytes. Critically, SR12813 was able to significantly 
increase hCMEC/D3 abundance of P-gp (Fig. 7c) within 
this new system, showing the ability to modify hCMEC/
D3 P-gp abundance in the presence of concentrated media. 
However, there was no difference in the abundance of P-gp 
following treatment with conditioned media from differ-
ent astrocyte isoforms, either when attempting to replicate 
the 1:1 ratio after concentrating ACM (Fig. 7a) or when 
normalising apoE content across isoforms (Fig. 7b). This 
would indicate that although this system is better able to 
observe changes to P-gp abundance, given the successful 
use of SR12813, it presents its own limitations. Use of the 
molecular weight cut-off filters assumes negligible loss of 
apoE during the concentrating process, and whilst the filtrate 
was assessed for apoE content and was found to be absent 
of such, this does not account for apoE that may remain 
on the filter device itself. Astrocyte cultures also yielded 
a somewhat lower level of apoE than has previously been 
characterised [38], thus resulting in treatments with a lower 
apoE concentration than that of the recombinant studies. 
Additionally, the small volumes obtained post-concentrating, 
as well as the high variability of the initial apoE content as 
assessed by ELISA (Fig. 6a & b), makes controlling apoE 
levels within final treatments highly challenging.

Changes in P-gp abundance associated with differences 
in apoE isoform have been observed in FAD mouse models 
[35], so it remains possible that apoE in combination with AD 
pathology is required to drive the changes to P-gp reported 
in the literature. Elsewhere it has been reported that apoE4 
causes BBB dysfunction independent of AD pathology [30], 

although whether this includes impacts on BBB transporters 
remains unknown. Furthermore, it is possible that apoE-medi-
ated effects impact the BBB through pathways involving other 
cell types such as pericytes, as has been suggested [31]. The 
in vitro and acute phase nature of these studies may therefore 
limit the translatability of these findings, which may otherwise 
be observed in an intact biological system with chronic expo-
sure to the respective apoE isoform, as is the case in humans 
with AD. In these studies, we used the hCMEC/D3 cell line, 
an in vitro model, which does not account for the potential 
effects of other components of the neurovascular complex. As 
such, where feasible, more complex models should be con-
sidered by those investigating direct apoE isoform-mediated 
effects, as there may be indirect effects of apoE on the brain 
microvasculature initiated through effects on associated neu-
rovascular cells, such as astrocytes and pericytes.

Conclusion

Under our implemented experiment conditions, there is no 
direct apoE isoform-dependent influence on either hCMEC/
D3 abundance or function of P-gp. These results may have 
been influenced by model design and be unable to truly 
encapsulate the chronic nature of AD. However, our results 
demonstrate a clear lack of effect in this cell system, assist-
ing others in the field seeking to investigate apoE-mediated 
BBB alterations. Dedicated animal models may be a solu-
tion to better assess the direct influence of apoE isoforms on 
the BBB, particularly with respect to BBB transporters and 
subsequent effects on drug access into the CNS.
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