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Impacts of APOE-e4 and exercise training on brain
microvascular endothelial cell barrier function and metabolism
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Summary

Background The APOE-e4 genotype is the highest genetic risk factor for Alzheimer’s disease (AD), and exercise
training can reduce the risk of AD. Two early pathologies of AD are degradation of tight junctions between brain
microvascular endothelial cells (BMEC) and brain glucose hypometabolism. Therefore, the objective of this work was
to determine how the APOE-¢4 genotype and serum from exercise trained individuals impacts BMEC barrier
function and metabolism.

Methods iPSC homozygous for the APOE-¢3 and APOE-¢4 alleles were differentiated to BMEC:-like cells and used to
measure barrier function and metabolism. To investigate exercise effects, serum was collected from older adults pre-
and post- 6 months of exercise training (n = 9 participants per genotype). APOE-¢3 and APOE-¢4 BMEC were treated
with genotype-matched serum, and then barrier function and metabolism were measured.

Findings APOE-€4 genotype impaired BMEC barrier function and metabolism by reducing sirtuin 1 (SIRT1) levels by 27%
(p = 0.0188) and baseline insulin signalling by 37% (p = 0.0186) compared to APOE£3 BMEC. Exercise-trained serum
increased SIRT1 by 33% (p = 0.0043) in APOE<3 BMEC but decreased SIRT1 by 22% (p = 0.0004) in APOE £4 BMEC.

Interpretation APOE-e4 directly impairs glucose metabolism and barrier function. Serum from exercise trained in-
dividuals alters SIRT1 in a genotype-dependent manner but may require additional cues from exercise to decrease AD
pathologies.
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Introduction

The APOE-e4 genotype is the strongest genetic risk
factor for AD and also increases the risk of vascular
disease.' Individuals homozygous for the APOE-¢4 allele
have a ten-fold higher risk for AD and develop clinically
detectable AD manifestations 7-10 years before in-
dividuals homozygous for the APOE-¢3 allele.”* Even so,
not all APOE-¢4 allele carriers develop AD, suggesting
vulnerability to AD may be modifiable through lifestyle
behaviours. Consistent exercise training is estimated to
reduce AD risk by 45%,* though it is unknown if in-
dividuals with the APOE-e3 and -4 genotypes receive
equal benefit from exercise training.

Brain microvascular endothelial cells (BMEC) line
the cerebral blood vessels and have specialised tight
junctions designed to strictly regulate nutrient and
waste transfer between the blood and the brain. Two
early indicators of AD development are breakdown of
the tight junctions and whole brain glucose hypo-
metabolism. In humans, the APOE-e4 genotype is
correlated with many AD biomarkers, including
increased blood-brain barrier (BBB) permeability,’
decreased brain glucose metabolism,” and increased
amyloid-p (Af) and tau accumulation.” In mice, the
APOE-¢4 genotype reduced BMEC barrier function® "
and glycolysis® compared to the APOE-e3 genotype.
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Research in context

Evidence before this study

We reviewed the literature using traditional (e.g., PubMed)
sources. The APOE-e4 genotype decreases SIRT1 and insulin
signalling in neurons and decreases brain microvascular
endothelial cell (BMEC) in mice. Exercise training increases
brain glucose metabolism in mice and humans. The impacts
of APOE-¢4 and exercise on BMEC are not well established.

Added value of this study
We found the APOE-e4 genotype reduces BMEC barrier
function by reducing SIRT1 and decreases BMEC glucose

In vitro, APOE-¢4 astrocytes had decreased glycolysis but
increased pentose phosphate pathway (PPP) activity as
compared to APOE-¢3 astrocytes, leading to increased
lipid and nucleotide biosynthesis." Notably, none of
these studies examined mechanisms through which the
APOE genotype itself regulates BMEC barrier function
or cellular metabolism.

Exercise training in healthy older adults increases
cerebral blood flow,"? reduces hippocampal atrophy,”
and increases brain glucose metabolism,"” each of
which reduces AD risk. Exercise training also improves
AP clearance in rodents” and may reduce humans
plasma AP levels as well."® From a mechanistic stand-
point, exercise elevates circulating irisin, lactate, and
cathepsin B, which are all hypothesised to increase brain
derived neurotrophic factor (BDNF),”*" a molecule that
supports neuronal growth, synaptic plasticity, learning,
and memory.””” Past studies primarily focused on how
exercise training improves neuronal signalling to
improve cognition. However, little is known of how
exercise alters BMEC function, which is of particular
importance because BMEC are directly in contact with
the circulation and therefore act as first responders to
the benefits of exercise training.

The goal of this study was to investigate APOE-¢4
induced mechanisms of BMEC barrier and metabolic
dysfunction, and the role of exercise training in coun-
teracting these deficits. We used iPSC-derived BMEC-
like cells to investigate the role of APOE genotype alone
in BMEC barrier function and metabolism and then
added human serum from healthy older adults (ages
65-80) collected pre- and post-6 months exercise
training before re-evaluating barrier function and
metabolism. Here, we outline two mechanisms through
which APOE-e4 regulates barrier function and glucose
metabolism: reduced sirtuin 1 (SIRT1) and reduced in-
sulin signalling. We then investigate how human serum
collected pre- and post- 6 months of exercise training
alters these pathways in BMEC. We used CRISPR/Cas9
to generate induced pluripotent stem cells (iPSC) ho-
mozygous for the APOE-e3 and -¢4 alleles. We then
differentiated the iPSC into BMEC (hiBMEC), which

metabolism by impairing insulin signalling. Finally, we found
serum from exercise-trained individuals has genotype-
dependent dimorphic effects on SIRT1 but does not alter
BMEC barrier function or metabolism.

Implications of all the available evidence

This manuscript demonstrates two mechanisms through
which the APOE-¢4 genotype directly impairs BMEC
metabolism and function which can be leveraged to develop
therapeutics against AD and calls for further studies of the
mechanisms behind exercise benefits in prevention of AD.

have better barrier function and similar glucose meta-
bolism to primary BMEC.”* Using the APOE-¢3 and -¢4
hiBMEC, we studied how the APOE-¢4 genotype leads
to barrier and glycolytic deficits. Finally, using serum
collected from older adults pre- and post-6 months of
exercise training, we assessed how genotype-matched
exercise-trained serum impacts APOE-¢3 and -¢4 hiB-
MEC barrier function and metabolism.

Methods

Ethics

This work was conducted in line with the ARRIVE
reporting guidelines.” All experimental procedures
were approved by the Institutional Review Board of
University of Maryland, College Park and human serum
was collected in this study in accordance with the
approved clinical trial NCT03727360. All donors pro-
vided written informed consent prior to participation.

iPSC culture

IMR90 iPSC (RRID: CVCL_C437)* were cultured on
Matrigel (Corning, 354230) and maintained in mTeSR-
Plus medium (STEMCELL Technologies, 100-0276).
iPSC were passaged after reaching 70% confluence us-
ing Versene (Thermo Fisher, 15040066).

CRISPR/Cas9

IMR90 iPSC are homozygous for the APOE-¢3 allele.”
Clustered regularly interspaced short palindromic re-
peats (CRISPR)/Cas9 technology was used to induce a
point mutation and alter the iPSC to be homozygous for
the APOE-e4 allele based on previously established
protocols.” Small guide RNA (sgRNA; Table 1) targeting
15429358 (IDT) was resuspended to 100 pM in Resus-
pension Buffer R (Thermo Fisher, MPK10096). Single-
stranded oligodeoxynucleotides (ssODN) were also
resuspended to 200 uM in Resuspension Buffer R. iPSC
at 80% confluence were dissociated using TrypLE
(Thermo Fisher, 12605010), centrifuged at 300xg for
5 min, then resuspended at 13.5 x 10° cells/mL in
100 pL of Resuspension Buffer R. 3 pL sgRNA, 2 pL
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Item Sequence
sgRNA GCGGACATGGAGGACGTGTGCGG
ssODN AGGAGCTGCAGGCGGCGCAGGCCCGGCTGGGCGCGGACATG
GAGGATGTACGTGGCCGCCTGGTGCAGTACCGCGGCGAGGT
GCAGGCCATGCTCGGCCAG
APOE-e3  GTAAAACGACGGCCAGTGTCTCTGTCTCCTTCTCTC
Forward
APOE-¢3  AGGTCATCGGCATCGCGGA
Reverse
APOE-¢4  GTAAAACGACGGCCAGACGAGACCATGAAGGAGTTG
Forward
APOE-¢4  ACACTGCCAGGCGCTTCTG
Reverse
Table 1: CRISPR/Cas9 and genotyping sequences.

ssODN, 3 pL Alt-R Cas9 Nuclease V3 (IDT), and 7 pL
cell suspension were combined and electroporated us-
ing a Neon Transfection Instrument (Thermo Fisher) at
1100 V, with 2 pulses of 30 ms each. Following elec-
troporation cells were replated on Matrigel coated plates
in mTeSR-Plus medium supplemented with 10 uM
Y-27632 (Tocris, 1254) and 1:1000 Alt-R HDR Enhancer
(IDT, 1081072).

iPSC expansion and genotyping

Following CRISPR editing, iPSC were cultured to 70%
confluence, passaged using Accutase (Thermo Fisher,
A1110501), replated at 15,000 cells/well, and allowed to
grow from single cells into colonies in which each cell
was a replicate of a single cell. Individual colonies were
expanded, and DNA was sequenced to find successfully
edited colonies. DNA was isolated using a Quick-DNA
Miniprep Plus Kit (Zymo Research; D4068) following
manufacturer’s protocol. PCR reactions were run using
AmpliTaq Gold 360 Master Mix (Thermo Fisher;
4398881) and associated protocols. Samples were ther-
mally cycled using a Pro Flex Thermal Cycler (Thermo
Fisher) with an initial 10-min activation at 95 °C fol-
lowed by 40 cycles of 30 s denaturing at 95 °C, 30 s of
annealing at 70 °C, and 60 s/kb at 72 °C. A final
extension was performed at 72 °C for 7 min before
cooling back to 4 °C. Samples were then sent to Gene-
wiz (Azenta Life Sciences) for sequencing. Sequencing
results were processed through the Synthego ICE
CRISPR Analysis tool and successful homozygous
APOE-£3 (isogenic controls) and -e4 (edited samples)
were expanded and frozen in liquid nitrogen for future
use.

hiBMEC differentiation

hiBMEC were differentiated following established pro-
tocols.?®* iPSC at 70% confluence were passaged using
Accutase onto Matrigel coated plates at 150,000 cells/
well in mTeSR-Plus medium containing 10 pM
Y-27632. Over the next four days media was replaced
daily with E6 Medium (STEMCELL Technologies,
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05946). On the fifth day, media was replaced with
Neurobasal medium (Thermo Fisher, 2110304) supple-
mented with 10 mM glucose (Millipore Sigma, G5767),
4.5 mM glutamine (Fisher Scientific, 25-030-081), 2%
B27 (Thermo Fisher, 17504001), 20 ng/mL basic fibro-
blast growth factor (bFGF; Peprotech, 100-18B), and
10 pM retinoic acid (RA; Millipore Sigma, R2625-
50MG). Media was not changed on the sixth day. On
the seventh day, cells were dissociated using Accutase
and re-plated at 1 x 10° cells/cm? on 0.4 pm Transwell
Filters (Corning, 3460), 12-well plates (CELLTREAT,
229112), or 96-well plates (Cellvis, P96-1.5P) coated with
extracellular matrix (ECM) containing 0.4 mg/mL
collagen IV (Millipore Sigma, C7521) and 0.1 mg/mL
fibronectin (Millipore Sigma, F2006). For all experi-
ments, cells were cultured for 2 days following subcul-
ture in Neurobasal medium with 2% B27, then treated
with any applicable treatments for 24 h before collecting
endpoint experimental outputs. In experiments
comparing APOE-e3 and -e4 genotypes, biological rep-
licates were collected from separate cell culture wells.

Exercise training

Adults between the ages of 60 and 80 years old were
recruited in  compliance with  clinical  trial
NCT03727360. Participants included in the trial were
screened for signs of mild cognitive impairment, de-
mentia, and neurological illness, and were deemed
cognitively healthy. Inclusion in the trial required par-
ticipants to be physically inactive, meaning they did not
partake in physical activity more than 2 days a week over
the past 6 months. Participants were excluded from the
trial if they had history or evidence of cardiovascular
disease, cerebrovascular disease, or pulmonary disease.
During the 6-month clinical trial, each participant was
randomly assigned to either a low or a moderate in-
tensity exercise training intervention. At the start of the
trial, the peak rate of oxygen consumption (VO;peax) Was
measured in each participant to quantify their cardio-
respiratory fitness. To minimise potential confounders,
all low and moderate intensity participants began each
workout with the same 20-min warmup. Following the
warmup, the moderate intensity group completed a
moderate intensity aerobic exercise regimen while the
participants in the low intensity group completed a set
of mild resistance exercises. For both the low and
moderate intensity groups, exercise duration and fre-
quency increased over the course of the study, starting
with 10 min of exercise one day a week and finishing
with 60 min of exercise four days per week. VO,peqx
testing was then repeated at the end of the 6-month trial
(Table 2).

Human serum collection and use

Human serum was collected during clinical trial
NCT03727360 and banked for this ancillary study. At
the start and finish of the trial, 6 mL of whole blood was
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: . experiments with serum treatment, biological replicates
Genotype Esiniofanciion Time point VO2peak AVOspeak were cells treated with serum from donors of the same
APOE €3 Low Intensity pre 17.23 (+1.90) 0.63 (+1.60) genotype.
post 17.33 (£0.46)
Moderate Intensity pre 15.96 (+4.38) 0.10 (+1.81) ELISA
post 17.86 (+4.96) Enzyme-linked immunosorbent assays (ELISAs) were
APOE &4 Low Intensity pre 18.35 (6.21) 1.67 (+4.05) used to quantify SIRT1 (Thermo Fisher, EH427RB) and
post 20.02 (x4.14) APOE (Thermo Fisher, EHAPOE). For both assays ali-
Moderate Intensity pre 12.80 (3.88) 2.00 (+3.85) quots of serum were thawed on ice, and assays were run
post 17.73 (+3.85) following manufacturer’s protocols. Absorbances were
- read at 450 nm using a Tecan Spark Multimode
Table 2: VO, of individuals pre- and post-exercise training. Microplate Reader, and concentrations were calculated

drawn from each participant in Vacutainer Serum
Separator Tubes (SST; BD, 367989), and deidentified for
downstream analyses. To isolate serum, whole blood in
SST tubes was left undisturbed at room temperature for
20 min, then centrifuged at 2000xg for 10 min at 4 °C.
Serum was then aliquoted and stored at -80 °C until
use. Sample size was determined by the number of
APOE-¢4 serum samples collected during the duration
of this trial. Of the 40 serum donors included in the
trial, 9 had at least one copy of the APOE-¢4 allele,
matching with estimated population allele frequencies.”
Researchers responsible for the collection and prepara-
tion of serum samples were blinded to the APOE ge-
notype of the donors, and all serum samples were
deidentified before being transferred to the researchers
performing cell culture experiments. Researchers per-
forming experiments were not blinded to APOE geno-
type to ensure even numbers of each group. To ensure
equal sample sizes in each group, 9 APOE-¢3 homozy-
gous donors were selected at random for downstream
experiments. For all experiments, APOE-e3 and -¢4
hiBMEC were treated with 20% genotype-matched hu-
man serum for 24 h before downstream analysis. Serum
donor demographics are reported (Table 3). In

APOE-€3 (n = 9) APOE-¢4 (n = 9)
Donor sex
Male 0 (0%) 3 (33%)
Female 9 (100%) 6 (66%)
Donor genotype
Homozygous 9 (100%) 1 (11%)
Heterozygous 0 (0%) £2/e4: 2 (22%)
€3/e4: 6 (66%)
Donor race
Undisclosed 0 (0%) 1 (11%)
White 6 (67%) 5 (56%)
Black/African American 2 (22%) 3 (33%)
Asian 1 (11%) 0 (0%)
Age at consent
Average (+SD) 653 + 5.0 65.1 + 3.9
Table 3: Serum donor demographics.

based on standards included in the assay kits.

TEER

To measure transendothelial electrical resistance
(TEER), hiBMEC were subcultured onto 0.4 pm ECM-
coated Transwell filters in Neurobasal medium with
2% B27, 20 ng/mL bFGF, and 10 uM RA. Every day
post-subculture, TEER was measured in triplicate using
STX2-Plus electrodes and the Epithelial Volt/Ohm Me-
ter 3 (EVOM3; World Precision Instruments).

Immunostaining and junction analyser program
hiBMEC in 96-well plates were fixed with either 4%
paraformaldehyde (PFA; Millipore Sigma, P6148)
(GLUT1, ZO-1, occludin) or ice-cold 100% methanol
(Millipore Sigma, 646377) (claudin-5) for 20 min. Cells
were then blocked and permeabilised for 1 h at room
temperature in 5% normal goat serum (Millipore
Sigma, S26) in PBS supplemented with 0.2% Triton X-
100 (Alfa Aesar, A16046), then incubated overnight at
4 °C in primary antibodies (Table 4). The next day, cells
were incubated in either Alexa Fluor 594 goat anti-rabbit
or Alexa Fluor 488 goat anti-mouse secondary antibodies
(1:1000) and Hoechst (1:2000) for 1 h at room tempera-
ture. Z-stacks of the junctions were captured on an Eclipse
Ti2 spinning disk confocal microscope (Nikon) at 60x
magnification. 3 images were taken per well, and 9 wells
were imaged per treatment group. Maximum intensity
projections were created in Fiji of each image. The Junc-
tion Analyser Program (JAnaP)’' was then used to char-
acterise the percent of continuous junctions surrounding
each cell. Continuous junctions were classified as areas
along the traced edge of the cell with >15 pixels of
continuous labelling. 5 cells were quantified per image.

Western Blot

hiBMEC were lysed in RIPA Buffer (Thermo Fisher,
89901) containing Halt Protease and Phosphatase In-
hibitor (Fisher Scientific, PI78440) and Deacetylation
Inhibition Cocktail (Santa Cruz Biotechnology, sc-
362323). Protein was quantified using a bicinchoninic
acid assay (Thermo Fisher, 23225), and 35 pg protein
was combined with 7.5 pL sample buffer (Thermo
Fisher, NP0008) and 3 pL reducing agent (Thermo
Fisher, NP0009). Samples were either warmed to 37 °C
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Antibody Manufacturer Catalogue number Dilution RRID
GLUT1 Thermo Fisher Scientific 21829-1-AP 1:100 (Immunostaining) AB_10837075
1:4000 (Western Blot)
HK1 Santa Cruz Biotechnology sc-46695 1:1000 (Western Blot) AB_627721
HK2 Santa Cruz Biotechnology sc-374,091 1:1000 (Western Blot) AB_10917915
PFKFB3 Cell Signaling Technology 13123S 1:1000 (Western Blot) AB_2617178
GAPDH Thermo Fisher Scientific 437,000 1:1000 (Western Blot) AB_10374327
LDH Santa Cruz Biotechnology sc-133,123 1:1000 (Western Blot) AB_2134964
B-Actin Santa Cruz Biotechnology sc-47778 1:1000 (Western Blot) AB_626632
INSR Santa Cruz Biotechnology sc-57342 1:1000 (Western Blot) AB_784102
SIRT1 Cell Signaling Technology 9475S 1:1000 (Western Blot) AB_2617130
APOE Thermo Fisher Scientific MA516146 1:1000 (Western Blot) AB_11157884
GFAT Cell Signaling Technology 53225 1:1000 (Western Blot) AB_10699031
G6PD Cell Signaling Technology 12263S 1:1000 (Western Blot) AB_2797861
Na/K ATPase Santa Cruz Biotechnology sc-28800 1:1000 (Western Blot) AB_290063
Akt Cell Signaling Technology 9272S 1:1000 (Western Blot) AB_329827
p-Akt Cell Signaling Technology 9271S 1:1000 (Western Blot) AB_329825
Z0-1 Cell Signaling Technology 13663S 1:100 (Immunostaining) AB_2798287
Occludin Cell Signaling Technology 91131S 1:100 (Immunostaining) AB_2934013
Claudin 5 Thermo Fisher Scientific 35-2500 1:100 (Immunostaining) AB_2533200
Anti-mouse IgG (H + L), HRP Conjugate Promega W4021 1:2000 (Western Blot) AB_430834
Anti-rabbit IgG (H + L), HRP Conjugate Promega W4011 1:2000 (Western Blot) AB_430833
Goat anti-rabbit 1gG (H + L) 594 Thermo Fisher Scientific A-11012 1:1000 (Immunostaining) AB_2534079
Goat anti-mouse IgG (H + L) 488 Thermo Fisher Scientific A-11001 1:1000 (Immunostaining) AB_2534069
Hoechst Thermo Fisher Scientific P162249 1:2000 (Immunostaining) AB_2651133

Table 4: Antibodies.

(for glucose transporter 1 (GLUT1) only) or boiled at
70 °C (for all other proteins) for 5 min and loaded into
4-12% Bis Tris gels (Thermo Fisher, NP0323). Protein
was transferred to either polyvinylidene fluoride (for
GLUT1; Thermo Fisher, IB23001) or nitrocellulose (for
all other proteins, Thermo Fisher, IB24001) membranes
using an iBlot2 (Thermo Fisher, IBL21001). Poly-
vinylidene fluoride membranes were blocked in 5% milk
in tris buffered saline (TBS; Fisher Scientific, BP24711)
with 0.5% Tween 20 (Thermo Fisher, 85113) for 1 h,
incubated in primary antibodies (Table 4) overnight at
4 °C in 1% bovine serum albumin (BSA) in TBS with
0.5% Tween 20, and then incubated for 2 h at room
temperature in secondary antibody in 1% BSA in TBS
with 0.5% Tween 20. Membranes for all other proteins
were blocked for 1 h at room temperature in 5% bovine
serum albumin (BSA; Millipore Sigma, 126609) in PBS
with 0.5% Tween 20, then incubated in primary anti-
bodies (Table 4) overnight at 4 °C in 1% BSA in PBS with
0.5% Tween 20, and secondary antibodies for 2 h at room
temperature in 1% BSA in PBS with 0.5% Tween 20.
Membranes were imaged using an Alpha Inotech Fluo-
rchem Imager (Protein Simple) and analysed using
AlphaView.

SIRT1 activity assay

SIRT1 activity was quantified using a fluorometric
SIRT1 activity assay (abcam, ab156065) run according to
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manufacturer’s protocols. 2 technical replicates were
run for each sample. Protein concentrations from
APOE-¢3 and -¢4 hiBMEC were quantified using a BCA
assay (Thermo Fisher, 23225). SIRT1 fluorescence
readings were normalised to total protein levels for each
biological replicate.

Extracellular metabolite flux measurements
Glucose and glutamine uptake and lactate and gluta-
mate secretion, as well as transport of each metabolite,
were measured using a Yellow Springs Instruments
(YSI) 2950 (Yellow Springs Instruments, 527690). Me-
dia samples were collected from either 12 well plates or
both the apical and basolateral chambers of Transwell
inserts at 0- and 24-h. Glucose, lactate, glutamine, and
glutamate measurements were measured on the YSI.
Metabolite uptake was calculated by subtracting metab-
olite concentrations at 24 h from the initial concentra-
tions. Metabolite secretion was calculated by subtracting
initial concentrations from the 24-h metabolite
concentrations.

Seahorse glycolytic rate assay

A Seahorse glycolytic rate assay (GRA; Agilent, 103344-
100) was used to evaluate rates of glycolysis. hiBMEC
were seeded at 50,000 cells/well in 96-well Seahorse
assay plates. On the day of the assay, cells were washed
once with fresh Seahorse DMEM, and then incubated
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for 1 h in Seahorse DMEM supplemented with 10 mM
glucose, 2 mM glutamine, 1 mM pyruvate, and 2% B27
before running the GRA in a Seahorse XFe96 following
manufacturer’s instructions.

Membrane fractionation

To quantify GLUT1 levels in the cell membrane of
APOE-¢3 and -¢4 hiBMEC, a Mem-PER Plus Membrane
Protein Extraction Kit (Thermo Fisher, 89842) was used.
APOE-¢3 and -e4 hiBMEC cultured in 12-well plates
were lysed in membrane permeabilisation buffer sup-
plemented with Halt Protease and Phosphatase Inhibi-
tor. Samples were agitated for 10 min at 4 °C and then
centrifuged at 17,000xg for 10 min at 4 °C. Supernatant
containing the cytosolic proteins was removed and
stored on ice. The pellet was then resuspended in
membrane solubilisation buffer, agitated for 30 min at
4 °C, and then centrifuged at 17,000xg for 30 min at
4 °C. Protein was quantified, and western blot was run
following previously described protocols.

Mass spectrometry

APOE-¢3 and -4 hiBMEC were cultured in Neurobasal
medium supplemented with 8.5 mM glucose, 4.5 mM
glutamine, and 2% B27 for 2 days following subculture.
Cells were then incubated for 24 h in Neurobasal me-
dium (£20% human serum) supplemented with 4.5 mM
glutamine and 8.5 mM U-"*Cg-glucose (Fisher Scienti-
fic, NC9207695). To extract metabolites, cells were
incubated in 80:20 methanol:water for 15 min at —-80 °C
and then centrifuged at 16,000 g for 10 min to pellet
debris. Mass spectrometry was performed by the Uni-
versity of Colorado School of Medicine Metabolomics
Core. Samples were randomised and a Vanquish ultra-
high performance liquid chromatograph (UHPLC;
Thermo Fisher) was used to inject 8 pL of each sample
into a Q Exactive Mass Spectrometer (MS).** Eluent was
introduced to the MS via electrospray ionisation. The MS
scanned 2 pscans over 65-950 m/z. Maven (Princeton
University) and the KEGG database were used to
manually annotate the metabolites, and peak quality was
determined using technical mixes, blanks, and 13C nat-
ural abundances.”” The IsoCor Python package was used
to correct isotope labelling,** and metabolite pool sizes
were analysed using Metaboanalyst 6.0.*> Metaboanalyst
was used to generate partial least squares discriminant
analysis (PLS-DA) plots wherein principal component 1
(PC1) on the x-axis is derived from the variables
contributing to the greatest amount of variance in the
dataset, while PC2 on the y-axis is derived from the var-
iables contributing to greatest amount of variance once
those in PC1 are removed from the dataset. The percent
variance accounted for by each PC is noted on the axis.

Metabolic flux analysis
Isotopomer Network Compartmental Analysis (INCA)
2.2 was used to perform metabolic flux analysis

(MFA).>*” INCA is a user-friendly MATLAB based tool
which uses experimental isotope datasets, extracellular
fluxes, and a model of metabolic network reactions to
estimate intracellular fluxes. INCA searches to identify
the flux parameters for the intracellular fluxes to mini-
mise the sum-of-squared residuals (SSR) between the
experimental and computationally stimulated fluxes.
The network model used here is based on similar
models we developed for endothelial cells* and includes
reactions at isotopic and metabolic steady state for
glycolysis, the PPP, the tricarboxylic acid (TCA) cycle,
and amino acid metabolism. Briefly, to estimate the
intracellular fluxes the "*C isotope distribution data for
APOE-¢3 and -¢4 hiBMEC measured using mass spec-
trometry were corrected for the natural abundance of
labelled and unlabelled atoms and input into the INCA
software. The model was bounded by extracellular fluxes
for glucose, glutamine, lactate, and glutamate measured
using the YSI bioanalyser (converted to nmol/hr). The
extracellular fluxes and isotope labelling data were fitted
to the metabolic network map by generating a random
initial flux guess and iterated until the best fit between
the experimental and simulated fluxes was achieved.
The fluxes were predicted using the Levenberg—
Marquardt gradient descent algorithm® and were
repeated 100 times starting from random initial points
to improve the statistical chance of finding a global op-
timum. Fit was based on n-p degrees of freedom, where
n is the number of independent measurements and p is
the number of fitted parameters. The final model con-
tained 67 reactions. The number of fitted parameters
differed between models, so the APOE-e3 hiBMEC
model had 79 degrees of freedom and the APOE-e4
model had 76 degrees of freedom. The parameter
continuation function was used by INCA to generate the
confidence intervals.

Measurement error was set to a minimum of 1%
based on previous recommendations.” The distribution
of residual error is expected to follow a normal distri-
bution, and deviations from this suggest either inac-
curacies in the model or gross measurement error. All
isotopomers were scrutinised to identify poorly fitting
measurements. Those that could not be explained by
biochemically feasible reactions were rescaled to have an
error of up to 5% to improve model fit and ensure a
normal distribution of residual error. To minimise the
SSR, the accepted error for some of the metabolites
(GABA, ribose-5-phosphate, glutamate, citrate, and
malate) was increased from 1% to 5%. For all other
metabolites the accepted error was kept at 1%. To
improve the accuracy of the flux predictions, experi-
mental data from two different glucose labelling exper-
iments were input into the model in parallel.

The final MFA output produced a set of possible
flux predictions for each model. However, there is a
degree of uncertainty in these predictions which allows
each flux to take on a range of values. The parameter
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continuation function was used by INCA to generate
95% confidence intervals which estimate upper and
lower boundaries for each metabolic reaction. Meta-
bolic reactions without overlapping 95% confidence
intervals were considered significantly different be-
tween the two genotypes, as is standard practice in
MFA

Statistics

Statistics were analysed in GraphPad Prism. Data were
not assumed to be normally distributed, so non-
parametric statistical tests were used. Non-parametric
Mann-Whitney tests were used to compare APOE-¢3
and -¢4 hiBMEC. Non-parametric Kruskal-Wallis tests
were used to compare effects of insulin and wortman-
nin. Comparisons between APOE genotype and pre-and
post-exercise training serum were analysed using
repeated measures two-way ANOVA with Fisher’s Least
Significant Difference test. p-values <0.05 were consid-
ered statistically significant.

Role of funders

Funders were not involved in study design, data collec-
tion, data analysis, data interpretation, or writing of the
report.

Results

The APOE-e4 genotype is associated with BBB break-
down and brain glucose hypometabolism. We therefore
explored how the APOE-e4 genotype impacts barrier
strength and glucose metabolism in hiBMEC and how
these metabolic changes propagate into systemic meta-
bolic differences between APOE-e3 and -4 hiBMEC.
Then, we investigated how exercise training, as a pre-
ventative therapeutic against AD, changes hiBMEC
barrier function and metabolism.

hiBMEC with the APOE-¢4 genotype had reduced
barrier function

APOE-¢4 carriers have elevated BBB permeability rela-
tive to APOE-¢3 homozygotes.” We began by deter-
mining if this phenotype also occurred in hiBMEC.
CRISPR/Cas9 was used to insert a point mutation and
thereby change iPSC homozygous for the APOE-£3
allele to iPSC homozygous for the APOE-¢4 allele
(Fig. 1a). These iPSC were then differentiated to hiB-
MEC,** and barrier function was assessed using TEER
and immunofluorescence. TEER was 36% lower in
APOE-¢4 hiBMEC compared to -3 hiBMEC (p < 0.0001
[Mann-Whitney Test]; Fig. 1b). Tight junction protein
Z0-1 continuity was 8.7% lower in APOE-e4 hiBMEC
compared to -3 hiBMEC (p < 0.0001 [Mann—Whitney
Test]), suggesting that loss of ZO-1 may contribute to
BBB breakdown in APOE-e4 BMEC. Continuity of tight
junction proteins occludin and claudin-5 did not
significantly differ by genotype (Fig. 1c and d).
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Reduced SIRT1 contributed to lower barrier
function in APOE-e4 compared to -£3 hiBMEC

We next investigated mechanisms through which the
APOE-¢4 genotype caused lower barrier function than
the APOE-e3 genotype. In neuroblastoma and glioblas-
toma cells, the APOE-¢4 protein directly suppresses
transcription of SIRT1.**! Increasing SIRT1 decreases
endothelial permeability through increased ZO-1** and
claudin-5.#* Therefore, we hypothesised that APOE-¢4
hiBMEC have lower SIRT1 than APOE-e3 hiBMEC,
which impairs barrier function by decreasing ZO-1
junction continuity.

Western blots for SIRT1 demonstrated that APOE-e4
hiBMEC had 27% less SIRT1 protein compared to
APOE-¢3 hiBMEC (p = 0.0188 [Mann-Whitney Test];
Fig. 2a and b). A fluorometric SIRT1 activity assay
showed SIRT1 activity was also 10% lower in APOE-¢4
compared to -£3 hiBMEC (p = 0.0030 [Mann-Whitney
Test]; Fig. 2¢). To examine if the lower SIRT1 in the
APOE-¢4 hiBMEC contributed to reduced barrier func-
tion, we modulated SIRT1 activity using a SIRT1 spe-
cific inhibitor, Ex-527. 10 pM Ex-527 decreased SIRT1
activity by 12% (p = 0.0570 [Mann-Whitney Test];
Fig. 2d). Then, we used immunofluorescent labelling
and the Junction Analyser Program’' to examine how
SIRT1 inhibition altered hiBMEC barrier function. Ex-
527 decreased ZO-1 continuity by 26% (p < 0.0001
[Mann—Whitney Test]; Fig. 2e and f) but did not
significantly alter claudin-5 continuity (Fig. 2g and h).

APOE-¢4 hiBMEC had reduced glucose metabolism

relative to APOE-£3 hiBMEC

In addition to modulating barrier function, SIRT1 is
known to regulate glycolysis. Glucose hypometabolism
is a hallmark of AD, and low SIRT1 may decrease
glycolysis through reduced GLUT1* and HK2.” We
used YSI and Seahorse Glycolytic Rate assays to assess if
glycolytic rates were different between APOE-¢3 and -¢4
hiBMEC. APOE-¢4 hiBMEC had 31% lower glucose
uptake than APOE-e3 hiBMEC (p < 0.0001 [Mann-
Whitney Test]; Fig. 3a), as measured by YSI. Lactate
secretion was 9% lower in APOE-e4 hiBMEC, although
this was not statistically significant (p = 0.0780 [Mann—
Whitney Test]; Fig. 3b). The basal glycolytic rate,
measured by the Seahorse glycolytic proton efflux rate
(GlycoPER), was 20% lower in APOE-e4 hiBMEC than
-£3 hiBMEC (p < 0.0001 [Mann-Whitney Test]; Fig. 3c.
Overall, these data indicate that APOE-e4 hiBMEC have
a decreased glycolytic rate compared to APOE-¢3
hiBMEC.

Next, we analysed glycolytic enzymes by Western blot
to evaluate which glycolytic enzymes contributed to
lowered glycolysis in APOE-e4 hiBMEC (Fig. 3d)
Glucose entry into BMEC primarily occurs through the
glucose transporter GLUT1. GLUT1 levels were 38%
lower in APOE-e4 hiBMEC compared to -¢3 hiBMEC
(p = 0.0003 [Mann-Whitney Test]; Fig. 3e). Glucose is
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Fig. 1: APOE-e4 BMEC had reduced barrier function. (a) Sequencing electropherograms of iPSC edited with CRISPR/Cas9 targeting the APOE
gene. Red arrows indicate the nucleotide that determines the APOE genotype in APOE-¢3 isogenic control iPSC and edited APOE-e4 iPSC. (b)
TEER measured on APOE-¢3 and -e4 hiBMEC (n = 18 samples per genotype). (c) Immunofluorescent labelling of tight junction proteins in APOE-
€3 versus APOE-e4 hiBMEC. ZO-1 (red), occludin (magenta), and claudin-5 (green). (d) Percent continuous junctions quantified via Junction
Analyser Program. Scale bar = 20 pm (n = 176-327 cells from 16 biological replicates). Dotted lines indicate interquartile range. Data analysed

using Mann-Whitney tests.

then converted to glucose-6-phosphate by hexokinase
(HK) 1 or 2. HK1 levels were similar between APOE-¢3
and -e4 hiBMEC (Fig. 3F); however, HK2 was 20% lower
in APOE-e4 compared to -3 hiBMEC (p = 0.0188
[Mann—-Whitney Test]; Fig. 3g). Downstream glycolytic
rate limiting enzyme PFKFB3 was also 24% lower in
APOE-¢4 compared to -¢3 hiBMEC (p = 0.0106 [Mann—
Whitney Test]; Fig. 3h), while glycolytic enzymes
GAPDH and LDH were unchanged between APOE-¢3
and -e4 hiBMEC (Fig. 3i and j). Additionally, we
measured levels of glucose-6-phosphate dehydrogenase
(G6PD), the rate limiting enzyme for glucose entry into
the PPP, and glutamine fructose-6-phosphate amido-
transferase (GFAT), the rate limiting enzyme for
glucose entry into the hexosamine biosynthesis pathway
(HBP). Neither G6PD nor GFAT levels were different
between APOE-€3 and -e4 hiBMEC (Fig. 3k and ).
Since lower levels of GLUT1 and HK2 in APOE-e4
hiBMEC correlated with lower SIRT1, we next examined
if using Ex-527 to inhibit SIRT1 would inhibit glycolysis.

Interestingly, the Seahorse Glycolytic Rate Assay did not
demonstrate reduced hiBMEC glycolysis in response to
Ex-527 (Fig. 3m), indicating that SIRT1 either does not
contribute to reduced glycolysis in the APOE-e4 hiB-
MEC, or that SIRT1 only reduces glycolysis in
conjunction with other metabolic regulators.

APOE-€3 and -g4 hiBMEC had similar metabolite
transport and polarisation

While glucose metabolism is important for energy
production in BMEC themselves, BMEC are also
responsible for transporting glucose from the blood into
the brain for parenchymal brain cells to use as an energy
source. To measure hiBMEC metabolite transport and
polarisation, APOE-e3 and -¢4 hiBMEC were seeded on
Transwell inserts, and metabolite concentrations were
measured on the apical and basolateral sides of the
insert (Supplementary Fig. S1A). After 24 h, basolateral
glucose concentrations were ~8.5 mM glucose for both
APOE-¢3 and -¢4 hiBMEC; however, the apical glucose
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Fig. 2: SIRT1 was lower in APOE-e4 hiBMEC, and SIRT1 inhibition decreased barrier function in hiBMEC. (a) Representative Western blot
and (b) quantification of SIRT1 relative to B-Actin in APOE-¢3 and -4 hiBMEC. Data were normalised to APOE-€3 (n = 9 samples per genotype)
() Relative SIRT1 activity measured using a SIRT1 activity assay and normalised to APOE-£3 hiBMEC (n = 8 samples per genotype). (d) SIRT1
activity in hiBMEC treated with 10 pM EX-527 for 24 h relative to untreated hiBMEC (n = 8 samples per condition). Representative confocal
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Analyser program (n = 225-251 cells per condition). Data analysed using a Mann-Whitney Test.

concentration was 6.3% higher in APOE-e4 hiBMEC
compared to APOE-¢3 hiBMEC (p < 0.0001 [Two-Way
ANOVA)), indicating reduced glucose uptake in
APOE-¢4 hiBMEC (Supplementary Fig. S1B). Glucose
was polarised in both -¢3 and APOE-¢4 hiBMEC, with
higher glucose concentration in the basolateral
compartment. Lactate was also polarised in both cell
types, with higher lactate concentration in the apical
compartment. APOE-e4 hiBMEC secreted 25% less
lactate in the apical compartment than APOE-e3 hiB-
MEC, indicating decreased glycolysis (p < 0.0001 [Two-
Way ANOVA]; Supplementary Fig. S1C).

APOE-¢4 genotype systemically changed hiBMEC
metabolism

We next investigated if the APOE-e4 genotype induced
other metabolic changes in hiBMEC compared to
APOE-¢3 hiBMEC using metabolomics. APOE-¢3 and
-4 hiBMEC were labelled with *C4-glucose for 24 h,
and then metabolic mass spectrometry was used to
identify changes in metabolite abundance and labelling
patterns between the genotypes. Partial least squares-
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discriminant  analysis  (PLS-DA) indicated that
APOE-¢3 and -¢4 hiBMEC separated primarily along
component 1 (33.8%; Supplementary Fig. S2A). A vari-
able importance plot (VIP) was then used to identify
which metabolites most contributed to the PLS-DA
separation (Supplementary Fig. S2B). The metabolite
with the highest VIP score was UDP-N-Acetyl-p-
Glucosamine (UDP-GIcNAc), the primary product of the
HBP. Nucleotides including adenosine triphosphate
(ATP), uridine diphosphate (UDP), cytidine triphos-
phate (CTP), adenosine diphosphate (ADP), and uridine
triphosphate (UTP) were also elevated in APOE-e4
hiBMEC. Amino acids glutamine, serine, aspartate,
alanine, and glutamate were all elevated in APOE-¢3
hiBMEC, as were TCA cycle metabolites a-ketoglutarate,
succinate, and fumarate.

13C metabolic flux analysis predicted lower
glycolytic and higher malate shuttle and reductive
carboxylation fluxes in APOE-g4 hiBMEC

We then examined intracellular glucose metabolism by
labelling APOE-¢3 and -4 hiBMEC with U-">Cg-glucose
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Fig. 3: Glycolysis and glycolytic enzymes were lower in APOE-e4 hiBMEC, but this decrease was not caused by reduced SIRT1. YSI
measurements of (a) glucose uptake and (b) lactate secretion over 24 h (n = 12 samples per genotype). (c) GlycoPER measured via Seahorse
Glycolytic Rate Assay in APOE-£3 versus -4 hiBMEC (n = 10 samples per genotype). (d) Representative Western blots with quantifications of (e)
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3-phosphate dehydrogenase (GAPDH), (j) lactate dehydrogenase (LDH), (k) glucose-6-phosphate dehydrogenase (G6PD), and (l) glutamine
fructose-6-phosphate amidotransferase (GFAT) relative to housekeeper protein p-Actin (n = 9 samples per genotype). Data were normalised to
APOE-€3 protein levels in each experiment. (m) Basal GlycoPER measured via Seahorse Glycolytic Rate Assay in hiBMEC treated with 10 pM EX-
527 for 24 h (n = 10 samples per condition). Data were analysed using Mann-Whitney tests. *p < 0.05.

and analysed the resulting mass isotopomers.
Uniformly labelled glucose is metabolised into M+2
acetyl-CoA for entry into the TCA cycle. Notable, M+2
fractional enrichment decreased in APOE-¢4 hiBMEC
for the TCA metabolites a-ketoglutarate (12% decrease,
p = 0.0070 [Mann-Whitney Test]), fumarate (11%
decrease, p = 0.0379 [Mann—-Whitney Test]), and malate
(9% decrease, p = 0.0262 [Mann-Whitney Test])
compared to APOE-e3 hiBMEC (Fig. 4a—).

Decreased fractional enrichment can occur due to
decreased metabolism of labelled precursors, an influx of
unlabelled carbons, or a combination of both scenarios.
This greatly complicates labelling data interpretation,

particularly in the TCA cycle, which has multiple carbon
sources and several reversible metabolic steps. To better
understand differences in metabolic activity between
APOE-¢3 and -4 hiBMEC, we performed isotope-assisted
MFA by integrating isotopomer data with extracellular
flux measurements.*® Reactions used to generate the
MFA maps, and net fluxes for the APOE-¢3 and -¢4 MFA
are included in the supplemental information
(Supplementary Tables S1-S3).

We produced a simplified flux map detailing esti-
mated fluxes through some of the metabolic pathways
that were predicted to differ between APOE-¢3 and -¢4
hiBMEC (Fig. 4d). Data are represented through the
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APOE-¢4/¢3 flux ratio, in which a flux ratio less than one
indicates higher estimated flux in APOE-e3 hiBMEC,
and a flux ratio greater than one indicates higher esti-
mated flux in APOE-e4 hiBMEC. All glycolytic fluxes
were reduced in APOE-¢4 hiBMEC (flux ratio 0.81-0.84)
compared to APOE-e3 hiBMEC up to the pyruvate
branchpoint. At this metabolic junction, *C-MFA esti-
mated a major influx of malate-sourced pyruvate in
APOE-¢4 hiBMEC, which was absent in APOE-¢3 hiB-
MEC. Despite these differences, it was estimated that
both genotypes directed a similar percentage of pyruvate
towards oxidative respiration in the mitochondria.

Within the mitochondria, the estimated pyruvate
carboxylation to oxaloacetate was higher in APOE-e4
hiBMEC (flux ratio = 1.18) while the estimated conver-
sion of pyruvate dehydrogenase to acetyl-CoA was lower
(flux ratio = 0.74) compared to APOE-¢3 hiBMEC. Cit-
rate decarboxylation to a-ketoglutarate was also esti-
mated to be lower in APOE-¢4 hiBMEC (flux
ratio = 0.74). However, subsequent steps in the TCA
cycle, including succinate, fumarate, and malate pro-
duction, were estimated to be higher in the APOE-¢4
compared to APOE-¢3 hiBMEC (flux ratio 1.08-1.27).

Reductive carboxylation of o-ketoglutarate (a-keto-
glutarate conversion to citrate) was estimated to be
higher in APOE-e4 hiBMEC (flux ratio = 1.19). The
elevated reductive carboxylation in APOE-¢4 hiBMEC
appeared to be fueled by glutamate conversion to
a-ketoglutarate in the TCA cycle. In contrast, in APOE-
€3 hiBMEC o-ketoglutarate was estimated to be
converted to glutamate (flux ratio = —4.62). APOE-¢4
hiBMEC also had an estimated lower glutamine influx
and glutamine to glutamate flux (flux ratio = 0.82), and
thus lower flux of glutamate to 4-aminobutanoate/
GABA (flux ratio = 0.36). Interestingly, in APOE-¢4
hiBMEC, GABA was estimated to feed into succinate,
whereas in APOE-e3 hiBMEC the reaction was reversed
(flux ratio = —0.88). Another major difference predicted
by the *C-MFA was in the malate shuttle (malate con-
version to pyruvate), which was not predicted to be
active in APOE-e3 hiBMEC but was estimated to be
highly active in APOE-¢4 hiBMEC (flux ratio = 13.8).

To corroborate the *C-MFA, we examined the ion
counts of key metabolites. Intracellular pyruvate ion
count was 25% lower in APOE-e4 hiBMEC (p = 0.0023
[Mann—Whitney Test]; Fig. 4e), while a-ketoglutarate
was 19% higher in APOE-e4 hiBMEC compared to
APOE-¢3 hiBMEC (p = 0.0379 [Mann-Whitney Test];
Fig. 4f). Reductive carboxylation of o-ketoglutarate can
also feed lipogenic pathways. We found palmitate to be
37% higher in APOE-¢4 hiBMEC (p = 0.0023; Fig. 4g).
Finally, the '*C-MFA predicted lower GABA synthesis
and higher GABA consumption in APOE-e4 compared
to APOE-¢3 hiBMEC. In accordance with the model,
GABA ion counts were 9% lower in APOE-e4 hiBMEC
compared to APOE-¢3 hiBMEC (p = 0.0973 [Mann-
Whitney Test]; Fig. 4h).

Impaired insulin signalling contributed to
decreased glycolysis in APOE-e4 hiBMEC

As decreased SIRT1 did not reduce hiBMEC glycolysis,
we next investigated an alternative mechanism. The
APOE-¢4 protein inhibits insulin receptor (INSR) recy-
cling and glycolysis in neurons.” We therefore hypoth-
esised that APOE-e4 hiBMEC would also have reduced
INSR recycling, leading to decreased GLUT1 trans-
location to the cell membrane, and thereby decreasing
glycolytic rate. We first investigated how INSR levels
differed between APOE-¢3 and -4 hiBMEC by Western
blot. APOE-¢4 hiBMEC had 36% lower INSR protein
levels than APOE-e3 hiBMEC (p = 0.0002 [Mann-—
Whitney Test]; Fig. 5a and b). Next, we determined
how insulin signalling differed in APOE-¢3 and -e4
hiBMEC by treating cells with insulin and probing for
phosphorylated-Akt (p-Akt) by Western blot (Fig. 5c).
APOE-¢4 hiBMEC had a 37% lower p-Akt:Akt ratio
without insulin stimulation (p = 0.0186 [Two-Way
ANOVA]), and an 82% lower p-Akt:Akt ratio with in-
sulin stimulation (p = 0.0029 [Two-Way ANOVA]).
While APOE-¢3 hiBMEC increased the p-Akt:Akt ratio
by 30% following insulin stimulation (p = 0.0340 [Two-
Way ANOVA]), APOE-¢4 hiBMEC did not significantly
increase p-Akt:Akt ratio with insulin stimulation
(Fig. 5d). These data suggest that insulin signalling is
reduced in APOE-¢4 hiBMEC, possibly through reduced
INSR levels.

Next, we investigated how inhibition of insulin sig-
nalling impacted GLUT1 translocation to the membrane
and glycolysis. Using membrane fractionation combined
with Western blot, we showed that GLUT1 was 31%
lower in APOE-¢4 hiBMEC relative to APOE-¢3 hiBMEC
(p = 0.0017 [Two-Way ANOVA]; Fig. Se and f). Then, we
treated APOE-e4 hiBMEC with 10 pg/mL insulin to
stimulate insulin signalling and promote GLUT1 trans-
location to the membrane, or 1 pM Wortmannin to
inhibit PI3K in the insulin signalling pathway and thus
GLUT1 membrane translocation (Fig. 5g). Insulin treat-
ment did not increase GLUT1 membrane translocation.
Wortmannin, however, decreased membrane GLUT1 by
32% (p = 0.0213 [Kruskal-Wallis Test]; Fig. 5h), indi-
cating that decreased insulin signalling can decrease
membrane GLUTI. Finally, to determine how reduced
insulin signalling and membrane GLUT1 corresponded
with reduced hiBMEC glycolysis, we ran a Seahorse
Glycolytic Rate Assay in which hiBMEC were pretreated
with insulin or Wortmannin for 30 min (Fig. 5i). Basal
GlycoPER was not significantly elevated by with insulin
but decreased 8.4% with Wortmannin (p = 0.0089
[Kruskal-Wallis Test]; Fig. 5j).

Serum collected post-exercise training
differentially regulated SIRT1, but not barrier
function, in APOE-¢3 and -g4 hiBMEC

Exercise training reduces hippocampal atrophy and in-
creases cerebral glucose metabolism associated with
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AD."* We therefore examined how serum from exer-
cise trained individuals alters hiBMEC barrier function
and metabolism to explore the molecular mechanisms
by which exercise benefits brain health. Exercise
training has been shown to increase cerebral lactate and
AMP-activated protein kinase (AMPK), which in turn
increase SIRT1."#*° Therefore, we hypothesised hiB-
MEC treated with serum collected post-training would
increase SIRT1, barrier function, and glucose meta-
bolism compared to hiBMEC treated with serum
collected pre-training.

First, we examined how cardiorespiratory fitness,
measured using Vjpear, changed in study participants
from the start to the end of the trial (Table 2). Since the
V2peak change was statistically similar between the low
and moderate intensity exercise training groups, the
data were combined. Overall, study participants did not
have a significant change in VO,peax following exercise
training.

We then used Western blot to measure SIRT1 levels
in APOE-¢3 and -¢4 hiBMEC treated with 20% serum
collected pre- and post-training (Fig. 6a). Unexpectedly,
SIRT1 levels were 71% higher in APOE-e4 hiBMEC
treated with pre-training serum compared to APOE-¢3
hiBMEC treated with pre-training serum (p = 0.0013
[Repeated Measures Two-Way ANOVA]). While SIRT1
levels in APOE-¢3 hiBMEC increased by 33% when
treated with post-training serum (p = 0.0043 [Repeated
Measures Two-Way ANOVA]), SIRT1 levels decreased
by 22% in APOE-¢4 hiBMEC treated with post-training
serum (p = 0.0004 [Repeated Measures Two-Way
ANOVA]; Fig. 6b). There was no significant difference
in SIRT1 levels between APOE-e3 and -4 hiBMEC
treated with post-training serum.

Since SIRT1 trends in APOE-¢3 and -4 hiBMEC were
different in the presence of serum compared to those
observed in serum-free culture, we next evaluated pro-
teins in the serum that could differentially regulate
SIRT1. When we quantified serum SIRT1 via ELISA,
there were no significant differences in SIRT1 between
APOE-¢3 and -4 serum samples (Supplementary
Fig. S3A). Since APOE-¢4 proteins can regulate SIRT1
protein,**' we then quantified serum APOE via ELISA to
see if that could induce the differential SIRT1regulation.
APOE was also not significantly different between APOE-
€3 and -e4 serum (Supplementary Fig. S3B). Therefore,
there are likely other proteins in the serum that regulate
SIRT1 in the APOE-¢3 and -¢4 hiBMEC.

We next used immunofluorescent imaging with the
Junction Analyser Program and TEER to examine if the
dimorphic changes in SIRT1 in APOE-3 and -¢4

hiBMEC with pre-and post-training serum correlated
with barrier function changes (Fig. 6c and d). ZO-1 and
claudin-5 immunostaining revealed no significant
changes in tight junction protein continuity in the
APOE-¢3 or -e4 hiBMEC in response to pre- or post-
training serum (Fig. 6e and f). There was also no dif-
ference in TEER between the APOE-¢3 and -¢4 hiBMEC
pre- or post-training serum (Fig. 6g).

Post-training serum altered glycolytic enzymes but
not glycolysis in APOE-e3 and -e4 hiBMEC

Since we previously showed changes in glycolytic pro-
teins GLUT1, HK2, and PFKFB3 correlated with
changes in SIRT1 in APOE-e3 versus -¢4 hiBMEC, we
next examined if these proteins matched the dimorphic
changes in SIRT1 in APOE-¢3 and -¢4 hiBMEC treated
with serum collected pre- and post-exercise training
(Fig. 7a). GLUT1 protein levels were similar between
APOE-¢3 and -¢4 hiBMEC treated with pre-versus post-
exercise training serum (Fig. 7b). HK2 protein levels
matched SIRT1 changes. HK2 increased by 27% with
post-training serum in APOE-e3 hiBMEC (p = 0.0307
[Repeated Measures Two-Way ANOVA]) but decreased
by 15% in APOE-¢4 hiBMEC treated with post-training
serum (p = 0.0246 [Repeated Measures Two-Way
ANOVA]; Fig. 7c). PFKFB3 protein levels did not
change consistently in APOE-¢3 hiBMEC treated with
pre- or post-training serum but decreased by 23% with
post-training serum in APOE-e4 hiBMEC (p = 0.0171
[Repeated Measures Two-Way ANOVA]; Fig. 7d). Other
glycolytic enzymes, including GAPDH, LDH, G6PD,
and GFAT were not affected by genotype or serum
(Supplementary Fig. S3C-G).

YSI and Seahorse Glycolytic Rate Assays were then
used to determine if the changes in SIRT1 and glycolytic
enzymes resulted in overall changes in glycolysis.
Glucose uptake was unchanged between APOE-¢3 and
-4 hiBMEC with pre- or post-training serum (Fig. 7f).
Lactate secretion was 5% higher in APOE-¢4 hiBMEC
treated with post-training serum compared to pre-
training serum (p = 0.0218 [Repeated Measures
Two-Way ANOVA], Fig. 7g) but was unchanged in
APOE-¢3 hiBMEC. The Seahorse Glycolytic Rate Assay
similarly showed no significant changes in basal
glycolysis in APOE-e3 or -4 hiBMEC treated with pre-
or post-exercise training serum (Fig. 7h).

Serum systemically altered the hiBMEC
metabolome, but exercise training did not

Our previous analysis revealed systemic metabolic dif-
ferences between APOE-e3 and -¢4 hiBMEC. We

(9, h) Representative Western blots with quantification of membrane GLUT1 in hiBMEC treated with 10 pg/mL insulin and 1 pM Wortmannin
for 30 min (n = 9 samples per condition). (i) Seahorse Glycolytic Rate Assay and (j) basal GlycoPER in hiBMEC following treatment with 10 pg/
mL and 1 pM Wortmannin for 30 min (n = 10 samples per treatment group). Data were analysed using (b) Mann-Whitney test, (d, f) Two-way
ANOVA with Fishers Least Significant Difference Test, and (h, j) Kruskall-Wallis with Dunn’s multiple comparison test.
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therefore used LC-MS to examine metabolomic changes
in APOE-e3 and -¢4 hiBMEC treated with serum
collected pre- and post-exercise training. PLS-DA
demonstrated no clear separation of APOE-¢3 and -¢4
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hiBMEC treated with pre- or posttraining serum
(Fig. 8a). However, in 3/4 of the APOE-e3 hiBMEC
samples, the samples shifted rightward shift along PC1
with post-training serum. In contrast, post-training
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serum shifted all the APOE-e4 hiBMEC samples left-
ward along PC1. Additionally, 3/4 of the APOE-¢4 hiB-
MEC samples treated with post-training serum shifted
upwards along PC2 compared to those treated with pre-
training serum.

Finally, we analysed how APOE-¢3 and -¢4 hiBMEC
metabolomes differed with serum addition. For this
analysis, samples treated with serum collected pre- and
post-training were combined and compared against
serum-free APOE-¢3 and -e4 hiBMEC. APOE-¢3 and -¢4
hiBMEC did not separate by genotype, as demonstrated
by PLS-DA (Fig. 8b). However, serum separated hiB-
MEC along component 1 (PC1 = 44%). The metabolites
that were the largest drivers of this separation are

reported in Appendix 6 and include lactate, alanine,
pyruvate, (4Z-7Z-10Z-13Z-16Z-19Z)-Docosahexaenoic
acid, (9Z)-Octadecenoic acid, fructose 1,6-bisphosphate,
and citrate, all of which decreased in hiBMEC treated
with serum compared to serum-free hiBMEC culture.
The metabolites with the largest contributions to the
separation along component 1 largely belonged to
glycolysis, fatty acid metabolism, and the TCA cycle.

Discussion

The APOE-¢4 genotype is one of the largest AD risk
factors and is associated with reduced BMEC barrier
function and whole brain glucose metabolism. Exercise
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training may counteract AD-related cognitive decline by
increasing whole brain glucose metabolism.'**' How-
ever, there are few, if any, identified mechanisms
through which the APOE genotype alters barrier func-
tion and metabolism, or that investigate how exercise
training may support BMEC barrier function and
metabolism. Here, we demonstrated that APOE-¢4
hiBMEC have reduced barrier function and glucose
metabolism compared to APOE-¢3 hiBMEC, and that
reduced SIRT1 and insulin signalling may reduce bar-
rier function and glycolysis in APOE-e4 hiBMEC.
Serum from exercise trained individuals did not
significantly alter barrier function or glycolytic rates in
hiBMEC but did have dimorphic effects on SIRT1 in
APOE-¢3 and -¢4 hiBMEC. These findings indicate that
the APOE-e4 genotype induces BBB breakdown and
glucose hypometabolism through SIRT1 and insulin
signalling, and these changes cannot be counteracted by
serum from exercise-trained individuals alone.
APOE-¢4 hiBMEC had reduced barrier function, as
measured through TEER and ZO-1 continuity, relative
to the APOE-¢3 hiBMEC. This agrees with past reports
of reduced TEER in BMEC isolated from APOE-e4
transgenic mice’; increased permeability with reduced
Z0-1 and occludin in brain vessels of APOE-e4 trans-
genic mice'; and increased BBB permeability in the
hippocampus and parahippocampal gyrus of adults who
are carriers of the APOE-¢4 allele.” While APOE-¢4 may
reduce barrier function through multiple mechanisms,
APOE-¢4 cells had lower SIRT1. Previous studies have
shown that decreasing SIRT1 reduces endothelial bar-
rier integrity. For example, SIRT1 increased ZO-1 in
human pulmonary microvascular endothelial cells,*

www.thelancet.com Vol 111 January, 2025

BMEC-specific SIRT1 knockout in mice increased BBB
permeability,” and SIRT1 siRNA knockdown increased
mouse* and primary human BMEC* permeability by
decreasing claudin-5. Although the mechanism has not
been examined in BMEC, in ovarian cancer cells, SIRT1
deacetylates Kriippel-like factor 4 (KLF4) which pro-
motes claudin-5 transcription.” KLF4 can also interact
with promotor regions on ZO-1 and occludin to increase
their transcription.* Therefore, it is possible that the low
SIRT1 in APOE-¢4 hiBMEC increased KLF4 acetylation,
which reduced ZO-1 transcription to reduce overall
barrier function in APOE-¢4 hiBMEC.

The APOE-e4 genotype is associated with reduced
glucose metabolism in transgenic mouse BMEC,’ as-
trocytes," and neurons.” Here, we showed that these
same changes occurred in hiBMEC. Our data suggest
that reduced glycolysis may relate to INSR recycling. In
neurons, APOE-¢4 similarly reduced endosomal INSR
recycling, which in turn reduced insulin signalling and
glycolysis.” Neuronal glucose transport is primarily
regulated by GLUT3,’® while hiBMEC glucose transport
is primarily regulated by GLUT1. Increased INSR and
insulin signalling can increase both GLUT1 and GLUT3
transcription and trafficking of the transporters to the
cell membrane.” " Interestingly, in our experiments
insulin did not significantly increase membrane GLUT1
or glycolytic rate in hiBMEC. It is therefore possible that
the cell membrane is already saturated with GLUT1, and
thus GLUT1 translocation cannot increase with addi-
tional insulin.

Previous studies demonstrated potential links be-
tween glycolysis and barrier function. GLUT1 co-
localises with tight junction protein ZO-1 in the
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ventromedial hypothalamus, indicating the function of
the two proteins may be tightly linked.” Reduced
GLUT1 also increased vascular permeability in mouse
models of AD.” Finally, BMEC rely on oxidative phos-
phorylation for energy when glycolysis is inhibited.
Oxidative phosphorylation leads to oxidative stress,
which may then damage BBB integrity.”” Thus, a
metabolic shift in APOE-e4 BMEC from glycolysis to
oxidative phosphorylation could reduce BBB barrier
function through oxidative stress. Future studies should
examine these mechanisms to identify how reduced

glycolysis in APOE-e4 hiBMEC reduces barrier
function.
BCe-glucose metabolomics revealed  systemic

metabolomic differences between APOE-¢3 and -¢4
hiBMEC. To further delineate metabolic differences, we
fit a > C-MFA model and generated a metabolic flux
map. The map unveiled several interesting changes in
intracellular metabolism between APOE-e3 and -e4
hiBMEC, such as reduced GABA production, reversal of
a-ketoglutarate-to-glutamate flux, and reversal of the
GABA-succinate shuttle flux in APOE-e4 hiBMEC.
Additionally, APOE-¢4 hiBMEC have elevated estimated
reductive carboxylation and pyruvate carboxylation
compared to APOE-¢3 hiBMEC, both which are associ-
ated with lipogenesis.*** In microglia the APOE-¢4 ge-
notype induces elevated triglyceride and lipid droplet
formation, which are neurotoxic.® The *C-MFA pre-
dicts that increased fatty acid synthesis may also be
occurring in the APOE-e4 hiBMEC, which could
contribute to neurodegeneration.

Interestingly, SIRT1 is associated with suppression
of fatty acid synthase and lipogenesis in hepatocytes
through an AMPK-mediated pathway.” Lower SIRT1 in
APOE-¢e4 hiBMEC may therefore lead to increased
activation of fatty acid synthase, which could further
increase lipogenic pathways in the APOE-¢4 hiBMEC.
Reductive carboxylation also generates NAD+,"* which
can activate SIRT1 and other sirtuins. This may there-
fore suggest that reductive carboxylation is used to
compensate for reduced SIRT1 levels by increasing
activation of available SIRT1 and may help to explain
why despite having 27% less SIRT1 protein, there is
only 10% less SIRT1 activity in the APOE-e4 compared
to the APOE-¢3 hiBMEC.

Serum collected post-6 months of exercise training
increased SIRT1 in APOE-e3, but decreased SIRT1 in
APOE-¢4 hiBMEC. A meta-analysis of SIRT1 changes
with exercise training demonstrates that acute exercise
elevates SIRT1 in skeletal muscle and consistent exer-
cise can elevate circulating SIRT1.” Here, we showed
that in APOE-e3 hiBMEC treated with pre-training
serum, SIRT1 levels were significantly lower than in
APOE-¢4 hiBMEC treated with pre-training serum, and
that the addition of post-training serum normalised
SIRT1 to the same level in APOE-¢3 and -¢4 hiBMEC.
These data indicate exercise-trained serum may signal

for homeostatic control of SIRT1, bringing them back to
a general baseline. While SIRT1 levels were higher in
APOE-¢3 hiBMEC compared to APOE-¢4 hiBMEC
without serum treatment, this trend was not shown with
serum treatment. Since neither SIRT1 nor APOE levels
were significantly different between APOE-¢3 and -¢4
serum samples, other components of the serum likely
regulate intracellular SIRT1 levels.

Since we previously showed SIRT1 regulates barrier
function, we hypothesised that post-training serum
would increase barrier function in APOE-e3 hiBMEC
and decrease barrier function in APOE-e4 hiBMEC
compared to serum collected pre-training. However, we
did not see consistent changes in barrier function in
response to serum from exercise trained individuals.
Aerobic exercise increases cerebral blood flow,” and
shear stress can increase claudin-5 and ZO-1 levels in
human BMEC.”"”* Thus, it is possible that changes in
BBB function relate to increased shear stress rather than
serum modifications in response to exercise.

Glycolytic enzyme HK2 followed a similar trajectory
as SIRT1 with serum collected post-6 months of exercise
training but did not change glycolysis. In leukemia cells,
HK2 knockdown increased carbon flux into the PPP and
TCA cycle but did not significantly impact glycolysis.”
Therefore, reduced HK2 in APOE-e4 hiBMEC treated
with exercise trained serum may alter PPP and TCA
pathway activity more than glycolysis. Glycolytic rates
are also modulated by many metabolites and proteins
outside of the direct glycolytic pathway including ATP
bioavailability,” so other serum or intracellular factors
may also override the changes in HK2 to modulate
glycolytic rates.

PLS-DA revealed a clear separation of APOE-¢3 and
-4 hiBMEC metabolites when the cells were cultured in
serum-free conditions; however, this separation was no
longer apparent when cells were cultured with human
serum. Though this could relate to the inherent vari-
ability involved when using human serum samples, it is
also possible that human serum reduced metabolomic
differences between APOE-¢3 and -¢4 hiBMEC. Serum
decreased intracellular fatty acid synthesis, which may
be due to the presence of fatty acids in serum that are
not generally present in serum-free cell culture experi-
ments. Overall, the reduction in metabolomic separa-
tion between APOE-¢3 and -e4 hiBMEC in the presence
of serum reveals that despite intracellular differences,
other cells in the body may secrete metabolites, proteins,
and fatty acids to naturally regulate genotype-dependent
differences in BMEC.

Although the data presented in this study are
comprehensive, the study is not without limitations. The
study was conducted in vitro using an entirely human
model, which provides valuable insights into human
physiology and pathology. However, in vivo animal
models incorporate more holistic exercise effects, albeit
in a different biological system. A prior in vivo analysis
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of exercise training in mice supports our results,
showing that running increased gene expression asso-
ciated with vascular integrity more in APOE-¢3/e4 than
APOE-¢4/¢4 mice.”* We used IMR90 iPSC in our in vitro
model, which we differentiated into BMEC-like cells.
IMR90 iPSC are a validated iPSC line homozygous for
the APOE-e3 genotype,” and using one iPSC line
enabled us to focus on human serum effects. iPSC-
BMEC may also have an underlying epithelial tran-
scriptome that could impact cell response,” although we
have previously validated that glucose metabolism is
similar between hiBMEC and primary BMEC.” Finally,
this study lacks exercise training-induced physiological
cues that are not in the human serum such as altered
shear stress.

In conclusion, we demonstrated that the APOE-¢4
genotype reduces hiBMEC barrier function via SIRT1,
and glucose metabolism via insulin signalling. We also
showed exercise training may have different impacts on
BMEC depending on APOE genotype. Future studies
should build on these results to examine mechanisms of
exercise benefits on brain health, stratified by APOE
genotype, and develop genotype-dependent exercise
recommendations.
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