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Alzheimer’s disease (AD) is the 7™ leading cause of death in the United States, yet there are still no
effective treatments to prevent or slow the progression of the disease. AD develops from a combination of
genetic and lifestyle risk factors including female sex, elevated stress hormone exposure, the apolipoprotein
(APOE) €4 genotype, and a sedentary lifestyle. In order to better identify the manifestations of AD, it is vital
to understand how each of these risk factors impact brain health and lead to neurological dysfunction

associated with AD.

Brain microvascular endothelial cells (BMEC) line the blood vessels of the brain and have specialized
tight junctions designed to strictly regulate nutrient and waste transfer between the blood and the brain.
Two of the early indicators of AD development are breakdown of the tight junctions and whole brain glucose

hypometabolism. Since BMEC form the first line of defense for the brain against neurotoxic compounds in



the blood and are responsible for glucose transport to the rest of the brain, the overarching goal of this
thesis is to understand how female sex, elevates stress hormone exposure, the APOE €4 genotype, and a

sedentary lifestyle induce breakdown of tight junction proteins and glucose hypometabolism in BMEC.

| first demonstrate that female sex exacerbates endothelial dysfunction in response to high levels of a
stress hormone, Angiotensin Il (Angll). Specifically, | show that in response to Angll, female endothelial
cells increase oxidative stress and inflammatory responses while male endothelial cells do not. Next, | used
CRISPR/Cas9 to generate a set of induced pluripotent stem cells (iPSC) homozygous for the APOE €3 and
€4 genotype and differentiated them into BMEC (hiBMEC). Using the hiBMEC | showed the APOE ¢4
genotype induces barrier deficiencies that are partially mediated through reduced levels of protein
deacetylase Sirtuin 1 (SIRT1), and that the APOE ¢4 genotype causes glucose hypometabolism through
decreased insulin signaling. Finally, by adding serum from sedentary and exercise trained individuals to
genotype-matched hiBMEC, | show that APOE €3 and €4 hiBMEC have divergent responses to treatment
with serum from sedentary and exercise trained individuals. Treatment with exercise trained serum
increases SIRT1 and glycolytic enzymes compared to sedentary serum, while exercise trained serum

decreases SIRT1 and glycolytic enzymes in APOE €4 hiBMEC compared to sedentary serum.

The work described in this thesis gives a fundamental, mechanistic understanding to the roles of female
sex, stress hormone exposure, the APOE €4 genotype, and a sedentary lifestyle in BMEC dysfunction and

hypometabolism, giving insight into how these factors contribute to AD development and progression.
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Chapter 1: Introduction

1.1 Thesis Goal

The overarching goal of this thesis is to understand how prominent risk factors for Alzheimer’s disease
(AD) increase cerebrovascular dysfunction and contribute to AD development. | hypothesize that female
sex, stress hormone exposure, the apolipoprotein (APOE) €4 genotype, and a sedentary lifestyle alter brain
microvascular endothelial cell metabolism, which then results in endothelial dysfunction and blood-brain
barrier (BBB) breakdown. In Aim 1, | demonstrated that Angll exposure increased reactive oxygen species
(ROS) production and inflammation in female, but not male, endothelial cells (EC). | used RNA sequencing
to identify transcriptomic changes induced by Angll exposure in male and female EC. | then validated sex
differences in ROS production using fluorescent ROS indicators and in inflammation using a white blood
cell (WBC) adhesion assay. In Aim 2 | identified a mechanism through which the APOE €4 genotype
decreased glycolysis and barrier function of induced pluripotent stem cell (iPSC) derived brain
microvascular endothelial cells (hiBMEC). | measured glycolytic activity in APOE €3 and €4 hiBMEC using
Western blot for glycolytic enzymes, Seahorse glycolytic rate assays, and metabolomics. | also measured
barrier function through trans-endothelial resistance and tight junction protein immunofluorescence. In Aim
3 | quantified the effects of a 6-month aerobic exercise training program on hiBMEC metabolism and
function. | applied serum from older adults pre- and post- 6 months of exercise training to hiBMEC of the

same APOE genotype. | then measured changes in hiBMEC metabolism and barrier function.

1.2. Thesis Organization

This thesis is composed of seven chapters.

Chapter 1 begins with the goal and the organization of the thesis. This chapter also includes the clinical
motivation for my research, as well as the relevant background on BMEC metabolism and AD risk factors

including female sex, stress hormone exposure, the APOE €4 genotype, and sedentary lifestyle.



Chapter 2 examines how angiotensin Il (Angll) exposure increases EC dysfunction in female, but not
male EC. Male and female EC were exposed to Angll for 24 hours, after which RNA sequencing was used
to identify transcriptomic changes that occurred in female, but not male, EC. To determine if gene
expression changes from RNA sequencing resulted in EC dysfunction, we then used fluorescent ROS
assays to show increased ROS production and WBC adhesion assays to show increased inflammation in
female, but not male EC following Angll exposure. Finally, we showed that female EC have elevated
expression of NOX2, an enzyme involved in ROS production that escapes X-chromosome inactivation and

may contribute to elevated ROS in female EC.

Chapters 3 and 4 use transcriptomics and metabolomics, validated through basic science approaches,
to interrogate the ability of hiBMEC to model BMEC metabolism by comparing hiBMEC metabolism to
primary BMEC (hpBMEC) metabolism. In Chapter 3, | demonstrated that glucose metabolism was lower in
hiBMEC relative to hpBMEC, but that hiBMEC and hpBMEC responded similarly to metabolic stimuli such
as high glucose and astrocyte conditioned media. These results indicated that hiBMEC could be used to
model BMEC glucose metabolism. In Chapter 4, however, | demonstrated that hpBMEC and hiBMEC have
systemic differences in glutamine metabolism. HIBMEC consumed less glutamine and produced negligible
glutamate relative to hpBMEC. HIBMEC also had more punctate, immature mitochondrial morphology while
the hpBMEC mitochondria were longer and more branched, which may contribute to glutamine metabolic
differences. Transcriptomics, metabolomics, and basic science techniques demonstrated that hiBMEC and
hpBMEC routed glutamine differently through metabolism; hiBMEC used glutamine to produce more
glutathione, fatty acids, and asparagine, while hpBMEC used glutamine to produce more GABA,
nucleotides, and aminosugars. The differences in glutamine metabolism between hpBMEC and hiBMEC
are important to consider in choosing a BMEC model since the metabolites produced by the cells can

influence cell function and cell-cell communication.

Chapter 5 investigates how the APOE €4 genotype decreased BMEC metabolism and function relative
to the APOE €3 genotype. | showed that APOE €4 hiBMEC have reduced glycolysis and lower barrier
function compared to APOE €3 hiBMEC. APOE €4 hiBMEC also had reduced insulin receptor (INSR) and

Sirtuin 1 (SIRT1) levels. Using and inhibitor of insulin signaling | showed that reduced insulin signaling in



APOE ¢4 hiBMEC contributes to lower levels of glycolysis relative to APOE €3 hiBMEC. Using an inhibitor
of SIRT1, | demonstrated that the low levels of SIRT1 in APOE €4 hiBMEC contributed to the reduced

glucose metabolism and barrier function relative to the APOE €3 hiBMEC.

Chapter 6 examines the ability of exercise training to improve glucose metabolism and barrier function
in APOE ¢4 hiBMEC. | showed dimorphic effects of exercise training on SIRT1 in APOE €3 and €4 hiBMEC;
serum from exercise trained individuals increased SIRT1 in APOE €3 hiBMEC but decreased SIRT1 in
APOE ¢4 hiBMEC. Changes in SIRT1 with exercise training correlated with changes in glucose metabolic
enzymes, but did not significantly alter overall glycolytic rates and had little effect on barrier function in

APOE €3 or ¢4 hiBMEC.

Chapter 7 concludes the thesis by highlighting the major discoveries of this thesis and my contributions

to the field and discussing future directions for this work.

1.3. Clinical Motivation: Brain endothelial cell dysrequlation in Alzheimer’s Disease

One of every three seniors dies of AD or a related dementia, making it the seventh leading cause of
death in the United States [1]. AD is a progressive neurodegenerative disease, and the most common form
of dementia. AD symptoms begin with small impairments of learning and memory but progress to complete
loss of speech and mobility. Following diagnosis with AD, the mean survival time is 5.8 (+ 2.0) years [2].
Care and treatment of individuals with AD costs the United States about $345 Billion per year, not including
the time value of the estimated 11 million Americans providing unpaid care for family and friends with AD
[1]. AD is diagnosed through a series of memory tests, laboratory tests, and brain imaging tests. Laboratory
tests can include lumbar punctures to withdraw cerebral spinal fluid (CSF) and measure amyloid-p (AB) and

tau protein levels as AD biomarkers.

AD has no cure; however, there is a large effort to develop therapeutics that prevent AD or slow its

progression. Recent advances resulted in approval by the United States Federal Drug Administration for



two drugs to slow disease progression: Aducanumab and Lecanemab. Though the mechanism of action
for each drug is different, both therapeutics are designed to slow memory loss by reducing the burden of
AB plagues in the brain. Both Aducanumab and Lecanemab have been heavily criticized for their lack of
efficacy; though the drugs show statistically significant improvements in cognitive and functional
measurements, the improvements are extremely small and may not be clinically meaningful [3]. Despite
little evidence that reducing AB slows cognitive decline, most therapeutics that have progressed to Phase
3 clinical trials for AD are still targeted at Ap [4]. To develop new therapeutics that effectively prevent or

reduce the burden of AD symptoms, we must target other biomarkers of the disease.

While AB and tau are the two conventionally measured AD biomarkers, glucose hypometabolism in the
brain may be a stronger predictor of AD development [5]. Glucose hypometabolism is clinically assessed
using a radiotracer, fluorodeoxyglucose (FDG), in a positron emission tomography (PET) scan. Meta-
analysis has revealed FDG PET has a sensitivity of 90% and a specificity of 89% in detecting dementia in
patients with AD compared to healthy control subjects [6]. Comparatively, CSF A levels only have a
sensitivity of 80% and a specificity of 82% [6]. Spatial FDG distributions in PET scans can also accurately
distinguish between AD and other dementias such as frontotemporal dementia and Lewy Body dementia
[7]. Early detection of glucose hypometabolism via FDG PET could allow for earlier, and likely more effective

intervention to treat or prevent AD.

Brain cells, including EC, astrocytes, and neurons, rely on glucose as a primary energy source.
Hypoglycemia, categorized as blood glucose levels lower than 70 mg/dL [8], can induce neuronal death [9]
and impair executive function [10]. Brain microvascular endothelial cells (BMEC) line the blood vessels of
the brain and are a primary component of the BBB. BMEC selectively transport glucose from the blood into
the brain to meet its metabolic demands. Dysfunction of glucose uptake and transport in these BMEC could
impair the function of the BMEC themselves and induce neurodegeneration, leading to cognitive decline in
AD. As such, EC glucose metabolism and transport may reveal important insights into AD pathogenesis

and may be a critical pathology to target for future therapeutic development.



1.4. The Blood-Brain Barrier

The brain has an extensive microvascular network, since metabolic demand requires brain cells be no
more than 200 um from a capillary to survive [11]. The BBB has small intercellular gaps (1.4 - 1.8 nm),
which make the BBB essentially impermeable to paracellular transport. Thus, BMEC tightly control nutrient
and waste product exchange between the blood and all cell types in the brain. The BBB is formed primarily
of BMEC, which are connected via tight junction proteins including claudins, occludins, junction adhesion
molecules (JAMs), and zonula occludins (ZO) (Fig. 1.1). Claudin family proteins are considered the primary
BBB sealing component, with claudin-5 having the greatest BBB expression compared to other isoforms
[12], [13]. Occludins, the first tight junction proteins to be discovered, regulate adhesion between BMEC
[14]. JAMs, and specifically JAM-1, are essential for tight junction initiation between BMEC [15]. JAM down-
regulation or deletion markedly increased BBB permeability [15], [16]. ZO-1, the primary ZO protein
expressed in the BBB, is a cytoplasmic scaffolding protein that tethers transmembrane tight junction
proteins to the actin cytoskeleton [17]. Tight junction assembly and function is also influenced by signaling

with other adhesion complexes, including adherens junctions and focal adhesions [18].

The BBB is further supported by pericytes and astrocytes. Pericytes are mural cells that surround the
brain microvasculature where they stabilize the vascular wall. Pericytes maintain the BBB by releasing
signaling factors that impact BMEC tight junction proteins [19], secreting basement membrane proteins
[20], regulating neuroinflammation [21], and contracting via proteins such as a-smooth muscle actin to
control blood flow in the brain [22]. Astrocyte terminal processes (endfeet) also directly contact BMEC to
contribute to BBB strength. Astrocytes secrete factors, including growth factors, that regulate BMEC tight
junction formation [23] and transporter expression and polarization [24], [25]. Together, BMEC, pericytes,
and astrocytes maintain strict control of molecule movement across the BBB, which is essential to

protecting the brain from neurotoxins.



The BBB degrades with increasing age, which promotes inflammation and neurotoxicity. BBB
dysregulation is further observed in neurodegenerative diseases such as AD. Though it is debated whether
BBB breakdown is causal to or a byproduct of neurodegeneration, it is clear that increased BBB
permeability leads to neurotoxin and leukocyte infiltration into the brain, initiating an immune response and
propagating cell death. Zhao et al. proposed a model of vascular-mediated neurodegeneration in which
atypical intercellular BBB signaling results in increased BBB permeability, which in turn leads to brain
accumulation of 1) hemoglobin and iron, which increase oxidative stress; 2) fibrinogen, thrombin, and
plasminogen, which degrade brain extracellular matrix and activate microglia; and 3) albumin, which leads
to cerebral hypoperfusion, hypoxia, and edema [26]. Together, these BBB degradation effects contribute
to the neuronal stress and eventual cell death associated with neurodegenerative diseases; however, the

events that cause BBB dysfunction have yet to be elucidated.
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Figure 1.1. Overview of BBB degradation with age and disease. The BBB, which is formed by BMEC
and maintained through interactions with pericytes, astrocytes, restricts cell and molecule movement
from the blood into the brain. BMEC form impermeable intercellular junctions though tight junction
proteins, including occludins, claudins, VE-Cadherin, JAMs, and ZO proteins. With increasing age and
disease, tight junction proteins degrade, leading to BBB opening. The leaky BBB allows cytokines,
neurotoxins, and leukocytes to infiltrate the brain, which can cause downstream inflammation and
neurodegeneration.



1.5. Metabolism in the Blood-Brain Barrier

1.5.1. BMEC Glucose Metabolism

Glucose is the primary energy source in the brain, and therefore its transport has been extensively
characterized [27]. Glucose cannot diffuse across the BBB and must enter the brain through BMEC glucose
transporters. Glucose transport is regulated so that cerebral glucose levels only reach 20% of blood glucose
levels, which is just sufficient for neuronal demand [28]. This tight glucose regulation is hypothesized to
balance the reliance of the brain on glucose for energy while simultaneously preventing potential neurotoxic
glucose effects [28]. Glucose transported across the BBB is either released into the CSF or diffuses into

the gap junctions of astrocytes that are in contact with BMEC.

The most prominent BMEC glucose transporter is GLUT1, a sodium-independent glucose transporter.
GLUT1 is found at much higher levels in BMECs than in peripheral endothelial cells [29]. The importance
of GLUT1 in cerebral glucose transport was shown by the fact that no glucose was found in the
cerebrospinal fluid (CSF) of patients with GLUT1 deficiency syndrome [30]. Approximately 12% of BMEC
GLUT1 is on the apical (blood-facing) cell membrane, while 48% of BMEC GLUT1 is on the basolateral cell
membrane, and the remaining 40% of BMEC GLUT1 resides in the cytosol [31]. BMEC have other glucose
transporters such as GLUT3 and GLUT4, as well as sodium-dependent glucose transporters such as
SGLT1; however, these are less important for glucose transport [32]. Glucose movement across all of these
glucose transporters occurs through facilitated diffusion due to the glucose concentration gradient across

BMEC [33].

Reduced BMEC glucose transport can lead to cerebral glucose hypometabolism, which is associated
with neurodegeneration and has even been proposed to be a driver of neuropathology [34], [35]. A murine
endothelial GLUT1 knockout triggered severe neuroinflammation and reduced brain-derived neurotrophic
factor (BDNF). This effect was exaggerated when the GLUT1 knockout was induced neonatally.
Furthermore, murine GLUT1 haploinsufficiency reduced extracellular brain glucose by 90% and also

reduced BDNF, which is essential for neuronal survival and growth [36]. Indeed, in another study



endothelial-specific GLUT1-KO mice had reduced neuronal density and widespread brain inflammation

[37]. Therefore, dysregulated BMEC glucose transport can have devastating effects for the brain.

Both in vitro and in vivo evidence suggest that glucose transport via GLUT1 plays an important role in
BBB function. Barrier integrity was characterized in hiBMEC with GLUT1 knocked out via CRISPR-Cas9 in
vitro. GLUT1 KO decreased hiBMEC transendothelial electrical resistance (TEER) compared to control;
however, no tight junction morphology differences were observed [38]. Likewise, glucose deprivation
diminished hiBMEC barrier integrity. The barrier loss was maintained even following supplementation with
ketone bodies, which are used by the brain during glucose deprivation [39]. In vivo, GLUT1 KO zebra fish had
decreased BMEC tight junction proteins and increased barrier permeability [40]. Global GLUT1
haploinsufficiency reduced tight junction proteins and increased endogenous plasma protein leakage in the
brain of 2-week-old mice. In mice overexpressing AB as a transgenic AD model, endothelial-specific GLUT1
KO initiated BBB breakdown [29]. However, endothelial-specific GLUT1-KO mice (1-week old) did not show
differences in BBB integrity, specifically in terms of brain water content, Evans Blue or gadolinium
permeability, or tight junction morphology [37]. The differences in in vivo BBB integrity with GLUT1 KO may
be age dependent, as a later study found no permeability changes in 5-day endothelial-GLUT1-KO mice

but found increased permeability in 10-day old mice [41].

1.5.2. BMEC Glutamine and Glutamate Metabolism

BMEC maintain the concentration of most amino acids tenfold lower in the brain than in the plasma,
with the exception of glutamine which is present in a similar concentration in the brain and plasma.
Glutamine can be transported into and out of brain endothelial cells through either facilitative or active
transport. L-type amino acid transporter 1 (LAT1), the primary facilitative transporter of glutamine, primarily
transports neutral amino acids into cells in exchange for transport of glutamine out of cells [42]. Of the
active transporters, system N amino acid transporters 1 and 2 (SNAT1/2) both transport glutamine into cells
[43], while alanine/serine/cysteine transporter 2 (ASCT2) is a bidirectional transporter that exchanges
glutamine for neutral amino acids [44]. Though not the primary energy source for endothelial cells,

glutamine metabolism is vital for proliferation and vessel formation of EC [45], [46].



Glutamate, which is derived primarily from glutamine, acts as both a metabolic intermediate that feeds
the TCA cycle and as a vital neurotransmitter in the brain. Glutamate concentration usually ranges from 50-
100 puM in the plasma and 0.5-2 uM in brain extracellular fluids [47]. The cerebral glutamate concentration is
tightly regulated by bidirectional glutamate transporters on BMEC, including SLC1A1, SLC1A2, SLC1A3, and
SLC1A6. BMEC can also hind glutamate to ionotropic receptors such as N-methyl-D-aspartate (NMDA)
receptors that regulate ion flux and membrane potentials [48], [49] and metabotropic glutamate receptors such
as metabotropic glutamate receptor 5 (MGIUR5) that initiate intracellular signaling cascades through second

messengers [50].

High cerebral extracellular glutamate concentrations cause excitotoxicity resulting in cell death. Glutamate
binding to NMDA receptors induces calcium influx into immortalized human BMEC [51]. As cytosolic calcium
rises, calcium entry into mitochondria also increases thereby elevating mitochondrial membrane potential.
This increased mitochondrial potential drives increased flux through oxidative phosphorylation, a byproduct
of which is increased reactive oxygen species (ROS) production leading to oxidative stress and cell death
[52]. Though there are few studies to validate this mechanism in human primary BMEC, glutamate
concentrations as low as 250 uM decreased transgenic rat BMEC viability, likely as a result of excitotoxicity
and downstream oxidative stress [53]. In mouse hippocampal neurons, cellular oxygen consumption, a
measure of mitochondrial metabolism, increased following 24-hours of treatment with 4 mM glutamate [54].
In these same cells, tetramethylrhodamine (TMRM) staining indicated that 4 mM extracellular glutamate

hyperpolarized the mitochondrial membrane, which in turn elevated ROS production [54].

In mouse BMEC, glutamate-induced increases in intracellular calcium can also increase nitric oxide
production (Zuccolo et al., 2019). However, this is likely because glutamate treatment reduces eNOS RNA
and increases iINOS RNA [53]. While eNOS is generally considered vasoprotective and produces nitric oxide
to initiate vasodilation, INOS produces large bursts of nitric oxide in oxidative environments. Through this

mechanism, iINOS leads to ROS production and downstream inflammation and apoptosis.

BMEC must precisely regulate glutamate concentration to maintain the BBB and protect neurons in the
surrounding brain tissue. 30 minutes of exposure to 1 mM extracellular glutamate, which is much higher than

the physiological concentration, increased in vivo rat BBB permeability by almost 20% [56]. In immortalized



cerebral endothelial cells, 1 mM glutamate and 1 mM NMDA both significantly decreased barrier function, as
shown by lower TEER. The barrier loss was inhibited by MK-801, an NMDA receptor antagonist [49]. These
studies indicate that glutamate decreases BMEC barrier function through an NMDA receptor-mediated

mechanism.

1.5.3. Fatty Acid Metabolism in BMEC

Lipids constitute nearly 50% of the brain’s dry weight [57]; yet the brain has a limited capacity to
synthesize fatty acids and must instead import them from circulation. Lipids enter the circulation through
dietary absorption, through production in the liver, or through release from adipose tissue. Due to their
hydrophobic nature, lipids must bind to soluble proteins such as albumin or be integrated into lipoprotein
complexes to remain in circulation. Lipoproteins have a hydrophilic outer shell and an internal core
composed of cholesterol and triglycerides, which are formed of three fatty acids and glycerol. Lipids form a
major part of brain cell membranes, and two key fatty acids, arachidonic acid and docosahexaenoic acid
(DHA), play extensive roles in neuroprotection, brain development, synaptogenesis, and neural

differentiation [58].

Free fatty acids (FFAs) can passively diffuse across the BMEC membrane even though they are at low
concentration close to the endothelium (7.5 nM) [59], [60]. First, the fatty acids dissociate from their carrier
proteins through hydrolysis by membrane-associated lipases. The FFAs then adsorb to the endothelium
and flip from the outer plasma membrane to the cytosolic plasma membrane. However, the flippase activity
that facilitates FFA movement across the membrane is thermodynamically unfavorable, and fatty acid
translocase (FAT, CD36) or fatty acid transport proteins (FATP) are needed to make FFA transport into
BMEC possible [59]. Once inside the cell, FFAs are ferried through the cytoplasm by fatty acid binding
proteins (FABP). For example, FABP5 binds to and carries DHA across BMEC [61]. Once the FFAs reach
the basolateral BMEC plasma membrane, they flip across to diffuse to other cerebral cells [60]. FFA
transport rate depends on several factors, including the fatty acid/albumin dissociation rate as well as the
fatty acid size and lipophilicity. Longer chain fatty acids are less lipophilic and therefore typically have

decreased transport [59].
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Lipid can also be moved across BMEC by clathrin dependent and caveolae mediated transcytosis.
Low-density lipoprotein (LDL) is taken up by BMEC via clathrin dependent transcytosis after binding to the
LDL receptor (LDLR) or LDLR-related protein 1 (LRP1). LDL particles are then directed to the lysosome
where they are degraded and released as cholesterol and fatty acids. LDL can also be taken up via LDLR
in caveolae. These structures are thought to transfer LDL without its degradation [62]. Interestingly, while

BMEC internalize LDL, they do not transport the cholesterol into the brain [63].

Finally, lipids can be transported into the brain via transport proteins. FFAs can be incorporated into
lysophosphatidylcholine (lysoPC), which is then transported across the plasma membrane by
monocarboxylic acid transporters (MCTs) or FATPs. LysoPC can also be transported by Mfsd2a,
specifically lysoPC that contains DHA [64]. Mfsd2a appears to be involved in maintaining DHA levels in
BMEC and in other brain cells, and therefore Mfsd2a loss inhibited BBB function and caused neuronal loss,

cognitive deficits, and microcephaly [65], [66], [67], [68], [69], [70], [71].

While few studies address fatty acid oxidation in BMECs specifically, current evidence suggests an
important role for fatty acid oxidation in maintaining barrier function. Fatty acid metabolism byproducts and
intermediates can directly mediate BMEC function. Palmitoylation, the covalent attachment of fatty acids to
protein cysteine residues, is particularly important for claudin-5, a key tight junction protein. Palmitoylated
claudin-5 translocated to cholesterol-rich lipid rafts, where it dimerized and restricted paracellular permeability

to enhance BBB function [72], [73].

While fatty acid oxidation may be essential for BBB maintenance, high serum lipids can damage the BBB.
BMECs exposed to elevated postprandial triglyceride-rich lipoproteins, a risk factor for vascular dementia, had
elevated ROS and increased expression of the stress-responsive protein ATF3 [74]. A follow up study showed
that triglyceride-rich lipoprotein treatment increased mitochondrial oxidative stress and protein leakage, but

this effect could be reduced by CPT1A1 siRNA knockdown [75].

Disturbances in fatty acid metabolism have been linked to aging and neurodegenerative diseases [76],
[77]. Indeed, the brain loses 42% of its phospholipids and 47% of its cholesterol between the ages of 20

and 100 [57]. Cerebral DHA transport was studied in mice with the human apolipoprotein 4 (APOE4) allele,
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a main genetic risk factor for late onset Alzheimer’s disease. The DHA uptake rate was 24% lower in APOE4
mice [78]. Similarly, in the 3x-TG mouse model of Alzheimer’s disease, DHA cerebral transport was 25%

lower [79].

1.6. Risk Factors for Alzheimer’s Disease Impact BMEC Metabolism

The National Institutes of Health (NIH) awards nearly $8 Billion per year to studies of AD and related
dementias [80]; however, the root cause of AD is still unknown. It is likely that disease onset is due to a
combination of factors, including genetics and social and environmental determinants of health. Female sex
[1], stress hormone exposure [81], the APOE ¢4 genotype [82], and a sedentary lifestyle [83] all increase

the risk of developing AD.

1.6.1. Female Sex

Almost two thirds of Americans diagnosed with AD are women [84], which could be caused either by
increased AD incidence in women vs. men or because women have a longer lifespan than men [85]. Recent
studies showed that female subjects with the apolipoprotein (APOE) ¢4 allele, which increases AD risk by
almost 15% [86], are more likely to be diagnosed with AD than male subjects with the gene [87]. Additional
AD risk factors also have sex-specific effects. For example, obesity leads to greater BBB disruption and
induces a larger inflammatory response in women than men [88], [89]. | have extensively reviewed the role

of sex differences in the BBB in neurodegenerative diseases in APL Bioengineering [90].

Many AD sex differences can be tied to the neuroprotective effects of estrogen. In vitro studies
demonstrate that estrogen regulates BBB glucose transporter expression and membrane translocation [91],
[92], which could impact glucose transport into the brain. Indeed, in human studies, brain glucose transport,
and thus brain glucose metabolism, decreased following the menopausal transition [93], [94]. Similarly,
preclinical studies indicate estrogen decreases brain reactive oxygen species (ROS) production [95], which
is tied to decreased tight junction protein expression and BBB dysregulation [96]. Few studies, however,
have focused on intrinsic sex differences of cells or sex differences in circulating molecules (apart from

estrogen) and their role in AD development.
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Recent transcriptomic studies suggest that 14-25% of the EC transcriptome is sex-dependent [97],
some of which may occur through increased X-linked gene expression via escape from X-chromosome
inactivation (XCI). Approximately 15% of X-linked genes always escape XClI, and an additional 10% of X-
linked genes show variable inactivation patterns [98]. Female human umbilical vein endothelial cells
(HUVEC) demonstrate increased endothelial nitric oxide synthase (eNOS) expression, proliferation, and
migration compared to male HUVEC [99]. These data support the idea that sex differences in the BBB go

beyond estrogen.

A master’'s thesis written by Dakota Kamm addressed sex differences in BBB permeability in the
SAMP8 mouse model of accelerated aging [100]. Kamm found female mice to have increased mRNA
expression of claudin 1, 5, and 12, occludin, junction adhesion molecule A (JAMA), ZO-1, Major Facilitator
Superfamily Domain Containing 2, and BDNF compared to their male counterparts [100]. This study
suggests sex-specific differences in tight junction protein expression that could affect BBB function, though
notably did not measure estrogen levels or account for estrogen-mediated BBB function. Sex differences
in BBB characteristics should be further studied in vivo in other rodent models of neurodegenerative disease

and in vitro using human cells in the absence of estrogen.

In 2020, Oliva et al. used the Genotype-Tissue Expression (GTEX) Project to catalogue sex differences
across 44 human tissue sources, including brain tissue. 37% of all genes assayed in the GTEx database
showed sex-biased gene expression [101]. Building off this work, Lee et. al investigated the sex bias of
metabolic genes from human brain tissue in the GTEx database and found between 1-2% of all differentially
expressed genes between male and female brain tissue samples were metabolic genes [102].
Phosphoglucomutase (PGM1, converts glycogen to glucose-6-phosphate for glycolysis), pyruvate
dehydrogenase (PDH; converts pyruvate to acetyl-CoA), isocitrate dehydrogenase 2 (IDH2; converts
isocitrate to a-ketoglutarate), glutamate dehydrogenase (GLUD1; converts glutamate to alpha-ketoglutarate),
and oxoglutarate dehydrogenase (OGDH; converts alpha-ketoglutarate to succinyl-CoA) were all elevated in
female brain tissue. Phosphofructokinase (PFK; converts fructose-6-phosphate to fructose-1,6-phosphate)
was the only enzyme in glycolysis or the TCA cycle showing higher expression in male brain tissue [102].

Transcriptomic analysis of female rat brain microvessels showed pathway enrichment of genes involved in
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the respiratory chain/respiratory electron transport and chylomicron-mediated lipid transport, while male rat
brain microvessels showed enrichment of pathways for cholesterol biosynthesis and glucokinase regulation

[103].

Though little in vitro research has investigated sexual dimorphisms in BMEC metabolism, studies in
other endothelial cell lines demonstrate apparent metabolic differences between male and female cells.
Lorenz et al. recently showed in HUVEC procured from male-female twin sets that VEGF-stimulated male
HUVEC had higher mitochondrial respiration and lower glycolysis:mitochondrial respiration ratios than
VEGF-stimulated female HUVEC [104]. Furthermore, female HUVEC had higher intracellular ATP following
serum starvation than male HUVEC [104]. HUVEC studies also demonstrated a positive correlation
between estradiol binding and phosphofructokinase-2/fructose-2, 6-bisphosphatase 3 (PFKFB3)
upregulation, indicating a potential link between sex hormones and a rate-limiting glycolytic enzyme [105].
In the first protocol of hiBMEC differentiation, GLUT1 expression was higher in the female IMR90-4 hiBMEC
line than the male DF19-9-11T hiBMEC line [106]. However, statistical analysis was not performed on the
expression levels. These preliminary data justify further examination of sexual dimorphisms in BMEC
glucose metabolism, since these differences may lead to downstream energetic and functional

discrepancies between male and female cells.

1.6.2. Angiotensin Il

Angiotensin Il (Angll), a circulating stress hormone [107], increases oxidative stress, decreases
vascular function, and increases BBB permeability [108], all of which occur in AD pathology. Both in vitro
and in vivo studies support hyperactivity of the renin-angiotensin system (RAS) as a contributor to AD
pathology [109]. In the RAS, angiotensinogen is cleaved by renin to form Angiotensin |, which is then
cleaved by angiotensin converting enzyme (ACE) to Angll. Angiotensinogen is synthesized in response to
gluticocorticoids, thyroid hormone, and estrogen [110]. Angll levels increase in response to both acute and
chronic stress [111], which are implicated in AD development and progression [112]. Specifically, Angll
binding to the angiotensin type 1 receptor (AT1R) in the brain increases BBB permeability [113], oxidative
stress [114], and neuroinflammation [115], and decreases cerebral blood flow [116], all of which are

associated with AD pathogenesis [117], [118], [119], [120].
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In vitro, cultured bovine aortic EC treated with Angll increased hydrogen peroxide, decreased
mitochondrial membrane potential, and reduced nitric oxide production [121]. These effects were reversed
with apocynin, an NADPH oxidase (NOX) inhibitor. In HUVEC, hydrogen peroxide promoted endothelial to
mesenchymal transition (EndMT) via transforming growth factor-p2 (TGF-B2) [122], which is associated
with decreased barrier function [123]. In the same study, HUVEC treated with hydrogen peroxide activated
NF-kB [122], a transcription factor known to increase gene expression of interleukin-6 (IL-6) and other
inflammatory cytokines [124]. In animals in vivo, cerebral arteries from male mice displayed increased
superoxide and hydrogen peroxide and decreased contraction ex vivo in response to Angll compared to

arteries from female mice [125].

Angll increases endothelial ROS production [121] through NOX [121]. Of the seven NOX isoforms, the
genes for NOX1 and NOX2 both lie on the X-chromosome. As previously discussed, approximately 15% of
genes on the inactivated X-chromosome escape from inactivation, thereby doubling the gene expression in
individuals with two X-chromosomes. Data from B-lymphocytes demonstrates that CYBB, the gene for
NOX2, escapes X-chromosome inactivation, indicating that it may be expressed at higher levels in female

compared to male cells [126].

1.6.3. APOE Genotype

The APOE ¢4 allele (15% allele frequency) presents a higher risk for AD as compared to the APOE €2
(8% allele frequency) or APOE €3 (77% allele frequency) alleles [127]. The elevated AD risk in people with
the APOE €4 genotype is likely due to a multitude of interconnected factors, many of which are connected
to cell metabolism. In mouse models, the APOE €4 genotype has been linked to deficient glucose uptake
and metabolism in astrocytes and neurons [128], and decreased cerebral vascularization, BBB function,

and glucose metabolism and transport [129], [130].
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Though transgenic mouse models have demonstrated correlations between the APOE €4 genotype
and decreased glucose metabolism and barrier function, this has not yet been shown in human cells.
Additionally, the mechanisms through which the APOE genotype regulates BMEC metabolism and function
has not yet been identified. The APOE ¢4 allele may regulate BMEC function through multiple pathways.

In this work, we focus on two likely contenders.
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Figure 1.2. Hypothesis of APOE g4-induced reduction in glycolysis. APOE €4 proteins bind to
lipoproteins in the circulation and then bind competitively to insulin receptors on the cell membrane.
These APOE-lipoprotein-insulin receptor complexes are internalized into endosomes where increased
binding affinity for APOE €4 and insulin receptors prevents endosomal recycling of insulin receptors back
to the cell membrane, instead targeting them to lysosomes for degradation. This process reduces the
amount of insulin receptors available on the cell membrane for insulin signaling, which then impairs
GLUT1 transcription and translocation to the membrane and glycolysis.

APOE facilitates cholesterol and phospholipid transfer among cells in the brain [131]. APOE is lipidated
when it binds to lipoproteins, after which it acts as a ligand for receptor-mediated endocytosis by binding to
low-density lipoprotein receptors (LDLRs), LDL receptor-related proteins (LRPs) [132], or insulin receptors
(IR) [133]. Generally, after internalization, the components of the endosome are sorted, the ligand is
released, and the receptors are transferred back to the plasma membrane [134]. Recent work in neurons
revealed that APOE €4 has a higher binding affinity to IR than APOE €3 and leads to overall decreased
membrane IR expression and increased endosomal IR, indicative of decreased endosomal recycling [133].

Decreased endosomal recycling of IR may lead to impaired insulin signaling, which can impair glucose
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uptake via GLUT1 [135] (Fig. 1.2). In the insulin signaling cascade, insulin binds to the insulin receptor and
initiates phosphoinositide 3-kinase (PI3K) activity, which in turn results in downstream phosphorylation of
Akt [136]. p-Akt has been shown to increase GLUT1 translocation to the membrane [135]. Reduced
endosomal recycling and subsequent insulin signaling is one proposed mechanism through which
individuals with the APOE €4 may be more susceptible to AD, leading to downstream metabolic deficiencies

[133] and disrupted lipid homeostasis [137].

The APOE €4 protein binds to a promotor for and reduces transcription of Sirtuin 1 (SIRT1) [138], a
protein deacetylase that may prevent AD-associated neurodegeneration [139]. In brain microvascular
endothelial cells (BMEC), SIRT1 promotes barrier strength, decreases inflammation, and attenuates
oxidative stress [140]. Furthermore, both APOE €4 genotype and reduced SIRT1 correlate with decreased
glycolysis [130], [141], [142]. SIRT1 increases the transcription of rate limiting glycolytic enzyme hexokinase
2 (HK2) [141] [142](Fig. 3). Reduced SIRT1 levels in APOE €4 brain endothelial cells could therefore reduce
glycolysis and barrier function inducing glucose hypometabolism and BBB dysfunction in AD

pathophysiology.
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Figure 1.3. Hypothesis of APOE €4-induced reduction in glycolysis and barrier function. APOE €4
binds to the SIRT1 promotor and reduces its transcription thereby reducing SIRT1 protein levels. Lower
levels of SIRT1 reduce HK2 levels, thereby impairing glycolysis. SIRT1 also reduces junctional
expression of tight junction proteins, thereby reducing barrier function.

1.6.4. Sedentary Lifestyle
Exercise training shows promise in delaying the onset and reducing the overall burden of AD

symptoms [143], [144]. A 2014 meta-analysis showed that of seven potentially modifiable risk factors
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consistently associated with AD (diabetes, midlife hypertension, midlife obesity, physical inactivity,
depression, smoking, and low educational attainment), physical inactivity was the single highest population
attributable risk for AD [145]. Another meta-analysis found that the relative risk for dementia in adults with
high physical activity compared to low physical activity is 0.72, and 0.55 for AD, indicating that in both
groups physical inactivity is correlated with risk of disease [146]. In patients diagnosed with mild cognitive
impairment (MCI), a disease that often progresses into AD, exercise training improved hippocampal
functional connectivity [147], cortical thickness [148], and overall cognitive function [149]. Furthermore, in
patients at high risk for developing AD, defined by having at least one copy of the APOE €4 allele, physical
activity was effective in reducing the rate of hippocampal atrophy [150]. Exercise may be beneficial in AD
prevention by increasing brain glucose metabolism. In adult Sprague-Dawley rats, treadmill exercise
improved mRNA and protein expression of GLUT1, GLUT-3, and metabolic enzymes including
phosphofructokinase (PFK), lactate dehydrogenase (LDH), and adenosine monophosphate kinase (AMPK)

in cerebral tissue, which indicate increased cerebral glycolysis [151].
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Chapter 2: Sex differences in response to Angiotensin Il

2.1. Introduction:

The lifetime risk for Alzheimer’s disease (AD) is twice as high in women as in men [1]. While studies of
AD sex differences historically focused on sex hormones, recent transcriptomic studies suggest that 37%
of all genes are sex-biased in one or more tissues. Endothelial cell (EC) dysfunction is an early hallmark of
AD, and 14-25% of the EC transcriptome is sex-dependent [152]. These EC sex differences may be a
product of increased X-linked gene expression through escape from X-chromosome inactivation (XCI).
Approximately 15% of X-linked genes consistently escape XCI, and an additional 10% of X-linked genes
show variable inactivation patterns [153]. XCI escape of genes such as CYBB [154], which codes for

NADPH oxidase-2 (NOX2), could increase oxidative stress in female cells, contributing to EC dysfunction.

Transcriptomic differences in female and male EC may be best studied in human umbilical vein
endothelial cells (HUVEC), which exhibit the sex of the newborn [155], [156], [157] and have not been
exposed to sex hormones in vivo. Indeed, in hormone-naive HUVEC from boy-girl twin pairs, there were
more than 2000 differentially expressed genes [152]. Female HUVEC further had higher endothelial nitric
oxide synthase (eNOS) expression and intracellular ATP, were more proliferative and migratory, and had
lower mitochondrial respiration following VEGF-stimulation compared to male HUVEC [156], [157]. A recent
study further showed that female and male HUVEC have different responses to mechanical cues such as
shear stress and substrate stiffness [158]. Thus, female and male HUVEC may have different

transcriptomes at baseline and in response to external stimuli.

Angiotensin Il (Angll) is a circulating stress hormone [159] that contributes to endothelial dysfunction in
AD and is elevated in the brains of AD patients [160]. When Angll binds to the angiotensin type 1 receptor
(AT1R), it enhances NOX2 activity to increase reactive oxygen species (ROS) production [161], leading to

EC dysfunction.

Most studies on the effects of Angll on vascular and EC function were conducted in male rodents [162],

[163], [164], [165] or failed to analyze outcomes in a sex-dependent manner [166]. Therefore, in this study
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published in Cellular and Molecular Bioengineering, | examined how female and male EC responded
differently to Angll [167]. | used RNA sequencing to study transcriptomic differences, followed by
phenotypic, inflammatory, and oxidative stress assays to measure how the transcriptomic differences
affected EC function. My data demonstrate that EC have sexually dimorphic inflammatory and oxidative

stress responses to Angll treatment, which could be important in treating AD in female versus male patients.

2.2. Methods:

2.2.1. Cell Culture: Male and female endothelial cells from donors of different sexes and from different
vascular beds were used (Table 2.1), as indicated in each experiment. Pooled male and pooled female
human umbilical vein endothelial cells (HUVEC; Lonza; 3 donors per sex), individual donor male and female
HUVEC (Lonza, 2 donors per sex), and individual donor male and female human coronary artery endothelial
cells (HCAEC; Lifeline Cell Technology; 1 donor per sex) were cultured in Endothelial Growth Medium-2
(EGM-2; Lonza) supplemented with 10% fetal bovine serum (FBS; Hyclone), 1% penicillin streptomycin
(Thermo Fisher) and 1% L-glutamine (Thermo Fisher). Individual donor human pulmonary artery endothelial
cells (HPAEC; Pulmonary Hypertension Breakthrough Initiative; 3 donors per sex) were cultured in
Endothelial Growth Medium-2-MV (EGM-2-MV; Lonza) supplemented with 10% FBS, 1% penicillin
streptomycin, and 1% L-glutamine. Cells were maintained in an incubator with 5% CO:2 at 37°C and used

between passages 4-9.

Table 2.1. EC donor characteristics.

Source Tissue Cell Sex Donor Age Race
Umbilical Vein Female (3 pooled donors) |Newborn White
Umbilical Vein Male (3 pooled donors)  |Newborn White
Umbilical Vein Female Newborn White
Umbilical Vein Male Newborn White
Umbilical Vein Female Newborn Black or African American
Umbilical Vein Male Newborn Black or African American
Pulmonary Artery Female 36 White
Pulmonary Artery Male 49 White
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Pulmonary Artery Female 50 White
Pulmonary Artery Male 51 White
Pulmonary Artery Female 34 White
Pulmonary Artery Male 40 White
Coronary Artery Female 12 Black or African American
Coronary Artery Male 22 Black or African American

2.2.2. RNA Sequencing: Confluent pooled male and female HUVEC were incubated with 1 uM angiotensin
II (Angll; Sigma; SCP0020) or water as a vehicle control for 24 hours. RNA was extracted using
phenol/chloroform [168]. Briefly, cells were washed with cold phosphate buffered saline (PBS), scraped,
and centrifuged at 17,000 x g and 4°C for 4 minutes. 1 mL TRIzol (ThermoFisher) was added to each
sample, after which the cell pellets were resuspended and incubated at room temperature for 5 minutes.
200 pL chloroform (Sigma) was added to each sample, and samples were vortexed and centrifuged at 4°C
and 17,000 x g for 30 minutes. Equal volumes of the top RNA sample layer and isopropyl alcohol were
combined with a 1:100 dilution of GlycoBlue Co-precipitant (ThermoFisher) and then centrifuged at 4°C and
17,000 x g for 30 minutes. The pellet was washed with ice-cold 70% ethanol and resuspended in RNase-
free water. RNA was quantified on a Nanodrop 2000c (Thermo Fisher) and then shipped to Novogene
where ribosomal RNA were degraded and a directional RNA library was constructed to extract long non-
coding RNA, micro RNA, and circular RNA before the samples were sequenced on an Illumina NovaSeq

6000.

All RNAseq data were processed in Galaxy (https://usegalaxy.org). A FASTQC report was used to

verify RNA sequencing quality. Samples were trimmed as paired end reads using Trimmomatic and aligned
to the human genome (hg38) using HISAT2. FeatureCounts measured differentially expressed genes
(DEG) based on the annotated human genome. EdgeR was then used to compare Angll treated samples
to untreated samples for both the male and female HUVEC. A Benjamini and Hochberg p-value adjustment
was used for statistical analysis. Genes with a fold change > 0.6 and an adjusted p-value < 0.3 were

considered statistically significant. The EdgeR report was uploaded to iPathway Guide [169], [170] (Advaita
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Bio) to visualize gene and pathway alterations in response to Angll, and how DEG differed between male

and female HUVEC following Angll treatment.

2.2.3. ELISA: Human interleukin-6 (IL-6) and transforming growth factor-2 (TGF-f32) in cell culture media
samples were quantified by ELISA (RayBiotech) as per manufacturer’s protocols. For the TGF-B2 ELISA,
cells were treated 1 uM Angll for 24 hours after which 250 pL conditioned media was transferred to
microcentrifuge tubes, activated with 50 pL 1N HCI (Sigma) for 10 minutes, and then neutralized with 50
puL 1.2 N NaOH (Sigma)/ 0.5 M HEPES (Sigma). For the IL-6 ELISA, cells were treated +1 uM Angll and
+1 ng/mL TNFa for 24 hours. Conditioned media was diluted 1:1 in sample dilution buffer. Absorbance was

read immediately on a plate reader (Tecan Spark Multimode Microplate Reader) at 450 nm.

2.2.4. Endothelial-to-Mesenchymal Transition (EndMT): Endothelial vs. mesenchymal cell phenotype
was measured using an endothelial marker (VE-cadherin) and a mesenchymal marker (a-smooth muscle
actin; aSMA). Confluent pooled male and female HUVEC on 18 mm glass coverslips (VWR) were treated
+1 uM Angll for 24 hours, fixed in 4% paraformaldehyde (PFA; Sigma), and then permeabilized and blocked
with 0.2% TritonX-100 (Alfa Aesar) and 5% goat serum (Sigma) in phosphate buffered saline (PBS; Thermo
Fisher) for 1 hour. Cells were incubated in primary antibodies against VE-cadherin (1:50, Santa Cruz
Biotechnology; sc-9989) and aSMA (1:200; Abcam; ab5694) overnight at 4°C in 1% goat serum in PBS.
Cells were then incubated in the appropriate secondary antibodies (1:1000; Thermo Fisher) and Hoechst
(1:2000; nuclei; Thermo Fisher). Samples were imaged on an ECHO Revolve microscope at 20x

magnification.

2.2.5. White Blood Cell (WBC) Adhesion Assay: WBC adhesion was used to determine EC inflammation.
Confluent male and female HUVEC and HPAEC were treated £1 uM Angll and £1 ng/mL TNFa for 24
hours. WBC were isolated from freshly drawn blood following IRB 1818450-1 using Acrodisc WBC Syringe
Filters (Pall). WBC were labeled with Calcein AM (Thermo Fisher) for 30 minutes in EGM-2 media, after
which they were washed and resuspended at 2 x 108 cells/mL in EGM-2. HUVEC and HPAEC were washed
with 1x PBS, then incubated with 1 x 10® WBC for 10 minutes. After thorough washing, samples were

imaged on an ECHO Revolve microscope at 10x magnification.
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2.2.6. Oxygen Consumption Rate (OCR): EC oxidative phosphorylation was measured using a Seahorse
ATP Rate Assay (Agilent). Male and female pooled HUVEC were seeded at 40,000 cells/well in a 96-well
Seahorse plate (Agilent), allowed to attach overnight, then treated +1 uM Angll for 24 hours. The ATP Rate
Assay was run following manufacturer’s protocols. OCR, an approximation of mitochondrial metabolism,
was assessed in basal conditions and following oligomycin (ATP synthase inhibitor) and rotenone/antimycin
A (mitochondrial electron transport chain inhibitors) treatment. Mitochondrial ATP production was
calculated using Seahorse Wave software (Agilent), and proton leak was calculated as the difference

between oligomycin and rotenone/antimycin A inhibition of OCR.

2.2.7. Reactive Oxygen Species: Carboxy-HDCFDA, which is taken up by a cell and then oxidized by
ROS to induce a fluorescent signal, and MitoSOX, which is targeted to the mitochondria then specifically
oxidized by superoxide to produce a fluorescent signal, were used to measure EC oxidative stress.
Confluent male and female HUVEC and HPAEC were treated +1 uM Angll (Millipore Sigma; SCP0020) for
24 hours. Cells were washed twice with Hank’s Balanced Salt Solution with calcium and magnesium
(HBSS/Ca/Mg; Thermo Fisher) and then incubated in 25 uM carboxy-H2DCFDA (Thermo Fisher) in
HBSS/Ca/Mg containing 1 uM Hoechst for 30 minutes at 37°C. HBSS without sodium bicarbonate (Thermo
Fisher) was used to wash the cells before mounting them on glass slides and imaging at 10x magnification
on an ECHO Revolve microscope. For the MitoSOX assay, HUVEC were washed with HBSS/Ca/Mg and
then incubated in HBSS/Ca/Mg containing 5 pM MitoSOX (Thermo Fisher) and 1 uM Hoechst for 15
minutes at 37°C. After washing with HBSS without sodium bicarbonate, samples were mounted on glass

slides and immediately imaged on an ECHO Revolve fluorescent microscope.

2.2.8. CYBB Gene Expression: HUVEC, HCAEC, and HPAEC were seeded at 125,000 cells/well in a 12-
well plate. RNA was isolated from confluent EC using an RNEasy Mini Kit (Qiagen). Isolated RNA was
guantified on a Nanodrop 2000c (Thermo Fisher), and RNA was converted to cDNA using a High-Capacity
cDNA Reverse Transcription kit (Thermo Fisher) and a ProFlex Thermal Cycler (Thermo Fisher). | ran
gPCR using a Tagman probe for CYBB (ThermoFisher; Hs00166163_m21) and RPLPO, a ribosomal protein
not differentially expressed between male and female EC, as a housekeeper (Thermo Fisher;

Hs00420895 gH) using a QuantStudio 7 Flex gPCR System (Thermo Fisher).
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2.2.9. NOX2 siRNA knockdown: Pooled HUVEC were seeded at 125,000 cells/well in a 12-well plate in
antibiotic-free EGM-2 supplemented with 10% FBS and 1% glutamine. After 24 hours, 18 pmol CYBB
siRNA (Thermo Fisher; s531913) or Silencer Select Negative Control #1 (Thermo Fisher) complexed with
Lipofectamine RNAIMAX Transfection Reagent (Thermo Fisher) in Opti-MEM | Reduced Serum Medium
(Thermo Fisher) was added to the culture medium. After 24 hours of siRNA treatment, cells were treated

with 1 uM Angll, and the downstream assay was performed.

NOX2 protein was assessed by Western blot. 6, 24, or 48 hours after CYBB siRNA application, cells
were lysed. Protein was quantified using a BCA assay (Thermo Fisher), and samples (3.5 pg/uL protein)
were separated on 4-12% Bis-Tris gels (Thermo Fisher) and transferred to a nitrocellulose membrane
(Thermo Fisher) using an iBlot 2 (Thermo Fisher). Membranes were blocked for 1 hour in 5% bovine serum
albumin (Millipore Sigma) in PBS containing 0.5% Tween 20 (Thermo Fisher) and then incubated with
primary antibodies for NOX2 (Proteintech; 19013-1-AP; 1:1000) and p-Actin (Santa Cruz Biotechnology;
sc-47778; 1:1000) overnight. After thorough washing, membranes were incubated in the appropriate
secondary antibodies (Promega; 1:2000) for 2 hours. Western blots were imaged on an Alpha Innotech

Fluorchem Imager (Protein Simple), and proteins were quantified using AlphaView software.

2.2.10. Fluorescent Image Quantification: Fluorescent images were quantified in Fiji (ImageJ). For
EndMT analysis, rolling ball background subtract was used to remove background fluorescence. Images
were then thresholded to remove non-specific labeling before measuring fluorescence intensity. Thresholds
were maintained for all images in an experiment, and fluorescence intensity was normalized to cell count
by dividing by the number of nuclei in the same image. For WBC adhesion analysis, the number of adhered
WBC per frame were counted and averaged between samples. Images shown are representative of the

average fluorescence intensity for each treatment group.

2.2.11. Statistics: Statistics were analyzed in GraphPad Prism. Non-parametric Mann-Whitney tests,
Kruskal-Wallis tests, and two-way ANOVA with a Tukey’s correction for multiple comparisons were used to
compare datasets. RNA-seq data were considered biologically significant with an adjusted p-value < 0.3

and a Logz2FC > 0.6.
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2.3. Results:

2.3.1. Female and male HUVEC had sexually dimorphic gene expression.

Angll is a circulating stress hormone known to have vascular effects. Since the EC transcriptome itself
is sexually dimorphic [152], | investigated if Angll has different effects on female versus male EC. | first
studied gene expression differences in pooled HUVEC from male and female donors. RNA sequencing
showed that male and female HUVEC had 1134 differentially expressed genes. 622 genes were
upregulated in female as compared to male HUVEC, and 512 genes were upregulated in male as compared
to female HUVEC (Fig. 2.1A, Appendix Table 1A-B). Cell sex was validated through expression of sex-
specific transcripts including the female-associated gene X-Inactive Specific Transcript (XIST), which was
downregulated in male compared to female HUVEC (Log2FC = 14.16), and the male-associated gene
Ubiquitin specific peptidase 9 Y-Linked (USP9Y), which is upregulated in male compared to female HUVEC

(Logz2FC = 14.19).
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Figure 2.1. Female endothelial cells differentially express more genes in response to Angll
treatment. (A) Volcano plot of RNA sequencing data from untreated female and male HUVEC. Blue
indicates genes upregulated in male vs. female HUVEC (512 genes), and red indicates genes
upregulated in female vs. male HUVEC (622 genes). Graph demonstrates data relative to male HUVEC
where a positive Log2FC indicates upregulation in male HUVEC and a negative Log2FC indicates
downregulation in male HUVEC relative to female. (B) Venn Diagram of gene expression changes in
female and male HUVEC treated with 1 pM Angll for 24 hours. (C) Volcano plots of genes that were
differentially expressed genes following 24 hours of Angll treatment in female and male HUVEC. A full
table of all differentially expressed genes is in the supplemental data. (D) KEGG pathways significantly
altered by Angll treatment containing more than three differentially expressed genes. Significant with
Logz2FC >0.6, and adjusted p-value <0.05. n = 3 samples for each condition from pooled HUVEC in RNA
sequencing data. Female and Male HUVEC were pooled from three donors per sex.

26



2.3.2. Female HUVEC altered expression of more genes in response to Angll than male HUVEC.

| then treated pooled male and female HUVEC with Angll for 24 hours and analyzed gene expression
changes. Female HUVEC differentially expressed 444 genes with Angll treatment, while male HUVEC
differentially expressed 21 genes (Fig 2.1B; Appendix Table 2A-B). The 172 upregulated genes in female
Angll-treated HUVEC included interleukin-6 (IL-6; p = 0.006), an inflammatory cytokine, and transforming
growth factor B-2 (TGF-82; p < 0.0001), a growth factor involved in proliferation, differentiation, and
apoptosis. The 272 downregulated genes included dual specificity phosphatase 8 (DUSP8; p = 0.008), a
phosphatase regulating protein responsible for cell proliferation and differentiation. The 8 upregulated
genes in Angll-treated male HUVEC included glucosylceramidase B (GBA; p < 0.0001), a lysosomal protein
involved in glycolipid metabolism, while the 13 downregulated genes included RNA polymerase |
transcription factor (RRN3; p <0.0001; Fig 2.1C), an RNA polymerase regulating apoptosis and
transcription. Of the differentially expressed genes, only lanosterol synthase (LSS; p < 0.0001), an enzyme

involved in cholesterol synthesis, was commonly downregulated.

| next used iPathway Guide’s KEGG database to understand how these expression changes relate to
cell-level functions. Male HUVEC treated with Angll did not have any KEGG pathways with three or more
differentially expressed genes. However, female HUVEC treated with Angll had multiple KEGG pathways
with more than three differentially expressed genes. Of particular interest were statistically significant
changes in pathways that could be important in Angll-related diseases that are more prevalent in women,
including tumor necrosis factor (TNF) signaling, advanced glycation end products (AGE)-receptor for
advanced glycation end products (RAGE) signaling, cytokine-cytokine receptor interaction, metabolic

pathways, oxidative phosphorylation, and pathways of neurodegeneration (Fig. 2.1D, Appendix Table 3).

2.3.3. TGF-B2 gene expression, but not protein secretion, was elevated in female HUVEC in response
to Angll.

To determine if gene expression changes resulted in cell function changes, | further investigated several
genes that were upregulated in Angll-treated female HUVEC. TGF-2 is a major molecular player in EndMT

[171], which may contribute to loss of BBB integrity in AD [172]. Since TGF-B2 expression was higher in
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pooled female, but not significantly altered in male, Angll-treated HUVEC (Fig. 2.2A), | measured TGF-f2
protein and EndMT in female and male HUVEC. TGF-32 protein did not change after 24 hours of Angll
treatment in pooled cells of either sex (Fig. 2.2B). Similarly, VE-cadherin did not decrease and a-smooth
muscle actin (aSMA) did not increase with Angll treatment in either male or female cells, suggesting that
Angll did not lead to EndMT (Fig. 2.2C). Thus, even though Angll increased TGF-82 mRNA expression in

female HUVEC, this did not lead to measurable changes in TGF-B2 protein or EndMT.

2.3.4. Angll increased inflammatory responses in female but not male EC.

Expression of IL-6, an inflammatory cytokine implicated in Alzheimer’s disease, was also higher in
pooled female HUVEC but unchanged in male HUVEC following Angll treatment (Fig. 2.3A). Adhesion
protein genes, including E-Selectin (SELE; Log2FC = 0.601), vascular cell adhesion protein-1 (VCAM1;
Log2FC = 0.455), and intercellular adhesion molecule-1 (ICAM1; Log2FC = 0.399) were elevated in pooled
female, but not male, HUVEC following Angll treatment. IL-6 protein released into the media did not change
between cells of differing sex or with Angll treatment (Fig. 2.3B-C). Based on these results, | hypothesized
that a second inflammatory stimulus may be needed to change IL-6 release. | therefore treated pooled male
and female HUVEC with both Angll and the inflammatory cytokine TNFa. In the presence of TNFa, Angll
increased IL-6 protein release by 36% in pooled female but not male HUVEC (p = 0.0010; Fig. 2.3B-C). |
then determined if the increased IL-6 release enhanced WBC adhesion using the male and female pooled
HUVEC, individual donor HUVEC, and individual donor HPAEC. WBC adhesion was elevated by 33% in
female, but not male, EC treated with Angll in the presence of TNFa (p = 0.0224; Fig. 2.3D-F, Fig. 2.4, Fig.
2.5). These data suggest that Angll exposure in the presence of an additional inflammatory stimuli leads to

a cooperative increase in inflammation response in female but not male endothelial cells.
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Figure 2.2. Angllincreased TGFB2 mRNA expression in female as compared to male HUVEC, but
TGFB2 protein and EndMT did not change with Angll or sex. (A) RNA-seq of changes in TGFG2
gene expression following 24 hours of 1 uM Angll treatment in male and female HUVEC (n = 3 samples
per experimental condition from pooled HUVEC). (B) TGF-B2 protein after 24 hours of 1 uM Angll
treatment in pooled male and female HUVEC, as measured by ELISA (n = 12 samples per condition; 4
experimental repeats, 3 samples per condition in each repeat). (C) Representative fluorescent
microscopy images of endothelial (VE-cadherin, light blue) and mesenchymal (aSMA, green) markers,
with Hoescht-labeled nuclei (dark blue) in female and male HUVEC following 24 hours of 1 uM Angll
treatment, with quantification (n = 6 samples per condition; 2 experimental repeats, 3 samples per
condition in each repeat). Scale = 50 um. TGF-B2 protein and fluorescence intensity were normalized to
untreated female cells. Female and Male HUVEC were pooled from three donors per sex.
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Figure 2.3. Female HUVEC had higher IL-6 mMRNA expression than male HUVEC following Angll
treatment but required concurrent TNFa exposure to show higher IL-6 protein and inflammation.
(A) IL-6, SELE, VCAM1, and ICAM1 gene expression from RNA sequencing in pooled female and male
HUVEC following 24 hours of 1 uM Angll treatment (n = 3 samples per condition from pooled HUVEC).
IL-6 protein following 24-hour treatment £1 pM Angll and + 1 ng/ml TNFa in (B) female and (C) male
HUVEC, measured via ELISA (n = 8 samples per condition; 2 experimental repeats, 4 samples per
condition in each repeat). (D) WBC adhesion (calcein, green) to male and female HUVEC and HPAEC
following 24-hour treatment +1 uM Angll and +1 ng/ml TNFa quantified in (E) female and (F) male EC (n
= 6 cell donors per sex; each datapoint averaged from 3 samples per condition). Scale = 100 um. Data
analyzed with Two-way ANOVA. IL6 protein concentration and WBC adhesion were normalized to
untreated cells for each sex.
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Figure 2.4. Female HPAEC and HUVEC increased WBC adhesion when treated with TNFa and
Angll. Female HPAEC and HUVEC from 3 donors each were treated with +/- 1 uM Angll and +/- 1 ng/mi
TNFa for 24 hours, followed by a 10-minute incubation with calcein-green labeled WBC (n = 18 samples
from 6 donors). Scale bar = 100 um. Data analyzed with two-way ANOVA. *p<0.05, **p<0.01. WBC

adhesion was normalized to —Angll — TNFa.
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Figure 2.5. Male HPAEC and HUVEC increased WBC adhesion when treated with TNFa and Angll.
Male HPAEC and HUVEC from 3 donors each were treated with +/- 1 pM Angll and +/- 1 ng/ml TNFa
for 24 hours, followed by a 10-minute incubation with calcein-green labeled WBC (n = 18 samples from
6 donors). Scale = 100 pm. Data analyzed with Two-way ANOVA. WBC adhesion was normalized to —
Angll — TNFa.
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Indeed, nine genes involved in mitochondrial respiration were upregulated in female, but not male, pooled
HUVEC following 24 hours of Angll treatment (Fig. 2.6A). As ROS are a by-product of mitochondrial
respiration, and Angll is known to increase endothelial ROS [173], | hypothesized that female EC treated
with Angll would have higher ROS than male EC. Female and male pooled HUVEC, individual donor

HUVEC, and individual donor HPAEC were treated with £1 uM Angll for 24 hours and then incubated with
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Figure 2.6. Female HUVEC demonstrate increased ROS production in response to Angll
compared to male HUVEC. (A) RNA-seq of differentially expressed genes associated with
mitochondrial respiration elevated in female but not male HUVEC following Angll treatment (n = 3
samples per condition from pooled HUVEC). (B) General ROS production shown via Carboxy-H2DCFDA
in female versus male HUVEC and HPAEC following 24 hours of Angll treatment (n = 6 cell donors per
sex; each datapoint averaged from 3 samples per condition).

Carboxy-H2DCFDA, a general ROS indicator. Female HUVEC and HPAEC demonstrated a 33% increase
in ROS following Angll treatment (p =0.0006), while male HUVEC and HPAEC did not show an increase in
ROS (Fig. 2.6B; Fig. 2.7). However, individual donor female HCAEC did not increase ROS following Angll

treatment (Fig. 2.8).
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Figure 2.7. Female HUVEC and HPAEC had elevated ROS following Angll treatment, while male
cells did not. HUVEC and HPAEC from 3 donors per sex were treated with +/- 1 uM Angll for 24 hours,
then labeled with carboxy-H2DCFDA (green). Scale bar = 100 um. Data analyzed with two-way ANOVA.
ROS intensities were normalized to untreated cells for each sex.
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Figure 2.8. Male and female HCAEC did not increase ROS production in response to Angll. Single
donor male and female HCEAC were treated with +/- 1 uM Angll for 24 hours, then labeled with carboxy-
H2DCFDA (green). Scale bar = 100 pm. Data analyzed with two-way ANOVA. ROS intensities were
normalized to untreated cells for each sex.
2.3.6. Mitochondrial superoxide production, but not mitochondrial metabolic rate, increased in female
HUVEC in response to Angll.
| then evaluated if the increase in ROS was due to a rise in superoxide production as a byproduct of
mitochondrial metabolism. When | labeled Angll-treated pooled female and male HUVEC with the
mitochondrial ROS indicator MitoSOX, | observed that mitochondrial superoxide increased by 19% in the
female but not male HUVEC (p =0.0017; Fig. 2.9A). However, while pooled female HUVEC had 17% higher
oxygen consumption rate (OCR; oxidative phosphorylation; p < 0.0001) and 17% higher mitochondrial ATP
production than pooled male HUVEC (p < 0.0001) by Seahorse dynamic metabolic measurements, neither
OCR nor mitochondrial ATP changed with Angll treatment (Fig. 2.9B-D). Proton leak, defined as respiration
that is not coupled to ATP production, was similar across all conditions (Fig. 2.9E). Although female HUVEC

had higher mitochondrial metabolism than male HUVEC, this did not appear to relate to the elevated ROS

observed in Angll-treated female HUVEC.

2.3.7. CYBB gene expression was elevated in female HUVEC and may be partially responsible for

increased ROS production in response to Angll.
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| therefore examined an alternative pathway by which ROS production could be elevated in female
HUVEC treated with Angll. CYBB, the gene for NOX2, escapes from XCI [154]. NOX2 is the catalytic
subunit of NADPH oxidase, which produces superoxide when activated and assembled in the cell
membrane. RNA-sequencing showed CYBB gene expression to be higher in pooled female than male
HUVEC, but due to high variability in the data, this was not statistically significant. | therefore repeated gene
expression measurements by RT-gPCR and showed that CYBB gene expression was 4 times higher in
pooled female compared to pooled male HUVEC and in female compared to male HPAEC from one donor
(p <0.0001; Fig. 2.10A). I then knocked down CYBB via siRNA in pooled HUVEC and confirmed significant
NOX2 protein reduction after 24 hours by Western blot (p = 0.0021; Fig. 2.10B). Using the more general,
cell permeable ROS indicator Carboxy-H2DCFDA, | again demonstrated elevated ROS in Angll-treated
female but not male HUVEC (p = 0.0098). However, in HUVEC with NOX2 knocked down, Angll treatment

failed to significantly elevate ROS in female or male cells (Fig. 2.10C-D).
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Figure 2.9. Female HUVEC demonstrate increased superoxide in response to Angll compared
to male HUVEC. (A) Mitochondrial superoxide production in female versus male HUVEC following 24
hours of Angll treatment measured via MitoSOX (n = 14; 2 experimental repeats, 7 samples per
condition from pooled HUVEC). Scale = 100 um. (B) OCR measured by Seahorse ATP Rate assay in
male and female HUVEC 1 uM Angll treatment (n = 12; 2 experimental repeats, 6 samples per
condition from pooled HUVEC). (C) Basal OCR, (D) Mitochondrial ATP production, and (E) Proton leak
calculated from Seahorse OCR (n = 12; 2 experimental repeats, 6 samples per condition from pooled
HUVEC). MitoSOX and seahorse data normalized to the female untreated cells. Data analyzed with
two-way ANOVA.
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Figure 2.10. CYBB is upregulated in female, but not male EC, which may contribute to elevated
ROS production in Angll-treated female cells. (A) CYBB gene expression in untreated female and
male HUVEC and HPAEC by RT-PCR. Analyzed with a Mann-Whitney test (n =6). (B) Western blot of
NOX2 and B-Actin, with quantification, in HUVEC treated with scramble siRNA or CYBB siRNA for 6-
48 hours (n = 6). (C) Representative fluorescent microscopy images of carboxy-H2DCFDA (green) as
a ROS indicator in female and male HUVEC following CYBB siRNA (or scramble siRNA) and +1 pM
Angll treatment for 24 hours. Scale = 100 um. (D) Quantification of ROS following siRNA knockdown
(n = 15). Western blot and ROS intensity were normalized to the untreated female cells.
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2.4. Discussion:

Elevated Angll is associated with many sexually dimorphic diseases that disproportionately affect
women, including Alzheimer’s disease [174], [175]. Since EC have sexually dimorphic transcriptomes [152],
| investigated how female and male EC respond differently to Angll. | now show that female EC have more
extensive transcriptional changes in response to Angll as compared to male EC. While changes in TGF-£2
gene expression did not lead to altered EC phenotype in vitro, | did observe elevated immune and oxidative
stress responses to Angll in female EC as compared to male EC. My study indicates that female EC have

a stronger reaction to Angll, which may contribute to higher rates of Angll-related diseases in women.

Most studies of sex differences investigate specifically the impacts of sex hormone (estrogen and
testosterone) exposure. However, hormone exposure is not the only differentiating factor between men and
women. Phenotypic sex differences between men and women are a combination of the effects of sex
chromosomes, genetic variation through copy number variants and single nucleotide polymorphisms, and
epigenetic regulation by endogenous factors such as hormones or exogenous factors like environmental
exposures [176]. Additionally, through the process of escape from XCI, genes on the second silenced X-
chromosome in female cells can be reactivated, essentially doubling their gene expression. In this paper, |
examined sex differences in response to Angll in neonatal umbilical vein endothelial cells, which were not
exposed to sex hormones. | further validated my findings using adult pulmonary artery endothelial cells to

demonstrate that sex differences were maintained regardless of cell age and hormone exposure.

My RNA-sequencing data confirmed prior studies that demonstrated gene expression changes in male
and female HUVEC [152]. Indeed, sex differences have been observed in most tissues of the body [101].
A previous study reported 2,528 differentially expressed genes between male and female HUVEC in boy-
girl twin pairs [152]; however, an adjusted p-value of <0.1 was considered significant with no required
LogzFC cutoff, whereas | chose a more stringent cutoff of adjusted p-value < 0.3 and Log2FC > 0.6. | now
further show that female HUVEC have more differentially expressed genes compared to male HUVEC
when treated with Angll. In male HUVEC, none of the differentially expressed genes were in the same
KEGG pathway. Female HUVEC, on the other hand, had 25 KEGG pathways with 3 or more differentially

expressed genes. Many of the differentially expressed genes were included in multiple KEGG pathways.
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For example, thermogenesis, oxidative phosphorylation, and metabolism KEGG pathways had almost
entirely overlapping differential gene expression (electron transport chain, specifically cytochrome C
reductase, cytochrome C oxidase, NADH dehydrogenase, and F-type ATPase). Seven out of eleven
differentially expressed genes associated with the neurodegeneration KEGG pathway also overlapped with
oxidative phosphorylation. These synergies suggest that differentially expressed genes in Angll-treated

female cells could have wide-reaching cellular effects.

Although TGF-B2 production is known to increase EndMT [177], and female Angll-treated cells showed
an increase in TGF-52 gene expression, | did not observe an increase in TGF-B2 released from the cells in
male or female HUVEC treated with Angll. Generally, TGF-B2 is translated in the endoplasmic reticulum
where it dimerizes and binds to latent TGF-p binding proteins (LTBP). The TGF-p2-LTBP complex is
secreted, after which activating factors dissociate the complex. Active TGF-B2 then binds to TGF-
receptors on cells [178]. TGF-B2 can be secreted without LTBP [179], although LTBP promotes its folding
and secretion [180]. | did not observe increased LTBP gene expression in female HUVEC, which could

explain why TGF-B2 protein release was not increased in these cells following Angll treatment.

Furthermore, increased TGF-£2 gene expression in female Angll-treated HUVEC did not induce
EndMT, as measured by decreased endothelial markers and increased fibrotic markers. Maleszewska et
al proposed that elevated IL-1p is necessary for inducing EndMT, while TGF-B2 is essential to sustaining
EndMT [171]. IL-15 was not differentially expressed in male or female HUVEC following Angll, which could
mean that EndMT was not induced. Alternatively, other secondary stimuli such as TNF-a [181] and
hydrogen peroxide [182] have been proposed to supplement TGF-B2-related EndMT. Sex differences in
valvular interstitial cells were accentuated on soft and stiff hydrogels compared to tissue culture plastic,
[183] thus | might have observed functional changes in EndMT on softer substrates. Finally, TGF-$2 gene
expression may take longer to lead to cell functional changes [171], [181], [182], [184]. Although | did not
observe cell function changes due to Angll-induced increased TGF-£2 gene expression in female HUVEC,

differences may occur with secondary stimuli, on softer substrates, or at longer times.
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| similarly observed increased IL-6 gene expression in Angll-treated HUVEC with no change in secreted
protein or EC inflammatory response. IL-6 mMRNA is relatively unstable, with a 30-minute half-life [185]. IL-
6 mMRNA is stabilized by Arid5a [186], and its degradation is accelerated by Regnase-1 (Zc3h12a) [187].
Neither ARID5A nor ZC3H12A were differentially expressed in female EC following Angll treatment;
therefore, IL-6 MRNA may have been too unstable in Angll-treated cells to increase IL-6 protein secretion.
TNF-a is an inflammatory stimulus that may increase IL-6 mRNA stability [188], and in my cells, concurrent
Angll and TNF-a treatment increased both IL-6 secretion and WBC adhesion in female HUVEC and HPAEC
compared to TNF-a alone. WBC adhere to cell adhesion molecules on EC membranes including
intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion protein-1 (VCAM-1), and E-Selectin.
The E-selectin gene was significantly increased in female HUVEC following Angll treatment (Log2FC =
0.601, p <0.0001). Though ICAM-1 (Log2FC = 0.399) and VCAM-1 (Log2FC = 0.455) had statistically
significant p-values, they did not reach my LogFC threshold for significance but may also be elevated in
female HUVEC treated with Angll. Male HUVEC did not increase ICAM-1, VCAM-1, or E-Selectin
expression following Angll treatment. Cell adhesion molecule gene upregulation likely contributes to

increased WBC adhesion to female, but not male, HUVEC following TNF-a and Angll treatment.

Finally, oxidative phosphorylation genes and ROS increased in female HUVEC treated with Angll,
which correlated with elevated mitochondrial superoxide production. Seahorse ATP Rate Assays did not
show a corresponding increase in mitochondrial respiration in either female or male HUVEC. Similar to
increases in IL-6 following Angll treatment in female HUVEC, it may be that the cells are increasing gene
expression of oxidative phosphorylation genes but require a second stimuli to actually increase OCR. | did
find that CYBB, the gene encoding for NOX2, was overexpressed in female as compared to male cells and
when knocked down, abrogated the Angll-induced increase in ROS in female HUVEC. CYBB was shown
to escape X-chromosome inactivation [154], meaning it was expressed on both X chromosomes in female
cells leading to double the gene expression. | similarly observed higher CYBB expression in female as
compared to male HUVEC and HPAEC, indicating that CYBB may escape from X-chromosome inactivation
in these cells. Interestingly, CYBB knockdown in female HUVEC did not reduce baseline ROS. Thus, NOX2

may be partially responsible for elevated ROS production in female HUVEC treated with Angll.
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The HUVEC sex differences were partially replicated in EC from patients who were not neonates.
Female HPAEC and HCAEC from donors aged 12-51 demonstrated elevated CYBB gene expression,
congruent with my hypothesis that CYBB escapes X-chromosome inactivation. However, only female
HPAEC had elevated ROS in response to Angll. This could relate to the specific vascular bed. HPAEC
dysfunction is associated with pulmonary artery hypertension (PAH) [189], and women are 2-4 times more
likely to be diagnosed with PAH compared to men [190]. Indeed, differential gene expression associated
with ROS production (including CYBB) has been proposed to be partially responsible for these sex
differences [191]. Alternatively, age and sex hormone exposure may make sex differences in female EC
less pronounced. In another study, ROS production was higher in female vs. male HUVEC at birth, but
ROS production was higher in male vs. female human aortic endothelial cells in adults [152]. Additional
studies are needed to determine how age and sex hormone exposure may impact female vs. male EC

differences.

2.6 Limitations

In this work, sex differences in EC response to Angll were well characterized. However, the EC studied
in this work were HUVEC and HPAEC. In AD, brain microvascular endothelial cells (BMEC) are the primary
EC of interest; however, procuring primary BMEC from enough donors to study sex differences was not
possible for this study. Studies in HUVEC and HPAEC may not apply to all EC beds. Additionally, 1 uM
Angll is supraphysiological [192], [193], though large Angll fluctuations occur in disease and may be region-
specific [193]. Finally, the EC examined here were grown in static culture on tissue culture polystyrene.
Incorporating laminar flow and physiologically relevant growth substrates may alter the results of these

experiments.

2.5. Conclusions

Many diseases, including Alzheimer’s disease, manifest differently in women than men. Some of these

differences may result from cellular transcriptomic differences due to genomic escape from XCI. My data
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confirm that female HUVEC are transcriptomically distinct from male HUVEC. | further show that female
EC had more extensive transcriptomic, inflammatory, and oxidative stress changes than male EC when
exposed to the stress hormone Angll. These data suggest that transcriptomic differences between female
and male EC may predispose women to certain vascular diseases by altering the cellular response to a
cardiovascular risk factor. Overall, my study supports the examination of sex differences at a cellular level
to understand sexual dimorphisms in susceptibility to vascular diseases such as AD. In future chapters, |
will examine how other risk factors for AD, including APOE genotype and sedentary lifestyle, lead to
endothelial dysfunction. These risk factors will be examined in an induced pluripotent stem cell (iPSC)

derived model of BMEC to increase the relevance of the studies to the BBB.
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Chapter 3: iPSC-BMEC modeling of brain endothelial cell glucose metabolism

3.1. Introduction

In the previous chapter, | showed that female endothelial cells (EC) increased inflammation and reactive
oxygen species (ROS) production when treated with angiotensin I, while male cells did not. In that study, |
used human umbilical vein endothelial cells and human pulmonary artery endothelial cells to demonstrate
sex differences; however, it is important to use brain microvascular endothelial cells (BMEC) in studies of
Alzheimer’s disease (AD), since BMEC are distinct from other vascular beds. In this chapter, | evaluated
glucose metabolism of induced pluripotent stem cell derived BMEC (hiBMEC) to determine if they can be
used as a model for BMEC glucose metabolism since future chapters of this thesis examine how AD risk

factors alter BMEC glucose metabolism and function.

Glucose is the primary energy source in the brain [194], [195], and brain glucose hypometabolism has
been implicated in neurodegenerative diseases such as AD [196], [197], [198], [199], [200], [201]. Glucose
transport into the brain is dynamically regulated by BMEC, which together with pericytes and astrocytes
form the neurovascular unit (NVU). BMEC have extensive intercellular tight junctions that block paracellular
transport of metabolites such as glucose into the brain, allowing diffusion of only lipophilic compounds with
a molecular weight less than 400 Da [202] and less than 8 hydrogen bonds with water [203]. Instead,

glucose is transported into the brain transcellularly via glucose transporters such as GLUT1.

Peripheral endothelial cells are thought to rely on glycolysis rather than oxidative phosphorylation for
ATP production [204], [205], and as such have a small mitochondrial volume [206]. Elevated glycolytic rates
reduce peripheral endothelial cell reliance on oxygen, which may both reduce metabolic stress and enhance
lactate signaling as endothelial cells undergo angiogenesis into a hypoxic environment [207], [208], [209].
In contrast, relatively little is known about BMEC metabolism. BMEC likely also use glucose as their primary
energy source. However, BMEC may have higher metabolic flexibility, since they maintained viability in the
absence of glucose [210], have higher mitochondrial volume than peripheral EC [211], and switched to
oxidative phosphorylation of glutamate in hypoglycemia [212]. It is therefore essential to understand how

glucose that is taken up by BMEC is metabolized versus transported to the NVU and the rest of the brain.
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In vitro blood-brain barrier (BBB) models are an important tool for understanding glucose metabolism
and transport since in vivo systems are complex and difficult to analyze. Currently, the BBB can be modeled
in vitro using human primary BMEC (hpBMEC), the immortalized hCMEC/D3 cell line, or hiBMEC. hpBMEC
are expensive and difficult to obtain, as their isolation is complicated by low yield, mural cell contamination,
and ethical issues. hpBMEC are also prone to donor variability and low barrier integrity [213]. hCMEC/D3
cells were developed to overcome some of the hpBMEC limitations; however, these cells also have low
barrier integrity and tight junction protein expression [214]. Previous evaluations of hCMEC/D3 cells show
they have similar glycolytic and oxidative metabolism to hpBMEC [215]. hiBMEC offer a renewable BMEC
source with high barrier integrity and tight junction protein expression [216]. However, recent studies
suggest that these cells retain an epithelial-like transcriptomic profile and may therefore not fully recapture

the vascular BMEC phenotype [217], [218].

Little is currently known about glucose metabolism in any of the in vitro human BMEC cell lines, and
therefore selecting a cell type to use in glucose metabolism and transport studies is challenging. In this
study published in Fluids and Barriers of the CNS, | compared glucose metabolism between hpBMEC and
hiBMEC [219]. | used transcriptomic and metabolomic profiling, together with real-time metabolic analysis,
to analyze glucose metabolism in hpBMEC and hiBMEC at baseline and when treated with stimuli known
to alter endothelial glucose metabolism. My data show key differences in baseline hpBMEC and hiBMEC
glucose metabolic flux and metabolic enzyme expression; however, both cell types had similar baseline
glucose metabolomic profiles. | further show that hpBMEC and hiBMEC respond similarly to most of my
tested metabolic stimuli. Together, my data suggest that hpBMEC and hiBMEC provide similar results in

an in vitro model of BMEC glucose metabolism.

3.2. Methods

3.2.1. hiBMEC Differentiation: hiBMEC were differentiated using previously established protocols [216].
IMR90 iPSC [220], a generous gift from Dr. Xiaoming He, were maintained in mTeSR-Plus medium
(STEMCELL Technologies, 100-0276) on Matrigel (Corning, 354230) and passaged using Versene
(Thermo Fisher, 15040066) at 70% confluence. For differentiation, cells at 70% confluence were detached

using Accutase (Thermo Fisher, A1110501) and seeded at 150,000 cells/well on Matrigel-coated plates in
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MTESR-Plus medium containing 10 pM Y-27632 (ROCK inhibitor; Tocris, 1254). Over the subsequent 4
days, medium was changed to E6 (STEMCELL Technologies, 05946) and replaced daily. On day 4, cells
were changed to either human endothelial serum free media (hRESFM; Thermo Fisher, 11111044) or
neurobasal medium (Thermo Fisher, 21103049) supplemented with 2% B27 (Thermo Fisher, 17504001),
20 ng/mL basic fibroblast growth factor (bFGF; Peprotech, 100-18B), and 10 uM retinoic acid (RA; Millipore
Sigma, R2625-50MG). Media was not changed on day 5. On day 6, the cells were subcultured at 1 x 106
cells/cm? onto extracellular matrix (ECM) containing 0.4 mg/mL collagen IV (Millipore Sigma, C7521) and
0.1 mg/mL fibronectin (Millipore Sigma, F2006) on 0.4 um pore Transwell filters (Corning, 3460) or 12-well

plates (CELLTREAT, 229112).

3.2.2. hpBMEC Culture: hpBMEC were purchased from Cell Systems (ACBRI 376 V) and only used up to
passage 9, since higher passages are associated with decreased proliferation which could alter cell
metabolism [221], [222]. Cells were maintained in Endothelial Growth Medium-2 MicroVascular (EGM-2
MV; Lonza, CC-4147) supplemented with 1% glutamine (Thermo Fisher, 25-030-081), 1% penicillin
streptomycin (Thermo Fisher, 15140163), and 10% fetal bovine serum (FBS; Cytiva, SH30088.03). For
experiments, cells were seeded on 0.4 um pore Transwell filters or 12-well plates coated with ECM as

previously described.

3.2.3. Astrocyte Culture: Primary human astrocytes were a generous gift from Dr. Silvia Muro and used
through passage 9. Astrocytes were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Thermo
Fisher, A1443001) supplemented with 5.5 mM glucose, 15% FBS, 1% penicillin streptomycin, and 1%
glutamine. Conditioned media was collected from confluent astrocytes after 24 hours, aliquoted, and frozen

at -20°C until use.

3.2.4. TEER: To measure transendothelial electrical resistance (TEER), BMEC were subcultured onto 0.4
pm ECM-coated Transwell filters in hESFM 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 Meter

3 (EVOMS3; World Precision Instruments).
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3.2.5. YSI: Media metabolite concentrations were measured using a YSI 2950 Bioanalyzer (Yellow Springs
Instruments, 527690). BMEC were subcultured onto 12-well plates in hESFM with 2% B27, 20 ng/mL bFGF,
and 10 uM RA. The next day, media was changed to DMEM supplemented with 4.5 mM glutamine, 2%
B27, and either 5.5 mM glucose (no treatment), 25 mM glucose, 20% astrocyte conditioned media or 500
nM fluvastatin (Millipore Sigma, SML0038-10MG; Fig. 3.1). 200 uL media samples were taken from each
well of the 12-well plates. Glucose, lactate, glutamine, and glutamate concentrations were then quantified

using the YSI.

3.2.6. Seahorse Assays: BMEC glycolysis was measured using the Seahorse Glycolytic Rate Assay
(Agilent, 103344-100), and oxidative respiration was measured using the Seahorse Mito Stress Test
(Agilent, 103015-100). hiBMEC were subcultured at 100,000 cells/well in a 96-well Seahorse Assay plate
in hESFM supplemented with 2% B27, 20 ng/mL bFGF, and 10 uM RA. The next day, media was replaced
with hESFM supplemented with only B27. hpBMEC were seeded in the Seahorse Assay plate at 10,000
cells/well in EGM-2 MV and cultured for 48 hours. Three days after seeding, all cells were switched to
DMEM supplemented with 5.5 mM glucose, 4.5 mM glutamine, and 2% B27. On the day of the assay,
media was changed to Seahorse DMEM (Agilent, 103680-100) supplemented with 5.5 mM glucose, 1 mM
pyruvate, and 4.5 mM glutamine for 1 hour. For the Glycolytic Rate Assay, rotenone + antimycin A (0.5 uM)
and 2 deoxyglucose (50 mM) were added to the drug loading cartridge. For the Mito Stress Test, oligomycin
(1.5 uM), FCCP (0.5 pM), and rotenone + antimycin A (0.5 uM) were added to the drug loading cartridge.
Glycolytic proton efflux rate (GlycoPER, glycolysis) and oxygen consumption rate (OCR, oxidative
respiration) were measured using a Seahorse XF96 (Agilent) and analyzed using Seahorse analytics

software.
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Figure 3.1. Glucose concentrations in cell culture conditions. Glucose concentrations were
measured via YSI at each step of the hiBMEC differentiation process, in hpBMEC culture, and in each
treatment media. Concentrations are reported as mean  standard deviation. n = 12 biological replicates.

3.2.7. Immunofluorescence Microscopy: For immunofluorescence, BMEC were subcultured on glass
coverslips. Cells were fixed in 4% paraformaldehyde (PFA; Millipore Sigma, P6148) for 20 minutes, after
which they were blocked and permeabilized in 5% normal goat serum (Millipore Sigma, S26) with 0.2%
TritonX-100 (Alfa Aesar, A16046) in phosphate buffered saline (PBS; Thermo Fisher, 70011069) for 1 hour.
Cells were incubated in primary antibodies for GLUT-1 (Thermo Fisher, 21829-1-AP, 1:100), zonula
occludins-1 (ZO-1; Cell Signaling Technology, 13663S, 1:100), and occludin (Cell Signaling Technology,
91131S, 1:100) overnight at 4°C. Cells were then incubated in a goat-anti-rabbit secondary antibody
(Thermo Fisher, A-11012, 1:1000) with Hoechst (Thermo Fisher, 62249, 1:2000) for 1 hour. Samples were

imaged using an Eclipse Ti2 spinning disk confocal microscope (Nikon) with a 60x objective.

3.2.8. RNA-Sequencing: hiBMEC RNA was isolated using a phenol/chloroform isolation protocol [223] and
guantified using a Nanodrop 2000c (Thermo Fisher). RNA was sequenced at Novogene (Sacramento, CA)
using a NovaSeq 6000 with 105-bp paired end reads. Reads were trimmed and mapped to the human

genome and converted to fragments per kilobase of transcript per million mapped reads (FPKM) using
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Galaxy open-source software. RNA sequencing data from hpBMEC was accessed using publicly available

data [217], [224], [225].

3.2.9. Western Blots: hiBMEC and hpBMEC were grown to confluence in their respective media and then
changed to DMEM supplemented with 5.5 mM glucose, 4.5 mM glutamine, and 2% B27 for 24 hours. After
treatment, cells were lysed in RIPA buffer (Thermo Fisher, 89901) supplemented with Halt Protease and
Phosphatase Inhibitor (Fisher Scientific, PI78440), and protein was quantified via BCA assay (Thermo
Fisher, 23225). 3.5 pg/uL protein, 7.5 uL sample buffer (Thermo Fisher, NPO008) and 3 uL reducing agent
(Thermo Fisher, NPO0O09) were combined, heated to 37°C (GLUT1) or 70°C (all other proteins) for 5
minutes, then loaded in 4-12% Bis-Tris gels (Thermo Fisher; NP0323). Samples were transferred to
nitrocellulose or polyvinylidene fluoride membranes (Thermo Fisher, IB23001 and I1B24001) using an iBlot2
(Thermo Fisher, IBL21001), blocked for 1 hour in 5% bovine serum albumin (Millipore Sigma, 126609) in
PBS containing 0.5% Tween 20 (Thermo Fisher, 85113), and incubated in primary antibodies (Table 3.1)
overnight. The next day, membranes were incubated for 2 hours in the respective secondary antibody
(Table 3.1) and imaged using an Alpha Innotech Fluorchem Imager (Protein Simple). Band intensities were

analyzed using AlphaView software.

3.2.10. Metabolic Mass Spectrometry: Both hiBMEC and hpBMEC were cultured for 24 hours in serum-
free DMEM (Thermo Fisher, A1443001) supplemented with 2% B27, 200 mM L-glutamine, and 5.5 mM U-
13Ce-glucose (Fisher Scientific, NC9207695). The medium was then removed, and 80:20 methanol:water
(extraction solvent) was added to cells for 15 min at -80°C. Cells were scraped in the extraction solvent,
after which cell lysates were centrifuged at 16,000 g for 10 min at 4°C to pellet debris. Cell metabolite
extracts and media samples were then shipped to the University of Colorado School of Medicine
Metabolomics Core. Samples were randomized and 8 pL was injected onto a Q Exactive mass
spectrometer (MS) by a Vanquish ultra-high performance liquid chromatograph (UHPLC; Thermo Fisher,
San Jose, CA, USA) as described previously [226]. Electrospray ionization was used to introduce eluent to
the MS, which scanned in full MS mode (2 pscans) over 65-950 m/z. Technical mixes were injected
approximately every ten samples to determine instrument stability [227]. Metabolites were manually

annotated and integrated with Maven (Princeton University) in conjunction with the KEGG database. Peak
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quality was determined using blanks, technical mixes, and *2C natural abundance [228]. Isotope labeling
was corrected using the IsoCor Python package [229]. Metabolite pool size was analyzed using

Metaboanalyst 5.0 [230].

3.2.11. Statistics: Statistics were analyzed in GraphPad Prism. Non-parametric Mann-Whitney tests were
used to compare datasets, and data were considered biologically significant if p < 0.05 and Log2FC > 0.6.
RNA-sequencing fold change was considered biologically significant with Log2FC > 0.6. Significance of
metabolomics data was corrected using the Benjamini-Hochberg correction and was considered

biologically significant if Log2FC > 2.32.

Table 3.1: Western blot antibodies.

Antibody Name Company Catalog Number
GLUT1 Thermo Fisher 21829-1-AP
HXK | Santa Cruz Biotechnology sc-46695
HXK I Santa Cruz Biotechnology sc-374091
GPI Santa Cruz Biotechnology sc-365066
PFKFB3 Cell Signaling Technology 13123S
PFK1 Santa Cruz Biotechnology sc-166722
AldoA Santa Cruz Biotechnology sc-390733
GAPDH Cell Signaling Technology 2118S

PGK Santa Cruz Biotechnology sc-48342
PGM-1 Santa Cruz Biotechnology sc-373796
a-Enolase Santa Cruz Biotechnology sc-100812
PKM Santa Cruz Biotechnology sc-365684
LDH Santa Cruz Biotechnology sc-133123
CPT1A Cell Signaling Technology 12252S
CPT1B ABCAM ab134135
Citrate Synthetase ABCAM ab96600
IDH1 Cell Signaling Technology 8137S
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IDH2 Millipore Sigma HPAO07831
B-Actin Santa Cruz Biotechnology sc-47778
Anti-mouse 1gG (H+L), HRP Conjugate Promega w4021
Anti-rabbit IgG (H+L), HRP Conjugate Promega w4011
3.3. Results

hiBMEC are increasingly used as a human in vitro BBB model for drug delivery and disease modeling
[231], [232]. As brain glucose hypometabolism is a common indicator of neurodegenerative diseases,
BMEC could be used to study glucose transport across the BBB in vitro. Since glucose is metabolized as

well as transported by BMEC, in this chapter | compared hiBMEC and hpBMEC glucose metabolism.

3.3.1. hiBMEC had higher barrier function but lower glycolytic rate relative to hpBMEC.

| first confirmed the glucose transporter and barrier proteins of hpBMEC and hiBMEC using
immunofluorescent imaging for GLUT1 and tight junction proteins ZO1 and occludin (Fig. 3.2A). TEER was
then used to analyze hpBMEC and hiBMEC batrrier function. hiBMEC had a higher maximum TEER (5555
Q x cm?) compared to hpBMEC (283 Q x cm?; p <0.0001; Fig. 3.2B), which is similar to previously reported

values [213], [216], [233], [234], [235].

I next measured BMEC glucose metabolism via glycolysis and oxidative respiration. hpBMEC took up
more glucose (2.64 mM vs. 1.41 mM; p = 0.002) and produced more lactate (4.75 mM vs. 2.19 mM; p =
0.002) compared to hiBMEC (Fig. 3.2C). However, the lactate:glucose ratio (~1.6 + 0.2) was similar
between hpBMEC and hiBMEC, indicating that in both cell types, a similar proportion of glucose was
metabolized via glycolysis. Similarly, hpBMEC demonstrated higher basal GlycoPER (glycolysis; 16.80 vs.
1.65 pmol/min/1000 cells; p < 0.0001) and OCR (oxidative respiration; 13.07 vs. 5.52 pmol/min/1000 cells;
p < 0.0001) compared to hiBMEC (Fig. 3.2D-E). Both cell types responded similarly to metabolic
manipulation, including oligomycin (inhibits mitochondrial ATP synthase), FCCP (depolarizes mitochondrial
membrane potential to maximize mitochondrial respiration), and rotenone/antimycin (shuts down
mitochondrial respiration). Both cell types also produced more ATP from glycolysis than from oxidative

respiration (Fig. 3.3A-B). However, hpBMEC had higher glycolytic capacity (366%; p < 0.0001), maximal
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respiration (363%; p < 0.0001), proton leak (505%; p < 0.0001), spare capacity (528%; p < 0.0001), and

ATP-linked respiration than hiBMEC (243%; p < 0.0001; Fig. 3.3C-G).
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Figure 3.2. hpBMEC had higher glycolytic and oxidative glucose metabolism than hiBMEC, but
similar proportions of glycolytic metabolism. (A) Representative confocal images of GLUT1, ZO-1,
occludin (all red), and hoechst (nuclei, blue) in hpBMEC and hiBMEC. Scale bar = 100 um. (B) TEER of
hpBMEC and hiBMEC measured on confluent monolayers on 0.4 um pore Transwell filters. (C) Glucose
uptake, lactate production, and lactate:glucose ratio in hpBMEC and hiBMEC cultured in 5.5 mM glucose
over 24 hours, as measured by YSI. (D) GlycoPER (glycolysis) and OCR (oxidative respiration) in
hpBMEC vs. hiBMEC measured via Seahorse assays, normalized to cell count. n = 6 biological replicates;
Data analyzed using a Mann-Whitney test.
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Figure 3.3. hpBMEC had elevated glycolytic and mitochondrial metabolism relative to hiBMEC. (A)
ATP Production rate measured via Seahorse ATP Rate Assay in hpBMEC and hiBMEC. (B)
Quantification of the ratio of glycolytic:mitochondrial ATP production in hpBMEC and hiBMEC. (C)
Glycolytic capacity quantified via Seahorse Glycolyitic Rate assay. (D) measurements of maximal
respiration, (E) proton leak (F) spare capacity, and (G) ATP-linked respiration in hpBMEC and hiBMEC
quantified using a Seahorse Mito Stress Test. All data are normalized to cell count. n = 12 biological
replicates, data analyzed using a Mann-Whitney test.

3.3.2. hpBMEC and hiBMEC metabolomic profiles differed primarily in acylcarnetines

To analyze global similarities and differences in hpBMEC and hiBMEC intracellular metabolites, |
labeled cells with uniformly labeled glucose and then examined metabolite pool sizes as well as fractional
enrichment patterns with LC-MS. | first used principal component analysis (PCA) to determine whether the
hpBMEC and hiBMEC total metabolite pools segregated independently of labeling. hpBMEC and hiBMEC
metabolomes separated along both components (Fig. 3.4A, PC1 = 38%, PC2 = 21.4%), indicating key
metabolomic differences between the two cell types. Of the 150 metabolites detected, 12 were statistically
significantly different and the differences were of biologically relevant scale (Log2FC > 2.32) between
hpBMEC and hiBMEC (Fig. 3.4B). Two of these metabolites, argininosuccinate (Log2FC = 19.98 and p <
0.0001) and cystathione (Log2FC = 17.64 and p < 0.0001), were detected in hiBMEC but not in hpBMEC.
Of the remaining metabolites, there were four acylcarnitines, two representatives from nucleotide
metabolism and two from glutathione homeostasis, and one each from arginine/proline metabolism and

glycolysis. The sole glycolytic metabolite was a phosphohexose glycolytic intermediate (such as glucose-
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6-phosphate, glucose-1-phosphate, and/or fructose-6-phosphate); however, its exact identity could not be

deciphered due to overlap of signal among these compounds.

Partial-least squares discriminant analysis (PLS-DA), a supervised technique that maximizes variance
between classes, was then used to identify variables that drove the glucose metabolic differences between
hpBMEC and hiBMEC. Nineteen metabolites had variable importance in projection (VIP) scores greater
than 1.5 (Fig. 3.4C); however, none of these metabolites is primarily involved in glycolytic, glycolytic side
branch, or TCA cycle pathways. Finally, | used heat maps and hypergeometric analysis to identify
statistically significant changes in metabolic pathways (Fig. 3.4D, Appendix Table 4). Metabolite pool sizes
were overall similar between the cell types. Twelve metabolic pathways had at least one metabolite that
was statistically different between the hpBMEC and hiBMEC; however, | found statistically significant

changes only in acylcarnitine (p = 0.014) and urea cycle (p = 0.0245) pathways.
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Figure 3.4. Metabolomic abundance profiling showed hpBMEC and hiBMEC had distinct
metabolomes, largely driven by changed in acyl-carnitines. (A) Partial least squares discriminant
analysis (PLS-DA) of metabolic LC-MS data from hpBMEC and hiBMEC cultured with 5.5 mM U-13Ce-
glucose for 24 hours. (B) Log2(fold change) versus -logl0(p-value), identifying metabolites that are
statistically significantly different following Bonferroni correction (p < 0.0003) and biologically relevant
(fold change > 5). Acyl-carnitines are circled. Plot generated in MetaboAnalyst 5.0. (C) Variable
importance in projection (VIP) scores plot, showing metabolites with VIP scores greater than 1.50. Red
box = higher and blue box = lower in each cell type. Generated in MetaboAnalyst 5.0. (D) Metabolomic
heat map, organized by metabolomic subsystem. n = 6 biological replicates.
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3.3.3. Glycolytic enzymes, but not labeled metabolite fractions, differed between hpBMEC and
hiBMEC.

Since metabolism is partially driven by glucose transporter and glycolytic enzyme levels, | used RNA
sequencing and Western blots to determine differences between hpBMEC and hiBMEC. Glucose
transporter GLUT1 was upregulated in hiBMEC compared to hpBMEC (Log2FC > 0.6; Fig. 3.5A). Glycolytic
enzymes hexokinase 2 (HK2), glutamine-fructose-6-phosphate  transaminase (GFAT),
phosphofructokinase, liver (PFKL), phosphofructokinase, muscle (PFKM), phosphoglucomutase (PGM),
and lactate dehydrogenase B (LDHB) were also upregulated in the hiBMEC compared to hpBMEC (Log2FC
> 0.6). However, hexokinase 1 (HK1), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3),
phosphofructokinase, platelet (PFKP), and lactate dehydrogenase A (LDHA) were downregulated in
hiBMEC compared to hpBMEC (Log2FC > 0.6; Fig. 3.5A). All other enzymes were similar for hiBMEC and
hpBMEC. Protein levels overall agreed with the RNA data, although protein changes for G6PDH, GPI,
ALDOA, PGK, and PKM reached statistical significance (p < 0.05 and Log2FC > 0.6; Fig. 4B, C) while RNA
changes did not. GLUT1, HK1 and PGM, which were statistically significantly different in the RNA data, did
not significantly change in the protein analysis. Western blots for PFK1 and LDH used non-isoform-specific
antibodies and showed that despite differences in RNA expression for the different isoforms, PFK1 protein
overall was higher (p = 0.0012) while LDH protein overall was lower in hiBMEC compared to hpBMEC (p <
0.0001). Only PFKFB3 disagreed between the RNA and protein data, with PFKFB3 RNA lower in hiBMEC
(Logz2FC = -1.37) and PFKFB3 protein higher in hiBMEC (Log2FC = 1.51; p < 0.0001). Overall, glycolytic
enzyme RNA and protein levels showed mixed differences between hiBMEC and hpBMEC. Isotope labeling
with U-13Cs-glucose revealed no significant differences in the labeled enrichment of intracellular glycolytic

(Fig. 3.5D) or glycolytic side branch pathway metabolites (Fig. 3.5E) in hpBMEC and hiBMEC.

3.3.4. Mitochondrial metabolic enzymes, but not labeled metabolite fractions, differed between
hpBMEC and hiBMEC.

Metabolite pool size data suggested that hpBMEC and hiBMEC had large differences in acyl carnitines,
which are important in mitochondrial metabolism. | therefore examined enzymes involved in mitochondrial
metabolism, specifically the TCA cycle and fatty acid oxidation (FAO), by RNA sequencing and Western

blot. From the RNA sequencing, 12 enzymes associated with the TCA cycle and FAO were upregulated
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and 6 were downregulated in hiBMEC compared to hpBMEC (Fig. 3.6A). Two isoforms of the rate-limiting
TCA cycle enzyme, isocitrate dehydrogenase 1 and 2 (IDH1, IDH2) were upregulated in hiBMEC as
compared to hpBMEC (Log2FC = 1.66 for IDH1; Log2FC = 0.67 for IDH1), while IDH3A was downregulated
(Log2FC = -0.84). Carnitine palmitoyltransferase 1A and 1B (CPT1A, CPT1B) are rate limiting FAO
enzymes responsible for fatty acid transport from the cytoplasm through the outer mitochondrial membrane.
CPT1A gene expression was downregulated in hiBMEC as compared to hpBMEC (Logz2FC = -5.83), while
CPT1B gene expression was upregulated in hiBMEC (LogzFC = 8.44). RNA expression of CPT2, which is
responsible for fatty acid transport through the inner mitochondrial membrane, was upregulated in hiBMEC
as compared to hpBMEC (Log2FC = 0.96). Protein levels also largely followed the RNA expression (Fig.
3.6B, C), although CPT1B protein levels were lower while RNA expression was higher in hiBMEC as
compared to hpBMEC (Log2FC = -1.06, p = 0.0019). Despite these changes in TCA cycle and FAO
enzymes, isotopomer analysis of cells labeled with U-13Cs-glucose revealed no significant differences in the

glucose labeled fraction of TCA metabolites (Fig. 3.6D).

3.3.5. hpBMEC and hiBMEC metabolism responded similarly to extracellular stimuli.

Finally, | determined if hpBMEC and hiBMEC had similar glucose metabolic responses to external
stimuli. Cells were treated for 24 hours with 20% astrocyte conditioned media (ACM), high glucose media
(25 mM), or 500 nM fluvastatin, after which metabolism was measured with YSI and Seahorse Mito Stress
Test. hpBMEC treated with 20% ACM increased glucose uptake (2.22 mM vs. 4.89 mM; p < 0.0001) and
lactate production (7.67 mM vs. 5.05 mM; p < 0.0001), but the hiBMEC did not (Fig. 3.7A). ACM increased
GlycoPER in both hpBMEC (14%; p = 0.0065) and hiBMEC (33%; p < 0.0001), while ACM decreased OCR
in the hiBMEC only (29%; p < 0.0001; Fig. 3.7B-C). High glucose increased glucose uptake (2.22 mM vs.
4.42 mM; p = 0.0032) and lactate production (7.13 mM vs. 5.05 mM; p = 0.0009) in both hpBMEC and
hiBMEC (Fig. 3.7D). High glucose also significantly increased GlycoPER (11%, p < 0.0001 in hpBMEC;
9%, p = 0.0001 in hiBMEC) and decreased OCR (32%, p = 0.0003) in hpBMEC; 42%, p < 0.0001 in
hiBMEC; Fig. 3.7E). Finally, | treated BMEC with a statin since statins have been shown to impair cellular
glucose uptake in addition to inhibiting HMG-CoA reductase [236]. Fluvastatin decreased glucose uptake

(2.22 mM vs. 1.71 mM; p = 0.0104) and lactate production (5.05 mM vs. 3.05 mM; p < 0.0001) in hpBMEC
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but not in hiBMEC, and GlycoPER similarly decreased in hpBMEC (16%; p < 0.0001) but not in hiBMEC.

OCR was unaffected in both cell types by fluvastatin treatment.
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Figure 3.5. hpBMEC and hiBMEC showed differences in glycolytic enzyme gene and protein
levels, but similar U-13C6-glucose labeled metabolite fractions. (A) Glucose transporter, glycolysis,
and glycolysis side branch pathway enzyme gene expression, measured by RNA sequencing. Red =
higher in hiBMEC, blue = higher in hpBMEC (LogFC > 0.6). n = 3 biological replicates. (B-C) Western
blots with quantification of glucose transporter and glycolytic enzyme protein levels from hpBMEC and
hiBMEC. Red = higher in hiBMEC, blue = higher in hpBMEC (significant with p<0.05, LogFC>0.6). Blots
shown are representative of three separate experiments. n = 9 biological replicates. Glucose labeled
fraction of (D) glycolytic and (E) glycolytic side branch pathway metabolites in hpBMEC and hiBMEC
incubated with U-13Cs-glucose for 24 hours and then analyzed by LC-MS. n = 6 biological replicates. Data
were analyzed using a Mann-Whitney test and considered significant with p <0.05 and LogFC >0.6.
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Figure 3.6. hpBMEC and hiBMEC had different TCA and FAO gene and protein levels, but similar
fractions. (A). TCA cycle and FAO enzyme expression, measured
hiBMEC, blue = higher in hpBMEC (LogFC=>0.6). n = 3 biological
enzyme protein levels, measured by Western blot. Red = higher in
hiBMEC, blue = higher in hpBMEC (significant with p < 0.05, LogFC > 0.6). Blots shown are representative
of three separate experiments. n = 9 biological replicates. (D) Glucose labeled fraction of TCA metabolites
in hpBMEC and hiBMEC incubated with U-13Ce-glucose for 24 hours and then analyzed by LC-MS. n =6
biological replicates. Data were analyzed using a Mann-Whitney test and considered significant with p
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Figure 3.7. hpBMEC and hiBMEC had similar glycolytic responses to ACM and high glucose, but
not fluvastatin. Glucose uptake and lactate production of hpBMEC compared to hiBMEC following a 24-
hour treatment with (A) 0 or 20% ACM, (D) 5.5 mM or 25 mM glucose, or (G) 0 nM or 500 nM fluvastatin,
measured by YSI. n = 6 biological replicates. Seahorse Glycolytic Rate Assay and Mito Stress Test, with
analysis of basal GlycoPER and OCR, of hpBMEC compared to hiBMEC following a 24-hour treatment
with (B-C) 0 or 20% ACM, (E-F) 5.5 mM or 25 mM glucose, or (H-I) 0 nM or 500 nM Fluvastatin. n = 15
biological replicates. Data analyzed using a Mann-Whitney test.
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3.4. Discussion

Cerebral glucose metabolic dysfunction is associated with Alzheimer’s [237], Parkinson’s [238], and
motor neuron diseases [239]. While hpBMEC are used to model BMEC glucose metabolism [215], they are
expensive and have limited availability. | therefore compared glucose metabolism in hiBMEC, a renewable
BMEC source, and hpBMEC to determine if hiBMEC can be used to model BBB glucose metabolism. | now
show that hpBMEC have higher overall glycolytic and oxidative metabolism than hiBMEC, that the
metabolomes of the two cell types are distinct, and that the cells differently express glycolytic, TCA cycle,
and FAO enzymes. However, the metabolomic differences lie primarily in the acylcarnitine pathway, the
two cell types have similar glucose:lactate ratios, and the glucose labeled fractions of glycolytic and TCA
cycle metabolites are similar between the two cell types. | thus propose that hiBMEC have similar glucose

metabolism as hpBMEC.

hpBMEC had higher glycolytic and oxidative metabolic rates compared to hiBMEC, which is interesting
given that stem cells generally have high metabolic rates [240]. Recent work by Williams et al further
suggests that hiBMEC glycolysis decreased with extended culture, which would have increased metabolic
differences between the two cell types [241]. The differences between hpBMEC and hiBMEC glycolytic
rates could relate to changes in GLUT1 localization, which was diffuse throughout hpBMEC and localized
to cell-cell junctions in hiBMEC, or to changes in metabolic enzymes [242], [243]. The higher glycolytic flux
in hpBMEC could also impact the way that these cells interact metabolically with other NVU cells. Thus,
glucose metabolism together with transport should be compared between hpBMEC and hiBMEC in NVU

models that also contain pericytes and astrocytes.

Despite the difference in overall metabolic flux, the two cell types had similar lactate-to-glucose ratios
and glucose-labeled fractions. This indicates that glucose taken up by the cells is similarly consumed in
glycolysis, its side branch pathways (e.g., polyol and hexosamine biosynthesis), and the TCA cycle. In
preliminary experiments, | further determined that immortalized HCMEC/D3 BMEC have similar glycolytic
and oxidative metabolism to hpBMEC (data not shown), which agrees with published studies [215]. All three
cell types produced more ATP via glycolysis than via the TCA cycle, confirming what had previously been

reported only in hpBMEC [215]. Peripheral endothelial cells have consistently been shown to primarily use
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glycolysis for ATP production, and glycolysis is essential to endothelial cell migration and angiogenesis
[244]. The reliance of all these cells on glycolysis for ATP production indicates that they likely share

fundamental endothelial metabolic characteristics.

Through hypergeometric analysis, | identified a significant difference in the acylcarnitine pathway
between hpBMEC and hiBMEC, with five short-chain acylcarnitines significantly elevated in hiBMEC.
Acylcarnitines are synthesized when an acyl group is transferred from a fatty acid or an acyl-CoA to free L-
carnitine in reactions catalyzed by CPT1A, CPT1B, carnitine acetyltransferase (CrAT), and carnitine
octanoyltransferase (CrOT) [245]. Elevated acylcarnitines in hiBMEC may be a remnant metabolic
signature of hiBMEC differentiation, since acylcarnitines promoted cardiac and neuronal differentiation
[246], [247]. The acylcarnitine with the highest VIP score, acetylcarnitine, is postulated to reduce
mitochondrial acetyl-CoA, which could then promote glucose oxidation. Overall, the acylcarnitine changes,
and the fact that several of the enzymes that catalyze acylcarnitine formation (CPT1A and CPT1B) were
downregulated in hiBMEC as compared to hpBMEC, suggest that there are differences in mitochondrial
FAO between hpBMEC and hiBMEC. Additional studies into the source and impact of elevated

acylcarnitines in hiBMEC are needed.

Despite differences in gene expression and protein levels of rate-limiting enzymes for glycolysis (HK,
PFK/PFKFB3, PKM), pentose phosphate pathway (PPP; G6PDH), hexosamine biosynthetic pathway
(HBP; GFAT), and the TCA cycle (IDH) between hpBMEC and hiBMEC, the glucose-labeled metabolite
fractions were similar between the two cell types. It is possible that the different isoforms have conflicting
effects, or that the enzymes are regulated at a post-translational level (e.g., by phosphorylation). Based on
my RNA-sequencing data, HK1 is the predominant hexokinase isoform in hpBMEC and expressed almost
equally with HK2 in hiBMEC. Higher HK1 expression is consistent with previously published data showing
HK1 is the predominant isoform in brain homogenates [248]. iPSC, however, have elevated HK2 [249], so
the higher HK2 expression in hiBMEC may be an artifact from incomplete differentiation. Indeed, prolonged

hiBMEC culture (9 days vs. 2 days past subculture) significantly reduced HK2 [241].

PFKFB3 differences in hpBMEC and hiBMEC were in opposite directions for gene expression (lower

in hiBMEC) and protein (higher in hiBMEC). PFKFB3 contains AU-rich elements (ARE), which bind to
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tristetraproline, a protein that enhances PFKFB3 degradation [250]. My RNA sequencing data indicate that
hiBMEC have lower tristetraproline expression compared to hpBMEC, which may decrease PFKFB3
degradation and cause the higher protein levels. Extended BMEC culture decreased PFKFB3 protein [241],

suggesting that the lower gene expression does lower PFKFB3 protein over time.

hpBMEC and hiBMEC glucose metabolism increased in similar although not identical ways in response
to ACM. ACM was previously shown to increase cerebral endothelial cell glucose uptake by 23% [251],
which is similar to what | observed in the increased GlycoPER of both hpBMEC and hiBMEC. While the
GlycoPER data agree with the YSI data for the hpBMEC, the hiBMEC did not shown increased glucose
uptake by YSI, which could relate to a difference in sensitivity or timescale between the assays. Only
hiBMEC had a statistically significant decrease in OCR with ACM. In prior studies, endothelial cells
incubated with ACM increased transforming growth factor-p (TGF[), a cytokine that significantly decreases

OCR [252], [253]. Therefore, it is possible that ACM increases hiBMEC TGFp to decrease OCR.

Hyperglycemia increased glucose uptake, lactate production, and GlycoPER while decreasing OCR in
both hpBMEC and hiBMEC. Acute endothelial cell exposure to high glucose increases glycolysis [254] and
decreases mitochondrial respiration [255]. Hyperglycemia can lead to enhanced BBB permeability [256],
reactive oxygen species production, and apoptosis [257]. These data suggest that hpBMEC and hiBMEC
respond similarly to acute hyperglycemia; however, further tests are needed to assess metabolic changes

during prolonged hyperglycemia.

In contrast, only hpBMEC but not hiBMEC decreased glycolysis in response to statin treatment. Statins
decrease cholesterol production, which could prove therapeutic in restoring BBB function in
neurodegenerative diseases associated with dysregulation of cholesterol homeostasis, including
Alzheimer’s, Parkinson’s, and Niemann-Pick type C diseases [258]. My hpBMEC data agree with studies
in which statins decrease glycolysis, glycolytic capacity, mitochondrial respiration, and ATP production
[259]. Statins may not have decreased glycolysis in hiBMEC due to elevated HMG CoA reductase
expression in hiBMEC (Logz2FC = 2.26). Thus, the physiologic statin dose that | used might have been too

low to induce a measurable effect in hiBMEC.
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3.5. Limitations:

Although my data show similarities between hpBMEC and hiBMEC glucose metabolism, my study is
not without limitations. | used hpBMEC as the more physiologically relevant cell source; however, hpBMEC
cultured in vitro also may not accurately model in vivo BMEC metabolism [260]. | used hpBMEC from only
one donor and hiBMEC derived from only one iPSC line. As a preliminary exploration, | performed RNA-
sequencing on hiBMEC derived from DF19-11-T iPSC. | measured metabolic enzyme Log2FC values that
followed the same trend as the IMR90 hiBMEC (data not shown). | also differentiated the iPSC with a single
protocol [216]. Thus, my study does not account for donor-to-donor variability or other differentiation
strategies, which may change metabolism [261]. Additionally, all cells were cultured in static culture and on
stiff substrates, both of which are known to impact endothelial metabolism [262], [263], [264]. Finally, |
tested only a single statin dose based on blood statin concentrations from clinical pharmacokinetics studies

[265]. However, this dose may not have been the most relevant for BMEC [266].

3.6. Conclusions:

While there are essential differences in hpBMEC and hiBMEC glycolytic and oxidative metabolism,
metabolomes, and metabolic enzyme levels, this study suggests that hpBMEC and hiBMEC have similar
glucose metabolism and respond similarly to extracellular stimuli known to impact glycolytic activity.
Glucose is the primary fuel source for BMEC; however, glutamine also provides carbon and nitrogen
molecules essential to biomass formation. In the next chapter, | examine how hiBMEC model hpBMEC

glutamine metabolism to further assess the relevance of hiBMEC as a model of hpBMEC metabolism.
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Chapter 4: iPSC-BMEC modeling of brain endothelial cell glutamine metabolism

4.1. Introduction:

In the prior chapter, | demonstrated that while hpBMEC metabolize more glucose than hiBMEC, both
BMEC cell types use a similar proportion of glucose for glycolysis versus other metabolic pathways and
respond similarly to extracellular stimuli, and thus are sufficient models of BMEC glucose metabolism.
However, | only examined the role of glucose in BMEC metabolism, and not glutamine, the main fuel source
for mitochondrial metabolism. Mitochondrial respiration generates little energy in endothelial cells but is
vital to generating metabolites that are essential for cell signaling, regulating vascular tone, and other

important physiological functions [267], [268].

Glutamine metabolism is of particular interest, as it is the most abundant amino acid in the human body
and is an essential cell source of both carbon and nitrogen. Glutamine can be metabolized in the TCA cycle
to produce ATP, and glutamine-derived metabolic intermediates are used for nucleotide and antioxidant
synthesis as well as other biosynthetic pathways essential to cell function [269]. While BMEC glutamine
metabolism has not been extensively studied, glutamine has been shown to be a vital fuel source for other
endothelial cell types. In fact, glutamine catabolism in endothelial cells is thought to be higher than in any
other mammalian cell [270], [271], [272], [273]. In human umbilical vein endothelial cells (HUVEC), 90% of
glucose that enters the cell is secreted as lactate, indicating that only 10% of glucose carbons enter the
TCA cycle [46]. In contrast, only 10% of glutamine that enters endothelial cells is secreted as glutamate,
and thus 90% of glutamine carbons and nitrogens are retained to produce metabolic intermediates [46].
HUVEC also have impaired proliferation in glutamine-depleted conditions, since glutamine-derived nitrogen
is essential for biomass production [45], [46]. Additionally, glutamine deprivation altered HUVEC redox

homeostasis by decreasing intracellular glutathione [45].

Glutamine is essential to endothelial function; thus, it is important to understand how different BMEC
models metabolize glutamine to engineer reliable in vitro BBB models. Previous work shows other iPSC-
derived cells may have distinct mitochondrial morphology and metabolism from the primary cell type they

are differentiated to mimic [274]. Therefore, in this chapter | used transcriptomic and metabolomic
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approaches to evaluate how hpBMEC and hiBMEC differ in their glutamine metabolism. My data show
essential differences in hiBMEC and hpBMEC glutamine metabolism that alter their glutamate secretion
and may contribute to functional changes. These key differences between hiBMEC and hpBMEC glutamine
metabolism are vital to consider when choosing a BMEC type for in vitro models of neurological diseases

and cerebral drug delivery.

4.2. Methods:

4.2.1. Cell Culture: hpBMEC and IMR90 iPSC were maintained and differentiated into hiBMEC as

described in Chapter 3.

4.2.2. RNA Sequencing: hiBMEC RNA sequencing was completed as previously described (GSE211648)
[219]. Briefly, RNA was isolated using a phenol/chloroform isolation protocol [223]. RNA was quantified
using a Nanodrop 2000c (Thermo Fisher) and sequenced by Novogene (Sacramento, CA) with a
NovaSeq6000 using 105 bp paired end reads. Galaxy open-source software was used to trim and map
reads to the human genome, as well as convert reads to fragments per kilobase of transcript per million
mapped reads (FPKM). hpBMEC RNA sequencing data were accessed from publicly available datasets

[217], [224], [225], [275].

4.2.3. Metabolite Uptake and Production: | used a YSI 2950 Bioanalyzer (Yellow Springs Instruments,
527690) to measure medium metabolite concentrations. hpBMEC and hiBMEC were seeded in 12-well
plates and cultured to confluence. For some experiments, cells were treated with 0, 3.5, 7, or 14 mM a-
ketoglutarate (a-KG; Millipore Sigma, 349631, pH 7.4). 200 mL medium samples were collected 0 and 24
hours after treatment and analyzed by YSI. Glutamine uptake and glutamate production were calculated as

the difference between the medium concentrations at 0 and 24 hours.

4.2.4. Mitochondrial Function: hpBMEC and hiBMEC mitochondrial function was measured using the
Seahorse Mito Stress Test (Agilent, 103015-100). hiBMEC were subcultured at 50,000 cells/well and

hpBMEC were seeded at 30,000 cells/well in a 96-well Seahorse assay plate. Cells were then incubated
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with hESFM supplemented with 2% B27 for 2 days. 1 hour prior to running the assay, the cell culture
medium was changed to Seahorse Dulbecco’s Modification of Eagles Medium (DMEM; Agilent, 103680-
100) supplemented with 10 mM glucose, 1 mM pyruvate, and 2 mM glutamine. During the assay, 1.5 mM
oligomycin, 0.5 mM FCCP, and 0.5 mM rotenone + antimycin A were injected. Real-time oxygen
consumption rates (OCR) were recorded in the Seahorse XFe96 (Agilent) and analyzed using the Seahorse
Wave software (Agilent). Immediately following the assay, cells were fixed in 4% paraformaldehyde (PFA),
labeled with Hoescht (1:2000; Thermo Fisher, 62249) and imaged using an Eclipse Ti2 spinning disk
confocal microscope (Nikon) at 10x. Nuclei were counted in ImageJ, and OCR was normalized to nuclei

count for each sample.

4.2.5. Protein analysis: Western blots were run following the protocol outlined in Chapter 3. Western blots

were probed for primary antibodies in Table 4.1.

Table 4.1: Western blot antibodies

Antibody Company Catalogue Number
SLC7A5 (LAT1) Cell Signaling Technology 5347S

GLS Thermo Fisher Scientific 701965

SLC1A1 (EAAT3) Cell Signaling Technology 14501S

ASNS Santa Cruz Biotechnology sc-365809

FASN Santa Cruz Biotechnology sc-48357

4.2.6. Mitochondrial imaging and quantification: hpBMEC and hiBMEC were cultured for 24 hours in
hESFM supplemented with 2% B27. To label mitochondria, cells were washed with pre-warmed PBS and
then incubated in Hanks’ Balanced Salt Solution (HBSS; Thermo Fisher, 14025092) containing 100 nM
MitoTracker Green (Thermo Fisher, M7514) and 100 mM Hoechst (Thermo Fisher, P162249) for 30
minutes. Cells were washed 3x with warmed HBSS and imaged at 20x on a Revolve microscope (Echo). 4
images were taken (technical replicates) of 9 wells of cells (biological replicates) in 3 separate experiments.
Mitochondrial morphology was analyzed using the MitoHacker pipeline [276], in which individual cells were

isolated using the Cell Catcher algorithm, mitochondrial networks were segmented using the Mito Catcher
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tool, and mitochondrial morphology was analyzed using the MiA tool. The individual data points on the MiA

output bar graphs represent the average value of all the cells in each well (biological replicates).

4.2.7. Metabolic Mass Spectrometry: Metabolic mass spectrometry was run as described in Chapter 3,
but with hpBMEC and hiBMEC cultured in DMEM (Thermo Fisher; A1443011; no glucose, no glutamine)
supplemented with 4.5 mM 13Cs L-Glutamine (Cambridge Isotope Laboratories Inc, CLM-1822-H-PK), 5.5

mM glucose (Millipore Sigma, G5767), and 2% B27.

4.2.8. Statistics: Statistics were analyzed in GraphPad PRISM. Non-parametric Mann-Whitney tests were
used to compare hpBMEC and hiBMEC, with a p-value < 0.05 considered statistically significant. For RNA-
sequencing data, the threshold for biological significance was set at Log2FC > 0.6 and an adjusted p-value

< 0.05.

4.3. Results:

While glucose is the main carbon source for glycolytic metabolites, many TCA cycle carbons are
derived from glutamine. Glutamine is also an essential source of intracellular nitrogen. Therefore, in this
chapter, | compared glutamine metabolism in hpBMEC and hiBMEC to better understand how mitochondrial
metabolism impacts the ability of hiBMEC to model BMEC metabolism and produce metabolites critical to

BMEC function.

4.3.1. hiBMEC had lower glutamine uptake relative to hpBMEC and negligible glutamate production.

| first assessed hpBMEC and hiBMEC glutamine uptake and glutamate secretion over 24 hours using
a YSI Bioanalyzer. As previous reports suggested that hiBMEC maintain iPSC- and epithelial characteristics
[217], | also measured glutamine uptake and glutamate secretion in iPSC. Glutamine uptake was 45% (p
= 0.0439) and 65% (p < 0.0001) lower in hiBMEC than hpBMEC and iPSC, respectively (Fig. 4.1A). Both
hiBMEC and iPSC had negligible glutamate production (0.01 mM and 0.07 mM, respectively), while
hpBMEC produced 0.33 + 0.11 mM glutamate over 24 hours (Fig. 4.1B). To observe how glutamine uptake
and glutamate secretion change during hiBMEC differentiation, media glutamine uptake and glutamate

secretion were quantified daily over the 7-day differentiation protocol. Media was replenished daily with the
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exception of day 6, when cells did not receive a media change. Glutamine uptake remained fairly stable
during differentiation, apart from high glutamine uptake on day 0 and a decline around day 6, when cells
were fully confluent and did not receive a media change (Fig. 4.1C). Glutamate secretion declined over the

differentiation period, decreasing to nearly zero at day 4 (Fig. 4.1D).
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Figure 4.1. hiBMEC took up less glutamine and secreted almost no glutamate, as compared to
hpBMEC and iPSC. (A) Glutamine uptake and (B) glutamate secretion in hpBMEC, hiBMEC, and iPSC
over 24 hours, as measured by YSI. (C) Glutamine uptake and (D) glutamate secretion over the 7-day
hiBMEC differentiation protocol from iPSC, as measured by YSI. Media was not changed between days
4-6, and hiBMEC were subcultured onto a collagen and fibronectin-coated plate on day 6. Data were
analyzed using Kruskal-Wallis test with Dunn’s multiple comparisons post-hoc analysis. n = 12 biological
replicates.

4.3.2. hiBMEC had decreased mitochondrial metabolism and more punctate mitochondria than
hpBMEC.

Since glutamine is primarily metabolized in endothelial mitochondria via the TCA cycle, | next compared
mitochondrial metabolism and morphology in hpBMEC and hiBMEC. Oxygen consumption rate (OCR), a
measure of mitochondrial metabolism from a Seahorse Mito Stress Test, was higher in hpBMEC relative to
hiBMEC (Fig. 4.2A). Specifically, basal OCR was 51% higher in hpBMEC than hiBMEC (p < 0.0001; Fig.

4.2B), and spare respiratory capacity, interpreted as the difference between the maximal and basal
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respiration rates, was 73% higher in hpBMEC than hiBMEC (p < 0.0001; Fig 4.2C). Similarly, hpBMEC had
higher ATP-linked mitochondrial respiration (p = 0.0005), proton leak (p < 0.0001), maximal respiration (p
< 0.0001), and non-mitochondrial oxygen consumption (p < 0.0001) than hiBMEC (Fig. 4.2D-G). Taken

together, these data indicate hpBMEC have higher mitochondrial metabolic activity than hiBMEC.

| then imaged hpBMEC and hiBMEC mitochondria using MitoTracker (Fig. 4.2H-1) and quantified their
morphology using the MitoHacker Pipeline [276]. hiBMEC had 33% more individual mitochondria per cell
than hpBMEC (p = 0.0002; Fig. 4.2J). hiBMEC mitochondria also had a lower mean mitochondrial area,
branch count, and total branch length (Fig. 4.2K-M). These data indicate that iBMEC mitochondria have a
more punctate, fragmented morphology compared to the tubular, networked morphology of hpBMEC

mitochondria.

4.3.3. hiBMEC metabolic transporter and enzyme levels suggested increased glutamine incorporation
into asparagine and fatty acids.

To investigate further why hiBMEC secreted less glutamate than hpBMEC, | compared glutamine and
glutamate transporter and metabolic enzyme expression data from our hiBMEC RNA sequencing with
publicly available hpBMEC RNA sequencing data [217], [224], [225], [275] (Fig. 4.3A). | then measured
primary glutamine and glutamate transporter and enzyme protein levels via Western blot (Fig. 4.3B-F).
Glutamine transporters SLC1A5, SLC38A1, and SLC38A2 had the highest expression levels in hpBMEC,
but neither SLC1A5 nor SLC38A2 had significantly different gene expression between hpBMEC and
hiBMEC. Gene expression of SLC38A1 was higher in hiBMEC compared to hpBMEC, as was expression
of the less expressed glutamine transporter SLC7A5. These results were counterintuitive, as glutamine
uptake was higher in hpBMEC as compared to hiBMEC. Of note, SLC7A5 is bidirectional, so its elevated
expression may correlate with increased glutamine secretion rather than uptake. Western blotting for

SLC7A5 confirmed 1123% higher protein levels in hiBMEC compared to hpBMEC (p < 0.0001; Fig. 4.3B).

SLC1A1 (EAAT3) and SLC7A11 were the most highly expressed glutamate transporters in hpBMEC.
Both SLC1A1 and SLC7A11 had elevated gene expression in hpBMEC, though these data only reached
the threshold for biological but not statistical significance (p = 0.0778 and p = 0.2552, respectively).

However, Western blot showed nearly 70% higher SLC1A1 protein levels in hpBMEC as compared to
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hiBMEC (p < 0.0001; Fig. 4.3C). Bidirectional membrane glutamate transporters SLC1A3 and SLC1A6
were both negligibly expressed in hpBMEC but had significantly higher expression in hiBMEC (Logz2FC =
10.1418 and Log2FC = 8.1619, respectively), which again was counterintuitive to lower hiBMEC glutamate
secretion. Similarly, SLC25A18 and SLC25A22, transporters responsible for glutamate efflux from
mitochondria to cytosol, were more highly expressed in hiBMEC than hpBMEC (Log2FC = 2.4301 and

Log2FC = 0.8010, respectively).

Glutaminase (GLS) converts mitochondrial glutamine to glutamate, while glutamate-ammonia ligase
(GLUL) converts glutamate back into glutamine. GLS gene expression was elevated in hpBMEC, while
GLUL gene expression was elevated in hiBMEC, suggesting that hiBMEC may favor glutamine over
glutamate in this reaction. | similarly saw 76% lower GLS protein levels in hiBMEC compared to hpBMEC

(p < 0.0001; Fig. 4.3D).

Glutamine is essential for fatty acid, asparagine, and glutathione synthesis. hiBMEC had elevated fatty
acid synthase (FASN) gene expression compared to hpBMEC. hiBMEC also had higher gene expression
of transporters SLC25A12/13 and enzyme asparagine synthetase (ASNS), all of which are part of
asparagine synthesis from TCA cycle metabolites. Similarly, gene expression for g-glutamylcysteine
(GCLC), the rate limiting enzyme in glutathione synthesis, was significantly elevated in hiBMEC. | observed
87% higher FASN and 153% higher ASNS protein levels in hiBMEC via Western blot (Figure 4.3E-F; p =
0.0012 and p = 0.0003, respectively). These data indicate that more glutamate may be used to produce

fatty acids and asparagine in hiBMEC compared to hpBMEC.
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Figure 4.2. hiBMEC had decreased mitochondrial metabolism and a punctate mitochondrial
morphology. (A) Oxygen consumption rate (OCR) quantified by Seahorse Mito Stress Test. (B) Basal
oxygen consumption rate (OCR) in hpBMEC and hiBMEC. (C) Spare respiratory capacity calculated by
subtracting basal respiration OCR from FCCP induced OCR. (D) ATP-linked respiration calculated by
subtracting oligomycin-inhibited respiration from basal respiration rates. (E) Proton leak calculated by
subtracting antimycin/rotenone-inhibited OCR from oligomycin-inhibited respiration rates. (F) Maximal
respiration calculated by subtracting antimycin/rotenone-inhibited OCR from FCCP induced OCR. (G)
Non-mitochondrial oxygen consumption equal to the rate of OCR with antimycin/rotenone inhibition (n =
12 biological replicates). Representative immunofluorescence images of (H) hpBMEC and (1) hiBMEC
mitochondria (green) and nuclei (blue), with quantification of (J) mitochondrial count, (K) mean
mitochondrial area, (L) branch count, and (M) mean mitochondrial total branch length (n = 12 biological
replicates). Data were analyzed using a Mann-Whitney test.
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Figure 4.3: hiBMEC had decreased GLS and increased fatty acid and asparagine synthesis genes.
(A) Glutamine and glutamate metabolism diagram showing genes more highly expressed in hiBMEC
(red) or in hpBMEC (blue). Cutoff for elevated expression: Log2FC > 6, p<0.05. n = 3 biological replicates.
(B-F) Representative Western blots with quantification of SLC7A5, GLS, SLC1A1, ASNS, and FASN,
key glutamine/glutamate metabolism proteins that differed between hpBMEC and hiBMEC. Data

analyzed using Mann-Whitney test. n = 9 biological replicates.
4.3.4. Mass spectrometry confirmed that hiBMEC had increased glutamine-derived carbons in fatty

acids and increased asparagine and glutathione ion counts compared to hpBMEC.

To determine if hiBMEC incorporated more glutamine carbons into fatty acids than hpBMEC, | analyzed

13Cs-glutamine mass spectrometry data for the 10 fatty acids with greater than 10% carbon labeling (Fig.
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4.4A). Of these, five were saturated fatty acids, two were mono-unsaturated fatty acids, and three were
poly-unsaturated fatty acids. Labeled fractions of saturated fatty acids hexadecanoic acid (p = 0.0411),
octadecanoic acid (p = 0.0087), and tetradecanoic acid (p = 0.0022) were higher in hiBMEC compared to
hpBMEC. Only dodecanoic acid was higher in hpBMEC (p = 0.0043), while there was no significant
difference in decanoic acid labeling between hpBMEC and hiBMEC. Both mono-unsaturated fatty acids,
octadecenoic acid (p = 0.0022) and hexadecenoic acid (p = 0.0022), had higher labeled fractions in
hiBMEC. Labeled fractions of poly-unsaturated fatty acids linoleic acid ion (-1) (p = 0.0260) and
eicosatetraenoic acid (p = 0.0022) were also higher in hiBMEC while (8Z-11Z-14Z)-icosatrienoic acid had
a higher labeled fraction in hpBMEC (p = 0.0022). Overall, the majority (7/10) of the most abundant
intracellular fatty acids measured had higher labeled fractions in hiBMEC than hpBMEC, demonstrating

that glutamine incorporation into fatty acids was higher in hiBMEC than hpBMEC.

Since hiBMEC had elevated expression of SLC25A12/13 and ASNS, | hypothesized that hiBMEC
would also incorporate more glutamine carbons into asparagine than hpBMEC. 13Cs-glutamine mass
spectrometry data, however, demonstrated both asparagine and its precursor, aspartate, had lower labeled
fractions in hiBMEC relative to the hpBMEC (p = 0.0022 and p = 0.0043, respectively; (Fig 4.4B-C). As this
was unexpected, | investigated if total aspartate and asparagine intracellular ion counts, quantified via mass
spectrometry, were different between hpBMEC and hiBMEC. Both aspartate and asparagine had elevated
total ion counts in hiBMEC (p = 0.0022 and p = 0.0022, respectively; Fig. 4.4D-E). This may indicate
elevated aspartate and asparagine synthesis in hiBMEC with large pools of unlabeled metabolites leading

to decreased labeled fractions but increased total ion counts.

Intracellular glutamate is also readily converted to glutathione via GCLC. Elevated GCLC gene
expression indicated hiBMEC may produce more glutathione compared to hpBMEC, which could better
protect hiBMEC from reactive oxygen species. Using metabolic mass spectrometry, | was only able to
obtain reliable readings for total ion counts of glutathione, not for incorporation of labeled 3Cs-labeled
glutamine in glutathione, and thus was unable to calculate the labeled fraction. | therefore quantified the
labeled fractions of the oxidized form of glutathione, glutathione disulfide. The fraction of labeled carbons

in glutathione disulfide was higher in hpBMEC compared to hiBMEC (Fig. 4.4F). Total glutathione and
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glutathione disulfide ion counts, however, were elevated in hiBMEC compared to hpBMEC (p = 0.0022 and

p = 0.0022, respectively; Fig. 4.4G-H).

4.3.5. Metabolomic analysis using labeled glutamine reveals hpBMEC and hiBMEC have distinct
metabolomic signatures.

While my initial analysis revealed important differences in glutamine metabolism, it did not fully explain
why hiBMEC take up less glutamine than hpBMEC and secrete negligible glutamate. | therefore used
several metabolomic techniques and our U-13Cs glutamine mass spectrometry data to determine holistic
differences in the hiBMEC and hpBMEC glutamine metabolomes. Partial least squares-discriminant
analysis (PLS-DA) of the glutamine labeled fraction mass spectrometry data indicated hpBMEC and
hiBMEC separate primarily along component 1 (PC1 = 43.9%; Fig. 4.5A). A variable importance projection
(VIP) plot was used to determine which metabolite labeled fractions were responsible for hpBMEC and
hiBMEC separation in the PLS-DA (Fig. 4.5B). Glutamate had the most different labeled fraction between
hpBMEC and hiBMEC, with higher labeling in the hpBMEC. Glutamine and several other amino acids
(aspartate, proline, alanine) were also higher in hpBMEC. In contrast, fatty acids including octadecenoic
acid, tetradecenoic acid, docosahexaenoic acid, hexadecenoic acid, eicosatetraenoic acid, and
tetradecanoic acid had higher labeling in hiBMEC. A heatmap of the glutamine-labeled fractions of all
metabolites further indicated that hpBMEC may incorporate more glutamine carbons into specific
nucleotides including ATP, GTP, NAD+, and NADH; aminosugars such as UDP-glucose and UDP-N-acetyl
glucosamine; and amino acids such as glutamine, glutamate, alanine, and leucine, while hiBMEC
incorporate more glutamine into fatty acids (Fig. 4.5C). The heatmap also demonstrated several metabolites
with elevated labeled fractions in hpBMEC compared to hiBMEC that did not fit into any specific metabolite
category. These were folate, glutathione disulfide, GABA, N-acetyl aspartate, 3-phospho-serine, N-acetyl

glutamate, and D-gluconate.
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Figure 4.4. Mass spectrometry confirmed that hiBMEC had higher fatty acid, asparagine, and
glutathione synthesis than hpBMEC. (A). hpBMEC and hiBMEC were treated with 4.5 mM U-13Cs
glutamine for 24 hours, and labeled fractions of intracellular saturated, mono-unsaturated, and poly-
unsaturated fatty acids were quantified. Labeled fractions of (B) aspartate (C) asparagine, and (F)
glutathione disulfide were quantified by dividing the intracellular labeled ion counts by the total labeled
and unlabeled ion counts. From the same dataset, total ion counts of both labeled and unlabeled
intracellular (B) aspartate, (C) asparagine, (D) glutathione, and (E) glutathione disulfide were quantified.
Data analyzed using Mann-Whitney tests. n = 6 biological replicates.
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Figure 4.5. hpBMEC and hiBMEC have distinct metabolomes. (A) PLS-DA of intracellular
metabolites analyzed by LC-MS/MS from hpBMEC and hiBMEC cultured in U-13Cs glutamine for 24
hours. (B) VIP scores of metabolites that most contributed to the hpBMEC and hiBMEC separation in
the PLS-DA. Red indicates higher labeled fraction, blue indicates lower labeled fraction. (C) Heatmap
showing differences in intracellular metabolites in hpBMEC and hiBMEC. n = 6 biological replicates.
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4.3.6. Metabolomic analysis indicated that hpBMEC incorporated more carbons from glutamine into
the TCA cycle.

| then examined glutamine labeled fractions for TCA cycle metabolites, since our Seahorse and
mitochondrial labeling data indicated lower oxidative respiration in hiBMEC (Fig. 4.6). Glutamate and almost
all TCA metabolites (a-KG, fumarate, malate, citrate) had higher glutamine-labeled fractions in hpBMEC as
compared to hiBMEC, indicating higher glutamine-derived carbon incorporation. Specifically, the m+4
fractions were higher for fumarate, malate, and citrate in hpBMEC, indicative of one forward TCA cycle.
The m+5 fraction of citrate, indicative of carbons moving through the TCA cycle in reverse, was also
elevated in hpBMEC relative to hiBMEC. However, the m+2 fractions for fumarate, malate, and citrate were
higher in hiBMEC, which may come from the incorporation of labeled acetyl-coA back into the TCA cycle.
Only succinate showed a higher glutamine carbon labeled fraction in hiBMEC than hpBMEC, along with a
lower unlabeled fraction in hiBMEC. A large unlabeled succinate pool was also seen in human umbilical
vein endothelial cells (HUVEC) [277] and may be a product of cytosolic succinate that is pooled and stored

prior to the labeling experiment.
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Figure 4.6. Isotope labeling and 13C metabolic flux analysis demonstrated higher TCA metabolite
labeling in hpBMEC. Intracellular TCA cycle metabolite labeled fractions following 24 hours of 4.5 mM
U-13Cs glutamine (n = 6 biological replicates). Carbon labeling patterns through the first turn of the TCA
cycle are shown in red circles. Bar graphs represent the distribution of labeled carbons from each

metabolite.
4.3.7. a-KG supplementation restored glutamate efflux in hiBMEC.

BMEC glutamate secretion may be essential to BBB models, since glutamate is the most abundant free
amino acid in the brain and can act both a neurotransmitter and a fuel source. | therefore wanted to restore
hiBMEC glutamate secretion so that these cells could more effectively be used to model the brain
endothelium. | hypothesized that supplementing hiBMEC with a-KG would replenish the intracellular
glutamate pool and enable hiBMEC glutamate secretion. hpBMEC and hiBMEC media were supplemented
with 0, 3.5, 7, and 14 mM a-KG, and metabolite uptake and secretion were measured by YSI. a-KG
supplementation reduced hpBMEC glutamine uptake (p < 0.05) and trended toward decreasing hiBMEC
glutamine uptake (Fig. 4.7A). 7 and 14 mM a-KG supplementation significantly increased hiBMEC

glutamate secretion (p < 0.05) to hpBMEC levels (Fig. 4.7B). When as little as 3.5 mM a-KG was added to
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the media, hpBMEC and hiBMEC glucose uptake and lactate production were significantly reduced (p <

0.05; Fig. 4.7C-D).
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Figure 4.7. Alpha-ketoglutarate supplementation restored hiBMEC glutamate production. (A)
Glutamine uptake, (B) glutamate secretion, (C) glucose uptake, and (D) lactate secretion of hpBMEC
and hiBMEC cultured in 5.5 mM glucose, 4.5 mM glutamine, and 0, 3.5, 7 or 14 mM oKG for 24 hours
as measured by YSI. Data analyzed using two-way ANOVA with Tukey’s multiple comparisons post-hoc
analysis. n = 9 biological replicates. # indicates significant difference (p < 0.05) between hpBMEC and
hiBMEC. * indicates significant difference (p < 0.05) in hpBMEC compared to 0 mM aoKG. T indicates
significant difference (p < 0.05) in hiBMEC compared to 0 mM aKG.

4.4. Discussion:

Endothelial glutamine metabolism produces metabolites necessary to facilitate both cell-cell
communication and biomass production [46]. hiBMEC are increasingly used as a renewable, cost-effective
cell choice in BBB models to study neurodegenerative diseases and drug delivery to the brain, both of
which are impacted by or can themselves alter cell metabolism. | now show that hpBMEC take up more
glutamine and secrete more glutamate than hiBMEC. Glutamine taken up by hiBMEC is routed toward fatty

acid, asparagine, and glutathione synthesis pathways, while glutamine taken up by hpBMEC is used to
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produce amino acids, nucleotides, and GABA. The differences in metabolite production between hpBMEC
and hiBMEC can impact BMEC function and communication with other brain cells, and thus are crucial to

evaluate when choosing a cell type to model the brain vasculature for in vitro studies.

My data indicate that hpBMEC take up more glutamine and secrete more glutamate than hiBMEC. One
potential reason for this difference could be due to cell proliferation rates since glutamine fuels biomass
production and is vital for proliferation in peripheral endothelial cells [46]. All my measurements were taken
while BMEC were confluent, but hiBMEC were seeded for experiments at confluence, whereas hpBMEC
were seeded subconfluent and proliferated until they reached confluence. If hpBMEC were still in a
proliferative state during the experiments, they could take up more glutamine to fuel that proliferation. The
hpBMEC also demonstrated elevated spare respiratory capacity, which may indicate they have more
metabolic flexibility, allowing them to switch nutrient sources more easily in response to altered circulating

metabolite levels [278], [279]

Alternatively, hiBMEC may differ in their glutamine metabolism because they are not fully differentiated.
| demonstrated that hpBMEC mitochondria are more mature due to their elongated structure and numerous
branch points. Conversely, hiBMEC have a larger mitochondrial volume per cell, but these mitochondria
are more punctate, a morphology more similar to that of the immature iPSC mitochondria [280], [281]. iPSC-
derived cardiomyocytes similarly have a more punctate, immature morphology following differentiation,
though mitochondrial fusion occurs over extended culture periods leading to more mature mitochondrial
morphology [274]. Gene expression of glutamine transporters SLC38Al1 and SLC7A5 and glutamate
transporters SLC1A3 and SLC1A6 were elevated in hiBMEC compared to hpBMEC, and these expression
levels were similar to those seen in my iPSC (data not shown). These data further support the idea that

hiBMEC may retain an iPSC phenotype following differentiation.

The differences in glutamine metabolism in hpBMEC and hiBMEC go far beyond glutamine update and
glutamate secretion. PLS-DA showed that hpBMEC and hiBMEC metabolic differences were largely driven
by amino acids, fatty acids, and nucleotides and aminosugars. Glutamate and GABA were the largest
drivers of this separation. In the brain, disruption of the balance of excitatory (glutamate) and inhibitory

(GABA) neurotransmitters is associated with neurological disorders including Alzheimer's disease,
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epilepsy, and stroke [282]. The glutamate:GABA ratio may be of particular importance to studies
investigating neuron firing in neuron-endothelial co-culture models since the lack of glutamate secretion

from hiBMEC may alter neuronal function.

Transcriptomic and metabolomic analysis further showed elevated fatty acid production in hiBMEC
relative to hpBMEC. Both saturated and unsaturated fatty acid production in the brain have been heavily
studied for their contributions to pathological conditions. Post-mortem tissue samples from the brains of
individuals with Alzheimer’s disease have reduced octadecanoic acid, and increased octadecenoic acid
and hexadecenoic acid [283]. Octadecanoic acid protected brain slices against oxygen-glucose deprivation
and glutamate injury, both of which are implicated in the pathophysiology of stroke and traumatic brain
injury [284]. Tetradecanoic acid, another saturated fatty acid, increased spatial memory and reduced
hippocampal degeneration in aged mice, indicating tetradecanoic acid may be important in slowing memory
decline associated with aging [285]. As these fatty acids are implicated in the pathogenesis of
neurodegenerative disease, BMEC fatty acid production should be considered when designing BBB

models.

Our transcriptomic data also predicted increased asparagine synthesis in hiBMEC compared to
hpBMEC. Using metabolomics, | demonstrated that hiBMEC had higher ion counts of asparagine and its
precursor aspartate. However, 3Cs-glutamine labeling results showed higher labeled aspartate and
asparagine fractions in hpBMEC. hiBMEC had a much larger unlabeled pool of both metabolites, which
diluted the labeled pool and resulted in lower labeled fractions of aspartate and asparagine. Elevated
aspartate and asparagine in hiBMEC may be important because asparagine synthesis is vital to vessel
sprouting for angiogenesis [45]. Mutations in ASNS, the gene responsible for conversion of aspartate to
asparagine, leads to microcephaly and intellectual disability, which is mimicked in ASNS knockout mice.

ASNS, and thus asparagine, are important in brain development and function [286].

Similar to aspartate and asparagine labeling, hiBMEC had decreased glutathione disulfide labeled
fraction but elevated total ion count. Again, a large unlabeled pool of glutathione disulfide decreased the
labeled fraction despite hiBMEC making more glutathione disulfide. These data were supported by elevated

hiBMEC GCLC expression, which converts glutamate to glutathione. Glutathione is an antioxidant, so
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elevated hiBMEC glutathione may indicate these cells are better able to protect themselves from oxidative
stress. IPSC also had significantly elevated glutathione compared to some other primary cell lines,
indicating elevated glutathione production may be a factor of incomplete differentiation [287]. As glutathione
deficiency is a key pathology of many neurological diseases including Alzheimer’s disease [288], multiple
sclerosis [289], and Parkinson’s disease [290], the elevated hiBMEC glutathione may be important to

consider in future models of these diseases.

While some glutamate must enter the TCA cycle to produce TCA intermediates [46], metabolomic data
suggests hpBMEC keep more carbons from glutamate in the TCA cycle, while hiBMEC draw on glutamate
pools to produce other metabolites. Indeed, hiBMEC a-KG treatment increased glutamate secretion in
hiBMEC in a dose-dependent manner. This demonstrates that by providing the hiBMEC with another TCA
fuel source, glutamate pools could be restored, and excess glutamate was secreted from the cells.
However, a-KG decreased hpBMEC glutamate secretion and decreased glycolysis in both cell types.
hpBMEC may prevent glutamate overproduction to protect against excitotoxicity. It is not clear how the
added a-KG decreased glycolysis in both cell types. Activity of glutamate dehydrogenase (GDH), the
enzyme that converts glutamate to a-KG, regulates glycolytic levels by modulating transcription of GLUT1
[291]. Elevated GDH activity increases glycolysis [291]. Therefore, when BMEC are supplemented with a-

KG, GDH activity may decrease, thereby decreasing glycolysis.

4.5. Limitations:

My data show clear distinctions in glutamine metabolism between hpBMEC and hiBMEC; however, this
study is not without limitations. | compared hpBMEC and hiBMEC, each from one donor. Transcriptomic
data for both were compared to publicly available data for cells from other donors to ensure their validity in
cells from other donors; however, metabolomic data were only used from our cells and assumed to be
representative of cells from other donors. Our metabolomic data was collected using a Cs-glutamine
tracer, which limited predictions of which glutamine carbons were metabolized into which downstream

metabolites. This tracer also did not provide information on glutamine nitrogen molecule movement through
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the TCA cycle and downstream metabolites. In the future, non-uniformly labeled tracers should be used for

both carbon and nitrogen to provide more detailed insight into atom movements.

While hpBMEC are assumed to be more similar to in vivo human BMEC, hpBMEC may also not be a
good model of in vivo human BMEC metabolism. hpBMEC and hiBMEC in this study were cultured in static
conditions and on tissue culture polystyrene. Both flow [292], [293], [294], [295] and substrate stiffness

[296] are known to impact endothelial cell metabolism, and thus may impact our models.

4.6. Conclusions:

hiBMEC have elevated glutamine flux through fatty acid, asparagine, and glutathione synthesis
pathways and reduced glutamate secretion compared to hpBMEC. These essential differences in glutamine
metabolism between the two BMEC types may alter their function in disease models, and therefore are
essential to take into consideration when choosing a cellular model of the BBB. In this chapter and the
previous chapter, | examined the limitations of using hiBMEC as a model for BMEC glucose and glutamine
metabolism. hiBMEC have similar glucose metabolism, but significantly altered glutamine metabolism
compared to hpBMEC. This knowledge is used to inform the interpretation of the results in the next two
chapters as | use hiBMEC to examine the effects of APOE genotype and sedentary lifestyle on BMEC

metabolism and barrier function.
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Chapter 5: APOE genotype impacts BMEC metabolism and function

5.1. Introduction:

In previous chapters, | demonstrated that the stress hormone angiotensin Il increased endothelial
dysfunction in female endothelial cells, and that induced pluripotent stem cell derived brain microvascular
endothelial-like cells (hiBMEC) are a good model of BMEC glucose metabolism but have different glutamine
metabolism than primary BMEC (hpBMEC). In this chapter, | build on that work to examine how another

risk factor for Alzheimer’s disease (AD), the APOE &4 genotype, impacts hiBMEC metabolism and function.

The APOE &4 genotype is the highest genetic risk factor for AD. Individuals homozygous for the APOE
¢4 allele have a ten-fold higher risk for AD compared to individuals homozygous for the APOE €3 allele
[297]. In humans, the APOE g4 genotype is correlated with many AD biomarkers, including decreased brain
glucose metabolism [298], blood-brain barrier [299], and increased amyloid-f and tau accumulation [300].
In mice, the APOE ¢4 genotype reduced BMEC barrier function [130], [301], [302], with one study implicating
accelerated matrix degradation [302]. In vitro, APOE ¢4 astrocytes had decreased glycolysis, but increased
pentose phosphate pathway activity as compared to APOE €3 astrocytes, leading to increased lipid and
nucleotide biosynthesis [303]. In transgenic mouse BMEC, APOE ¢4 BMEC also had reduced glycolysis
and lipid levels compared to APOE £3 BMEC [130]. Notably, none of these studies examined mechanisms

through which the APOE genotype itself regulates barrier function or cellular metabolism.

In this chapter, | focus on two mechanisms through which APOE &4 regulates glucose metabolism and
barrier function: reduced insulin signaling and reduced sirtuin 1 (SIRT1). The first mechanism investigated,
reduced insulin signaling, is based on extensive work in neurons, which shows the APOE &4 protein has a
higher binding affinity for insulin receptors (INSR) compared to the APOE €3 protein. INSR then remains
bound to APOE ¢4 in the endosome, which reduces INSR endosomal recycling. Reduced INSR recycling
leads to reduced INSR on the cell membrane, which can then decrease insulin binding and thus impair
insulin signaling [304]. One of the intracellular insulin signaling pathways includes phosphoinositide 3-

kinase (PI3K) activation, which leads to Akt phosphorylation. Akt then regulates translocation of the primary
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glucose transporter GLUT1 to the cell membrane [305], [306] and, therefore, glycolysis (Fig. 5.1). The
second mechanism focuses on SIRT1, a protein deacetylase whose transcription is inhibited by the APOE
¢4 protein [138], [307]. Reductions in SIRT1 are associated with reduced GLUT1 [308] and the rate limiting
glycolytic enzyme hexokinase 2 (HK2) [141]. Similarly, increasing SIRT1 activity increases tight junction
proteins zonulus occludins 1 (Z0O-1) [309] and claudin-5 [310]. Therefore, | investigated whether the APOE
¢4 genotype leads to low SIRT1, which in turn decreases glycolysis and barrier function in hiBMEC (Fig.

5.2).
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Figure 5.1. Hypothesized mechanism by which APOE €4 reduces glycolysis via insulin signaling.
APOE ¢4 proteins bind to lipoproteins in the circulation and then bind competitively to insulin receptors
on the cell membrane. These APOE-lipoprotein-insulin receptor complexes are internalized into
endosomes. Increased binding affinity between APOE €4 and insulin receptors prevents endosomal
recycling of insulin receptors back to the cell membrane, instead targeting them to lysosomes for
degradation. This process reduces the insulin receptors available on the cell membrane for insulin
signaling, which then impairs GLUT1 transcription and translocation to the membrane and glycolysis.

BMEC function as a protective barrier between the blood and the brain and specifically transport
metabolites to meet the energy demands of surrounding cells. As such, in this chapter | examined the role
of the APOE ¢4 genotype in glucose hypometabolism and BBB breakdown using hiBMEC as a cellular
model. | hypothesized that the APOE ¢4 genotype would reduce glycolysis through reduced insulin and
SIRT1 signaling, and that the reduction in SIRT1 would also decrease barrier function. | used CRISPR/Cas9
to generate iPSC homozygous for the APOE €3 and &4 alleles, differentiated them into hiBMEC, and then

measured barrier function using transendothelial resistance (TEER) and immunofluorescent labeling. |
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measured differences in glycolysis between APOE ¢3 and ¢4 hiBMEC using YSI, Seahorse Glycolytic Rate
Assay, Western blotting for glycolytic enzymes, and metabolic mass spectrometry. Finally, | probed both
the insulin signaling and SIRT1 mechanisms to demonstrate their involvement in reducing glycolysis and

barrier function in APOE ¢4 hiBMEC.
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Figure 5.2. Hypothesized pathway by which APOE €4 reduces glycolysis and barrier function via
SIRT1. APOE ¢4 binds to the SIRT1 promotor and reduces its transcription, thereby reducing SIRT1
protein. Lower SIRT1 reduces HK2, thereby impairing glycolysis. SIRT1 also reduces expression of
tight junction proteins, thereby reducing barrier function.

5.2. Methods:

5.2.1. Cell Culture: IMR90 iPSC were maintained as described in Chapter 3. iPSC were also differentiated
into hiBMEC as described in Chapter 3; however, to enhance control over media components, Neurobasal
medium (NB; Thermo Fisher, 21103049) supplemented with 8.5 mM glucose and 4.5 mM glutamine was

substituted for the human endothelial cell serum free medium (hESFM) [311].

5.2.2. CRISPR/Cas9: IMR90 iPSC are homozygous for the APOE ¢3 allele [312]. Clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 technology was used to induce a point mutation and
alter the iPSC to be homozygous for the APOE ¢4 allele based on previously established protocols [313].
Small guide RNA (sgRNA; Table 5.1) targeting rs429358 (IDT) was resuspended to 100 uM in

Resuspension Buffer R (Thermo Fisher, MPK10096). Single-stranded oligodeoxynucleotides (ssODN)
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were also resuspended to 200 uM in Resuspension Buffer R. iPSC at 80% confluence were dissociated
using TrypLE (Thermo Fisher, 12605010), centrifuged at 300 x g for 5 minutes, then resuspended at 13.5
x 108 cells/mL in 100 pyL of Resuspension Buffer R. 3 uL sgRNA, 2 uL ssODN, 3 pL Alt-R Cas9 Nuclease
V3 (IDT), and 7 pL cell suspension were combined and electroporated using a Neon Transfection
Instrument (Thermo Fisher) at 1100 V, with 2 pulses of 30 ms each. Following electroporation cells were
replated on Matrigel (Corning, 354230) coated plates in mTeSR-Plus medium (STEMCELL Technologies,
100-0276) supplemented with 10 uM Y-27632 (Tocris, 1254) and 1:1000 Alt-R HDR Enhancer (IDT,

1081072).

Table 5.1. CRISPR/Cas9 and genotyping sequences.

Iltem Sequence

sgRNA GCGGACATGGAGGACGTGTGCGG

ssODN AGGAGCTGCAGGCGGCGCAGGCCCGGCTGGGCGCGGACATGGAGGAT
GTACGTGGCCGCCTGGTGCAGTACCGCGGCGAGGTGCAGGCCATGCTC
GGCCAG

APOE €3 Forward GTAAAACGACGGCCAGTGTCTCTGTCTCCTTCTCTC

APOE &3 Reverse AGGTCATCGGCATCGCGGA

APOE ¢4 Forward GTAAAACGACGGCCAGACGAGACCATGAAGGAGTTG

APOE ¢4 Reverse ACACTGCCAGGCGCTTCTG

5.2.3. iPSC expansion and Genotyping: Following the CRISPR/Cas9 process, iPSC were cultured to 80%
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 AmpliTaqg Gold 360 Master Mix (Thermo Fisher; 4398881) and associated
protocols. Samples were thermally cycled using a Pro Flex Thermal Cycler (Thermo Fisher) with an initial
10-minute activation at 95°C followed by 40 cycles of 30 seconds denaturing at 95°C, 30 seconds of
annealing at 70°C, and 60 seconds/kb at 72°C. A final extension was performed at 72°C for 7 minutes

before cooling back to 4°C. Samples were then sent to Genewiz (Azenta Life Sciences) for sequencing.
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Sequencing results were processed through the Synthego ICE CRISPR Analysis tool and successful
homozygous APOE ¢3 (isogenic controls) and &4 (edited samples) were expanded and frozen in liquid

nitrogen for future use.

5.2.4. TEER: To measure trans-endothelial electrical resistance (TEER), APOE ¢3 and €4 hiBMEC were
subcultured onto 0.4 ym ECM-coated Transwell filters in NB medium with 2% B27 (Thermo Fisher,
17504001), 20 ng/mL basic fibroblast growth factor (bFGF; Peprotech, 100-18B), and 10 uM retinoic acid
(RA; Millipore Sigma, R2625-50MG). Two days post-subculture, TEER was measured in triplicate using
STX2-Plus electrodes and the Epithelial Volt/Ohm Meter 3 (EVOMS3; World Precision Instruments). Data

points shown are individual wells averaged from triplicate technical replicates measured in each well.

5.2.5. Immunostaining and JAnaP: hiBMEC in 96-well plates were washed twice with PBS and 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 minutes. Cells were washed 2x for 5 minutes in PBS
and then blocked and permeabilized for 1 hour at room temperature in 5% normal goat serum (Millipore
Sigma, S26) in PBS supplemented with 0.2% Triton X-100 (Alfa Aesar, A16046). Cells were washed 2x for
5 min in PBS and then incubated overnight at 4°C in primary antibodies (Table 5.2). The next day, cells
were washed 3x in PBS and then 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 hour at room temperature. The
cells were then washed 3 times for 5 minutes each in PBS before imaging Z-stacks of the junctions 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 Junction Analyzer Program (JAnaP) [314] was then used to characterize 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 labeling. 5 cells were quantified per image.

Table 5.2. Primary antibodies used for immunofluorescence.

Antibody Manufacturer Catalogue Number Dilution
Z0-1 Cell Signaling Technology [13663S 1:100 (Immunostaining)
Occludin Cell Signaling Technology  [91131S 1:100 (Immunostaining)
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Claudin 5 Thermo Fisher Scientific 35-2500 1:100 (Immunostaining)

1:100 (Immunostaining)
GLUT1 Thermo Fisher Scientific 21829-1-AP
1:4000 (Western Blot)

5.2.6. YSI: Glucose and glutamine uptake and lactate and glutamate secretion, as well as transport of each
metabolite, were measured using a YSI 2950 (Yellow Springs Instruments, 527690). 2 days after
subculture, media samples were collected from either 12 well plates or both the apical and basolateral
chambers of Transwell inserts at 0- and 24-hours. Glucose, lactate, glutamine, and glutamate
measurements were measured on the YSI. Metabolite uptake was calculated by subtracting metabolite
concentrations at 24 hours from the initial concentrations. Metabolite secretion was calculated by

subtracting initial concentrations from the 24-hour metabolite concentrations.

5.2.7. Seahorse: A Seahorse glycolytic rate assay (GRA; Agilent, 103344-100) was used to evaluate
glycolytic rate in APOE €3 and ¢4 hiBMEC. hiBMEC were seeded at 50,000 cells/well in 96-well Seahorse
assay plates. In experiments with Ex-527 (Millipore Sigma, E7034), cells were treated with 10 uM Ex-527
for 24 hours. On the day of the assay, cells were washed once with fresh Seahorse DMEM, and then
incubated for 1 hour in Seahorse DMEM supplemented with 10 mM glucose, 2 mM glutamine, 1 mM

pyruvate, and 1% B27 before running the GRA in a Seahorse XFe96 following manufacturer’s instructions.

5.2.8. Western Blotting: 2 days after subculture, cells were lysed in RIPA buffer (Thermo Fisher, 89901)
supplemented with Halt Protease and Phosphatase Inhibitor (Fisher Scientific, PI78440) and Deacetylation
Inhibition Cocktail (Santa Cruz Biotechonology, sc-362323). Protein levels were evaluated in APOE 3 and

¢4 hiBMEC as described in Chapter 3.

5.2.9. 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 ¢4 hiBMEC cultured in 12-well plates were lysed in membrane permeabilization buffer supplemented
with Halt Protease and Phosphatase Inhibitor. Samples were agitated for 10 minutes at 4°C and then

centrifuged at 17,000 x g for 10 minutes at 4°C. Supernatant containing the cytosolic proteins was removed
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and stored on ice. The pellet was then resuspended in membrane solubilization buffer, agitated for 30
minutes at 4°C, and then centrifuged at 17,000 x g for 30 min at 4°C. Protein was quantified, and western

blot was run following previously described protocols.

5.2.10. SIRT1 Activity Assay: SIRT1 activity was quantified using a fluoremetric SIRT1 activity assay
(abcam, ab156065) run according to 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 normalized to total protein levels for each biological

replicate.

5.2.11. Mass Spectrometry: APOE ¢3 and ¢4 hiBMEC were cultured in NB 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 hours in NB medium supplemented with 4.5 mM glutamine and 8.5 mM U-13Ce-glucose (Fisher
Scientific, NC9207695). Metabolites were extracted and mass spectrometry was run by the University of

Colorado School of Medicine Metabolomics Core as described in Chapter 3.

5.2.12. Statistics: Statistics were analyzed in GraphPad Prism. Non-parametric Mann-Whitney tests were
used to compare APOE €3 and €4 hiBMEC. In experiments with Ex-527 and SRT1720, Two-Way ANOVA

with Fisher’s Least Significant Difference test was used.

5.3. Results

The APOE ¢4 genotype is associated with BBB breakdown and brain glucose hypometabolism. |
therefore explored how the APOE &4 genotype decreases barrier strength and glucose metabolism in
BMEC. | also explored other metabolic alterations that occur as a result of changing APOE genotype to

understand how systemic BMEC metabolism may be altered by the APOE ¢4 genotype.

5.3.1. hiBMEC with the APOE ¢4 genotype had reduced barrier function.
APOE ¢4 carriers have elevated BBB permeability relative to APOE 3 homozygotes [315]. | began by
validating this phenotype 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. 5.3A). These
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iPSC were then differentiated to hiBMEC [216], [311] and barrier function was assessed using TEER and
immunofluorescence. TEER was 36% lower in APOE ¢4 hiBMEC compared to €3 hiBMEC (p < 0.0001; Fig
5.3B). Tight junction protein ZO-1 continuity was 8.7% lower in APOE ¢4 hiBMEC compared to €3 hiBMEC
(p < 0.0001), suggesting that loss of ZO-1 may contribute to BBB breakdown in APOE ¢4 BMEC. Continuity

of tight junction proteins occludin and claudin-5 did not significantly differ by genotype (Fig. 5.3C-D).

5.3.2. APOE ¢4 hiBMEC had reduced glucose metabolism relative to APOE ¢3 hiBMEC.

Since brain glucose metabolism is reduced in individuals with the APOE ¢4 genotype, and BMEC
transport glucose from the blood into the brain, | next investigated how the APOE ¢4 genotype alters BMEC
glucose metabolism. APOE ¢4 hiBMEC had 31% lower glucose uptake than APOE ¢3 hiBMEC (p < 0.0001;
Fig. 5.4A), as measured by YSI. Lactate secretion was 9% lower in APOE &4 hiBMEC, although this was
not statistically significant (p = 0.0780; Fig. 5.4B). The lactate:glucose ratio, which indicates how much
glucose is metabolized via glycolysis versus through oxidative respiration, was 31% higher in APOE ¢4
hiBMEC (p < 0.0001; Fig. 5.4C). The basal glycolytic rate, measured by the Seahorse glycolytic proton
efflux rate (GlycoPER), was 20% lower in APOE ¢4 hiBMEC than ¢3 hiBMEC (p < 0.0001; Fig. 5.4D-E).
Compensatory glycolysis, calculated as the glycolytic rate when mitochondrial metabolism is inhibited, was
24% lower in APOE €4 hiBMEC compared to APOE €3 hiBMEC (p < 0.0001; Fig. 5.4F). Overall, these data
indicate APOE ¢4 hiBMEC have a decreased glycolytic rate compared to APOE £3 hiBMEC, but that APOE
¢4 hiBMEC may metabolize more glucose through glycolysis than oxidative phosphorylation compared to

APOE ¢4 hiBMEC.
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Figure 5.3. APOE &4 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 ¢4 iPSC. (B) TEER
measured on APOE e3 and e4 hiBMEC (n = 18 samples per genotype). (C) Immunofluorescent labeling
of tight junction proteins in APOE €3 vs. APOE €4 hiBMEC. ZO-1 (red), occludin (magenta), and claudin-
5 (green). (D) Percent of continuous junctions quantified via Junction Analyzer Program. Scale bar = 20
um (n =176 - 327 cells from 16 biological replicates). Data analyzed using Mann-Whitney tests.

5.3.3. Glucose transporter and rate limiting glycolytic enzymes were lower in APOE ¢4 hiBMEC.

To evaluate why glucose metabolism was lower in APOE g4 compared to APOE &3 hiBMEC, |
measured glucose transporter and glycolytic enzymes via Western blot (representative blots in Fig. 5.5A).
| first measured APOE protein levels via Western blot. APOE ¢4 protein levels were 330% higher in APOE
¢4 hiBMEC compared to APOE ¢3 hiBMEC (p < 0.0001; Fig. 5.5B). Glucose entry into BMEC primarily
occurs through the glucose transporter GLUT1. GLUT1 levels were 38% lower in APOE ¢4 hiBMEC
compared to €3 hiBMEC (p = 0.0003; Fig. 5.5C). Glycolytic enzymes include hexokinase (HK) 1 and 2, 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase = 3  (PFKFB3), glyceraldehyde  3-phosphate

dehydrogenase (GAPDH), and lactate dehydrogenase (LDH) (Fig. 5.5D-H). Of these enzymes, HK2 and
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PFKFB3, both of which are rate limiting glycolytic enzymes, were 20% and 24% lower, respectively, in
APOE ¢4 compared to APOE ¢3 hiBMEC (p = 0.0188 and p = 0.0106). In addition, | measured levels of
glucose-6-phosphate dehydrogenase (G6PD), the rate limiting enzyme for glucose entry into the pentose-
phosphate pathway (PPP), and glutamine fructose-6-phosphate amidotransferase (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 ¢4 hiBMEC (Fig. 5.51-J). Lower protein levels of GLUT1 and rate

limiting enzymes HK2 and PFKFB3 correlate with the previously measured reduced glycolysis in APOE &4

hiBMEC.
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Figure 5.4. APOE &4 hiBMEC had reduced glycolysis relative to APOE &3 hiBMEC. YSI
measurements of (A) glucose uptake, (B) lactate secretion, and (C) lactate-to-glucose ratio over 24
hours (n = 12 samples per genotype). (D) GlycoPER measured via Seahorse Glycolytic Rate Assay in
APOE €3 vs. APOE ¢4 hiBMEC. (E) basal GlycoPER and (F) compensatory glycolysis (n = 10 samples
per genotype). Data analyzed using Mann-Whitney tests.

5.3.4. APOE 3 and ¢4 hiBMEC had similar metabolite transport and polarization.

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 polarization, APOE €3 and ¢4 hiBMEC were

seeded on Transwell inserts and then treated with 8.5 mM glucose on the apical side and 0 mM glucose
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(8.5 mM mannitol as an osmotic control) on the basolateral side (Fig. 5.6A). After 24 hours, both APOE &3
and ¢4 hiBMEC transported 0.78 + 0.04 mM glucose from the apical side to the basolateral side (Fig. 5.6B).
Lactate secretion was polarized, with both cell types secreting 0.53 + 0.03 mM lactate on the basolateral
side, and 2.60 + 0.12 mM lactate on the apical side (Fig 5.6C). Therefore, despite reduced glucose
metabolism in APOE &4 hiBMEC, glucose transport is unchanged indicating the cells are able to

consistently control metabolite transport regardless of differences in their own metabolic demands.

5.3.5. Impaired insulin signaling may contribute to reduced glycolysis in APOE ¢4 hiBMEC.

APOE &4 protein inhibits INSR recycling and glycolysis in neurons [133]. | hypothesized that APOE ¢4
hiBMEC would also have reduced INSR recycling, leading to decreased GLUT1 translocation to the cell
membrane, and thereby decreasing glycolytic rate (Fig. 5.1). | 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 &3 hiBMEC (p = 0.0002; Fig. 5.7A-B). Next, | determined how insulin signaling differed in APOE
€3 and g4 hiBMEC by treating cells with insulin and probing for phosphorylated-Akt (p-Akt) by Western blot
(Fig. 5.7C). APOE &4 hiBMEC had a 37% lower p-Akt:Akt ratio without insulin stimulation (p = 0.0186), and
an 82% lower p-Akt:Akt ratio with insulin stimulation (p = 0.0029). While APOE €3 hiBMEC increased the
p-Akt:Akt ratio by 30% following insulin stimulation (p = 0.0340), APOE ¢4 hiBMEC did not significantly
increase p-Akt:Akt ratio with insulin stimulation (Fig. 5.7D). These data suggest that insulin signaling is

reduced in APOE ¢4 hiBMEC, possibly through reduced INSR levels.
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Figure 5.5. Glucose transporter and rate limiting glycolytic enzymes were reduced in APOE &4
hiBMEC. (A) Representative Western blots with quantifications of (B) APOE (C) GLUT1 (D)
hexokinase | (HK1), (E) hexokinase 2 (HK2), (F) 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKFB3), (G) glyceraldehyde 3-phosphate dehydrogenase (GAPDH), (H) lactate dehydrogenase
(LDH), (1) glucose-6-phosphate dehydrogenase (G6PD), and (J) glutamine fructose-6-phosphate
amidotransferase (GFAT) relative to housekeeper protein 3-Actin (n = 9 samples per genotype). Data
were normalized to APOE €3 protein levels in each experiment and analyzed using Mann-Whitney test.
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Figure 5.6. Glucose transport was lower in APOE €4 hiBMEC. (A) APOE &3 and ¢4 hiBMEC were
seeded on Transwell inserts in NB medium containing 8.5 mM glucose in the apical chamber and 0 mM
glucose in the basolateral chamber (8.5 mM mannitol as an osmotic control) for 24 hours. Media
samples were collected from both chambers at 0- and 24 hours and YSI was used to quantify (B)
glucose and (C) lactate concentrations (n = 12 samples per genotype). Data were analyzed with Two-
way ANOVA with Fishers Least Significant Difference Test.

| hypothesized that reduced insulin signaling in APOE ¢4 cells would reduce GLUT1 translocation to
the membrane. Indeed, membrane GLUT1 was 31% lower in APOE ¢4 hiBMEC relative to APOE €3
hiBMEC (p = 0.0017; Fig. 5.7E, F). Then, | treated APOE &4 hiBMEC with 10 yg/mL insulin to stimulate
insulin signaling and promote GLUT1 translocation to the membrane, and 1 uM Wortmannin to inhibit PI3K
in the insulin signaling pathway, and thus GLUTL1 translocation to the membrane (Fig. 5.7G). Insulin
treatment did not increase GLUTL1 translocation to the membrane. Wortmannin, however, decreased
membrane GLUT1 by 32% (p = 0.0213; Fig. 5.5H), indicating that inhibition of the insulin signaling pathway
decreased membrane. Finally, to determine how reduced insulin signaling and membrane GLUT1
corresponded with reduced hiBMEC glycolysis, | ran a Seahorse Glycolytic Rate Assay in which APOE ¢4
hiBMEC were pretreated with insulin or Wortmannin for 30 minutes (Fig. 5.71). Basal GlycoPER was not

significantly elevated by with insulin but decreased by 8.4% with Wortmannin (p = 0.0089; Fig. 5.7J).
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Figure 5.7. Impaired insulin signaling may have contributed to reduced APOE &4 hiBMEC
glycolysis. (A) Representative Western blots with (B) quantification of insulin receptor (INSR) protein
levels in APOE €3 and APOE €4 hiBMEC (n = 9 samples per genotype). (C) Representative Western
blots with (D) quantification of p-Akt and Akt in APOE €3 and €4 hiBMEC treated with 10 ug/mL insulin
for 30 minutes (n = 9 samples per genotype). (E) Representative Western blots with (F) quantification
of membrane and cytosolic GLUT1 in APOE €3 and €4 hiBMEC (n = 9 samples per genotype). (G)
Representative Western blots with (H) quantification of membrane GLUT1 in APOE €4 hiBMEC treated
with 10 pg/mL insulin and 1 yM Wortmannin for 30 minutes (n = 9 samples per genotype). (I) Seahorse
Glycolytic Rate Assay and (J) basal GlycoPER in APOE €4 hiBMEC following treatment with 10 ug/mL
and 1 yM Wortmannin for 30 minutes (n = 10 samples per treatment group). Data were analyzed 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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5.3.6. Decreased SIRT1 in hiBMEC did not change glycolysis but decreased barrier function.

APOE &4 may impair glycolysis and barrier function through more than one mechanism. Since APOE
g4 is a suppressor of SIRT1 [138], [307], and low SIRT1 can decrease both glycolysis [141], [316] and
barrier function [317], | next investigated if decreased SIRT1 impaired glycolysis and barrier function in
APOE ¢4 hiBMEC. | first measured SIRT1 protein levels via Western blot (Fig. 5.8A). SIRT1 was 27% lower
in APOE &4 hiBMEC than APOE ¢3 hiBMEC (p = 0.0188; Fig. 5.8B). | then measured SIRT1 activity using
a SIRT1 activity assay. SIRT1 activity was 10% lower in APOE ¢4 hiBMEC compared to APOE ¢3 hiBMEC
(p =0.0030; Fig. 5.8C). Next, | used the SIRT1 inhibitor EX-527 to investigate how reducing SIRT1 changed
APOE &4 hiBMEC glycolysis and barrier function. EX-527 decreased SIRT1 activity by 12% (p = 0.0570;
Fig. 5.8D). However, EX-527 did not significantly alter GlycoPER (Fig. 5.8E-F). EX-527 decreased ZO-1

continuity by 26% (p < 0.0001; Fig. 5.8G-H) but did not significantly alter claudin-5 continuity (Fig 5.8I-J).
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Figure 5.8. SIRT1 was lower in APOE €4 hiBMEC. SIRT1 inhibition did not alter glycolysis but
decreased barrier function in hiBMEC. (A) Representative Western blot and (B) quantification of
SIRT1 relative to B-Actin protein levels in APOE €3 and €4 hiBMEC. Data were normalized to APOE €3
(n = 9 samples per genotype) (C) Relative SIRT1 activity measured using a SIRT1 activity assay and
normalized to APOE €3 cells (n = 12 samples per genotype). (D) SIRT1 activity in APOE ¢4 hiBMEC
treated with 10 uM EX-527 for 24 hours relative to untreated hiBMEC (n = 16 samples per condition).
(E) Seahorse Glycolytic Rate Assay and (F) quantified basal GlycoPER in APOE ¢4 following treatment
with 10 yM EX-527 for 24 hours (n = 10 samples per condition). Representative confocal microscopy
images of APOE ¢4 tight junction proteins (G) ZO-1 (red) and (l) claudin-5 with (H, J) quantification of
junction continuity by the Junction Analyzer program (n = 225 — 251 cells per condition). Data analyzed
using a Mann-Whitney Test.
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5.3.7. APOE ¢4 genotype induced systemic differences in hiBMEC metabolism.

Finally, | investigated how the complex metabolic network is altered in APOE &3 versus APOE ¢4
hiBMEC using metabolomics. APOE €3 and ¢4 hiBMEC were labeled with *3Cs-glucose for 24 hours, and
then metabolic mass spectrometry was used to identify changes in metabolite abundance and labeling
patterns between the genotypes. Partial least squares-discriminant analysis (PLS-DA) indicated that APOE
€3 and ¢4 hiBMEC separated primarily along component 1 (33.8%; Fig. 5.9A). A variable importance plot
(VIP) was then used to identify which metabolites most contributed to the PLS-DA separation (Fig. 5.9B).
The metabolite with the highest VIP score was UDP-N-Acetyl-D-Glucosamine (UDP-GICNAC), the primary
product of the hexosamine biosynthetic pathway (HBP). Nucleotides including adenosine triphosphate
(ATP), uridine diphosphate (UDP), cytidine triphosphate (CTP), adenosine diphosphate (ADP), and uridine
triphosphate (UTP) were also elevated in APOE ¢4 hiBMEC. Amino acids glutamine, serine, aspartate,
alanine, and glutamate were all elevated in APOE €3 hiBMEC, as were tricarboxylic acid (TCA) cycle

metabolites a-ketoglutarate, succinate, and fumarate.

| then ran a metabolic pathway analysis using the labeled fraction metabolomics data to explore which
pathways were most impacted by APOE genotype. Pathways with p-values < 0.1 (logio(p-value) > 1) and
impact scores > 0.1 were considered significant with the pathways in the upper right corner being the most
significantly impacted by APOE genotype. The most significantly perturbed pathways included starch and
sucrose metabolism, alanine aspartate and glutamate metabolism, glycine metabolism, pyrimidine

metabolism, the TCA cycle, and glycolysis/gluconeogenesis.
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Figure 5.9. APOE €4 genotype led to systemic differences in iPSC-BMEC metabolism. (A) PLS-
DA of APOE €3 and €4 iPSC-BMEC based on metabolite labeling with 2Ce-glucose. (B) Variable
importance plot (VIP) of the top 21 metabolites contributing to the separation in the PLS-DA. Red
indicates higher metabolite concentrations, blue indicates lower metabolite concentrations. (C) Pathway
analysis of intracellular metabolites in APOE €3 and €4 iPSC-BMEC. —Logio(p) > 1 and Impact > 0.1
indicates metabolites in the pathway were significantly different in the two cell types. Impact score
considers the number of nodes for the metabolites involved in the pathway and the number of shortest
paths going through the node. (n = 4 samples per genotype).

5.4. Discussion
The APOE ¢4 genotype is one of the largest risk factors for AD and is associated with reduced whole
brain glucose metabolism and BMEC barrier function. Despite these correlations, there are few if any

identified direct mechanisms through which the APOE genotype alters metabolism and barrier function.
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Here, | demonstrated that APOE ¢4 hiBMEC have reduced barrier function and glucose metabolism
compared to APOE ¢3 hiBMEC, and that reduced insulin signaling and SIRT1 may reduce glycolysis and
barrier function in APOE ¢4 hiBMEC. These findings indicate the APOE ¢4 genotype induces glucose
hypometabolism and BBB breakdown through insulin and SIRT1 signaling, which contribute to AD

pathophysiology.

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 ¢4 transgenic mice [130]; increased permeability with reduced ZO-1 and occludin in brain vessels of
transgenic mice [302]; and increased BBB permeability in the hippocampus and parahippocampal gyrus of
adults who are carriers of the APOE &4 allele [315]. While APOE &4 may reduce barrier function through
multiple mechanisms, APOE ¢4 cells had lower SIRT1. SIRT1 increased ZO-1 in human pulmonary
microvascular endothelial cells [309] and claudin-5 in mouse [317] and primary human BMEC [310]. Though
the mechanism has not been examined in BMEC, in ovarian cancer cells, SIRT1 deacetylates Krippel-like
factor 4 (KLF4) which promotes claudin-5 transcription [318]. KLF4 can also interact with promotor regions
on ZO-1 and occludin to increase their transcription [319]. Therefore, it is possible the low SIRT1 in APOE
¢4 hiBMEC increased KLF4 acetylation, which reduced ZO-1 transcription to reduce overall barrier function

in APOE &4 hiBMEC.

Z0-1 tethers tight junction proteins to actin in the cytoskeleton, so decreased ZO-1 continuity should
also impair other tight junction proteins. However, in my work, occludin and claudin-5 junction continuity
was not impaired by the APOE ¢4 genotype. Research in canine epithelial cells have demonstrated that
knockout of ZO-1 delays the formation of tight junctions by occludin and claudin-5, but in long term culture
does not affect occludin or claudin-5 junctions or barrier function [320]. The lower TEER seen in my APOE
¢4 hiBMEC compared to the APOE ¢3 hiBMEC may, therefore, be due to reductions in other tight junction
proteins not measured here. For example, VE-Cadherin continuity has been shown to be reduced in ZO-1

knockout human dermal endothelial cells [321], and could contribute to lower TEER in APOE ¢4 hiBMEC.
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The APOE ¢4 genotype is associated with reduced glucose metabolism in transgenic mouse BMEC
[130], astrocytes [303], and neurons [322]. Here, | showed that these same changes occurred in hiBMEC.
My data suggest that reduced glycolysis may relate to INSR recycling. In neurons, APOE ¢4 similarly
reduced endosomal INSR recycling, which in turn reduced insulin signaling and glycolysis [304]. Neuronal
glucose transport is primarily regulated by GLUT3 [323], while hiBMEC glucose transport is primarily
regulated by GLUT1. Both GLUT1 and GLUT3 are categorized as insulin independent glucose transporters
because they are highly expressed on the cell membrane even in the absence of insulin [324], [325].
Conversely, the insulin-dependent glucose transporter, GLUT4, is primarily localized in intracellular vesicles
until the cells are stimulated with insulin, at which point the vesicles fuse with the cell membrane and take
up glucose [326], [327], [328]. However, increased INSR and insulin signaling can increase both
transcription of GLUT1 and GLUT3 and trafficking of the transporters to the cell membrane [305], [306],
[329], [330]. Interestingly, in my 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 additional insulin.

Reduced glycolysis could also relate to decreased SIRT1 and hexokinase-2 (HK2) in APOE ¢4 hiBMEC.
In neuroblastoma and glioblastoma cell lines, APOE ¢4 decreases SIRT1 transcription [138], [307]. In
neurons and whole brain lysates, the APOE ¢4 genotype correlated with reduced HK2 compared to the
APOE ¢3 genotype, which contributed to lower glycolysis [322], [331]. SIRT1 regulates HK2 [141].
Therefore, the APOE ¢4 protein could decrease SIRT1, which in turn decreases HK2. Since EX-527 did not
decrease glycolysis in APOE ¢4 hiBMEC, | was unable to show in hiBMEC that decreased SIRT1 and HK2
decreased glycolysis. Likely, SIRT1 alone does not regulate glycolysis. Interestingly, | also noted reduced
PFKFB3 in APOE ¢4 hiBMEC, which has not, to my knowledge, been reported. Transcription factors
including Kriuppel-like factor 2 (KLF2) [332], hypoxia inducible factor 1-a (HIF-1a) [333], and myocyte
enhancer factor 2A (Mef2a) [334] regulate PFKFB3. In microglia, Mef2a expression is inhibited by APOE
signaling [335], and since the APOE ¢4 hiBMEC had elevated intracellular APOE, this may be one

mechanism through which PFKFB3 expression decreased in APOE ¢4 hiBMEC.
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In a euglycemic individual, brain glucose concentrations range between 1-2.5 mM glucose depending
on activity levels [336]. Despite differences in basal rates of glucose metabolism, my data demonstrate that
APOE ¢3 and ¢4 hiBMEC had similar glucose transport for their apical to basolateral sides. Since APOE
genotype did not alter hiBMEC glucose transport, it is likely that APOE g4-induced glycolytic deficiency in
all other brain cell types is not due to reduced glucose transport by BMEC. Instead, inhibition of glucose

uptake in parenchymal brain cells may also be partially caused by reduced insulin and SIRT1 signaling.

13Ce-glucose metabolomics revealed systemic metabolomic differences between APOE &3 and &4
hiBMEC. Interestingly, the top driver of separation via PLS-DA was UDP-GIcNAc which was elevated in
APOE ¢4 hiBMEC. UDP-GIcNAc is added to serine and threonine residues by O-GIcNAc transferase and
removed by O-GIcNAcase. Protein GlcNAcylation regulates various cellular processes including gene
expression, signal transduction, and cellular stress responses [337]. Counterintuitive to my data, high
protein GIcNAcylation is largely neuroprotective and can reduce necroptosis [338], amyloid-B plaque
formation [339], and tau hyperphosphorylation [340]. It is possible, however, that the activity of O-
GlcNActransferase is lower or O-GIcNAcase is higher in APOE ¢4 hiBMEC relative to APOE &3 hiBMEC,
which would mean that regardless of the UDP-GIcNAc concentration in the cell, fewer proteins are being

GlcNAcylated.

The decreased TCA metabolites labeling in my study is supported by similar results from a
metabolomic-based study in astrocytes wherein APOE &3 and &4 immortalized astrocytes isolated from
transgenic mice were cultured with 13Ce-glucose for 24 hours before mass spectrometry was run to measure
metabolomic changes [303]. Since my study examined only the labeled fraction of TCA metabolites from
13Ce-glucose, not other carbon sources, lower glucose-derived TCA metabolites in APOE ¢4 hiBMEC may
be counteracted by elevated use of other carbon sources that feed the TCA cycle, such as glutamine and
fatty acids. However, as discussed in Chapter 4, hiBMEC may not accurately represent the glutamine
metabolism of BMEC, and therefore we cannot draw conclusions based on this data. In future studies,
primary BMEC (hpBMEC) from APOE ¢3 and €4 donors could be used to more accurately assess the impact

of APOE genotype on glutamine metabolism.
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| also showed increased labeling of nucleotides from 13Ce-glucose in APOE ¢4 hiBMEC, which has also
been noted in astrocytes [303]. Nucleotide synthesis, specifically ATP, CTP, UTP, and their precursor
molecules were increased in APOE ¢4 hiBMEC, likely due to increased activity of the PPP which generates
ribose-5-phosphate, a metabolite critical to nucleotide synthesis. Due to large variability in the data, | was
unable to detect differences in ribose-5-phosphate levels in these experiments. Elevated ATP in APOE ¢4
hiBMEC is unexpected as glucose metabolism through glycolysis and the TCA cycle are the main methods
of ATP production, and both are decreased in the APOE ¢4 hiBMEC. It is, however, possible that APOE ¢4
hiBMEC perform fewer ATP-consuming reactions such as protein phosphorylation or active ion transport.
Since ATP is also an allosteric inhibitor of glycolytic enzyme phosphofructokinase (PFK), a high ATP:ADP
ratio can indicate inhibition of glycolysis through PFK [341]. The ratio of 13Cs-glucose labeled ATP:ADP in
the APOE &3 and ¢4 hiBMEC was the same indicating this is likely not a mechanism through which APOE
genotype alters glycolysis in APOE &3 and €4 hiBMEC. Elevated UTP levels likely contribute to the
previously described elevations of UDP-GIcNAc in APOE ¢4 hiBMEC, as UTP binding to N-

acetylglucosamine-1-phosphate leads to the UDP-GIcNAc formation.

Based on the 13Cs-glucose metabolomics, | assessed which metabolic pathways are most impacted by
hiBMEC APOE genotype. Expectedly, both glycolysis and the TCA cycle were significantly impacted by
genotype differences. The starch and sucrose pathway, which had both a significant impact and logio(p-
value), contains glycolysis and the HBP, which are the main contributors to its differential metabolism
between APOE €3 and €4 hiBMEC. The alanine, aspartate, and glutamate metabolic pathway include N-
Acetyl-Aspartate, L-aspartate, citrate, 2-oxoglutarate, 4-aminobutanoate, L-glutamine, and succinate, all of
which were elevated in APOE €3 hiBMEC. An analysis of post-mortem brain tissue of AD patients vs. control
subjects demonstrated similar dysregulation of glycine metabolism, purine metabolism, and alanine,
aspartate and glutamate metabolic pathways [342]. These data indicate that disruptions of BMEC

metabolism in these pathways may be a predictor of AD disease risk and contribute to AD progression.

Here, | demonstrated that intracellular APOE protein levels were significantly higher in APOE ¢4
hiBMEC compared to APOE €3 hiBMEC. Previous reports conflict in whether intracellular APOE protein

levels are higher in APOE €3 or APOE ¢4 cells. In mouse transgenic BMEC [130] and astrocytes [343],

106



APOE levels were higher in APOE &3 cells, while our data and data from microglia [344] showed higher
APOE levels in APOE ¢4 cells. The APOE &4 protein can have several direct intracellular effects, so
elevated intracellular APOE concentrations in APOE ¢4 hiBMEC may enhance some of these transcriptional
effects. For example, in neurons the APOE ¢4 protein induces translocation of histone deacetylases 4 and
6 to the cell nucleus, which decreases expression of brain derived neurotrophic factor (BNDF), a protein
that enhances survival, growth, and differentiation of neurons [345]. More broadly, in neurons the APOE ¢4
protein binds to nearly 1,700 gene promotor regions encoding for 76 proteins and can impact glucose
metabolism and energy homeostasis, inflammation, and neuronal signaling [138]. Overall, elevated
intracellular APOE ¢4 may enhance these effects and potentiate the neurodegenerative impacts of the

APOE ¢4 allele.

5.5. Limitations

The results presented in this chapter show two mechanisms through which APOE genotype regulates
hiBMEC glucose metabolism and barrier function. However, this study does have limitations. First, hiBMEC
have incomplete differentiation, leading to retention of an epithelial-like transcriptomic profile, which
decreases their physiological relevance for brain vasculature [217]. Furthermore, in Chapters 3 and 4, |
demonstrate that although glucose metabolism is similar between hiBMEC and hpBMEC, they are not the
same. These studies were also only performed on hiBMEC differentiated from one iPSC cell line (IMR90).
Future studies should use hiBMEC from multiple iPSC lines to ensure the results are not iPSC specific.
Finally, the BBB is simplified in these studies to only use BMEC. The addition of other brain cell types, as
well as more physiological substrate stiffnesses and flow, would increase the physiological relevance of

this study.

5.6. Conclusions

The APOE &4 genotype is associated with glucose hypometabolism and BBB breakdown in humans.

Here, | showed that the APOE ¢4 hiBMEC had lower glucose metabolism through reduced insulin signaling.
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Furthermore, | demonstrated that reducing SIRT1 in hiBMEC reduced tight junction protein continuity
indicative of BBB breakdown. In the next chapter, | build on this work to investigate how sedentary lifestyle,

another AD risk factor, impacts hiBMEC metabolism and barrier function in a genotype-dependent manner.
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Chapter 6: Exercise training has genotype-dependent impacts on BMEC metabolism

and function

6.1. Introduction

In the last chapter, | demonstrated that the APOE ¢4 genotype, the largest genetic risk factor for
Alzheimer’'s disease (AD) development, reduced glucose metabolism and barrier function in induced
pluripotent stem cell derived brain microvascular endothelial-like cells (hiBMEC). | also demonstrated that
these processes are, at least in part, mediated through reduced insulin signaling and SIRT1 activity in
APOE g4 hiBMEC relative to APOE €3 hiBMEC. In this chapter, | examine how sedentary lifestyle, another
risk factor for AD, alters hiBMEC metabolism and barrier function and how exercise training counteracts

these effects.

Consistent exercise training is estimated to reduce AD risk by 45% [346]. Exercise training in
healthy older adults increases cerebral blood flow [347], reduces hippocampal atrophy [348], and increases
brain glucose metabolism [349], each of which reduces AD risk. Exercise training also improves amyloid-
(AB) clearance in rodents [350] and may reduce plasma AP levels in humans as well [351]. From a
mechanistic standpoint, exercise elevates circulating levels of irisin, lactate, and cathepsin B, which are all
hypothesized to increase brain derived neurotrophic factor (BDNF) [352], [353], [354], [355], a molecule
that supports neuronal growth, synaptic plasticity, learning, and memory [356], [357]. Past studies primarily
focused on how exercise training improves neuronal signaling 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.

One mechanism through which exercise training may benefit BMEC function and metabolism is by
increasing SIRT1 protein levels. As previously discussed in Chapter 5, SIRT1 may increase BMEC function
and metabolism. Male rats with access to wheel running for 14 days had higher levels of SIRT1 in the
hippocampus compared to those without access to wheel running [358]. SIRT1 levels can likely be

controlled by many circulating factors that change with exercise. For example, mice with access to voluntary
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wheel running for 1 month had higher concentrations of lactate in the hippocampus compared to sedentary
mice, and both exercise and lactate injections were shown to increase SIRT1 protein levels in the
hippocampus [354]. Therefore, exercise induced elevations in lactate may cause increases in SIRT1 in the
brain. In addition to increasing SIRT1 protein levels, exercise training can also increase SIRT1 activity
through elevation of AMP-activated protein kinase (AMPK). In human endothelial cells increases in laminar
shear stress, similar to those that occur with exercise training, increase AMPK activation, which in turn
increase NAD+ production and SIRT1 activity [359], [360]. Overall, these may be two mechanisms through

which exercise supports BMEC metabolism and function via SIRT1.

In this chapter, | used human serum samples collected from sedentary healthy older adults before and
after six months of exercise training to examine how exercise training alters hiBMEC metabolism and barrier
function. | treated APOE €3 and g4 hiBMEC with genotype-matched serum samples and examined how
serum from sedentary versus trained individuals altered glycolytic rates, glycolytic enzyme levels, SIRT1,
and barrier function. | demonstrate that exercise training differentially impacts APOE €3 and ¢4 hiBMEC
SIRT1 and metabolic enzymes, which should be considered in the development of exercise training

regimens to support brain health of older adults at risk for AD.

6.2. Methods

6.2.1. Exercise training: Adults between the ages of 60 and 80 years old were recruited in compliance
with clinical trial NCT03727360. Participant demographics are shown in Table 6.1. All participants were
deemed healthy and showed no signs of mild cognitive impairment, dementia, or neurological illness.
Participants were also classified as physically inactive, meaning they did not partake in physical activity
more than 2 days a week during the past 6 months. During the 6-month clinical trial, each participant was
randomly assigned to either the exercise training intervention (ET) or a low intensity flexibility exercise
control condition (FC). At the start of the trial, each participant underwent a VO2 max test to quantify their

cardiorespiratory fitness. All ET and FC participants began each workout with the same 20-minute warmup.
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Following the warmup, the ET group completed a moderate intensity interval training exercise while FC
participants completed a set of stretching and strength training exercises. For both the ET and FC groups,
exercise duration and frequency increased over the course of the study, starting with 10 minutes of exercise
one day a week and finishing with 30 minutes of exercise four days per week. A VO2 max test was then

repeated at the end of the 6-month trial.

Table 6.1. Serum donor demographics

Donor Sex Race Age at consent
Male Female | Undisclosed | White Black/ A_fncan Asian Average (.i _Standard
American Deviation)
@]PSQE) €3 | o) | 9(100%) | 0% |667%)| 2@2%) |1@1%) 65.3+ 5.0
(AnpzogE) ®4 13 (33%)| 666%) | 1(11%) |56G6%)| 3(33%) |0 (0%) 65.1+3.9

6.2.2. Human serum collection: At the start and finish of the trial, 8 mL of blood was drawn from each
participant in Vacutainer Serum Separator Tubes (SST; BD, 367989). To isolate serum from the whole
blood, SST tubes were centrifuged at 15,000 x g for 15 minutes at 4°C. Serum was then aliquoted and

stored at -80°C until use.

6.2.2. Cell culture: CRISPR/Cas9 was used to generate iPSC homozygous for the APOE ¢4 allele and
isogenic APOE &3 controls, after which iPSC were differentiated into hiBMEC as described in Chapter 5.
hiBMEC were cultured in Neurobasal medium (NB; Thermo Fisher 21103049) supplemented with 8.5 mM
glucose, 4.5 mM glutamine, and 2% B27 for 2 days following differentiation prior to serum treatment. For
serum treatment, APOE €3 and ¢4 hiBMEC were treated with 20% genotype-matched human serum from
participants pre- and post- 6 months of exercise training for 24 hours before downstream assays were

completed.

6.3.3. APOE ELISA: To quantify APOE protein in human serum samples, a Human APOE enzyme linked

immunosorbent assay (ELISA) kit (Thermo Fisher, EHAPOE) was used. All serum samples were diluted
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1:1000 in the ELISA Assay Diluent, and the ELISA was run following the manufacturer’'s protocol.

Absorbances were read at 450 nm, and concentrations were calculated based on the standard curve.

6.2.4. Western blot: After 24 hours of serum treatment, protein levels were analyzed by Western blot as
described in Chapter 3. Each Western blot shown is a representative blot including 3 replicates treated with

serum from one single donor per genotype.

6.3.5. YSI: Glucose and glutamine uptake and lactate and glutamate secretion were measured using a YSI
2950 (Yellow Springs Instruments, 527690). APOE ¢3 and €4 hiBMEC were treated with 20% genotype-
matched serum. 200 uL media aliquots were then collected for YSI analysis at 0 and 24 hours. For each
metabolite, uptake was calculated by subtracting metabolite concentrations at 24 hours from the
concentrations at 0 hours. Secretion was calculated by subtracting the 0-hour metabolite concentration

from the 24-hour concentration.

6.3.6. Seahorse: Seahorse Glycolytic Rate Assays (Agilent, 103344-100) were used as described in
Chapter 5 to evaluate differences in glycolysis following 24 hours of serum treatment in genotype-matched

hiBMEC.

6.3.7. TEER/Permeability assays: Trans-endothelial electrical resistance (TEER) was measured as
described in Chapter 5 with some modifications. Two days post-subculture, TEER was measured. Cells
were then treated with 20% human serum in the apical compartment only. Basolateral medium was
exchanged with fresh NB medium supplemented with 8.5 mM glucose, 4.5 mM glutamine, and 2% B27. 24
hours after serum treatment, TEER was measured again. Reported results include both the TEER after 24

hours of treatment and the change in TEER between the 0- and 24- hour recordings.

Permeability was also assessed using a sodium fluorescein permeability assay after 24 hours of serum
treatment. Sodium fluorescein (Millipore Sigma, F6377) was resuspended to 10 uM in NB medium
supplemented with 8.5 mM glucose, 4.5 mM glutamine and 2% B27. Medium in the apical chamber was

replaced with the pre-warmed medium containing sodium fluorescein. 50 pL medium samples were
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collected from the basolateral chamber after 0, 5, 15, 30, 45, and 60 minutes with replacement. The sample
fluorescence intensity was measured on a Spark Multimode Plate Reader (Tecan) at 485 nm excitation and
530 nm emission. Sodium fluorescein permeability was calculated by subtracting off background
fluorescence of the media, accounting for signal loss from media sampling in the basolateral chamber,
using the linear slope of the clearance volume vs. time to calculate the permeability coefficient of the

hiBMEC monolayer [361].

6.3.8. Immunostaining and Junction Analysis: To measure junction continuity following 24 hours of
treatment with genotype-matched serum, APOE £3 and ¢4 hiBMEC were labeled for ZO-1 and claudin-5 as
described in Chapter 5. Junction continuity was quantified using the Junction Analyzer Program [314].
Junction continuity was quantified on a per cell basis, wherein junction continuity was analyzed for every
cell in each serum treatment group, and on a per donor basis wherein junction continuity of all the cells

from each donor in each serum treatment group was averaged.

6.3.9. Metabolic Mass Spectrometry: Metabolomic changes between APOE &3 and ¢4 hiBMEC following
serum treatment were assessed via liquid chromatography mass spectrometry mass spectrometry/mass
spectrometry (LC-MS/MS) as described in Chapter 3 with some modifications. Samples were incubated for
24 hours in NB medium supplemented with 8.5 mM U-3Cs-glucose, 4.5 mM glutamine, 2% B27, and 20%
human serum prior to collecting the cells for metabolomics. Data were analyzed using Metaboanalyst 6.0

[230].

6.3.10. Statistics: All statistics were analyzed in GraphPad Prism using repeated measures two-way

ANOVA with Fisher’s Least Significant Difference test.

6.3. Results
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Exercise training reduces brain hypertrophy and increases cerebral glucose metabolism associated
with AD. | therefore examined how serum from exercise trained individuals alters hiBMEC metabolism and

barrier function to explore the molecular mechanisms by which exercise benefits the brain.

6.3.1. Exercise training did not significantly cardiorespiratory fitness.

| first examined how cardiorespiratory fitness, measured using VO2 max, changed in study participants
from the start to the end of the trial (Fig. 6.1A). Since the VO2 max change was statistically similar between
the FC and ET groups, the data were combined. Overall, study participants did not have a significant change
in VO2 max following exercise training. However, VO2 max increased by 18% in APOE &4 participants (p =

0.0678).

6.3.2. Exercise training did not alter serum or intracellular APOE.
To assess if exercise training altered APOE levels, serum and intracellular APOE was measured via
ELISA and Western blot, respectively. Serum APOE concentrations did not change with genotype or

exercise training (Fig. 6.1B). APOE ¢4 hiBMEC had ~400% higher intracellular APOE protein than APOE

114



€3 hiBMEC (p = 0.0007 for sedentary and p = 0.0018 for trained). There were no significant changes in

intracellular APOE protein levels with exercise training.
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Figure 6.1. Exercise training did not change VO2 max, serum APOE protein level, or intracellular
hiBMEC APOE protein level. (A) Cardiorespiratory fitness in individuals with the APOE €3 and &4
genotypes was measured before and after 6 months of aerobic (grey) or flexibility (blue) exercise
training (n = 9 participants per genotype). (B) APOE concentrations were measured via ELISA in serum
collected from APOE €3 and ¢4 individuals before and after exercise training (n = 6 donors per
genotype). Intracellular APOE protein levels were (C) measured via Western blot and (D) quantified
relative to B-Actin in APOE &3 and ¢4 hiBMEC following 24 hours of treatment with 20% serum from
genotype-matched participants pre- and post- exercise training (n = 9 donors per genotype). Data were
analyzed using repeated measures two-way ANOVA with Fisher's Least Significant Difference Test.

6.3.3. Exercise trained serum did not alter glycolysis in APOE &3 or ¢4 hiBMEC.

I next investigated how glycolytic rate changed with serum from sedentary vs. exercise-trained
individuals using a YSI 2950 and Seahorse Glycolytic Rate Assay. In Chapter 5, | demonstrated that in the
absence of serum treatment APOE ¢4 hiBMEC had lower rates of glycolysis compared to APOE 3 hiBMEC.
Here, YSI measurements showed APOE €3 and ¢4 hiBMEC had similar levels of glucose uptake with both
sedentary and exercise trained serum (Fig. 6.2A). Lactate secretion was similar between APOE &3 and ¢4
hiBMEC with serum treatment, but exercise trained serum did increase lactate secretion in APOE ¢4

hiBMEC by 5% (p = 0.0218; Fig. 6.2B). Glutamine uptake increased with exercise trained serum in APOE
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€3 hiBMEC by 7% (p = 0.0379) but decreased with exercise trained serum in APOE g4 hiBMEC by 14% (p
=0.0084; Fig. 6.2C). In Chapter 4, | demonstrated that hiBMEC do not secrete measurable glutamate. With
the addition of serum, glutamate secretion was still minimal; however, compared to APOE ¢3 hiBMEC,
APOE ¢4 hiBMEC secreted 77% more glutamate when treated with sedentary serum (p = 0.0003) and 72%
more glutamate when treated with serum from exercise trained individuals (p = 0.0007; Fig. 6.2D). A
Seahorse Glycolytic Rate Assay was used as a secondary measure of glycolysis (Fig. 6.2E). There was no

difference in basal or compensatory glycolysis rates between APOE ¢3 and g4 hiBMEC treated with

sedentary or exercise trained serum (Fig. 6.2F-G).
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Figure 6.2. Glycolysis was not changed in APOE €3 or APOE ¢4 hiBMEC with exercise training.
YSI measurements of (A) glucose uptake, (B) lactate secretion, (C) glutamine uptake, and (D)
glutamate secretion by APOE €3 and €4 hiBMEC following 24 hours of treatment with 20% serum from
genotype matched sedentary and exercise-trained individuals. (E) Real-time measurements of
glycolytic rates measured using Seahorse glycolytic rate assay in APOE €3 and €4 hiBMEC following
24 hours of serum treatment and quantifications of (F) basal GlycoPER and (G) compensatory
glycolysis. All GlycoPER data is presented relative to APOE €3 hiBMEC in each Seahorse plate to allow

for comparison among plates (n = 7 donors per genotype). Data were analyzed using repeated
measures two-way ANOVA with Fisher’s Least Significant Difference Test.

6.3.4. Serum from exercise trained individuals increased glycolytic enzymes in APOE ¢3 hiBMEC but
decreased glycolytic enzymes in APOE ¢4 hiBMEC relative to serum from sedentary individuals.
Since glycolytic enzymes were different in APOE €3 and €4 hiBMEC in chapter 5, | next measured how

serum from sedentary vs. exercised APOE ¢3 and APOE ¢4 individuals impacted glycolytic enzymes via

Western blot (Fig. 6.3A). In Chapter 5, | demonstrated that APOE ¢4 hiBMEC had lower levels of GLUT1
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than APOE &3 hiBMEC. With the addition of serum, GLUT1 levels were similar between APOE €3 and &4
hiBMEC. Serum from exercise trained individuals did not significantly change GLUT1 levels compared to
serum from sedentary individuals in APOE ¢3 or ¢4 hiBMEC (Fig. 6.3B). Rate limiting glycolytic enzyme
hexokinase 1 (HK1) was also unchanged by exercise training or genotype (Fig. 6.3C). However, levels of
the more highly expressed hexokinase isoform, hexokinase 2 (HK2), were similar between APOE ¢3 and
¢4 hiBMEC. This is different from results without serum presented in Chapter 5, which showed APOE ¢4
hiBMEC had lower levels of HK2 compared to APOE ¢3 hiBMEC. APOE ¢3 hiBMEC treated with exercise
trained serum had 27% higher HK2 (p = 0.0307), while APOE ¢4 hiBMEC treated with exercise trained
serum had 15% lower HK2 (p = 0.0246; Fig. 6.3D). 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKFB3), which regulates glycolysis via phosphofructokinase (PFK) activity, was shown in Chapter 5 to
be lower in APOE ¢4 hiBMEC than APOE ¢3 hiBMEC. However, with the addition of serum, there were
similar levels of PFKFB3 between APOE €3 and ¢4 hiBMEC. PFKFB3 levels were 23% lower in APOE ¢4
hiBMEC treated with exercise trained as compared to sedentary serum (p = 0.0171; Fig. 6.3E). Levels of
other glycolytic enzymes, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and lactate
dehydrogenase (LDH), were unchanged by genotype or serum from exercise training (Fig. 6.3F-G).
Glucose-6-phosphate dehydrogenase (G6PD), which regulates glucose entry into the pentose phosphate
pathway, and glutamine fructose-6-phosphate amidotransferase (GFAT), which regulates glucose entry to
the hexosamine biosynthetic pathway, were also unaffected by genotype and serum from exercise training

(Fig. 6.3H-1).
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Figure 6.3. Serum from exercise trained individuals decreased rate limiting glycolytic enzymes
HK2 and PFKFB3 in APOE &4 hiBMEC relative to serum from sedentary individuals. (A)
Representative Western blots of GLUT1 and glycolytic enzymes in APOE €3 and €4 hiBMEC following
24 hours of treatment with 20% serum from genotype matched sedentary and exercise-trained
individuals. Quantification of Western blots for (B) GLUT1, (C) HK1, (D) HK2, (E) PFKFB3, (F) GAPDH,
(G) LDH, (H) G6PD, and (I) GFAT relative to housekeeper B-actin (n = 9 donors per genotype). Data
were analyzed using repeated measures two-way ANOVA with Fisher's Least Significant Difference

Test.
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6.3.5. SIRT1 was differentially regulated by serum genotype and exercise training.

Since SIRT1 and insulin signaling were found to be upstream regulators of glycolytic enzyme levels
and glycolysis in Chapter 5, | next examined how serum from exercise-trained participants altered SIRT1
and insulin receptor levels in APOE £3 and g4 hiBMEC by Western blot (Fig. 6.4A). SIRT1 was 71% higher
in APOE ¢4 hiBMEC treated with sedentary serum compared to APOE ¢3 hiBMEC treated with sedentary
serum (p = 0.0013). In APOE ¢3 hiBMEC, SIRT1 was 33% higher when cells were treated with exercise
trained serum relative to cells treated with sedentary serum (p = 0.0043). However, APOE ¢4 hiBMEC
treated with exercise trained serum had 22% lower SIRT1 compared to those treated with sedentary serum
(p = 0.0004; Fig. 6.4B). Insulin receptor protein levels were not changed with hiBMEC genotype or serum

treatment (Fig. 6.4C).
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Figure 6.4. SIRT1 increased with exercise trained serum in APOE €3 hiBMEC and decreased with
exercise trained serum in APOE €4 hiBMEC, while insulin receptor levels were unchanged with
genotype and serum. (A) Representative Western blots with quantification of (B) SIRT1 and (C) insulin
receptor levels in hiBMEC treated with 20% genotype-matched serum for 24 hours (n = 9 donors per
genotype). Data were analyzed using repeated measures two-way ANOVA with Fisher's Least
Significant Difference Test.
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6.3.6. VO2 max is not correlated with changes in glycolysis, but changes in APOE and SIRT1 are
positively correlated with changes in some glycolytic enzymes in APOE ¢3 and ¢4 hiBMEC.

Because changes in VO2 max varied among participants, | next ran a Spearman Rank correlation
analysis to determine if VO2 max changes correlated with other glycolytic measures or protein levels,
including: glucose uptake, lactate secretion, glutamine uptake, glutamate secretion, lactate:glucose ratio,
basal glycolysis, compensatory glycolysis, GLUT1, HK1, HK2, PFKFB3, GAPDH, LDH, G6PD, GFAT,
SIRT1, INSR, and APOE (Fig. 6.5A-B). In APOE ¢3 hiBMEC, VO2 max did not correlate with any of the
measured glycolytic markers. In APOE ¢4 hiBMEC, however, changes in VO2 max with exercise training

were positively correlated with changes in glutamate secretion (rs = 0.738, p = 0.046).

In Chapter 5 APOE, SIRT1, and INSR were hypothesized to be upstream regulators of glycolysis.
Therefore, | examined the correlations between these proteins and glycolytic measures. In APOE €3
hiBMEC, APOE protein levels were positively correlated with HK2 (rs = 0.817, p = 0.012), LDH (rs = 0.867,
p = 0.005), and INSR (rs = 0.717, p = 0.037). SIRT1 was negatively correlated with lactate: glucose (rs = -
0.833, p = 0.015), and positively correlated with HK2 (rs = 0.85, p = 0.006), and INSR was positively
correlated with HK2 (rs = 0.733, p = 0.031) and APOE as previously noted. In APOE ¢4 hiBMEC, APOE
protein levels were positively correlated with glutamate production (rs = 0.738, p = 0.046) and LDH (rs =
0.767, p = 0.021). SIRT1 was positively correlated with HK2 (rs = 717, p = 0.037), and INSR was negatively

correlated with glutamine uptake (rs =-0.738, p = 0.046).

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

In Chapter 5, metabolomics analysis revealed systemic differences in hiBMEC metabolism between
APOE e3 and ¢4 hiBMEC. | therefore next used LC-MS to examine systemic metabolomic changes in APOE
€3 and ¢4 hiBMEC treated with sedentary and exercise-trained serum (Appendix 5). Partial least squares-
discriminant analysis (PLS-DA) demonstrated no clear separation of APOE €3 or ¢4 hiBMEC treated with
sedentary or exercise trained serum (Fig. 6.6A). However, in 3/4 of APOE €3 hiBMEC, the addition of
exercise trained serum resulted in a rightward shift along PC1 relative to sedentary serum, whereas the
addition of exercise trained serum was associated with a leftward shift along PC1 in all the APOE ¢4

hiBMEC. Additionally, 3/4 APOE ¢4 hiBMEC treated with exercise trained serum were shifted upwards
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along PC2 compared to those treated with sedentary serum. A heat map of the metabolites analyzed did
not show clear differences in individual metabolites between APOE ¢3 and &4 hiBMEC with sedentary or

exercise trained serum (Fig. 6.6B).
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Figure 6.5. VO2 max is not correlated with changes in glycolysis, but changes in APOE and
SIRT1 are positively correlated with changes in some glycolytic enzymes in APOE €3 and €4
hiBMEC. Spearman Rank Correlation plots generated from the calculated percent change in
measured VO2 max, glycolytic, and protein changes in (A) APOE €3 and (B) APOE ¢4 hiBMEC (n=7 -
9 donors for each measured output). Blue indicates a positive correlation, while red indicates a negative
correlation.

Because the trends seen between APOE ¢3 and APOE ¢4 hiBMEC metabolomes in Chapter 5 were
not as apparent with the addition of serum, | next analyzed how APOE &3 and €4 hiBMEC metabolomes
differed with the addition of serum. For this analysis, samples with either sedentary or trained serum were
compared to serum-free APOE &3 and ¢4 hiBMEC. APOE ¢3 and €4 hiBMEC did not separate by genotype,
as demonstrated by PLS-DA (Fig. 6.6C). However, serum addition led to a large separation of hiBMEC
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, (92)-Octadecenoic acid, fructose 1,6-bisphosphate, and citrate, all of which decreased in hiBMEC

treated with serum compared to serum-free hiBMEC cultures. The metabolites with the largest contributions
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to the separation along component 1 largely belonged to glycolysis, fatty acid metabolism, and the TCA

cycle.

6.3.7. Serum from exercise trained individuals did not significantly impact barrier function.

To assess BMEC permeability, | measured changes in barrier function in APOE €3 and ¢4 hiBMEC
treated with sedentary or exercise trained serum. There was no difference in TEER for APOE €3 and ¢4
hiBMEC treated with sedentary or exercise trained serum (Fig. 6.7A). However, the increase in TEER after
addition of sedentary serum was 55% higher in APOE ¢3 hiBMEC as compared to APOE ¢4 hiBMEC (p =
0.0542), and the increase in TEER after addition of exercise trained serum was 65% higher in APOE €3
relative to APOE ¢4 hiBMEC (p = 0.0568; Fig. 6.7B). The increase in TEER after addition of serum was
higher in both APOE €3 and ¢4 hiBMEC when treated with sedentary serum compared to exercise trained
serum. The increase in TEER after addition of serum was 17% higher in APOE €3 hiBMEC treated with
sedentary serum compared to those treated with exercise trained serum (p = 0.0721). Similarly, the
increase in TEER after addition of serum was 38% higher in APOE ¢4 hiBMEC treated with sedentary

serum treatment compared to APOE ¢4 hiBMEC treated with exercise trained serum (p = 0.0817).

Sodium fluorescein permeability, normalized to the APOE &3 hiBMEC treated with sedentary serum
permeability, demonstrated no differences among APOE €3 and €4 hiBMEC with sedentary or exercise

trained serum (Fig. 6.7C).

6.3.8. Serum from exercise training may increase tight junction protein continuity.

Finally, 1 assessed ZO-1 and claudin-5 tight junctions in APOE ¢3 and ¢4 hiBMEC treated with
genotype-matched serum. In Chapter 5, | demonstrated that APOE ¢4 hiBMEC had lower ZO-1 continuity
compared to APOE ¢3 hiBMEC. With serum, there was no difference in ZO-1 continuity between APOE €3
and ¢4 hiBMEC (Fig. 6.7D). However, APOE ¢4 hiBMEC treated with exercise-trained serum had 8.2%
higher continuity than APOE ¢4 hiBMEC treated with sedentary serum (p = 0.0014; Fig. 6.7E). When these
data were analyzed by donor rather than per cell, there were no significant differences in junction continuity

with genotype or serum type (Fig. 6.7F).
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When analyzed on a per-cell basis, APOE ¢4 hiBMEC treated with sedentary serum had 15% higher
claudin-5 continuity than APOE ¢3 hiBMEC treated with sedentary serum (p < 0.0001; Fig. 6.7G-H). APOE
¢4 hiBMEC also had 9% higher claudin-5 continuity when treated with exercise trained serum compared to
APOE ¢3 hiBMEC (p < 0.0001). Exercise trained serum decreased claudin-5 junction continuity by 6% in
APOE ¢3 hiBMEC (p = 0.0008), while claudin-5 continuity in APOE ¢4 hiBMEC was unchanged. However,

similar to the ZO-1 measurements, when the claudin-5 continuity was analyzed by serum donor, there was

no significant difference in the percent of continuous junctions from genotype or serum type (Fig. 6.71).
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Figure 6.6. Serum systemically altered the hiBMEC metabolome, but exercise training did not.
(A) PLS-DA of APOE €3 (blue) and €4 (pink) hiBMEC treated for 24 hours with 20% serum from
genotype-matched sedentary (circle) and exercise trained (triangle) individuals and 13Cs-glucose. A line
connects hiBMEC treated with serum samples from the same donor (n = 4 donors per genotype). Data
analyzed are based on the labeled fraction of each metabolite. (B) Heat map of the metabolite labeled
fractions in APOE €3 and €4 hiBMEC treated with serum from sedentary and exercise trained individuals
clustered by metabolic pathway. (C) PLS-DA of the metabolite labeled fraction of APOE €3 (blue) and
€4 (pink) hiBMEC treated for 24 hours with no serum (circle) or serum (diamond). Serum effects were
analyzed for combined sedentary and trained serum samples and compared to hiBMEC not treated with
serum (n = 8 donors per genotype with serum, n = 3 donors per genotype without serum).
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Figure 6.7. Barrier integrity was not significantly altered by sedentary or exercise trained serum
in APOE €3 or APOE €4 hiBMEC. (A) TEER measurements in APOE €3 and €4 hiBMEC following 24
hours of treatment with 20% genotype-matched serum, and (B) the change in TEER values over the
24-hour serum treatment period. (C) Permeability coefficient calculated based on sodium fluorescein
permeability after 24 hours of serum treatment. Immunostaining was used to visualize tight junction
proteins (D) ZO-1 and (G) claudin-5 following serum treatment, with junction continuity was gquantified
on a (E,H) per-cell (n = 356 — 407 cells per treatment group) and (F,l) per-serum donor basis (n =9
donors per genotype). (A,B,C,F,l) analyzed using repeated measures two-way ANOVA with Fisher’s
Least Significant Difference Test. (E,H) analyzed using two-way ANOVA with Fisher’s Least Significant
Difference Test.
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6.4. Discussion

Sedentary lifestyle is a modifiable AD risk factor, and exercise training has been shown to reduce brain
atrophy with age [348], increase brain glucose metabolism [349], [362], and improve cognition [363].
Despite ample evidence that exercise training reduces AD risk, few studies have examined how exercise
training modifies BMEC metabolism and function to support brain health. Here, | demonstrated that serum
from exercise trained individuals decreased rate-limiting glycolytic enzymes HK2 and PFKFB3 in APOE &4
hiBMEC but not APOE £3 hiBMEC. However, exercise trained serum did not significantly alter glycolytic
rates in APOE &3 or APOE ¢4 hiBMEC. Furthermore, exercise trained serum increased SIRT1 in APOE €3
hiBMEC and decreased SIRT1 in APOE &4 hiBMEC. Despite these changes, exercise trained serum did
not significantly impact barrier function in either APOE €3 or ¢4 hiBMEC. The lack of significant effects of
exercise training on barrier function or metabolism may indicate that the benefits of exercise on BMEC are

conferred through other means not tested here, such as changes in blood flow or inflammation.

VO2 max did not significantly increase following 6 months of exercise training in APOE €3 or ¢4
participants. A meta-analysis of 41 past studies of exercise training in 2,102 individuals showed VO2 max
can increase by 3.50 + 0.84 mL*kg*min-! in older adults [364]. It is, however, possible that physical fithess

was improved in other measures of this study not reported here such as grip strength or 6-minute walk test.

Exercise trained serum increased SIRT1 in APOE €3 hiBMEC but decreased SIRT1 in APOE ¢4
hiBMEC. A meta-analysis of SIRT1 changes with exercise training demonstrates that acute exercise
elevates SIRTL1 in skeletal muscle and consistent exercise can elevate circulating SIRT1[365]. In general,
exercise regulates SIRT1 via lactate concentration. Mice with access to wheel running for 30 days had
elevated hippocampal lactate, which increased hippocampal SIRT1 [366]. Serum samples from APOE €3
and g4 participants could have had different lactate concentrations, which would have differentially
modulated SIRT1 levels in the APOE €3 and ¢4 hiBMEC. Additionally, caloric restriction has been shown
to increase SIRT1 [367]. Human embryonic kidney cells treated with 10% serum from calorie restricted
mice had increased SIRT1, which was inhibited upon treatment with insulin or insulin-like growth factor-1
(IGF-1). Caloric intake was not measured in this study. However, serum insulin or IGF-1 could have

changed with exercise training in a genotype-dependent manner to differentially regulate SIRT1 in APOE
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€3 versus APOE ¢4 hiBMEC. Future studies should examine insulin and IGF-1 in exercise-trained cohorts
stratified by APOE genotype to determine if these are upstream differential regulators of SIRT1 in APOE

€3 and &4 individuals.

HK2 followed the same trend as SIRTL, increasing in APOE €3 hiBMEC treated with exercise trained
serum and decreasing in APOE ¢4 hiBMEC treated with exercise trained serum. As discussed in Chapter
5, SIRT1 can regulate HK2 transcription, so it is likely the dimorphic effects of exercise on SIRT1 also
impact HK2. PFKFB3, another glycolytic rate limiting enzyme, also decreased in APOE ¢4 hiBMEC
following exercise training. PFKFB3 is decreased by Krippel-like factor 2 (KLF2) [332], which increases
with exercise training [368]. KLF2 may therefore be one mechanism through which exercise decreases
PFKFB3 in APOE &4 hiBMEC, though it is unclear why the same reduction in PFKFB3 is not observed in
APOE €3 hiBMEC. Additional serum profiling would be necessary to uncover how APOE &4 differentially

regulates PFKFB3 compared to APOE &3.

Although HK2 and PFKFB3 both decreased in APOE ¢4 hiBMEC following treatment with exercise
trained serum, glycolysis did not change with exercise trained serum treatment. In leukemia cells, HK2
knockdown increased carbon flux into the pentose phosphate pathway (PPP) and TCA cycle but did not
significantly impact glycolysis [369]. Therefore, reduced HK2 in APOE ¢4 hiBMEC treated with exercise
trained serum may alter PPP and TCA pathway activity more than glycolysis, though metabolites in these
pathways were not consistently altered in my dataset. In APOE ¢3 hiBMEC, HK2 protein levels increased,
but glycolysis was unchanged. Glycolytic rates are modulated by many metabolites and proteins outside of
the direct glycolytic pathway including ATP bioavailability [369], so likely other serum or intracellular factors

are overriding the changes in HK2 to modulate glycolytic rates.

Here, | demonstrated that changes in APOE, SIRT1, and INSR were positively correlated with changes
in some glycolytic enzymes including HK2 in APOE ¢3 hiBMEC, but only changes in SIRT1 were positively
correlated with changes in HK2 in APOE &4 hiBMEC. In Chapter 5 | demonstrated that decreased INSR
signaling decreased glycolysis, and that decreased SIRT1 correlated with decreased glycolytic enzyme

levels. It therefore follows that increases in SIRT1 was positively correlated with increases in HK2 in both
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cell types. Brain cortical APOE protein levels have been shown to increase in mice following 8 weeks of
treadmill running [370], so it is unsurprising that changes in APOE are positively correlated with changes in

other proteins that increase with exercise training.

In Chapter 5, PLS-DA revealed a clear separation of serum-free APOE ¢3 and APOE ¢4 hiBMEC
metabolites; however, this separation was no longer apparent when cells were treated with serum from
sedentary and exercise-trained individuals. Though the lack of separation could be due to the larger
inherent variability involved when using human serum samples, it is also possible that the addition of 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 experiments. Overall, the reduction in metabolomic separation between APOE &3
and ¢4 hiBMEC in the presence of serum reveals that despite intracellular differences, other cells in the
body may be secreting metabolites and proteins to naturally regulate genotype-dependent differences in

BMEC.

| hypothesized that serum from exercise-trained individuals would increase tight junction protein
continuity. In these experiments, | did not see consistent changes in barrier function in response to serum
from exercise trained individuals. Aerobic exercise increases cerebral blood flow [371], and shear stress
can increase claudin-5 and ZO-1 levels in human BMEC [372], [373]. Thus, it is possible that changes in
BBB function are more a factor of increased shear stress exposure than from modifications of serum in

response to exercise.

6.6. Limitations

The results presented here indicate that exercise trained serum impacts hiBMEC glucose metabolism
and SIRT1 differently depending on APOE genotype. However, the results of this study are limited by
testing serum effects on only one set of APOE ¢3 and ¢4 hiBMEC. The results could be better generalized
if the serum was tested on multiple hiBMEC lines from each genotype. Additionally, as discussed in

Chapters 3-5, the use of hiBMEC is limiting itself since hiBMEC are not a perfect model of BMEC function
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and metabolism. In addition to altering serum components, exercise training can also initiation extracellular
matrix remodeling [374] and inflammatory responses [375], which may also have larger impacts on BMEC
metabolism and function. | could not measure shear stress response or inflammation in this study, as the
hiBMEC generated using this protocol do not respond to shear stress in the same manner as most
microvascular endothelial cells [376] and lack endothelial markers of inflammation [377]. Finally, the studies
performed in this chapter examined the effects of serum from exercise trained individuals on hiBMEC
metabolism and function only. A multicellular model including circulating immune cells and other brain cells
would give more insight into modifications of BMEC function and metabolism in response to exercise

training.

6.7 Conclusions

Exercise training improves brain glucose metabolism and slows cognitive decline. In this chapter, |
demonstrated that serum from exercise trained individuals has dimorphic effects on hiBMEC dependent on
APOE genotype. In APOE ¢3 hiBMEC, rate limiting glycolytic enzyme levels increased with exercise trained
serum, while the same enzyme protein levels decreased in APOE ¢4 hiBMEC with exercise trained serum.
These changes correlated with SIRT1, an upstream regulator of glycolysis, but not with overall glycolytic
rates which were unchanged in APOE €3 and ¢4 hiBMEC. Finally, serum from exercise training had little
impact on hiBMEC barrier function. Overall, these data suggest exercise training may have differentimpacts
on BMEC depending on APOE genotype, indicating a need for future studies of exercise benefits on brain

health to be stratified by genotype and perhaps genotype-dependent exercise recommendations.
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Chapter 7: Conclusions and Future Work

7.1. Thesis Summary

One out of every three seniors dies from Alzheimer’s disease (AD) or a related dementia, yet to
date, scientists have been unable to identify a cause, cure, or even highly effective treatments to slow AD.
Brain microvascular endothelial cells (BMEC) line the blood vessels of the brain and are the primary
components of the blood-brain barrier (BBB). Breakdown of the BBB is a hallmark of AD and allows
cytokines and neurotoxins from the blood to infiltrate the brain to induce neuroinflammation and
neurodegeneration. Additionally, BMEC are responsible for glucose transport from the blood to the brain.
In AD, brain glucose metabolism is reduced, which may be due to reduced BMEC glucose uptake and
transport. In this thesis, | examined how AD risk factors, including female sex, stress hormone exposure,
APOE ¢4 genotype, and sedentary lifestyle, impact BMEC metabolism and function. | discovered novel
mechanisms of how the aforementioned AD risk factors alter BMEC metabolism and reduce BMEC

function, which may contribute to AD pathogenesis.

7.2. Specific Discoveries

The overarching goal of this thesis was to understand how prominent AD risk factors increase
cerebrovascular dysfunction, which may contribute to AD development. | hypothesized that female sex,
stress hormone exposure, APOE g4 genotype, and sedentary lifestyle alter BMEC metabolism, which then
results in endothelial dysfunction and BBB breakdown. The impact of these risk factors on BMEC is of
particular importance because most therapeutics are designed to reach their target tissue through the
circulatory system, so in the brain, BMEC are the first cell type that will interact with a therapeutic. BMEC
may, therefore, be the easiest cell type to target to prevent metabolic dysfunction and BBB breakdown in
AD. Based on the work presented in this thesis, each of the aforementioned risk factors for AD also has
different impacts on glucose metabolism and BBB function. Therefore, in designing future therapeutics to
reduce AD risk or progression, it may be important to consider these risk factors and design personalized

medical treatments to confer the highest benefits to each patient.
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In Chapter 2, | examined how endothelial cell inflammation and oxidative stress in response to
angiotensin Il (Angll) were sex dependent. | used transcriptomic analysis of male and female endothelial
cells (EC) treated with Angll for 24 hours to show that female EC increased expression of genes associated
with inflammation and oxidative stress while male cells did not. | then showed that inflammation did not
increase from Angll alone but did increase in conjunction with a secondary inflammatory stimulus only in
female EC. | also discovered that Angll increased reactive oxygen species production in female, but not
male, EC. Finally, | showed that female EC had higher NADPH oxidase gene expression, likely due to
escape from X-chromosome inactivation (XCI). Elevated NADPH oxidates contributes to the higher reactive
oxygen species production in female EC in response to Angll. Overall, my discoveries indicate that female
EC become more dysfunctional in response to Angll than male EC, which may contribute to the increased

prevalence of AD in women compared to men.

In Chapter 3, | used transcriptomic and metabolomic approaches to interrogate the ability of
induced pluripotent stem cell derived BMEC (hiBMEC) to model BMEC metabolism by comparing hiBMEC
glucose metabolism to primary BMEC (hpBMEC) glucose metabolism. | demonstrated that hpBMEC had
higher glycolytic flux compared to hiBMEC. hpBMEC and hiBMEC had significantly different glycolytic
enzyme gene expression and protein levels, but metabolomics showed nearly identical glucose labeled
fractions of glycolytic metabolites. These data indicate that hiBMEC and hpBMEC have similar glucose
metabolism. | also discovered that hpBMEC and hiBMEC respond similarly to metabolic stimuli such as
high glucose and astrocyte conditioned media. This study demonstrated that hiBMEC can be used to model

BMEC glucose metabolism.

Chapter 4 built on Chapter 3 to evaluate if hiBMEC glutamine metabolism is similar to hpBMEC
glutamine metabolism. In contrast to my results on glucose metabolism, | showed that hiBMEC and
hpBMEC had systemically different glutamine metabolism. HIBMEC used glutamine to produce more
glutathione, fatty acids, and asparagine, and did not secrete any glutamate. HpBMEC used glutamine to
produce more GABA, nucleotides, and aminosugars. hiBMEC also had more punctate, immature
mitochondrial morphology compared to the elongated, branched hpBMEC mitochondrial networks, which

may contribute to mitochondrial metabolism differences. These differences in hpBMEC and hiBMEC
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glutamine metabolism may impact cell-cell communication and BMEC function. My discoveries from
Chapters 3 and 4 highlight the necessity of fully characterizing a cellular model before its use to understand

model strengths and limitations, in particular which results may not applicable to humans.

In Chapter 5, | evaluated how the APOE &4 genotype, the highest genetic AD risk factor, alters
hiBMEC metabolism and function compared to the more neutral APOE ¢3 genotype. | used CRISPR/Cas9
to create induced pluripotent stem cells (iPSC) homozygous for the APOE €3 or APOE ¢4 alleles. After
differentiating these cells in hiBMEC, | evaluated their glucose metabolism and barrier function. | discovered
that APOE &4 hiBMEC had reduced barrier function and glucose metabolism compared to APOE €3
hiBMEC. Reduced glucose metabolism in APOE ¢4 hiBMEC was likely due to decreased levels of the
primary glucose transporter, GLUT1, as well as lower levels of key glycolytic enzymes hexokinase 2 (HK2)
and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3). | discovered a mechanism that
may contribute to reduced glycolysis in APOE g4 hiBMEC. APOE ¢4 hiBMEC had reduced insulin signaling,
which decreased GLUT1 translocation to the cell membrane and thus reduced glycolysis. | also discovered
a second mechanism through which APOE genotype decreases barrier function in BMEC. APOE ¢4
hiBMEC had decreased Sirtuin 1 (SIRT1), a protein deacetylase that reduced the continuity of zonula
occludins 1 (ZO-1), which likely contributes to the reduced barrier function of APOE ¢4 hiBMEC. These
discoveries overall demonstrate that the APOE g4 genotype can detrimentally change BMEC metabolism

and function, which may contribute to AD pathogenesis.

In Chapter 6, | treated APOE &3 and g4 hiBMEC with serum from genotype-matched sedentary
older adults collected before and after 6 months of exercise training to evaluate how a sedentary lifestyle
contributes to BBB dysfunction and how exercise training can counteract the dysfunction. | discovered that
serum from exercise trained individuals decreased HK2 and PFKFB3 protein levels in APOE g4 hiBMEC
but did not decrease overall rates of glycolysis. | also discovered that exercise training increased SIRT1 in
APOE ¢3 hiBMEC but decreased SIRT1 in APOE g4 hiBMEC. The dimorphic response of SIRT1 to exercise
training may have implications in lipid metabolism, cholesterol homeostasis, and inflammation. Finally, |

demonstrated that exercise training increased claudin-5 continuity in APOE &3 but not APOE ¢4 hiBMEC.
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Due to inherent human variability, many of the discoveries in this chapter were small and had significant
variance. However, | demonstrated that exercise training can significantly impact glycolytic enzyme levels
and SIRT1 differently in APOE €3 and ¢4 hiBMEC, which may indicate that recommendations for exercise
training in older adults need to be further evaluated, and perhaps differentiated by APOE genotype, to best

benefit individuals with the APOE ¢3 and APOE ¢4 genotypes.

7.3. Contributions to the Field

Female sex, stress hormone exposure, APOE ¢4 genotype, and sedentary lifestyle are all known
AD risk factors. Almost every in vitro study of these risk factors focuses on neurons, as their dysfunction
most directly causes reduced cognition. However, BMEC dysfunction can impact the brain. BMEC also
directly interface with the circulatory system, and thus interact directly with circulating proteins and
metabolites that influence AD risk (e.g., Angll, APOE). BMEC also may feel the effects of exercise more
directly than other cells since consistent exercise training regiments increase cerebral blood flow [347].
Thus, understanding the impacts of these risk factors on BMEC is vital to understanding how they modify

AD risk.

| demonstrated for the first time that female EC are more sensitive to Angll independent of sex
hormone exposure. Estrogen is a neuroprotective biomolecule, and sex differences in AD (and other
vascular diseases) are often attributed to reduced estrogen following the menopausal transition in women.
I used human umbilical vein endothelial cells (HUVEC), which are hormone naive, and showed widespread
differences in Angll response in male and female cells. The presence of sex differences in the absence of
sex hormones indicate hormone replacement therapies may not be sufficient to address sex differences in
AD progression. These sex differences may instead be attributed to escape from X chromosome
inactivation (XCI), which may impact cellular function and disease risk [183]. The results of this study may
also be more broadly applicable to other vascular diseases, such as pulmonary arterial hypertension and

vascular complications of diabetes, which are both more prevalent in women than in men.
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| also showed for the first time that iPSC derived BMEC had similar glucose metabolism to hpBMEC
but systemic differences in glutamine metabolism. In the context of BMEC, these data indicate that hiBMEC
can adequately be used to model glycolysis but are limited in their ability to model oxidative respiration.
More broadly, these studies suggest that iPSC-derived cell metabolism may be intrinsically different from
in vivo cells. Similar results have been demonstrated in cardiomyocytes, which have different mitochondrial
morphology in iPSC derived cells compared to primary cells unless the cells undergo additional maturation
steps in the differentiation [274], [378]. It is therefore vital to characterize and account for these differences
when using iPSC derived cells for disease modeling, as the results of such studies may not directly apply
to the human condition. Further, the differences in systemic glutamine metabolism between hpBMEC and
hiBMEC underscore the importance of analyzing entire metabolic networks rather than individual metabolic
pathways since the metabolic pathways are interdependent and changes may compound upon one

another.

This is also the first study to show that reduced insulin signaling and SIRT1 activity in APOE &4
hiBMEC contributes to their reduced glucose metabolism and barrier function, respectively. Reduced insulin
signaling and SIRT1 have both been demonstrated in APOE ¢4 neural cell lines, but this was the first study
to show these mechanisms are also reduced in BMEC. These pathways may also be dysregulated in glial
cells and pericytes, leading to widespread reductions in brain glucose metabolism. Furthermore, the APOE
¢4 genotype may reduce glucose metabolism and EC barrier function in other tissue beds, which may
contribute to the known elevated risk of cardiovascular disease and diabetes in individuals with the APOE

€4 genotype.

Finally, this is the first study examining how serum from sedentary and exercise trained individuals
impacts hiBMEC metabolism and function. | found that the most prominent serum effect was to increase
SIRT1 in APOE €3 hiBMEC and reduce SIRT1 in APOE ¢4 hiBMEC. My data are the first to show that
changes in SIRT1 with exercise training are dimorphic based on APOE genotype. Though these SIRT1
changes did not correlate with large changes in glycolysis or barrier function, SIRT1 can also impact

neuroinflammation, lipid metabolism, and cholesterol sensing. Exercise modulation of SIRT1 in a genotype-
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dependent manner indicates that APOE &3 populations may see more benefits from exercise training than

APOE &4 populations, in particular as it related to AD risk.

7.4 Future Studies

7.4.1. Sex differences in response to Angll in BMEC.

In this thesis, | demonstrated that female HUVEC and human pulmonary artery endothelial cells
(HCAECQC) increased inflammation and oxidative stress in response to Angll, while male HUVEC and
HCAEC did not. Although many functions are conserved among EC of different tissue beds, not all functions
are. Male and female BMEC may have different responses to Angll than was seen in HUVEC and HCAEC.
Therefore, it would be worthwhile to examine how male and female BMEC respond to Angll treatment.
Further, it would be interesting to investigate how sex differences in BMEC response to Angll propagate to
other brain cell types in both in vitro and in vivo studies. In vitro, 3D neurovascular units could be patterned
with an endothelialized channel surrounded by neurons and astrocytes [379], [380], [381], [382], [383],
[384], [385], [386], [387], [388], [389], [390], [391], [392], [393], [394], [395], [396], [397], but with exclusively
male or female cells. Angll could then be perfused through the vessel and barrier permeability,
inflammation, and neuron and astrocyte metabolism and function could be measured. In vivo, similar
measurements could be collected but with male and female rodents that are treated with Angll. The results
of these studies would give more insight into how Angll, as a circulating stress hormone, alters BMEC

function as well as the function of surrounding brain cells, differently in men and women.

7.4.2. Development of improved BMEC metabolic models.

My studies demonstrated that while hiBMEC have similar glucose metabolism to hpBMEC, they
have systemically different glutamine metabolism than hpBMEC. In this work, we compared hiBMEC to
hpBMEC and considered hpBMEC to be the gold standard model of BMEC. The hpBMEC, however, had
been expanded for 7-9 passages before they were used in these experiments, which provided ample time

for the hpBMEC to lose characteristics of their in vivo phenotype. If they were more readily available,

134



comparing hiBMEC to freshly isolated hpBMEC may provide different results. Perhaps hiBMEC have a

metabolic signature more similar to BMEC in the brain than hpBMEC after expansion.

Recent efforts have focused on improving the hiBMEC differentiation protocol to remove the underlying
epithelial transcriptomic signature and produce more cells with a more endothelial phenotype through
upregulation of ETS transcription factors during differentiation [217] or through extended culture [377]. In a
similar manner, a new hiBMEC differentiation protocol could be developed with a focus on improving
metabolic similarities between hiBMEC and BMEC in vivo. In fact, iPSC-derived cardiomyocytes have
immature mitochondria similar to the hiBMEC, and extended cardiomyocyte culture following differentiation
leads to mitochondrial maturation [274]. Therefore, the newer extended hiBMEC culture differentiation
protocol [377] may also improve hiBMEC metabolism and should be investigated. Overall, improving
hiBMEC differentiation techniques to generate cells with a more similar metabolome to BMEC in vivo would

greatly increase the ability of these cells to model BMEC function, communication, and metabolite transport.

7.4.3. Multicellular models to investigate the effects of APOE genotype on brain function.

In this work, | showed that the APOE ¢4 genotype reduced hiBMEC glucose metabolism and barrier
function, which are in part due to reduced insulin and SIRT1 signaling. The reductions in glucose
metabolism noted in Chapter 5 were small, and may not, on their own, be biologically meaningful. However,
in the brain, all other cells will also have the APOE &4 genotype, which could lead to larger scale differences
in glucose metabolism and therefore larger biological impact. APOE €3 and g4 iPSC could be used to
generate multiple brain cell types, including hiBMEC, pericytes, astrocytes, and neurons. These cells could
then be combined to create a 3D neurovascular unit. In this multicellular model, one could measure glucose
metabolism changes to determine if the inclusion of more cell types leads to more extensive glucose
hypometabolism. Additionally, the insulin and SIRT1 pathways could be modulated using activators and
inhibitors perfused through a fabricated endothelialized channel to investigate how potential new
therapeutics targeted towards these pathways may improve BMEC glucose metabolism and barrier

function, and how these improvements could be transmitted to surrounding brain cells.

135



7.4.4. Multi-omics analysis of serum and BMEC pre- and post-exercise training.

In this thesis, | used Seahorse assays, YSI analysis, Western blotting, and metabolomics to
evaluate the metabolic impacts of serum from sedentary and exercise trained individuals on APOE ¢3 and
¢4 hiBMEC. Omics-based approaches would give more insight into how both serum and hiBMEC treated
with serum are altered by exercise training. For example, proteomic and metabolomic analysis of serum
pre- and post- exercise training would allow researchers to see what proteins and metabolites change with
exercise training. This would enable us to develop mechanistic hypotheses of how exercise modulates
BMEC barrier function and metabolism. Furthermore, proteomic, metabolomic, and transcriptomic analysis
of hiBMEC treated with sedentary and exercise trained serum may highlight changes in pathways vital for
BMEC function and metabolism that were not considered in this study. These future studies could enable
development of better exercise training recommendations or therapeutics to prevent BBB breakdown and

glucose hypometabolism in AD.
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Appendix:

Appendix Table 1: Gene expression differences between female and male HUVEC

Appendix Table 1A. Genes upregulated in Appendix Table 1B. Genes upregulated in

female compared to male HUVEC.

male compared to female HUVEC.

Gene Symbol Log.FC Adj\t/J:Itueg p- Gene Symbol LogzFC Adj:;'lheed p-
A2M 1.24672339 | 0.00019819 ABCAG6 1.2000335 1.48E-23
AADAC 1.36153476 1.97E-05 ABCAS8 3.36482479 2.27E-97
AADACL2-AS1 | 5.87184532 0.1244803 ABCB11 1.55859037 | 0.06700713
AADACP1 1.25873704 0.0011903 ABCC3 1.45536734 4.64E-12
ABCG2 0.7353726 2.70E-07 ABI3BP 0.91955873 1.45E-24
ACO003957.1 0.85851706 | 0.01046968 ABLIM1 0.6507505 | 0.00331243
ACO004490.1 2.60062776 | 0.16576626 AC002059.3 2.38263308 | 0.17340714
ACO005594.1 2.24333087 | 0.16049219 AC004130.2 1.15124702 0.0911878
ACO005618.1 1.93497149 | 0.19868911 AC004466.3 0.90166052 | 0.15396412
ACO005674.1 0.71200025 | 0.05671822 AC005520.2 1.02485542 | 0.12389601
ACO005699.1 1.08053824 | 0.00280841 ACO007182.2 1.39211717 | 0.06562912
ACO005757.1 6.10735762 | 0.04542852 ACO009977.1 6.5751955 | 0.00876967
ACO005840.2 1.3913691 0.0226773 AC010737.1 11.1445288 3.94E-82
ACO006504.1 1.40320553 0.0640434 AC010889.1 8.28598829 1.16E-11
ACO007384.1 1.67049225 | 0.08793831 AC010889.2 5.62878912 | 0.19535641
ACO008149.2 1.01705637 | 0.07108459 AC011287.1 6.82530466 | 0.00213007
ACO008438.1 2.55561666 | 0.18078871 AC011379.1 5.59510073 | 0.20252223
ACO008764.6 0.83862055 | 0.17119855 ACO011444.4 5.82460589 | 0.15970338
ACO008868.1 2.54537404 | 0.18460546 AC011451.4 5.4319229 | 0.27830625
ACO008969.1 0.65833403 | 0.00874604 AC012625.1 3.3733937 | 0.22110291
ACO008993.1 6.05280702 | 0.06797364 ACO013452.2 3.04008652 | 0.27755747
ACO009078.3 0.63992584 ( 0.00871668 AC025154.2 3.77887731 | 0.19815286
ACO009509.1 3.63960768 | 0.00796216 AC026341.1 6.02416068 0.1054951
AC009630.4 5.9077114 | 0.11074019 AC073130.3 1.19125519 | 0.02281344
AC009962.1 1.07396394 | 0.05860975 ACO078850.1 1.10962002 | 0.12870122
ACO009994.1 3.43484858 | 0.11377842 AC079140.2 1.48043039 | 0.09123961
AC010422.8 0.76085909 | 0.24132888 AC083862.2 1.17536076 0.1444589
AC010536.1 1.51490615 | 0.25727401 AC089983.1 1.33726225 | 0.18890686
AC010536.2 5.05159801 3.04E-11 AC092295.2 1.63505296 | 0.14467628
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AC010761.1 0.70735262 | 0.27310602 AC092490.1 1.54146928 | 0.09355193
AC010809.2 1.4503487 | 0.22151473 AC105942.1 0.68543648 | 0.15582181
AC010913.1 1.59237747 | 0.22938444 AC108519.1 1.654247 | 0.02534689
ACO011447.7 1.20763829 | 0.03225423 AC108941.3 4.58155709 2.73E-15
AC011491.2 5.44385484 | 0.26713236 AC123023.1 2.89127891 | 0.00234515
AC011498.7 0.76286925 | 0.24798172 AC239859.5 1.43145736 | 0.03582424
AC011510.1 1.55890733 | 0.20194767 AC245407.2 241311423 | 0.14360171
ACO011767.1 3.53087947 | 0.27459908 ACKR1 3.49500445 6.77E-24
AC012213.1 5.84468039 | 0.11967529 ACKR4 1.90444183 4.74E-19
AC012443.2 0.7317746 | 0.23977504 ACOT1 1.64357645 | 0.00010448
AC012531.1 3.30265038 | 0.00060182 ACSM3 0.72096262 2.50E-05
AC012615.6 0.72723153 | 0.21722361 ADA2 1.81497527 4.23E-59
AC013731.1 5.56480363 | 0.23775793 ADAM23 0.63591601 3.34E-11
AC015712.2 0.8318829 | 0.16759502 ADAMTS18 1.02939731 3.12E-16
AC016586.1 1.53500569 | 0.06595857 ADM2 1.04944397 | 0.16019159
AC016597.1 3.43625893 | 0.03214944 AGAP10P 2.0914856 | 0.01706323
AC018521.5 1.03037968 | 0.26607684 AGPAT1 1.38968073 | 0.00122128
AC018665.1 1.09490214 | 0.00595053 AHCYL2 0.60289627 2.17E-06
AC018695.9 1.20301089 | 0.22122922 AK3P5 1.47993294 0.1312157
AC019205.1 0.76358686 | 0.22304026 AKS5S 0.79902102 0.0005443
AC020659.1 2.53804269 | 0.00121762 AKR1C1 1.01902 | 0.04542852
AC020907.4 0.9698838 | 0.14366881 AKR1C2 1.74809632 | 0.12053799
AC022137.3 0.85962355 0.2966863 AKR1C3 1.33986362 2.17E-12
AC022150.2 1.57989151 | 0.03043208 AL118511.1 5.86616412 | 0.13870707
AC022336.3 1.92926239 | 0.28054044 AL121757.1 3.60871488 | 0.25748719
AC022400.1 3.22005928 | 0.01063959 AL353748.3 0.9276591 | 0.29185026
AC022440.1 5.55533181 | 0.23977504 AL513550.1 0.62914771 | 0.22529545
AC024267.4 3.37368646 | 0.04108873 AL592148.3 0.95765573 0.1678126
AC025614.2 1.69375618 | 0.00012141 AL627309.7 1.30777328 0.020385
AC025774.1 0.75976347 | 0.22434087 AL662795.2 4.6694886 | 0.07083475
AC026407.1 5.62041915 | 0.20889411 AL713998.1 5.45484206 | 0.29879928
AC026474.1 5.67714571 | 0.18110315 ALDH1A2 0.61434754 5.97E-08
AC026741.1 1.67539974 | 0.16645167 ALDOC 0.64184258 | 0.01514874
AC027290.2 0.8666686 4.37E-05 ALX1 1.06807323 0.0875976
AC027601.1 1.49768438 | 0.01495464 AMPH 1.28664885 1.42E-10
AC027601.4 1.38321375 | 0.07544719 AMZ2P1 0.64378634 | 0.00893325
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AC027601.5 0.70636399 | 0.04168395 ANKRD1 0.97041339 8.23E-26
AC063960.2 2.86945524 | 0.08728646 ANKRD20A3P | 5.40690885 | 0.28375427
AC068647.2 1.82307351 | 0.00388762 ANKRD20A4P | 4.18450919 | 0.00030937
AC068790.5 2.13293902 | 0.08566451 ANKRD24 2.45837752 | 0.00935456
AC068831.6 0.65281596 | 0.00600312 ANO5 1.16455153 | 0.01052467
AC073107.2 2.5280495 | 0.08728646 ANOS2P 7.25038042 6.32E-05
ACO073840.1 5.78658735 | 0.13753516 AP002957.1 5.69293512 [ 0.15295597
AC078983.1 5.6409531 | 0.20487288 AP005018.2 3.19515472 0.0018644
AC079140.3 1.30860683 | 0.20227993 APCDD1 1.94477547 | 0.00782939
AC079322.1 5.67000136 | 0.18218064 APCDD1L 244751829 3.02E-14
AC079921.2 1.30863571 | 0.23983848 APOBEC3G 1.25398349 7.54E-07
AC079922.2 0.63817473 | 0.21220811 APOE 1.7556916 4.00E-14
AC090826.1 2.9521683 | 0.22109578 AQPS 2.79007172 9.53E-11
AC091057.1 1.67701521 5.14E-10 AQP7P1 1.10730461 | 0.24266529
AC091167.4 3.13375801 | 0.12732016 ARHGAPG6 1.19073344 | 0.14730371
AC092135.2 5.68547329 | 0.17941363 ARHGEF6 0.62131192 5.98E-05
AC092279.1 0.78872719 6.39E-06 ARL4A 0.62979539 2.59E-09
AC092279.2 0.94247726 | 0.23007289 ARRDC4 0.65497617 | 0.22499152
AC092375.2 1.03037744 | 0.23876853 ART4 1.06513335 1.05E-23
AC092821.1 4.61351932 6.44E-14 ASAH2B 0.80144318 | 0.00144371
AC093510.2 5.8005216 | 0.15785338 ASIC1 1.10759014 | 0.04280734
AC093909.1 3.02596714 4.30E-06 ASS1 0.90563795 | 0.00094417
AC093909.6 0.69530453 | 0.24403076 ATPGAP1L 1.18631326 | 0.00852851
AC104561.4 4.05642072 | 0.23353172 B3GNT9 0.72163727 | 0.00867785
AC107027.3 1.25863067 0.0722578 BAMBI 0.74213849 | 0.02951711
AC107959.3 1.5181715 | 0.12777478 BCL2L10 1.47981448 | 0.06739922
AC112484.5 2.49676926 | 0.01814249 BCORP1 8.64523405 2.59E-15
AC112777.1 0.67975643 | 0.08545386 BDNF 0.88524993 | 0.00546625
AC122688.3 0.7586341 | 0.13482347 BGN 1.08645607 3.92E-45
AC122718.2 2.15312406 | 0.28327579 BMP4 0.90026621 8.37E-27
AC124283.4 1.70454552 | 0.11535998 BMPER 2.15042948 | 0.04280734
AC124944.3 0.68026558 | 0.14280402 BMPR1B 1.28850416 | 0.00701835
AC131009.4 1.63371063 | 0.00447188 BMS1P10 1.6342383 1.99E-06
AC131235.3 5.5083938 | 0.27133699 BRD2 1.30509698 2.20E-08
AC137630.5 1.53695648 | 0.06368443 BST2 1.15235041 3.75E-34
AC137932.1 0.67692347 | 0.00908538 BTBD7P1 6.24095136 | 0.04532271




AC138028.2 0.9000351 | 0.1244803 C120rf60 0.77646386 | 0.04974876
AC138649.1 | 1.62358396 | 0.01149549 CAL1 0.78837951 | 0.04194101
AC139795.3 | 5.47801286 | 0.25822356 CAL2 116209211 | 0.00084767
AC141557.1 | 1.13562607 | 0.22382186 CADM3 373529076 |  3.75E-144
AC141557.2 | 1.91443879 | 0.00146602 CADM3-AS1 | 3.41802519 |  1.19E-05
AC146944.2 | 2.99526855 | 0.11356143 CAMK2N1 0.6570129 |  1.35E-06
AC243964.3 | 1.12172708 | 0.00020106 CAMK4 0.77882648 | 0.03389245
AC245060.6 | 0.62654196 | 0.11967529 CAMTAL-DT | 1.92855421 | 0.1673931
ACACA 0.71229044 | 0.0124102 CASP1 0.84042966 | 0.00119204
ACOT11 0.86904927 | 0.00222767 CATSPERG | 223287443 | 0.02229354
ACRV1 1.80445144 | 0.15919986 CCBEL1 222581143 |  3.04E-38
ADAMTS12 | 3.04265144 |  4.14E-14 CCDC110 1.43969447 | 0.17241269
ADAMTS?2 413570603 | 0.02087146 CCDC144NL | 6.74251526 | 0.00447734
ADAMTS4 0.86042896 |  2.07E-14 ccoes 0.96237086 | 0.23007289
ADAMTS9 0.71004485 |  8.71E-13 cCcDCo2 0.64865687 | 0.00348607
ﬁglAMTSL“' 282508435 | 0.19815286 ccL23 2.43302836 | 0.02292546
ADCY10 5.55533181 | 0.23977504 CCN2 0.62672179 |  7.23E-16
ADCY7 0.64608089 | 0.00914387 CD14 2.60797176 | 0.00025156
ADGRES 0.67011278 | 0.00442317 CD200 1.09380485 |  2.66E-08
ADGRF3 1.71746149 | 0.29788996 CELP 5.85765783 | 0.1270993
ADGRF5P1 | 4.34285245 | 0.00030399 CEP20 1.05268207 | 0.00030265
ADRB2 211874432 | 0.00464101 CFH 0627751 |  2.67E-11
AFF2 287972166 | 0.29767044 CGREF1 1.07520341 | 0.00010152
AGAP13P 3.01913716 | 0.00280841 CHRNA1 109267422 |  7.55E-06
AGAP7P 143136677 | 0.05448659 CHRNAG 6.56041163 | 0.00633783
AHRR 1.77664782 | 0.09862994 CHRNB1 0.68466517 | 0.00190507
AIDAP2 0.84041576 | 0.13977128 CHRNB3 310092593 | 0.2329173
AL021707.8 | 1.83056367 | 0.14280402 CLDN10 1.00514208 | 0.02220652
AL021937.3 | 1.97599327 | 0.03087647 CLPSL2 5.36445645 | 0.29431783
AL022069.1 | 3.67056244 | 0.1911154 CLSTN2 249127151 | 0.05975202
AL022069.2 | 5.59807461 | 0.23011575 COL12A1 0.74972116 |  4.21E-18
AL022328.2 | 1.04372962 | 0.22016124 COL13A1 0.6538726 |  2.81E-12
AL022331.1 | 5.45852491 | 0.26340558 COL1A2 239165009 | 1.07E-121
ALO31186.1 | 1.12473056 | 0.24976765 COL3A1 16754133 |  4.66E-38
ALO31658.1 | 1.07762004 | 0.0376756 COL8AL 0.86807602 |  1.35E-26




AL031670.1 0.86497351 | 0.19337992 COL8A2 0.77793411 | 0.00153861
AL033543.1 1.29844883 | 0.16179831 COLEC12 0.96601125 8.06E-26
AL118558.3 1.47083663 0.2869166 CPA3 0.91887746 | 0.00642453
AL132655.1 5.53199814 | 0.22777868 CSMD1 1.7319772 3.99E-29
AL133445.3 6.09944108 | 0.05107764 CSPG4BP 1.10299817 9.48E-06
AL138689.2 0.81749268 | 0.11460671 CSPG4P12 1.35794333 0.0161705
AL161935.1 5.38885072 | 0.28054044 CU633906.1 1.89017303 | 0.00807639
AL353622.1 2.05581189 6.17E-05 CU634019.1 1.43570654 | 0.02450857
AL355334.2 5.83006947 | 0.13059129 CU638689.4 1.96686564 | 0.01033053
AL355612.1 5.69013703 | 0.16550684 CUTALP 0.67546188 1.49E-05
AL356489.2 5.87743455 | 0.12389601 CYB5A 0.73469927 1.53E-06
AL357079.1 1.73707774 | 0.04864154 CYSLTR2 1.19238173 | 0.15057218
AL357874.2 5.90831109 | 0.10231431 DACT3 2.07642644 5.68E-05
AL442067.3 2.76595216 | 0.13289326 DAPK2 0.75659848 | 0.00505216
AL442125.1 0.79433161 | 0.00071664 DCAF12L1 1.11449288 2.44E-16
AL445931.1 1.21400219 | 0.03854473 DCN 1.39652248 0.0240857
AL451064.2 1.57576593 | 0.16550684 DDX3Y 15.1740287 0
AL512625.1 0.75300867 | 0.22843137 DDX43 2.09419751 6.21E-05
AL590004.3 1.41961596 | 0.14301795 DHX16 4.31529634 | 0.00037331
AL591848.3 0.87861246 | 0.18110415 DIO2 1.7565109 | 0.23116594
AL592301.1 0.85141 | 0.21997688 DIRC3-AS1 2.03878113 | 0.12111435
AL645608.7 1.12918192 | 0.17340714 DISP2 2.07214178 3.03E-11
AL731566.2 0.75200503 | 0.21259722 DMD 0.91317321 7.21E-10
AL807752.5 3.85896312 | 0.09013066 DNAHS 0.93139905 | 0.15941174
AMIGO1 0.94072595 | 0.22222674 DNAHS8 0.88630241 4.03E-09
ANK3 1.47276221 1.36E-11 DNALI1 0.80597139 | 0.00134013
ANKLE1 1.21958046 1.63E-06 DPY19L2 0.74220315 | 0.03519877
ANKRD13B 0.64034347 7.08E-08 DUSP23 0.79785498 3.75E-14
ANKRD18A 2.96717648 8.81E-09 DYNC1I1 1.52380737 | 0.00017075
ANKRD20A1 1.4711236 | 0.06966043 EBF4 0.65271271 | 0.02947451
ANKRD36B 0.71969741 9.81E-05 EDA 0.74039958 | 0.28054044
ANKRD36C 0.67833344 3.38E-07 EDIL3 0.76144602 3.35E-17
AP000873.2 0.8496319 | 0.15924011 EDNRB 0.77691015 | 0.00141233
AP000889.1 5.64273988 | 0.18773495 EEF1AKMT1 0.63831501 | 0.01470468
AP001625.2 3.01158643 | 0.01558034 EFCAB2 1.32065718 1.12E-10
AP002800.1 1.71024388 | 0.04752286 EFHB 1.81537044 0.2966863




AP003068.2 1.17553699 | 0.03278093 EIF1AY 12.4422516 5.03E-196
ARAP1-AS2 1.07021146 | 0.10132622 ELN 1.40257503 | 0.02233417
ARHGAP11B 2.155018 | 0.10785478 EMILIN1 1.47015478 1.72E-42
ARHGEF4 5.89479074 | 0.12111435 EPB41L1 0.82622068 1.56E-07
ARSD 0.67371999 1.31E-07 EPSTI1 1.44075247 | 0.00019096
ATADS3C 2.614455 | 0.20601015 EZH2P1 5.72436803 | 0.21528163
ATG12P2 5.54925218 | 0.24125252 FAM228A 1.46583438 | 0.19808909
ATP6V1E2 0.61389224 0.2703255 FAMS3A 0.81611639 | 0.27572226
AUTS2 1.19331779 8.61E-09 FAM74A3 2.16295025 | 0.02886166
B3GALT1 5.88213226 | 0.10599197 FAM86B3P 1.01883991 | 0.00039355
BAGALNT4 0.73589975 2.94E-05 FAT1 0.71605317 | 0.00056213
BDH1 2.17656366 | 0.25600953 FBLN2 0.75749575 | 0.11856487
BEGAIN 1.88572187 | 0.29879928 FBLNS 1.36773913 2.11E-41
BMS1P1 0.76380772 | 0.00390407 FBXO32 1.10450922 2.42E-19
BX005266.2 1.65554324 | 0.21776002 FCHO1 0.62120267 0.1898018
BX255925.1 1.18111769 | 0.13968967 FHIT 1.2653353 | 0.12960547
BX842570.1 1.26945889 3.61E-08 FLVCR1-DT 2.91671454 1.76E-09
BX890604.1 1.46378309 4.73E-30 FMN2 5.43681654 0.2774901
C130rf46 1.44346702 | 0.04349442 FMOD 2.09170299 | 0.15717473
C1RL-AS1 0.86567693 | 0.00490803 FP236383.3 1.32997828 | 0.07190131
C210rf58 0.60604899 7.85E-06 FP236383.5 0.70655453 3.51E-06
C2CD4A 1.46437318 | 0.01935066 FP565260.1 0.61474614 | 0.00026806
C3orf62 0.72638371 | 0.09005682 FSTL3 0.68513683 5.88E-06
C6orf141 1.01695444 7.48E-20 FXYD6 1.63792985 | 0.11376056
CA5BP1 0.81157487 | 0.00689011 GADDA45B 1.08621084 2.63E-26
CACHD1 0.61978416 5.47E-05 GALNT15 2.11399858 7.62E-80
CACNGS8 0.83449284 3.46E-11 GBP4 0.81774145 7.06E-08
CACTIN-AS1 1.71568801 | 0.08901919 GCNT1 0.74524236 4.21E-14
CARS1 3.36436937 2.45E-63 GDF3 0.61873974 | 0.03409377
CARS1-AS1 6.07474103 | 0.06564496 GDF6 2.32499425 1.37E-14
CASC9 5.89917905 | 0.10336913 GDF7 2.15217192 1.72E-48
CBwD1 0.77818246 1.21E-08 GIPC3 0.80547238 2.03E-05
CCDC17 0.70469371 0.2585193 GIPR 3.61374764 | 0.25616197
CCDC32 0.62229766 | 0.00286004 GLT8D2 0.79563729 | 0.23775793
CCDC57 0.60538841 1.09E-06 GNG8 6.1761658 | 0.03991178
CCHCR1 1.95138776 6.71E-15 GOLGA2P7 0.87282207 | 0.24632965
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CCNA1 1.35092118 | 0.00634662 GOLGA8O 1.98451424 | 0.00071833
CCNT2-AS1 1.10820326 0.0796274 GOLGAS8R 2.93485468 | 0.00839336
CDC42EP3 0.78703337 1.80E-16 GPR137C 0.67485835 | 0.01849378
CDCP1 1.06753289 0.1155783 GPR146 0.76584424 | 0.13910218
CDH4 241172278 | 0.00199995 GRAMD2B 0.66824583 0.2842276
CDKN2B 0.91291637 | 0.15165127 GRIKS5 1.67503474 1.92E-25
CECR2 2.27037915 1.50E-05 GSTM1 3.25210143 1.48E-07
CEND1 1.4833604 | 0.21456284 GSTM3 0.90768013 5.04E-12
CHADL 1.25260451 | 0.28227757 GSTO2 1.26669865 | 0.00516572
CLN6 0.65901314 4.91E-07 GSTT2B 2.38129445 7.93E-17
CLUHP3 0.82171212 | 0.06804041 GTF2H2C 1.47056789 | 0.01066696
COL18A1-AS1 | 1.18226622 | 0.00595053 GULP1 0.65528185 4.39E-10
COL18A1-AS2 | 1.59612238 | 0.10866755 HAS2 1.52558893 | 0.02984029
COL1A1 3.69765653 1.50E-64 HERC2P3 3.10907049 3.05E-42
COL4AG6 0.86951338 9.01E-06 HLA-A 12.154979 0
COLG6A3 3.87780082 2.95E-13 HLA-B 1.27235709 1.28E-37
CORO1A 0.68625724 | 0.09580185 HLA-F 7.68784103 3.01E-07
COX20P1 2.18968424 | 0.03998678 HOPX 1.32111947 2.92E-06
CPM 0.90858914 | 0.28967054 HPSE 0.69910758 1.83E-07
CRACR2A 0.67532131 0.0006778 HSPA2 0.68865182 8.08E-07
CREG2 0.90506197 0.0704052 HSPE1P27 4.2863623 | 0.28735933
CRHR2 3.60377349 | 0.04387448 HTR1D 0.7916081 | 0.00585672
CRLF1 1.36979731 | 0.10232585 ICOSLG 1.96038087 2.27E-05
CSF3 1.5067902 | 0.00141369 IF144 0.7127589 1.03E-06
CSNK1G2-AS1 | 1.57055667 | 0.08513315 IF144L 1.56983639 1.28E-29
CST1 1.41110245 0.1909927 IFI6 1.24935248 5.63E-23
CTAGE7P 1.52075717 | 0.25727401 IFITM1 0.77470862 0.0321478
CTC-338M12.4 1.252756 | 0.01494274 IGF2 1.09579302 | 0.17668509
5;5%_‘]17.1 4.12912639 | 0.24363919 IGFBP2 0.91575127 8.41E-24
CXADR 0.76933372 8.94E-12 IL17D 0.60229287 | 0.06937854
CYP4Vv2 2.73260834 1.89E-20 IL18 1.11893697 | 0.03540029
CYTL1 1.12095431 1.72E-23 IL6 0.71042119 0.0704052
DCLK1 1.9334608 1.43E-21 IQCH-AS1 1.18413879 | 0.01777019
DCLK2 0.73450584 | 0.04151652 IRF6 1.23678201 4.09E-33
DDAH2 3.99963527 3.87E-07 IRS2 1.30596092 7.47E-17
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DDX11 0.62080842 1.65E-08 ISG15 0.72119983 2.01E-08
DDX11L2 1.46849898 | 0.00295902 ITGA1 0.83347504 | 0.00030327
DDX12P 0.72341699 3.04E-06 ITGB4 0.71879071 2.88E-06
DHRS11 3.83276929 | 0.09320774 ITGBL1 0.62183265 | 0.15644945
DLK2 0.96361964 | 0.15733799 JAKS 0.65382525 | 0.00011984
DMRTA1 2.9100067 2.68E-20 JDP2 0.64180668 | 0.16585077
DNAHG6 2.03237437 | 0.11569921 KCCAT198 2.12548975 | 0.18866622
DOCKS8 1.81629121 4.70E-18 KCNAB2 0.65815618 | 0.00254595
DPP4 0.62684269 0.0001372 KCNK6 0.82327441 1.77E-10
DPYSL4 2.46682692 1.18E-86 KCNMB4 0.97468367 0.0006971
DRP2 1.25920795 | 0.01943331 KCNT2 1.02257253 | 0.00037101
DUSP4 0.79050108 2.20E-08 KCTD4 5.41528451 | 0.28163571
DUSP8 6.98665846 | 0.00069786 KDM5D 14.0619022 0
EBF3 1.97525979 1.87E-09 KHDRBS3 0.84141852 | 0.00040827
ECHDC3 0.83090581 | 0.00013687 KIAA0825 0.95977161 | 0.15045635
EFNB1 0.71041922 1.87E-09 KLF4 1.0162164 | 0.02514082
EIF1AX 0.76211394 1.51E-17 KLHL13 0.71342536 1.09E-10
EIF1IAXP1 0.93044351 | 0.00018305 KLRD1 1.2328466 | 0.10231431
EIF4A1 0.64054152 | 0.00536262 KLRF1 3.07440999 | 0.29482674
ELMOD1 1.14684913 6.64E-06 KRT8P41 5.63870863 | 0.23152521
EMC3-AS1 0.69271034 | 0.14737727 LGALS3 0.74214724 6.88E-11
EME2 0.70461691 3.97E-06 LGALS4 4.17684336 | 0.25915041
EPHX4 0.66349221 | 0.00968535 LIMCH1 1.76679949 9.26E-53
ERAP2 1.30389708 1.74E-46 LIMS2 0.67486613 5.90E-10
ERVW-1 1.63118473 | 0.03696714 LIMS4 1.61982195 | 0.27832022
ETV4 0.67883203 6.80E-07 LIN7A 0.7607667 5.70E-05
EYAl 3.02017638 | 0.04373859 LINC00173 2.59426027 | 0.01867451
FAHD1 0.67759767 5.75E-09 LINC01013 0.78171946 4.65E-17
FAM107A 0.64977941 | 0.00039375 LINCO01137 1.16831916 | 0.10311871
FAM118A 1.45810788 4.52E-57 LINC01291 9.20260205 1.31E-22
FAM120B 2.26462071 | 0.01485063 LINC01293 5.53341422 | 0.25418243
FAM169A 1.17128633 | 0.26602405 LINC01537 1.93592715 | 0.03275142
FAM172BP 5.9066105 0.1024403 LINCO1719 1.26024673 | 0.17651866
FAM201A 2.91990867 | 0.00468227 LINCO1811 1.69528565 | 0.06396747
FAM227A 0.60432693 | 0.10231431 LINC02026 5.52717191 | 0.25643478
FAM95C 3.20532779 0.0379285 LINC02154 2.09388162 | 0.02628056
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FAP 1.62581592 | 0.06852248 LINC02649 1.70164461 | 0.20853615
FAS 0.78465004 | 0.05997279 LINCO02701 1.27201916 0.0095746
FBXO39 1.98303547 | 0.00192694 LINGO2 2.83988068 | 0.00455206
FERMT1 1.15081348 | 0.00606005 LIPA 0.72173925 3.40E-12
FGF12 1.22295825 | 0.09264427 LMCD1 1.64389097 3.44E-21
FGF13 2.22701639 | 0.29879928 LRMDA 0.84719053 | 0.02335406
FGF5 1.94690901 | 0.08364469 LRP1 0.74296194 8.01E-09
FIRRE 1.41194519 | 0.00416862 LRRC19 4.11232545 | 0.04550487
FLJ31104 1.74862678 | 0.22588027 LRRC23 0.8521976 | 0.03168269
FOXA1 2.09721395 0.2422129 LRRC75A 0.67206287 | 0.00528947
FOXF1 1.16392912 5.22E-07 LUM 1.30730971 | 0.00070178
FP565260.3 0.86032296 | 0.13892356 LYNX1 0.98586489 | 0.17119855
FSIP2 2.38563551 9.98E-06 LYVE1 1.4961585 2.59E-28
FST 1.1310412 | 0.13127105 MAFB 1.24692708 | 0.00134326
FUT8-AS1 2.49468096 | 0.07595443 MAL2 1.47629966 | 0.04381788
GAGE12G 7.64787023 5.04E-07 MAN1C1 0.74475014 | 0.25776263
GAGE12H 6.4815989 | 0.01305641 MAOA 1.02145386 7.44E-24
GAGE13 5.69333524 | 0.17803251 MARF1 1.27908362 | 0.15660533
GAGEZ2E 5.77516301 | 0.16227078 MBOAT7 2.66335083 3.17E-59
GAL 0.72146586 | 0.01734036 MEIS2 0.86118507 9.81E-12
GALNT12 1.41992695 | 0.12557108 MEST 0.97122267 3.52E-19
GALNT16 1.43444118 | 0.06942147 METRNL 3.24433031 | 0.01967093
GALNT18 2.60095187 4.40E-08 METTL25 0.76486724 | 0.00868817
GALNTS8 6.7298454 | 0.00322411 MGARP 1.5973531 5.22E-21
GAPDHP1 0.75599573 | 0.03650822 MGMT 1.53354099 2.99E-22
GAS6-AS1 0.72098608 | 0.29329231 MGP 1.15080535 1.99E-40
GASS8-AS1 2.00990996 | 0.14559922 MICE 5.97328926 | 0.09352268
GATD3A 0.90248917 3.47E-08 MILR1 1.17909706 8.22E-05
GFOD1 0.6734184 6.65E-12 MKX 5.96977617 | 0.09366117
GJAS 1.96865254 1.31E-07 MLF1 0.77994644 | 0.00217717
GNB3 0.80588037 2.37E-05 MLLT6 2.1249856 1.73E-11
GOLGA2P10 1.23782683 | 0.03886361 MMP19 1.17426945 | 0.00386676
GOLGA2P8 6.08861684 0.0641429 MN1 0.72813832 0.0042296
GOLGAGL5P 0.94845412 | 0.01271577 MRPL45 2.41901566 | 0.22047941
GPAT3 1.04829983 | 0.00464101 MS4A2 1.41023105 | 0.00018687
GPR157 0.71771556 | 0.00104277 MS4A6A 0.97023062 1.28E-11
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GPRACR 5.62242698 | 0.19211502 MYO15B 0.91044512 2.09E-17
GPRIN3 0.74055926 | 0.00014688 MYO16 3.77952769 | 0.00728524
GREBI1L 1.57480009 | 0.00455748 MYO7A 0.72250856 | 0.04937538
GRIK4 1.24219137 | 0.09334076 MYZAP 0.67910343 | 0.23116594
GSTT2 1.30947931 | 0.12535624 NACAD 0.83451182 2.01E-05
GTF2H2 0.86778087 | 0.01456898 NAP1L2 1.20363378 | 0.07200499
GTF2H2B 1.68990751 8.38E-05 NDRG2 1.95943538 | 0.03756938
GTF2IP14 1.71346823 | 0.05997279 NDRG4 1.157587 5.58E-34
HAGLROS 0.61833079 | 0.08078099 NEK11 0.71887645 | 0.06484317
HAPLN1 1.23978725 | 0.06550156 NEXN 0.72548846 4.58E-08
HEATRA4 1.33139501 | 0.01645597 NID2 0.80429336 | 0.00263995
HELLPAR 0.74183292 | 0.01102735 NLGN4Y 13.1306018 2.84E-296
HES2 0.88103798 | 0.00010073 NMRK1 0.67262834 1.25E-09
HEY1 0.67676122 | 0.17200917 NOMO1 2.91102899 1.68E-20
HEY2 4.10299856 | 0.02841822 NOTCH2NLA 2.7200893 | 0.09907223
HIF1A-AS3 1.31265088 | 0.01234873 NOTCH3 1.35495482 1.26E-13
HLA-C 4.77084085 #NUM! NPIPA1 2.83478323 2.45E-08
HOXB-AS2 0.74742865 | 0.09462129 NRS5A2 0.77159758 1.16E-09
HOXB-AS3 0.81823856 8.60E-05 NRG3 0.76784192 | 0.00596463
HOXB6 0.68329243 2.25E-05 NRK 1.23579388 2.53E-14
HOXBS8 1.24164007 6.54E-07 NXN 0.86709871 1.65E-20
HOXB9 1.1066639 | 0.01407029 OAS1 1.90070592 5.36E-23
HOXC-AS1 5.60271381 | 0.22930654 OAS2 2.15915622 1.52E-41
HOXC-AS2 5.53049712 | 0.24573479 OASL 1.56471851 | 0.15410492
HOXC4 2.37156659 | 0.00986122 OCLN 1.21008234 | 0.14765018
HOXC6 1.56351038 0.0051705 OLFM2 1.26871254 | 0.09737909
HOXC9 2.20682605 | 0.00049512 OSGIN2 0.60152474 7.34E-08
HOXD4 0.88956208 1.83E-08 OXCT2P1 1.07036554 | 0.04338231
HPDL 1.05187759 | 0.00278951 P2RX4 0.93992063 1.98E-22
HRCT1 1.43419842 1.84E-05 P2RX7 1.90923383 1.22E-17
HS6ST2 1.05147421 | 0.05183435 P3H2 1.66623737 9.24E-09
HSD17B2 1.76165498 | 0.00245828 PALM 0.60880761 6.44E-05
HTATSF1P2 2.95496098 | 0.01045236 PAX8 1.34781586 | 0.03551025
HTR7P1 0.67350443 | 0.00175382 PAX8-AS1 1.39463394 4.19E-23
ICA1L 0.60168376 | 0.03582771 PAX9 3.10470267 0.0127097
IFITS 1.09625222 9.15E-07 PCDH10 0.70718451 2.45E-15
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ILI7RA 0.72810489 7.51E-12 PCDH17 1.08135896 | 0.00202536
IL1A 1.40065235 | 0.01071348 PCDHB10 1.55691928 | 0.14995474
IMPG2 0.90381246 | 0.18354277 PCLO 1.30754936 | 0.29623601
INE1 1.06529886 | 0.00732694 PCSK1 1.08060717 1.09E-07
ITGAX 1.42797462 | 0.08572047 PDCD1LG2 0.97809766 2.07E-10
JAZF1-AS1 5.39921923 | 0.29835469 PDE2A 0.82697409 3.85E-15
JPH1 1.77662874 | 0.26183812 PDK4 0.86266331 4.07E-05
KANSL1 2.20141891 | 0.00070801 PDPR 0.63208574 3.25E-10
KCNAG6 2.81511145 | 0.02662322 PDXDC1 1.18580101 4.28E-11
KCNAB1 0.75104763 5.22E-07 PDZRN3 5.36445645 | 0.29431783
KCNJ12 1.78028295 | 0.02105327 PER3 0.84676144 | 0.00396244
KCNK1 1.14102484 0.0155779 PIANP 1.2331951 | 0.17200917
KDM5C 0.6365282 9.91E-13 PIEZO2 0.763471 | 0.08078099
KIAA0040 0.94551415 4.57E-16 PIM1 0.61089102 | 0.00013848
KIAA1217 1.53415719 3.48E-40 PLAC4 0.61254917 | 0.25804549
LAMC1-AS1 1.12640932 | 0.10132622 PLEK 2.20127312 | 0.13848297
LAMC2 2.23073523 8.56E-91 PLEKHA4 0.70316764 2.55E-05
LERFS 3.01963092 4.72E-07 PLSCR4 1.2145104 3.80E-48
LGALS3BP 1.3192812 | 0.07295713 PMS2P2 2.9574379 0.0237376
LGALSL-DT 2.91881846 | 0.29010075 PNMASA 1.45988731 1.86E-07
LINC00265 0.92408113 | 0.03950363 POLE4 0.70710592 0.0007991
LINC00271 1.63113117 | 0.19679027 PPP1R11 4.39640564 1.58E-05
LINC00431 3.23634373 3.46E-07 PPP1R14A 1.87082225 0.0002784
LINC00649 0.9613159 | 0.15508641 PPP1R3C 1.24271655 6.55E-05
LINCO00705 0.60576765 | 0.04371185 PRKCZ 1.4760151 | 0.11376056
LINCO1117 1.5030474 | 0.14407469 PRKY 6.79327289 4.77E-141
LINC01239 3.96312971 | 0.04798586 PRR15 1.34534716 0.0042296
LINCO1776 1.30360191 0.0072327 PSORS1C2 5.72079924 | 0.16179831
LINC02381 1.64634511 | 0.00600171 PTER 0.75481241 | 0.01407751
LINC02454 0.7667597 | 0.23351156 PTGIR 1.48014264 6.66E-08
LINC02610 3.73910928 4.97E-10 PTGIS 0.7692067 3.31E-10
LINC02795 1.10709714 | 0.16449831 PTGS1 0.97533104 7.31E-28
LIPG 1.2861107 3.33E-46 PTPRR 1.70333579 | 0.12053799
LRRC45 0.93092367 1.04E-12 PYCARD 0.63436075 | 0.03379088
LRRC69 0.88453974 | 0.26486064 RAD17 0.82366855 | 0.03583689
MAGEE1 0.87600295 | 0.12428511 RAI2 1.02172411 | 0.24494199




MANSC4 2.12045635 | 0.06498409 RAMP2 0.71079247 1.48E-08
MAP3K21 0.85597771 | 0.11908433 RAP1GAP2 0.80799292 | 0.00033384
MAPG6 2.26307674 | 0.00267447 RARB 0.785147 1.26E-13
MAPKG6-DT 6.3007831 | 0.02910999 RASD1 0.80795565 | 0.10231431
MDGA1 0.80881321 | 0.02823833 RASGRP2 0.92233658 | 0.12604578
MEG3 0.85263352 2.01E-26 RBM26-AS1 0.86423484 | 0.18658537
MEGS8 0.8104186 | 0.00015211 RBP1 1.39121517 1.77E-10
MEG9 0.65281082 | 0.01403256 RCSD1 2.7158362 0.0376756
MFSD2A 1.00927398 | 0.00372925 REPS2 0.72624484 | 0.00126359
MFSD4A 0.91994107 | 0.14631393 RFK 0.63462128 8.58E-12
MICA 0.8103147 | 0.29911007 RGL3 1.33425124 | 0.00092881
MIR3136 4.40217469 | 0.10894896 RGPD6 1.8570665 | 0.01547631
MIR3142HG 0.7625607 | 0.00108717 RLIMP1 1.4972302 | 0.18147449
MIR3657 5.66484917 | 0.18302752 RNASE1 0.66330565 2.54E-13
MIR5587 1.8609354 | 0.17999704 RND3 0.85162472 2.62E-21
MIR646HG 3.21888461 2.98E-06 RPH3AL 0.96282569 | 0.23626835
MISP3 1.21869364 | 0.20853615 RPL26P27 3.42566877 | 0.18535422
MMP1 2.70630514 4.63E-170 RPS26 0.72079795 2.11E-17
MMP10 1.4759328 2.01E-26 RPS4Y1 15.9619289 0
MMP16 0.61742542 2.37E-10 RPS6KAS 0.77106793 1.84E-07
MPL 1.97519202 | 0.12171282 RPS9 2.21741075 6.15E-09
MRPL23 0.78520927 1.22E-07 RTP4 5.85327138 | 0.12777881
MSX1 0.83279931 | 0.00701305 SAMSN1 0.71437846 | 0.02886166
MTARC1 1.03347821 | 0.12271533 SDAD1P1 0.93854822 | 0.12245555
MTND2P28 1.39759357 3.89E-25 SDK1 0.75996654 | 0.04106896
MYEOV 1.05986855 | 0.02137511 SEC24AP1 1.39212334 | 0.00015164
MYH16 1.61312685 | 0.22342882 SEMA3A 0.64784085 | 0.00899562
MYH7B 0.74528443 | 0.05505526 SEMA3B 2.0746006 1.38E-12
MYO1B 0.77539557 3.56E-17 SEMA3D 0.62055321 | 0.01919417
NAP1L4 2.71836945 | 0.14918298 SEMAGD 0.63120895 4.18E-07
NBPF26 1.08298435 6.35E-06 SERINC2 0.7893901 3.53E-06
NDN 0.7424013 2.49E-08 SERPING1 1.94216389 | 0.20853615
NDUFA3P1 4.02119231 | 0.28054044 SFTA1P 2.38161297 | 0.00348707
NEK10 1.0330386 | 0.14720929 SGIP1 0.6084148 2.41E-07
NHP2P1 5.82432803 | 0.13154401 SHC2 1.17876471 9.90E-08
NKAIN1 5.5921486 | 0.23161105 SIK1 2.39521825 8.74E-08




NLRP12 1.66774342 | 0.01966377 SIM1 720540452 | 8.88E-05
NOG 2.66382836 | 0.0025225 SLC12A5 1.50238709 | 0.19127468
NOL12 0.7647509 | 0.00423545 SLC15A3 0.74931394 | 0.01740093
NOP2 1.26634348 | 0.11640432 SLC16A4 0.61230226 | 0.00619328
NPEPPSP1 | 1.91852353 | 0.14737727 SLC2A14 270757302 | 0.0366198
NPIPB15 0.83878775 | 0.00467068 SLC30A3 118675771 |  2.31E-09
NPTX2 239049975 |  2.23E-05 SLCA0AL 132491304 |  1.04E-32
NRN1 0.63198629 |  1.02E-06 SLC6A16 0.86449823 | 0.03772446
NSG1 1.47747873 | 0.03406894 SLC7A8 0.8875228 | 0.03720301
NTNG1 3.51987745 | 0.21739526 SLITRK4 163808458 |  1.22E-07
NUDT13 0.95035776 | 0.00619015 SMG1P2 120720485 |  5.52E-07
NUS1P1 2.09182668 | 0.04585259 SMIM14 0.72360602 |  2.06E-11
OCLNP1 3.15268093 | 0.00244224 SMOC1 2.34012805 | 0.01645597
P2RY2 0.75912196 | 0.03818068 SNAP25 0.77349591 | 0.01750164
PAG1 5.8648303 | 0.1254261 SNAP91 112771939 | 0.22005966
PAQRA4 0.67415702 | 0.00023483 SNHG18 1.87691066 | 0.01016675
PARP15 1.03788258 | 0.01350804 SNHG5 0.8117192 |  2.27E-18
PATL2 278239674 | 0.2462753 socs3 0.61534242 |  1.69E-07
PCSK5 0.75354453 | 0.00022461 SP140 426827098 |  2.37E-11
PCSK6 1.55932207 | 0.12503642 SP8 25001999 |  1.98E-26
PDCL3P5 1.48214752 | 0.10760709 SPEG 123401199 |  9.67E-06
PDE10A 110967437 |  1.78E-19 SPESP1 0.87492214 | 0.1465683
PDEIC 0.83261187 | 0.00265514 SPINT2 107054199 |  1.71E-05
PDE3B 13877621 |  3.10E-07 SRPX2 0.62033461 |  4.02E-12
sy 0.67143306 | 0.01095261 SRRM3 0.64174006 | 0.01908041
PDZD2 173882207 |  7.68E-24 SSC5D 1.33458421 | 0.00147223
PEAK3 24913633 | 0.15220426 ST3GAL6-AS1 | 0.85638283 | 0.09853297
PET100 1.03394846 | 0.23757382 STON1 0.80375806 |  3.88E-12
PGAP4 0.9392415 | 0.02818096 SULF1 142049162 |  1.43E-64
PHRF1 470175669 |  7.42E-20 SULT1B1 0.65901602 |  1.30E-13
PIF1 0.72260494 |  5.57E-11 SULT1EL 3.83747836 | #NUMI

PIGZ 0.78368567 | 0.00025865 SUPT3H 0.63974174 | 0.04881247
PITX1 3.05817929 | 0.00645143 SV2A 106827293 |  1.49E-13
PKD1P2 1.73501541 | 0.00106918 SviL2P 1.64390267 | 0.12423473
PKD1P4 0.93178052 | 0.00048423 SYNGR1 0.79694142 |  0.000648




PKD1P5 4.09923719 2.08E-81 SYNPO 0.68471913 8.97E-16
PKNOX2 1.90983281 7.65E-05 TACSTD2 0.6625105 3.39E-11
PLACS 1.02896027 | 0.00061074 TAGLN 0.64863253 1.76E-05
PLCG1-AS1 0.67022302 | 0.25113001 TCAP 1.73914859 0.1244405
PLEK2 1.53670288 2.71E-10 TCEAL7 0.8708673 0.0004038
PLEKHAS8P1 0.84203826 | 0.07100341 TCIM 0.6698996 5.26E-08
PLEKHG1 0.99319545 1.65E-20 TF 1.65075021 | 0.09005682
PLEKHH2 0.99107139 2.40E-07 TGFB2 2.02173479 2.73E-15
PLPP2 1.10161782 1.29E-10 TIMP3 1.96316132 1.29E-41
PLVAP 0.60512097 | 0.16866968 TIP1 0.74641017 | 0.00010186
PLXNA1 0.60872123 5.80E-10 TMCS8 2.48785921 2.00E-07
PMS2P3 0.73635404 | 0.02814075 TMEM159 0.6419313 3.41E-06
POLR1G 0.63066773 | 0.07624191 TMEMZ200A 4.58821302 4.06E-52
POLR2J4 0.85607942 | 0.03111583 TMEM254-AS1 | 2.11047241 | 0.04190872
POP1 0.7000311 2.77E-07 TMEM37 0.71554994 | 0.00117391
POSTN 1.07501413 1.81E-21 TMEMS8A 0.91557454 | 0.03541163
PPM1F-AS1 0.72301055 0.0002507 TMSB4Y 6.89445285 [ 0.00197671
PRECSIT 0.8660438 | 0.26655384 TNFSF15 0.92345113 9.30E-26
PRELID1P5 1.69287861 | 0.16543706 TRAPPC6A 0.60960624 | 0.00695276
PRELID1P6 0.74235257 | 0.00217537 TRIM26 6.10303369 | 0.05644631
PRORSD1P 0.75956454 | 0.26410126 TRIQK 0.61715136 5.48E-06
PRRT3-AS1 3.14060087 | 0.00778745 TRPC4 1.95254815 | 0.00654116
PTMAP9 2.92483526 | 0.02216615 TSC22D3 0.60073377 1.12E-08
PTOV1-AS1 1.13362811 | 0.09853297 TSPAN2 1.25197445 3.61E-05
PTPN22 1.5919566 3.60E-06 TSPANS 3.36366866 2.05E-06
PTPRD 0.67269814 1.03E-05 TSSC2 0.90834002 0.0313643
PTPRD-AS1 6.04296723 | 0.06906983 TSTD1 0.93257447 | 0.00016602
PWP2 2.68175508 6.24E-27 TTTY10 6.36758647 | 0.02527173
PYCR3 2.84976875 | 0.15091802 TTTY14 10.1160276 6.25E-41
RAB11FIP3 0.74562686 5.22E-07 TUFT1 0.94349713 | 0.00028593
RAET1K 5.7191535 | 0.15976493 TXLNGY 14.4478677 0
RASGRF2 1.68238529 5.92E-09 U82695.1 1.15346895 | 0.13220392
RASGRP3 0.8193431 1.09E-08 UBEZ2L6 0.99568486 4.00E-15
RBM12B-AS1 1.07929471 | 0.29595918 UGCG 0.66778745 4.02E-12
RBP5 0.85466637 | 0.18157233 ULBP1 1.15275346 | 0.00132028
RELN 1.1989865 | 0.00295134 USP44 0.63050898 0.1580714
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RFX8 1.74274544 | 0.03020239 USPOY 14.1919591 0
RGS17 0.70258935 | 0.03712125 uTY 12.9509297 | 6.37E-269
RHD 1.09994982 | 0.11788261 VSTM4 1.87841602 |  1.83E-08
RHOV 1.91655217 | 0.15621078 WDR46 6.8285833 | 0.00185001
RIMS2 262264623 |  1.16E-11 YBX2 1.85138368 | 0.03514616
RMI2 0.65436564 | 0.00028634 ZFAND4 0.64081239 | 0.03451232
RN7SKP239 | 6.21987383 | 0.03401654 ZFY 12.0333185 | 1.31E-151
RN7SLL 143376885 |  5.34E-14 ZIK1 1.06393608 | 0.13387957
RN7SL116P | 5.68292703 | 0.19504295 ZNF135 110450033 | 0.27917181
RN7SL3 1.55422085 | 0.10547068 ZNF284 071953352 | 0.14796892
RN7SL434P | 5.46614856 | 0.28122875 ZNF415 207279426 | 0.00645143
RNASET2 0.6916223 | 0.04156713 ZNF420 0.60711976 | 0.1907556
RNF14P3 3.46876866 | 0.02222918 ZNF429 078316098 | 0.23460582
RNF207 0.77465333 | 0.00010527 ZNF503 0.7159089 | 0.26799048
RNF32 110404129 | 0.13566169 ZNF667 1.31260336 | 0.03400388
RNH1 0.76516751 | 0.11303892 ZNF667-ASL | 0.95926272 | 0.11405501
RPL7P49 289834108 | 0.29950923 ZNF773 0.82389476 | 0.05876681
RPS15AP30 | 5.53529804 | 0.24466508 ZNF793 0.98578561 | 0.06813584
RRN3P1 0.6790826 |  1.02E-06 ZNRD1ASP 7.4178319 |  1.06E-05
$LEI;18-FGB 0.6292018 | 0.08568553
SAPCD? 0.07858402 |  8.31E-15
SAXO1 202423451 | 0.08859536
SAXO2 224300817 | 0.17862969
scLY 0.73934968 | 0.01172785
SCN10A 228919906 | 0.09545175
SCNS5A 0.62344898 |  5.94E-06
sbC1 151234278 | 4.20E-13
SEC22B2P 4.91496015 |  4.04E-05
SEC22B3P 3.57776671 | 0.25727401
SELE 0.73625464 |  1.24E-05
SERF1A 3.11360083 | 0.13550104
SERPINDL1 1.83720296 |  4.49E-05
SERPINF1 1.06561141 | 0.09225793
SH2D4A 242003736 |  2.98E-06
SH3RF2 217780787 | 0.00060182
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SH3TC2 0.82205233 | 0.00161577
SHANK1 0.61250161 | 0.03392592
SHISA2 0.69637474 | 0.10231431
SIK1B 0.80578466 | 0.09047562
SINHCAF 1.32188689 | 0.04035276
SKAP1 1.82312943 | 0.05664995
SLC16A14 1.09240922 | 0.18773609
SLC16A9 7.58204698 1.90E-06
SLC35G6 3.73548656 | 0.00413663
SLC39A1 1.14722204 0.1585968
SLC45A4 1.04241389 2.06E-06
SLC46A3 0.94611426 1.90E-06
SLC5A4 1.09572355 | 0.06691184
SLC5A4-AS1 1.27279151 | 0.18510761
SLC9A3 1.5064332 | 0.00435849
SLCY9A3-AS1 1.49481532 1.89E-20
SLFNL1-AS1 0.74164291 | 0.28360621
SMG1P3 0.63306496 | 0.00261978
SMIM5 1.28627097 | 0.14962047
SMN1 1.07151043 | 0.20025861
SMYD2 0.91774438 7.51E-12
SNHG20 0.63671291 6.60E-05
SNORAS8OE 4.06271339 | 0.26583006
SNORD113-3 4.81255237 | 0.02055742
SNX18P12 5.620742 | 0.22588027
SNX18P3 3.170514 | 0.00054246
SORBS2 0.64735856 9.74E-09
SPATA13 0.74017867 1.94E-06
SPATAZ20 0.62856414 2.71E-10
SPC25 2.33702572 1.63E-05
SPTAl 2.21102604 1.54E-07
SPTBN5 1.40822889 4.97E-42
SSBP3-AS1 0.85066702 | 0.17527212
STAG3L1 1.89839747 1.91E-06
STC1 1.77055284 | 0.00017336
STK33 1.13152679 | 0.00369115
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STMN3 0.79034585 | 0.11961836
STS 0.76615932 3.78E-07
STX1A 0.63054912 | 0.01394303
SULT4A1 1.49764468 | 0.20853615
SYN2 2.52582714 | 0.00062741
SYT1 0.63217902 | 0.01216576
SYT3 1.07463213 | 0.18298994
TBC1D3E 1.05299401 | 0.25565289
TBX1 0.81836039 3.66E-11
TBXAS1 0.7112027 | 0.21285205
TCF19 2.68751533 2.13E-16
TEX21P 1.02548833 | 0.25113001
TIP2 0.73848114 1.48E-05
TLL1 1.29775776 4.74E-33
TLRS 2.55608496 | 0.13258725
TLX1 6.39170999 | 0.01955622
TMEM156 1.06100377 | 0.20475023
TMEM158 1.13341407 0.2774901
TMEM163 0.91542385 | 0.03265807
TMEM233 3.62280991 9.18E-07
TMEM273 1.43503722 2.35E-09
TMEMB82 1.30321364 | 0.01828307
TNFRSF25 0.71955764 1.30E-09
TPTEP1 2.09871701 0.0424084
TRAV13-2 5.58699595 0.1999239
TRIB1 0.70312607 0.0001372
TRIM7 1.02530321 | 0.08766683
TSIX 5.00739212 1.88E-05
TSPAN11 0.600162 | 0.03650822
TSPEAR-AS2 2.9761355 | 0.05415921
TXLNG 0.72076503 4.63E-08
U73169.1 1.47868722 | 0.00778745
UBR7 2.15621246 | 0.16642085
UCKL1-AS1 0.98347786 | 0.00935456
UNCSB 1.14371442 | 0.00050843
UTS2 5.46937058 | 0.28054044
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VLDLR 0.96085652 1.09E-07
WASH5P 1.34942741 | 0.00238305
WASH7P 0.78466197 | 0.00437882
WASHC1 0.61611438 0.0220093
WDR97 1.94898457 | 0.00068506
WNK4 0.67976958 | 0.25346927
XIRP2 1.64598423 | 0.04167255
XIST 14.1577392 | 0.00261216
XKRX 1.12727003 | 0.02599804
Z97192.3 1.71760483 | 0.06095132
ZFHX4 0.78379173 0.2227315
ZFX 0.7355633 4.88E-13
ZNF239 1.57813697 0.0936281
ZNF366 0.91768547 1.68E-05
ZNF37BP 0.61763301 6.96E-07
ZNF66 1.70559765 | 0.00127246
ZNF714 1.28754448 4.47E-24
ZNF804A 1.51384228 | 0.09587953
ZSWIMS 0.80692234 | 0.08765237
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Appendix_Table 2: Significantly changed genes in female and male HUVEC following treatment with

Angiotensin Il

Appendix Table 2A. Significant
differentially expressed genes in female
HUVEC following Angll treatment.

Appendix Table 2B. Significant
differentially expressed genes in male
HUVEC following Angll treatment.

LogzFC Ad’\‘/‘;tueg P- Log.FC Ad’\‘l‘;‘ltfg p-
Gene Gene
Symbol S:]egrn?): ’g\izrn%lse Symbol (Male Angll (Male Angll
Female Female vs. Male vs. Male
Control) Control) Control) Control)
A2M -1.0845016 0.00461051 SMN1 -3.8746046 0.00339506
AADAC -0.685663 0.1641468 RRN3 -3.2988863 1.08E-07
ABCA9 -1.16655 5.12E-06 DHX16 -2.5219966 0.24602585
ACAD11 -1.1625478 0.10899578 RGPD6 -2.2227501 0.03417551
ACCS -0.7721288 0.00212469 MARF1 -2.1093736 0.03417551
ACE -0.7493271 5.68E-09 CDNF -1.8740033 0.18860392
ACSM3 -0.7188332 0.00834217 BRD2 -1.3257267 3.27E-08
ACTBP7 -2.4226385 0.24692973 ABCA10 -1.2643395 0.03218911
ACTC1 5.81196678 0.16189432 GTF2H2 -1.172781 0.15777317
ADAMTS18 -0.6246223 0.00419682 TJP1 -1.1288555 8.66E-10
ADAMTSL4 -0.966214 0.0006119 LSS -0.7583602 6.14E-08
ADCY4 -0.6725236 3.79E-07 SMG1P5 -0.7337094 0.12341125
AGAP13P -1.5673358 0.22564725 IF144L -0.6082605 0.00160673
AIDAP2 -1.2117583 0.01220575 ADI1 0.64150494 3.65E-06
ALKBH6 -0.8200032 0.24626071 GATD3A 0.72258328 0.00037739
AMH -1.1719845 0.08459542 PTMAPS 1.18320622 1.09E-05
ANAPC1P2 0.64949042 0.17812526 WASHS8P 1.18721546 0.2569676
ANGPTLS -0.9142436 0.2469154 MTX1P1 1.2399098 0.01509032
ANKK1 -5.5468994 0.28593408 RN7SL1 1.56919644 9.47E-19
ANKRD1 0.73131687 2.27E-09 GBA 1.60687958 1.18E-07
ANKRD36B -0.6891649 0.00774687 TMSB15B 2.04717271 0.00023575
ANKS1B -2.3393046 0.26056548
AP2A2 -0.6884366 0.00391615
APBA2 0.7188027 0.19314964
ARAP1-AS2 -1.2608577 0.03939562
ARL4AP4 -1.7051584 0.1399985
ATP5F1E 0.64937396 1.92E-07
ATP5MD 0.60122215 1.48E-05
ATP5ME 0.79713345 0.02020675
BAG6 2.00920001 2.50E-08
BDH1 -2.2977717 0.18652127
BDNF 0.70874694 0.12964062
BGLAP -3.1556488 0.09982317
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BMS1P1 -0.7228918 |  0.02272897
BMS1P13 -6.1621878 |  0.07355037
C110rf96 0.74360402 |  0.08500703
C120rf57 0.7147859 |  0.00086157
C150rf62 -0.7840001 |  0.12037566
C1RL-AS1 -0.7107423 |  0.07378363
C4orfa8 0.63259798 3.23E-05
C8G -2.2361266 | 0.27916816
CACNB1 -0.6484301 |  0.00566875
CACTIN-

ey -1.7140468 |  0.09162405
CARD14 -1.0477598 |  0.24795654
CCBE1 1.15560771 2.87E-05
CCDC151 2.20951628 | 0.15663734
CCDC200 -0.785816 0.2546909
CCDCS8 0.93428089 | 0.29467177
CCL20 1.62181627 | 0.03079356
CCR7 -6.3819444 |  0.03239008
CD69 0.73449868 | 0.06775958
CD79B 1.20465663 | 0.22250314
CDC42-AS1 | -1.7344989 0.2548499
CDK5RAP3 -0.7149364 |  0.00030322
CEBPD 0.63968325 | 0.00099446
CEP126 -0.6004416 0.0006119
CFAP69 -0.7160467 |  0.09864488
CHKB-DT -0.9963143 |  0.29714166
CHRNA1 0.68339812 | 0.29696531
CITED4 0.62035376 | 0.00313143
CLPTMIL 0.83952723 | 0.00026753
CLRN3 5.88149641 | 0.13785406
CNKSR1 -2.0538906 | 0.28280309
COL18AI1-

AS1 -0.8980814 |  0.10246421
COL4A2-

AS1 -1.2506407 |  0.10606076
COPS9 0.67899962 8.11E-06
COX17 0.66349493 |  0.00044967
COX20 -1.0298655 |  0.13525905
COX6A1 0.73148657 1.48E-05
COX7C 0.61334677 9.88E-07
CPA3 0.70033942 |  0.18775357
CPM -1.9248565 |  0.00063722
CREG2 -0.758819 |  0.25504476
CRMP1 -0.6357869 | 0.01072093
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CRYGS 06671392 | 0.11147151
CSAD [0.6601328 | 0.00114008
CSF2 163151175 | 0.13616666
CSF3 0.74426835 | 0.14287546
CTH 0.78361666 | 0.03407383
CWC25 11.989099 | 0.00585568
CX3CL1 0.75440497 | 0.0095951
CXCL6 0.87889582 4.95E-08
CYP1AL 20.6366845 | 0.00292212
DAW1 0.74183552 | 0.04796142
DENNDG6B [0.8251149 | 0.08819528
DET1 11.037076 | 0.2039007
DHPS [0.9625993 | 0.04382797
DHRS4L2 0.63537993 | 001752592
DHRS9 15182739 | 0.16191417
DKK1 0.80545323 | 009002545
DLEUZL 112318645 | 0.16083044
DNAH1 20.6139556 | 0.00320208
DNER $6.1078333 | 0.08007443
DNM30S 20.7093096 | 0.03026544
DPF1 20.846363 | 0.26503607
DPM3 0.66183945 | 0.00031229
DPY19L2 207960452 | 0.19349719
DUSPS 45607823 | 0.00775526
DYNLRB1 072137797 | 0.01092467
EEF1A2 0.76743123 | 0.10082141
EEF1D 113988081 | 0.06412967
EFCABI3 [0.6674376 | 0.08230702
EFHC2 552254429 | 028284334
EGLN2 [0.6323284 | 0.0008266
EIFAAL [0.7583945 | 0.00261576
EIFAEBP3 11.9879956 | 0.09171768
ELOCP2 0.77681956 | 0.25002724
EME2 20.670814 | 0.00115953
ERFL 11.9397298 | 0.29552897
ESR1 11.3074062 | 0.22400044
F2RL3 11.0620007 | 026265111
FAM189A2 20.6890933 | 0.0088612
2@2”1988' .0.7582625 | 0.00237296
FAM24B 0.86748593 | 0.00361293
FAM72C 1.02107559 | 0.17123507
FBXO2 134127497 | 0.15710307

157



FCF1P1 27288924 | 0.27867885
FOLH1 11.0548134 | 0.2902056
FOXP3 13.0424915 | 0.27270276
FP565260.6 | -0.7282456 | 0.24898503
FSIP2 111497415 | 0.10335665
GADD45B 0.65095113 8.98E-06
GAS6-AS1 20.9742804 | 0.07633156
GDF15 0.63449892 6.33E-06
GDPD3 20.719224 | 0.04322956
GJIAA 20.6263826 | 0.01234733
GJAS 20.7594429 | 0.19861797
?F(,) LGABLL | 1 8390766 | 0.19904229
GOLGA6L4 | -1.3037501 | 0.19377179
gOLG%LS -1.1368646 | 0.00379005
GOLGABA 20.7653194 3.23E-09
GOLGA8J 56707207 | 0.23746873
GPCPD1 20.7381817 2.65E-05
GPRACR 57845534 | 0.16586877
GSN-AS1 20.8380645 | 0.0144188
GTF2IP13 [0.7475163 | 0.18204189
GTF21P20 20.7681574 | 0.00099446
H2BC5 1.4561186 | 0.24130459
H2BC6 218168169 | 0.29712687
HAC3 5.80008522 | 0.16409315
HEIH 0.94177082 | 0.23037789
HENMT1 0.62250116 | 0.22516936
HERC2P2 20.6464604 | 0.11238905
HERC2P3 207721503 | 0.00863715
HEXD-IT1 17559777 | 0.19661556
HEML 22176537 | 0.09775219
HOPX 0.80815753 |  0.10082141
HOXALO-AS | -0.9613217 | 0.15775691
HOXB-AS2 20.8426843 | 0.06877646
HOXD4 20.7109536 | 0.00024432
HSD3B7 0.81909789 | 0.27497842
HSPEL 0.75546276 1.05E-05
IDUA 20.6144867 | 0.00772333
IFITM1 0.61769308 | 0.29265259
IGFBPLL 230453954 | 0.20910179
IGSF22 114388455 | 0.27706617
IGSF23 2.02081336 | 0.12141682
IL17C 6.04814089 |  0.08663821
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IL31RA 0.62622993 0.29990547
IL6 0.92910815 0.00626459
ILK -0.8117021 0.24130459
IMPG2 -1.2488517 0.02740651
INE1 -1.0958045 0.01107012
INHBA 0.61771731 9.07E-05
ITCH-AS1 5.6722161 0.21415498
JPH1 -2.1290418 0.1094223
JTB 0.81904779 0.00286981
KCCAT198 2.04668886 0.20678519
KCNH6 5.51152498 0.28593408
KCNMB4 0.65920814 0.19217781
KIF28P -1.8957516 0.01086005
KIFC2 -0.6030859 0.00314951
KLF1 -5.6283531 0.24692973
LAG3 -0.9813276 0.03708946
LDHB 0.91996912 2.27E-09
LDLRAD2 -0.7630593 0.01348818
LHX4 -0.8561225 0.04480787
LINC00265 -0.8914371 0.08417829
LINC00310 -4.3479364 0.23273952
LINC00342 -0.6818597 8.61E-08
LINC00672 -0.9478597 0.21373719
LINC00680 -0.8216031 0.13529816
LINC00857 1.84588476 0.28323362
LINC00894 -0.6753841 0.21548227
LINC01001 -1.7034348 0.04766566
LINC01089 -0.7048193 0.00024812
LINC01341 -1.4400981 0.09171768
LINCO01355 -0.6121653 0.00285182
LINC01560 -0.9034549 0.10335665
LINC02577 0.62318038 0.05485506
LINC02604 -0.6061391 0.09269142
LINC02802 2.19433305 0.01314178
LKAAEAR1 -2.3828225 0.15893395
LPAR2 -0.8788311 0.12037566
LRRC19 3.80557609 0.11891559
LRRC37A3 -0.7291135 0.22400044
LRRFIP1P1 -1.2002479 0.0688805
LSS -0.855091 2.80E-08
LTB4R -0.7893056 6.41E-06
LTB4R2 -0.7195445 0.23957336
LY96 0.62935695 0.04050079
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MAMDCA4 -0.8798639 0.00066858
MARCHF1 -0.9347368 0.00094166
MATNZ2 -0.9368894 0.09884693
MCF2L -5.6116977 0.27026459
MED31 0.61223201 0.16093461
MFAP4 -2.6373844 0.05174318
MFSD4A -0.9347718 0.16724443
MIR1244-2 0.66922335 0.10380451
MIR1244-3 2.44823523 5.91E-06
MIR126 -0.7354165 0.08304703
MIR503HG -0.6494855 0.00012205
MLLT6 0.89517243 0.24968642
MMP21 -1.0522741 0.27280982
MMP23A -2.8841995 0.26607011
MMP25-AS1 -0.7762 0.0095951
MRM1 1.54756657 0.24332074
MRPL12 0.7914997 0.00422569
MRPL23 0.69211091 6.41E-06
MS4A2 -1.495068 0.046697
MSANTD1 2.20121269 0.1655939
MST1P2 -0.9863808 0.22400044
MSTO2P -0.6162201 0.14428636
MT1A 1.47636484 0.00094166
MT1M 1.27966355 0.11238905
MTMROLP -0.7495449 3.54E-06
MYEOV 0.63759543 0.23406498
MYH7B -0.6862226 0.1586825
MYO15B -0.6036055 0.001157
MZT2B 0.76110184 2.89E-07
NCF1C 5.70747135 0.20584125
NCLP1 -1.24052 0.18214734
NDUFA1 0.67127531 9.49E-06
NDUFC2 0.63215695 0.01220732
NECTIN4 4.3005878 0.16546732
NEDDS8 0.65799539 6.41E-06
NEIL1 -0.6883066 3.23E-05
NENF 0.64015028 0.00079737
NFIA-AS2 1.11757346 0.06543558
NIPAL4 -3.962946 0.11499317
NME1 0.63099536 5.74E-05
NNMT 0.64005102 2.14E-07
NOMO3 1.28503515 0.15825801
NOP2 -1.2056243 0.16551708
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NPIPA7 11.1944389 |  0.27236599
NPIPB4 20.7298993 | 0.00664308
NPIPB5 20.6396935 6.68E-06
NPTN-IT1 20.697185 | 0.05790791
NTAN1 154260516 | 0.02562873
NTANLP2 114170437 | 0.22286578
NUDT1 0.60365303 | 0.02273975
NUS1P1 15728738 | 0.21451092
OCLNP1 24425255 | 0.0194893
PAQRG 12614178 | 0.0049624
PAXBP1-

e -0.7685423 | 0.03469902
PCDHAG 155010844 | 0.27420052
PCDHGAL 11.9985156 | 0.25173739
PCDHGA4 20.9133102 | 0.21246618
PCDHGAG 207512335 | 0.19891199
PCDHGB5 20.7846533 | 0.0033856
PEN1P2 20.9780289 | 0.01168407
PHF1 1.81635983 | 0.06419253
PHRF1 [0.7797045 | 0.27647854
PKD1P3 110181484 | 0.22279655
PKD1P4 20.6682386 | 0.06570425
PKD1P6 20.7425759 | 0.24047502
PLACS 0.7486974 | 0.00551913
ELEKH'\“P -0.60103 9.60E-05
PLPP7 0.76992356 | 0.24728184
PLVAP 207062073 | 01121157
PLXNB3 206212541 | 0.00021981
PNPLA7 07718113 | 0.2902056
POLE4 0.78330162 | 0.00073763
POMC 1.40839518 | 0.03079356
PPIAPO1 23711714 | 0.29537658
PPMIF-ASL | -0.7525709 | 0.00095411
PRDMG6 ©3.2002827 | 0.09166734
PRKARLB-

o) 1.3882259 |  0.11147334
PRORP 06721431 | 0.00084414
PRRT2 20.6308015 | 0.25002724
PRSS21 1.53223286 0.124366
PRSS3 0.76774564 | 0.0736476
PSMA2 20.7867094 | 0.24625652
PTDSS2 0.62204448 | 0.00244714
PTTG1 0.62641178 1.04E-06
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PYCARD 0.62790396 | 0.08319871
QRICH2 208815775 | 0.00238662
ﬁfBllF'Pl -1.0112507 |  0.05807851
RABIIFIP3 | -1.0125317 2.27E-09
RABAC1L 0.96585086 9.94E-07
RAMP2-AS1 |  -0.6633065 | 0.08331842
RAPSN 116038256 | 0.2943431
RARB 0.64570491 5.91E-06
RBFOX2 20.812948 9.58E-05
RCSD1 222160984 | 0.25504476
RFLNA 0.68653991 2.68E-05
RGPDS 20.610429 | 0.06805168
RGS11 208123819 | 0.0128593
RHOV 2.1572609 | 0.08315948
RN7SKP287 | -4.4156458 | 0.19619323
RN7SL5P 75050552 1.57E-05
RNASSP483 | 559319958 | 0.24779276
RNF14P3 19821 | 0.29345238
RNF152P1 5.80481701 | 0.1633301
RNU2-28P 262101396 | 0.15800942
RNU7-140P |  -5.5000249 | 0.29794743
ROMO1 0.7678528 2.50E-07
RPA3 0.60446081 | 0.00333248
RPL12P7 552508192 | 02819365
RPL13AP25 | 098422113 | 0.01845097
RPL21P16 0.76142395 7.47E-05
RPL21P28 1.34658825 2 28E-05
RPL21P75 0.7589733 | _ 0.1493013
RPL22L1 0.62467047 1.26E-06
RPL24P8 0.77208114 | 0.06391046
RPL35A 0.60550632 1.52E-06
RPL36 0.64838449 1.39E-07
RPL37A 0.61630398 1.02E-06
RPL37P2 179884011 | 0.16092765
RPL39 0.72137741 2.27E-09
RPL3P4 0.64154895 4.96E-06
RPLA1 0.65598775 1.39E-07
RPS13P2 0.95415033 | 0.1817827
RPS15P4 0.00349527 | 0.0001129
RPS20P14 | 070991822 | 0.19786947
RPS21 0.71753866 2.61E-09
RPS27 0.73692116 1.66E-09
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RPS29 0.79541606 2.46E-11
RRAS 0.60076869 5.16E-06
RRN3 133569527 | 0.18214734
RSPHO 13182881 | 0.13440476
RSPO3 0.80093609 | 0.00029273
RTELL-

R Erares 078295 |  0.03193113
RTLS [0.6124644 | 0.24142072
RTP4 550546721 | 0.24728184
RUSC1-AS1 20.751067 9.12E-05
RYR3 20.9499613 | 0.01334605
S100A1 11.3996931 | 0.04700179
S100A3 1.6780757 | 0.16889393
SAMDOL 20.6098218 5.02E-05
SAMSN1 0.8230177 | 0.01242146
SCN9A 20.9001389 | 0.03944845
SDCCAGS 1.0920222 1.26E-05
SDHAF4 0.70965405 | 0.00245356
SEC31B [0.6618144 | 0.00076087
SELE 0.60106797 | 0.00076087
SELENOM 0.6592661 1.74E-05
SEPSECST | 127000001 | 0.24525044
SERPINF1 20.8979867 | 0.25556055
SETBP1 208285447 | 0.04887691
SFTPD-AS1 | -2.5990579 | 0.26912669
SGK1 0.61302616 3.24E-06
SH3BP5-

oS .0.6946733 |  0.00031105
SH3D21 20.7857035 | 0.00239384
SIM1 715164027 | 0.00030322
SLC16A6 115125256 | 0.11895009
SLC22A20P |  -1.5456043 | 0.27130535
SLC22A4 [0.6453274 | 0.10836412
i;‘izs"*%' -0.7356682 |  0.04603108
SLC25A34 207463672 | 0.24786394
SLC30A3 20.6397962 | 0.24560077
SLC39A1 11.0463754 | 0.2639557
SLC5A10 20.8128294 | 0.26587612
SMG1P4 123264102 | 0.17045892
SMIM5 114585651 | 0.08198082
SMN2Z 118787407 | 001211738
SNHG8 0.66688396 | 0.00011704
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SNRPAIP1 | 0.61358625 | 0.20701045
SNRPCP19 | -4.4130598 |  0.1823329
SORCS2 6.3178718 | 0.04050079
igACAGP' 115989369 | 0.25337168
SPNS1 11.0106349 | 0.23460892
SPTBNS 11.0291583 5.01E-16
SRRM2-

o) 11.4502105 | 0.12644282
SRSFOP1 58732994 | 0.12710021
SSPOP 20.9657946 | 0.18775688
STAG3L3 20.6058935 | 0.08155748
STAG3L5P 206478311 | 0.08319871
STK31 3.2896179 | 0.14738975
STK36 20.7199633 5.08E-07
STPG3-AS1 | -4.2423032 | 0.28460414
STRADA 20.6450909 | 0.0023383
STXBP5-

oY -0.9482571 | 0.22450615
SULT4AL 3.0132742 | 0.00116536
SUMO2P21 | 0.82884923 | 0.16589939
TACA 12761117 | 0.24898503
TADAZA 20.9522733 | 0.08109843
TAS2RA4 20.9247316 | 0.23208121
TFEC 0.75231469 | 0.05386283
TGFB2 0.97917312 2.77E-08
THPO 567480141 | 0.21360342
TMAT? 0.60208353 | 0.00064503
TMED2-DT 20.9319462 | 0.01194688
TMEM198B 20.633867 | 0.0012851
TMEM256 0.70635828 |  0.06192929
TMEM258 0.6396963 1.74E-05
X'g"f'\"““' -0.6187487 |  0.14287546
X'\S"lEMgB' 07053129 |  0.07762015
TNFRSF25 20.7724756 1.32E-07
TNFSF15 0.62395127 7.54E-07
TNR 114350281 | 0.13592549
TPM3P7 6.28548032 | 0.0401713
TRAPPC2B | 0.93094807 | 0.12037566
TRIL 112156948 | 0.03059045
TSNAXIPL 11.0320876 | 0.2668953
TSPAN33 132466132 | 01121157
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TSPEAR-

Js -2.2888085 | 0.18066658
TTC21A 20.7362668 | 0.01463915
TUBB3 11.0556414 | 0.28731662
U73169.1 111309428 | 0.09371554
UBE2Q2P1 | -0.7219777 | 0.00392996
UBE2V2P4 | 581157099 | 0.16191417
UCKLL-ASL | -1.1984319 | 0.00221292
UNC5B 20.6089899 | 0.29009864
UQCR10 0.62490875 |  0.00661866
UQCRQ 0.63700656 6.68E-06
VKORC1 0.63609856 | 0.18486799
VSIG2 20.6947166 | 0.13212618
WASHSP 20.7811066 | 0.26576797
WASH6P 156309462 | 0.00943075
WBP1 20.617275 | 0.10450963
WDR73 20.7560777 | 0.00307485
WDR97 11.6007073 | 0.00998665
WNTOA 20.6529792 | 0.04196447
XAF1 20.8889485 | 0.00239384
XKRX 20.8678251 | 0.19377179
YBX1P1 0.66606134 | 022700338
2734201 3.0161047 | 0.14503797
783843 1 20.7868063 | 0.00034763
7992891 11.0678378 | 0.00195486
ZMAT1 208519218 | 0.00040651
ZNF10 20.6923517 | 0.11206851
ZNF117 20.7229579 8.62E-09
ZNF221 20.9002029 | 0.06461566
ZNF224 20.6861103 | 0.00078102
/ZQE%?' -0.8263745 |  0.08338303
ZNF577 20.661072 | 0.23798976
ZNF585A J0.6064465 | 0.27270276
ZNF596 207882218 | 0.18136575
ZNF682 20.8083423 | 0.09707284
ZNF707 11.8789755 | 0.17050092
ZNF789 206152763 | 0.0038805
ZNF808 20.6216401 | 0.06615423
ZSWIMS5 20.7346064 | 0.21209039
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Appendix Table 3: KEGG pathways with 3 or more differentially expressed genes in female HUVEC treated
with Angiotensin Il

Appendix Table 3. KEGG Pathways with 3 or more differentially expressed
genes in female HUVEC treated with Angll.

KEGG Pathway Number of differentially p-value
expressed genes

Metabolic pathways 22 | 4.73E-05
Ribosome 11| 7.75E-06
Path_ways_ of neurodegeneration - 11 | 7.52E-05
multiple diseases

Thermogenesis 10 | 1.61E-06
Cytokine-cytokine receptor interaction 10 | 3.73E-05
Alzheimer disease 10 | 6.86E-05
Oxidative phosphorylation 9 | 7.75E-06
Prion disease 9 | 1.28E-05
Huntington disease 9 [ 3.97E-05
Parkinson disease 8 | 4.96E-05
Amyotrophic lateral sclerosis 8 | 6.87E-04
Non-alcoholic fatty liver disease 7 | 9.40E-05
Pathways in cancer 7 | 5.36E-02
TNF signaling pathway 5 | 3.68E-04
Cardiac muscle contraction 5 | 3.80E-04
Viral protein interaction with cytokine and 5 | 6.62E-04
cytokine receptor

166



MAPK signaling pathway 4.01E-03
Chemokine signaling pathway 1.01E-02
Rheumatoid arthritis 2.53E-03
Hypertrophic cardiomyopathy 4.93E-03
Gastric cancer 2.03E-02
FoxO signaling pathway 2.36E-02
Cellular senescence 4.06E-02
Human T-cell leukemia virus 1 infection 8.09E-02
Salmonella infection 1.62E-01
Malaria 3.94E-03
Pertussis 5.28E-03
Dilated cardiomyopathy 1.60E-02
IL-17 signaling pathway 1.69E-02
Oxytocin signaling pathway 2.86E-02
Retrograde endocannabinoid signaling 3.34E-02
AGE-RAGE S|gna!|ng pathway in 3 49E-02
diabetic complications

mTOR signaling pathway 5.36E-02
HIF-1 signaling pathway 6.29E-02
Melanogenesis 6.92E-02
Chagas disease 7.32E-02
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Cell cycle 3| 1.08E-01
Apelin signaling pathway 3| 1.17E-01
Phospholipase D signaling pathway 3 | 1.25E-01
cAMP signaling pathway 3| 1.37E-01
Cushing syndrome 3| 1.66E-01
Hepatocellular carcinoma 3 [ 2.02E-01
Proteoglycans in cancer 3 [ 2.97E-01
Human cytomegalovirus infection 3| 3.11E-01
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Appendix Table 4. Hypergeometric analysis of metabolite pathways with differentially expressed

metabolites between hpBMEC and hiBMEC

Rxnid # of DE # of total % different p-value
metabolites | metabolites | metabolites
in pathway

Amino acids 2 16 0.125 0.277593627
1 Arginine and proline

metabolism 1 7 | 0.142857143 0.401903612
2 Carnitine and fatty

acid metabolism 5 11 | 0.454545455 0.014063523
3 Gamma-glutamyls 1 5 0.2 0.406049675
4 Glycerophospholipid

biosynthesis 2 0.333333333 0.193223639
5 Glycolysis 1 0.166666667 0.409970155
6 Nucleotides 4 26 | 0.153846154 0.231496974
7 Other sugars 1 4 0.25 0.385582131
8 Phosphates 1 1 1 0.16
9 Serine biosynthesis

and one-carbon

metabolism 1 0.25 0.385582131
10 Sulfur metabolism 0.375 |  0.094024494
11 Urea cycle 1| 0.024697987
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Appendix Table 5. Normalized metabolite concentrations in APOE €3 and €4 hiBMEC treated with serum
from sedentary or exercise trained individuals.

bot \
APOE €3 with Serum APOE €3 No Serum \
Name £3 y2 €3 y3 €3 y4 €3 Trained1 €3 Trained2 €3 Trained3 €3 Trained4| €31 €32 £33

D-Glucose -0.5661 0.7502 1.0141 0.6004 0.5823 -0.2777 -0.0296| -2.2254 -1.4201 -2.4671
D-Hexose 6- -0.5467 -0.3480 0.1262 -0.7147 -0.4052 -1.2132 -1.9717| 11955 1.2926  1.2274
D-Fructose 1-6-bisphosphate -0.8060 -0.6155 -0.6135 -0.1729 -0.2709 -0.5276 -0.5545 1.6629 1.2614  1.4667
D-Glyceraldehyde 3-phosphate 0.3414 -0.3074 -0.5856 -0.0525 -0.2706 -0.7971 -0.4299 1.2014  0.9915 1.3503
3-Phospho-D-glycerate -0.6732 -0.5893 -0.3260 -0.1380 -0.2912 -0.4348 -0.1434| 1.1036 1.2408 1.7525
D-Glycerate -1.0394 -0.4275 -0.1026 -0.2685 -0.3247 -0.3410 -0.4345| 1.6867 2.0037  1.1480
Phosphoenolpyruvate 0.3242 1.1036 -0.1353 0.6846 0.4748 -0.8201 0.0969 1.1036 1.1036 -2.1683
Lactate -0.5992 -0.3364 -0.5687 -0.0515 -0.1307 -0.4177 -0.2171 1.4676 1.5185 1.5259
Pyruvate -0.9804 -0.2665 -0.5105 -0.1826 -0.0030 -0.3682 -0.2162 1.5167 1.4814  1.5278
Citrate -0.8736 -0.7627 -0.6553 -0.1673 -0.2924 -0.7743 -0.7883 1.5140 1.5464 1.5744
Succinate -0.5720 -0.7295 -0.7285 -0.4234 -0.2189 -1.3314 -1.4220( 0.3212 1.0849 0.9827
(S)-Malate -1.0445 -0.3002 -0.1810 -0.3477 0.3127 -1.0716 -1.5753| 09295 1.1991  0.7964
L -0.6046 -0.5360 -0.0445 -0.7497 -0.1371 -1.8569 -1.8072| 0.8804 0.5288  0.4088
L -0.7772 -0.5295 -0.0057 0.4598 0.1241 -0.3047 -1.4250| -0.4500 03311 -1.2111
2-0:; -0.5202 -0.3632 0.2999 -0.4446 0.2530 -1.3629 -0.9163 1.1691 0.9088 1.2564
Fumarate -1.3660 0.1603 -0.4430 -0.9503 -0.5908 -1.1653 0.0783( -0.2440  2.3205  0.0833
L-Serine 1.3329 1.1131 1.0426 0.0121 0.3061 -1.7244 -0.9380| -1.2281 -1.2982 -1.5461
4-Amir -0.4094 -0.8229 0.1046 -1.2128 0.2404 -1.7200 -2.0315| 0.7764 1.0629  0.6725
2-Hydroxyglutarate -1.8088 0.2829 -0.8396 0.3632 0.1549 1.0249 0.8396 -0.6426  0.4750  0.8419
N-Acetyl-L-aspartate 0.1375 -0.4781 -0.5536 -0.7045 -0.7550 0.8760 0.9408 1.4519 1.2313  0.9466
N-Acetyl-L-glutamate -1.4314 -0.5839 -1.1794 0.0582 0.0046 0.5310 0.4445( 0.8862 0.6582  0.5741
D-Gluconic acid 0.9551 0.5804 1.1683 -0.3099 -0.3646 -0.6607 -0.4841| -1.3216 -1.1927 -1.0587
6-Phospho-D-gluconate -1.6024 -0.0373 1.2213 0.1287 -1.1019 -1.7811 -1.1222| -0.7047 -0.2718 0.6470
D-Ribulose 5 -0.3735 -0.3062 -0.8975 0.0433 0.2258 -0.6706 -0.3197| 0.8867 1.3497 1.0554
UmMP -0.4113 -0.9169 -0.9560 -0.4272 -0.8972 1.5923 -0.4250( 1.3369  0.8109 -0.1505
uUbP -0.1943 -0.3284 -0.7611 0.9667 0.9469 1.5417 1.8200| 0.4055 0.4333  0.5440
uTp 0.1115 -0.4147 -0.6696 0.9558 0.8353 1.8421 1.5488| -0.0465 0.0800 -0.0662
ADP -0.5686 -0.8597 -0.9645 0.6062 0.5390 0.9835 1.1052| 0.6666 0.7343  0.3160
UDP-glucose -0.4878 -0.7033 -0.8614 0.2775 0.4328 0.3202 0.0435( 0.6558 14022  0.2044
UDP-N-acetyl-D-glucosamine -0.4596 -0.3420 -0.7259 0.5435 0.4312 0.9730 1.3801| 0.8531 09648 0.7522
Octanoic acid 0.9129 -1.4403 -1.0348 0.0869 0.3562 0.1923 -1.3172| -0.1574 0.6797 0.7738
Nonanoic acid -0.5141 1.3491 0.8177 -0.7456 -0.2707 0.2072 -0.6022| -1.1484 -2.8515 -0.5113
Decanoic acid 0.7682 -0.2982 -0.9162 -1.4702 -0.2061 -1.0188 -0.1375| 0.1582 1.1340 1.7820
Dodecanoic acid -0.5570 -0.9542 -1.0045 -0.4031 -0.6988 -0.3866 -0.4666| 1.6515 1.7049  1.4602
Hexadecanoic acid -0.6671 -0.9792 -1.2915 -0.0510 -0.4623 -0.1176 -0.6497 0.5545  1.2654  1.9828
(92)-Hexadecenoic acid -0.1941 -0.7291 -0.7873 -0.2027 -1.1200 0.5543 0.2332 1.0032 1.6632 1.8614
(92)-Octadecenoic acid -0.2987 -0.8216 -0.7587 -0.6602 -0.5430 -0.2328 -0.4133 16771 1.9748 1.8050
Linoleate 0.0395 -0.1036 -0.1153 -0.0782 0.0032 0.3579 0.5190( -0.7982 1.3710 -0.0962
(92-122-157)-Octadecatrienoic acid -0.6272 -0.2971 -0.3032 -0.3634 -0.2045 -0.4297 -0.3461| 1.1764  3.5660 -2.0893
(52-82-112-14Z)-Icosatetraenoic acid -0.1665 0.1769 -0.2241 1.9974 1.8986 1.1936 1.2836| -1.3442 -0.4834 -1.3517
(42-72-102-13Z-16Z-19Z)-D h ic acid -0.5422 -0.6298 -0.7361 -0.6159 -0.5493 0.0604 -0.0824| 1.6939 1.4476 1.1618
7-10-13-16-Docosatetraenoic acid -0.6401 -1.4150 -1.7539 0.8737 0.6317 1.8027 1.8770| -0.3400 0.5901  0.3939
(52-82-11Z-14Z-172)-Icosapentaenoic acid 0.1842 -0.5197 -0.4397 1.3190 1.2276 0.9378 1.0992( -0.3955 -3.1284 -0.9907
(82-112-147)-Icosatrienoic acid 0.6083 -0.8085 -0.7417 -0.5874 -0.6952 1.1441 19935/ 1.0019 09803 1.5010
(72-10Z-132-16Z-197)-Docosa-7-10-13-16-19-pentaenoic acid -0.7551 -1.1142 -1.4756 0.0706 0.3160 1.0249 1.0320| 1.4601 1.3130 1.1134
L-Phenylalanin 0.3807 0.3902 0.1470 0.4189 -2.4691 0.4156 0.3830( 0.3407 0.3192  0.3503
L-Tryptophan 0.0666 0.4393 0.3690 2.8301 -0.3801 0.7005 0.0624| 0.5501 -0.5830 -0.1163
L-Tyrosine -0.9425 0.5416 -0.7151 0.2413 0.4130 0.4883 1.1658| 0.0623 -2.7913  0.4491
L-Alanine -0.8647 -0.2517 -0.7247 0.0722 -0.0153 -0.3885 -0.1565 1.5254 1.4931 1.5870
L-Aspartate -0.4217 1.8566 0.7585 0.5320 -0.6566 -0.9551 -0.1616 -2.1949 1.0580 -0.3762  0.4845
L-Proline -0.1596 -1.8686 -0.1865 -0.6429 -0.5193 -1.0162 -0.0779 0.3550( 1.0725 0.9236 1.5952
L-Leucine -0.0627 1.4233 0.4452 0.6699 0.5234 0.1318 0.2989 0.6244| -0.8260 -0.8824 -0.7869
L-Lysine 0.3018 -4.1629 0.6593 -0.0478 0.0580 0.2604 0.9916 -0.0730| 0.6885 0.0163 -0.8570
L-Valine 0.0564 1.4421 0.2976 -1.2866 0.1170 -1.0987 -1.9165 -0.4564| 0.3964  0.8646  1.0389
bot \

APOE €4 with Serum APOE £4 No Serum |

Name €4 Sedentary 1 €4 Sedentary 2 £4 Sedentary 3 &4 Sedentary 4 €4 Trained 1 €4 Trained 2 €4 Trained 3 4 Trained4| €41 €2 €43

D-Glucose 1.0649 0.9713 0.5424 0.3685 0.1695 0.4389 0.6057 0.6325( -0.1386 -0.6120 -0.8284
D-Hexose 6- 0.1386 -0.1239 -0.6100 -0.4272 -0.4195 -0.7943 -0.3655 0.0659( 1.0275  2.1282  1.4943
D-Fructose 1-6-bisphosphate -0.2737 -0.5561 -0.9937 -0.9247 -0.5915 -0.5614 -0.6580 -0.6911 1.8171 1.6366 1.5196
D-Glyceraldehyde 3-phosphate -0.1119 -0.2428 -0.6032 -0.8462 -0.9729 -1.3355 -0.9301 -0.8981 19114 1.3543 1.9393
3-Phospho-D-glycerate -0.5324 -0.5003 -0.7938 -0.3719 -0.9503 -0.6687 -1.8023 -0.4597 1.7162 1.7078 1.3869
D-Glycerate -0.2922 -0.4945 -0.7332 -0.8981 -0.7230 -0.7963 -0.8799 -0.5572 1.5411 2.0037  0.5806
Phosphoenolpyruvate -1.3692 -0.5864 -2.0481 -0.0396 -0.4557 0.0072 -0.6764 -0.4066( 1.1036 1.1036 1.1036
Lactate -0.5900 -1.0725 -0.7757 -0.7895 -0.4284 -0.4661 -1.0882 -1.1205 1.5810 1.5312 1.5720
Pyruvate -0.4897 -1.0062 -0.8888 -0.8713 -0.4786 -0.4168 -0.9992 -1.0711 1.5258 1.5155 1.5882
Citrate -0.3262 -0.5855 -0.3666 -0.6347 -0.4608 -0.7408 -0.3665 -0.6626 1.5556  1.6432  1.5557
Succinate 0.3981 -1.4431 1.5611 0.9012 0.0922 -0.2652 0.1745 05744 -0.2476  1.9349  0.9821
(S)-Malate 0.2279 -1.5039 1.5354 0.8650 -0.1730 -0.5180 0.3056 0.3241| -0.2680 1.8674  0.4449
L 0.1551 -1.6347 1.3100 0.9575 0.2268 -0.1803 0.4700 0.9527| 0.2510 1.7724  0.8230
L i 0.9044 -0.8653 1.6843 1.1600 -0.3021 -0.0845 2.2476 1.6884| -0.5239 -0.7713 -0.1971
2-0; 0.3446 -1.1964 0.8492 -0.2789 0.2143 -1.0048 -0.8732 -0.7982| 0.9940 1.6914  1.4858
Fumarate 0.6157 -0.3381 1.5898 0.7665 0.4442 -0.1040 0.0409 0.5940( -1.7108 1.1271  0.5617
L-Serine 0.5880 0.8885 0.5474 0.8979 -1.1226 -0.5444 1.1209 0.7516 -0.2040 -0.3411 -0.7016
4-Amir -1.3063 0.9284 0.5590 0.3494 -0.4466 0.6346 0.7141 -0.3375 1.5434  1.3013
2-Hydroxyglutarate -1.0176 0.1988 -1.0041 -0.1757 -0.5601 -0.7850 -0.8407 22379  0.9574 1.5764
N-Acetyl-L-aspartate -1.6766 -0.6862 -0.3400 0.0472 -0.1625 -0.7575 -1.4310( 13206 1.1224  1.3905
N-Acetyl-L-glutamate -2.2248 -0.1678 0.2923 0.7244 0.1625 -0.0237 -0.1597 1.2071 1.5065 1.4450
D-Gluconic acid 0.3776 2.2461 1.1312 -0.1934 -0.3881 0.9395 0.5900( -1.1013 -0.7483 -1.3598
6-Phospho-D-gluconate 1.2449 1.0380 0.8056 1.0157 0.8261 -0.2524 0.5500f -1.3555 -1.1265  0.2098
D-Ribulose 5-phosphate 0.4232 -1.7568 -0.8529 -0.1910 -0.7324 -0.6862 -1.4315( 1.4358 1.9700 1.1852
UMP -0.2448 -0.9178 -0.8357 0.6340 0.4238 -1.1377 -1.1719( 1.2772° 11905  2.1375
uUbP -0.5743 -1.3576 -1.5105 0.4436 0.2655 -1.6958 -1.7337| 0.9707 -0.1026  0.3089
uTp -0.6943 -1.4162 -1.0765 0.3432 0.2662 -1.8950 -1.6164| 0.9820 03147  0.9453
ADP -0.0922 -1.8676 -1.0464 0.7541 0.8704 -1.7579 -1.2527 1.2125 1.1203  0.8840
UDP-glucose -0.4185 -1.6497 -0.9095 -0.2287 -0.7410 -0.9288 -1.1458 1.3599 2.0789  1.9109
UDP-N-acetyl-D-glucosamine -1.4172 -1.0955 -1.1611 0.2848 0.0966 -1.1046 -1.0467 1.2094  0.9537 1.0131
Octanoic acid -1.3736 0.2006 -0.0393 -0.7737 3.0110 0.5705 -0.9028| 0.7050 -0.4648  0.3626
Nonanoic acid -0.2717 -0.0863 -0.4229 -0.0683 0.9331 1.4291 0.3273| 0.8511 1.7832 -0.4883
Decanoic acid -1.2527 1.1786 -0.2807 -0.6990 0.9646 0.5028 1.0805| 03886 -1.4176 0.9078
Dodecanoic acid -1.3937 0.8113 -0.4777 -0.1811 -0.1536 -0.4105 0.0073| 0.9627  1.4347 12306
Hexadecanoic acid -1.5203 1.3034 -0.0158 0.9609 1.1304 -0.0986 0.0598( -0.0525 0.1359  1.2226
(92)-Hexadecenoic acid -0.8104 -1.3674 -0.4673 -0.6755 -0.6077 -0.6586 -0.5185 1.7792 1.2606 1.0291
(92)-Octadecenoic acid -0.9610 -0.4073 -0.3824 -0.6480 -0.4965 -0.7146 -0.6129 1.3704 1.1519 1.2956
Linoleate -0.0584 0.0376 -0.0643 0.0740 0.2173 0.0737 0.0524 2.0574 0.1894 -3.7019

170



(9Z-12Z-15Z)-Octadecatrienoic acid

(52-82-11Z-14Z)-Icosatetraenoic acid

(4Z-72-10Z-132-16Z-19Z)-Doc ic acid

7-10-13-16-Docosatetraenoic acid

(52-82-112-142-172)-Icosapentaenoic acid

(82-11Z-142)-Icosatrienoic acid

(72-10Z-132-16Z-19Z)-Docosa-7-10-13-16-19-pentaenoic acid

L-Tryptophan

L-Tyrosine

L-Alanine

L-Aspartate

L-Proline

L-Leucine

L-Lysine

L-Valine

-0.1530
0.0495
-0.7315
-0.9298
0.5634
-0.8351
-1.1776
0.3750
0.7948
-0.1436
-0.8577
0.6847
0.3804
-0.0152
0.3566
-0.6231

-0.1410
-0.2511
-0.6909
-1.2022
0.0867
-0.4544
-1.1814
0.5742
-1.4328
-0.6848
-0.8513
-1.8805
1.1780
0.6115
0.5008
1.6544

-0.2946
-0.6739
-0.6157
-0.4803
-0.7646
-1.3960
-0.4370
0.3109
0.5932
0.6778
-0.7531
0.4115
-0.9939
0.2833
0.3583
-0.0936

-0.2252
-0.4504
-0.7194
-0.2954
-0.2755
-0.7852
-0.4832
0.4371
0.6827
-0.0441
-0.5266
0.5158
-0.7758
-0.0911
0.2062
0.5405

-0.0871
0.9927
-0.5653
0.3269
0.6376
-0.6431
-0.3868
0.5621
-0.2089
0.3042
-0.4236
0.0652
-0.7433
-0.9899
0.0857
-0.7887

-0.3565
1.1011
-0.8676
0.4711
1.1164
-0.6548
-0.0171
0.5298
-1.9304
0.1072
-0.5087
1.2290
-0.0066
-0.1466
-0.1290
.8828

-0.1954
-0.7871
-0.6806
-0.7381
-0.0238
-1.3930
-1.2561
-2.4601
-0.5074

1.8990
-1.1340

0.6837
-1.2107

0.1753

0.1786
-0.5648

-0.1774
-0.4309
-0.5995
-0.6808
0.0906
-0.8572
-0.7221
0.3339
-0.4569
-1.6378
-1.1322
-0.7161
-0.9854
0.1415
0.1662
1.0751

0.6299
-1.2467
1.9757
1.3269
-0.9252
1.1575
0.9841
0.2580
-1.8142
-0.1102
1.4271
-1.3086
1.6038
0.8562
-0.0988
0.9028

0.7138
-0.8022
1.0106
0.6670
0.1019
0.6570
1.3431
0.4370
0.4013
1.3439
15114
-0.0382
0.7161
1.0864
0.4768
-0.1120

0.3939
-0.6390
1.9066
0.3361
-0.5526
0.4817
1.0129
0.3798
-0.3203
-0.0597
1.5594
0.4301
1.3622
-3.4705
0.0635
0.4375
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Appendix Table 6. Metabolite contributions to PC1 in APOE €3 and €4 hiBMEC with and without serum.

PC1 €3 €3 (No €4 €4 (No
Pathway Metabolite Coefficient | (Serum) | Serum) (Serum) | Serum)
Glycolysis D-Glucose -0.17 0.35 0.30 -0.40 0.40
Gluconate
metabolism D-Gluconic acid -0.17 0.10 -1.19 0.75 -1.07
amino acid L-Serine -0.15 0.27 -1.36 0.39 -0.42
(52-82-11Z-14Z-
Fatty acid 17Z)-lcosapentaenoic
metabolism acid -0.10 0.56 -1.50 0.18 -0.46
amino acid L-Leucine -0.09 0.51 -0.83 0.00 -0.51
6-Phospho-D-
PPP gluconate -0.08 -0.49 -0.11 0.81 -0.76
Fatty acid (5Z-82-11Z-142)-
metabolism Icosatetraenoic acid -0.08 0.79 -1.06 -0.06 -0.90
amino acid L-Glutamine -0.08 -0.45 -0.44 0.80 -0.50
Fatty acid
metabolism Nonanoic acid -0.07 0.06 -1.50 0.23 0.72
amino acid L-Tryptophan -0.03 0.54 -0.05 -0.31 -0.58
Fatty acid
metabolism Linoleate -0.02 0.08 0.16 0.04 -0.49
amino acid L-Tyrosine -0.01 0.08 -0.76 0.06 0.39
amino acid L-Aspartate -0.01 -0.16 0.39 0.12 -0.31
amino acid L-Lysine 0.01 -0.25 -0.05 0.22 0.15
TCA Fumarate 0.04 -0.72 0.72 0.45 -0.01
Fatty acid
metabolism Octanoic acid 0.05 -0.25 0.43 0.01 0.20
amino acid L-Valine 0.05 -0.36 0.77 -0.09 0.41
Fatty acid
metabolism Decanoic acid 0.05 -0.35 1.02 -0.02 -0.04
amino acid L-Phenylalanine 0.05 -0.34 0.34 0.08 0.36
amino acid L-Glutamate 0.07 -0.87 0.61 0.28 0.95
alanine, aspartate
and glutamate
metabolism 4-Aminobutanoate 0.08 -0.85 0.84 0.22 0.84
Glycolysis Phosphoenolpyruvate 0.08 0.28 0.01 -0.70 1.10
TCA (S)-Malate 0.09 -0.75 0.97 0.13 0.68
TCA Succinate 0.09 -0.88 0.80 0.25 0.89
Nucleotides UTP 0.09 0.59 -0.01 -0.87 0.75
Fatty acid (92-127-157)-
metabolism Octadecatrienoic acid 0.10 -0.35 0.88 -0.20 0.58
Nucleotides UDP 0.10 0.53 0.46 -0.85 0.39
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7-10-13-16-

Fatty acid Docosatetraenoic

metabolism acid 0.11 0.07 0.21 -0.44 0.78

Fatty acid

metabolism Hexadecanoic acid 0.12 -0.71 1.27 0.07 0.44

TCA 2-Hydroxyglutarate 0.14 -0.15 0.22 -0.53 1.59

Nucleotides ADP 0.14 0.04 0.57 -0.65 1.07

Fatty acid (82-11z-147)-

metabolism Icosatrienoic acid 0.15 0.15 1.16 -0.88 0.77

TCA 2-Oxoglutarate 0.15 -0.60 1.11 -0.34 1.39
D-Hexose 6-

PPP phosphate 0.15 -0.73 1.24 -0.32 1.55

amino acid L-Proline 0.15 -0.51 1.20 -0.39 1.23

arginine

biosynthesis N-Acetyl-L-glutamate 0.16 -0.43 0.71 -0.36 1.39
UDP-N-acetyl-D-

aminosugars glucosamine 0.16 0.22 0.86 -0.94 1.06

Nucleotides UMP 0.16 -0.38 0.67 -0.45 154
D-Ribulose 5-

PPP phosphate 0.17 -0.40 1.10 -0.58 1.53

aminosugars UDP-glucose 0.18 -0.20 0.75 -0.75 1.78
D-Glyceraldehyde 3-

Glycolysis phosphate 0.18 -0.35 1.18 -0.74 1.74

Fatty acid

metabolism Dodecanoic acid 0.18 -0.67 1.61 -0.38 1.21

alanine, aspartate

and glutamate

metabolism N-Acetyl-L-aspartate 0.18 -0.13 1.21 -0.80 1.28
(72-102-13Z-162Z-
197)-Docosa-7-10-

Fatty acid 13-16-19-pentaenoic

metabolism acid 0.18 -0.20 1.30 -0.71 1.11

PPP D-Glycerate 0.19 -0.45 1.61 -0.67 1.38

Fatty acid (92)-Hexadecenoic

metabolism acid 0.19 -0.34 1.51 -0.74 1.36
3-Phospho-D-

Glycolysis glycerate 0.19 -0.35 1.37 -0.76 1.60

TCA Citrate 0.19 -0.66 1.54 -0.52 1.58
D-Fructose 1-6-

Glycolysis bisphosphate 0.20 -0.51 1.46 -0.66 1.66

Fatty acid (92)-Octadecenoic

metabolism acid 0.20 -0.51 1.82 -0.65 1.27
(42-72-10Z-13Z-16Z-
197)-

Fatty acid Docosahexaenoic

metabolism acid 0.20 -0.47 1.43 -0.68 1.63
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TCA Pyruvate 0.20 -0.37 1.51 -0.78 1.54
amino acid L-Alanine 0.20 -0.36 1.54 -0.77 1.50
Glycolysis Lactate 0.20 -0.36 1.50 -0.79 1.56
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