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ARTICLE INFO ABSTRACT

Keywords: Niemann Pick Disease Type C (NP-C), a rare neurogenetic disease with no known cure, is caused by mutations in

Niemann-pick disease type C the cholesterol trafficking protein NPC1. Brain microvascular endothelial cells (BMEC) are thought to play a

Il:lﬂpflb ’ critical role in the pathogenesis of several neurodegenerative diseases; however, little is known about how these
etabolism

cells are altered in NP-C. In this study, we investigated how NPC1 inhibition perturbs BMEC metabolism in
human induced pluripotent stem cell-derived BMEC (hiBMEC). We incorporated extracellular metabolite and
isotope labeling data into an instationary metabolic flux analysis (INST-MFA) model to estimate intracellular
metabolic fluxes. We found that NPC1 inhibition significantly increased glycolysis and pentose phosphate
pathway flux while decreasing mitochondrial metabolism. These changes may have been driven by gene
expression changes due to increased cholesterol biosynthesis, in addition to mitochondrial cholesterol accu-
mulation. We corroborated these findings in primary BMEC, an alternative in vitro human brain endothelial
model. Finally, we found that co-treatment with hydroxypropyl-p cyclodextrin (HPBCD) partially restored
metabolic phenotype in U18666A-treated BMECs, suggesting that this drug may have therapeutic effects on the
brain endothelium in NP-C. Together, our data highlight the importance of NPC1 in BMEC metabolism and
implicate brain endothelial dysfunction in NP-C pathogenesis.
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1. Introduction

Brain microvascular endothelial cells (BMEC), which line cerebral
blood vessels and are an essential component of the blood-brain barrier
(BBB), tightly regulate glucose entry into the brain. BMEC selectively
take up glucose from the blood through apical glucose transporters.
BMEC then either metabolize glucose for their own metabolic needs, or
they transport the glucose into the brain through basolateral glucose
transporters to fuel other brain cells (Yazdani et al., 2019). BMEC
glucose transport is critical for neuronal health, as the brain primarily
relies on glucose to fulfill its energetic requirements (Mergenthaler
et al., 2013). Studies in rats suggest that ~95 % of glucose taken up by
BMEC is available for transport to the brain parenchyma (Goldstein
et al., 1977); however, brain glucose availability may be perturbed in
pathological states which alter BMEC metabolic phenotype and cause
BMECs to consume more glucose for their own needs, ultimately

decreasing glucose availability for other brain cells.

Indeed, recent evidence implicates brain hypometabolism and BMEC
dysfunction in neurological diseases, including amyotrophic lateral
sclerosis, epilepsy, and Alzheimer’s disease (AD) (Greene et al., 2022;
Kyrtata et al., 2021; Nelson et al., 2016; Zilberter and Zilberter, 2017).
Patients with Alzheimer’s disease (AD) show significantly reduced
endothelial glucose transporter levels, reduced glucose transport, and
overall brain glucose hypometabolism (Kyrtata et al., 2021). In vitro
studies show that BMECs treated with Af42, a major component of
amyloid plaques in AD, have decreased glucose uptake and glycolytic
activity (Raut et al., 2022). These findings suggest that brain vascular
defects are significant contributory and perhaps even precipitating fac-
tors in neurodegeneration.

While numerous studies have shown endothelial dysfunction in
common neurodegenerative diseases, little is known about BMEC
function in rare neurogenetic diseases. Niemann-Pick Disease Type C
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(NP-C) is a rare autosomal recessive disorder caused by mutations in the
intracellular cholesterol trafficking proteins NPC1 (95 % of cases) and
NPC2 (5 % of cases). These mutations lead to endolysosomal cholesterol
accumulation, which is accompanied by cholesterol depletion in the
plasma membrane and in organelles such as the endoplasmic reticulum
(Vanier, 2010). NP-C is particularly interesting, since NP-C is associated
with key AD biomarkers such as APOE €4, AB40 and Ap42; NPC1 mu-
tations are implicated in AD (Kresojevic et al., 2014); and brain glucose
hypometabolism has also been observed in NP-C (Daulatzai, 2017; Kao
et al., 2021; Lau et al., 2021; Mosconi et al., 2008). Despite the patho-
logical overlap between these two diseases and recognition of vascular
defects in AD pathogenesis, no study has yet examined BMEC function in
Niemann-Pick Disease.

Biochemically, NP-C is a disorder of intracellular cholesterol traf-
ficking and sequestration. Cholesterol is crucial to mammalian cell
function and its production must be tightly regulated. Cholesterol is
sensed primarily by the sterol regulatory element-binding proteins
(SREBPs), which then drive cholesterol synthesis through downstream
signaling cascades (Horton et al., 2002). Increased cholesterol produc-
tion alters the metabolic landscape since cholesterol production is an
energetically expensive process. A cholesterol compensatory state may
upregulate pathways that drive formation of acetyl-CoA (from glycolysis
or fatty acid oxidation) and NADPH (from the pentose phosphate
pathway; PPP) to supply substrates for cholesterol biosynthesis. This
compensation may compromise other metabolic pathways and metab-
olite transport. NPC1 deficiency triggers this compensatory pathway due
to low cholesterol levels in the ER (Lamri et al., 2018). NPC1 inhibition
in mouse microglia and Chinese hamster ovary (CHO) cells led to
compensatory endogenous cholesterol overproduction accompanied by
increased glycolytic gene expression, lactate secretion, and impaired
pyruvate decarboxylation and mitochondrial transport (Beltroy et al.,
2005; Cougnoux et al., 2018; Kennedy et al., 2013). NPC1 inhibition in
BMEC may increase glucose metabolism to fuel compensatory choles-
terol biosynthesis, thus reducing glucose availability in the brain.

Disruption of a single metabolic reaction in NP-C and other rare
inherited metabolic disorders can lead to systemic changes in the com-
plex, interconnected intracellular metabolic network (Moiz et al., 2021).
Assessing these system-wide changes can be difficult in mammalian cells
due to the numerous reversible, cyclic, and intertwined metabolic
pathways. Isotope-assisted metabolic flux analysis (iMFA) offers a
powerful approach to quantify fluxes throughout a metabolic network
by combining network models with isotope labeling experiments and
extracellular measurements (Moiz et al., 2022). iMFA models are
particularly well-suited for the study of monogenic disorders, as they
predict how a single genetic perturbation alters the entire metabolic
landscape. Previous iMFA models were used to decipher oncogenic
metabolic reprogramming incurred by citrate transport protein (Jiang
et al., 2017) and fumarate hydratase (Noguchi et al., 2020) genetic
deficiency. However, the potential of this approach in studying rare
neurogenetic diseases such as NP-C remains untapped.

We therefore investigated how disruption of intracellular cholesterol
trafficking with the NPC1 inhibitor U18666A altered BMEC metabolism
and glucose availability. We first differentiated iPSCs into BMEC-like
cells (hiBMEC) and confirmed that they expressed key properties of
brain endothelium. We then examined how treating hiBMEC with the
NPC1 inhibitor U18666A affected cholesterol localization, cell viability,
and cholesterol biosynthetic factors. We measured the impact of
U18666A on glycolytic metabolism via extracellular flux measurements,
reverse transcriptase polymerase chain reaction (RT-PCR), heavy
isotope tracer labeling, and liquid chromatography mass spectrometry
(LC-MS). Using instationary metabolic flux analysis (INST-MFA), an
iMFA approach for experimental systems that do not reach isotopic
steady state, we estimated intracellular fluxes to further scrutinize
changes throughout the metabolic network. We then validated the INST-
MFA model estimates through downstream assays and qualitative tracer
analysis. We also confirmed several of these metabolic changes in
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human primary BMECs (hpBMEC), an alternative in vitro BMEC model.
Finally, we tested whether treating hiBMEC with hydroxypropyl-
B-cyclodextrin (HPBCD), a potential therapeutic for NP-C that releases
trapped lysosomal cholesterol (Hammond et al., 2019), could attenuate
U18666A-induced metabolic changes. Our results highlight the utility of
iMFA for studying rare neurogenetic diseases as well as a potential
mechanism through which BMEC may alter glucose availability and
potentially whole brain metabolism.

2. Materials and methods
2.1. Cell culture

IMR90 iPSCs (WiCell; provided as a generous gift from Dr. Xiaoming
He), which were derived from fibroblasts isolated from the lung tissue of
a 16-week old human female, were used to derive BMEC-like cells
(hiBMEC) (Yu et al., 2007). IMR90 iPSCs were maintained in mTeSR-
Plus medium (STEMCELL Technologies, 100-0276) on Matrigel (Corn-
ing, 354,230) coated plates and passaged at 70 % confluence using
Versene (Thermo Fisher, 15,040,066). iPSCs were differentiated into
BMEC-like cells (hiBMEC) following previously established protocols
(Neal et al., 2019). Briefly, iPSC were detached using Accutase (Thermo
Fisher, A1110501) and seeded at 200,000 cells/well on Matrigel-coated
plates in mTESR-Plus medium supplemented with 10 pM Y27632
(Torcis, 1254). The next day, the medium was changed to E6 (STEM-
CELL Technologies, 05946), after which medium was replaced every 24
h for four days. On the fifth day, the medium was changed to human
endothelial cell serum-free medium (hESFM; Thermo Fisher, 11,111,
044) supplemented with 2 % B27 (Thermo Fisher, 17,504,001), 20
ng/mL basic fibroblast growth factor (bFGF; Peprotech, 100-18B), and
10 pM retinoic acid (RA; Millipore Sigma, R2625) for two days.

Cells were then detached with Accutase and subcultured at 1 x 10°
cells/cm? on plates or Transwell inserts coated with an extracellular
matrix (ECM) solution comprised of 0.4 mg/mL collagen IV (Millipore
Sigma, C7521) and 0.1 mg/mL fibronectin (Millipore Sigma, F2006) in
water. hiBMEC were cultured in hESFM supplemented with 2 % B27, 20
ng/mL bFGF, and 10 pM RA. 24 h after subculture, hiBMEC were
changed to hESFM supplemented with 2 % B27.

Human primary BMEC (hpBMEC; Cell Systems, ACBRWE 376 V),
which were derived from a male pediatric donor, from were maintained
in Endothelial Growth Medium 2-microvascular (EGM2-MV; Lonza, CC-
4147) supplemented with 1 % penicillin-streptomycin (Thermo Fisher,
15,140,163), 1 % t-glutamine (Thermo Fisher, 25-030-081), and 10 %
fetal bovine serum (FBS; Cytiva, SH30088.03) and used through passage
9.

All experimental treatments were prepared in neurobasal medium
(Thermo Fisher; A2477501) containing 8.5 mM glucose, 4.5 mM
glutamine, and 2 % B27. Cells were then treated with medium con-
taining U18666A (Sigma-Aldrich, U3633), 1000 pM 2-hydroxypropyl-
B-cyclodextrin (HPBCD; Roquette, 128,446), or equivalent volume of
phosphate buffered saline (PBS) as the vehicle control (VC).

2.2. Cell viability

Cell viability after U18666A treatment was assessed using a Live/
Dead assay (Thermo Fisher, L3224) as per manufacturer’s instructions.
Briefly, cells were incubated with 4 uM ethidium homodimer (EtHd) and
1 pM Calcein-AM in hESFM with 2 % B27 for 30 min. Methanol-treated
cells were used as a positive control for cell death. After washing, media
was replaced, and cells were imaged using an Echo Revolve microscope
with a 20x objective. The number of calcein-positive and EtHd-positive
cells was then counted using ImagelJ. Specifically, each image was
background corrected, thresholded to create a binary image, and then
subjected to the watershed tool to separate cells in close physical
proximity. Each individual cell was then considered a particle and
counted using the Analyze Particles tool in ImageJ. The number of
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calcein-positive cells was divided by total cell count to determine the
percentage of live cells.

2.3. Extracellular metabolic measurements

A YSI 2950 Bioanalyzer (Yellow Springs Instruments, 527,690) was
used to measure extracellular glucose, lactate, glutamine, and glutamate
concentrations. For well plate studies, media samples (200 pL) were
collected at specified time points during the experiment. Metabolite
uptake or secretion was calculated as the difference in extracellular
metabolite concentrations at 0- and 24-h. For Transwell studies, hiBMEC
were subcultured on Transwell inserts and cultured for another 48 h
until terminally differentiated. Cells were then treated for 48 h, after
which 200 pL media samples were collected from both the apical and
basolateral compartments for analysis.

2.4. CRISPR-Cas9 NPC1 knock out

NPC1 knockout (NPC-KO) iPSCs were generated by CRISPR/Cas9
through targeting exon 6 of the NPC1 gene using small guide RNA
(ACGCCAUGUAUGUCAUCAUG; Synthego), as described previously (Jia
et al., 2023). iPSCs were detached with Accutase and resuspended in
100 pL Resuspension Buffer R (Thermo Fisher, MPK10096) at 13.5 x 10°
cells/mL with 30 pM small guide RNA and Cas9. Cells were then elec-
troporated for two pulses at 1100 V, 30 millisecond pulse width.
Transfected cells were pipetted onto Matrigel coated plates in mTeSR-
Plus media with 10 pM Y-27632 and cultured until 70 % confluent.

iPSCs were then dissociated into a single cell suspension with
Accutase and seeded sparsely onto a six well plate. Single colonies were
picked off with a sterile pipette, transferred into 24-well plates, and
cultured until confluent. Each clonal colony was then split into three
wells for cryogenic preservation in Cryostore freezing media (StemCell),
DNA analysis by Sanger sequencing (GeneWiz), and protein validation
by Western blot. Primers used for Sanger Sequencing are listed in
Table 1. Sanger sequencing (scored with ICE software) and Western blot
were used to confirm knockouts, and phenotypic validation was per-
formed with a filipin immunofluorescence assay. The knockout line used
for this study had a 100 % knockout score by Sanger sequencing, did not
show an NPC1 band on Western blot, and colocalized filipin with lyso-
tracker by immunofluorescence. The transfected wild-type control had a
6 % knockout score, showed an NPC1 band on Western blot, and
localized most filipin to the cell membrane.

2.5. Western blot

To analyze NPC1 protein, cells were lysed in RIPA buffer (Thermo-
Fisher Scientific, 89,901) supplemented with Halt Protease and Phos-
phatase Inhibitor (ThermoFisher Scientific, PI78440). Protein
concentration was quantified via BCA assay (ThermoFisher Scientific,
23,225). Normalized protein samples, sample buffer (ThermoFisher
Scientific,c, NP0008) and reducing agent (ThermoFisher Scientific,
NP0009) were combined, boiled at 70 °C for 5 min, and then separated
using 4-12 % Bis-Tris gels (ThermoFisher Scientific, NP0323). Proteins
were transferred to PVDF (ThermoFisher Scientific, IB24001) or nitro-
cellulose membranes (ThermoFisher Scientific, IB23001) using an iBlot2
(ThermoFisher Scientific, IBL21001). Membranes were then blocked for
1 h in 5 % bovine serum albumin in PBS containing 0.5 % Tween 20
(ThermoFisher Scientific, 85,113) to reduce non-specific binding.
Membranes were incubated in primary antibodies for p-actin (Santa

Table 1

Primer sequences for guide strands.
Primer Sequence
Forward 5'-CCCTACGCGCAAGTTTATTG-3'
Reverse 5-CATGCAATGGTATTCATGGAG-3'
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Cruz Biotechnology, sc-47,778) and NPC1l (Novus Biologicals,
NB400-148) followed by 2 h in the respective horseradish peroxidase
conjugated-secondary antibody. Protein bands were imaged using an
Alpha Innotech Fluorchem Imager (Protein Simple). Band intensities
were analyzed using AlphaView software.

2.6. RT-PCR

RNA was isolated from hiBMEC using an RNEasy Mini Kit (Qiagen),
quantified on a Nanodrop 2000c (Thermo Fisher), and reverse-
transcribed to ¢cDNA using a High-Capacity cDNA Reverse Transcrip-
tion kit (Thermo Fisher) and a ProFlex Thermal Cycler (Thermo Fisher).
qPCR was performed using a QuantStudio 7 Flex qPCR System (Thermo
Fisher), with primers for G6PDH (Hs00166169_ml), SREBF1
(Hs02561944 s1), HMGCR (Hs00168352_m1), SREBF2
(Hs01081784_m1), LDHA (Hs01378790_g1), PFKP (Hs00737347_m1)
and HK2 (Hs00606086_m1). RPLPO, a ribosomal protein, was used as
the housekeeper gene (Hs00420895_gH; all from Thermo Fisher). RT-
PCR data were analyzed using the comparative CT method.

2.7. Isotope labeling and mass spectrometry

For isotope labeling experiments, hiBMEC were pretreated with 0 or
10 pM U18666A for 24 h to achieve metabolic steady-state. Cells were
then then washed with PBS, and media was replaced with neurobasal
media supplemented with '3C labeled metabolites. Labeling media
contained 8.5 mM glucose, 4.5 mM glutamine, and 2 % B27.

For isotopically nonstationary metabolic flux analysis (INST-MFA),
hiBMEC were labeled for 10 min, 1 h, 4 h, 12 h, or 24 h with [1,2-13Cy]
glucose (Cambridge Isotope Laboratories, CLM-504-PK). For steady-
state analysis, hpBMEC were labeled for 24 h with [U-'3Cg]glucose
(Cambridge Isotope Laboratories CLM-1396). At the end of the labeling
period, cell culture media was collected. Cells were lysed with ice cold
80:20 methanol for 15 min at —80 °C, and then scraped, vortexed, and
centrifuged to pellet proteins. The protein pellets were air dried and
resuspended in RIPA buffer (Thermo Fisher, 89,901). A bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher, 23,225) was used to
quantify protein concentration. Ion abundance was normalized to the
protein concentration.

Metabolites from media and cells were quantified by the University
of Colorado School of Medicine Metabolomics Core following previously
established protocols (Nemkov et al., 2017). Briefly, 8 uL of each sample
was injected into a Q Exactive mass spectrometer (MS) in a randomized
order by a Vanquish ultra-high performance liquid chromatograph
(UHPLC; Thermo Fisher). Eluent was introduced to the MS through
electrospray ionization, and the MS was set to scan in full MS mode (2
mscans) over 65-950 m/z. After every ten samples, technical mixes were
injected to validate instrument stability (Nemkov et al., 2019). Metab-
olites were manually annotated and integrated with the KEGG database
and Maven (Clasquin et al., 2012; Melamud et al., 2010). Blanks, tech-
nical mixes, and '3C natural abundance were used to determine peak
quality (Nemkov et al., 2015), and the IsoCor Python package (Millard
et al., 2019) was used to correct the isotope labeling. Metaboanalyst 5.0
was used to analyze data and perform Partial-Least Squares-Discrimi-
nant Analysis (PLS-DA) and principal component analysis (PCA),
calculate variable importance in project (VIP) scores, and perform t-tests
with false discovery rate correction (Pang et al., 2022).

For sterol analysis, sample extracts were randomized and 8 pL of
each sample was injected into a Q Exactive MS by a Vanquish UHPLC
using an ACQUITY UPLC HSS T3 column (150 x 2.1 mm, 1.8 uM, Wa-
ters) over a 17-min gradient in positive mode, as previously described
(Reisz et al., 2019). Atmospheric pressure chemical ionization was used
to introduce eluent to the MS which scanned in full MS mode (1 pscans)
over the range of 150-1500 m/z. Technical mixes were injected every
ten samples to determine instrument stability (Reisz et al., 2019).
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2.8. Metabolic flux analysis

Isotope assisted metabolic flux analysis (iMFA) was performed in
INCA 2.0 (Rahim et al., 2022) using a modified version of the core
network we previously described (Moiz et al., 2021). The metabolic map
was expanded to include glutathione and GABA synthesis from gluta-
mate, as well as an influx of undiluted aspartate. External metabolite
flux rates for glutamate, glutamine, glucose, and lactate were converted
into nmol/h for each metabolite according to the following formula:

nmol dc

Flux Rate <T) = 1000"‘V’~E 1

where V is media volume in each well (mL), dC is the concentration
change from 0 to 24 h (mmol/L), and dt is the time period (hours).

INST-MFA provides additional precision, particularly for reversible
and cyclic fluxes, which sometimes cannot be accurately deciphered
with steady-state iMFA. For these reasons, we used INST-MFA to analyze
the [1,2-13Cy] glucose labeled hiBMEC data from five different time
points (10 min, 1 h, 4 h, 12 h, and 24 h). We then used the “Estimate
Fluxes” module in INCA to fit the model and estimate flux values. INCA
uses a Levenberg-Marquardt gradient descent algorithm to estimate
fluxes that best account for the measured isotope labeling and extra-
cellular flux data. Simulations were repeated 100 times to improve the
odds of finding the global optimum, each time beginning from a random
initial point. The goodness of fit was based on the assumption that the
minimized sum-of-squared-residuals (SSR) follows a chi-square distri-
bution. The chi-square statistic can be used to determine whether the
frequency of observations differs significantly from their frequencies.
The chi-square function is defined as:

x2 22 (0i— E)’ @
E;

where O; is the isotopomer abundance simulated from the best-fit flux
distribution for the ith mass isotopomer and E; is the experimentally
measured abundance of the ith mass isotopomer. The acceptable fit was
based on the n—p degrees of freedom, where n is the number of inde-
pendent measurements and p is the number of fitted parameters. The
acceptable SSR range was determined from is:

) (n—p) 3

where o is defined as the acceptable threshold value (Chernoff and
Lehmann, 2012). In our study, we set & = 0.05 to designate 95 % con-
fidence intervals as the acceptable threshold. All metabolites were set to
a minimum error of 1 % as recommended for LC-MS data (Antoniewicz,
2018). To adequately fit the model and prevent either over- or under-
fitting, we examined residual errors for each isotopomer after each
analysis. Any gross outliers that skewed the distribution were rescaled to
ensure a relatively normal distribution of residual error. This adjustment
process was repeated until the distribution of residuals appeared to be
near normal.

Metabolites that produced large model errors (SSR > 150) or showed
labeling states that could not be explained by biochemically feasible
reactions were designated as erroneous and removed from the model.
The final 13C INST-MFA model for VC-treated iPSC-BMECs consisted of
67 reactions with 539 degrees of freedom and fit with an SSR value of
509 (95 % CI = 476.6 to 605.2). The final 1*C INST-MFA model for
U18666A-treated iPSC-BMECs consisted of 67 reactions with 506 de-
grees of freedom and fit with an SSR value of 508.8 (95 % CI = 445.6 to
570.2). A full metabolic model description is provided in Supplementary
Data 1. For each flux, 95 % confidence intervals were generated using
parameter continuation. Fluxes with non-overlapping confidence in-
tervals were considered to be statistically significantly different.
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2.9. Seahorse metabolic assays

BMEC oxygen consumption rate (OCR) was measured using the
Seahorse Mito Stress Test (Agilent, 103,015-100) while glycolytic pro-
ton efflux rate (GlycoPER) was measuring using the Seahorse Glycolytic
Rate Assay (Agilent, 103,344-100). On the day of the assay, media was
changed to Seahorse DMEM (Agilent, 103,680-100) supplemented with
5.5 mM glucose, 1 mM pyruvate, and 4.5 mM glutamine for 1 h. For the
Mito Stress Test, the loading cartridge was prepared to inject oligomycin
(1.5 pM), FCCP (0.5 pM), and rotenone + antimycin A (0.5 pM). To
measure glycoPER, the cartridge was instead prepared with rotenone +
antimycin A (0.5 pM) and 50 mM 2-deoxyglucose. Drug injection and
metabolic rate measurements were conducted with a Seahorse XF96
(Agilent) and analyzed using Seahorse Analytics software. Seahorse
assay outputs were then normalized to nuclei number. Metabolic rates
were then measured using a Seahorse XF96 (Agilent) and analyzed using
Seahorse analytics software. Basal mitochondrial respiration values
were calculated by subtracting the minimum OCR following R/AA in-
jection from the last OCR value prior to oligomycin injection. After each
experiment, cells were fixed with 4 % paraformaldehyde, and nuclei
were stained with DAPI (1:1000). Four quadrants of each well were
imaged using a Nikon Eclipse 2Ti with a 10x objective, and the nuclei
numbers from each quadrant were summed to determine the number of
cells per well. Seahorse assay outputs were then normalized to cell
number.

2.10. Mitochondrial membrane potential and mitochondrial calcium

Tetramethylrhodamine (TMRM) was used to analyze mitochondrial
membrane potential. Cells were seeded into individual 35 mm glass-
bottom dishes and cultured to confluence. Cells were then treated
with 10 pM U18666A for 24 h in neurobasal media supplemented with 2
% B27. After 24 h, the media was removed and replaced with neurobasal
media containing TMRM (1:1000; Sigma-Aldrich T1162), Mitotracker
Green FM (1:5000; Thermo Fisher, M7514), and Hoescht (1:2000,
nuclei, Thermo Fisher, 33,342) for 30 min. The labeling media was then
aspirated and fresh neurobasal media with 2 % B27 was added for 30
min prior to imaging to quench extracellular TMRM. Cells were then
imaged on a Nikon Eclipse T2i in a live cell imaging chamber at 37 °C
and 5 % CO3 using a 60x oil objective. Mitotracker was used to confirm
that TMRM signal was in the mitochondria. Following imaging, cells
were treated with carbonyl cyanide m-chlorophenyl hydrazone (CCCP),
which opens the mitochondrial permeability transition pore leading to
loss of mitochondrial TMRM, to confirm that TMRM was specific for
mitochondrial membrane potential.

2.11. Immunofluorescent microscopy

To visualize tight junctions, hiBMEC were fixed in either ice-cold
methanol or 4 % paraformaldehyde, depending on manufacturer’s rec-
ommendations Table 2, for 20 min and then blocked immediately with 5
% donkey serum (Sigma Aldrich, S30-100 mL) in PBS (Thermo Fisher,
70,011,069) for one hour. For paraformaldehyde-fixed cells, the block-
ing solution was supplemented with 0.2 % Triton X-100 (Alfa Aesar,
A16046) to permeabilize cells. Cells were then incubated with primary
antibodies (Table 2) overnight at 4 °C. After thorough washing, cells
were labeled with the appropriate secondary antibodies (1:200) and
washed 3 times before imaging. Samples were imaged on a Nikon 2Ti
Eclipse microscope with a 60x oil in confocal mode.

2.12. Statistical analysis

Statistics were analyzed in GraphPad Prism. Non-parametric Mann-
Whitney tests were used to compare two unpaired datasets. One-way
ANOVA was used to compare multiple groups, followed by post hoc
Sidak’s multiple comparison test. For time course comparisons,
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Table 2
Primary and secondary antibodies.

Target Primary Fixation Primary Secondary antibody

antibody Antibody (Diluted at 1:200)
Dilution

Claudin5  Thermo Methanol 1:50 Donkey-anti Mouse

Fisher, 4C3C2 488 (Thermo Fisher,
A-21202)

Z01 Cell PFA 1:50 Donkey-Anti Rabbit
Signaling, 488 (Thermo Fisher,
13663S A-21206)

Occludin ~ Cell Methanol 1:50 Donkey-Anti Rabbit
Signaling, 488 (Thermo Fisher,
13663S A-21206)

LAMP1 Abcam, PFA 1:200 Donkey anti-Rabbit
ab24170 (Thermo Fisher, A-

21207)

significance was determined by 2-way ANOVA followed by two-stage
linear step-up procedure of Benjamini, Krieger, and Yekutieli to cor-
rect for multiple comparisons. We conducted our isotope labeling
experiment once but sampled across five different time points. Western
blot and total ion count measurements via LC-MS were repeated twice
and pooled for analysis. All other experiments were repeated at least
three times with independent differentiations and then pooled for
analysis. Data were considered statistically significant if p < 0.05.

3. Results

3.1. U18666A induced an NPC1-like phenotype in hiBMEC without
reducing cell viability

We first confirmed that hiBMEC formed a tight barrier and that
U18666A treatment altered intracellular cholesterol distribution. hiB-
MEC cultured on Transwell inserts achieved trans-endothelial electrical
resistance (TEER) values from 1700 to 6000 Ohms x cm? and formed
continuous cell-cell boundaries of key tight junction proteins such as
occludin, zonula occludens-1 (ZO-1), and claudin-5. (Supplemental
Fig. 1A,1B). Endolysosomal cholesterol accumulation, as indicated by
filipin staining, occurred at 5 and 10 pM U18666A (Supplemental
Fig. 1C). U18666A can have off-target effects, including decreased
cholesterol biosynthesis through inhibition of 3f-hydroxysterol A-24-
reductase (DHCR24), an enzyme that reduces desmosterol into choles-
terol (Cenedella, 2009). We did not observe a change in desmosterol in
U18666A-treated hiBMEC via mass spectrometry (Supplemental Fig. 1D
(Cenedella, 2009). We did not observe a change in desmosterol, a
cholesterol synthesis intermediate, in U18666A-treated hiBMEC via
mass spectrometry (Supplemental Fig. 1D).

3.2. U18666A increased hiBMEC glycolytic metabolism

Previous work indicates that NPC1 deficiency increases glycolytic
activity in microglia and CHO cells (Kennedy et al., 2014; Kennedy et al.,
2013). We therefore examined how U18666A impacted hiBMEC glyco-
lytic metabolism by measuring glucose and lactate extracellular fluxes.
Both glucose uptake and lactate secretion increased in a dose-dependent
manner with U18666A (Fig. 1A). At 10 pM U18666A, glucose uptake
increased by nearly 33 % (p < 0.0009) and lactate secretion by ~38 % (p
< 0.0001). Once inside the cell, glucose can be metabolized into lactate
via anaerobic glycolysis, diverted into side branch pathways, or routed
to the mitochondria as pyruvate for oxidative phosphorylation. The
lactate:glucose ratio indicates whether there are changes in glucose
metabolism, as increased intracellular utilization can diminish lactate
secretion. The lactate:glucose ratio did not change in U18666A-treated
hiBMEC.

We then quantified U18666A-treated hiBMEC gene expression by
RT-PCR to determine if the observed increase in glycolysis with
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Fig. 1. U18666A increased glycolysis and cholesterol biosynthesis in hiBMEC.
(A) Glucose uptake, lactate secretion, and lactate:glucose ratio following hiB-
MEC treatment with 0, 1, 5, or 10 pM U18666A for 48 h, measured with a YSI
bioanalyzer (n = 9-16 samples, 3-4 independent experiments). (B) Gene
expression fold change for the glycolytic rate-limiting enzymes hexokinase 2
(HK2), phosphofructokinase platelet isoform (PFKP), and lactate dehydroge-
nase A (LDHA), measured by RT-PCR (n = 9-12 samples, 3-4 independent
experiments). (C) Gene expression fold change for sterol regulatory binding
elements 1 and 2 (SREBF1/SREBF2) and HMG-CoA Reductase (HMGCR),
measured by RT-PCR (n = 7-9, 3 independent experiments). Each data point
was normalized to the mean of the 0 pM U18666A group for each experiment.
(D) Change in total basolateral glucose and lactate concentrations following
treatment with U18666A (U18) or vehicle control (VC) for 48 h (n = 12, 3
independent experiments). Data are shown as mean +/— standard deviation.
Statistical significance among multiple groups determined by Kruskal-Willis
non-parametric test followed by Dunn’s multiple comparison test.

U18666A treatment related to changes in rate-limiting glycolytic en-
zymes such as hexokinase 2 (HK2), phosphofructokinase (PFKP), and
lactate dehydrogenase (LDHA) (Fig. 1B). HK2, which catalyzes glucose
phosphorylation to glucose-6-phosphate (G6P), increased in a dose-
dependent manner with Ul8666A treatment, with a maximum in-
crease of 1.97-fold at 10 pM U18666A (p = 0.0023). PFKP, which cat-
alyzes fructose-6-phosphate (F6P) phosphorylation into fructose-1-6-
biphosphate (F16BP), doubled with 5 pM U18666A (p < 0.0001) and
with 10 pM U18666A (p < 0.0001). LDHA also increased by 2.27-fold
with 5 pM U18666A (p < 0.0001) and 2.41-fold with 10 pM U18666A
(p < 0.0001).

Increased glycolysis can be initiated by sterol regulatory element
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binding factors (SREBFs), which are elevated in cholesterol-deplete
states (Gosmain et al., 2005; Horton et al., 2002). In addition, NPC1
regulates feedback inhibition of the SREBP pathway, and NPC1 defi-
ciency can lead to increased cholesterol biosynthesis (Lamri et al.,
2018). We therefore examined changes in cholesterol biosynthesis gene
expression via RT-PCR. 5 and 10 pM U18666A increased SREBFI mRNA
by 1.73-fold (p = 0.0031) and 1.93-fold (p = 0.0126), respectively, while
10 pM U18666A significantly increased SREBF2 mRNA (2.07-fold, p =
0.0045). We also observed increased expression of the rate-limiting
cholesterol synthesis enzyme HMG-CoA reductase (HMGCR) with 10
pM U18666A (2.47-fold, p < 0.0001) but did not note significant in-
creases at lower concentrations (Fig. 1C). Together, our results suggest
that 10 pM U18666A maximized changes in hiBMEC metabolism,
cholesterol accumulation, and cholesterol biosynthesis without loss of
cell viability. We therefore used this concentration to model an NPC-like
hiBMEC phenotype in subsequent experiments.

In vivo, BMECs are exposed to glucose on their apical and basolateral
sides as they integrate glucose metabolism and transport to other brain
cells. We therefore measured how increased glycolysis in U18666A-
treated hiBMEC altered glucose availability in the basolateral
compartment in hiBMEC cultured on Transwell membranes. We found
that after 48 h, vehicle control (VC) cells decreased basolateral glucose
by 0.51 mmol/L, while U18666A-treated cells decreased basolateral
glucose by 1.12 mmol/L (p < 0.0001; Fig. 1D). Basolateral lactate levels
were 74 % higher in U18666A-treated as compared to VC cells (2.49 vs.
1.43 mmol/L; p = 0.0045; Fig. 1D). Thus, NPC1 inhibition decreased
basolateral glucose while increasing basolateral lactate.

To determine whether the metabolic changes observed are due to
acute pharmacological inhibition, we generated a CRISPR-Cas9 NPC1
knockout iPSC line, which showed abolishment of NPC1 protein and
increased cholesterol accumulation (Supplemental Fig. 3A, 3B). YSI
analysis of Transwell cultures replicated the significant increases in both
apical (~15 %, p = 0.001010) and basolateral (13 %, p = 0.008707)
lactate but did not did not show significant changes in glucose uptake.

3.3. U18666A altered the hiBMEC TCA cycle and PPP metabolome

We then labeled U18666A-treated hiBMEC with [1,2-13C2] glucose
to understand intracellular metabolic changes. [1,2—13C2] glucose is
useful for determining fluxes at glycolytic branch points, particularly the
PPP (Beybh et al., 2021; Jang et al., 2018). PLS-DA showed that samples
separated by time point across component 1 for VC cells (PC1 = 44.4 %)
and across component 2 for U18666A-treated cells (PC2 = 16.8 %,
Fig. 2A). A heat map of the total labeled metabolite fractions showed
differences in metabolite labeling, particularly in the TCA cycle and
amino acids (Fig. 2B).

To identify isotopomers that distinguished VC from U18666A-
treated hiBMEC, we used a VIP plot to rank specific isotopomers
(Fig. 2C). The metabolites with the top 15 VIP scores include iso-
topomers in the PPP such as glyceraldehyde-3-phosphate (GAP; M + 2
and M + 1), F16BP (M + 4 and M + 2), and ribose-5-phosphate (R5P; M
+ 1 and M + 0). Over representation of PPP-associated metabolites in
the VIP plot suggests that differences in these metabolites are consistent
across multiple time points, including earlier times when metabolites
have not reached isotopic steady state.

3.4. iMFA predicted increased glycolytic side branch pathway flux and
decreased mitochondrial metabolism

We next used iMFA to predict intracellular metabolic fluxes based on
the LC-MS data. Since isotopic labeling in hiBMEC has not yet been re-
ported, it was essential to determine when the hiBMEC reached meta-
bolic and isotopic steady state. We first quantified extracellular
metabolite concentration over time immediately following U18666A
treatment (Supplemental Fig. 4). Both VC and U18666A-treated hiBMEC
demonstrated a linear change in extracellular metabolite
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concentrations. U18666A-treated hiBMEC had slightly higher glucose
uptake rates (0.24 mmol/L/h, 95 % CI = 0.229-0.259 mmol/L/h)
compared to VC hiBMEC (0.20 mmol/L/h, 95 % CI = 0.174-0.229
mmol/L/h). A similar trend was observed for lactate, which was
secreted at 0.484 mmol/L/h (95 % CI = 0.458-0.510 mmol/L/h) in
U18666A-treated hiBMEC vs. 0.377 mmol/L/h (95 % CI = 0.336-0.418
mmol/L/h) in VC hiBMEC. In contrast, glutamine uptake was not
significantly different between the treatment conditions (0.007 mmol/
L/h in U18666A-treated hiBMEC vs. 0.005 in VC hiBMEC). Previous
work in our lab (Weber et al., 2024) showed that hiBMECs do not secrete
glutamate and therefore glutamate secretion was not measured.
Together, these data show that hiBMEC were at metabolic steady state
24 h after being treated with U18666A.

To establish when hiBMEC reached isotopic steady state, we quan-
tified the intracellular labeled metabolite fractions of hiBMEC labeled
with [1,2-13C,] glucose over five time points following labeling (10 min,
1 h, 4 h, 12 h, and 24 h; Supplemental Fig. 5). Most of the glycolytic,
PPP, and TCA cycle metabolites did not significantly change labeling
patterns after 12 h, indicating that hiBMEC reached isotopic steady state
by 12 h. Together, these data show that our experimental conditions
were sufficient to perform steady-state iMFA and INST-MFA in hiBMEC.

The INST-MFA predicted increased glucose flux into glycolysis in
U18666A-treated cells (Fig. 3, Supplementary Data 2). There were sta-
tistically significant increases in glucose entry into the PPP (1.61-fold),
pyruvate generation (1.08-fold), and pyruvate reduction to lactate
(1.34-fold) with U18666A treatment. INST-MFA predicted a large but
not statistically significant increased flux into the hexosamine biosyn-
thetic pathway (HBP) in U18666A treated cells, primarily because the
flux was predicted to be near zero in the VC cells.

INST-MFA also predicted decreased glucose metabolism in the TCA
cycle. Pyruvate entry into the TCA cycle decreased to 0.54-fold in
U18666A treated cells, which was statistically significant. Other statis-
tically significant differences in the INST-MFA between the VC and
U18666A-treated cells involved glutamate. a-ketoglutarate (AKG) was
predicted to generate glutamate in U18666A-treated hiBMEC, which
was the opposite flux direction of VC hiBMEC. Finally, more glutamate
was directed towards glutathione synthesis in U18666A-treated hiB-
MEC. Together, the INST-MFA model predicted that hiBMEC increased
glycolytic metabolism while redirecting intracellular glucose and
glutamine away from mitochondrial metabolism.

3.5. Isotope tracer analysis and GG6PDH mRNA expression supported
INST-MFA PPP flux estimates

To further investigate INST-MFA-predicted changes in the PPP, we
examined PPP intermediate isotopomers. [1,2-13C2] glucose forms [M +
2] G6P, which then can enter the PPP to form [M + 1] R5P or xylulose-5-
phosphate (X5P). [M + 2] G6P can alternatively enter the gluconeogenic
pathway as [M + 2] UDP-glucose or continue down glycolysis to become
[M + 2] F16BP. F16BP is formed from phosphorylation of F6P and can
therefore be used as a proxy for F6P labeling at metabolic steady-state.

[M + 4] F6P is primarily synthesized from a mixture of [M + 1] R5P,
[M + 1] X5P (derived from R5P), and [M + 2] glyceraldehyde (Fig. 4A).
Therefore, increased [M + 1] R5P and [M + 4] F16BP, as well as
decreased [M + 2] UDP-glucose, indicates increased PPP flux at the G6P
branchpoint. Indeed, we observed higher [M + 1] R5P in U18666A-
treated cells 1 h post-labeling and at every time point thereafter. Sig-
nificant differences were found at 12 h (1.23-fold higher, p = 0.0005)
and 24 h post-labeling (1.50-fold higher, p < 0.0001; Fig. 4B). [M + 4]
F16BP was similarly consistently higher at all time points in U18666A-
treated hiBMEC. At 24 h, [M + 4] F16BP was ~1.7 fold higher in
U18666A-treated hiBMEC than in VC cells (p = 0.0067; Fig. 4C). [M + 2]
UDP-glucose was lower in U18666A treated hiBMEC at nearly all time
points, with a significant decrease of ~0.8-fold at 4, 12, and 24 h
(Fig. 4D). Finally, we quantified expression of G6PDH, the rate-limiting
enzyme which controls G6P entry into the PPP. GGPDH mRNA was 26 %



B. Moiz et al. Neurobiology of Disease 204 (2025) 106769

20 15 10 05 0.0-0.5-1.0-1.5-2.0

A B s s

-D-GLUCOSE
15 [ - D-FRUCTOSE1-6-BISPHOSPHATE
OO GLYCOLYSIS - D-GLYCERALDEHYDE3-PHOSPHATE
PYRUVATE
4 é UDP.oLb
104 ﬁ — UDP-GLUCOSE
- D-GLUCONICACID
= A GLYOCOLYTIC - ~DP-D-GLUCOSE
x SIDE = | | - UDP-GLUCURONATE
« - UDP-N-ACETYL-D-GLUCOSAMINE
o 54 BRANCHES | RIBOSE 5 PHOSPHATE
= L - SEDOHEPTULOSE-7-PHOSPHATE
- @ — - CITRATE
c O - CIS-ACONITATE
g o | | - ITACONATE
o - - 2-OXOGLUTARATE
g‘ A TCA - [ - 2-HYDROXYGLUTARATE
° O M\ o ®) CYCLE - SUCCINATE
o 202 || - FUMARATE
<o O L ~ -MALATE
-5= @ - - ALANINE
ARGININE
O ASPARTATE
El - GLUTAMATE
10 AMINO | - GLUTAMINE
- T T 7 -HISTIDINE
-20 10 0 10 ACIDS PROLINE
| SERINE
Component 1 (44.4%) -TYROSINE
- -= -VALINE
= - 4-AMINOBUTANOATE
vC u1s | ] - GLUTATHIONE
D 10 minutes |:| 10 minutes :2:52TATHIONEDISULF]DE
-CDP
O thour O  thour OTHER - -GDP
-upP
O 4 hours O 4 hours Aw:
N-ACETYLGLUTAMATE
A 12 hours A 12 hours L NADH
& 24hours <> 24hours
R
C D-GLYCERALDEHYDE3-PHOSPHATE M +2 o HE
D-FRUCTOSE1-6-BISPHOSPHATE M +4 o [ [ |
UDP-GLUCOSE M +2 o [ | |
82-11Z-14Z-ICOSATRIENOICACID M +1 ° Wl High
RIBOSE 5 PHOSPHATE M +1 ] -.
CDP M +2 ® [ | |
0O-PHOSPHO-SERINE M +2 ) ..
RIBOSE 5 PHOSPHATE M +3 ® ..
SERINE M +0 °® [ ]
SERINE M +1 °® ..
RIBOSE 5 PHOSPHATE M +0 ® ..
GLUTAMINE M +3 . .. Low
D-FRUCTOSE1-6-BISPHOSPHATE M +2 e -.
FUMARATEM +3| ¢ o0
D-GLYCERALDEHYDE3-PHOSPHATE M +1| @ ..

I T I T I T T
1.8 2.0 2.2 2.4 2.6 2.8 3.0

VIP scores

Fig. 2. Isotope labeling showed metabolic differences in the TCA cycle and PPP with U18666A treatment. (A) Partial-least squares discriminant analysis (PLS-DA)
from isotopomer data following hiBMEG labeling with [1,2-13C,] glucose from all time points (n = 3 samples per time point and treatment). (B) Heatmap showing
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Fig. 3. INST-MFA predicted increased glucose flux in glycolytic side branches but diminished entry into mitochondria. Metabolic flux map for U18666A treated
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indicate reactions in which U18666A-treated cells had zero or close to zero flux while VC cells were estimated to have non-zero flux. Red arrows indicate reactions
where there was at least a 10-fold increase in U18666A-treated hiBMEC. Dashed arrows indicate reactions with reversed net flux direction in U18666A-treated vs VC
hiBMEC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

higher (p = 0.0019) in U18666A-treated hiBMEC as compared to VC-
treated cells (Fig. 3E). Together, these data suggest that U18666A fun-
nels glucose away from glycogen synthesis and into the PPP via
increased G6PDH.

3.6. HBP flux increased in U18666 A-treated hiBMEC labeling even
though total UDP-GIcNAc and protein O-GlcNAcylation decreased

We next investigated HBP flux, which was predicted to increase in
the INST-MFA model. The HBP branches off glycolysis at F6P and pro-
duces uridine-5"-diphospho-N-acetylglucosamine (UDP-GlcNAc) via the
rate-limiting enzyme glutamine-fructose-6-phosphate transaminase 1
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Fig. 4. U18666A increased G6P flux into the PPP, perhaps through increased G6PDH. (A) Schematic showing [1,2-'3C,] glucose flux at key glycolytic side branch
points. [1,2-13C,] glucose is metabolized in glycolysis to [M + 2] glucose-6-phosphate (G6P) and then [M + 2] fructose-1,6-biphosphate (F16BP). When [1,2-13C,]
G6P enters the PPP, the first carbon is cleaved, leaving an [M + 1] six carbon sugar that becomes ribose-5-phosphate (R5P) and xylulose-5-phosphate (X5P). In the
non-oxidative PPP, [M + 1] R5P and [M + 1] X5P can combine to eventually form [M + 2] F16BP. [M + 4] F16BP is uniquely formed from glycolysis derived [M + 2]
glyceraldehyde-3-phosphate (GAP) with PPP-derived [M + 2] F16BP. Therefore, [M + 4] and [M + 1] F16BP can form only from PPP and are measures of glucose
entry into the PPP, whereas [M + 2] F16BP can come from glycolysis or the PPP. The F16BP isotopomers that can only be derived from the PPP are designated in the
red box. Labeled fractions for (B) [M + 1] R5P (indicative of G6P entry into the PPP), (C) [M + 4] F16BP (unique to PPP), and (D) [M + 2] UDP-Glucose (an
alternative route for G6P towards glycogen synthesis). # is used to indicate statistical significance between groups at specified time points (p < 0.05) (E) Fold change
of G6PDH expression in hiBMECs treated with U18666A for 48 h, as measured by RT-PCR (n = 9 samples, 3 independent experiments). All data shown as mean +/—
standard deviation. Two-way ANOVA and Sidak’s MCT used to compare labeled fractions at each time point. Mann-Whitney test used to determine statistical
significance when comparing two groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(GFAT1). UDP-GlcNAc is then added to proteins via O-GIcNAc trans- % (p < 0.0001) (Fig. 5B). Protein O-GlcNAcylation decreased by ~30 %
ferase (OGT) to regulate protein function (Paneque et al., 2023). The (p = 0.0649), while GFAT1 did not change (Fig. 5C). Decreased UDP-
UDP-GlcNAc labeled fraction was consistently higher in U18666 A- GlcNAc levels despite increased flux suggests a compensatory state in
treated hiBMEC by 4 h following the start of our labeling experiment which hiBMEC tried to maintain UDP-GlcNAc levels.

(Fig. 5A). The HBP is inhibited by UDP-GlcNAc, so we questioned

whether increased HBP flux related to decreased UDP-GlcNAc. Indeed,

U18666A-treatment decreased UDP-GlcNAc pool size by more than 40
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Fig. 5. U18666 A-treated hiBMEC increased UDP-GIcNAc labeling but
decreased UDP-GlcNAc ion count and protein O-GleNAcylation. (A) [1,2-13C,]
glucose labeling of UDP-GIcNAc for 0-24 h. Statistical significance between
U18666 A-treated and VC hiBMEC for each time point indicated by # (p <
0.05). (B) Normalized ion count data for intracellular UDP-GlcNAc pooled from
all 5 time points and normalized to the mean of each respective time point (n =
15 samples, 3 per time point). (C) Representative Western blots with quantifi-
cation for UDP-GIcNAc, GFAT, and p-Actin (n = 6 samples, 2 independent ex-
periments). All data shown as mean +/— standard deviation. Two-way ANOVA
and Sidak’s MCT used to compare labeled fractions at each time point. Mann-
Whitney test used to determine statistical significance when comparing
two groups.

3.7. U18666A decreased hiBMEC and hpBMEC mitochondrial
metabolism

We then examined how U18666A affected hiBMEC mitochondrial
metabolism, since our INST-MFA also showed decreased glucose and
glutamine flux into the TCA cycle. Basal mitochondrial respiration, was
nearly 40 % lower (p < 0.0001) in U18666A-treated hiBMEC (Fig. 6A,
B). Similarly, maximal respiration was ~78 % lower and spare respi-
ratory capacity was nearly 50 % lower with U18666A treatment (p <
0.0001; Fig. 6C, D). Tetramethyl rhodamine ester (TMRM), which
measures mitochondrial membrane potential, was ~45 % lower in
U18666A treated cells (Fig. 6E, F). To determine whether changes in
mitochondrial respiration related to reduced influx of glucose-derived
carbons into the mitochondria, we examined [1,2—13C2] glucose label-
ing patterns in U18666A-treated cells. By 4 h and up to 24 h, U18666A-
treated hiBMEC had reduced TCA metabolite labeling compared to VC
cells. At 24 h, the labeled fractions indicated 0.88-fold less citrate (p <
0.0001), 0.66-fold less AKG (p < 0.0001), and 0.75-fold less succinate (p
= 0.0171; Fig. 6G, H).

Decreased fractional enrichment of labeled glucose in TCA metabo-
lites could indicate either decreased TCA metabolite production, as
predicted by the INST-MFA, or increased TCA metabolites derived from
unlabeled carbon sources (e.g., amino acids, fatty acids). We therefore
compared intracellular TCA metabolite pool sizes between VC and
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U18666A-treated hiBMEC. Citrate ion count decreased by 53 % (p <
0.0001), AKG by 39 % (p < 0.0001) and succinate by 42 % (p < 0.0001)
(Fig. 6H). PLS-DA of the total ion counts showed separation of U18666A-
treated hiBMEC from VC cells (Supplemental Fig. 6A) along both com-
ponents. Through a VIP score plot (Supplemental Fig. 6B), we further
identified that 7 of the top 20 ranked metabolites were carnitine deri-
vates. Intracellular pool sizes of these carnitines all decreased with
U18666A treatment. Specifically, i-carnitine decreased by 25 % (p =
0.0025), propionylcarnitine (acyl-C3) decreased by 87 % (p < 0.0001),
and butrylcarnitine (acyl-C4) decreased by 49 % (p < 0.0001) in
U18666A-treated hiBMEC (Supplemental Fig. 6C). Carnitines are
important to mitochondrial function as they are involved in fatty acid
oxidation (Flanagan et al., 2010). These data suggest that U18666A
reduced mitochondrial membrane potential and metabolism.

Finally, we investigated whether U18666A-induced metabolic
changes also occurred in hpBMEC. U18666A treatment had similar ef-
fects in hpBMEC to those observed in the hiBMEC. Specifically,
U18666A treatment increased glucose uptake (~7 %, p = 0.0538) and
lactate secretion (12 %, p = 0.0527) with no change in lactate:glucose
ratio (Supplemental Fig. 7 A). U18666A-treated hpBMEC also showed
approximately 2-fold increase in [M + 6] UDP-GlcNAc when labeled
with [U13C6] glucose, along with reduced UDP-GlcNAc ion count (~73
% decrease, p = 0.0022; Supplemental Fig. 7B, 7C). We also observed
decreased citrate (p = 0.002186), glutamate (proxy for AKG, p =
0.0022), and succinate (p = 0.0022) labeled fractions (Supplemental
Fig. 7D), as well as intracellular acyl-C3 (92 % lower; p = 0.0022) and
acyl-C4 (40 % lower; p = 0.0389) in U18666A-treated hpBMEC (Sup-
plemental Fig. 7E). Finally, similar to our observations in hiBMEC,
U18666A-treated hpBMEC showed 40 % lower basal OCR (p < 0.0001)
and a trend towards lower TMRM (p = 0.0947; Supplemental Fig. 7F,
7G, 7H).

3.8. HPfCD partially restored metabolic fluxes in U18666A-treated
hiBMEC

HPBCD, which releases cholesterol from the lysosome, has been
shown to delay disease onset and improve lifespan in animal models as
well as slow disease progression in clinical trials (Abi-Mosleh et al.,
2009; Hammond et al., 2019; Liu et al., 2009; Sharma et al., 2023). We
therefore determined if HPBCD could restore hiBMEC metabolic
phenotype after U18666A treatment. We first verified that HPBCD
reversed hiBMEC cholesterol disruption. Lysosomal cholesterol accu-
mulation was reduced and HMGCR expression decreased by 38 % (p =
0.0003) in hiBMEC concurrently treated with U18666A and HPSCD
(Supplemental Fig. 8).

We then examined how HPBCD changed the hiBMEC metabolic
phenotype induced by U18666A. HPBCD reduced glucose consumption
and lactate secretion in U18666A-treated hiBMEC by ~9 % (p = 0.0008)
and ~ 8 % (p < 0.0097), respectively (Fig. 7A). HPBCD co-treatment also
attenuated basolateral glucose depletion by ~29 % (p = 0.0387) and
restored the lactate increase, although this change was not statistically
significant (Fig. 7B). Similarly, HPBCD attenuated the U18666A-induced
increase in basal glycolysis from 1.61-fold to 1.15-fold (p = 0.0114;
Fig. 7C, D) and the U18666A-induced decrease in basal OCR from 0.43
to 0.62-fold (p = 0.0031; Fig. 7E, F) relative to VC hiBMECs.

3.9. HPJCD partially restored intracellular metabolite abundance in
U18666A-treated hiBMEC

Finally, we examined HPBCD effects on intracellular metabolite
levels by LC-MS. PCA demonstrated that HPBCD moved the metab-
olomic profile of U18666A-treated hiBMEC closer to that of VC hiBMEC
(PC1 =21.7 %, Fig. 8A). HPBCD partially restored UDP-GlcNAc (Fig. 8B)
as well as TCA metabolites citrate, AKG, and succinate (Figs. 8C-E). 1-
carnitine (25 % increase, p = 0.0630) and propionylcarnitine (2-fold
increase, p = 0.0003) but not butyrylcarnitine were partially restored
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Fig. 6. U18666A-treated hiBMEC demonstrated mitochondrial dysfunction. (A) Representative Seahorse Mitochondrial Stress Test following 24-hour treatment with
VC or U18666A. Oligomycin (O), carbonyl p-trifluoro-methoxyphenyl hydrazone (FCCP), and rotenone/antimycin A (R/AA) were injected at specified time points.
(E) Representative images of hiBMEC treated with VC or U18666A for 24 h and labeled with tetramethylrhodamine (TMRM; red; mitochondrial potential), Mito-
Tracker (MT; green), and (4',6-diamidino-2-phenylindole) (DAPI; blue; in merged images only). Scale bar = 20 pM. (F) Quantification of TMRM intensity normalized
to nuclei count (n = 9 samples, 3 independent experiments). (G) Citrate (CIT), a-ketoglutarate (AKG), and succinate (SUC) labeled fractions at 10 min, 1 h, 4 h, 12 h,
and 24 h after addition of [U13C1,2] glucose, measured by LC-MS. # indicates statistical significance (p < 0.05) between groups at each time point. (H) Normalized ion
counts for intracellular citrate, a-ketoglutarate, and succinate pooled from all 5 time points and normalized to mean of respective time point (n = 15 samples, 3 per
time point). Each data point was normalized to mean of VC group for the respective experiment. All data shown as mean +/— standard deviation. Mann-Whitney test
used to determine statistical significance when comparing two groups. Two-way ANOVA and Sidak’s MCT used to compare labeled fractions at each time point. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with HPBCD treatment (Supplemental Fig. 9A). NPC1 dysfunction was = 0.0001). Similar patterns were observed for androsterone, a proges-
previously shown to elevate mitochondrial cholesterol in neurons and terone derivative, and lumisterol, which is derived from 7-dehydrocho-
CHO cells, which can lead to mitochondrial dysfunction (Balboa et al., lesterol (Supplemental Fig. 9B).

2017; Charman et al., 2010; Tiscione et al., 2021). Pregnenelone, which

is generated from cholesterol in the inner mitochondrial membrane, 4. Discussion

increased ~18-fold (p = 0.0001) in U18666A-treated cells but decreased

to 1.8-fold of VC samples when hiBMEC were co-treated with HPBCD (p BMECs play a crucial role in maintaining cerebral metabolic
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Fig. 7. HPPCD partially restored metabolic fluxes in U18666A-treated hiBMEC. (A) Normalized glucose uptake and lactate secretion following hiBMEC treatment for
48 h with 0 or 10 pM U18666A and 0 or 1000 pM HPBCD, measured with a YSI bioanalyzer (n = 18 samples, 6 independent experiments). Each data point was
normalized to the mean of the VC group for each experiment. (B) YSI measurements of glucose and lactate from basolateral compartment of Transwell inserts
following 48-h treatment with 0 or 10 pM U18666A and 0 or 1000 pM HPBCD (n = 9 samples, 3 independent experiments). (C) Representative glycolytic proton
efflux rate (glycoPER) as quantified by Seahorse GlycoPER assay. Rotenone/antimycin A (R/AA) and 2-Deoxyglucose (2-DG) were injected at specified time intervals.
(D) Quantification of basal glycoPER aggregated from Seahorse Glycolytic Rate assays (n = 18-22, 2 independent experiments). All data shown as mean +/—
standard deviation. One-way ANOVA followed by Sidak’s MCT used to compare multiple groups.

homeostasis by dictating nutrient influx and efflux. Since BMEC meta-
bolism may impact nutrient availability in the brain, it is crucial to
evaluate BMEC metabolic phenotypes in neurodegenerative diseases
such as NP-C. We now show that the NPC1 inhibitor U18666A increased
hiBMEC glycolytic metabolism and flux into glycolytic branch pathways
while diminishing mitochondrial metabolism and basolateral glucose.
Many of these changes were also observed in hpBMEC, indicating that
these changes were not specific to hiBMEC. Finally, we found that
HPBCD co-treatment partially hiBMEC restored metabolic phenotype.
Our work reveals for the first time that NPC1 inhibition may alter BMEC
metabolism, and that these metabolic changes can be partially corrected
with HPBCD. This evidence positions the brain vasculature as a potential
contributor to neurodegeneration in NP-C and highlights the need for
further studies to determine whether metabolic correction of brain
endothelium could be a feasible strategy to delay or even treat disease
manifestations.

NPC1 inhibition increased hiBMEC glycolytic flux, which aligns with
reports of increased glycolysis following NPC1 inhibition in other cell
types and animal models (Charman et al., 2010; Kennedy et al., 2014).

12

Metabolomic analysis of NPC1-null mice cerebellar tissue at presymp-
tomatic (3 weeks old), early symptomatic (5 weeks old), and late stage
(7 weeks old) disease phases showed elevated lactate (Kennedy et al.,
2013). Microglia from NPC1-KO mice also show an increasingly glyco-
lytic phenotype, as evidenced by increased ECAR and expression of
glycolytic genes such as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Cougnoux et al., 2018). Similarly, NPC1 inhibition in CHO
cells increased lactate secretion (Kennedy et al., 2014). We also found
increased glucose flux into glycolysis side branch pathways such as the
PPP and HBP in U18666A-treated hiBMEC, which aligns with a previous
report of PPP gene upregulation in NPC1-null mice microglia (Cougnoux
et al., 2018).

Increased glycolytic and PPP flux may occur for several reasons in
NPC1-deficient cells. NPC1 deficiency increases expression of choles-
terol biosynthetic enzymes, including HMGCR, SREBF1, and SREBF2.
Increased SREBFI then increases expression of glycolytic genes such as
HK2 and may therefore directly upregulate glycolysis (Gosmain et al.,
2005; Horton et al., 2002). However, when we co-treated Ul8-treated
BMECs with the SREBP inhibitor betulin (Tang et al., 2011) and anti-
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Fig. 8. HPBCD partially restored intracellular metabolites in U18666A-treated
hiBMEC. (A) PCA score plot of total ion abundance, measured by LC-MS.
Normalized ion count for (B) UDP-GlcNAc, (C) citrate (D) o-ketoglutarate
(AKG) and (E) succinate (n = 6 samples). All data shown as mean +/— standard
deviation. Each data point was normalized to the mean of the VC group for each
experiment. One-way ANOVA followed by Sidak’s Multiple Comparisons Test
used to compare multiple groups.

SREBP1/2 siRNA, we did not observe a decrease in glycolysis (data not
shown). Additionally, cholesterol is an energetically expensive molecule
to synthesize, requiring several moles of ATP, NADPH, and acetyl-CoA.
The PPP is the primary driver of NADPH production. Studies in cancer
cells show that increased cholesterol biosynthesis depletes NAPDH,
which then increases PPP flux (Hu et al., 2023). The PPP may also be
upregulated to combat oxidative stress, which is elevated in NPC1-
deficient mouse brain tissue (Kennedy et al, 2013), CHO cells
(Kennedy et al., 2014), patient-derived neurons (Jiirs et al., 2020), and
mouse microglia (Cougnoux et al., 2018). Oxidative stress reduces
NADPH levels (Moon et al., 2020), which can increase compensatory
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PPP flux and subsequentially increase glycolysis to fuel the PPP.
Increased glycolysis could alternatively be triggered as cells compensate
for ATP loss due to diminished mitochondrial metabolism.

Increased BMEC glycolysis could have important implications for
NP-C disease progression. NPC-1 inhibition decreased glucose avail-
ability on the basolateral side of the brain endothelium. Interestingly,
cerebral glucose hypometabolism was recently observed in NP-C pa-
tients, predominantly in the posterior cingulate gyrus, and correlated
with clinical severity (Kao et al., 2021; Lau et al., 2021). Glucose
hypometabolism is typically associated with dysfunctional BMEC
glucose transport due to decreased glucose transporter levels and func-
tion (Daulatzai, 2017; Winkler et al., 2015). While BMEC take up more
glucose with NPC inhibition, they also consume more glucose for their
own metabolic needs, which could lead to decreased glucose for other
brain cells. Further investigation is needed to delineate whether this is a
causal factor in glucose hypometabolism in NP-C patients. Glucose
hypometabolism often precedes cognitive decline in other neurode-
generative diseases such as AD, suggesting that BMEC glucose meta-
bolism has potential as a therapeutic target (Daulatzai, 2017).

We also observed increased lactate secretion into the basolateral
compartment of both U18666A-treated and NPC1-KO hiBMEC. This
could indicate a compensatory metabolic adaption that allows endo-
thelial cells to use glucose for their own anaerobic metabolism and still
provide energy for other brain cells (e.g., pericytes, neurons) through
lactate (Lee et al., 2022; Riske et al., 2017). However, brain lactate is an
excitatory molecule that can induce neurotoxic effects. Brain lactate
concentration is typically between 0.5 and 2 mmol/L, with it reaching
the higher levels during exercise (Xue et al., 2022). Notably, our studies
showed that 48 h of U18666A treatment resulted in lactate levels that
exceeded this upper limit. Cerebral lactate is also elevated in several
neurodegenerative diseases, including multiple sclerosis, AD, and
amyotrophic lateral sclerosis. Primary neurons exposed to high lactate
concentrations show increased excitotoxicity, cytosolic reactive oxygen
species (ROS), and endoplasmic reticular stress markers (Chapp et al.,
2021). Further investigation is therefore needed whether lactate levels
are elevated to toxic levels in NP-C and whether BMECs significantly
contribute to its accumulation.

Our work also demonstrates altered mitochondrial metabolism in
NPC-1 deficient BMEC. Although endothelial cells are highly glycolytic
and generate most of their ATP from glycolysis (Li et al., 2019), changes
in mitochondrial function can still be devastating due to the role of
endothelial mitochondria in signaling, angiogenesis, autophagy, and
redox balance (Kluge et al., 2013). Dysfunctional mitochondria have
been implicated in vascular pathologies such as atherosclerosis, partic-
ularly due to their role in increasing reactive oxygen species (Ciccarelli
et al., 2023). The change in mitochondrial respiration capacity, defined
as the mitochondrial capacity to meet emergent energetic needs during
acute stress or large energetic loads (Marchetti et al., 2020), was
particularly dramatic. Notably, spare respiratory capacity is important
in responding to oxidative stress in endothelial cells, and decreased
capacity may make endothelial more vulnerable to oxidative stress
(Dranka et al., 2010).

Several factors could lead to the decreased mitochondrial respiration
and membrane potential observed in U18666A-treated BMEC. Reduced
TCA metabolite labeling indicates decreased influx of glucose-derived
pyruvate into the mitochondria, increased influx of tertiary and ana-
plerotic sources to fuel the TCA cycle, or a combination of both. INST-
MFA suggests a significant decrease in carbon supply is at fault, as py-
ruvate transport to the mitochondria decreased by 46 % while a-keto-
glutarate and citrate are both transported out of the mitochondria. Our
data agree with studies in NPC1-null mice that showed decreased ce-
rebral acetyl-CoA, which in brain tissue is primarily sourced by pyruvate
decarboxylation in the mitochondria. In 5-week-old mice, gene expres-
sion of PDH (which catalyzes mitochondrial decarboxylation of pyruvate
into acetyl-CoA) decreased, while PFK1, LDHA, PDH kinase (which in-
hibits PDH) and pyruvate carboxylase (PC, which converts pyruvate to
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oxaloacetate in the mitochondria) increased. Two forms of malic
enzyme (which shuttles malate from the mitochondria for conversion
into pyruvate) also decreased in 3-week-old mice (Kennedy et al., 2013).
To test if decreased mitochondrial flux was caused by PDH inhibition in
our cells, we treated U18666A-treated hiBMEC with dichloroacetate
(DCA), a PDH activator. However, we did not observe significant
changes in OCR with PDH co-treatment (data not shown). This aligns
with a previous study in NPC1-deficient CHO cells, in which minimal
mitochondrial restoration was observed with DCA treatment (Kennedy
et al., 2014).

In NPC1-deficient CHO cells, mitochondrial function was restored by
inhibiting endosomal metastatic lymph node protein 64 (MLN64),
which shuttles endosomal cholesterol to the mitochondria (Charman
et al.,, 2010). MLN64 expression was elevated in NpcI-null mice liver
tissue and NPC1-deficient CHO cells. Treatment of NPC1-deficient CHO
cells with MLN64-siRNA reduced mitochondrial cholesterol and
restored mitochondrial membrane potential and superoxide levels
(Balboa et al., 2017; Charman et al., 2010). We were unable to isolate
pure mitochondria to measure mitochondrial cholesterol in U18666A-
treated hiBMEC. However, LC-MS showed high pregnenolone in
U18666A-treated hiBMEC. Pregnenolone is synthesized from choles-
terol that accumulates in the mitochondria; therefore, increased preg-
nenolone in U18666A-treated cells suggests cholesterol accumulation in
the mitochondria.

We also observed significant differences in both intracellular and
extracellular acyl-carnitines. Carnitines play essential roles in fatty acid
metabolism, which is upregulated in quiescent endothelial cells
(Kalucka et al., 2018). Specifically, carnitines are formed when acyl-
CoAs derived from fatty acids are bound to free carnitine to import
them into the mitochondria. Disruption of quiescence may in turn
disrupt fatty acid oxidation and subsequently carnitine metabolism.
Carnitines are also synthesized from lysine and methionine; however,
we did not observe any significant differences in these amino acids in
U18666A-treated hiBMEC. High levels of acyl carnitines are typically
associated with mitochondrial dysfunction while deficiencies are not as
well characterized (Flanagan et al., 2010). A similar metabolic pheno-
type was previously observed in pulmonary microvascular endothelial
cells with mutations in bone morphogenetic protein receptor 2 (BMPR2)
(Fessel et al., 2012). These cells also showed an increase in glycolysis,
decrease in carnitines, and decrease in TCA cycle intermediates (Fessel
et al., 2012). Loss of BMPR2 has been shown to lead to mitochondrial
dysfunction (Diebold et al., 2015). Interestingly, NPC1 is essential for
BMPR2-mediated insulin signaling, acting as a scaffold to recruit BMPR2
to insulin receptor (Mao et al., 2021). It is therefore plausible that
disruption of this scaffolding interaction may perturb mitochondrial and
carnitine metabolism in BMEC through a BMPR2-mediated mechanism.

Little is currently known regarding the relationship between
cholesterol trafficking or metabolism and the HBP. However, a common
link between UDP-GlcNAc and cholesterol synthesis is their dependency
on acetyl-CoA, which is an essential substrate for both pathways.
Decreased UDP-GlcNAc may occur due to competition with lipid and
cholesterol biosynthetic factors for acetyl-CoA following U18666A
treatment. GFAT1, the rate-limiting HBP enzyme that metabolizes F6P
into glucosamine-6-phosphate, is inhibited by UDP-GlcNAc and G6P
(Paneque et al., 2023). Although we did not observe increased GFAT
protein levels, decreased HBP by-products may lead to increased GFAT1
activity in U18666A-treated hiBMEC (Lockridge and Hanover, 2022).
Decreased UDP-GLcNAc may also occur due to increased degradation of
UDP-GlcNAc. This could also result in increased HBP activity as a
compensatory mechanism to restore UDP-GlcNAc levels.

Metabolic changes in glycolysis, HBP, and mitochondria incurred by
NPC1 inhibition were consistent between hpBMEC and hiBMEC. How-
ever, glucose flux into the PPP and glycogen synthesis were opposite in
hiBMEC and hpBMEC. We recently showed that while hpBMECs are
similar to hiBMECs in glucose metabolism (Weber et al., 2024), there are
significant differences in mitochondrial morphology and metabolic
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pathways, particularly glutamate metabolism (Weber et al., 2024).
hpBMECs may have a higher capacity to increase NAPDH through other
mitochondrial-based pathways, such as malic enzyme or isocitrate de-
hydrogenase, that lower or prevent their dependence on the PPP and
glycolysis. These differences may also allow hpBMEC to minimize
changes to glycolysis following U18666A treatment.

HPBCD partially rescued the hiBMEC intracellular metabolome
following U18666A treatment, including OCR, TCA metabolites, and
carnitine. Interestingly, HPBCD also reduced pregnenolone, an indicator
of mitochondrial cholesterol accumulation, but did not restore SREBF2
or HMGCR mRNA levels. Together, these data suggest that mitochon-
drial cholesterol and pregnenolone accumulation are only partially
responsible for the dysfunctional metabolic phenotype in U18666A-
treated hiBMEC. Full phenotype restoration may require effective tar-
geting of cholesterol biosynthetic factors as well. Furthermore, it sug-
gests that HPPCD, which has poor blood-brain barrier permeability,
could exert therapeutic or neuroprotective effects without penetrating
the blood-brain barrier by restoring metabolic phenotype in brain
endothelium.

Although this study provides new insights into how NPC-1 inhibition
alters metabolism in BMEC, it has several limitations. First, BMEC are
closely integrated in the neurovascular unit, where they dynamically
interact with and respond to cues from other brain cells. In our study, in
vitro models were simplified to focus on only one cell type. Second, we
performed several experiments on BMEC cultured on impermeable well
plates instead of permeable Transwell inserts, which are not as relevant
in replicating barrier physiology. Third, the labeling schemes used were
not comprehensive as we only used glucose labels. Glutamine labels may
be more informative to analyze flux in the TCA cycle. For comprehensive
metabolic flux analysis, we would need to use a parallel labeling scheme
to target glycolysis and the TCA cycle (Crown et al., 2016; Woo Suk and
Antoniewicz, 2013). Experimental constraints further prevented us from
measuring isotopomers of cholesterol and its precursors. We were also
unable to robustly quantify fatty acid isotopomers. The INST-MFA
network model therefore did not include fatty acid or cholesterol syn-
thesis and prevented us from quantifying flux in these pathways. This
led to some unrealistic assumptions in the model, such as that all cyto-
solic acetyl-CoA can only be used to generate UDP-GIcNAc, and pre-
vented modeling of acetyl-CoA flux into other intracellular sinks.

5. Conclusions

NPC1 inhibition in BMEC via U18666A treatment significantly per-
turbed metabolism by increasing glycolysis and decreasing mitochon-
drial oxidative respiration. BMEC also changed intracellular acyl
carnitine and TCA metabolite levels in response to NPC1 inhibition.
These changes were partially attenuated by HPBCD. Together, our re-
sults show a potential role for BMEC metabolism in NP-C pathogenesis,
as altered BMEC metabolism may lead to vascular dysfunction,
decreased brain glucose, and altered cerebral metabolic environment.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2024.106769.
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