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Abstract

Rationale: In diabetic animals as well as high glucose cell culture conditions, endothelial
nitric oxide synthase (eNOS) is heavily O-GIcNAcylated, which inhibits its phosphorylation and
nitric oxide (NO) production. It is unknown, however, whether varied blood flow conditions,
which affect eNOS phosphorylation, modulate eNOS activity via O-GlcNAcylation-dependent
mechanisms.

Objective: The goal of this study was to test if steady laminar flow, but not oscillating
disturbed flow, decreases eNOS O-GIcNAcylation, thereby elevating eNOS phosphorylation and
NO production.

Methods and Results: Human umbilical vein endothelial cells (HUVEC) were exposed to
either laminar flow (20 dynes/cm? shear stress) or oscillating disturbed flow (4+6 dynes/cm? shear
stress) for 24 hours in a cone-and-plate device. eNOS O-GIcNAcylation was almost completely
abolished in cells exposed to steady laminar but not oscillating disturbed flow. Interestingly, there
was no change in protein level or activity of key O-GIcNAcylation enzymes (OGT, OGA, or
GFAT). Instead, metabolomics data suggest that steady laminar flow decreases glycolysis and
hexosamine biosynthetic pathway (HBP) activity, thereby reducing UDP-GIcNAc pool size and
consequent O-GlcNAcylation. Inhibition of glycolysis via 2-deoxy-2-glucose (2-DG) in cells
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exposed to disturbed flow efficiently decreased eNOS O-GIcNAcylation, thereby increasing eNOS
phosphorylation and NO production. Finally, we detected significantly higher O-GIcNAcylated
proteins in endothelium of the inner aortic arch in mice, suggesting that disturbed flow increases
protein O-GIcNAcylation in vivo.

Conclusions: Our data demonstrate that steady laminar but not oscillating disturbed flow
decreases eNOS O-GlcNAcylation by limiting glycolysis and UDP-GIcNAC substrate availability,
thus enhancing eNOS phosphorylation and NO production. This research shows for the first

time that O-GIcNAcylation is regulated by mechanical stimuli, relates flow-induced glycolytic
reductions to macrovascular disease, and highlights targeting HBP metabolic enzymes in
endothelial cells as a novel therapeutic strategy to restore eNOS activity and prevent EC
dysfunction in cardiovascular disease.
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Abstract

Atherosclerotic plaques are more likely to develop at arterial curvatures and bifurcations where
blood flow is disturbed. Endothelial cells in these locations become dysfunctional, characterized
by reduced production of nitric oxide. High glucose increases O-GIcNAcylation of endothelial
nitric oxide synthase (eNOS) which inhibits its phosphorylation and subsequent generation

of nitric oxide. However, eNOS O-GIcNAcylation in endothelial cells exposed to varied flow
conditions has not been studied. Our study shows that endothelial cells exposed to laminar flow
decrease eNOS O-GIcNAcylation whereas cells exposed to oscillating disturbed flow maintain
elevated levels of eNOS O-GlcNAcylation. Decreased eNOS O-GIcNAcylation in laminar flow
relates to decreased glycolysis. Indeed, reducing glycolysis in endothelial cells in disturbed flow
decreasts eNOS O-GIcNAcylation and increases nitric oxide production. This study shows for the
first time that O-GIlcNAcylation can be modulated via mechanical stimuli such as shear stress and
that glycolytic flux impacts nitric oxide production. Thus, eNOS O-GlcNAcylation could be a
potential target for reducing endothelial dysfunction in disturbed flow.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of death in the United States?.
CVD is linked to atherosclerotic plaque development in regions of endothelial cell

(EC) dysfunction, defined as reduced nitric oxide (NO) bioavailability?=>. Metabolic
cardiovascular risk factors, including elevated blood glucose, contribute to systemic EC
dysfunction®-11, Local EC dysfunction occurs at arterial bifurcations and curvatures where
the blood flow is disturbed and/or oscillating!2-14,

While EC dysfunction is induced by both metabolic factors and hemodynamic forces, little
is known about how hemodynamics regulates EC dysfunction via cell metabolism?2. /n
vitro, EC glycolytic flux decreased after 72 hours of steady laminar flow through Kruppel-
like factor 2 (KLF2)-mediated suppression of 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3), a rate-limiting glycolytic enzyme?®. In other studies, mouse
and human aortic endothelial cells increased glycolysis in disturbed flow via AMPK and
HIF1a16. 17,

EC metabolism, hemodynamics, and NO bioavailability may be linked via the hexosamine
biosynthetic pathway (HBP), a glycolytic side branch responsible for posttranslational
glycosylation of around 4,000 proteins!8. Glucose that enters the cell is converted into
fructose-6-phosphate (F6P) during glycolysis. F6P is shunted in the HBP and converted

to glucosamine-6-phosphate by the rate limiting enzyme glutamine:fructose-6-phosphate
amidotransferase (GFAT). Glucosamine-6-phosphate is then metabolized into UDP-GIcNAc,
which acts as the substrate for attachment of C-linked N-acetylglucosamine (O-GIcNAC) to
serine and threonine protein residues. GICNAc cycles on and off proteins through reactions
catalyzed by the O-GIcNAc transferase (OGT) and O-GIlcNAcase (OGA), which add and
remove GIcNAc, respectively.

Torres and Hart first linked O-GlcNAcylation with CVD, showing the small heat

shock protein aB-crystallin as a O-GIcNAC target in rat heart20. Chronically elevated
O-GIcNAcylation has since proven important in CVD, particularly in hyperglycemia

and diabetes?1~24. High glucose increased protein GIcNAcylation in human coronary

EC, human umbilical vein EC, cardiomyocytes, and homogenized aortic tissue23: 25-28,
Brownlee et al. found that hyperglycemia-associated eNOS inhibition was associated with

a twofold increase in eNOS glycosylation through the HBP and a reciprocal decrease in
phosphorylation at eNOS serine 117729, Thus eNOS O-GIcNAcylation may be a hallmark of
endothelial dysfunction.

While eNOS O-GIcNAcylation and its effect on eNOS phosphorylation has been studied in
altered glucose, eNOS O-GlcNAcylation had not yet been studied in flow. We hypothesized
that steady laminar but not oscillating disturbed flow decreases eNOS O-GIcNAcylation,
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contributing to a quiescent EC phenotype. We now show that eNOS O-GIcNAcylation is
decreased in EC adapted to steady laminar flow and decreasing eNOS O-GIcNAcylation
in EC exposed to oscillating disturbed flow restores eNOS phosphorylation and NO
production. These data suggest that eNOS O-GIcNAcylation may be a target for reducing
EC dysfunction in disturbed flow.

ility.
The data that support the findings of this study are available from the corresponding author
upon reasonable request.

HUVEC (passages 5-10, Cell Applications) were cultured in Endothelial Growth

Medium-2 (EGM-2; Lonza) supplemented with 10% fetal bovine serum (FBS; HyClone),
1% penicillin-streptomycin, and 1% L-glutamine (Gibco). Human pulmonary artery
endothelial cells (hPAEC, passages 6-10) were obtained from the Pulmonary Hypertension
Breakthrough Initiative (PHBI) Research Network. hPAEC were cultured in Microvascular
Endothelial Growth Medium-2 (EGM-2MV; Lonza) supplemented with 10% FBS, 1%
penicillin-streptomycin, and 1% L-glutamine on gelatin-coated (ESGRO 0.1% gelatin,
Sigma #SF008) dishes. For flow studies, media was changed to Endothelial Basal Medium-2
(EBM-2; Lonza) supplemented with 10% FBS, 1% penicillin-streptomycin, and 1% L-
glutamine 30 minutes prior to shear stress exposure.

A small molecule OGA inhibitor, NButGT, was a generous gift from Dr. Mauricio Reginato
(Drexel University, College of Medicine). A small molecule OGT inhibitor, (OAC)45S-
GIcNAc, was a generous gift from Dr. David Vocadlo (Simon Fraser University, Chemical
Biology). Azaserine (GFAT inhibitor) was obtained from Cayman chemical (115-02-6)3.
2-deoxy-D-glucose (2-DG) was obtained from Sigma (D8375)3L.

Shear Stress Exposure.

For flow studies, a custom-built cone-and-plate device was used to apply shear stress to
HUVEC (Figure 1)32, If the modified Reynolds number and cone angle are small, the shear
stress is determined from the equation

Tw="—" (1)
where p is fluid dynamic viscosity, w is cone angular velocity, and a is cone angle33: 34, For
steady laminar flow, the cone rotated at 420 RPM, producing 20 dynes/cm? shear stress33.

For oscillating disturbed flow, the cone rotated in an oscillatory manner to produce 4+6
dynes/cm? shear stress as:
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where the amplitude shift 7 rad/s (85 RPM) equates to 4 dynes/cm? and the sine wave
amplitude 10.5 rad/s (126 RPM) equates to 6 dynes/cm?. Frequency was set at 1 Hz.

For each experiment, 17,000 cells/cm? were seeded on a collagen Type 1 coated dish. Cells
were cultured for 48 hours and then assembled into the cone and plate device in a 37°C,
5% CO> incubator. Samples cultured in static conditions in the same incubator or samples
exposed to the same flow conditions without the applied inhibitor were used as controls.

Western Blot and Immunoprecipitation.

Protein levels were determined by Western blot as described3®. For immunoprecipitation,
eNOS primary antibody (1:100, 9586 Cell Signaling) was added to cell lysates overnight

at 4°C. Protein A agarose beads (1:10, Cell Signaling) were then added to the solution for

3 hours at 4°C. Samples were then centrifuged for 30 seconds at 2,000g, after which the
pelleted bead-antibody-protein complexes were thoroughly washed. Finally, SDS sample
buffer was added, samples were centrifuged for 30 seconds at 2,000g, and the supernatant
was then analyzed by Western blot3¢. Antibody specificity was checked with positive
controls, and O-GIcNAc antibody specificity was further confirmed by demonstrating
reduced protein O-GIlcNAcylation in Western blots of cells incubated with O-GIcNAcase.
Membranes were incubated with primary antibodies for GIcNAc CDT110.6 (9875S), OGT
(24083), p-eNOS (9570S), eNOS (9572S), PFKFB3 (13123S), GFAT1 (5322, all from Cell
Signaling) as well as OGA (SAB4200267 Sigma), p-GFAT (28123, Takara), Na*/K*/ATPase
(sc-28800, Santa Cruz), and caveolin-1 (sc-70516, Santa Cruz) at 1:1000 dilution overnight
at 4°C followed by the appropriate secondary horseradish peroxidase-conjugated antibody
(1:2000, Promega) for 1 hour at room temperature. GAPDH (437000, ThermoFisher) or
[B-actin (SC47778-C4, Santa Cruz) were used as the loading control. Protein bands were
detected using an enhanced chemiluminescence kit (Western Lightning, PerkinElmer) and
visualized with a Fluorchem digital imager (Alpha Innotech). Band intensity was quantified
using AlphaEase FC software and normalized to both the control protein and a specific
condition on each blot to combine samples across Western blots.

siRNA Transfection.

HUVEC were transfected with siRNA as per the Ambion siRNA silencer select transfection
protocol (ThermoFisher) using human eNOS silencer select sSiRNA (ThermoFisher,
#4392420), negative control #1 (Thermofisher, #4390843) and GAPDH (ThermoFisher,
#4390849).

OGT and OGA Activity.

HUVEC OGA activity was analyzed via an OGA activity kit (BMR) as per manufacturer
instructions. HUVEC OGT activity was analyzed via the UDP-Glo Glycosyltransferase
Assay (Promega) as per manufacturer instructions.
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Mass Spectrometry.

Nitric Oxide

Endothelial metabolites were measured via liquid chromatography mass spectrometry (LC-
MS). HUVEC were exposed to different flow conditions for 24 hours as described. After
flow, 5 mM U-13Cg-glucose (Cambridge Isotope Laboratories, CLM-1396) in glucose,
glutamine, and pyruvate free DMEM (ThermoFisher, A14430-01) supplemented with 10%
FBS, 1% penicillin-streptomycin, and 1% L-glutamine was added for two minutes. Media
was then removed from cells and 80:20 methanol:water (-80°C, extraction solvent) was
added to cells for 15 minutes at —80°C. Cells were scraped in the extraction solvent and
cell lysates pipetted into Eppendorf tubes. Samples were centrifuged at 16,0009 for 10
minutes at 4°C to pellet debris. The supernatant was transferred to a new tube, desiccated
under nitrogen gas flow, and re-dissolved in LC-MS grade water. Metabolites were
analyzed via reverse-phase ion-pairing chromatography coupled to an Exactive Orbitrap
mass spectrometer (ThermoFisher, San Jose, CA) following an established protocol3’.

(NO) Production.

NO production in HUVEC was measured via Griess Assay (Thermofisher Scientific,
G7921), DAF-FM Diacetate (Thermofisher Scientific, D23844), and a Zysense 280 NO
analyzer. For DAF-FM, HUVEC were incubated with 1:1000 DAF-FM in EBM-2 medium
for 30 minutes at 37°C. Cells were then fixed with 4% paraformaldehyde, mounted using
Prolong Gold Antifade (Thermofisher Scientific, P36930), and imaged with a Zeiss LSM700
confocal microscope. For the NO analyzer, sample media was collected after flow exposure
and centrifuged at 13,000 g for 5 minutes. 200 UL of supernatant was then added to the NO
analyzer. Voltage readings were normalized to baseline, and the area under the peak was
used to determine nitrite levels using a standard curve. Each sample was measured at least
three times.

Ex vivo vessel analysis.

C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were allowed free access to standard
food and water. All animal experiments were conducted in accordance with NIH policies
and were approved by the Drexel University Institutional Animal Care and Use Committee
(IACUC). No animals were excluded from the analyses. 10-week old male mice were
euthanized using ketamine/xylazine cocktail followed by a secondary thoracotomy. The
descending aorta and aortic arch were removed, fixed overnight in 4% paraformaldehyde,
and embedded in 50:50 OCT-Sucrose. 5 um aortic cross-sections were blocked and then
incubated with an O-GlcNac (Biolegend, 838004, 1:100) or ICAM-1 (ThermoFisher,
MA119123, 1:100) antibody overnight at 4°C. Samples were incubated with an AlexaFluor
488 (ThermoFisher, A-21121, 1:100) or AlexaFluor 594 (ThermoFisher, A-11001 1:100)
goat anti-mouse secondary antibody. Finally, samples were mounted in Permount and
imaged using a Zeiss LSM 700 microscope (63X, maximum intensity projection). While
data from male mice are presented, we observed similar results in 5-month-old female
C57BL/6J mice.
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Statistical Analysis.

Statistical analysis was performed with GraphPad Prism. Non-parametric statistical tests
were used in all cases in which the sample number was too low to demonstrate normality.
All analyses were corrected for multiple comparisons. The statistical tests used to analyze
each data set are provided in the figure captions. Where possible (activity assays, mass
spectrometry, NO quantification, confocal microscopy), the researcher was blinded during
analysis through the use of random sample numbers. Representative images were selected as
those that best represented the mean of the quantified data.

RESULTS

Steady laminar flow, but not oscillating disturbed flow reduced eNOS O-GIcNAcylation.

We first sought to determine the fidelity of our cone and plate flow device to mimic

laminar and disturbed flow regimes (Figure 1A,B). ECs exposed to 24 hours of steady
laminar flow aligned and elongated with the flow direction whereas cells exposed to 24
hours of oscillating disturbed flow remained in a cobblestone architecture (Figure 1C).
Furthermore, ECs exposed to 24 hours of steady laminar flow increased phosphorylated
eNOS as compared to cells in static culture (p = 1.00x1072 by Kruskal-Wallis test; Figure
1D), leading to nearly twice as much NO as compared to cells in static culture or oscillating
disturbed flow (p = 2.10x10~* by Kruskal-Wallis test; Figure 1E). These results are
consistent with previously reported EC phenotypes under different blood flow conditions
and thus indicate effective modeling of flow exposure with our device.

We then measured protein O-GIcNAcylation in ECs exposed to flow. Total protein O-
GlcNAcylation was unchanged among ECs exposed to 24 hours of static culture, steady
laminar, or oscillating disturbed flow (p = 8.78x1071 by one-way ANOVA; Figure 2A);
however, O-GIcNAcylation of a single protein band ~140 kDa (black arrow) nearly
disappeared in HUVEC exposed to steady laminar flow as compared to static culture and
oscillating disturbed flow (p = 1.84x10711 by one-way ANOVA, Figure 2A). This change
was observed as early as 3 hours after flow initiation (Online Figure 111). O-GlcNAcylation
of the 140 kDa protein was not reduced in EC exposed to oscillating disturbed flow
when compared to cells in static culture (Figure 2A). We similarly observed decreased
O-GIlcNAcylation of the 140 kDa protein in human pulmonary artery endothelial cells
exposed to 24 hours of steady laminar flow (Online Figure I1).

Since eNOS molecular weight is ~140 kDa, and the single demonstrated eNOS O-
GlcNAcylation site (~200 Da) does not significantly change protein molecular weight, we
hypothesized that the protein with reduced O-GlcNAcylation was eNOS!8. We therefore
knocked down eNOS using siRNA in cells in static culture (Figure 2B). When these cells
were analyzed by Western blot, both the eNOS band and the O-GIcNAc band at ~140 kDa
were drastically reduced. To further verify that the ~140 kDa protein was eNOS, eNOS was
immunoprecipitated from the lysates of HUVEC exposed to static culture or steady laminar
flow for 24 hours (Figure 2C). EC exposed to oscillating disturbed flow were not included in
this experiment so samples could be analyzed as quickly as possible. Both the total protein
and immunoprecipitated eNOS samples showed decreased protein O-GIcNAcylation at ~140
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kDa in cells exposed to laminar flow compared to cells in static culture. These data suggest
that the ~140 kDa protein that was not O-GIcNAcylated in steady laminar flow was eNOS.

OGT and OGA did not change in steady laminar flow, but modulating OGT and OGA
affected eNOS phosphorylation.

We then investigated the mechanism by which eNOS O-GIcNAcylation decreased in steady
laminar but not oscillating disturbed flow. We measured flow-induced changes in the
enzymes OGT and OGA, including protein quantity and activity. OGT and OGA protein
quantity were unchanged in HUVEC exposed to static culture, steady laminar flow, and
oscillating disturbed flow (Figure 3A).

Finally, we quantified OGT and OGA activity. Since we observed a decrease in O-
GlcNAcylated eNOS after 3 hours of steady laminar flow, we measured OGT and OGA
activity up to two hours after flow initiation, assuming an enzymatic change would occur
prior to a change in O-GIcNAcylated eNOS. OGT activity remained unchanged in HUVEC
exposed to up to 2 hours of laminar flow whereas OGA activity decreased after 2 hours
(Figure 3B). These data suggest that OGA activity may be decreased by steady laminar flow;
however, protein O-GIcNAcylation would be expected to increase with decreased OGA
activity. Therefore, neither OGT nor OGA were likely mechanisms for decreased eNOS
O-GIcNAcylation in EC exposed to steady laminar flow.

We then determined whether we could alter eNOS phosphorylation in HUVEC adapted

to steady laminar or oscillating disturbed flow by modulating eNOS O-GIcNAcylation

via OGT and OGA. We exposed HUVEC to steady laminar flow with an OGA inhibitor
(Figure 3C). The OGA inhibitor doubled eNOS O-GlcNAcylation in laminar flow (p =
2.99x1073 by Mann-Whitney test); eNOS phosphorylation also decreased, but the effect
was not statistically significant. We also exposed HUVEC to oscillating disturbed flow with
an OGT inhibitor. The OGT inhibitor decreased eNOS O-GIlcNAcylation in disturbed flow
(p = 3.79x1072 by Mann-Whitney test) as well as increased eNOS phosphorylation (p =
8.30x1072 by Mann-Whitney test). Neither OGA nor OGT inhibition changed eNOS protein
levels.

Decreased HBP flux and UDP-GIcCNAc may contribute to decreased eNOS O-GIcNAcylation
in steady laminar flow.

Since protein O-GIlcNAcylation depends on UDP-GIcNAC substrate availability, we next
measured HBP flux by U-13Cg-glucose mass spectrometry. UDP-GIcNAc decreased ~60%
in EC exposed to steady laminar flow as compared to static culture and oscillating disturbed
flow (p = 9.79x107% by Kruskal-Wallis with Dunn’s multiple comparisons test; Figure
4A). However, GFAT protein and phosphorylation did not change in EC exposed to steady
laminar flow as compared to static culture, while GFAT phosphorylation did increase
slightly in endothelial cells exposed to oscillating disturbed flow (Figure 4B). These results
suggest that decreased HBP flux in EC exposed to steady laminar flow contributed to
decreased UDP-GIcNAC substrate availability, causing decreased eNOS O-GlcNAcylation.
We then examined whether inhibiting HBP flux could decrease eNOS O-GIcNAcylation

in oscillating disturbed flow. When GFAT was inhibited in HUVEC using azaserine,
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UDP-GIcNAc also decreased 50% (p = 2.16x1073 by Mann-Whitney test; Figure 4A),
eNOS O-GlcNAcylation decreased 80% (p = 2.34x1072 by Kruskal-Wallis test; Figure
4C,), and eNOS phosphorylation increased 50% (p = 3.39x1072 by Kruskal-Wallis test).
Thus decreasing HBP activity via GFAT inhibition decreased eNOS O-GIcNAcylation and
subsequently increased eNOS phosphorylation.

HBP is a key glycolytic branch pathway38. We therefore investigated whether reduced
glycolytic flux in HUVEC exposed to steady laminar flow could contribute to decreased
eNOS O-GIcNAcylation. When HUVEC exposed to static culture, steady laminar flow, or
oscillating disturbed flow were analyzed by metabolic mass spectrometry after 2 minutes

of U-13Cg-glucose labeling (Figure 5A), the labeled percentage of intracellular glucose and
glycolytic intermediates such as fructose-6-phosphate and glyceraldehyde-3-phosphate was
significantly lower in HUVEC exposed to steady laminar flow as compared to static culture
or oscillating disturbed flow. Lactate remained almost entirely unlabeled at 2 minutes,
indicating that the labeled glucose was still progressing through glycolysis at that time point.

We then investigated whether decreasing glycolysis via 2-DG could inhibit eNOS O-
GlIcNAcylation. When HUVEC were exposed to 24 hours of oscillating disturbed flow with
2-DG, O-GlcNAcylated eNOS decreased by 60% (p = 2.44x1072 by Mann-Whitney test;
Figure 5B), eNOS phosphorylation increased by 50% (p = 4.22x1072 by Mann-Whitney
test Figure 5B). Nitrite also increased, although the change was not statistically significant
(Figure 5C). DAF-FM confocal microscopy (p = 2.89x1072 by Mann-Whitney test; Figure
5D) and Zysense NO analyzer (p = 2.80x1073 by Mann-Whitney test; Figure 5E) confirmed
increased NO in HUVEC exposed to disturbed flow with 2-DG. These data suggest that
decreasing glycolysis in EC exposed to oscillating disturbed flow can decrease eNOS
O-GIcNAcylation, increase eNOS phosphorylation, and increase NO.

Protein O-GIcNAcylation was lower in atheroprotected aortic regions.

To investigate whether protein O-GIcNAcylation decreased in laminar vs. disturbed flow
vascular regions /n vivo, we compared aortic regions in C57BL/6J mice (Figure 6C).
Healthy mice on a standard diet were used since eNOS O-GIcNAcylation was previously
shown to increase in diabetic animals2®, and our prior studies suggest that hyperglycemia
inhibits endothelial shear stress response and thereby might abrogate O-GIcNAcylation
differences with steady laminar vs. oscillating disturbed flow3%-41. The endothelium in

the inner aortic arch of 10 week old male C57BL/6J mice, which are atheroprone due to
lower wall shear stress and higher oscillatory index (disturbed flow), showed higher protein
O-GIcNAcylation (green) compared to the outer aortic arch and the descending aorta (p
=1.60x1073 by Kruskal-Wallis with Dunn’s multiple comparisons test; Figure 6A), which
are atheroprotected due to higher wall shear stress and lower oscillatory index#2-44, We
similarly observed increased EC ICAM-1 in the inner aortic arch as compared to the outer
aortic arch and descending aorta, confirming our EC labeling and matching with reports of
increased inflammation in disturbed flow aortic regions (Figure 6B). These data suggest that
protein O-GIcNAcylation increases in endothelium in atheroprone areas of disturbed flow /n
vivo.
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DISCUSSION

eNOS O-GIcNAcylation increases in high glucose, which decreases eNOS phosphorylation
and subsequent NO production?3: 24. 26, 27, 29, 45-48 \\fe now show that eNOS O-
GlcNAcylation decreases in steady laminar flow but not in oscillating disturbed flow, which
may contribute to altered eNOS phosphorylation and NO production in these flow regimes.
These changes did not relate to altered OGT, OGA, or GFAT but instead appear to relate to
decreased glycolytic and HBP flux. Our data further suggest that eNOS O-GIcNAcylation
and phosphorylation can be modulated in EC exposed to oscillating disturbed flow through
glycolysis inhibitors. Thus eNOS O-GIcNAcylation is a potential target for reducing
endothelial dysfunction and subsequent atherosclerosis in disturbed flow areasl4.

Our research shows both in vitroand in vivo that hemodynamic shear stress modulates
protein O-GIcNAcylation. Prior to our study, only biochemical stimuli such as high

glucose were shown to increase HBP activity and protein O-GIcNAcylation. Since protein
O-GlcNAcylation is a sensor of biochemical metabolic and stress stimuli4?, our data suggest
a link connecting hemodynamics, metabolic stress, and macrovascular EC dysfunction. Thus
our work expands the impact of prior studies linking biomechanical stimuli such as shear
stress and substrate stiffness to metabolic changes®-17: 50-52 by relating metabolic changes
to EC NO bioavailability.

eNOS O-GIcNAcylation in disturbed flow could be a therapeutic target. While OGT
inhibition decreased eNOS O-GIcNAcylation, not all OGT inhibitors are suitable for

use in vivo, mostly due to poor solubility in aqueous solutions®3. 2-DG has been

used to suppress cancer tumors /n vive®*=57. In addition to inhibiting glycolysis, 2-

DG phosphorylated GFAT1 at Ser243 via ATP associated-AMPK activation, effectively
decreasing GFAT activity in CHO-IR and HEK293 cells®8, Thus 2-DG could decrease
eNOS O-GIcNAcylation by reducing glycolysis and GFAT activity. Since EC protein O-
GIcNAcylation is essential for cell function and could not be systemically inhibited, an O-
GIcNAc therapy could be targeted to ICAM-1 for example, which is elevated in endothelium
exposed to oscillating disturbed flow>9-61,

The specific site at which eNOS is O-GIcNAcylated remains uncertain. Prior studies
suggested but did not show that eNOS O-GIcNAcylation occurred at the Ser1177
phosphorylation site24 6263 \When we analyzed eNOS by mass spectrometry, we could

not detect high confidence O-GIcNAc sites. Recently, Aulak et a/ observed increased

eNOS O-GIcNAcylation and decreased eNOS Ser1177 phosphorylation in endothelial cells
from patients with pulmonary artery hypertension®4. Since they were similarly unable to
purify enough endothelial eNOS to determine the O-GIcNAc modification site by mass
spectrometry, they overexpressed eNOS and OGT in bacteria. Their mass spectrometry
revealed that eNOS was O-GIcNAcylated at Ser615, and mutating eNOS at this site reduced
its O-GIcNAcylation. They hypothesize that changes in eNOS Ser615, which is in the eNOS
auto-inhibitory loop, may alter the position or accessibility of Ser1177 for phosphorylation
and activation.
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While our study shows that O-GIcNAcylation decreases in areas of laminar flow both

in vitroand in vivo, it is not without limitations. We showed protein but not eNOS O-
GlcNAcylation in mouse aortae due to antibody limitations. Since the O-GIcNAc antibody
also binds to O-GIcNAcylated cell surface proteins, some observed /7 vivo changes could
relate to the endothelial glycocalyx®. However, the glycocalyx should be thinner at the
inner aortic arch and thicker at the outer aortic arch®: 67, We used chemical OGA and

OGT inhibitors since HUVEC did not survive in flow following OGA or OGT siRNA
knockdown. Chemical inhibitors allowed us to titrate inhibition and investigate possible
therapies. However, chemical inhibitors may have short half-lives, partial inhibition, and off
target effects. OGA and OGT also control O-GlcNAcylation of many cell proteins, including
those that affect caveolae®8. We found that modulating caveolae either through methyl-
B-cyclodextran or siRNA caveolin-1 knockdown could change eNOS O-GIcNAcylation,
although not the laminar-flow induced decrease in eNOS O-GIcNAcylation (Online Figure

).

In conclusion, our study shows that shear stress regulates eNOS O-GIcNAcylation,
affecting eNOS phosphorylation and subsequent NO production. Our data suggest

eNOS O-GIcNAcylation is inhibited by decreased glycolytic activity, which reduces UDP-
GIcNACc availability. Reducing eNOS O-GlcNAcylation via OGT, GFAT, and glycolysis
inhibitors increase eNOS phosphorylation and subsequent NO production. Overall, our data
demonstrate that eNOS O-GIcNAcylation is a potential target for endothelial dysfunction in
CVD.
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Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE
What Is Known?

. A hallmark of atherosclerosis is endothelial cell dysfunction, characterized by
the decreased production of nitric oxide.

. In areas where laminar flow becomes disturbed, such as arterial curvatures or
bifurcations, endothelial cells produce less nitric oxide.

. Endothelial nitric oxide synthase (eNOS), the enzyme that produces nitric
oxide, becomes GIcNAcylated in diabetes, which reduces nitric oxide
production.

What New Information Does This Article Contribute?

. Endothelial cells cultured in conditions of laminar flow had almost no eNOS
GlcNAcylation and produced more nitric oxide compared to endothelial
cells cultured in disturbed flow, which demonstrated increased eNOS O-
GIcNAcylation and lower levels of nitric oxide.

. Laminar flow reduced endothelial cell eNOS O-GIcNAcylation by decreasing
glycolysis.
. When glycolysis was inhibited in endothelial cells exposed to disturbed flow,

the cells decreased eNOS O-GIcNAcylation and produced more nitric oxide.
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Figure 1: Endothelial cells (ECs) exposed to steady laminar flow via custom cone-and-plate
device elongated and aligned with the flow direction, phosphorylated more eNOS, and produced
more nitric oxide (NO) than ECs exposed to static culture or oscillating disturbed flow.

(A) Custom-built cone and plate device designed to expose 3 parallel yet independent
samples to flow. (B) Diagram of the cone and plate system, where r is radial distance from
the cone apex, w is cone angular velocity, a is cone angle, and z is vertical distance between
the cone and plate. TC = tissue culture. (C) Representative phase contrast images of HUVEC
exposed to static culture, steady laminar flow, or oscillating disturbed flow for 24 hours.
Scale bar = 50 um. (D) Western blot of phosphorylated eNOS (p-eNOS) and GAPDH in
HUVEC adapted to static culture (S), steady laminar flow (L), or oscillating disturbed flow
(D) for 24 hours. n = 9 samples, normalized to static culture and GAPDH. p = 1.00x1072 by
Kruskal-Wallis test, with p value on the figure determined by Dunn’s multiple comparisons
test (all samples compared to steady laminar flow). (E) NO, measured via Griess Assay,
increased in HUVEC adapted to steady laminar flow but not oscillating disturbed flow for
24 hours. n = 6 samples per experiment. 1 representative experiment shown out of 2 total
experiments. p = 2.10x10~4 by Kruskal-Wallis test, with p values on the figure determined
by Dunn’s multiple comparisons test (all samples compared to steady laminar flow).
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Figure 2. Steady laminar flow, but not oscillating disturbed flow, decreased EC eNOS O-
GlcNAcylation.

(A) Western blot for all O-GIcNAcylated proteins, with quantification of total GIcNAcylated
proteins and GIcNAcylation of the ~140 kDa protein only (indicated by arrow). Confluent
HUVEC were first adapted to static culture (‘S’), steady laminar (‘L’, 20 dynes/cm2), or
oscillating disturbed flow (‘D’, 4+6 dynes/cm?) for 24 hrs. n = 14 — 31 samples, normalized
to static culture and GAPDH. For GIcNAc-eNOS, p = 1.84x10711 by one-way ANOVA,
with p values on the figure determined by Tukey’s multiple comparisons test. (B) Western
blot for all O-GIcNAcylated proteins and total eNOS for HUVEC with eNOS knocked
down via siRNA. Quantification of GIcNAcylation of the ~140 kDa protein and total eNOS.
(No: HUVEC without siRNA; Neg: control siRNA; E: eNOS siRNA). n = 3 samples. For
GlcNac/GAPDH and eNOS/GAPDH, p = 3.57x1072 by Kruskal-Wallis test, with p values
on the figure determined by Dunn’s multiple comparisons test (all samples compared to
“No”). (C) Western blot for all O-GlcNAcylated proteins and total eNOS for HUVEC
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after eNOS immunoprecipitation. Static ‘S’, steady laminar ‘L’, 3 hour 5 mM glucosamine
‘G’. 3 independent samples were combined into 1 sample to obtain enough protein for
immunoprecipitation.
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Figure 3: OGT and OGA quantity and activity did not significantly change with flow. OGT
inhibition in cells exposed to disturbed flow decreased eNOS O-GlcNAcylation and increased
eNOS phosphorylation, while OGA inhibition in cells exposed to laminar flow increased eNOS
O-GlcNAcylation and decreased eNOS phosphorylation.

(A) Western blot and quantification of OGT and OGA in HUVECs exposed to 24 hours
static culture (‘S”), steady laminar (‘L"), or oscillating disturbed flow (‘D’). n = 9 samples,
normalized to static culture and GAPDH. (B) OGT and OGA activity assay of HUVECs
exposed to 0, 30, 60, 120 minutes steady laminar flow. n = 4-5 samples. For OGA,

p = 1.17x1072 by Kruskal-Wallis test. (C) Western blot and quantification of eNOS O-
GlcNAcylation and p-eNOS in HUVECSs exposed to 24 hours steady laminar flow +/—
1:1000 OGA inhibitor (‘L’, ‘L+OGAIi’) or oscillating disturbed flow +/- 1:1000 OGT
inhibitor (‘D’, ‘D+OGTi’). n = 8-10 samples, normalized to untreated and pactin. p values
on the figure determined by Mann-Whitney test.
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Figure 4: HBP flux and UDP-GIcNACc substrate decreased in HUVEC exposed to steady laminar
flow without a change in GFAT. GFAT inhibition decreased UDP-GIcNAc, and in cells exposed to
disturbed flow, decreased eNOS O-GIcNAcylation and increased eNOS phosphorylation.

(A) UDP-GIcNAC total metabolite pool measured by mass spectrometry in HUVEC exposed
to 24 hours static culture, steady laminar, or oscillating disturbed flow or HUVEC exposed
to 24 hours static culture with and without 1 uM azaserine (+/— Aza, GFAT inhibitor). Total
pool was normalized to the average pool size for static, untreated cells. n = 6 samples per
condition. For flow conditions, p = 9.79x1076 by Kruskal-Wallis test, with p value on the
figure determined by Dunn’s multiple comparisons test. For azaserine treatment, p value

on the figure determined by Mann-Whitney test. (B) Western blot and quantification of
GFAT and p-GFAT (5243) in HUVECs exposed to 24 hours static culture, steady laminar, or
oscillating disturbed flow. n = 8 samples, normalized to static cultured and Bactin or GFAT.
p = 1.26x1071 (GFAT) and p = 4.70x10™1 (p-GFAT) by Kruskal-Wallis test. (C) Western
blot and quantification of protein O-GIcNAcylation and p-eNOS in HUVECs exposed to
static culture (*S’) or 24 hours oscillating disturbed flow (‘D’) with and without 1 uM
azaserine (+/- Aza, GFAT inhibitor). n = 3 samples. p = 2.34x1072 (GIcNAc eNOS) and

p = 3.39x1072 (p-eNOS) by Kruskal-Wallis test, with p values on the figure determined by
Dunn’s multiple comparisons test.
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Figure 5: Glycolytic flux decreased in EC exposed to steady laminar flow as compared to

static culture and oscillating disturbed flow. Inhibiting glycolysis via 2-DG in EC exposed to
oscillating disturbed flow decreased eNOS O-GlcNAcylation and subsequently increased eNOS
phosphorylation and NO.

(A) % labeled intracellular glycolytic intermediates (glucose, fructose-6-phosphate,
glyceraldehyde-3-phosphate, and lactate) measured by mass spectrometry in HUVEC
exposed to 24 hours static culture (‘S’), steady laminar (‘L”), or oscillating disturbed

flow (‘D’) followed by 13C-glucose for 2 minutes. A simplified glycolysis pathway is
depicted showing glucose metabolized to pyruvate, which is then converted to lactate. The
hexosamine biosynthetic pathway (HBP) branches off glycolysis at fructose-6-phosphate. n
= 9 samples, normalized to static culture and Bactin or eNOS. p = 8.75x10™* (glucose),

p = 6.19x1073 (fructose-6-phosphate), and p = 1.06x1072 (glyceraldehyde-3-phosphate) by
Kruskal-Wallis test, with p values on the figure determined by Dunn’s multiple comparisons
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test. (B) Western blot and quantification of eNOS O-GIcNAcylation and p-eNOS in
HUVECs exposed to 24 hours oscillating disturbed flow +/— 1 uM 2-DG. n = 9 samples.
Statistical significance determined by Mann-Whitney test. (C) NO levels, measured via
Griess Assay, in HUVEC exposed to 24 hours oscillating disturbed flow +/- 1 uM 2-DG.
n = 3 samples per experiment. 1 representative experiment shown of 3 total experiments.
(D) DAF-FM diacetate fluorescent images (green) and quantification of intracellular NO in
HUVEC exposed to 24 hours oscillating disturbed flow +/- 1 uM 2-DG. Scale bar = 20
um. n =7 samples. 1 representative experiment shown of 2 total experiments. Statistical
significance determined by Mann-Whitney test. E) Zysense NO analyzer quantification of
NO in the conditioned media from HUVEC exposed to 24 hours oscillating disturbed flow
+/- 1 uM 2-DG. n = 6 samples 1 representative experiment shown of 2 total experiments.
Statistical significance determined by Mann-Whitney test.
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Figure 6: Endothelium in the inner aortic arch showed increased protein O-GlcNAcylation as
compared to endothelial cells in the outer aortic arch and descending aorta.

Confocal microscopy images of inner and outer aortic arch and descending aorta cross
sections from 2-month-old male C57BL/6J mice labeled for (A) O-GIcNAcylated proteins
(green) and (B) ICAM-1 (red). Blue = nuclei. Scale bar = 20 um. White arrows highlight the
endothelium. Also shown is quantification of green pixel intensity in the endothelium. n =
4-5 samples. p = 1.60x1073 by Kruskal-Wallis test, with p value on the figure determined
by Dunn’s multiple comparisons test (all samples compared to inner arch).(C) Schematic of
mouse aorta cross-sections. Outer aortic arch and descending aorta endothelium are exposed
to laminar flow whereas inner aortic arch endothelium is exposed to disturbed flow.
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