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Vascular endothelial cells (ECs) sense and respond to hemodynamic
shear stress, which is critical for circulatory homeostasis and the
pathophysiology of vascular diseases. The mechanisms of shear stress
mechanotransduction, however, remain elusive. We previously dem-
onstrated a direct role of mitochondria in the purinergic signaling of
shear stress: shear stress increases mitochondrial adenosine triphos-
phate (ATP) production, triggering ATP release and Ca?* signaling via
EC purinoceptors. Here, we showed that shear stress rapidly de-
creases cholesterol in the plasma membrane, thereby activating mi-
tochondrial ATP production. Imaging using domain 4 mutant-derived
cholesterol biosensors showed that the application of shear stress to
cultured ECs markedly decreased cholesterol levels in both the outer
and inner plasma membrane bilayers. Flow cytometry showed that
the cholesterol levels in the outer bilayer decreased rapidly after the
onset of shear stress, reached a minimum (around 60% of the control
level) at 10 min, and plateaued thereafter. After the shear stress
ceased, the decreased cholesterol levels returned to those seen in
the control. A biochemical analysis showed that shear stress caused
both the efflux and the internalization of plasma membrane choles-
terol. ATP biosensor imaging demonstrated that shear stress signifi-
cantly increased mitochondrial ATP production. Similarly, the
treatment of cells with methyl-p-cyclodextrin (MBCD), a membrane
cholesterol-depleting agent, increased mitochondrial ATP production.
The addition of cholesterol to cells inhibited the increasing effects of
both shear stress and MBCD on mitochondrial ATP production in a
dose-dependent manner. These findings indicate that plasma mem-
brane cholesterol dynamics are closely coupled to mitochondrial oxi-
dative phosphorylation in ECs.
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ascular endothelial cells (ECs) recognize shear stress, a bio-

mechanical force generated by flowing blood, and transduce it
into intracellular biochemical signals, thereby causing responses
such as changes in cell morphology, function, and gene expression
(1). These EC responses play crucial roles in maintaining the
homeostasis of the circulatory system, and their impairments cause
various vascular diseases such as hypertension, aneurysm, and
atherosclerosis (2-4). To date, numerous studies have elucidated
the mechanism of EC mechanotransduction and have revealed a
unique feature: shear stress activates multiple signal transduction
pathways through a variety of membrane molecules, including ion
channels, receptors, and adhesion proteins, almost simultaneously
(5). Recently, it has become apparent that the plasma membrane
itself plays an important role in EC mechanotransduction. EC
plasma membranes rapidly respond to shear stress by altering their
physical properties, such as fluidity, viscosity, and lipid order (6, 7).
We previously demonstrated that shear stress decreases the lipid
order of not only EC plasma membranes but also, artificial lipid
bilayer membranes, thereby causing a transition from the liquid-
ordered state to the liquid-disordered state, along with an increase
in membrane fluidity (8). These changes in membrane physical
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properties were linked to downstream signaling pathways, such as
the activation of mitogen-activated protein kinase (9) and the
phosphorylation of vascular endothelial growth factor receptors
(VEGFRs) (10). This mechanism, in which changes in membrane
physical properties occur initially and are then followed by the
activation of membrane molecules, may characterize the EC
mechanotransduction described above (11).

Ca®* signaling is known to play a critical role in EC mecha-
notransduction (12). ECs rapidly release intrinsic adenosine tri-
phosphate (ATP) in response to shear stress (13, 14), and this
ATP activates purinoceptors, such as ligand-gated channel P2X
and G protein-coupled P2Y receptors, located in the plasma
membranes; these purinoceptors are responsible for extracellular
Ca®" influx and Ca®" release from the endoplasmic reticulum
(15-17). The increase in cytoplasmic Ca®* activates a variety of
EC functions. In P2X4-knockout mice, ECs exhibited neither
Ca®* signaling nor the production of a potent vasodilator, nitric
oxide, in response to shear stress, thereby impairing the blood
flow-dependent vasodilator response and vascular remodeling and
resulting in hypertension (4). Our recent study revealed that
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mitochondria play an important role in shear stress-induced ATP
release and Ca®* signaling in ECs (18). Upon shear stress stimu-
lation, the ECs rapidly augmented their mitochondrial ATP pro-
duction, triggering ATP release and subsequent Ca®* signaling.
However, the means by which shear stress acting on the plasma
membrane affects mitochondrial oxidative phosphorylation in ECs
remains unknown.

Cholesterol plays a dominant role in determining the mechanical
properties of plasma membranes by affecting the membrane lipid
order, fluidity, bending modulus, thickness, stiffness, and bilayer
pressure profile; in this manner, cholesterol modulates the confor-
mation and function of membrane proteins (19). Plasma membrane
cholesterol is involved in not only the control of various cell func-
tions, such as signaling, adhesion, motility, and remodeling of the
cytoskeleton (20), but also EC responses to biomechanical forces
(10, 21-23). For instance, the depletion of EC plasma membrane
cholesterol inhibits the shear stress-induced activation of extracel-
lular signal-regulated kinase (22), whereas the addition of choles-
terol to EC plasma membranes suppresses the shear stress-induced
phosphorylation of VEGFRs (10). However, the roles of plasma
membrane cholesterol in EC mechanotransduction have not been
fully elucidated, partly because of a lack of information concerning
how plasma membrane cholesterol behaves in ECs under
shear stress.

In the last decade, domain 4 (D4) of perfringolysin O (PFO), a
cholesterol-binding toxin, has been widely used as a cholesterol-
specific molecular sensor for measuring and imaging cholesterol
in cellular membranes (24). When D4 and its mutants labeled
with fluorophores are added to the extracellular medium, cho-
lesterol in the outer leaflet of the plasma membrane can be vi-
sualized in living cells; when these sensors are introduced into
the cells by gene transfer or microinjection, cholesterol in the
inner leaflets of the membrane can be visualized. A recent study
showed that these D4-based cholesterol sensors did not lyse the
cells or cross the plasma membrane, allowing trans-bilayer
asymmetries in plasma membrane cholesterol to be identified
in various mammalian cells (25).

In the present study, we applied controlled levels of shear stress
to cultured human pulmonary aortic endothelial cells (HPAECs)
and examined changes in the amounts and distribution of plasma
membrane cholesterol using fluorescence imaging and flow
cytometry with D4 mutant-based cholesterol biosensors. We also
used biochemical measurements to analyze changes in the
amounts of cholesterol in whole cells and isolated plasma mem-
branes. Furthermore, to determine whether changes in plasma
membrane cholesterol affect mitochondrial oxidative phosphory-
lation, we examined changes in mitochondrial ATP concentrations
using real-time imaging with a fluorescence resonance energy
transfer (FRET)-based ATP biosensor (26).

Results

Visualization of Plasma Membrane Cholesterol in Living Cells Using
Recombinant D4 Probes. HPAECs that had been incubated at room
temperature for 10 min in a medium containing EGFP-D4ypa
protein or infected with the mCherry-D4yp4 adenovirus 2 d earlier
were observed using confocal fluorescence microscopy. Confocal
images showed that EGFP-D4yp was distributed along the cell
margin, and its distribution was in strong agreement with that of
phospholipase C (PLC)-iRFP, a marker protein of the plasma
membrane. EGFP-D4ypa did not cross the plasma membrane (S/
Appendix, Fig. S1). These results indicated that EGFP-D4ypa can
depict cholesterol localized to the outer bilayer of the plasma
membrane (Fig. 1 4, Top). Meanwhile, mCherry-D4yp was dis-
tributed along the cell margin, and its distribution was consistent
with that of PLC, indicating that mCherry-D4yps can depict
cholesterol localized to the inner bilayer of the plasma membrane
(Fig. 1 A, Middle). mCherry-D4yp was also distributed in intra-
cellular membranes, with patchy accumulation especially notable
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around the nucleus. The perinuclear mCherry-D4ypa-rich regions
were consistent with the presence of GFP-transferrin receptor
(TfR), a recycling endosome marker. These findings indicate that
cholesterol is abundant not only in the plasma membrane but also,
in recycling endosomes (Fig. 1 A, Bottom).

The treatment of cells with methyl-B-cyclodextrin (MBCD), a
membrane-impermeable cholesterol-binding agent that removes
membrane cholesterol from the plasma membranes, markedly
attenuated both the EGFP-D4ypa and mCherry-D4ypa signals
in the plasma membrane (Fig. 1B). When cholesterol was added
to the cells, the signals of these two probes at the plasma
membrane markedly increased. Quantitative analysis showed
that the average fluorescence intensity specific to each probe in
both the outer and inner plasma membrane bilayers was signif-
icantly reduced by MBCD, while it was clearly increased by the
addition of cholesterol (Fig. 1 C and D). These findings indicate
that the localizations of EGFP-D4yps and mCherry-D4ypa
were cholesterol dependent.

Shear Stress Resulted in a Rapid Decrease of Plasma Membrane
Cholesterol. When HPAECs were subjected to a shear stress of
15 dynes/cm?® for 15 min in a flow-loading apparatus, both the
EGFP-D4ypa and mCherry-D4yp signals localized to the plasma
membrane decreased significantly (Fig. 24). A quantitative analysis
showed that shear stress markedly decreased the fluorescence in-
tensities of both probes in the plasma membrane. These findings
indicate that shear stress decreased the amount of cholesterol lo-
calized to both the outer and inner plasma membrane bilayers.

The decreased cholesterol levels seen in the mCherry-D4ypa
image had returned to the control levels when the levels were
examined 5 min after the cessation of the shear stress (Fig. 2B).
Real-time imaging of mCherry-D4yps showed that the inner
plasma membrane cholesterol level began to decrease immedi-
ately after the initiation of shear stress and that the decreased
cholesterol levels recovered gradually after the shear stress was
stopped (Fig. 2C). These findings indicate that the membrane
cholesterol responses were rapid and reversible.

HPAECs labeled with EGFP-D4yp4 were subjected to flow
cytometry to quantify the cholesterol content of their plasma
membrane outer bilayer (Fig. 2D). The cholesterol levels de-
creased rapidly after the onset of shear stress, reached a mini-
mum value (around 60% of the value for a static control) at
10 min, and plateaued thereafter. After the shear stress ceased,
the decreased cholesterol levels returned to the control levels.

When ECs were exposed to shear stresses at different intensi-
ties, the cholesterol levels decreased in a dose-dependent manner
in the range of 0 to 10 dynes/cm?; after reaching a minimum at 10
dynes/cm®, they maintained the same level at 15 dynes/cm®
(Fig. 2E). Treatment of the cells with MBCD, a cholesterol-
depleting agent, reduced the plasma membrane cholesterol lev-
els to less than half of that seen in the control (Fig. 2E).

In flow-loading experiments, ECs were subjected not only to
shear stress but also, to pressure that exerted a compressive force
on the cell membrane. To determine whether the pressure af-
fected the membrane cholesterol levels, ECs were subjected to a
hydrostatic pressure (40 mm Hg) under no-flow conditions. The
hydrostatic pressure alone had no effect on the membrane
cholesterol levels (Fig. 2F). This means that the flow-induced
decrease in plasma membrane cholesterol was attributable to
shear stress and not to pressure.

To examine whether other EC lines as well as HPAECs respond
to shear stress and reduce plasma membrane cholesterol, shear
stress was applied to cultured human aortic endothelial cells
(HAECG:s), human coronary artery ECs, and human umbilical vein
EGs, and the changes in plasma membrane cholesterol were
measured using flow cytometry. Shear stress significantly de-
creased the outer bilayer cholesterol levels not only in HPAECs
but also, in all of the above EC lines (S Appendix, Fig. S24).
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Fig. 1. Visualization of cellular cholesterol using D4 mutant-based choles-

terol biosensors. (A) Confocal images of living HPAECs labeled with EGFP-
D4ypa and expressing mCherry-D4yp,, PLC (PLC-iRFP, PLC-GFP), and TfR
(TfR-GFP). EGFP-D4ypa localized to the plasma membranes was visualized
using PLC-iRFP, a plasma membrane marker. Expressed mCherry-D4ypa lo-
calized to the plasma membrane was visualized using PLC-GFP and was also
observed in the perinuclear region. The patchy accumulation of mCherry-
D4ypa around the nucleus was colocalized with TfR-GFP, a recycling endo-
some marker. (Scale bars: 20 um.) (B) Confocal images of MBCD/cholesterol-
treated HPAECs labeled with EGFP-D4ypa and expressing mCherry-D4ypa.
Treatment of the cells with MBCD (10 mM) for 3 min almost eliminated the
EGFP-D4ypa and mCherry-D4ypa signals in the plasma membranes, and the
addition of cholesterol (10 mM MBCD plus 50 pM cholesterol) prevented the
effects of MBCD and enhanced both probe signals in the plasma membranes,
indicating that the localization of both probes was cholesterol dependent.
(Scale bars: 20 um.) (C and D) Quantitative analysis of changes in the plasma
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Shear Stress Decreased Both Free and Esterified Cholesterol Mainly in
the Apical Plasma Membranes. The apical and basal plasma mem-
branes were separately obtained from HPAECs, and the amount of
cholesterol in each membrane was biochemically measured. The
application of a shear stress of 15 dynes/cm?® for 15 min caused a
significant decrease in the cholesterol content of the apical plasma
membranes, but not in the basal plasma membranes (Fig. 34). This
indicates that the decrease in plasma membrane cholesterol oc-
curred mainly in the apical membrane.

Plasma membranes contain not only free cholesterol but also,
esterified cholesterol. The amounts of free and esterified cho-
lesterol were quantified in a biochemical analysis of ECs treated
with or without esterase. In the plasma membrane, the amount
of esterified cholesterol was around one-fourth that of free
cholesterol. Upon shear stress stimulation, the esterified cho-
lesterol as well as the free cholesterol markedly decreased in the
apical plasma membranes (Fig. 34).

Shear Stress Caused Both the Efflux and the Internalization of Plasma
Membrane Cholesterol. To examine the destinations of cholesterol
leaving the plasma membrane in response to shear stress, the
amounts of free cholesterol in both whole cells and isolated
plasma membranes were biochemically measured using HPAECs
cultured under static conditions or subjected to a shear stress of
15 dynes/cm®. Upon shear stress stimulation for 15 min, the free
cholesterol level in the whole cells decreased to around 80% of
the value observed in the control (12.99 + 1.45 vs. 10.32 + 0.57
nmol/10° cells), while that in the isolated plasma membranes
decreased to around 64% of that observed in the control (8.24 +
0.84 vs. 530 + 1.78 nmol/10° cells) (Fig. 3B). The decreased
amount of free cholesterol in the plasma membrane was slightly
larger than that in the whole cells. Similar shear stress-mediated
cholesterol efflux and internalization occurred in HAECs (SI
Appendix, Fig. S2B). These findings suggest that the majority of
cholesterol leaving the plasma membrane moves out of the cell,
while the remainder moves into the cell. However, it was not
possible to determine the percentage of plasma membrane
cholesterol moving out of the cells and that moving into the cells
since it was unclear how much intracellular cholesterol in addi-
tion to plasma membrane cholesterol moved out of the cell in
response to the shear stress. In addition, since plasma mem-
branes are difficult to isolate at high yields, the plasma mem-
branes isolated in the present experiments were expected to be
less than the entire plasma membranes.

Decreased Plasma Membrane Cholesterol Is Closely Coupled to the
Activation of Mitochondrial Oxidative Phosphorylation. To monitor
the changes in mitochondrial ATP levels, we used the genetically
encoded FRET-based ATP Biosensor mitAT1.03, which targets
the mitochondrial matrix. HPAECs loaded with mitAT1.03 were
subjected to a shear stress of 15 dynes/cm?, and changes in the
mitochondrial ATP levels were examined. Pseudocolor images of
the yellow fluorescent protein (YFP)-to-cyan fluorescent protein
(CFP) ratio showed that the ATP levels markedly increased over
the entire mitochondria when cells were subjected to shear stress
(Fig. 44). Changes in the ratio over time were quantified by
defining regions of interest in the mitochondria. The ratio rap-
idly increased after the initiation of shear stress, remained at the
increased level, and then returned to the control level after the
shear stress ceased. Since the YFP-to-CFP ratio was strongly
correlated with the ATP concentrations in mitochondria, these

membrane cholesterol. The fluorescence intensity of each D4-based sensor
was measured by setting a region of interest over the plasma membrane.
The bar graph shows the changes relative to the control (100%). The data
are expressed as the mean + SD (n = 30). All of the above experiments were
performed with the cells in a nonconfluent state. *P < 0.01 vs. control.
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Fig. 2. Effects of shear stress on the cholesterol levels in EC plasma mem-
branes. (A) Confocal images of HPAECs labeled with EGFP-D4ypa and
expressing mCherry-D4ypa obtained before (Control) and 15 min after shear
stress (15 dynes/cm?) loading. The bar graphs in Right show the results of
quantitative analyses. The data are expressed as the mean + SD (n = 20).
Shear stress markedly reduced both the EGFP-D4ypa and mCherry-D4ypa
signals in the plasma membranes. A similar phenomenon was observed in
many other cells subjected to shear stress. (Scale bars: 20 pm.) *P < 0.01 vs.
control. (B) Confocal images of mCherry-D4yp obtained before (Control),
immediately after (Right after), and 5 min after (Recovery) shear stress
loading. Upper Left Insets show enlarged images of the cell membrane
surrounded by the broken line. The decreased cholesterol levels had
returned to the control levels when examined 5 min after the cessation of
the shear stress. (Scale bar: 20 pm.) (C) Shear stress-induced temporal
changes in cholesterol in the inner bilayer in a representative cell. Real-time
imaging of mCherry-D4ypa showed that inner plasma membrane cholesterol
began to decease immediately after the initiation of the shear stress and
that the decreased cholesterol levels recovered gradually after the shear
stress was stopped. A similar phenomenon was observed in many other cells.
All of the above experiments were performed with the cells in a non-
confluent state. (D) Shear stress-induced temporal changes in cholesterol in
the outer bilayer as quantified using flow cytometric analysis of cells labeled
with EGFP-D4ypa. The cholesterol levels rapidly and significantly decreased
in response to shear stress, and the decreased cholesterol levels returned to
the control level after the cessation of the shear stress. Values are the
mean + SD of nine samples obtained in three separate experiments. *P <
0.01 compared with static control. (E) Intensity dependency of shear stress-
induced changes in cholesterol levels. HPAECs were exposed to shear stress
at different intensities for 10 min, and changes in the cholesterol level were
examined using flow cytometry. Cholesterol levels decreased further as the
intensity of the shear stress increased until a value of 10 dynes/cm? was
reached. Treatment of the cells with MBCD (10 mM) decreased the outer
bilayer cholesterol levels to around 40% of the value in the control. Hy-
drostatic pressure (H.P.; 40 mm Hg) was applied to cells under no-flow
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findings indicate that shear stress increased ATP production by
enhancing mitochondrial oxidative phosphorylation, but not cy-
tosolic glycolysis. Similar to shear stress loading, treatment of the
cells with MBCD, which depletes membrane cholesterol, markedly
increased the ATP levels in the mitochondria (Fig. 4B). This
result indicated that a reduction in the plasma membrane
cholesterol level alone can activate mitochondrial oxidative
phosphorylation.

The addition of different concentrations of cholesterol to cells
inhibited both the shear stress- and MBCD-induced increases in
mitochondrial ATP production in a dose-dependent manner and
almost abolished the effects of shear stress and MBCD at 100 pM
cholesterol (Fig. 4 C—F). Flow cytometry analyses of ECs labeled
with EGFP-D4yps showed that the addition of cholesterol
prevented the shear stress-induced decrease in plasma mem-
brane cholesterol in a dose-dependent manner (SI Appendix, Fig.
S3). These findings indicated that a reduction in the plasma
membrane cholesterol is closely coupled to the increasing effect
of shear stress on mitochondrial ATP production in ECs.

Discussion

The present study demonstrated that D4 imaging enabled the
depiction of cholesterol in the plasma membranes of living cells.
Both EGFP-D4ypa and mCherry-D4ypa signals were localized
to the plasma membranes, but because of the limited resolution
of the microscope, it was not possible to separate the cholesterol
distributed in the outer and inner bilayers of the plasma mem-
brane visually in the same cell. D4 imaging and flow cytometry
showed that shear stress markedly decreased the plasma membrane
cholesterol in HPAECs, which was consistent with the biochemical
measurements of cholesterol. The decrease in the plasma mem-
brane cholesterol level occurred rapidly mainly in the apical plasma
membranes, and it was shear stress dependent and reversible. Al-
though the mechanism by which shear stress decreases plasma
membrane cholesterol levels remains unclear, it may be related to
water entering the plasma membranes in a lipid order-dependent
manner. Our previous studies using Laurdan fluorescence imaging
revealed that the amount of water entering the lipid bilayer in-
creased as the lipid order of the plasma membrane decreased in
response to shear stress (8), thereby providing suitable conditions
for hydrophobic cholesterol to leave the plasma membranes.
Until now, various probes, including Filipin (27), boron-
dipyrromethene (BODIPY) cholesterol (28, 29), and Dehy-
droergosterol (30), have been used to analyze the dynamics of
cellular cholesterol, but each of these probes has its own set of
pros and cons (31, 32). In particular, many probes are not suitable
for the analysis and imaging of living cells because their fluores-
cence is quenched too rapidly, their excitation wavelengths are
cytotoxic, or their binding to cholesterol perturbs the cell mem-
brane. The D4 of PFO binds to cholesterol with a high affinity (Ky
~ 107%) but is not cytotoxic (33). Therefore, recombinant EGFP-
D4 and mCherry-D4 proteins have been used to visualize cho-
lesterol in mammalian cells. Recently, probes with mutations in
D4 resulting in a higher affinity for cholesterol have been used
(25). These probes are also suitable for quantifying alterations in
the plasma membrane cholesterol content by subjecting the cells
labeled with EGFP-D4 to flow cytometry. However, it should be
noted that there is a threshold concentration of membrane cho-
lesterol for D4 binding. D4 does not bind unless the amount of
cholesterol in the plasma membrane exceeds 35 mol% of the total
lipids, so cells with relatively low membrane cholesterol contents

conditions but had no effect on the cholesterol levels. Values are the mean +
SD of six samples obtained in two separate experiments. Experiments in D
and E were performed with the cells in a confluent state. *P < 0.01 compared
with a static control.
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subjected to a shear stress of 15 dynes/cm? for 15 min and were examined biochemically for changes in their cholesterol contents. (4) Changes in the free and
esterified cholesterol contents of the apical and basal plasma membranes. Shear stress significantly decreased both the free and esterified cholesterol
contents in the apical membranes, but not in the basal membranes. Values are the mean + SD of nine samples obtained from three separate experiments.
*P < 0.01 compared with a static control. (B) Changes in the free cholesterol contents of whole cells and isolated plasma membranes. Shear stress significantly
decreased the cholesterol content of the whole cells as well as the plasma membranes, indicating that a certain amount of plasma membrane cholesterol
moved out of the cells and the remainder moved into the cells. Values are the mean + SD of nine samples obtained from three separate experiments. All of
the above experiments were performed with the cells in a confluent state. *P < 0.01 compared with a static control (zero shear stress).

cannot be visualized. The use of EGFP-D4yps and mCherry-
D4ypa allowed us to visualize plasma membrane cholesterol and
intracellular organelle cholesterol clearly in living HPAECs.

Biochemical analysis and real-time imaging of mCherry-D4ypa
showed that shear stress caused both the efflux and the internali-
zation of plasma membrane cholesterol in ECs, although the per-
centages of cholesterol moving in each of the two directions was
not determined. Concerning cholesterol efflux, there are at least
two independent mechanisms: the desorption of plasma membrane
cholesterol into the aqueous phase followed by diffusion and
cholesterol acceptor-mediated pathways (34). The cholesterol ef-
flux that occurred under the present conditions was thought to
have involved the former mechanism since the perfusate, Hank’s
balanced salt solution (HBSS), used in the flow-loading experi-
ments did not contain any cholesterol acceptors, such as high-
density lipoprotein, apolipoprotein, or bovine serum albumin.
However, the means by which plasma membrane cholesterol is
released into the aqueous phase is currently unclear. Since free
cholesterol is known to have a limited but finite aqueous solubility
in the 10-nM range, cholesterol itself can move into perfusates in
response to shear stress. As other possibilities, cholesterol could be
released as a molecular assembly combined with other components
of the plasma membrane (e.g., phospholipids) or within vesicles.
Regarding cholesterol internalization, several possible mechanisms
may be involved, including aqueous diffusion; vesicle-mediated
transport; and nonvesicular, carrier-mediated transport involving
sterol transfer proteins (35). Further studies are needed to identify
whether these mechanisms work separately or together to inter-
nalize plasma membrane cholesterol under shear stress.

As shown in our previous study, HPAECs immediately increase
their mitochondrial ATP production in response to shear stress,
which causes the release of ATP out of the cell and subsequent
purinergic Ca>* signaling (18). The present study has revealed the
involvement of plasma membrane cholesterol dynamics in shear
stress-induced mitochondrial ATP production. The addition of
cholesterol to the cells inhibited both the decreasing effect of shear
stress on the plasma membrane cholesterol level and its increasing
effect on mitochondrial ATP production in a dose-dependent
manner. Interestingly, the treatment of ECs with MBCD, which
depletes plasma membrane cholesterol, alone resulted in an in-
crease in mitochondrial ATP production, and the addition of cho-
lesterol prevented the increasing effect of MBCD on ATP
production. At present, however, it remains unclear how changes in
the plasma membrane cholesterol levels influence mitochondrial
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oxidative phosphorylation. Although no direct evidence is available,
several possible mechanisms can be speculated. The first possibility
is related to O, permeation. Since membrane cholesterol acts as a
barrier to limit the permeation of O, into cells (36, 37), its reduction
may increase the amount of O, reaching the mitochondria, thereby
influencing the electron transfer chain reactions (38). Another
possibility is related to the cholesterol content of mitochondrial
membranes. The functions of mitochondria are closely coupled to
changes in their membrane cholesterol levels (39). For instance,
increased mitochondrial cholesterol levels impair mitochondrial
oxidative phosphorylation by decreasing the mitochondrial mem-
brane potential and fluidity and disrupting the assembly of respi-
ratory supercomplexes (40), whereas decreased cholesterol levels in
mitochondrial membranes increase ATP synthase activity (41).
Thus, if a reduction in plasma membrane cholesterol leads to a
decrease in mitochondria membrane cholesterol, ATP production
might be augmented. A further possibility is the involvement of
mechanosensitive receptors and ion channels. Since plasma mem-
brane cholesterol dynamics are known to influence the activities of
receptors and ion channels expressed on the plasma membrane
(42), a reduction in plasma membrane cholesterol may activate
mitochondrial oxidative phosphorylation via their downstream sig-
naling pathways, such as through an increase in intracellular and
mitochondrial Ca®* concentrations (43, 44).

HPAECs have abundant caveolae, which are small flask-
shaped invaginations of the plasma membrane, rich in choles-
terol and sphingolipids. Caveolae possess caveolin, which is an
essential protein for maintaining their structure; caveolin also
functions as a scaffolding protein that interacts with many sig-
naling molecules. Therefore, caveolae are known to play a role
not only in endocytosis, transcytosis, and cholesterol homeostasis
but also, in signal transduction (45). Many studies have revealed
that caveolae are also involved in the mechanotransduction of
shear stress. When bovine aortic ECs were subjected to shear
stress, the phosphorylation of caveolin occurred immediately,
mediating shear stress-induced integrin signaling and subsequent
cytoskeletal rearrangement (46). We demonstrated that the ap-
plication of shear stress to HPAECs caused an immediate release
of ATP at the caveolae, from which Ca®>* waves were propagated
throughout the cell (14). We also showed that shear stress rapidly
caused a phase transition from a liquid-ordered phase to a liquid-
disordered phase in the caveola-rich plasma membrane (8). The
reduction in lipid order seen at caveola sites and the decrease in
membrane cholesterol observed in the present study suggest that
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Fig. 4. Effects of shear stress and MBCD on mitochondrial ATP levels.
HPAECs were subjected to a shear stress of 15 dynes/cm? and were examined
for changes in the mitochondrial ATP level, which was determined using the
FRET-based ATP biosensor mitAT1.03. (A) Typical example of shear stress-
induced mitochondrial ATP production. Pseudocolor images of the
YFP-to-CFP ratio showed that shear stress markedly increased the ATP levels
in the mitochondria. The colors represent the ATP levels indicated by the
scale. The time course of the YFP-to-CFP ratio showed that the ATP level
rapidly increased in response to shear stress and then returned to the control
level after the shear stress ceased. Similar mitochondrial reactions were also
observed in many other cells in different experiments. (Scale bar: 20 um.) (B)
Typical example of MBCD-induced mitochondrial ATP production. The ATP
levels increased rapidly in response to the treatment of cells with MBCD;
after reaching the maximum level, the levels gradually declined. Similar re-
actions were also observed in many other cells. (Scale bar: 20 pm.) (C and D)
Effects of cholesterol addition on the shear stress- and MBCD-induced in-
crease in ATP production. Solutions with different concentrations of cho-
lesterol (0, 10, 20, 50, and 100 uM), prepared with water-soluble cholesterol
powder (Sigma-Aldrich C4951) in which cholesterol was incorporated into
MBCD (molar ratio, 1:7), were added to the cells. An example of the mito-
chondrial ATP reaction at each concentration of cholesterol is shown. The
addition of cholesterol to the cells inhibited the increasing effects of shear
stress and MBCD on mitochondrial ATP production in a dose-dependent
manner and almost abolished them at 100 pM cholesterol. (E and F) Quan-
titative analysis of the effects of cholesterol addition on mitochondrial ATP
production. The bar graphs showed a dose-dependent inhibition of both
shear stress- and MBCD-induced mitochondrial ATP production by the ad-
dition of cholesterol. Results are presented as the mean + SD of 15 samples
obtained in three separate experiments. All of the above experiments were
performed with the cells in a confluent state. *P < 0.01 compared with the
control (zero cholesterol).
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shear stress reduces or dissolves caveolae. Emerging evidence
suggests that caveolae and caveolin proteins modulate mitochon-
drial biogenesis, structure, and function (47). Mitochondria are
also in close proximity to caveolae, and some structures exist be-
tween them (48). Therefore, it seems possible that shear stress
affects mitochondrial functions by changing the dynamics of cav-
eolae and caveolin. Such studies on caveola—mitochondrial cou-
pling would provide a new perspective on the mechanism of shear
stress mechanotransduction.

The present study showed that plasma membrane cholesterol
dynamics play an important role in the HPAEC response to shear
stress (i.e., the activation of mitochondrial oxidative phosphory-
lation). The involvement of membrane cholesterol in cellular
mechanoresponses has also been shown in other types of cells,
including bovine aortic ECs (22), osteoblasts (49), and leukocytes
(50). Changes in plasma membrane cholesterol levels are thought
to affect cell functions through a variety of pathways, including
those via changes in membrane physical properties such as stiff-
ness and fluidity, cholesterol-rich caveolae and rafts, cellular
cholesterol metabolism, and the cholesterol content of intracel-
lular organelle membranes. Membrane cholesterol also regulates
the function of membrane receptors and ion channels by altering
their conformation and assembly via changes in membrane phys-
ical properties and specific binding (51, 52). Many types of ion
channels are known to be regulated by membrane cholesterol (19),
and recently, the human mechanosensitive ion channel Piezol,
which is gated by membrane tension and also acts as a flow sensor
in ECs, has been shown to be modified by membrane cholesterol
(53); specifically, cholesterol enrichment or depletion by MBCD
and the disruption of membrane cholesterol organization using
the dynamin inhibitor dynasore changed the Piezol response to
mechanical force. Thus, to elucidate the mechanism of EC
mechanotransduction, clarifying the role of plasma membrane
cholesterol dynamics in cell responses to biomechanical forces is
essential. Solving this problem would lead to a better under-
standing of how hemodynamic forces influence circulatory ho-
meostasis and the pathogenesis of vascular diseases, such as
aneurysms and atherosclerosis.

Materials and Methods

Cell Cultures. HPAECs were purchased from Lonza Walkersville Inc. (product
code: cc-2530) and were grown in medium 199 supplemented with 15% fetal
bovine serum, 2 mM L-glutamine (Gibco), 50 pg/mL heparin, and 30 pg/mL EC
growth factor (Becton Dickinson) in a 1% gelatin-coated tissue culture flask.
The cells used in the experiments in this study were in the 7th and 10th
passages. All of the experiments were approved by the Ethics Committee of
the University of Tokyo, Graduate School of Medicine. Most experiments
were performed with the cells in a confluent state, but some experiments
were performed in a nonconfluent state to visualize plasma membrane
cholesterol clearly.

Shear Stress Experiments. Cells were subjected to controlled levels of laminar
shear stress in a parallel plate-type flow-loading device (FCS2; Bioptechs), as
previously described (54). Briefly, the flow chamber consisted of a 1%
gelatin-coated cover glass with the cultured cells on one side and a second
parallel glass plate held 200 um apart from the first plate by a Teflon gasket.
The medium was perfused using a roller/tube pump, and the entire closed
circuit was maintained at exactly 37 °C. The intensity of the shear stress (z;
dynes per centimeter squared) acting on the EC layer was calculated from
the formula t = 6pQ/a’b, where p is the viscosity of the perfusate (poise), Q is
the flow volume (milliliters per second), and a and b are the cross-sectional
dimensions of the flow path (centimeters).

Cholesterol Probes.

EGFP-D4yp, protein. A plasmid containing hexahistidine (6xHis) tag-fused
EGFP-D4 cloned with the pET28b vector was a gift from Toshihide Kobaya-
shi, University of Strasbourg, Strasbourg, France. To increase the cholesterol
affinity of the EGFP-D4 protein, three amino acids in the D4 were mutated
(Y415A, D434W, and A463W), creating EGFP-D4ypa (25). Escherichia coli
BL21 (DE3; Novagen) was transformed using the pET28b-EGFP-D4ypa
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plasmid and then cultured in Luria-Bertani broth (Formedium) containing
50 pg/mL kanamycin (Wako) at 37 °C until the optical density (ODggo)
reached 0.4. Then, 1 mM isopropy! p-p-thiogalactopyranoside (Wako) was
added to the medium, and the cultures were induced for 3 h at 37 °C; 6xHis-
tagged EGFP-D4ypa protein was purified using Ni-NTA Agarose (QIAGEN)
and concentrated using an ultrafiltration column (Amicon Ultra-15 10K;
Merck Millipore), according to the manufacturers’ instructions. The protein
was analyzed using sodium dodecyl sulfate/polyacrylamide gel electropho-
resis with 0.1% Coomassie brilliant blue staining and Western blotting with
an anti-6xHis tag antibody (Abcam).

Adenovirus of mCherry-Ddyps. D4yps was introduced into a pFPV-mCherry
vector at the Hindlll/Xhol site. Complementary deoxyribonucleic acid
(cDNA) of mCherry-D4ypa was cloned into a pAd-CMV-V5-DEST Gateway
vector (Thermo Fisher Scientific) using LR recombination reactions, and an
adenovirus vector containing mCherry-D4yp, cDNA (Ad-mCherry-D4yp,) was
constructed. The cultured HPAECs were infected with 50 plaque-forming
units per cell of Ad-mCherry-D4ypa.

Imaging of cholesterol, PLC, and TfR. PH-PLCD1-GFP, PH-PLCD1-iRFP, and TfR-
GFP plasmids were purchased from Addgene (plasmids 51407, 66841, and
45060, respectively) and were transfected into cultured HPAECs using the
Neon Transfection System (Thermo Fisher) 2 d before imaging under opti-
mized conditions (1,270 V, 20-ms pulse length, with two pulses). All of the
images were captured using a confocal laser-scanning microscope (A1R
HD25; Nikon) equipped with x60 (ApoTIRF) and x100 (SR ApoTIRF) objec-
tives at the following excitation/emission wavelengths: EGFP-D4, PH-PLCD1-
GFP, and TfR-GFP (488, 525/50 nm); mCherry-D4 (561, 595/50 nm); and PH-
PLCD1-iRFP (640, 700/75 nm) using NIS-Elements C software (Nikon). The
obtained images were merged using Adobe Photoshop software. Signals of
D4-based sensors were quantitatively analyzed by Image Pro-10 software
(Media Cybernetics).

Flow cytometry. Cholesterol in the outer plasma membrane bilayer of HPAECs
was labeled with the EGFP-D4yp protein and measured using a Gallios flow
cytometer (Beckman Coulter). A total of 1 x 10° cells were incubated with
the EGFP-D4ypa protein (30 pg/mL) for 10 min on ice. The cells were rinsed
with HBSS twice before analysis. The cell counts vs. logarithmic fluorescent
intensity histograms were recorded for 2 x 10° cells for each sample. Back-
ground fluorescence was obtained using nonlabeled cells. The cholesterol
contents were statistically analyzed using Kaluza Analysis Flow Cytometry
Software, version 2.1.1 (Beckman Coulter).

Biochemical measurements of cholesterol. The amounts of cholesterol in whole
cells and isolated plasma membranes were biochemically measured according
to previously described methods (10). Plasma membranes were prepared as
described previously (55). Briefly, cells were homogenized with a Teflon
homogenizer (Wheaton) and centrifuged at 1,000 x g for 10 min. The
postnuclear supernatant was collected, and the plasma membrane fraction
was isolated using 30% Percoll-gradient fractionation (84,000 x g for 30 min)
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and extracted with chloroform/isopropyl alcohol/Nonidet P-40 (7:11:0.1). The
apical and basal membranes were isolated from cultured HPAECs using
cationic colloidal silica (Nalco 1060) and polyacrylic acid sodium salt (mo-
lecular weight ~ 5,100; Sigma-Aldrich), according to a previously reported
procedure (56). Free cholesterol and cholesteryl ester (esterified cholesterol)
in the apical and basal plasma membrane fractions were assayed spectro-
photometrically using a cholesterol quantitation kit (BioVision Inc.) and a
microplate reader (ARVO SX; Perkin-Elmer Life Sciences) according to the
manufacturers’ instructions and normalizing the value according to the
protein concentration and cell number.
Imaging of mitochondrial ATP. The mitochondrial ATP was imaged using an
FRET-based ATP biosensor targeted at the mitochondrial matrix (mitAT1.03),
as previously described (26). The cDNA of mitAT1.03 was ligated and cloned
into the Sall/Notl sites of a pAd-CMV-V5-DEST Gateway Vector (Thermo
Fisher Scientific), and the adenovirus vector containing mitAT1.03 cDNA
(Ad-mitAT1.03) was constructed as described previously. Cultured HPAECs
were infected with 50 plaque-forming units per cell of Ad-mitAT1.03.
Three to five days after Ad-mitAT1.03 infection, the HPAECs (maintained
at 37 °C) were imaged using an ECLIPSE Ti-E inverted microscope (Nikon)
with x60 and x100 ApoTIRF oil objectives (1.49 numerical aperture) using a
water-cooling electron multiplier charge-coupled device camera (ImageM
C9100-13; Hamamatsu) controlled by HClmage software, version 4.3
(Hamamatsu). Dual-emission ratio imaging of mitAT1.03 was performed
using an FF01-427/10 excitation filter (Semrock), an FF458-Di01 dichroic
mirror, and a Dual View Multichannel Imaging System (DV2; Photometrics)
equipped with two emission filters (FF01-483/32 for CFP and FF01-542/27 for
YFP). The images were analyzed using MetaMorph software, version 7.7
(Molecular Devices).
Statistical analysis. The results are presented as the mean + SD. Statistical
significance was evaluated using an ANOVA with the Bonferroni adjustment
applied to the results of post hoc t tests. The statistical analysis was per-
formed using SPSS software (SPSS Inc.). A P value of <0.05 was regarded as
being statistically significant.

Data Availability. All study data are included in the article and S/ Appendix.
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