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Flow-Induced Secretion of Endothelial
Heparanase Regulates Cardiac Lipoprotein
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BACKGROUND: Lipoprotein lipase (LPL)-derived fatty acid is a major source of energy for cardiac contraction. Synthesized in
cardiomyocytes, LPL requires translocation to the vascular lumen for hydrolysis of lipoprotein triglyceride, an action mediated
by endothelial cell (EC) release of heparanase. We determined whether flow-mediated biophysical forces can cause ECs to
secrete heparanase and thus regulate cardiac metabolism.

METHODS AND RESULTS: Isolated hearts were retrogradely perfused. Confluent rat aortic ECs were exposed to laminar flow
using an orbital shaker. Cathepsin L activity was determined using gelatin-zymography. Diabetes was induced in rats with
streptozotocin. Despite the abundance of enzymatically active heparanase in the heart, it was the enzymatically inactive, la-
tent heparanase that was exceptionally responsive to flow-induced release. EC exposed to orbital rotation exhibited a similar
pattern of heparanase secretion, an effect that was reproduced by activation of the mechanosensor, Piezo1. The laminar flow-
mediated release of heparanase from EC required activation of both the purinergic receptor and protein kinase D, a kinase
that assists in vesicular transport of proteins. Heparanase influenced cardiac metabolism by increasing cardiomyocyte LPL
displacement along with subsequent replenishment. The flow-induced heparanase secretion was augmented following diabe-
tes and could explain the increased heparin-releasable pool of LPL at the coronary lumen in these diabetic hearts.

CONCLUSIONS: ECs sense fluid shear-stress and communicate this information to subjacent cardiomyocytes with the help of
heparanase. This flow-induced mechanosensing and its dynamic control of cardiac metabolism to generate ATP, using LPL-
derived fatty acid, is exquisitely adapted to respond to disease conditions, like diabetes.
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cause of its continuous and rhythmic pumping.

Accordingly, it uses multiple sources of chemical
energy to generate ATP for mechanical contraction, in-
cluding fatty acids (FA), glucose, lactate, ketones, and
amino acids.! In fact, in the human heart, FAs were
recently reported to be the primary substrate con-
sumed.? As the heart cannot synthesize FA, it relies on
obtaining it from other sources. These include adipose
tissue, breakdown of endogenous cardiac triglyceride,

The heart has a high demand for energy be-

and lipolysis of circulating triglyceride-rich lipoproteins
by lipoprotein lipase (LPL) located at the endothelial
cell (EC) surface of the coronary lumen.3* LPL-derived
FA is considered a major source of energy for cardiac
contraction.?

In the heart, LPL is produced in cardiomyocytes
and subsequently secreted onto heparan sulphate pro-
teoglycan (HSPG) binding sites on the cardiomyocyte
apical surface.®® HSPG consists of a core protein to
which several linear heparan sulphate (HS) side chains
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Lee et al

CLINICAL PERSPECTIVE

What Is New?

e This study reports on the ability of endothelial
cells to sense fluid shear stress and commu-
nicate this information to subjacent cardiomyo-
cytes with the help of heparanase.

e Unlike the conventional link between mecha-
nosensors and management of vascular tone,
this study describes a novel role of endothelial
mechanosensors in regulation of cardiac metab-
olism, especially fatty acid delivery to the heart.

What Are the Clinical Implications?

e Understanding flow-induced mechanosensing
and its dynamic control of cardiac metabolism
to generate ATP using lipoprotein lipase-derived
fatty acids may offer insights into potential
mechanism-driven therapeutic interventions in
a metabolic disease, like diabetes.

Nonstandard Abbreviations and Acronyms

EC endothelial cell

Hpa* active heparanase

Hpat latent heparanase

HSPG heparan sulfate proteoglycan
LF laminar flow

LPL lipoprotein lipase

PFr perfusate fractions

are linked and function not only as structural proteins
but also as anchors because of the high content of
charged groups in HS.” The latter property is used to
electrostatically bind a bioactive protein like LPL, pro-
viding the cell with a rapidly accessible reservoir, thus
precluding the need for de novo synthesis when there
is immediate requirement for this enzyme.®® Thus, the
cardiomyocyte demand for FAs to drive ATP synthesis
can be resolved, not by synthesizing more LPL, but
simply translocating enzyme from this surface pool to
the vascular lumen. For this to materialize, LPL requires
shedding from HSPG and navigation across the inter-
stitial space.f GPIHBP1 (GPl-anchored high-density
lipoprotein-binding protein 1) at the basolateral side
of EC then transports LPL to the apical side (surface
facing the coronary lumen).®° Out here, GPIHBP1 also
functions as a platform to enable vascular LPL to hy-
drolyze lipoprotein-triglyceride to FA.10!

Detachment of LPL from the cardiomyocyte surface
is mediated by cleavage of HSPG by heparanase.’>'
Heparanase is an endoglycosidase, exceptional in its
ability to degrade HS.' It is synthesized in the EC as an
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enzymatically inactive, latent heparanase (Hpab) 65-kDa
enzyme that undergoes cellular secretion followed by
HSPG-facilitated reuptake.'®'® After proteolytic cleav-
age in lysosomes, a 50-kDa highly active polypeptide is
formed (active heparinase [Hpa®)).""'® Lysosomes store
Hpa” until mobilized to act on subjacent cardiomyocyte
HS to release LPL. Intriguingly, Hpa" also has some re-
markable properties, including its ability to activate sig-
naling elements''6192" and capacity to be taken up by
adjacent cells that do not express heparanase, where it
can modulate gene expression.??

Lining the inner layer of coronary vessels, ECs are
continuously subjected to blood flow-mediated bio-
physical forces, including laminar flow (LF). By sensing
this mechanical force, EC mechanosensors convert LF
into a biochemical signal (eg, release of nitric oxide)>
to maintain vascular tone.?* Whether LF can also con-
tribute toward the regulation of cardiac metabolism is
largely undetermined. We hypothesized that LF can also
cause ECs to secrete heparanase. In this way, in addi-
tion to its established role in dilation or constriction of
blood vessels, the EC may act as a decision-making cell
in cardiac metabolism, given the unique responsibility of
heparanase to release myocyte LPL for forward move-
ment to the vascular lumen. Our data suggest that the
EC response to LF is a key instigator for heparanase re-
lease, a process that is enhanced following diabetes to
meet the altered energy demands of the heart.

METHODS

The data, methods used in the analysis, and materials
used to conduct the research will be available to any
researcher for purposes of reproducing the results or
replicating the procedure upon request to the corre-
sponding author.

Experimental Animals

This investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the
National Institutes of Health, the Canadian Council on
Animal Care Guidelines, and institutional guidelines at
University of British Columbia (Certificate A17-0072).
Rats were euthanized using a single dose of 100mg/kg
intraperitoneal injection of sodium pentobarbital
(Euthanyl). Once toe pinch and corneal reflexes were
lost, a thoracotomy was performed before removal of
the heart. Male Wistar rats (Charles River Laboratories,
Canada) between 7 to 9weeks were obtained and
hearts from these animals used for Langendorff ret-
rograde perfusion and isolation of ventricular cardio-
myocytes. Where indicated, diabetes was induced in
these rats by intravenous injection of streptozotocin
(65mg/kg; diabetes). For this procedure, rats were tran-
siently anesthetized with isoflurane (University of British
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Columbia; Animal Care Committee-01-2017) using an
isoflurane vaporizer. The flow rate of isoflurane exposure
was slowly increased to 5% over ~5minutes. Rats were
removed from the induction chamber, a nose cone ap-
plied, and the isoflurane vaporizer adjusted to 2%. Once
the animal did not respond to toe pinch, streptozotocin
was injected into the tail vein. After 24 hours, hypergly-
cemia (>13mmol/L) was confirmed in tail-tip blood sam-
ples using a glucometer and glucose test strips. Diabetic
animals were followed for 4 days before termination, at
which point blood in the thoracic cavity was collected in
K2-EDTA tubes and centrifuged immediately for separa-
tion of plasma that was used for determination of insulin
(rat insulin ELISA; ALPCO).

Langendorff Heart Perfusion

Following anesthesia, the thoracic cavity was exposed
and hearts were quickly removed. Subsequently, hearts
were placed in ice-cold Krebs-Ringer HEPES buffer, and
the aorta was canulated. Hearts were then retrogradely
perfused in the nonrecirculating mode where the rate of
coronary flow was maintained between 7 and 8mL/min
using a pump (Masterflex). Perfusion buffer was gassed
with 95% O, and 5% CO, in a double-walled water-
heated chamber where the temperature was controlled
using a circulating water bath and kept at 37 °C. Once
the blood was washed from the coronary blood vessels
and a clear perfusate was visible, the coronary effluent
was collected over a period of 30minutes. The samples
over 5-minute intervals were pooled and concentrated,
using an Amicon 30K filtration unit, to 40ulL. These con-
centrated perfusate fractions (P™) were either analyzed
for heparanase using Western blot or used as a source
of EC-secreted heparanase to treat cardiomyocytes
(only the initial 5-minute fraction).

Preparation of Cardiac Myocytes
Calcium-tolerant cardiomyocytes were prepared using
a previously described procedure.?® Briefly, following
aortic cannulation, the heart was perfused retrogradely
with collagenase (0.1%). The isolated cells were made
calcium-tolerant by sequential exposure to increasing
calcium concentrations. This method produces cells
that are rod-shaped with clear cross-striations, yield-
ing high viability (>70%). Cardiomyocytes were plated
on 2% laminin-coated culture dishes in Medium 199
and allowed to settle for 2hours. The medium was
changed to remove unattached cells. Fresh medium
was used before any experiments.

Release of LPL and Measurement of Its
Activity

To evaluate the effect of heparanase on cell surface
LPL, cardiomyocytes were incubated with either
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recombinant heparanase or P™ for 30 minutes. After
this time, LPL activity was determined in the incubation
medium. The results were compared with myocytes
treated with heparin (2 U/mL). To measure LPL replen-
ishment after its release from cardiomyocytes, cells
were initially treated with heparin (2U/mL) for 5min-
utes to remove HSPG-bound LPL. Following washes
to eliminate any residual heparin, myocytes were then
incubated with recombinant heparanase and P™ at 37
°C for 2hours, to allow the refilling of the cardiomyo-
cyte HSPG with LPL. After this, the incubation medium
was removed and replaced with fresh buffer contain-
ing heparin (2U/mL) to determine the recovery of LPL
at the cell surface. In some experiments, heparin was
also used to quantify the amount of LPL at the cor-
onary lumen of controls and diabetic hearts. In this
case, isolated hearts were retrogradely perfused with
5U/mL heparin, and the effluents were collected every
15seconds over 5minutes. LPL activity in the myocyte
medium or the coronary perfusates was measured by
in vitro hydrolysis of sonicated [°H] triolein substrate
emulsion as previously reported.?®

EC Culture and Shear Stress Model

Rat aortic endothelial cells were cultured at 37 °C in
a 5% CO, humidified incubator. Cells under passage
5 to 9 (from 3 different starting batches) were used at
confluency for the experiments. To expose cells to LF,
we used a system described by dela Paz et al.?® Briefly,
a 100-mm culture plate was modified by attaching a
60-mm culture plate to its center using medical ad-
hesive. ECs were seeded onto the periphery of the
larger plate and grown until confluence (about 7 days).
Confluent ECs were exposed to LF using an orbital
shaker inside a humidified incubator (5% CO, at 37 °C)
for 30minutes. The rotational speed was maintained
at 250rpm, yielding ~15dynes/cm? (physiological arte-
rial shear stress is generally between 6 and 40dynes/
cm?).28 EC on an identical modified plate was kept as a
static control. After 30 minutes of LF, the medium and
cell lysates were collected separately. The medium
was concentrated using an Amicon 30K filtration unit.
Both medium and cell lysates were used for measure-
ment of heparanase and other intracellular signaling
molecules, using Western blot.

Cell Transfection of Small Interfering RNA
Small interfering (si)BNA for Piezol was purchased
from Life Technologies (Silencer Select siRNA;
s167339; sense: CAAGAAGUACAAUCAUCUALL,
antisense; UAGAUGAUUGUACUUCUUGGgt). Silencer
Select Negative Control No.1 siRNA (#4390843) was
used as a negative control. ECs were grown in either
6-well plates or modified 100-mm plates and siRNA
transfection was performed at 60% to 80% confluency.
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Lipofectamine RNAIMAX (Life Technologies; #13778)
was used for siRNA transfection according to the man-
ufacturer’s protocol. Cells were analyzed 48 hours after
transfection. For heparanase secretion analysis, trans-
fected cells in modified 100-mm plates were washed
with PBS and fresh media applied before exposure to
LF using orbital shaker.

Western Blot Analysis

Cell lysates were collected from either ECs and cardio-
myocytes and analyzed using Western blot. Cells were
washed with PBS, followed by lysis in ice-cold lysis
buffer (1% Triton X-100, 0.1% SDS, 1 mmol/L phenyl-
methylsulfonyl fluoride, 1 mmol/L Na,VO,, 1x Protease
inhibitor cocktail, 1x Phosphatase inhibitor, 5mmol/L
EDTA and 1mmol/L ethylene glycol-bis(f-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid). The collected lysates
were sonicated and centrifuged at 16,000g for 15 min-
utes at 4 °C. The supernatant obtained was used for
determination of protein content using a Bradford
assay kit (Bio-Rad). Equal amounts of proteins were
separated by 10% SDS-PAGE, followed by transfer
onto nitrocellulose membranes. Subsequently, mem-
branes were either blocked with 5% (w/v) milk in Tris-
buffered saline Tween-20 or Licor blocking buffer for
1 hour. The membranes were subsequently incubated
with primary antibodies overnight at 4 °C. This was
followed by Tris-buffered saline Tween-20 washes
and the blots incubated with corresponding second-
ary IRDye antibodies for 1hour at room temperature.
Membranes were visualized and bands quantified
using Li-Cor Odyssey CLX imaging system.

Cathepsin L Zymography

Protein concentration was determined using a
Bradford assay, and samples were prepared to 0.5
to 1 ug/ulL using 5x nonreducing sample denatur-
ing buffer as previously described.?” Samples were
resolved in 12.5% polyacrylamide gels with 0.2%
gelatin. Following sample run, gels were washed with
50mmol/L Tris—hydrochloric acid renaturing buffer (pH
7.4). Subsequently, gels were incubated with activ-
ity buffer containing 0.1 mol/L sodium acetate—acetic
acid, 2mmol/L dithiothreitol, 1 mmol/L EDTA, pH 5.5
at room temperature for 30 minutes with shaking. The
buffer was decanted and fresh activity buffer added
and incubated overnight at 37 °C. Gels were washed
with Milli-QH,O and stained for 1 hour with Coomassie
blue staining solution, 10% (v/v) acetic acid, 25% (v/v)
isopropanol, and 0.045% (w/v) Coomassie brilliant blue
R-250. Gels were incubated for 1 hour with destaining
solution, 10% (v/v) acetic acid and 10% (v/v) isopro-
panol. To validate the molecular weight, 50ng of re-
combinant cathepsin L (CatL; Sigma) was used in a
400mmol/L sodium acetate pH 5.5, 4mmol/L EDTA,
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8 mmol/L dithiothreitol buffer. CatL activity is indicated
by gel digestion. Bands were visualized by white light
scanning at 600dpi and quantified with Imaged (ver-
sion 1.5.1).

Intracellular Calcium

For the measurement of intracellular calcium concen-
tration ([Ca®]), ECs grown on glass coverslips were
loaded with a Ca?* fluorescent dye Fura-2 acetoxyme-
thyl ester (Fura-2-AM) in culture medium for 30 minutes.
Following a 30-minute wash with Ringer buffer, the
coverslips were mounted on a Zeiss Axiovert 200mol/L
inverted microscope (Carl Zeiss). A fresh buffer contain-
ing 1 pmol/L Yodal (an agonist for the mechanosensor
Piezo1) was added after measuring the basal intracel-
lular Ca®* levels. Fura-2 was excited at 340 and 380nm,
and results were expressed as the ratio of the fluores-
cence emission intensity (F,40/F350)-

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was isolated from ECs and cardiomyocytes
using TRIzol (Invitrogen). RNA was reverse transcribed
into cDNA using a mixture of dNTPs, oligo-(dT;,.4g)s
and SuperScript Il Reverse Transcriptase. cDNA was
amplified by TagMan probes (8-actin, heparanase,
vascular endothelial growth factor A) in triplicate,
using StepOnePlus Real-Time PCR system (Applied
Biosystems). Gene expression was calculated by the
comparative cycle threshold (AACT) method.

Statistical Analysis

Prism 9 (version 9.3.0) GraphPad Software (San Diego,
California, USA) was used to statistically analyze the
data. The Shapiro-Wilk test was performed to determine
the normality of the data. The Student t-test were used
to determine 2 group mean values. When appropriate,
1-way ANOVA was used followed by Bonferroni post hoc
comparison test. Data are expressed in mean+SEM.
Minimal statistical significance was set at *P<0.05.

Materials

Rat aortic endothelial cells were obtained from Cell
Applications. Streptozotocin and other chemicals
were obtained from Sigma. Heparin was from Sandoz
(10000U/mL). Purified Hpa- was prepared as de-
scribed,?® and Hpa” was purchased from R&D #7570-
GH). Yodal and 2-methylthioadenosine 5'-triphosphate
(2-MeSATP) were purchased from Tocris Bioscience
(#5586 and #1062). The G-actin/F-actin In Vivo Assay
Biochem Kit was obtained from Cytoskeleton Inc.
(Denver, CO). ATP Determination Kit was obtained
from Invitrogen (#A22066). [°H]-triolein was purchased
from Perkin-Elmer (NET431001MC). Anti-heparanase
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antibody HP3/17 was from Prospec (Rehovot, Israel),
which recognizes both the active (50-kDa) and latent
(65-kDa) form of heparanase. All other antibodies
were obtained from Cell Signaling Technology, Santa
Cruz Biotechnology, and Millipore, including phospho-
protein kinase D (pPKD; #2054), total protein kinase
D (PKD; #SC-935), phospho-P38-mitogen activated
protein kinase (pP38MAPK; #9211), total P38-mitogen
activated protein kinase (P38MAPK; #9212), vinculin
(#13901), and a-tubulin (#05-829).

RESULTS

Retrograde Langendorff Heart Perfusion
Releases Heparanase Into the Coronary
Effluent

To identify and measure heparanase protein expression
in cardiac tissue, whole hearts were isolated and blotted
for Hpa and Hpa”®. Compared with Hpa-, Hpa* was
the dominant form present, exhibiting an almost 40-fold
higher amount (Figure 1A). We used the Langendorff
heart to determine whether cardiac Hpa can be released
into the perfusate by fluid under constant pressure and
flow (Figure 1B, left panel). Despite the abundance of
tissue Hpa?, it was the Hpal that was exceptionally re-
sponsive to flow-induced release. As such, within the
first 5minutes of perfusion initiation, the highest amount
of Hpa- was detected in the concentrated coronary per-
fusates, with a gradual decline in secretion over the next
30minutes (Figure S1; Figure 1B, right panel). For Hpa”,
the initial and overall amount released was substan-
tially lower, with a complete cessation of secretion at
30minutes, suggesting that of the large storage pool of
Hpa?, only a small fraction of this pool is responsive to
flow-mediated release (Figure 1B, right panel). Other se-
creted proteins from EC, such as von Willebrand factor,
were not identified in the whole heart perfusates (data
not shown). To determine residual tissue heparanase
following perfusion for 30minutes, hearts were blotted
for both forms and the results compared with nonper-
fused hearts. The robust release of Hpa' resulted in an
almost complete absence of its residual amount in the
heart following perfusion (Figure 1C). Conversely, with
minimal flow-induced release of Hpa” into the coronary
perfusate, the cardiac pool of Hpa” remained largely
unchanged despite sustained perfusion for 30 minutes.
Our data suggest that of the 2 forms of heparanase,
Hpa- is the one that is more responsive to coronary
flow-induced release.

Laminar Flow Stimulates Heparanase
Secretion From ECs

In the heart, ECs outnumber cardiomyocytes.?®
Intriguingly, it is the EC that is the predominant cell
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type to express heparanase, with negligible amount
of Hpal gene expression in cardiomyocytes®
(Figure S2). To determine if the pattern of heparanase
protein expression in the whole heart (Figure 1A) can
be explained by the content in ECs, we used ECs to
analyze Hpa- and Hpa”. As anticipated, this cell type
exhibited a more robust expression of Hpa” over Hpa-
(Figure 2A). Using a modified 100-mm culture dish, we
validated our orbital flow model of laminar shear stress
(Figure 2B). Indeed, as reported previously, gene ex-
pression of Vegfa following 3days of orbital rotation®®
(Figure S3A), or phosphorylation of AKT at S473 after
30minutes® were augmented (Figure S3B). Next, we
evaluated whether EC release heparanase in response
to LF. Intriguingly, when compared with ECs under
static conditions, LF rapidly released both Hpat and
Hpa”. This response was time-dependent (Figure 2C)
and exhibited a similar pattern as observed in the
Langendorff perfused heart, a more robust release of
Hpal over Hpa” (Figure 2C, inset). We tested whether
the effect of LF on EC heparanase release is through
mechanosensors, like Piezo1, using a selective Piezot
agonist Yodal. ECs use mechanosensors that are
widely known to sense the mechanical force gener-
ated by LF, converting it into a biochemical signal®® that
maintains vascular tone.?* Confirmation of Piezo1 acti-
vation was done by measuring Ca?* influx, which was
augmented after Yodal (Figure 2D). Strikingly, Yodal
demonstrated significant Hpal secretion (Figure 2E),
an effect that was inhibited following Piezol knock-
down using siRNA (Figure S4) or a selective antagonist
of Piezo1 (Figure S5). It should be noted that testing
of another mechanosensor like focal adhesion kinase
using an activator like Zinc40099027°%% was unable to
release heparanase (data not shown). These results
validate our hypothesis that LF-induced mechano-
signaling mediates heparanase release.

Purinergic Receptor Activation Is
Required for Laminar Flow-Mediated
Release of Heparanase from ECs

Previously, we observed that ECs are capable of releas-
ing both Hpa' and Hpa” in response to high glucose
(HG), an effect mediated by release of ATP followed by
purinergic receptor activation.®® In the present study,
we compared the secretion of heparanase and ATP by
HG to that by LF. The osmolality control, mannitol, had
no effect on medium heparanase secretion (Figure S6).
LF was a superior stimulus to release Hpal (Figure 3A)
and could be linked to the earlier release of ATP com-
pared with HG (Figure 3B). We used 2-MeSATP, an
ATP analog that can act as an ATP-activated puriner-
gic receptor (P2Y) agonist, to validate the contribution
of ATP to EC heparanase secretion. Within 30 min-
utes, 2-MeSATP triggered a robust secretion of both
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Figure 1.

Differential expression of Hpa' and Hpa* in the heart and their secretory response to
constant retrograde flow.

A, Hearts were excised from control rats and following tissue lysis and centrifugation, the supernatants were
used to analyze both Hpa“ and Hpa* using Western blot. *Significantly different from Hpa'. B, Isolated hearts
were cannulated via the aorta and a peristaltic pump used to retrogradely perfuse the coronary blood vessels
(8mL/min). The coronary effluent was collected over a period of 30 minutes at 1-minute intervals (left panel);
500pL from every 1-minute sample over 5minute intervals were pooled and concentrated before being used
for Western blot analysis of heparanase. The release of heparanase over time was compared with the amount
of Hpa" secreted after the initial 5minute perfusion (which was given a value of 100%; right panel); n=3.
*Significantly different from the initial 5minute Hpa- sample. C, Following perfusion for 30minutes, the hearts
were collected and probed for residual heparanase expression. *Significantly different from the nonperfused
heart. All data are presented as mean+SEM; *P<0.05 by the Student t-test (A and C) and 1-way ANOVA with
Bonferroni post hoc test (B). Hpa” indicates active heparanase; Hpat, latent heparanase.

heparanase forms (Figure 3C). Noteworthy, this secre-
tory response into the medium was more apparent for
Hpa' compared with Hpa” (Figure 3C). As purinergic

receptor stimulation is known to cause activation of
PKD,%** a kinase that assists in vesicular transport of
proteins from the Golgi to the plasma membrane,® we
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Figure 2. Expression of latent heparinase (Hpa' and Hpa” in ECs and their secretory response
to laminar flow.

A, The EC lysates were collected to analyze both Hpa- and Hpa* using Western blot. *Significantly
different from Hpa“. B, A 100-mm culture dish was modified by attaching a 60-mm plate at its center.
ECs were grown in the periphery of the larger plate until confluency. C, Following orbital shaking for
0 to 30minutes at 250rpm (~15dynes/cm?), the medium was isolated, concentrated, and analyzed for
heparanase secretion. Results were compared with cells kept under static condition for 30 minutes
(control). Right inset depicts the comparative release of Hpa” and Hpa' in response to 30 minutes of LF.
Left panel: *Significantly different from the static condition. Right inset: *Significantly different from Hpa*.
D, ECs were stained with Fura-2-AM and exposed to 1umol/L Yodal (a Piezo1 agonist). The experiment
depicts 10 different regions in plain view to illustrate response heterogeneity (colored lines), with the
black line depicting the average. The experiment was repeated 3 different times. E, ECs were exposed to
1umol/L Yodal for 60 minutes, and medium was collected, concentrated and analyzed by Western blot.
*Significantly different from the control. All data are presented as mean+SEM; *P <0.05 by the Student t-
test (A, C inset and E) and 1-way ANOVA with Bonferroni post hoc test (C). EC indicates endothelial cells;
Hpa*, active heparanase; Hpa', latent heparanase; and LF, laminar flow.
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assessed PKD phosphorylation subsequent to expo-
sure of ECs to 2-MeSATP. As hypothesized, these cells
exhibited significantly higher PKD phosphorylation fol-
lowing 2-MeSATP treatment (Figure 3D), an effect that
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was reproduced in ECs subjected to LF (Figure 3E).
Inhibition of PKD using CID-755673 (Figure 3F, left
panel) prevented LF-induced heparanase secre-
tion (Figure 3F, right panel). More importantly, Piezot
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Figure 3. Mechanosensitive response of ECs to secretion of heparanase.

A, The response of the EC to release heparanase after LF was compared with the effects of high glucose (25 mmol/L). After 30 minutes
of either static with 5.5mmol/L glucose, LF, or high glucose, the medium was collected, concentrated, and analyzed by Western
blot. *Significantly different from the static control condition; #Significantly different from high glucose. B, Medium ATP secretion
was measured using medium samples from ECs exposed to high glucose or LF; n=4. *Significantly different from the static control
condition. C, ECs were treated with 100 umol/L of the nonhydrolysable ATP analog (2-MeSATP) for 30 minutes and the medium collected
for determination of Hpa' and Hpa* release. *Significantly different from the control condition. D, ECs were treated with 2-MeSATP
for 30minutes, and the lysates analyzed for phosphorylation of PK. *Significantly different from control. E, ECs exposed to LF for
30minutes were analyzed for pPKD. *Significantly different from cells under static condition. F, ECs were treated with 10 umol/L of CID
for 30 minutes, followed by 30 minutes of LF. Cell lysates were collected for determination of PKD (left panel) and medium for analysis of
Hpal secretion (right panel), respectively. *Significantly different from cells under static conditions without CID. All data are presented
as mean+SEM; *P<0.05 by 1-way ANOVA with Bonferroni post hoc test (A and F) and the Student t-test (B through E). CID indicates
PKD inhibitor CID-755673; EC, endothelial cells; HG, high glucose; Hpa”, active heparanase; Hpa', latent heparinase; LF, laminar flow;

2-MeSATP, 2-methylthioadenosine 5'-triphosphate; and PKD, protein kinase D.

activation via Yodal also caused ATP release and ac-
tivation of PKD (Figure S7A and B). Our data suggest
that LF promotes secretion of EC heparanase through
its modulation of the purinergic receptor.

CatL Activity Is Responsive to Flow-
Mediated Regulation in ECs

Following its activation in lysosomes, the cysteine pro-
tease CatlL catalyzes the conversion of enzymatically
inactive Hpak into active Hpa”®® (Figure 4A, left panel).
Here, we confirmed this effect and report that in the
presence of Catl, Hpa" is indeed converted into Hpa”*
(Figure 4A, right panel illustrating a representative blot).
As LF preferentially stimulates Hpa- secretion from
ECs, we postulated that a mechanism must exist to
replenish Hpa following its depletion. Indeed, we re-
port for the first time that in response to LF there was
a time-dependent decline in CatL activity (Figure 4B,
left panel), with a significant reduction observed at 4
hours (Figure 4B, right panel). Intriguingly, a decrease
in CatL activity was also replicated in ECs exposed to
HG (Figure 4C) and 2-MeSATP (Figure 4D). Our data
suggest that in addition to its ability to promote the re-
lease of heparanase, LF is capable of increasing Hpa"
availability through its modification of CatL activity.

Hpa? and Hpa" Have Divergent Effects on
Cardiomyocyte LPL

Vascular ECs and the underlying cardiomyocytes can
communicate using crosstalk to affect cardiac metab-
olism.®” We tested the ability of both forms of hepa-
ranase to release cardiomyocyte LPL for its onward
relocation to the vascular lumen. Within 30 minutes,
Hpa”, but not Hpa", released cardiomyocyte LPL into
the incubation medium (Figure 5A). We replicated this
effect using myocytes that were incubated with con-
centrated perfusate fractions from the heart (P™) con-
taining both heparanase forms (Figure 5A). It should be
noted that both Hpa” and P™ only liberated a fraction
of the cardiomyocyte HSPG-bound LPL compared
with the amount released by ionic displacement using
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heparin (Figure 5A, inset). We also tested the ability of
Hpal and Hpa” to replenish cardiomyocyte LPL once
it was released by heparin. Intriguingly, within 2hours,
only Hpa- and the P™ accelerated LPL replenishment
(Figure 5B). LPL movement to the cardiomyocyte sur-
face HSPG requires actin cytoskeleton rearrangement,
a process governed by activation of p38MAPK .38
Measurement of this kinase following the LPL replen-
ishment experiment showed its activation in response
to Hpa-and P™, but not to Hpa” (Figure 5C), with a cor-
responding increase in the F-G actin ratio (Figure 5D).
As an activator of this kinase, thrombin (Figure 5, left
panel) also accelerated LPL replenishment (Figure 5E,
right panel), likely through nuclear translocation of
activated p38MAPK (Figure S8A) followed by HSP25
phosphorylation (Figure S8B). Our data suggest that
flow-induced secreted heparanase can influence car-
diac metabolism by increasing cardiomyocyte LPL
displacement (Hpa®) along with subsequent replenish-
ment (Hpab).

Flow-Induced Heparanase Secretion Is
Augmented Following Acute Diabetes

To test the impact that diabetes has on flow-mediated
heparanase release from the heart, animals were
made diabetic with streptozotocin. Fourdays after ad-
ministration of streptozotocin, the animals exhibited
both hyperglycemia and hypoinsulinemia (Figure 6A).
Measurement of the heparin-releasable pool of LPL
at the coronary lumen was augmented in the diabetic
heart (Figure 6B and inset) and was unrelated to the
total protein expression of heparanase (Figure 6C).
Nevertheless, when hearts were perfused retro-
gradely, the diabetic hearts released significantly higher
amounts of both forms of heparanase within the first
5minutes (Figure 6D). As a result, these diabetic hearts
also exhibited faster depletion of the releasable pool of
heparanase (data not shown). Intriguingly, in ECs ex-
posed to HG for 24 hours, Piezol showed increased
expression (Figure 6E) and also the highest amount
of Hpa" secretion in response to LF (Figure 6F). This
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Figure 4. Laminar flow regulation of CatL activity in ECs.

A, An acidic pH is required for activation of CatL, allowing for the conversion of latent heparanase to active
heparanase (left panel). Recombinant latent heparanase (200ng) was incubated with or without recombinant
cathepsin L (0.3ug/uL) for 1hour (37 °C in 100mmol/L sodium acetate buffer, pH 5.5), and blotted against
heparanase (right panel). B, ECs were exposed to laminar flow for 1 to 4hours, lysates collected and
subsequently assayed for CatL activity via zymography (representative figure, left panel). The right panel
compares CatL activity in static vs laminar flow at 4hours. *Significantly different from cells under static/
control conditions. C, ECs were treated with or without high glucose (25mmol/L) for 30 minutes and CatL
activity determined by zymography. *Significantly different from cells under static/control conditions. D,
ECs were treated with 50umol/L of 2-MeSATP for 4hours. Lysates were analyzed for CatL activity using
zymography and compared with ECs in the presence or absence of laminar flow. *Significantly different from
cells under static control conditions. All data are presented as mean+SEM. *P<0.05 by the Student t-test
(B and C) and 1-way ANOVA with Bonferroni post hoc test (D). 2-MeSATP indicates 2-methylthioadenosine
5'-triphosphate; CatL, cathepsin L; EC, endothelial cells; ER, endoplasmic reticulum; HG, high glucose; Hpa?*,
active heparanase; Hpat, latent heparanase; LF, laminar flow; and rCatL, recombinant cathepsin L.
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change in Piezol expression was observed as early
as 4hours after incubation with HG (Figure S9). The
osmotic control, mannitol, did not increase Piezo1 ex-
pression (Figure S10). Our data imply that the mech-
anosensitive release of heparanase and its effect on
LPL could be an additional mechanism to explain the
augmented substrate preference of the diabetic heart
towards LPL-derived FAs.

DISCUSSION

The aim of the present study was to identify the physi-
ological processes controlling the metabolic network
that generates energy for cardiac contraction. Our in-
tention was to understand the crosstalk between ECs
and cardiomyocytes, 2 cell types that work together to
deliver FA, an important fuel for production of energy
in the heart. Overall, we conclude that on sensing fluid
shear stress, the EC communicates this information to
subjacent cardiomyocytes, and does so with the help
of EC heparanase. This process of mechanotransduc-
tion is altered following diabetes to offer a unique and
effective way to support the reliance of the diabetic
heart on FAs.

For its beat-to-beat contraction, one major substrate
that provides the heart its constant demand for energy
is FA, provided by a number of different pathways in-
cluding LPL. For the heart to use this energy substrate
from LPL, this enzyme requires translocation from car-
diomyocytes to the vascular lumen, an action achieved
by heparanase.”? It is Hpa”, by its cleavage of HS side
chains on cardiomyocyte HSPG, that liberates LPL for
its onward movement.'® Given this important function
for Hpa®, the heart would require an existing cytoso-
lic storage pool of Hpa” rather than de novo synthesis
when there is an immediate demand for FA. Indeed, our
results of ~40-fold higher amount of Hpa® compared
with Hpa' supports the value of the enzymatic action
of Hpa”* in LPL transfer. Despite this overabundant stor-
age depot of Hpa®, it appeared that LF was only ca-
pable of inducing a partial discharge into the perfusate
and this was likely from a distinctive subset pool that
is readily releasable. It should be noted that the limited
discharge of Hpa” in response to flow could be consid-
ered practical to avoid excessive FA delivery, in addi-
tion to superfluous HS side chain cleavage, leading to
cardiac remodeling and hypertrophy.®®-4! Additionally,
when extrapolated to the in vivo condition, this released
amount of Hpa” would be even smaller as it only would
be responsive to LF in diastole, unlike the retrograde
coronary perfusion that was used to release hepara-
nase from the ex vivo heart under unrelenting constant
flow for 30minutes—a limitation of the Langendorff
heart model. Interestingly, despite the comparatively
lower amount of intracellular Hpat, this form was more
responsive to flow-induced release compared with
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Mechanotransduction and Cardiac Metabolism

Hpa”. This preference for Hpal release may itself have
multiple implications including (1) cellular reuptake for ly-
sosomal conversion into Hpa*,'®'6 (2) ionic binding and
controlled release of HSPG-bound growth factors like
vascular endothelial growth factors,*? and (3) activation
of intracellular signaling in subjacent cells to promote
protein secretion'? and cell survival.*344

In studying the cellular origins of flow-mediated hep-
aranase release from isolated hearts, we determined
that of the 2 forms of heparanase in ECs (that make up
~45% of cells in the heart*®), there was a greater amount
of Hpa” compared with Hpat. As this distribution mim-
icked results from the whole heart, we selected ECs to
examine flow-induced heparanase release. Using or-
bital rotation of medium over a monolayer of ECs,? we
first confirmed that this model was indeed demonstra-
tive of laminar shear stress. Importantly, in response to
LF, and similar to the whole heart perfusion, there was
a rapid and incremental release of heparanase, with
Hpal being the dominant form released. As this effect
of LF was replicated by specific activation of the mech-
anosensitive ion channel Piezo1, our data for the first
time suggest that flow-induced heparanase release
from ECs may be an important mechanical regulator of
cardiac energy metabolism.

Similar to LF, we have previously shown that the
EC is also responsive to glucose-induced heparanase
secretion, through a mechanism that includes ATP
release and purinergic receptor activation.3® We com-
pared the amount of heparanase released by LF and
HG and demonstrated that LF was a more robust and
earlier signal for releasing both Hpa- and Hpa” over
HG. This distinction could be the consequence of an
earlier release of ATP with LF compared with HG. A
possible explanation for this effect is that LF applied to
ECs rapidly augments mitochondrial ATP generation,
whereas HG generates ATP through glycolysis, the for-
mer being a greater source of ATP than the latter.23
Given that HG and LF-mediated mechanosignaling
linked heparanase secretion to ATP release, we used
2-MeSATP, a nonhydrolysable ATP analog that acts
as a P2Y receptor agonist, and observed a robust in-
crease in both Hpa' and Hpa” secretion. Interestingly,
one downstream effect of purinergic receptor activa-
tion in glial cells is a rapid increase in PKD phosphor-
ylation and activity,®* an effect that was replicated in
our study where ECs were exposed to 2-MeSATP, LF,
and Yodal. PKD is known to regulate fission of vesicles
from the Golgi membranes followed by their move-
ment to the plasma membrane for eventual extracel-
lular secretion.*® As a PKD-specific inhibitor prevented
LF-mediated PKD phosphorylation and heparanase
release, our data suggest that LF, through mechano-
signaling and purinergic receptor activation, facilitates
Golgi transport and packaging of Hpat into endocytic
vesicles for secretion.*’
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In addition to its effect on EC heparanase secretion,
we also tested whether LF modulates heparanase
availability, especially Hpa- which is the dominant
form released. It should be noted that conversion of
the 65-kDa Hpa' into the 50-kDa Hpa” occurs within
lysosomes through the action of a protease, CatL.*®
For its optimal activity, CatL requires a reducing and
an acidic environment of ~pH 5.5.2"4° This acidic pH
is regulated by the V-ATPase proton pump whereby
H* ions are pumped into the endosome/lysosome
via ATP hydrolyzation.?® Within lysosomes, CatlL

cleaves and excises the 6-kDa linker at GIn,;,-LyS 54
of heparanase, resulting in an 8-kDa and 50-kDa het-
erodimer active form.5"%? Investigation of CatL with
respect to heparanase modulation indicated that the
EC response to LF, HG, or 2-MeSATP did not change
CatL protein levels but rather resulted in a decrease in
CatL activity through mechanisms that are currently
undetermined. Interestingly, in mouse aortic EC,?"
unidirectional shear-stress also decreased CatlL ac-
tivity, suggesting that this protease is mechanosen-
sitive. One possibility is that as purinergic receptor
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Figure 5. Effects of heparanase on release and replenishment of cardiomyocyte LPL.

ardlomyo e 4 05 ce m Nere olated _and plated on laminin-coa

heparanase and active heparanase (1 ug/mL) and perfusate fractions (20-uL per well) were added to each well and medium collected
after 30minutes for determination of LPL released from the cardiomyocyte cell surface. The inset describes LPL released from
cardiomyocytes by heparin (2U/mL). *Significantly different from control. B, Heparin (2U/mL; 5minutes) was first used to ionically
detach cardiomyocyte cell surface LPL. Following washing to remove any residual heparin, cells were treated with recombinant latent
heparanase and active heparanase (1ug/mL) and perfusate fractions (20-uL per well) for 2hours. After this, the treatment medium
was replaced and a second heparin incubation performed to quantify the amount of LPL replenished at the cell surface for 2hours.
*Significantly different from control. C, Following LPL replenishment after 2hours, the cell lysates of cardiomyocytes were collected
and analyzed for P38MAPK using Western blot. *Significantly different from control. D, Cardiomyocytes were treated with perfusate
fractions for 2hours and used for determination of F—/G-actin ratio. Total actin was centrifuged to isolate F-actin (pellet) and G-actin
(supernatant). The ratio of F—/G-actin was determined using Western blot and imaged and quantified by Licor. An increase in the ratio
of F-/G-actin represents polymerization of actin filaments. *Significantly different from control. E, The effect of thrombin to influence
LPL replenishment was also tested. After the initial heparin incubation, cells were incubated with thrombin (0.05U/mL) for 2hours.
A second heparin incubation was used to determine the amount of LPL replenished (left panel). Phosphorylation of p38MAPK was
confirmed in the cell lysates (right panel). *Significantly different from control. All data are presented as mean+SEM; “P<0.05 by one-
way ANOVA with Bonferroni post hoc test (A through C) and the Student t-test (D and E). Hpa” indicates active heparanase; Hpa',
latent heparanase; LPL, lipoprotein lipase; P™, perfusate fractions; P38MAPK, P38-mitogen activated protein kinase; and pP38MAPK,

phospho-P38-mitogen activated protein kinase.

activation is known to elevate lysosomal pH with Ca®*
influx,%3 this would limit maturation of CatL and there-
fore its activity. Our data suggest that in addition to
its release following LF, heparanase is modulated by
an intracellular noncanonical mechanism whereby re-
duced CatL activity would allow for more Hpa avail-
ability to offset its higher secretion.

Present on the cardiomyocyte cell surface is a pool
of LPL that once released, moves to the vascular lumen
to breakdown circulating triglyceride.'® Release of LPL
from this cell surface pool was apparent with Hpa”
(that is known to cleave HS side chains of HSPG) and
also with P that contain Hpa®. When compared with
heparin, which displaces LPL through ionic interaction
with the enzyme, the Hpa* effect on LPL release was
substantially lower and could be related to the amount
of enzyme used or the time required for its enzymatic
activity. Once released, the mechanism which reloads
this surface cardiomyocyte LPL is undefined and
could be related to transmembrane signaling initiated
by Hpa-induced clustering of HSPG.%* Interestingly,
the heparin binding region (Lys,ss- Asp;,;) on Hpat
has proadhesive properties that can physically induce
HSPG clustering and downstream signaling, includ-
ing pP38MAPK which is pivotal for actin cytoskeleton
reorganization.!619.20.85-58 |ntriguingly, both Hpa- and
P moved intracellular LPL to replenish the released
reservoir, an effect that likely involved p38MAPK acti-
vation. This effect was replicated using thrombin, con-
firming the distinct role of Hpa' in p38MAPK-mediated
LPL replenishment. This would allow vesicles contain-
ing LPL to move along the actin filament network and
eventually bind to HSPG on the plasma membrane.3®
Overall, our data suggest that the initial cropping of
HS by Hpa” (releasing cardiomyocyte LPL and gen-
erating HS ends that are permissive for aggregation)
could be followed by Hpat induced clustering (to pro-
mote reloading of LPL).

J Am Heart Assoc. 2022;11:e027958. DOI: 10.1161/JAHA.122.027958

As glucose uptake and oxidation are impaired in
diabetes, the heart is obliged to use FA almost ex-
clusively."® Multiple mechanisms operate to make
this achievable including augmented adipose tissue
lipolysis, greater hepatic very-low-density lipoprotein-
triglyceride availability,%° increase in cardiac FA trans-
porters,®® enhanced adipose triglyceride lipase
breakdown of stored cardiomyocyte triglyceride to
FA®" and increased luminal LPL that initiates lipolysis
of lipoproteins.®? Indeed, in response to acute strep-
tozotocin diabetes, this and our previous studies®?-64
report that LPL is “switched on”, causing a robust ex-
pansion of coronary LPL activity. This increase in vas-
cular LPL was unrelated to the amount of heparanase,
as control and diabetic hearts displayed identical ex-
pression of both forms of heparanase. However, we
report for the first time that retrograde perfusion of the
diabetic heart releases significantly higher amounts
of Hpa- and Hpa*, an effect that could be ascribed
to an increase in Piezol expression. Indeed, when
whole blood was incubated with HG, the expression
of Piezol increased,®® an effect that was also seen
when we incubated EC in HG. Even more compelling
was the response of these HG-exposed ECs to LF.
These ECs demonstrated an exaggerated heparanase
release similar to when diabetic hearts are exposed
to constant perfusion, an effect that may explain the
augmented LPL in these hearts. Altogether, our data
highlight a novel and unsuspected role for augmented
LF-induced heparanase release to accelerate LPL
translocation in diabetic hearts.

In conclusion, this study reports on the ability of EC
to sense fluid shear stress and communicate this infor-
mation to subjacent cardiomyocytes with the help of
heparanase. This flow-induced mechanosensing and
its dynamic control of cardiac metabolism to generate
ATP, using LPL-derived FAs, is exquisitely adapted to re-
spond to disease conditions, like diabetes (Figure S11).
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Figure 6. Invivo and in vitro effect of high glucose on flow-induced heparanase release.

A, Animals were made diabetic with 55mg/kg streptozotocin (diabetes). After 4days, hyperglycemia was
confirmed in tail-tip blood samples using a glucometer and glucose test strips (left panel). At termination,
hearts were exsanguinated and blood in the thoracic cavity collected for determination of plasma insulin
using an ELISA (right panel). *Significantly different from control. B, Hearts from control and diabetic
animals were perfused with heparin (5U/mL), and coronary effluent over 5minutes was collected for
determination of LPL activity; n=3. The inset illustrates only peak LPL activity. *Significantly different from
control. C, Hearts were excised from control and diabetic rats to analyze both latent heparanase and
active heparanase using Western blot. D, Isolated hearts were perfused retrogradely, and the coronary
effluent was collected over a period of 30minutes at 1-minute intervals. 500uL from the first 5minutes
intervals was pooled and concentrated for Western blot analysis of heparanase. *Significantly different
from control. E, ECs were exposed to 5mmol/L (control) or 25 mmol/L glucose (high glucose) for 24 hours
and analyzed for Piezo1 expression. *Significantly different from control. F, ECs were exposed to 5 or
25mmol/L glucose for 24 hours before the experiment. Following a wash, the cells were either put under
static or LF conditions for 30minutes, and medium collected for determination of latent heparanase
release. *Significantly different from static; *Significantly different from LF. All data are presented
as mean+SEM; *P<0.05 by the Student t-test (A and E) and 1-way ANOVA with Bonferroni post hoc
test (D and F). EC indicates endothelial cells; HG, high glucose; Hpa*, active heparanase; Hpa", latent
heparanase; LF, laminar flow; and LPL, lipoprotein lipase.
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Limitations

Although ECs and cardiomyocytes make up =75% of
the cells present in the heart,*® with cardiomyocytes
expressing no heparanase, we suggested that the
majority of heparanase secreted from the whole heart
in response to LF arises from ECs. Whether cardiac
fibroblasts can also contribute to flow-mediated hep-
aranase release is currently unknown.
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Figure S1. Ponceau image of perfusates
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Following perfusion of isolated hearts for 30 min, the coronary effluent was collected and
used for ponceau S staining for total protein normalization. The image corresponds to the
Western blot described in Figure 1B. Hpa* indicates active heparanase; Hpa‘, latent
heparanase.



Figure S2. Heparanase gene expression in cardiac cells
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Cell lysates of primary rat cardiomyocytes (CMO) and EC were obtained for determination of
heparanase gene expression. Data are presented as mean £ SEM; *Significantly different
from CMO. *P<0.05 by the Student’s t-test. CMO indicates cardiomyocytes; EC, endothelial
cells; Hpa, heparanase.



Figure S3. Validation of laminar flow model
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(A) EC were subjected to static or orbital shaking (LF) for 72 h, after which cell lysates were
used for determination of heparanase and Vegfa gene expression. *Significantly different
from static conditions. (B) EC were subjected to static or orbital shaking (LF) for 30 min, after
which cell lysates were used for determination of AKT activation. *Significantly different from
static conditions. All data are presented as mean + SEM; *P<0.05 by the Student’s t-test. EC
indicates endothelial cells; Hpa, heparanase; LF, laminar flow; Vegfa, vascular endothelial
growth factor A.



Figure S4. Piezo1 siRNA and response to laminar flow
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EC were transfected with Piezo1 siRNA or negative control (neg). After 48 h, cells were
washed with PBS followed by 30 min exposure to either static or LF conditions. (A) Cell
lysates were collected for determination of Piezo1 expression. *Significantly different from
static conditions. (B) Conditioned medium from the transfected cells were collected,
concentrated, and analyzed for Hpa" secretion. *Significantly different from static conditions.
All data are presented as mean £ SEM; *P<0.05 by one-way ANOVA with Bonferroni’s post
hoc test. EC indicates endothelial cells; Hpa", latent heparanase; LF, laminar flow; neg,

siRNA negative control.



Figure S5. Piezo1-specific inhibition and response to laminar flow
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EC were pre-incubated with 10 uM of Dooku1, a selective antagonist of Piezo1.
Subsequently cells were exposed to 30 min orbital rotation and latent heparanase
determined in the incubation medium using Western blot. #Significantly different from all other
groups. Data are presented as mean + SEM; P<0.05 by one-way ANOVA with Bonferroni’s
post hoc test. EC indicates endothelial cells; Hpal, latent heparanase; LF, laminar flow.



Figure S6. Endothelial cells response to high glucose in releasing latent
heparanase
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EC were exposed for 30 min to either 25 mM glucose (high glucose; HG) or the osmotic
control, mannitol (Mnt). Conditioned medium was collected, concentrated, and analyzed for
Hpal. Data are presented as mean + SEM; *Significantly different from control (5.5 mM
glucose) conditions. *P<0.05 by one-way ANOVA with Bonferroni’'s post hoc test. CON

indicates control; EC, endothelial cells; HG, high glucose; Hpa", latent heparanase; Mnt,
mannitol.



Figure S7. Piezo1-specific activation and EC response to release ATP and
phosphorylate PKD
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(A) Medium ATP secretion was measured using medium samples from EC exposed to Yoda1
(10 uM). *Significantly different from the control condition. (B) EC were treated with Yoda1 for
30 min, and the lysates analyzed for phosphorylation of PKD. *Significantly different from



control. All data are presented as mean + SEM: *P<0.05 by the Student’s t-test. EC indicates
endothelial cells; PKD, protein kinase D.



Figure S8. Thrombin activation of cardiomyocytes and its intracellular signaling
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Cardiomyocytes were incubated with thrombin (0.05 U/mL) for 1 h and examined for (A)
nuclear phosphorylation of p38MAPK and (B) cytoplasmic phosphorylation of HSP25.
*Significantly different from control. All data are presented as mean £ SEM; *P<0.05 by the
Student’s t-test. CON indicates control; H3, nuclear loading control histone; Thr, thrombin.



Figure S9. Time-course treatment of EC with HG and determination of Piezo1
expression
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EC were exposed for 4 and 8 h to 25 mM glucose. Cell lysates were collected for
determination of Piezo1. Data are presented as mean £ SEM; *Significantly different from
control (5.5 mM glucose) conditions. *P<0.05 by one-way ANOVA with Bonferroni’'s post hoc
test. CON indicates control; EC, endothelial cells.



Figure S10. Piezo1 expression in EC following high glucose and mannitol
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EC were exposed for 24 h to either 25 mM glucose (high glucose; HG) or the osmotic control,
mannitol (Mnt). Cell lysates were collected for determination of Piezo1. Data are presented
as mean + SEM; *Significantly different from control (5.5 mM glucose) conditions. *P<0.05
by one-way ANOVA with Bonferroni’s post hoc test. CON indicates control; EC, endothelial

cells; HG, high glucose; Mnt, mannitol.



Figure S11. Laminar flow mediates the crosstalk between endothelial cells and
cardiomyocytes to regulate cardiac metabolism
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(i) Laminar flow activation of EC mechanosensors like Piezo1 causes downstream
stimulation of purinergic receptors, PKD activation, and secretion of both Hpa” and Hpat. (ii)



Cropping of heparan sulfate side chains on cardiomyocyte HSPG by Hpa” releases
cardiomyocyte LPL for its onward journey to the vascular lumen. The resulting heparan
sulfate ends are permissive for clustering by Hpa', promoting downstream signaling which is
critical for enzyme trafficking and LPL reloading onto cardiomyocyte HSPG. EC indicates
endothelial cells; GPIHBP1, GPl-anchored high-density lipoprotein-binding protein 1; Hpa”,
active heparanase; Hpa', latent heparanase; HSPG, heparan sulfate proteoglycans; LPL,
lipoprotein lipase; PKD, protein kinase D; P2Y, purinergic receptor.
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