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Abstract

Aims: Hemodynamic shear stress participates in maintaining vascular redox status. Elucidating flow-mediated
endothelial metabolites enables us to discover metabolic biomarkers and therapeutic targets. We posited that flow-
responsive vascular endothelial growth factor receptor (VEGFR)-protein kinase C isoform epsilon (PKCe)-6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) signaling modulates glycolytic metabolites for
vascular repair.
Results: Bidirectional oscillatory flow (oscillatory shear stress [OSS]: 0.1 – 3 dyne$cm-2 at 1 Hz) upregulated
VEGFR-dependent PKCe expression to a greater degree than did unidirectional pulsatile flow (pulsatile shear stress
[PSS]: 23 – 8 dyne$cm-2 at 1 Hz) in human aortic endothelial cells ( p < 0.05, n = 3). PSS and OSS further upregulated
PKCe-dependent PFKFB3 expression for glycolysis ( p < 0.05, n = 4). Constitutively active PKCe increased, whereas
dominant-negative PKCe reduced both basal and maximal extracellular acidification rates for glycolytic flux ( p < 0.01,
n = 4). Metabolomic analysis demonstrated an increase in PKCe-dependent glycolytic metabolite, dihydroxyacetone
(DHA), but a decrease in gluconeogenic metabolite, aspartic acid ( p < 0.05 vs. control, n = 6). In a New Zealand White
rabbit model, both PKCe and PFKFB3 immunostaining was prominent in the PSS- and OSS-exposed aortic arch and
descending aorta. In a transgenic Tg(flk-1:EGFP) zebrafish model, GATA-1a morpholino oligonucleotide injection (to
reduce viscosity-dependent shear stress) impaired vascular regeneration after tail amputation ( p < 0.01, n = 20), which
was restored with PKCe messenger RNA (mRNA) rescue ( p < 0.05, n = 5). As a corollary, siPKCe inhibited tube
formation and vascular repair, which were restored by DHA treatment in our Matrigel and zebrafish models.
Innovation and Conclusion: Flow-sensitive VEGFR-PKCe-PFKFB3 signaling increases the glycolytic me-
tabolite, dihydroxyacetone, to promote vascular repair. Antioxid. Redox Signal. 28, 31–43.
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Introduction

Hemodynamic forces modulate mammalian cell me-
tabolism (19). Unidirectional pulsatile and bi-directional

oscillatory flow largely determine the focal but eccentric dis-
tribution of vascular oxidative stress (8, 22, 38), post-
translational protein modifications, and metabolic pathways

(17, 19, 22). Metabolomic analyses have led to the discovery of
new metabolic biomarkers and therapeutic targets, including
polyamines such as spermine for acute stroke, cinnamoylgly-
cine, nicotinamide, and cysteine-glutathione disulfide for renal
cancer, and 3-hydroxykynurenine and oxidized glutathione for
Parkinson disease (1, 2, 10). Thus, elucidation of flow-
mediated metabolomic changes provides an entry point to
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uncover metabolites participating in endothelial homeostasis
(27, 51), migration (56), vascular development (12), and phys-
ical activity (39).

Pulsatile shear stress (PSS) and oscillatory shear stress
(OSS) differentially activate canonical Wnt-b-catenin sig-
naling to modulate vascular development and repair (14, 33).
PSS and OSS promote the differentiation of embryonic stem
cells to vascular progenitors in angiogenesis (5, 45). Laminar
flow-dependent vascular endothelial growth factor (VEGF)
and endothelial nitric oxide synthase (eNOS) phosphoryla-
tion induce nitric oxide (�NO)-mediated protein kinase C
isoform epsilon (PKCe) signaling to confer mitochondrial
homeostasis (4, 55). Although VEGF-mediated angiogenesis
promotes tumor initiation and progression (3, 43), the
mechanisms underlying flow-mediated VEGF-PKCe signal-
ing to modulate endothelial metabolites for vascular repair
remain unexplored.

Endothelial glycolysis is mechano-responsive (49). Glucose
uptake in endothelial cells (ECs) is metabolized to pyruvate
via the glycolytic pathway (11). Rather than relying on oxi-
dative metabolism for mitochondrial respiration, ECs generate
more than 80% of their ATP from the glycolytic pathway (11).
ECs increase their glycolytic flux when switching from qui-
escence to proliferation and migration states (13). A recent
study reports that laminar shear stress (LSS) activates Krüppel-
like factor 2 (KLF2) to suppress 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (PFKFB3)-mediated glycolysis
in ECs, mitigating angiogenesis and vessel sprouting (15),
whereas flow-sensitive VEGF receptor (VEGFR) signaling
upregulates PFKFB3-driven glycolysis (12, 13). Shear-
mediated nitric oxide production induces PKCe (25, 54),
which, in turn, attenuates mitochondrial reactive oxygen spe-
cies (ROS) after ischemia/reperfusion (I/R) injury (6, 36).
Flow-responsive VEGF-eNOS signaling activates PKCe to
modulate EC proliferation, lumen formation, and homeostasis
(28, 44). Nevertheless, the mechanotransduction mechanism
underlying PKCe-mediated metabolomic pathways to mediate
vascular repair remains elusive.

In this context, we sought to elucidate the flow-sensitive
VEGFR-PKCe signaling to mediate glycolytic metabolites
for vascular repair. Both PSS and OSS promoted VEGFR-
dependent PKCe and PFKFB3 expression to promote glyco-
lytic flux. Further, we demonstrated that shear stress-mediated
PKCe signaling rescued vascular regeneration in Tg(flk-
1:EGFP) zebrafish tail amputation model, and the glycolytic
metabolite, dihydroxyacetone (DHA), restored tube formation
and vascular repair in response to silencing PKCe. Thus, our
study indicates that flow-sensitive VEGFR-PKCe signaling
promotes glycolytic metabolites for vascular repair.

Results

Flow-responsive PKCe mediated endothelial glycolysis

PSS and OSS differentially increased PKCe messenger
RNA (mRNA) expression by 65% and 134%, respectively,
whereas the VEGFR inhibitor, cediranib at 10 lM or VEGFR2
knockdown with small interfering RNA (siRNA) inhibited
shear stress-induced PKCe mRNA and protein expression
(Fig. 1A and Supplementary Fig. S1A; Supplementary Data
are available online at www.liebertpub.com/ars). PSS and OSS
further increased PKCe activity by 60% and 65%, respectively
(Fig. 1B). PSS and OSS also increased PFKFB3 mRNA and
protein expression, which was attenuated by siPKCe (Fig. 1C
and Supplementary Fig. S1C). As a corollary, constitutively
active PKCe (CA-PKCe) via recombinant adenovirus (Adv-
CA-PKCe) infection increased, whereas dominant-negative
PKCe (DN-PKCe) decreased PFKFB3 mRNA and protein
expression ( p < 0.05 vs. Adv-LacZ control, n = 3) (Fig. 1D and
Supplementary Fig. S1B). PKCe and PFKFB3 immunostain-
ing was present in PSS- and OSS-exposed endothelial lining in
the aortic arch and thoracic aorta from the New Zealand White
(NZW) rabbits (Supplementary Fig. S2).

In addition, PKCe-mediated metabolic activity was quan-
tified by using a SeaHorse Flux Analyzer. CA-PKCe in-
creased basal (3.11-fold, p < 0.01, n = 4) and maximum
extracellular acidification rates (ECAR; 2.52-fold, p < 0.01
vs. DN-PKCe, n = 4) for proton production as an indicator of
glycolytic flux (57). This elevated glycolytic flux was further
validated with H2O2 (50 lM)-induced oxidative stress (2.13-
fold basal ECAR, 2.45-fold maximum ECAR, p < 0.01, n = 4)
(Fig. 1E, F).

Shear stress modulated PKCe-dependent
glycolytic metabolites

Our metabolomic analysis of 156 human aortic endothelial
cells (HAEC) metabolites with a known identity (Supple-
mentary Table S1) revealed that 4 metabolites were signifi-
cantly upregulated in response to PSS and OSS, including
putrescine (C4H12N2) and dihydroxyacetone (C3H6O3),
whereas aspartic acid (C4H7NO4) was decreased (Supple-
mentary Fig. S3). To validate flow-mediated glycolytic me-
tabolites, we performed metabolomic analysis in HAEC
transfected with scrambled (Scr) siRNA or siPKCe in response
to (i) static, (ii) PSS, and (iii) OSS conditions. Principal com-
ponent analysis (PCA) demonstrated significant separation
among 16 metabolites in the scrambled (Scr) group and among
13 in the siPKCe group ( p < 0.05, n = 6) (Fig. 2A–D). Both PSS
and OSS upregulated putrescine, glucose (C6H12O6), fructose
(C6H12O6), and DHA. In the presence of siPKCe transfection,
OSS attenuated glucose, fructose, and DHA to a greater degree
than did PSS. siPKCe transfection also increased glucose and
fructose, implicating a reduction in glycolysis and/or fructo-
lysis. Further, siPKCe attenuated both PSS- and OSS-mediated
increases in DHA (Fig. 2E). Thus, both PSS and OSS modu-
lated PKCe-dependent glucose, fructose, and DHA as well as
PKCe-independent putrescine.

PKCe mediated tube formation and vascular repair

In an in vitro Matrigel model, siPKCe decreased endo-
thelial tube formation by 40% as quantified by tube lengths
( p < 0.05 vs. Scr siRNA, n = 3) (Fig. 3A, B). CA-PKCe

Innovation

Hemodynamic shear stress participates in epigenomic
changes to maintain endothelial homeostasis. We uncovered
a vascular metabolite, dihydroxyacetone, for vascular repair
via flow-responsive vascular endothelial growth factor
(VEGF) receptor-protein kinase C isoform epsilon (PKCe)-
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) signaling, thus providing a novel mechano-
metabolomic pathway for vascular repair.
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increased tube formation by 2.1-fold ( p < 0.05 vs. LacZ, n = 3)
(Fig. 3C, D). VEGFR inhibitor, cediranib, disrupted tube for-
mation in Adv-LacZ-infected HAEC (Fig. 3C, D), and this
disruption was restored with Adv-CA-PKCe (Fig. 3C, D).
Glycolysis-relevant metabolites (glucose, fructose, and DHA)
promoted HAEC tube formation, whereas a gluconeogenesis-
relevant metabolite (aspartic acid) had no effects (Supple-
mentary Fig. S4).

In a transgenic Tg(flk-1:EGFP) zebrafish model of tail re-
generation, control p53 morpholino oligonucleotide (MO) in-
jection supported vascular regeneration as visualized by a
closed loop between the dorsal longitudinal anastomotic ves-
sels and dorsal aortas at 3 days post-amputation (dpa) (Fig. 3E).
PKCe MO injection impaired, whereas PKCe mRNA restored
vascular regeneration at 3 dpa (Fig. 3E). Taken together, PKCe-
mediated glycolytic metabolites promoted tube formation and
vascular repair.

Genetic manipulations of shear stress-mediated
vascular repair

After GATA-1a MO injection to reduce viscosity-
dependent shear stress (Supplementary Videos S1 and S3),
zebrafish embryos failed to develop vascular regeneration at
3 dpa until 5 dpa ( p < 0.05 vs. control, n = 30) (Fig. 4C). After
TNNT-2 MO injection to inhibit myocardial contraction and
blood flow, zebrafish embryos also failed to develop tail re-
generation at 3 dpa ( p < 0.05 vs. control, n = 5) (Fig. 4E), and
they failed to thrive at 5 dpa. After erythropoietin mRNA
injection to augment erythrocytosis as a means of restoring
viscosity-dependent shear stress (Supplementary Video S2),
zebrafish embryos developed tail regeneration at 3 and
5 dpa ( p < 0.05 vs. control, n = 30) (Fig. 4E). As a corollary,
rescue of GATA-1a MO-injected embryos with PKCe
mRNA restored vascular regeneration at 3 and 5 dpa ( p < 0.05

FIG. 1. Shear stress-responsive VEGFR-PKCe-PFKFB3 signaling. (A) HAEC were transfected with scrambled
(Scr) siRNA or VEGFR2 siRNA (siVEGFR2), or they were treated with or without VEGFR inhibitor. PSS and OSS
differentially upregulated VEGFR2-dependent PKCe mRNA expression (*p < 0.05, n = 3). (B) PSS and OSS further up-
regulated PKCe activity (*p < 0.05, n = 3). (C) PSS and OSS also upregulated PFKFB3 mRNA expression, which was
abrogated in response to siPKCe (*p < 0.05, n = 4). (D) CA-PKCe promoted, whereas DN-PKCe reduced the PFKFB3
mRNA expression (*p < 0.05 vs. LacZ control, n = 3). (E, F) Seahorse assay revealed that CA-PKCe increased both (E) basal
and (F) max ECAR at the baseline and in response to H2O2 at 50 lM (*p < 0.01 vs. DN-PKCe, n = 4). CA, constitutively
active; DN, dominant negative; ECAR, extracellular acidification rates; HAEC, human aortic endothelial cells; mRNA,
messenger RNA; OSS, oscillatory shear stress; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; PKCe,
protein kinase C isoform epsilon; PSS, pulsatile shear stress; siRNA, small interfering RNA; VEGFR, vascular endothelial
growth factor receptor. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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vs. GATA-1a MO-alone injected group, n = 30) (Fig. 4F).
Vascular repair was quantitatively compared in response
to the genetic manipulations (Fig. 4G), supporting the im-
portant roles of shear stress and PKCe to promote vascular
repair.

PKCe-dependent DHA rescued vascular repair

In an in vitro Matrigel model, siPKCe attenuated tube for-
mation, which was partially rescued by the PKCe-dependent
glycolytic metabolite, DHA ( p < 0.05 vs. Scr siRNA, n = 4)

FIG. 2. Shear stress-mediated PKCe-dependent metabolites. HAEC were transfected with scramble (Scr) siRNA or
PKCe siRNA (siPKC), followed by three conditions: (i) static state, (ii) PSS, or (iii) OSS for 4 h. (A, C) Of the 136 known
metabolites, PCA revealed significant overlapping of metabolites after the static, OSS, and PSS conditions in both Scr
and siPKCe-transfected HAEC. (B, D) The concentration of 16 metabolites in Scr and 13 in siPKCe groups was
significantly changed after the three conditions (*p < 0.05, n = 6). PCA revealed a separation among the statistically
different metabolites. (E) PSS and OSS significantly modulated the selected metabolites, demonstrating PKCe-dependent
Glucose, Frucose, DHA, and PKCe-independent Putrescine (*p < 0.05, n = 6). DHA, dihydroxyacetone; PCA, principal
component analysis. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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(Fig. 5A, B). In the zebrafish tail amputation model, DHA
restored vascular repair from 67% to 100% in the control MO-
injected fish at 6 dpa ( p < 0.05 vs. control, n = 4). Further, DHA
rescued vascular repair from 30% to 80% in PKCe MO-
injected fish ( p < 0.05 vs. control, n = 30) (Fig. 5C, D). These
findings strengthen the notion that PKCe-dependent DHA
promoted endothelial tube formation and vascular repair.

Discussion

The novelty of this study resides in establishing flow-
mediated VEGFR-PKCe-PFKFB3 signaling to promote gly-

colytic metabolite, DHA, for vascular repair. Metabolomic
analysis revealed that PSS and OSS modulated PKCe-
dependent endothelial PFKFB3 expression to mediate glyco-
lytic metabolites. In the NZW rabbit aortic arch and descending
aorta, PKCe and PFKFB3 immunostaining was present in the
PSS- and OSS-exposed regions. In the zebrafish model of tail
amputation, shear stress plays an important epigenetic role with
PKCe to mediate vascular regeneration. Thus, we provide a
new mechano-metabolomic pathway to increase the glycolytic
metabolite, DHA, for vascular regeneration (Fig. 6).

Our data support that the characteristics of flow, namely
PSS (tave = 50 dyne$cm-2 accompanied by a slew rate at vs/

FIG. 3. PKCe-mediated tube formation and vascular repair. (A) HAEC were transfected with scrambled (Scr) siRNA or
PKCe siRNA (siPKCe). (B) siRNA attenuated tube formation, which was quantified by the changes in tube lengths. (C, D) HAEC
were infected with recombinant control LacZ or CA-PKCe adenoviruses. Treatment with Cediranib at 10 lM inhibited tube
formation (*p < 0.05, n = 5), whereas CA-PKCe restored Cediranib-attenuated tube formation (*p < 0.05, n = 5). (E) Transgenic
Tg(flk-1:EGFP) embryos underwent tail amputation as a mode of vascular regeneration. The control group and p53 MO-injected
embryos exhibited vascular repair (yellow arrows) by re-connecting DLAV with DA. PKCeMO injection impaired vascular repair
(red arrow), whereas co-injecting PKCe mRNA restored vascular repair (yellow arrow). DA, dorsal aorta; DLAV, dorsal longi-
tudinal anastomotic vessel; ISV, intersegmental vessel; MO, morpholino oligonucleotide; PCV, posterior cardinal vein; SIV,
subintestinal vessel. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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vt = 71 dyne$cm-2$s-1 at 1 Hz) and OSS (0 – 3 dyne$cm-2

with tave = 0 dyne$cm-2 at 1 Hz), modulate VEGFR-PKCe-
PFKFB3 signaling to increase glycolytic metabolites (Fig. 1E).
Doddaballapur et al. reported that LSS (save = 20 dyne$cm-2 at
steady state, vs/vt = 0) reduced KLF2-dependent PFKFB3
promoter activity to reduce glycolysis (15), leading to atten-
uation in angiogenic sprouting (13, 46). However, the differ-
ential effects of LSS versus OSS to modulate AMPK and Akt
activities are well recognized to promote glycolysis (21).
Further, Jalali et al. demonstrated the role of p60scr and RAS
in shear stress-activated endothelial MAPK signaling (23),
whereas induction of PFKFB3 expression in response to
MAPK activation has been previously reported in cancer cells
(40). Taken together, these observations highlight the differ-
ential characteristics of shear stress to mediate PFKFB3 ex-
pression (22, 34).

Hemodynamic shear forces modulate vascular metabolism
to maintain cellular homeostasis (27, 51). Our metabolomic
analyses via gas chromatography time-of-flight mass spec-
trometry (GC-TOF) revealed that PSS and OSS increased
DHA, fructose, glucose, and putrescine (Fig. 2). DHA is an
intermediate metabolite of fructose metabolism, participating

in glycolysis in its phosphate form (42). As a corollary, the
glycolysis-related metabolites (namely alanine, glucose, and
lactate) were also elevated in response to I/R in the CA-PKCe
mouse (36). Thus, these glycolytic metabolites provide a basis
for cellular homeostasis (27, 51) and migration (56), vascular
development (12), and physical activity (39).

PFKFB3 is a key regulator of glycolysis to promote angio-
genic sprouting (12). In response to the transition from quies-
cence to proliferation and migration, vascular ECs developed
an increased glycolytic flux (13). During migration, glycolytic
enzymes are translocated to lamellipodia for ATP production
(13). Inhibition of PFKFB3 decreases stalk cell proliferation
and tip cell migration (12) to reduce vessel sprouting (46). We
further demonstrated PKCe-dependent PFKFB3 expression
(Fig. 1C, D) and prominent PKCe and PFKFB3 immunostain-
ing in the shear-exposed NZW aorta (Supplementary Fig. S2),
supporting the notion that flow-mediated VEGFR-PKCe-
PFKFB3 signaling promotes vascular regeneration.

PKC isoforms are distributed in numerous tissues and cell
types. Three phorbol ester/diacylglycerol-dependent PKC
isoforms, a-, d-, and e-, are highly expressed in the myocar-
dium (26). PKCd and PKCe are two Ca2+-independent

FIG. 4. Shear stress-mediated vascular repair. (A, B) The control and p53 MO-injected fish developed vascular repair
at 3 dpa (yellow arrows). (C) GATA-1a MO delayed vascular repair at 3 dpa. (D) TNNT-2 MO impaired vascular repair (red
arrow) at 3 dpa (*p < 0.05, n = 5), and the embryos failed to thrive at 5 dpa. (E) EPO mRNA injection promoted vascular
repair at 3 dpa. (F) Co-injection of GATA-1a MO with PKCe mRNA resulted in vascular repair. (G) Quantitative com-
parison revealed differential percentage of vascular repair (*p < 0.05, n = 30; n = 5 for TNNT-2 MO injected group). dpa,
days post-amputation; EPO, erythropoietin. To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars
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isoforms implicated in regulation of growth, differentiation,
and apoptosis of ventricular cells (16). PKCe over-expression
in the CA-PKCe mouse increased glycolytic metabolites in
association with cardioprotection after I/R injury (36). CA-
PKCe over-expression further attenuated H2O2-mediated
endothelial mitochondrial super oxide (O2

�-) production
(Supplementary Fig. S5). In addition to increasing glycolytic
flux (Supplementary Fig. S2E), CA-PKCe reduced p62 protein
level to promote autophagic flux (Supplementary Fig. S6B). In
this context, we present evidence of flow-mediated PKCe
signaling to modulate endothelial homeostasis for tube for-
mation and vascular repair.

Zebrafish (Danio rerio) comprise a well-established ge-
netic system for studying cardiovascular development and
disease (30, 37, 47). Use of zebrafish allows for genetic
manipulations of viscosity to change shear stress (Fig. 4) [Eq.
(1)]. Injection of GATA-1a MO significantly inhibits eryth-
ropoiesis up to 6 days post-fertilization (29), resulting in a
reduction in viscosity to decrease shear stress, whereas an
injection of erythropoietin (EPO) mRNA promotes ery-
throcytosis (9), resulting in a rise in viscosity to increase

shear stress. Thus, use of the zebrafish system enabled us to
recapitulate shear stress-mediated vascular repair via PKCe
and glycolytic metabolite, DHA.

The NZW rabbits are a well-established atherosclerotic
model for interrogation of the metabolically active lesions
(35, 41). Similar to humans, NZW rabbits developed oxi-
dized low-density lipoprotein-rich lesions in response to
high-fat-induced hypercholesterolemia (7, 24, 58), thereby
providing an ex vivo model to validate endothelial PKCe and
PFKFB3 expression (Supplementary Fig. S2). In this context,
both in vivo zebrafish and ex vivo NZW rabbit models are
complementary and synergistic to strengthen the vascular
endothelial phenotypes (31).

Despite differential PKCe mRNA and protein expression
in response to PSS and OSS (Fig. 1A), we observed similar
levels of PKCe activity. PKCe is activated by phosphoryla-
tion (Fig. 1B), and this non-linear relation may stem from
post-translational modifications of PKCe protein to influence
the level of PKCe phosphorylation (Fig. 1B), and subsequent
PFKFB3 mRNA expression. In addition, the PSS- and OSS-
responsive NADPH oxidase system generates ROS (22, 34).

FIG. 5. Glycolytic metabolite DHA promoted vascular repair. (A–B) DHA promoted tube formation in HAEC
transfected with scrambled (Scr) siRNA. siPKCe attenuated tube formation, which was rescued with DHA at 1 mg/ml
(*p < 0.05, n = 4). (B) Provides quantifications of the relative tube length for (A). (C) Tg (flk-1:EGFP) embryos injected with
p53 MO or PKCe MO underwent tail amputation, and they were treated with or without DHA (1 mg/ml) for 3 days. DHA
treatment rescued impaired vascular repair after PKCe MO injection. (D) Vascular repair was quantified by the percentage
of embryos that developed vascular regeneration (n = 20). To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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Despite an increase in PKCe protein expression (Fig. 1A), the
concomitant production in ROS may be implicated in ubi-
quitination and protein degradation of PFKFB3 protein ex-
pression (52).

The advent of high-throughput ‘‘omics’’ approaches, in-
cluding epigenomics, transcriptomics, miRnomics, proteomics,
and metabolomics (48), has provided a new mechanotran-
sduction strategy to discover biomarkers with therapeutic
targets. Jo and colleagues investigated the disturbed flow-
mediated metabolites by using the blood plasma samples from
ApoE-/- mice, and they demonstrated that 128 metabolites
were significantly altered, including sphogomyelin, a common
mammalian cell membrane sphingolipid in association with
atherosclerosis (20). Our findings further support that flow-
mediated VEGFR-PKCe-PFKFB3 signaling increases endo-
thelial glycolytic metabolites for vascular regeneration. In
addition, PKCe over-expression promotes glycolytic metabo-
lites for myocardio-protection. Taken together, we elucidated a
mechano-metabolomic pathway to promote DHA as a potential
biomarker for vascular therapeutics.

Materials and Methods

Ethics statement

All animal experiments were performed in compliance
with the University of California, Los Angeles (UCLA) In-
stitutional Animal Care and Use Committee (IACUC) pro-
tocols, under a project license also approved by the UCLA

IACUC. Humane care and use of animals were observed to
minimize distress and discomfort.

Vascular endothelial cell culture

HAEC were purchased from Cell Applications and cul-
tured in endothelial growth medium (Cell Applications) that
was supplemented with 5% fetal bovine serum (FBS; Gibco).
HAEC were propagated for experiments between passages 5
and 10.

siRNA transfection

siRNA transfection was performed with Lipofectamine
RNAiMax (Invitrogen). HAEC were plated in six-well plates
or standard glass slides on the day before transfection. The
cells were transfected with 50 nM PKCe or KDR siRNA
(Qiagen). Transfection media were changed to normal growth
media after 4 h of transfection. Cells were used for confir-
mation of gene knockdown or assay at 48 h after transfection.

Chemical reagents

Human recombinant VEGF was purchased from Fisher
Scientific and dissolved in phosphate-buffered saline (PBS).
Cediranib was purchased from SelleckChem and dissolved in
dimethyl sulfoxide (DMSO).

PKCe activity assay

PKCe activity assay with the ADP-Glo Kinase assay kit
(Promega) was performed to assess activity change of PKCe in
response to PSS and OSS. A confluent monolayer of HAEC on
glass slides were subjected to three flow conditions: (i) static,
(ii) PSS, and (iii) OSS, as previously described (34). After flow
exposure, HAEC underwent the kinase reaction by adding a
mixture of kinase reaction buffer. After a short incubation,
ADP-Glo� reagent (Promega) was added to terminate the
kinase reaction and to deplete residual ATPs in the lysates.
Next, a mixture of kinase detection reagents was added to
introduce luciferase and luciferin from newly synthesized
ATP, converted from ADP. The specificity was achieved by
using PKCe-specific peptide as substrate. Luciferase activities
were measured by using the Glo-Max Luminometer (Promega)
as a readout of PKCe activity.

Quantitative real-time polymerase chain
reaction analysis

PKCe and PFKFB3 mRNA expression was measured by
quantitative RT-polymerase chain reaction (PCR). Total
RNA was isolated by using Aurum Total RNA Mini Kit (Bio-
Rad Laboratory). RNA was reverse transcribed by using iS-
cript complementary DNA (cDNA) synthesis kit (Bio-Rad
Laboratory), followed by PCR amplification with iScript RT-
PCR Kit with SYBR Green (Bio-Rad Laboratory). The ex-
pression levels were normalized to actin.

The forward primer sequence for PKCe was 5¢-GAG CCG
CCA CTT CGA GGA CTG-3¢, and the reverse primer was 5¢-
TTG TGG CCG TTG ACC TGA TGG-3¢. The forward primer
sequence for Actin was 5¢-ACC CAC ACT GTG CCC ATC
TAC-3¢, and the reverse primer was 5¢-TCG GTG AGG ATC
TTC ATG AGG-3¢. The forward primer sequence for PFKFB3
was 5¢-GGA GGC TGT GAA GCA GTA CA-3¢, and the

FIG. 6. A schematic diagram depicts flow-sensitive
VEGFR-PKCe-PFKFB3 modulation of glycolytic meta-
bolites for vascular repair. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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reverse primer was 5¢-CAG CTA AGG CAC ATT GCT TC-3¢.
The differences in CT values for various intervals versus control
were used to determine the relative difference in the levels of
PKCe mRNA expression.

SeaHorse mitochondrial function analysis

HAEC were infected with either CA-PKCe recombinant
adenovirus (Adv-CA-PKCe) or DN-PKCe recombinant ade-
novirus (Adv-DN-PKCe), followed by treatment with or
without 50 lM H2O2 in Dulbecco’s modified Eagle’s medium
(DMEM) +1% FBS. Mitochondrial function was analyzed by
using the Seahorse XF analyzer system as described with a
24-well assay plate format (50). Twenty thousand cells were
loaded to individual wells of the 24-well SeaHorse analysis
plate. Glycolysis levels were determined through measure-
ments of the ECAR (53). Basal glycolysis was measured
without treatment and maximum glycolysis was determined
by treatment of the cells with 4 lM carbonyl cyanide p-
trifluoromethoxy-phenylhydrazone (FCCP), the mitochon-
drial uncoupler, after basal measurement.

Dynamic flow system to assess vascular
endothelial metabolites

A dynamic flow system was used to simulate well-defined
PSS and OSS as previously described (34). The flow system
was designed to generate physiologic shear stress occurring
at human arterial branching points with well-defined slew
rates, time-averaged shear stress, frequency, and amplitude.
Confluent monolayers of HAEC grown on glass slides were
subjected to three flow conditions at 1 Hz for 4 h: (i) static
control at no flow state, (ii) pulsatile flow with time-averaged
shear stress of 23 dyne$cm-2 accompanied by a stress slew
rate (vs/vt = 71 dyne cm-2 s-1), and (iii) oscillating flow
(0.1 – 4 dyne$cm-2). ECs were maintained in DMEM culture
media supplemented with 1% FBS at a temperature of 37�C
and pH of 7.4 during flow exposure.

Endothelial metabolomic analysis

Metabolite samples were collected from HAEC treated
with PSS (tave = 50 dyne$cm-2 accompanied by vs/vt = 71
dyne$cm-2$s-1 at 1 Hz), OSS (0 – 3 dyne$cm-2 with tave = 0
dyne$cm-2 at 1 Hz), or static conditions for 4 h (Supplementary
Fig. S7). For oscillating flow, minimal forward flow at a mean
shear stress of 0.2 dyne$cm-2 was provided every hour to de-
liver nutrients and to remove waste products. Cells were
trypsinized, fixed in 4% paraformaldehyde (PFA), and imme-
diately stored at -80�C before shipment in dry ice to the West
Coast Metabolomics Center at UC Davis. GC-TOF analysis
was performed to identify 156 known metabolites and 290
unknown compounds (18). Metabolites were reported with
retention index, quantification mass, and full mass spectra.
Quantification was by peak height without internal standards
for absolute concentration.

PCA to assess significant metabolite change

PCAs were carried out by using the programming language
R, version 2.14.0. Built-in ‘‘ade4’’ package was utilized to plot
factorial maps with representation-of-point classes, which are
denoted as Static, PSS, and OSS. Before performing PCAs, the
concentrations of subjected metabolites were normalized by

using the Pareto scaling method to put the measurements of
different metabolites on the close scale. The x-axis in the fig-
ures was depicted as the first principal component (PC1) re-
presenting the space with the largest variance in data, whereas
the y-axis was depicted as the second principal component
(PC2) representing the space with the second largest variance.
The ovals are 95% inertia ellipses.

Immunohistochemistry

Vascular rings corresponding to the aortic arch and tho-
racic aorta were cut from rabbit aorta segments, and they
were immersed in 4% PFA. They were embedded in paraffin
and cut into serial 5-lm sections. Immunostaining was per-
formed with standard techniques in paraffin-embedded vas-
cular tissue. Hematoxylin and eosin staining was used to
observe gross vascular morphology, and PKCe and PFKFB3
staining was performed by using mouse monoclonal (PKCe,
ABCAM) and goat polyclonal (PFKFB3, SCBT) antibodies.
Tissue sections were viewed with a microscope, and images
were captured with a CCD digital camera. Quantification of
staining intensity was performed by using ImageJ software.

Tube formation assay

HAEC cells were grown in a 96-well plate at 20,000 cells/
well on a 100 ll Matrigel growth-factor-reduced matrix (BD
Biosciences) that was allowed to solidify before seeding cells
in DMEM +5% FBS +25 ng/ml VEGF. Tube growth was
allowed for 6 h, and wells were imaged to visualize tube
formation with a microscope (Olympus). Images were ana-
lyzed by using S.CORE image analysis, with tube formation
index representing a quantification of the images.

Transgenic Tg(flk-1:EGFP) zebrafish model to study
vascular injury and repair

Tg(flk-1:EGFP) transgenic zebrafish embryos were gener-
ously provided by Prof. Ellen C. Lien (Children’s Hospital Los
Angeles, Los Angeles, CA) for assessing vascular injury and
repair in response to tail amputation. Flk-1, VEGFR1, is tissue
specific for vascular ECs. Fish embryos were injected with
either a PKCe MO or a control nonsense MO. Injection was
validated by qRT-PCR analysis of PKCe gene expression. The
following MO sequences were used. Standard control negative
MO: 5¢-CCT CTT ACC TCA GTT ACA ATT TAT A-3¢;
zebrafish p53 apoptosis suppression MO (p53MO): 5¢-GCG
CCA TTG CTT TGC AAG AAT TG-3¢; PKCe splice MO: 5¢-
CTC CAT TAA AAA CCA CCA TGA TGA C-3¢; GATA-1a
MO: 5¢-CTGCAAGTGTAGTATTGAAGATGTC-3¢; TNNT-
2a MO: (5¢-CGCGTGGACAGATTCAAGAGCCCTC-3¢.
MOs were dissolved in water to make 0.3 mM stock solution
with addition of 0.1 mM p53 MO. Immediately after collection
at 0 hpf, approximately 30–40 embryos were randomly chosen
for micro-injections. All the embryos were maintained in E3
medium at 28�C.

Injected fish larvae were grown to 72 hpf in standard E3
medium, followed by amputation of the posterior tail segment
*100 lm from the tip of the tail. The larvae were anesthe-
tized in 0.02% tricaine solution to allow for precise place-
ment. Amputation was performed with a surgical scalpel
under a stereo microscope (MEIJI Techno EMZ series;
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MEIJI) for both control and treatment groups. After ampu-
tation, fish were separated to allow for same-fish control. Fish
tail sections were imaged (Olympus IX71; Olympus) to vi-
sualize the blood vessels immediately after amputation and
every 24 h thereafter over the next 3 days. Regeneration of
blood vessels was compared between the different treatment
groups at 0, 1, and 3 dpa.

Cloning of PKCe mRNA for rescue

Mouse PKCe cDNA was amplified from a donor plasmid
(Addgene) and cloned into the plasmid pCS2+ at the BamHI
and EcoRI sites. Clones with the PKCe cDNA insert were
selected by PCR screening. The pCS2+PKCe plasmid was
verified by transfecting the plasmids into HEK-293 cells,
followed by detecting PKCe protein expression by Western
blot with anti-PKCe antibody. mRNA was synthesized from
the cloned plasmid by using the mMessage SP6 kit (In-
vitrogen). Transcribed PKCe mRNA was purified with the
total RNA isolation kit (Bio-Rad Laboratory) for in vivo
rescue experiments.

Blood shear stress modulation

Shear stress (s) is characterized as dynamic viscosity (l)
of fluid multiplied by shear rate _cð Þ, defined as a gradient of
velocity between two adjacent fluid layers (32):

s¼ l � _c¼ l
qux

qy

(1)

where qux

qy
is the tangential velocity gradient between two

adjacent fluid layers. Since shear stress is a function of vis-
cosity (m), injection of GATA-1a MO to inhibit erythrocytosis
reduced viscosity, whereas injection of EPO mRNA resulted
in the opposite effects to the endothelium (Supplementary
Videos S1–S3).

Western blot analysis

Cells were harvested, washed with PBS, and lysed with
RIPA buffer. The lysate was centrifuged at 12,000 g for
10 min, and the resulting supernatants were used as the entire
cell lysate. Proteins were separated by 4–20% polyacrylamide
gel with sodium dodecyl sulfate (SDS), electroblotted onto the
polyvinylidene difluoride membranes (GE Healthcare), and
blocked overnight at 4�C in Tris buffered saline-Tween20
(TBS-T) containing 5% non-fat dry milk (Bio-Rad Labora-
tory). PKCe protein expression was detected with anti-PKCe
(Santa Cruz Biotech), and equal loading was verified by
blotting with anti-b-tubulin (Millipore, Inc.). After treatment
with peroxidase-conjugated anti-goat (Santa Cruz Biotech) or
anti-mouse IgG antibody (Jackson ImmunoResearch) for 1 h
at room temperature, chemilluminescence signal was devel-
oped with Supersignal Western Pico (Pierce) and recorded
with FluorChem FC2 (Alpha Inotech, Inc.). Antibodies against
autophagy-associated genes were purchased from Boster
Biological Technologies for p62. Parallel blots were per-
formed with anti-b-tubulin (Millipore, Inc.) for loading nor-
malization. Densitometry was performed to quantify blot
bands as previously described (34).

Mitochondrial superoxide assay

Mitochondrial superoxide (mtO2
�-) was analyzed both

quantitatively by flow cytometry and qualitatively by fluo-
rescent imaging as previously described (34). Briefly, in a
six-well format for FACS analysis, cells were incubated with
10 lM mitoSOX dye (Invitrogen) for 15 min, then lysed, and
finally rinsed three times with PBS buffer to remove residual
dye. Samples were then analyzed by using FACS analysis,
with gating to remove debris or clusters.

For qualitative imaging of mtO2
�- levels during tube for-

mation, tube formation assay was performed, as described
earlier, with media that were absent of phenol red. At 6 h, cells
were incubated with 10 lM mitoSOX dye for 30 min, rinsed
three times with Dulbecco’s PBS, and finally fixed with PFA.
Cells were imaged by using fluorescent microscopy.

Statistical analysis

Data were expressed as mean – standard error of the mean
unless otherwise stated. Multiple comparisons were performed
by one-way analysis of variance, and statistical significance for
comparison between two groups was determined by student
t-test, two-sample proportional z-test, or Wilcoxon rank-sum
test (non-parametric analysis) when data were not normally
distributed. A p-value <0.05 was considered statistically sig-
nificant.
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Abbreviations Used

CA¼ constitutively active
cDNA¼ complementary DNA
DHA¼ dihydroxyacetone

DMEM¼Dulbecco’s modified Eagle’s medium
DN¼ dominant negative
dpa¼ days post-amputation
EC¼ endothelial cell

ECAR¼ extracellular acidification rates
eNOS¼ endothelial nitric oxide synthase

EPO¼ erythropoietin
FBS¼ fetal bovine serum

GC-TOF¼ gas chromatography time-of-flight mass
spectrometry

HAEC¼ human aortic endothelial cells
hpf¼ hours post-fertilization

IACUC¼ Institutional Animal Care and Use
Committee

I/R¼ ischemia/reperfusion
KLF2¼Krüppel-like factor 2

LSS¼ laminar shear stress
MO¼morpholino oligonucleotide

mRNA¼messenger RNA
mtO2

�-¼mitochondrial superoxide
NZW¼New Zealand White
OSS¼ oscillatory shear stress
PBS¼ phosphate-buffered saline
PCA¼ principal component analysis
PCR¼ polymerase chain reaction
PFA¼ paraformaldehyde

PFKFB3¼ 6-phosphofructo-2-kinase/fructose-2,
6-biphosphatase 3

PKCe¼ protein kinase C isoform epsilon
PSS¼ pulsatile shear stress

ROS¼ reactive oxygen species
Scr¼ scrambled

siRNA¼ small interfering RNA
UCLA¼University of California, Los Angeles

VEGFR¼ vascular endothelial growth factor
receptor
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