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The vascular endothelium, the major interface of the vessel wall between blood and all
tissues, must constantly adapt to fluctuations in environmental cues. Cellular metabolism is
one mechanism that may contribute to rapid dynamic changes in cell phenotype. For
example, glycolysis — one of the major forms of cellular metabolism that converts glucose to
pyruvate—is required for immune cell activation, tumor cell proliferation and survival, and
the phenotypic switch of endothelial cells (ECs) between quiescent and angiogenic states.18
ECs are exposed to a variety of stimuli such as turbulent/disturbed shear stress and hypoxia
under pathophysiological states. To maintain homeostatic control of ECs, gene expression in
ECs is subjected to highly tight regulation at multiple levels including transcriptional and
epigenetic control. Exposure of vascular ECs to athero-protective laminar shear stress
promotes anti-inflammatory, anti-thrombotic, and anti-oxidative properties largely through
inducing the expression of a cassette of transcriptional regulators including Kruppel-like
factor-2 (KLF2).? Biomechanical stimuli also contribute to a resting quiescent state in
ECs.10 However, the underlying mechanisms by which biomechanical stimuli such as
laminar shear stress regulate cellular metabolism, including glycolysis and mitochondrial
content, to maintain this resting metabolic state in ECs remains poorly understood.

In this issue of Arteriosclerosis, Thrombosis, and Vascular Biology, Doddaballapur et al.11
present elegant studies addressing the role of laminar shear stress in cellular metabolism of
ECs. They report that laminar shear stress reduced EC glycolysis by regulating the
expression of KLF2 and phosphofructokinase-2/fructose-2,6-bisphosphatase-3 (PFKFB3),
an effect that maintained the quiescent metabolic state of ECs and inhibited angiogenesis
(Figure). The authors demonstrated that laminar shear stress reduced glucose uptake in ECs
in a KLF2-dependent manner as supported by siRNA-mediated knockdown studies of KLF2
demonstrating complete abrogation of laminar shear stress-induced reduction of glucose
uptake. Overexpression of exogenous KLF2 reduced glucose uptake, lactate production,
glycolysis, ATP levels, mitochondrial content, and basal mitochondrial respiration in ECs.
Gain- and loss-of-function studies of PFKFB3 demonstrated that KLF2 reduced glycolysis
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at least partially depending on its repressive effect on PFKFB3 expression. To determine
how KLF2 inhibits PFKFB3 expression, the authors scanned the PFKFB3 promoter region
for potential KLF2 binding sites, and found KLF2 binds to the PFKFB3 promoter at ~14 bp
upstream to the transcription start site, which mediated the repressive effect of KLF2.
Transducing KLF2 into ECs reduced EC sprouting and network formation, a phenotype that
is partially rescued by exogenously expressed PFKFB3. These effects appear to be
independent of KLF2’s known regulatory effects on eNOS expression and nitric oxide (NO)
production or 5" adenosine monophosphate-activated protein kinase alpha 1 (AMPK-al)
expression. Furthermore, KLF2 does not increase EC senescence or apoptosis in vitro as
quantified by B-galactosidase activity, p21 expression, cell cycle profiling, and caspase 3/7
and annexin staining. This study not only adds a new layer of complexity to the growing list
of protective functions exerted by the master regulator KLF2, but also raises several
provocative questions. While KLF2 may contribute to maintaining EC metabolic quiescence
under laminar flow via PFKFB3 repression, is loss of KLF2 expression, whether by
turbulent/disturbed shear stress (ie. as observed at vessel branch points) or by biochemical
stimuli (ie. cytokines), necessary to increase EC metabolism in vivo? Under more stringent
conditions of hyperglycemia, hyperlipidemia, and/or hypertension, is this EC resting
metabolic state lost in a KLF2-dependent manner? Does KLF2-mediated regulation of
PFKFB3 occur in the microvasculature where shear stress forces may not be as dominant as
found in the macrovasculature? Given KLF2’s anti-angiogenic effects in ECs, would
increased KLF2 expression confer deleterious effects in response to ischemic conditions?
Conversely, will inhibition of KLF2 or overexpression of PFKFB3 expression rescue
impaired angiogenesis found in relevant cardiovascular disease states such as myocardial or
limb ischemia, or diabetic wound healing? Collectively, this study paves the way for new
directions with considerable scientific interest.

In this study, both laminar shear stress and exogenously expressed KLF2 reduced
mitochondrial content. KLF2 overexpression also reduced both mitochondrial respiration
(decrease in oxygen consumption) and glycolysis (decrease in lactate production) (Figure).
While both KLF2 and laminar flow reduced mitochondrial metabolism, the authors state that
the laminar flow-dependent decrease was independent of KLF2, suggesting that additional
regulators may be involved. Interestingly, PFKFB3 knockdown reduced glycolysis but not
cellular oxygen consumption, suggesting that PFKFB3 did not regulate mitochondrial
respiration and other metabolic molecules may be involved. Reactive oxygen species, which
often contribute to endothelial dysfunction, is considered a major culprit of altered
mitochondrial respiration.}2-14 Because there was not a compensatory increase in oxidation
and mitochondrial respiration when glycolysis was compromised after KLF2 overexpression
or PFKFB3 deficiency, this suggests that both KLF2 and PFKFB3 could be targeted to
control EC cellular metabolism without inducing oxidative stress. Surprisingly, while KLF2
overexpression in ECs increased eNOS expression and activity, KLF2-derived nitric oxide
(NO) did not alter mitochondrial respiration as assessed using the nitric oxide inhibitor L-
NAME. It remains unclear why ECs would not take advantage of the known inhibitory
effect of NO on mitochondrial respiration to contribute to the KLF2-mediated inhibition of
mitochondrial activity? It is possible that under different conditions or use of L-NAME in
more than a single time point that effects of KLF2-derived NO on mitochondrial respiration
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might become apparent. Nonetheless, it raises the question of the dispensability of eNOS in
this process — for example, will siRNA-mediated knockdown of eNOS have adverse effects
on glycolysis in response to laminar flow or KLF2 overexpression?

Atherosclerotic lesions preferentially develop at arterial branch points, bifurcations, and the
lesser curvature of the aorta where the vascular endothelium is exposed to disturbed
flow.15-17 In these regions, KLF2 expression is low in endothelium of swine.18 It would be
informative to examine whether PFKFB3 expression is inversely increased in these athero-
susceptible regions, an effect that may reflect a switch in glycolytic state. In ECs, KLF2
confers anti-inflammatory effects in part by attenuating NF-xB signaling and attendant
expression of proadhesive and prothrombotic genes. KLF2 has been implicated in
maintaining quiescence of several leukocyte subsets.1® Indeed, myeloid-specific KLF2
protects mice against the development of atherosclerosis by virtue of preventing the
activation and adhesion properties of macrophages and neutrophils to ECs.20 Given that
aerobic glycolysis is also required for immune responses,t 2 21 these observations raise the
potential causal link between altered glycolysis and inflammatory responses at predisposing
regions of the vasculature that may progress to atherosclerotic lesion formation.

Mechanistically, the authors identified PFKFB3, hexokinase (HK), and
phosphofructokinase-1 (PFK-1), as KLF2-repressed glycolytic genes. In contrast to
PFKFB3, HK and PFK did not appear to be required for endothelial glycolysis in their
studies. PFKFB3, identified over a decade ago?2 23 as a hypoxia-inducible gene, is
stimulated through HIF-1alpha interaction with the consensus hypoxia response element in
its promoter region.2* PFKFB3 generates fructose-2,6-bisphosphate, a key allosteric
activator of PFK-1, itself a key rate-limiting enzyme in glycolysis that converts fructose-6-
phosphate (F6P) to frustose-1,6,-phosphate. PFKFB3 is the highest expressed of these
isoenzymes in ECs and exhibits >700-fold higher kinase activity compared to its
phosphatase activity.> Accumulating recent studies demonstrate PFKFB3 as a potential
therapeutic target for pathological angiogenesis as well as other disease states. PFKFB3
promotes vessel formation, whereas PFKFB3 blockade inhibits pathological

angiogenesis.3 4 However, reduced PFKFB3 expression may have antithetical effects on
inflammation in a range of cell types. For example, PFKFB3 inhibition attenuates T cell
activation in vitro and suppresses T cell-dependent immunity in vivo®. Similarly, in human
monocytes, PFKFB3 is rapidly induced by proinflammatory stimuli such as LPS.25 PFKFB3
expression is also induced in skeletal muscle of C57BL/6 mice by high-fat diet.28 However,
PFKFB3 expression was decreased in epididymal fat from diabetic db/db mice.2”
Intriguingly, knockdown of PFKFB3 in 3T3-L1 adipocytes reduced glucose incorporation
into lipid, but increased the production of reactive oxygen species, which is associated with
the activation of inflammatory signaling pathways.2® Moreover, PFKFB3 deficiency in mice
exacerbated adipose tissue inflammatory response and systemic insulin resistance.28 In
contrast, PFKFB3 overexpression in adipose tissue protects mice against diet-induced
insulin resistance and inflammatory responses.2® As such, caution is required for
considering PFKFB3 as a therapeutic target and additional studies are required to clarify the
role of PFKFB3 in cardiovascular relevant cell types.
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In summary, Doddaballapur et al.1! report a fascinating study linking laminar shear stress,
KLF2, and endothelial cellular metabolism (Figure). These findings remind us how
complicated the maintenance of EC quiescence can be in response to blood flow and shear
forces. Given the role of a range of identified epigenetic regulators in response to laminar
flow, including microRNAs, 3% 31 it will be interesting to explore whether these factors
impact KLF2-PFKFB3-dependent EC quiescence. Finally, whether the inhibitory effect on
cellular metabolism mediated by the KLF2-PFKFB3 signaling axis is operative in other
relevant cell types and in vivo in experimental models of vascular disease states in rodents
and human tissues warrants further investigation.
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Figure. Theregulation of endothelial cellular metabolism by shear stressthrough Kruppel-like
factor 2 (KLF2) and phosphofructokinase-2/fructose-2,6-bisphosphatase-3 (PFK FB3)

Laminar shear stress reduces endothelial cell (EC) glycolysis by repressing the expression of
PFKFB3 in a KLF2-dependent manner, an effect that maintains the quiescent metabolic
state of ECs and inhibits angiogenesis. Both KLF2 and laminar shear stress are involved in
the regulation of mitochondrial respiration. The effect of laminar shear stress on
mitochondrial respiration may depend on the induction of KLF2 or additional unknown
regulators. KLF2 also confers EC anti-inflammatory, anti-thrombotic, and anti-oxidative
properties. In regions of arteries where ECs are exposed to disturbed flow, or in response to
biochemical stimuli such as cytokines, high glucose, and oxidative stress, KLF2 expression
is reduced, which contributes to EC activation. Loss of the repressive function of KLF2 on
PFKFB3 may induce PFKFB3 expression and increase glycolysis, an effect that may switch
quiescent ECs to metabolically active ECs and induce angiogenesis.
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