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ABSTRACT

These are exciting times for the biomedical sciences, in general, and, in
particular, for those who strive to understand the origins of complex human
diseases, as we begin to focus with increasing precision on disease mecha-
nisms at the cellular and molecular levels. Armed with the high-through-put
technologies of the Post-Genomic Era, we now face the challenge of under-
standing biological systems at the level of their complex integration, and this
will truly bring meaning to the concept of Systems Biology.

This commentary is intended to provide an overview of the evolution
of thought concerning the function and dysfunction of the vascular
endothelium, with a particular focus on the central role(s) of hemody-
namic forces as pathophysiologic stimuli in complex cardiovascular
diseases such as atherosclerosis. Starting with the observation that
the earliest lesions of atherosclerosis (in human subjects and various
animal models) show a predilection for certain vascular geometries,
the roles of distinct biomechanical forces (e.g., laminar versus dis-
turbed flows) as stimuli for human endothelial gene expression have
been defined, utilizing a combination of bioengineering technologies
and genome-wide transcriptional profiling. This interdisciplinary ex-
perimental approach has revealed the coordinated regulation of ge-
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netic programs in the human endothelial cell that is involved in “va-
soprotection” (e.g., resistance to atherogenic risk factors), and appears
to be under the control of specific transcription factors. I hypothesize
that the latter represents “critical regulatory nodes” in the homeostatic
network of vascular endothelium, which are important in the mainte-
nance of normal cardiovascular function. Better understanding of the
stimuli and consequences of endothelial dysfunction, hopefully, will
point the way to earlier diagnosis, more effective therapies, and ulti-
mately the prevention of cardiovascular disease.

Non-adaptive interactions of cellular and macromolecular compo-
nents of circulating blood with the arterial wall play an important role
in the pathogenesis of atherosclerosis and coronary thrombosis. In-
creasing evidence indicates that alterations in the functional proper-
ties of the vascular endothelial lining—endothelial dysfunction—may
underlie certain of these pathophysiologic interactions and thus con-
tribute to the initiation, progression and clinical complications of ath-
erosclerotic vascular disease. Although involvement of endothelium in
the atherosclerotic process has been recognized since the time of Vir-
chow (in the mid-1880’s) (1), many relevant aspects of its biology and
pathobiology have been recognized only recently. Indeed, a comprehen-
sive monograph published in 1954, entitled “Endothelium: Its Devel-
opment, Morphology, Function and Pathology” by Dr. Rudolf Altschul,
Professor of Histology at the University of Saskatchewan, was a mea-
ger 124 pages in length (excluding the Bibliography and Index), and
devoted only 20 pages to “Functions of the Endothelium” (2). In con-
trast, in the calendar year 2009, more than 3,300 publications dealing
with vascular endothelium appeared in print (3).

We now appreciate that vascular endothelium, the single-cell thick
lining of the circulatory system, is in fact a vital organ, whose health is
essential to normal cardiovascular physiology and whose dysfunction
can be a critical factor in the pathogenesis of cardiovascular disease. It
has been my laboratory’s working concept that the vascular endothe-
lium is a dynamically mutable interface, whose structural and unc-
tional properties are responsive to a variety of stimuli, both local and
systemic, and further, that its phenotypic modulation to a dysfunc-
tional state can constitute a pathogenic risk factor for vascular dis-
eases. In the arterial wall, certain consequences of endothelial dys-
function are directly related to the pathogenesis of atherosclerosis and
its complications (4). These consequences include altered vascular re-
activity and vasospasm, altered intimal permeability to lipoproteins,
enhanced mononuclear leukocyte recruitment and intimal accumula-
tion as foam cells, altered vascular cell growth regulation and survival
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(e.g., decreased endothelial regeneration, increased smooth muscle
proliferation, enhanced susceptibility to apoptosis), and altered hemo-
static/fibrinolytic balances (favoring thrombin generation, and platelet
and fibrin deposition). Pathophysiologic stimuli of arterial endothelial
dysfunction that are especially relevant to atherogenesis include acti-
vation by cytokines and bacterial products, infection by bacteria, vi-
ruses and other pathogens, accumulation of advanced glycation end-
products (AGEs), non-enzymatically generated in diabetes and aging,
chronic exposure to hypercholesterolemia and/or hyperhomocysteine-
mia, and deposition of oxidized lipoproteins and their components (e.g.,
lysophosphatidylcholine) within the vessel wall (4—6). In addition to
these biochemical stimuli of endothelial dysfunction, it has become
increasingly clear that distinct biomechanical forces generated by the
pulsatile flow of blood through the branched arterial vasculature can
also influence the structure and function of endothelial cells, in par-
ticular through the regulation of fundamental genetic programs in-
volved in vascular homeostasis (7, 8).

The possibility that hemodynamic forces can act directly as patho-
physiologic stimuli for endothelial dysfunction provides a conceptual
rationale for the long-standing observation that the earliest lesions of
atherosclerosis, in human subjects and various animal models, char-
acteristically develop in a non-random pattern, the geometry of which
correlates with branch-points and other regions of altered blood flow
(Figure 1) (9—11). The following sections outline studies conducted by
my research group that focused on the molecular mechanisms involved
in the regulation of endothelial gene expression by biomechanical

WHHL Rabbit LDLR-/- Mouse

Fic. 1. Non-random Distribution of Early Lesions of Atherosclerosis Corresponding to
Vascular Geometries Associated with Disturbed Flow. Aortas from two experimental
animal models of atherosclerosis, stained with Oil-red O, exhibit intimal lipid accumu-
lation in regions associated with disturbed blood flows. Left panel, Watanabe Heritable
Hyperlipidemic (WHHL) Rabbit: en face view of thoracic aorta showing outflow tracts of
two intercostal arteries; Right panel, LDL-Receptor-deficient Mouse: transilluminated
view of aortic arch and major branches. (Courtesy of Dr. Myron Cybulsky).
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forces, and highlight the new insights they have provided into vascular
homeostasis, in general, and specifically, endothelial dysfunction in
the context of atherogenesis.

HEMODYNAMICS AND VESSEL WALL PATHOBIOLOGY

The pulsatile flow of blood through the branched tubular array of the
arterial vasculature generates various types of hemodynamic forces—
wall shear stresses, hydrostatic pressures and cyclic strains—that can
impact vessel wall biology and pathobiology. As the cellular layer in
direct contact with the flowing blood, the endothelium, in particular,
bears the frictional forces (wall shear stresses) imparted by the flow of
this viscous fluid. Blood flow patterns can vary in complexity from the
relatively uniform (time-averaged), well-developed laminar flow that
is associated with the unbranched tubular portions of medium-sized
muscular arteries, to the complex disturbed flow patterns, involving
flow separation, recirculation and reattachment, that generate signif-
icant temporal and spatial gradients of wall shear stresses over rela-
tively short distances. Interestingly, the latter disturbed flows typi-
cally occur near branch points, bifurcations and major curvatures-
arterial geometries typically associated with the early appearance and
subsequent progression of atherosclerotic lesions (Figure 1).

A number of in vivo observations suggest that the forces generated
by blood flow can alter endothelial structure function. These include
the demonstration of increased macromolecular permeability and li-
poprotein accumulation in the intima, endothelial cell damage and
repair, inducible endothelial-leukocyte adhesion molecule expression
(in particular, VCAM-1 or the “athero-ELAM), and mononuclear leu-
kocyte recruitment near branch points and bifurcations, as well as the
occurrence of ellipsoidal endothelial cell shape and axial alignment
with the primary flow vector in laminar flow regions, and the disrup-
tion of this orderly pattern in regions of disturbed flow (5, 11-13).
Evidence of the direct action of hemodynamic forces, and in particular
wall shear stresses, on endothelial cell structure and function has come
primarily from in vitro studies, in which cultured monolayers of hu-
man and animal vascular endothelial cells have been subjected to
defined fluid mechanical stimulation under well controlled experimen-
tal conditions. Utilizing a modified cone and plate viscometer in the
early 1980’s (14), my group (in collaboration with the Fluid Mechanical
Laboratory at the Massachusetts institute of Technology) demon-
strated that unidirectional steady laminar shear stresses could induce
time- and force-dependent changes in cell shape and alignment in
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cultured endothelial monolayers, which were reversible upon the ces-
sation of flow (15, 16). These shear-induced changes were accompanied
by reorganization of different components of the endothelial cytoskel-
eton mimicking the morphologic architecture of arterial endothelial
cells observed in vivo. Further studies by my group and several others
went on to document a variety of changes in the metabolic and syn-
thetic activities of endothelial cells in response to biomechanical stim-
ulation, including the production of prostacyclin, nitric oxide, growth
factors (including the platelet-derived growth factor, PDGF), adhesion
molecules (including ICAM-1), coagulation and fibrinolytic factors,
extracellular matrix components, and vasoactive mediators (17, 18).
Some of the more acute changes involved the regulation of rate-limit-
ing enzymes via signaling pathways and/or substrate availability;
however, in the case of more delayed, sustained responses, de novo
protein synthesis appeared to be modulated at the level of gene tran-
scription. Using the promoter of the human PDGF-B gene as a model,
studies by my group defined the first “shear-stress-response element
(SSRE)”, a 6 base-pair core binding sequence, GAGACC, which ap-
peared to be necessary and sufficient for the shear stress inducibility of
the PDGF-B gene in human endothelial cells (19). This work estab-
lished a new paradigm for “activation” of endothelial gene expression,
in which biomechanical forces per se could act as both positive and
negative regulators of endothelial gene transcription and ultimately
impact vessel wall (patho)biology. The biomechanical regulation of
genes in endothelial cells (and other cell types) is now a widely ac-
cepted phenomenon, and the involvement of multiple transcription
factors (e.g., NF-kB, Egr-1, c-jun, c-fos, KLLF-2) has been documented in
vitro and in vivo (20—24).

HEMODYNAMICS AS A “LOCAL RISK FACTOR” FOR
ATHEROGENESIS

Given the well-established observation that uniform laminar shear
stresses are characteristically associated with atherosclerotic lesion-
protected geometries in vivo, we initially turned to high-through-put
molecular biological strategies (e.g., differential display of expressed
transcripts using RT-PCR) to compare the patterns of endothelial
genes that are either upregulated or downregulated in cultured human
endothelial cells in response to physiological levels of steady laminar
shear stress, a comparable level of turbulent (non-laminar) shear
stress, and a soluble, proinflammatory cytokine stimulus (Interleu-
kin-1 beta) (25). This approach revealed distinctive patterns of endo-
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thelial gene expression not previously appreciated, including a set of
genes that appears to be upregulated in a sustained fashion by steady
laminar shear stress, but not by turbulent shear stress. Certain of
these differentially regulated transcripts encode endothelial genes
with known relevance to atherogenesis, such as eNOS (the endothelial
isoform of nitric oxide synthase), COX-2 (the inducible isoform of
cyclooxygenase), and Mn-SOD (manganese-dependent superoxide dis-
mutase). These endothelial enzymes exert potent anti-thrombotic,
anti-adhesive, anti-inflammatory and anti-oxidant effects, both within
the endothelial lining and in interacting cells, such as platelets, leu-
kocytes, and vascular smooth muscle. The biological consequences of
these steady laminar shear upregulated endothelial genes, thus, would
be predicted to be vasoprotective or anti-atherogenic (26).

To further explore the implications of this biomechanical, “athero-
protective gene” hypothesis, we modified our experimental strategy in
two important ways. First, we developed a high-through-put cDNA
microarray platform (and associated database management and sta-
tistical analytic tools) to perform an unbiased, global assessment of
endothelial gene regulation (27-29); and second, we further refined the
basic cone and plate viscometer apparatus to create a “Dynamic Flow
System” which was capable of simulating actual human arterial wave-
forms on cultured human endothelial monolayers (Figure 2) (30). We
then performed finite element analysis of the distinct flow patterns
within various regions of the human carotid bifurcation to accurately
define the near-wall shear stresses present in the carotid sinus, an
“atherosclerosis-prone” area, and the distal internal carotid artery, an
“atherosclerosis-protected” area (Figure 3) (31). The corresponding
“athero-prone” and “athero-protective” flows were recreated utilizing
the Dynamic Flow Device, and the resultant patterns of endothelial
gene expression analyzed. The results of these experiments revealed a
dramatic pattern of differential gene regulation by these two patho-
physiological relevant biomechanical stimuli (31). Interestingly,
whereas the absolute number of affected genes was surprisingly small
(less than 200 of the more than several thousand represented on the
DNA-microarrays), the scope of their pathophysiologic implications
was very broad, encompassing genes involved in signal transduction,
transcriptional regulation, inflammation, angiogenesis, growth regu-
lation, coagulation and lipid metabolism. Some interesting patterns
emerged: a) Certain chemokines and chemokine receptors, including
IL-8, CXCR4 and TTX3 were transcriptionally upregulated by the
athero-prone waveform stimulation, suggesting the acquisition of a
proinflammatory endothelial phenotype; 2) Chronic exposure to the
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F16. 2. Schematic Diagram of Dynamic Flow System. This cone-and-plate fluid me-
chanical apparatus incorporates an optically transparent cone rotating over a cultured
monolayer of endothelial cells, thus allowing direct microscopic visualization during the
application of precisely controlled, computer-simulated arterial waveforms (see Black-
man et al., 2002) (30).

athero-prone waveform resulted in a sustained secretion of the
proatherogenic cytokine IL-8, whereas athero-protective stimulation
suppressed endothelial IL-8 production; 3) Preconditioning endothelial
monolayers with 24 hours of exposure to the athero-protective waveform
prevented the subsequent induction, by cytokine stimulation, of the
atherosclerosis-related adhesion molecule VCAM-1, while athero-prone
preconditioning failed to silence VCAM-1 expression; 4) Stimulation with
the athero-prone waveform, but not the athero-protective waveform,
resulted in activation and nuclear-translocation of the NF-kB, a tran-
scription factor closely linked to the atherogenic process in vivo (31).
Taken together, these observations strongly suggest that an organized
program of genetic regulation is differentially induced in vascular endo-
thelium in response to biomechanical stimulation, and this may contrib-
ute to regional variations in atherosclerosis-susceptibility in vivo.

We undertook further analysis of the large body of transcriptional
profiling data generated from the above and subsequent studies in an
effort to identify the key transcription factors involved in orchestrating
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Fic. 3. Wall Shear Stresses in Regions of the Human Carotid Artery Bifurcation
Relatively Resistant or Susceptible to Atherosclerosis. This color-coded model of the
human common carotid artery bifurcation displays the pattern of time-averaged wall
shear stress magnitudes, calculated from noninvasive MRI and ultrasound flow mea-
surements in normal subjects (see Dai et al., 2004 (31) for details of fluid mechanical
calculations). Prototypic “athero-protective” and “athero-prone” waveforms representa-
tive of those present in the distal internal carotid artery (a lesion-resistant region) and
the carotid sinus (a lesion-susceptible region), respectively, were then derived for use as
input stimuli in the Dynamic Flow System (see Figure 2).

the biomechanical responsiveness of human endothelial cells. One of
the transcription factors most robustly upregulated selectively by
athero-protective waveform stimulation was the Kruppel-like factor 2
(KLF2). Originally, one of a small number of genes reported to be
upregulated in cultured endothelial cells by prolonged (7 day) exposure
to steady laminar shear stress (32), the in vivo pattern of KLF2
expression in blood vessels is correlated with atherosclerois-protected
versus atherosclerosis-susceptible geometries, thus, suggesting a rela-
tionship to atherogenesis (33). In our in vitro gene profiling experi-
ments, KLF2 consistently showed a differential regulation by athero-
protective waveform stimulation in cultured human endothelial cells
(Figure 4) (34). Interestingly, its developmental expression in the
zebra fish is dependent on a beating heart and corresponds to the onset
of blood flow (35). Further, in vitro studies revealed involvement of the
MEKS/ERK5/MEF pathway in linking biomechanical stimulation to
KLF2 expression in human endothelial cells. Using a “systems biology”
approach, KLF2 has been implicated as a central integrator of various
programs of endothelial gene expression governing the “athero-protec-
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FiGc. 4. Dual Regulation of Transcription Factor Kruppel-like Factor 2 (KLF2) in
Cultured Endothelium. The expression of the transcription factor KLF2 in cultured
human endothelial cells is selectively regulated by athero-protective biomechanical
stimulation and also by treatment with pharmacologically relevant concentrations of
various Statins, in a dose-dependent fashion (original data adapted from Parmar et al.,
2005) (34).

tive phenotype” (Figure 5) (35, 36). Indeed, silencing KLF2 in cultured
human endothelial cells results in a loss of their athero-protective
flow-induced anti-inflammatory properties and resistance to oxidative
stress. A major insight into the potential role of KLF2 as a “master
regulator” of endothelial vasoprotection came from the demonstration
that its expression in human endothelial cells is upregulated in a
dose-dependent fashion by Statins, the most commonly prescribed
class of lipid-lowering drugs. This appears to be a class-generalized,
endothelial-directed action of the statins that is evident at pharmaco-
logically relevant doses in vitro (Figure 4) (34, 37), and is independent
of their intended effects on lowering plasma lipids in vivo. The depen-
dence of many statin-dependent transcription effects in endothelium
on KLF2 implicates this transcription factor in the well-recognized,
but poorly understood “pleiotropic” beneficial cardiovascular effects of
this class of drugs, thus adding a further dimension to our understand-
ing of the “atheroprotective phenotype” of vascular endothelium.



124 MICHAEL A. GIMBRONE JR.

Atheroprotective Flow

|

t KLF2 | «—— Statins
l (other drugs?)

Endothelial Cell

/ Vasoprotective Phenotype

Anti-Inflammato
24 Vasoactive Anti-Thrombotic
VCAM-1
. eNOS
E-Selectin CNP T Thrombomodulin
Multiple chemokines/ Ad dulli
chemokine receptors renomeautiin Tissue Factor
; PAI-1
I Elafin } Endothelin
IL-11

Fic. 5. Coordinated Regulation of Endothelial Atheroprotective Phenotype. This di-
agram depicts the proposed central role of the transcription factor KLF2 in the coordi-
nated regulation of multiple endothelial-genetic programs that contribute to a “vasopro-
tective phenotype” (see Parmar et al., 2006) (35). In the physiological setting, the
biomechanical stimuli present in atherosclerosis-resistant vascular geometries would
serve to maintain local endothelial KLF2 expression; alternatively treatment with
Statins could act to upregulate KLF2 in lesion-prone areas or augment its physiologic
regulation in the face of atherosclerotic risk factors.

CONCLUSIONS AND FUTURE DIRECTIONS

The vascular endothelial lining of the circulatory system comprises
a vital interface whose functional properties are dynamically modu-
lated by humoral and biomechanical stimuli. The localization of ath-
erosclerotic lesions to arterial geometries associated with disturbed
flow patterns suggests an important role for local hemodynamic forces
as “risk factors” in atherogenesis. Mechanistic insights linking biome-
chanical stimulation to patterns of gene regulation in vascular endo-
thelium have begun to reveal intrinsic, homeostatic programs that
support “vasoprotection”. The identification of “critical regulatory
nodes” in these networks may point the way to novel therapeutic
interventions in cardiovascular health and disease.
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DISCUSSION

Alexander, Atlanta: Michael, thank you for a spectacular lecture, and I must say, it
is scintillating to see the progress that has been made over the years, starting from basic
concepts. I can remember early conversations with you to the effect that an objective of
cardiovascular therapy would be to make every endothelial cell “think” that it is in a
protected laminar shear area, and now it seems as if you are doing just that.

Quesenberry, Providence: Just a general question about an area in which we have
been working that involves the endothelium more and more, and that is ectosomal
microvesicle transfer of phenotype. This process potentially adds a whole layer of
complexity to vascular biology. I would be interested if you have any comments.

Gimbrone, Boston: Cells certainly do communicate in wondrous ways—including
the transfer of surface properties. We see that in the context of platelet-endothelial
interactions—the age old premise of whether endothelial cells are “nurtured” by plate-
lets (Gimbrone et al., Nature, 1969) and, indeed, how that might be accomplished—
perhaps through the secretion of a humoral factor, or, alternatively, the transfer of small
pieces of their membranes, via microvesicles, as they make their way through the myriad
vessels of the body. Whether this process occurs to different degrees in the context of
different biomechanical environments remains an open question.



