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Abstract

The localization of atherosclerotic lesion formation to regions of disturbed blood flow associated 

with certain arterial geometries, in humans and experimental animals, suggests an important role 

for hemodynamic forces in the pathobiology of atherosclerosis. There is increasing evidence that 

the vascular endothelium, which is directly exposed to various fluid mechanical forces generated 

by pulsatile blood flow, can discriminate among these different biomechanical stimuli and 

transduce them into genetic regulatory programs that modulate endothelial function. In this brief 

review, we discuss how biomechanical stimuli generated by blood flow can influence endothelial 

functional phenotypes, and explore the working hypothesis of “atheroprone” hemodynamic 

environments as “local risk factors” in atherogenesis. In addition, we consider the therapeutic 

implications of the activation of “atheroprotective genes” and their role as “critical regulatory 

nodes” in vascular homeostasis.
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1. Introduction

Atherosclerosis, the most common form of large vessel pathology responsible for syndromes 

of vital organ ischemic damage (e.g., myocardial infarction and stroke), remains a leading 

cause of mortality and morbidity in industrialized societies. Although its histopathologic 

features have been appreciated since the time of Virchow [1], mechanistic insights into its 

pathogenesis, at the cellular and molecular level, have been gained only relatively recently. 

While early pathogenetic theories (e.g., “lipid insudation” and “fibrin incrustation”) focused 

on the prominent microscopic features of advanced lesions, more recent working hypotheses 

have utilized the tools of modern cell biology and molecular genetics to probe the 

pathogenetic mechanisms of fibromuscular scarring and lipid accumulation that ultimately 

result in plaque instability and thrombotic sequelae [2–5].
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An important organizing principle that has emerged is that the vascular endothelium is a 

dynamically mutable interface–whose structural and functional properties are responsive to 

a variety of stimuli, both local and systemic, and that its phenotypic modulation to a 

dysfunctional state can constitute a major risk factor for vascular diseases such as 

atherosclerosis [6]. Manifestations of endothelial dysfunction extend well beyond altered 

nitric oxide metabolism and vascular reactivity, and encompass increased lipoprotein 

permeability and oxidation, enhanced mononuclear leukocyte adhesion and intimal 

accumulation, altered extracellular matrix metabolism, and dysregulation of the hemostatic–

thrombotic balance. Pathophysiologic stimuli of arterial endothelial dysfunction that are 

especially relevant to atherogenesis include proinflammatory cytokines, bacterial products 

and viruses, advanced glycation end products generated in diabetes and aging, 

hypercholesterolemia (per se), as well as oxidized lipoproteins and their components (e.g., 

lyso-phosphatidyl-choline) that accumulate within the arterial wall [7]. In addition to these 

biochemical stimuli, it is now clear that biomechanical forces, generated by flowing blood, 

can also influence the structure and function of endothelial cells and, remarkably, can act, at 

the level of complex transcriptional regulation, to orchestrate the pattern of expression of 

pathophysiologically relevant genes in atherogenesis [8].

The notion that hemodynamic forces can function as pathophysiologic stimuli for 

endothelial dysfunction provides a conceptual basis for the long-standing observation that 

the earliest lesions of atherosclerosis develop in a distinctive, nonrandom pattern, the 

geometry of which correlates with branch points and other regions of altered blood flow 

[9,10]. This strikingly localized pattern of lesion formation, across various species and in the 

face of systemic risk factors such as elevated plasma cholesterol, has intrigued experimental 

pathologists and fluid mechanical engineers alike, for decades, and has motivated the search 

for mechanistic links between hemodynamic forces and atherogenesis. In this brief review, 

we highlight our current understanding of the interrelationships of hemodynamics, 

endothelial pathobiology, and atherogenesis, with a view to future therapeutic implications.

2. Hemodynamics, endothelium, and vascular pathobiology

The pulsatile flow of blood through the branched tubular geometry of the arterial vasculature 

generates various types of hemodynamic forces–wall shear stresses, hydrostatic pressures, 

and cyclic strains–that can impact vessel wall biology [11]. As the cellular layer in intimate 

contact with 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 from the 

relatively uniform (time-averaged) well-developed laminar flows that occur in the 

unbranched portions of medium-sized arteries, to the complex disturbed laminar flow 

patterns (involving regions of flow separation, recirculation, and reattachment) that result in 

significant temporal and spatial gradients of wall shear stresses over relatively short 

distances [12]. The latter disturbed laminar flow patterns occur near branch points, 

bifurcations, and major curvatures–arterial geometries that are typically associated with the 

earliest appearance (and subsequent progression) of atherosclerotic lesions (Fig. 1A). In 

contrast, the unbranched, tubular portions of arteries that carry uniform laminar flow 

typically are relatively protected from atherogenesis (at least at the early stages of disease) 

[13,14]. For many years, the common wisdom therefore held that “low shear” areas (e.g., 
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complex geometries in which the time-averaged fluctuations in wall shear stresses were 

small, due to forward–reverse flow cycles) were especially atherosclerosis susceptible, 

whereas “high shear” areas were relatively atherosclerosis resistant (Fig. 1B). Interestingly, 

this nonrandom pattern of lesion development is observed not only in various experimental 

animal models (dietary and/or genetic), across multiple animal species, but also is a feature 

of the natural history of atherosclerotic disease in humans, thus underscoring its potential 

pathogenetic significance [15].

Various in vivo observations suggest that the structure and function of the endothelial lining 

is modulated by hemodynamic forces. Strikingly, endothelial cell morphology appears to 

reflect local flow conditions, with ellipsoidal cell (and nuclear) shape and coaxial alignment 

in the primary flow direction seen in laminar flow regions, and disruption of this orderly 

pattern in regions of disturbed flow [16,17] (Fig. 1C). Surgical manipulation of vascular 

architecture (e.g., the creation of coarctations or arteriovenous shunts) results in acute and 

chronic changes in the vessel wall that appear (at least in part) to be endothelial dependent. 

And, in the presence of hypercholesterolemia, these surgically modified vascular geometries 

can also develop atherosclerotic-like lesions [18]. While these in vivo observations are 

consistent with an effect of blood flow on arterial wall (patho)biology, evidence of the direct 

action of hemodynamic forces on endothelium has come primarily from in vitro studies. In 

the early 1980s, our group, in collaboration with colleagues in Fluid Mechanical 

Engineering at the Massachusetts Institute of Technology, utilized a modified cone-plate 

viscometer to subject cultured human and animal endothelial cells to defined fluid 

mechanical stimulation [19] and began to explore the resultant changes in endothelial 

structure and function [20]. Our early studies established that unidirectional, steady laminar 

shear stresses could induce time- and force-dependent cell-shape changes and alignment that 

mimicked those observed in the arterial vasculature in vivo [21]. Further studies by our 

group, and several others, went on to document that hemodynamic forces could significantly 

influence a spectrum of the vital properties of vascular endothelium that encompass its 

functions as a blood-compatible container, a selectively permeable barrier, and a 

metabolically active cellular component of the arterial wall [22]. This essentially established 

a new paradigm in vascular (patho)biology–biomechanical regulation of endothelial 

phenotype [23].

3. Endothelial gene regulation by biomechanical forces

In addition to eliciting immediate responses (e.g., the secretion of biologically active 

endothelial metabolites such as prostacyclin and nitric oxide via enzymatic regulation), in 

vitro applied shear stresses appeared to strongly influence endothelial cell gene expression 

[11]. Mechanistic analyses of this phenomenon revealed the existence of “shear-stress 

response elements” in the promoters of pathophysiologically relevant genes, such as the 

platelet-derived growth factor and vascular cell adhesion molecule-1 (VCAM-1), that acted 

to up- or down-regulate gene transcription [24,25]. Other studies revealed the presence of 

various “mechano-transducers” and downstream signaling pathways that link the externally 

applied mechanical stimuli to intracellular and, ultimately, intranuclear events [12,26,27]. 

Interestingly, individual genes as well as groups of multiple genes appeared to be 
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differentially responsive to the spatial and temporal properties of applied shear stresses–

suggesting a complex and dynamic system of biomechanical endothelial gene regulation.

A major logistical step forward was the move from single (candidate) gene analyses to high-

throughput molecular biological techniques that could reveal patterns of coordinated gene 

regulation. Of particular interest were those genes whose level of expression was up-

regulated in a sustained fashion by steady laminar shear stress stimulation. This approach 

indeed yielded a striking result–steady laminar shear stresses (but not turbulence) 

differentially up-regulated several endothelial genes with special relevance to atherogenesis, 

in particular eNOS (the endothelial isoform of nitric oxide synthase), COX-2 (the inducible 

isoform of cyclooxygenase), and manganese-dependent superoxide dismutase [28]. These 

endothelial genes encode enzymes that exert potent antithrombotic, antiadhesive, 

antiproliferative, anti-inflammatory, and antioxidant effects, both within the intimal lining 

and in interacting cells, such as platelets, leukocytes, and vascular muscle. Given the well-

established observation that uniform laminar shear stresses are characteristically associated 

with atherosclerotic lesion-protected arterial geometries in vivo, this coordinated pattern of 

gene expression led us to hypothesize that this type of biomechanical stimulation acts to 

chronically up-regulate the expression of a set of “atheroprotective genes” in lesion-

protected areas of the endothelium that then act locally to offset the effects of systemic risk 

factors, such as hypercholesterolemia, hyperglycemia, and hypertension.

The critical testing of this “atheroprotective gene hypothesis” required three significant 

refinements in our experimental strategy–first, a detailed characterization of the actual near-

wall shear stress profiles in “atheroprone” and “atheroprotected” arterial geometries; second, 

the recreation of these complex flow regimes, with spatial and temporal fidelity, on the 

surface of cultured human endothelial monolayers; and third, a genome-wide comparative 

analysis of the resultant transcriptomes.

4. Atheroprone vs. atheroprotective endothelial phenotypes

In order to create this integrated experimental strategy, our laboratory first established 

platforms to perform genome-wide transcriptional profiling using microarrays coupled with 

several bioinformatics tools used for the systematic analyses of the resultant large datasets 

[29–31]. An in vitro model system was then created in which cultured human endothelial 

cells can be exposed to well-defined shear stress waveforms that accurately simulate those 

present in vivo [32]. Finally, the flow patterns in the carotid artery bifurcation of normal 

human subjects were analyzed using a 3D fluid dynamic analysis based on actual vascular 

geometries and measured blood flow profiles [33]. From this characterization, two 

prototypic arterial waveforms, atheroprone and atheroprotective, were defined as 

representative of the wall shear stresses in two distinct regions of the carotid artery (the 

carotid sinus and the distal internal carotid artery) that are typically “susceptible” or 

“resistant,” respectively, to atherosclerotic lesion development [33] (Fig. 2). With this novel 

biomechanical model system, human cultured endothelial cells exposed to wall shear 

stresses that mimic those present in atherosclerosis-susceptible arterial geometries in vivo 

acquired a pro-inflammatory phenotype, expressing several physiologically important 

chemokines and chemokine receptors. Exposure to this atheroprone waveform stimulation 
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also induced a dysregulation of the expression and organization of cytoskeletal and 

junctional proteins, and the activation of the NF-κB signaling pathway [33]. These 

observations are in agreement with the atherosusceptible endothelial phenotype documented 

by other investigators using murine and swine models [34,35]. In contrast, preconditioning 

of human endothelial cells with atheroprotective waveform curtailed the IL-1β-inducible 

VCAM-1 expression [33]. Taken together, these data provided a link between certain forms 

of biomechanical stimulation, endothelial gene expression, and cellular and molecular 

changes associated with the pathogenesis of atherosclerosis. Moreover, analysis of 

transcriptional profiling data derived from the comparison between human endothelial cells 

exposed to these atheroprone vs. atheroprotective waveforms strongly indicated that a 

complex program of gene expression was being coordinately orchestrated, thus suggesting 

transcriptional activators/repressors in the endothelium that are biomechanically responsive. 

Using hierarchical clustering and other parallel analyses, we established that at least 48 

distinct transcription factors were biomechanically regulated. Of these, the gene most highly 

differentially regulated between the two waveforms was the zinc finger transcription factor 

Kruppel-like factor 2 (KLF2) [33].

5. KLF2 as an integrator of the atheroprotective flow-mediated endothelial 

cell phenotype

Members of the Kruppel transcription factor family are characterized by a carboxy terminus 

containing three DNA-binding C2H2 zinc fingers. To date, 17 human members of this 

family have been identified, and several of them have been reported to regulate vascular 

functions [36]. In particular, KLF2 has been implicated in T-lymphocyte quiescence [37], 

lung development [38], and adipogenesis [39,40]. Within the murine vessel wall, KLF2 

expression appears to be endothelial restricted, and generation of KLF2-null mouse embryos 

resulted in embryonic hemorrhaging and lethality at approximately E12.5–E14.5 [37,41]. 

The apparent cause of this phenotype was impairment in smooth muscle cell recruitment to 

nascent endothelial tubes, implying a possible paracrine effect of KLF2-dependent, 

endothelial-derived products. Deletion of KLF2 in the endothelial compartment in mice also 

resulted in embryonic lethality due to heart failure caused by high cardiac output [42]. 

Interestingly, in vitro studies have shown that KLF2 is one of a small number of genes up-

regulated in human endothelial cells exposed to laminar shear stress for 7 days when 

compared to static (no flow) culture conditions [43]. Using in situ hybridization of adult 

human arteries, these authors demonstrated that KLF2 expression was also restricted to the 

endothelium within the human vessel wall [43]. The response of KLF2 expression to 

laminar shear stress in vitro has been confirmed by other groups, including our own [44,45]. 

Dissection of the basic biomechanical parameters relevant to KLF2 induction revealed an 

increased effect of pulsatile flow compared to non-pulsatile, steady laminar flow, and a lack 

of KLF2 response to cyclic stretch [46,47].

In vivo studies by our group using silent heart mutant zebrafish, which lack blood flow yet 

remain viable for several days, demonstrated the absence of vascular endothelial KLF2a (the 

homolog of the mammalian KLF2) expression in the aorta and cardinal vein [48]. These 

observations thus demonstrated that endothelial KLF2 expression is dependent on blood 
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flow in vivo and that this mode of regulation may be evolutionarily conserved. Further in 

vitro analyses performed in our laboratory revealed that the mechanisms linking 

hemodynamic forces and KLF2 expression involve activation of a MEK5/ERK5/MEF2 

pathway and that MEK5 activation is necessary and sufficient for the flow-mediated up-

regulation of KLF2 in vascular endothelium. These results are consistent with a model in 

which flow activates MEK5, which in turn phosphorylates ERK5, resulting in the activation 

of the MEF2 family of transcription factors at the KLF2 promoter [48].

Collectively, these observations raised some important questions. For example, what are the 

flow-mediated downstream targets of KLF2 in the endothelium? And, how does expression 

of these genes impact endothelial phenotype? Experiments performed in our laboratory and 

others have documented that KLF2 regulates a vast array of genes of major functional 

importance in the endothelium, and it has become apparent that the sum of these complex 

actions confers a phenotype that promotes endothelial homeostasis and an anti-atherogenic 

phenotype [48,49]. Thus, for example, KLF2 overexpression in cultured human endothelial 

cells was shown to inhibit IL-1β-dependent induction of the pro-inflammatory adhesion 

molecules VCAM-1 and E-selectin, and to promote the expression of eNOS [45]. 

Subsequent studies have revealed an important role for KLF2 in regulating certain genes 

involved in thrombosis and hemostasis [50]. Moreover, using a systems biology approach 

combined with gain-and loss-of-function experiments, we showed that KLF2 acts as a 

critical integrator of the global transcriptional responses of endothelial cells to 

atheroprotecive flow. Specifically, we demonstrated that the atheroprotective flow-mediated 

induction of KLF2 results in the orchestrated regulation of endothelial transcriptional 

programs controlling inflammation, thrombosis/hemostasis, and vascular tone [48]. As a 

consequence of these coordinated transcriptional changes, we also demonstrated that KLF2 

is necessary to evoke the endothelial functional phenotype triggered by atheroprotective 

shear stress. For example, silencing KLF2 results in an increase in leukocyte adhesion to 

endothelial monolayers and the loss of protection against oxidative stress in endothelial cells 

preconditioned with atheroprotective flow [48].

The identification of KLF2-dependent transcriptional programs involved in the regulation of 

several endothelial functions contributing to a vasoprotective phenotype indicates a critical 

role for this transcription factor in maintaining the functional integrity of the vascular 

endothelium (Fig. 3). Furthermore, the requirement for KLF2 expression in the 

atheroprotective flow-mediated phenotype, together with the selective expression of KLF2 

in atheroprotective regions of human arteries, strongly suggests that the focal nature of 

atherosclerosis and its long-established correlation with particular hemodynamic 

environments might be explained in part by spatial patterns of KLF2 expression.

While the importance of KLF2 for endothelial integrity in vivo remains to be fully 

elucidated, several lines of evidence do suggest that KLF2 expression is linked to 

atheroprotection. First, ApoE-null mice bearing a hemizygous deficiency in KLF2 exhibited 

a 31–37% increase in atherosclerotic lesion area relative to littermate controls [51,52]; 

second, myeloid cell-specific KLF2 inactivation leads to an increase in atherosclerotic lesion 

formation in the LDLR−/− murine model [52]; and, third, suppressing the expression of 

Gimbrone and García-Cardeña Page 6

Cardiovasc Pathol. Author manuscript; available in PMC 2015 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



KLF2 in T cells and monocytes leads to a pro-inflammatory phenotype of these cell types 

[53,54].

6. Other endothelial transcription factors involved in flow-mediated 

atheroprotection

To explore whether additional mechanisms are responsible for flow-mediated endothelial 

atheroprotection, we sought to further characterize the transcriptional activators responsible 

for flow-dependent resistance to oxidative challenges that we had previously observed [33]. 

To this end, we analyzed the gene expression programs of human endothelial cells exposed 

to atheroprotective or atheroprone waveforms and found that atheroprotective flow up-

regulated certain antioxidant genes and strongly activated the transcription factor nuclear 

factor erythroid-2-related factor-2 (Nrf2). In particular, we identified several redox-related 

genes, including heme oxygenase 1, ferritin heavy chain, NAD(P)H dehydrogenase quinone 

1, and thioredoxin reductase, as being dependent on Nrf2 in the context of atheroprotective 

flow (Fig. 3). In addition, we showed that atheroprotective flow activates Nrf2 via the 

PI3K/Akt pathway and that this activation occurs differentially in atherosclerosis-resistant 

and atherosclerosis-susceptible regions of the mouse aorta [55]. Recent work by other 

laboratories indicates that KLF2 and Nrf2 act in a synergistic manner to activate the 

expression of a substantial fraction of atheroprotective flow-dependent gene expression [56]. 

Mechanistically, this synergy is based on the effects of KLF2 expression on the activation of 

Nrf2 and its antioxidant downstream targets. Taken together, the documented effects of the 

expression of KLF2 and Nrf2 in the vascular endothelium strongly suggest that these 

transcription factors are acting as “critical regulatory nodes” in vascular homeostasis and, as 

such, may be relevant targets for pharmacological intervention [57]. This notion has been 

recently supported by experimental evidence indicating that expression of KLF2 in the 

vascular endothelium triggers the production of extracellular vesicles containing 

microRNAs (miRNAs). Notably, some of these miRNAs appear to act in a paracrine manner 

on adjacent smooth muscle cells and are capable of reducing atherosclerosis in the murine 

ApoE−/− model [58].

7. Statins exert endothelial atheroprotective effects via KLF2

Based on the similarity between KLF2-dependent transcriptional and functional effects 

observed in endothelial cells exposed to atheroprotective flow, and those previously reported 

to be exerted by statins, an important class of cardiovascular drugs, we investigated a 

potential link between these biomechanical and pharmacologic stimuli. This investigation 

led our group, and others, to discover that statins, the most commonly prescribed class of 

lipid-lowering agents, originally designed as selective inhibitors of 3-hydroxy-3-

methylglutaryl coenzyme A reductase, act to up-regulate KLF2 expression in cultured 

human endothelial cells at pharmacologically relevant doses in vitro [59,60] (Fig. 3). Statins 

block the production of mevalonate, which forms two major downstream products known as 

isoprenoids: farnesyl pyrophosphate and geranylgeranyl pyrophosphate (GGPP). These 

isoprenoids can both prenylate distinct sets of proteins in the cells to enable their proper 

subcellular targeting and signaling. The statin-mediated up-regulation of KLF2 in human 

endothelial cells is dependent on the depletion of GGPP, which is well known to prenylate 
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several members of the Rho superfamily. Importantly, up-regulation of KLF2 is critical for 

the many statin-dependent transcriptional changes in endothelial cells, thus implicating 

KLF2 in the so-called “pleiotropic” beneficial cardiovascular effects of this class of 

cardiovascular drugs [61]. The endothelial atheroprotective effects of statins in our in vitro 

model system are dose dependent and appear to be class dependent, rather than agent 

specific [59]. Importantly, direct comparisons between laminar shear stress and statins as 

inducers of KLF2 in the context of pro-inflammatory stimuli indicated that shear stress is a 

stronger stimulus. This seems to be due to differences in the post-transcriptional stability of 

KLF2 mRNA, since the induction of the gene by the two stimuli is very similar [62]. This 

observation might be explained by the recently identified microRNA-92a-dependent 

regulation of KLF2 mRNA in the context of atheroprotective flow [63,64].

8. Future directions

Collectively, the findings of the past decade linking endothelial atheroprotection, 

biomechanics, and the pathobiology of atherosclerosis have provided a new conceptual 

framework to better understand the pathophysiology of endothelial cell dysfunction and 

atherogenesis. This conceptual framework has defined specific hemodynamic environments 

as “local risk factors” for atherogenesis and has led to the identification of mechano-

activated endothelial signaling pathways critical for vascular homeostasis. In particular, the 

identification of “critical regulatory ” such as KLF2 and Nrf2, has nodes, provided new 

perspectives on the pathogenesis of cardiovascular disease and potential novel therapeutic 

strategies (Fig. 3). For example, it will be interesting to define whether mutations in coding 

sequences or regulatory regions of KLF2 and Nrf2 in human populations confer an increased 

risk for cardiovascular events, and, in the case of KLF2, whether such mutations modify the 

beneficial effects of statins. Importantly, the endothelial expression of KLF2 could be used 

in high-throughput screens designed to identify novel inducers with the ultimate goal of 

developing new classes of pharmacologic agents designed to mimic flow-mediated 

atheroprotection. Finally, it is intriguing to consider whether the hemodynamic regulation of 

endothelial phenotypes may have implications beyond the pathobiology of atherosclerosis, 

including various congenital and acquired vasculopathies, as well as fundamental aspects of 

embryonic development of the cardiovascular system.
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Fig. 1. 
Nonrandom pattern of early atherosclerotic lesion development in mouse aorta. (A) 

Dissected aortic arch from a LDL receptor-deficient (LDLR−/−) mouse fed a cholesterol-

rich diet stained with oil red-O to mark early atherosclerotic lesions (adapted from Ref. 

[65]). (B) Location of “atherosclerosis-resistant” and “atherosclerosis-susceptible” regions, 

indicated on an intact mouse aorta, corresponding to the descending thoracic aorta and the 

lesser curvature of the aortic arch, respectively. (C) En face confocal microscopy of the 

endothelium of these regions showing distinct cell shapes (cell junctions stained for CD31).
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Fig. 2. 
A novel in vitro biomechanical model system for the analysis of atheroprotective and 

atheroprone endothelial phenotypes in human endothelial cells. Computational fluid 

mechanical analysis of flow patterns of the normal human carotid artery yielded two 

prototypic arterial waveforms–“atheroprotective” and “atheroprone,” representative of the 

wall shear stresses of the carotid sinus and the distal internal carotid artery, which are 

typically “susceptible” or “resistant,” respectively, to atherosclerosis. These biomechanical 

stimuli were recreated on the surface of cultured human endothelial monolayers in a 

dynamic flow system, and the resultant transcriptomes were subjected to detailed 

bioinformatic analyses.
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Fig. 3. 
Critical regulatory nodes in vascular homeostasis. Induction of the transcription factors 

KLF2 and Nrf2 by atheroprotective flow orchestrates a multifunctional genetic program, the 

net effects of which contribute to the maintenance of endothelial vasoprotective phenotypes. 

Statins, and potentially other yet-to-be-defined agents, through their induction of KLF2 can 

function as pharmacomimetics of atheroprotective flow.
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