Chapter 6
Regulation of Endothelial Activation
and Vascular Inflammation by Shear Stress
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Abstract Atherosclerosis is a multifactorial disorder caused by genetic and
environmental factors such as cholesterol, obesity, hypertension, diabetes, and
smoking and is the primary cause of morbidity and mortality worldwide. Blood
flow is known to exert shear stress on the vascular endothelium. Atherosclerotic
lesions occur predominantly at sites of low shear, whereas regions of the vascula-
ture exposed to high shear are protected. Low shear stress leads to activation of
endothelial cells which in turn can initiate inflammation. Shear stress can also
modulate several signalling pathways mediated by the activated endothelial cells.
The molecules involved in these signalling pathways can be atheroprotective or
atherogenic. The aim of this chapter is to discuss the effects of low shear stress on
the regulation of endothelial activation and subsequent vascular inflammation.
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Abbreviations

MKP-1 Mitogen activated protein kinase phosphatase 1
KLF2 Kruppel like factor 2

Nrf2 Nuclear factor erythroid 2-related factor 2

VCAM-1 Vascular cell adhesion molecule-1
PECAM-1 Platelet-endothelial cell adhesion molecule-1

ICAM-1 Intracellular cell adhesion molecule-1

MCP-1 Monocyte chemoattractant protein 1

INK c-Jun N-terminal kinase

ATF2 Activating transcription factor 2

NF-«B Nuclear factor k-light-chain-enhancer of activated B cells
NOS Nitric oxide

6.1 Introduction

Inflammation of vascular tissues is induced in response to harmful stimuli such as
chemicals, pathogens or injury. Vascular inflammation involves the recruitment of
leukocytes, also known as white blood cells (monocytes, macrophages, dendritic
cells, neutrophils, and lymphocytes) to the site of injury. The vascular system is
lined with a monolayer of endothelial cells termed as the endothelium. This
monolayer of cells performs various functions such as acting as a mechanical
barrier and an anticoagulant, maintaining an anti-inflammatory environment,
facilitating physiological control of vasoregulation, and modulating vascular per-
meability. Endothelial infiltration by circulating leukocytes is comprised of a
multistep process that involves rolling of the leukocytes on the endothelium,
attachment of the leukocytes to the endothelium, and transmigration of the
leukocytes across the endothelial cells lining the blood vessel walls [1]. These
processes are mediated by several different receptors called selectins, addressins,
and integrins on the leukocytes and their subsequent interaction with adhesion
molecules expressed on the surface of the endothelial cells. The adhesion molecules
on endothelial cells include E-selectin, intracellular cell adhesion molecule-1
ICAM-1 (CD54), and vascular cell adhesion molecule-1 VCAM-1 [2,4].

The location of endothelial cells within the vascular endothelium is such that
they are constantly exposed to mechanical forces such as pressure, circumferential
stretch or tension and shear stress. Shear stress is a biomechanical quantity that is
determined by factors such as blood flow velocity, vessel geometry and local
fluid viscosity. Shear stress may be computationally estimated using fluid dynamics
models. The numerical calculation of wall shear stress has been the topic of
numerous studies, both in relation to larger scale flow features such as flow
detachment and recirculation zones (e.g., [26]) as well as on significantly smaller
scales (e.g., [24]). Particularly the study of the role of nitric oxide and the develop-
ment of atherosclerotic plaque has been well studied in the past (e.g., [23]).
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In a biomedical context shear stress is typically expressed in units of dynes/cm>.
Physiological arterial-level shear stress is variable, due to anatomical variation and
pulsatility, but is approximately >15 dynes/cm? [18]. The magnitude of the shear
stress may also be estimated in most of the vasculature by Poiseuille’s law which
states that shear stress is proportional to blood flow viscosity, and inversely
proportional to the third power of the internal radius [13]. A change in the
physiological amount of shear stress has been implicated in the pathogenesis of
cardiovascular diseases. As pointed out by Cunningham and Gotlieb, three aspects
of the way in which shear stress affects the endothelial surface can be distinguished.
First, laminar flow gives the straightforward steady Poiseuille’s flow effect (aver-
aged over the physiological pulsatory cycle). Second, oscillatory flow, expresses
cycle-to-cycle variations, which are normally zero or very low. Third, there are
local regions of disrupted flow comprising separation, recirculation and reattach-
ment [9]. Indeed in a combined numerical and in vitro study it was demonstrated
that oscillatory low shear stress present in recirculation zones can lead to a signifi-
cant activation of endothelial cells by enhancing ICAM-1 expression [34].

Shear stress, or rather, lower levels of shear stress have long been associated
with the development of atherosclerosis. Atherosclerosis is a multifactorial disorder
caused by genetic and environmental factors such as cholesterol, obesity, hyperten-
sion, diabetes, and smoking. It is the primary cause of morbidity and mortality
worldwide. The pathogenesis of atherosclerosis involves biochemical and bio-
mechanical changes in the arterial walls. Atherosclerosis is a chronic inflammatory
disease that involves complex interactions between various modified lipoproteins,
monocyte-derived macrophages, T lymphocytes, endothelial cells, and smooth
muscle cells [25]. Atherosclerotic lesions occur predominantly in areas such as
inner curvatures of the coronary arteries where there is lower shear stress compared
to the average physiological shear stress levels and also in areas that demonstrate
bifurcations where the shear stress is oscillatory [6,22].

At physiological levels of shear stress, the endothelial cells elongate and orient
themselves parallel to the direction of the flow [17]. However, at lower levels of shear
stress, the endothelial cells are found to being more rounded in shape [17]. Interest-
ingly, such a rounded endothelial cell morphology has been observed in atheroscle-
rotic lesions, and this is consistent with the finding that atherosclerosis develops at
branches and bends that are exposed to lower levels of shear stress [6,22].

6.2 Signalling Pathways Involved in Shear Stress Mediated
Endothelial Activation and Inflammation

Dysfunction of endothelial cells has been believed to be one of the main factors in
initiating the pathogenesis of atherosclerosis [25]. This dysfunction in turn can lead
to changes in gene expression by the endothelial cells. Various signalling pathways
have been implicated in being upregulated or downregulated following endothelial
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Fig. 6.1 Illustration of various signalling pathways that are involved in the pathogenesis of
atherosclerosis due to differential levels of shear stress. High, laminar shear is atheroprotective
and induces expression of anti-inflammatory factors such as MKP-1, Nrf2, Cezanne, and KLF2.
The expression of these anti-inflammatory factors can down regulate the activation of inflamma-
tory pathways. Low, oscillatory shear stress on the other hand induces the JNK-ATF2 —-NF-KB
pathway that in turn leads to recruitment of inflammatory leukocytes modulated by the expression
of E-selectin and VCAM-1

activation by lower levels of shear stress. Upregulation of pro-inflammatory signal-
ling molecules such as JINK, p38, and NF-«xB are implicated in the pathogenesis of
atherosclerosis whilst upregulation of Nrf2, KLF2, and MKP-1 and activation of
eNOS is more atheroprotective. The inflammatory mechanisms that are involved in
atherosclerosis and modulated by shear stress are hence explained in detail
(Fig. 6.1).

6.2.1 Mitogen Activated Protein Kinase Phosphatase 1

Mitogen activated protein kinase phosphatase 1 (MKP-1) belongs to the family of
dual specificity protein phosphatases that are ubiquitously located within the body
and is upregulated by various extracellular stimuli [29]. This early gene is
upregulated in vascular and nonvascular cells by an array of factors that include
heat shock [14], oxidative stress [14], pro-inflammatory cytokines such as tumor
necrosis factor-oo (TNF-a) [31], lipopolysaccharides (LPS) from bacteria [28],
peptide ligands such as thrombin [5], and growth factors such as vascular endothe-
lial growth factors [15]. A primary function of MKP-1 is to inactivate the mitogen
activated protein kinase (MAPK) by dephosphorylation of p38 and JNK at specific
tyrosine and threonine residues. Shear stress controls the expression of MKP-1 by



6 Regulation of Endothelial Activation and Vascular Inflammation by Shear Stress 81

endothelial cells. For instance, MKP-1 is over expressed in regions of vascular
endothelium subject to laminar unidirectional high shear stress. These regions are
termed atheroprotective regions as they do not exhibit any signs of developing
atherosclerosis. The consequence of MKP-1 expression by these endothelial cells is
that it negatively regulates the JNK and p38 pathways and thus hampers inflamma-
tion [36]. On the other hand, it also suppresses VCAM-1 expression [36] which
promotes the recruitment of leukocytes to the vessel walls. Thus, high shear stress
can prove to be atheroprotective in that it protects arteries from induction of
persistent endothelial expression of MKP-1, which in turn, suppresses the activities
of p38 and JNK [36]. Prior studies revealed that MKP-1 exerts anti-inflammatory
effects in EC by inhibiting the expression of adhesion molecules and chemokines
[5,31,36]. MKP-1 also suppresses the activation of macrophages and their capacity
to produce the pro-atherogenic cytokine TNFo [7]. In addition, MKP-1 can be
induced by low density lipoprotein (LDL) [19] and cyclic strain in smooth muscle
cells [16] and reduces their proliferation. Thus, MKP-1 may exert anti-atherogenic
effects in vascular endothelium by suppressing EC activation and also influence
lesion development by regulating macrophage physiology and smooth muscle cell
accumulation. Hence more research has to be carried out with respect to MKP-1
expression in regions that are susceptible to low, oscillatory shear stress and
exploitation of this expression to yield therapeutic benefits.

6.2.2 Nuclear Factor Erythroid 2-Related Factor 2

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a member of the “cap ‘n’ collar”
family of basic leucine zipper transcription factors that is important in protecting
cells against oxidative damage by reactive oxygen species (ROS) [3]. Nrf2 plays an
important role in the protection of endothelial cells via antioxidant response
element (ARE)-mediated gene expression of phase II detoxification antioxidant
proteins. Both types of shear stress, laminar and oscillatory, have shown to increase
the expression of Nrf2. However, stabilization of Nrf2 and expression of genes
modulated by Nrf2 is only induced by laminar shear stress. In studies on human
umbilical vein endothelial cells (HUVEC), induction of Nrf-2 regulated genes such
as heme oxygenase 1, NAD(P)H quinone oxidoreductasel, glutamate-cysteine
ligase modifier subunit, and ferritin heavy chain is carried out by laminar shear
stress [32,33]. The regulation of these genes is inhibited when treated with Nrf2
siRNA. Laminar shear stress has been observed to induce gene expression of
cytoprotective enzymes for glutathione biosynthesis and detoxification which are
regulated by Nrf2. Laminar shear stress might activate Nrf2 via a phosphoinositol
3-kinase/Akt-dependent signalling pathway [10].

Following activation by laminar shear stress, Nrf2 acts in an anti-inflammatory
manner similar to that of MKP-1. Nrf2 is constitutively active in endothelial cells
in atheroprotected regions and has been observed to reduce the proinflammatory
activities of p38 MAP kinase by inactivating it [35]. Nrf2 also suppresses the



82 A. Nayak et al.

VCAM-1 expression. The other manner in which Nrf2 controls endothelial acti-
vation is by reducing MKK?3/6 signaling to p38 and by enhancing the activity of
MKP-1. The mechanism behind the MKK3/6 suppression by Nrf2 is likely to
involve redox regulation too because ASK1, a MAP kinase that acts upstream
from MKK3/6, is known to be inhibited by reduced forms of glutathione and
thioredoxin [35]. Further evidence suggests that Nrf2 can enhance the catalytic
activity of MKP-1 by promoting a reducing environment via the induction of
multiple antioxidants. Thus, it is proposed that laminar shear stress suppresses
endothelial cell activation at atheroprotected sites by inducing MKP-1 and by
simultaneously enhancing MKP-1 activity via activation of Nrf2 [35].

Interestingly, in regions of low shear stress that are more susceptible to athero-
sclerosis, Nrf2 seems to be expressed in a nonactive form and is incapable of
suppressing the pro-inflammatory milieu that follows the formation of atherogenic
lesions [35]. In addition to these observations, HUVEC challenged with laminar
shear stress and simultaneously treated with Nrf2 siRNA (that will interefere with
the expression of biologically active Nrf2) showed an upregulation of expression of
adhesion molecules and chemokines (Takabe et al. 2011). In the same study,
arterial endothelial cells isolated from Nrf2 deficient mice also demonstrated a
similar result. The collective observation from the above studies suggest that Nrf2
might be an important therapeutic candidate to suppress inflammation in the
vascular endothelium, as it can inhibit expression of adhesion molecules and
recruitment of chemokines.

6.2.3 Kruppel-like Factor

Kruppel-like factor (KLF2) is an endothelial transcription factor, the expression
of which is specifically induced by laminar shear stress [21]. It is an anti-
inflammatory transcription factor that aids in maintaining the atheroprotective
phenotype of vascular endothelial cells. KLF2 induces the expression of
atheroprotective endothelial nitric oxide (eNOS) and thrombomodulin whilst
downregulating the expression of pro-atherogenic MCP-1 and endothelin [11].
KLF2 also inhibits the expression of VCAM-1 and E-selectin, and thus, it
suppresses the initiation of the inflammatory cascade that precedes the rolling
and adhesion of inflammatory cells [27].

6.2.4 JNK-NF-kB Pathway

The nuclear factor k-light-chain-enhancer of activated B cells (NF-kB) family of
transcription factors regulates vascular inflammation by inducing adhesion proteins
and other proinflammatory molecules in vascular endothelial cells [30]. There are
five different subunit forms of NF-kB and the RelA/p50 heterodimer is the most
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abundant form of NF-kB found in vascular endothelial cells. RelA expression is
preferentially found in athero-susceptible regions of the arteries [8]. The low,
oscillatory shear stress that is exerted in these regions initiate the signalling
pathway that induces the expression of RelA [8]. Murine studies that involved the
exposure of vascular endothelial cells to low levels of shear stress exhibited an
enhanced activation of the mitogen activated protein kinase JNK1 and a down-
stream transcription factor ATF2 [8]. Simultaneously, the expression of RelA was
also observed to be increased in the vascular endothelium. However, when JNK1
was genetically abrogated, activation of ATF2 was hindered and RelA expression
was also reduced in the murine vascular endothelium. These observations indicated
that low, oscillatory shear stress influences ATF2 and RelA activity through a
JNK1-dependent mechanism [8]. The important roles JNK isoforms play in cardio-
vascular injury and disease have been demonstrated previously. This is supported
by animal studies that have revealed that JNK can be activated in arteries in
response to injury, during the development of aneurysms or in atherosclerotic
lesions [37]. Other studies also report that the gene transfer of a dominant negative
form of JNK1 reduced neointimal formation in injured arteries [12] and genetic
deletion of JNK2 reduced foam cell formation and EC dysfunction in hypercholes-
terolemia [20].

Thus, the INK-ATF2-NK-«B signalling pathway might be a key role in promot-
ing inflammation in the vascular endothelium during atherosclerosis influenced by
low, oscillatory shear stress.

6.3 Conclusion

Laminar shear stress is vital in maintaining vascular homeostasis and preventing
atherosclerosis. Low, oscillatory shear stress can activate vascular endothelial
cells through different inflammatory mechanisms. This activation can lead to
recruitment of leukocytes that can lead to the development of atherogenic lesions.
By comparing and contrasting the gene expression of various molecules in
regions of laminar shear stress and oscillatory shear stress, the relationship
between blood flow and development of atherogenesis can be understood more
clearly. The conclusion from these studies are that high, laminar shear stress is
atheroprotective and does not activate endothelial cells whereas low, oscillatory
shear stress is pro-atherogenic and can initiate the activation of vascular endothe-
lial cells, thus leading to inflammation seen in the pathogenesis of atherosclerosis.
Therefore, the control of shear stress can be of potential therapeutic interest in the
treatment of atherosclerosis and other diseases where fluctuations of shear stress
can play a role in the pathogenesis.



84

A. Nayak et al.

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Abbas AB, Lichtman AH (2009) Basic immunology. Elsevier, Philadelphia, PA

Alon R, Kassner PD, Carr MW, Finger EB, Hemler ME, Springer TA (1995) The integrin
VLA-4 supports tethering and rolling in flow on VCAM-1. J Cell Biol 128:1243-1253
Andrews NC, Erdjument-Bromage H, Davidson MB, Tempst P, Orkin SH (1993) Erythroid
transcription factor NF-E2 is a haematopoietic-specific basic-leucine zipper protein. Nature
362:722-728

. Campbell JJ, Qin S, Bacon KB, Mackay CR, Butcher EC (1996) Biology of chemokine and

classical chemoattractant receptors: differential requirements for adhesion-triggering versus
chemotactic responses in lymphoid cells. J Cell Biol 134:255-266

. Chandrasekharan UM, Yang L, Walters A, Howe P, DiCorleto PE (2004) Role of CL-100, a

dual specificity phosphatase, in thrombin-induced endothelial cell activation. J Biol Chem
279:46678-46685

. Cheng C et al (2006) Atherosclerotic lesion size and vulnerability are determined by patterns

of fluid shear stress. Circulation 113(23):2744-2753

. Chi HB et al (2006) Dynamic regulation of pro- and anti-inflammatory cytokines by MAPK

phosphatase 1 (MKP-1) in innate immune responses. Proc Natl Acad Sci U S A
103:2274-2279

. Cuhlmann S et al (2011) Disturbed blood flow induces RelA expression via c-Jun N-terminal

kinase 1: a novel mode of NF-«B regulation that promotes arterial inflammation. Circ Res
108:950-959

. Cunningham KS, Gotlieb AI (2005) The role of shear stress in the pathogenesis of atheroscle-

rosis. Lab Invest 85(1):9-23

Dai G, Vaughn S, Zhang Y, Wang ET, Garcia-Cardena G, Gimbrone MA Jr (2007) Bio-
mechanical forces in atherosclerosis-resistant vascular regions regulate endothelial redox
balance via phosphoinositol 3-kinase/Akt-dependent activation of Nrf2. Circ Res 101:723-733
Dekker RJ et al (2005) Endothelial KLF2 links local arterial shear stress levels to the
expression of vascular tone-regulating genes. Am J Pathol 167:609-618

Izumi Y et al (2001) Gene transfer of dominant-negative mutants of extracellular signal-
regulated kinase and c-Jun NH2-terminal kinase prevents neointimal formation in balloon-
injured rat artery. Circ Res 88:1120-1126

Kamiya A, Bukhari R, Togawa T (1984) Adaptive regulation of wall shear stress optimizing
vascular tree function. Bull Math Biol 46:127-137

Keyse SM, Emslie EA (1992) Oxidative stress and heat shock induce a human gene encoding a
protein-tyrosine phosphatase. Nature 359:644—647

Kinney CM, Chandrasekharan UM, Mavrakis L, DiCorleto PE (2008) VEGF and thrombin
induce MKP-1 through distinct signaling pathways: role for MKP-1 in endothelial cell
migration. Am J Physiol Cell Physiol 294:C241-C250

Lai KH, Wang H, Lee WS, Jain MK, Lee ME, Haber E (1996) Mitogen-activated protein
kinase phosphatase-1 in rat arterial smooth muscle cell proliferation. J Clin Invest
98:1560-1567

Levesque MJ, Nerem RM (1985) The elongation and orientation of cultured endothelial cells
in response to shear stress. J Biomech Eng 107:341-347

Malek AM, Alper SL, Izumo S (1999) Hemodynamic shear stress and its role in atherosclero-
sis. JAMA 21(282):2035-2042

Metzler B, Li CH, Hu YH, Sturm G, Ghaffari-Tabrizi N, Xu QB (1999) LDL stimulates
mitogen-activated protein kinase phosphatase-1 expression, independent of LDL receptors, in
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol 19:1862-1871

Osto E et al (2008) c-Jun N-terminal kinase 2 deficiency protects against
hypercholesterolemia-induced endothelial dysfunction and oxidative stress. Circulation
118:2073-2080



21.

22.

23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Regulation of Endothelial Activation and Vascular Inflammation by Shear Stress 85

Parmar KM et al (2006) Integration of flow-dependent endothelial phenotypes by Kruppel-like
factor 2. J Clin Invest 116:49-58

Pedersen EM et al (1999) Distribution of early atherosclerotic lesions in the human abdominal
aorta correlates with wall shear stresses measured in vivo. Eur J Vasc Endovasc Surg
18:328-333

Plank MJ, Wall DJN, David T (2007) The role of endothelial calcium and nitric oxide in the
localisation of atherosclerosis. Math Biosci 207:26-39

Pontrelli G et al (2011) Modelling wall shear stress in small arteries using the Lattice
Boltzmann method: influence of the endothelial wall profile. Med Eng Phys 33:832-839
Ross R (1999) Atherosclerosis—an inflammatory disease. N Engl J Med 340(2):115-126
Shanmugavelayudam SK, Rubenstein DA, Yin W (2010) Effect of geometrical assumptions
on numerical modeling of coronary blood flow under normal and disease conditions.
J Biomech Eng 132:061004

SenBanerjee S et al (2004) KLF2 Is a novel transcriptional regulator of endothelial
proinflammatory activation. J Exp Med 199:1305-1315

Stawowy P, Goetze S, Margeta C, Fleck E, Graf K (2003) LPS regulate ERK1/2-dependent
signaling in cardiac fibroblasts via PKC-mediated MKP-1 induction. Biochem Biophys Res
Commun 303:74-80

Sun H, Charles CH, Lau LF, Tonks NF (1993) MKP-1 (3CH134), an immediate early gene
product, is a dual specificity phosphatase that dephosphorylates MAP kinase in vivo. Cell
75:487-493

Van der Heiden K, Cuhlmann S, Luong LA, Zakkar M, Evans PC (2010) Role of nuclear factor
kappaB in cardiovascular health and disease. Clin Sci (Lond) 118:593-605

Wadgaonkar R et al (2004) Regulation of c-Jun N-terminal kinase and p38 kinase pathways in
endothelial cells. Am J Respir Cell Mol Biol 31:423-431

Warabi E et al (2004) Effect on endothelial cell gene expression of shear stress, oxygen
concentration, and low-density lipoprotein as studied by a novel flow cell culture system. Free
Radic Biol Med 37:682-694

Warabi E et al (2007) Shear stress stabilizes NF-E2-related factor 2 and induces antioxidant
genes in endothelial cells: role of reactive oxygen/nitrogen species. Free Radic Biol Med
42:260-269

Yin W, Shanmugavelayudam SK, Rubenstein DA (2009) 3D numerical simulation of coronary
blood flow and its effect on endothelial cell activation. Conf Proc IEEE Eng Med Biol Soc
2009:4003-4006

Zakkar M et al (2009) Activation of Nrf2 in endothelial cells protects arteries from exhibiting a
proinflammatory state. Arterioscler Thromb Vasc Biol 29:1851-1857

Zakkar M et al (2008) Increased endothelial mitogen-activated protein kinase phosphatase-1
expression suppresses proinflammatory activation at sites that are resistant to atherosclerosis.
Circ Res 103:726-732

Zou YP, Qi Y, Roztocil E, Nicholl SM, Davies MG (2007) Patterns of kinase activation
induced by injury in the murine femoral artery. J Surg Res 142:332-334



	Chapter 6: Regulation of Endothelial Activation and Vascular Inflammation by Shear Stress
	6.1 Introduction
	6.2 Signalling Pathways Involved in Shear Stress Mediated Endothelial Activation and Inflammation
	6.2.1 Mitogen Activated Protein Kinase Phosphatase 1
	6.2.2 Nuclear Factor Erythroid 2-Related Factor 2
	6.2.3 Kruppel-like Factor
	6.2.4 JNK-NF-kappaB Pathway

	6.3 Conclusion
	References


