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Abstract
Regular physical activity (endurance training, ET) has a strong positive link with cardiovascular
health. The aim of this review is to draw together the current knowledge on gene expression in
different cell types comprising the vessels of the circulatory system, with special emphasis on the
endothelium, and how these gene products interact to influence vascular health. The effect
beneficial effects of ET on the endothelium are believed to result from increased vascular shear
stress during ET bouts. A number of mechanosensory mechanisms have been elucidated that may
contribute to the effects of ET on vascular function, but there are questions regarding interactions
among molecular pathways. For instance, increases in flow brought on by ET can reduce
circulating levels of viscosity and haemostatic and inflammatory variables that may interact with
increased shear stress, releasing vasoactive substances such as nitric oxide and prostacyclin,
decreasing permeability to plasma lipoproteins as well as the adhesion of leucocytes. At this time
the optimal rate-of-flow and rate-of-change in flow for determining whether anti-atherogenic or
pro-atherogenic processes proceed remain unknown. In addition, the impact of haemodynamic
variables differs with vessel size and tissue type in which arteries are located. While the hurdles to
understanding the mechanism responsible for ET-induced alterations in vascular cell gene
expression are significant, they in no way undermine the established benefits of regular physical
activity to the cardiovascular system and to general overall health. This review summarizes current
understanding of control of vascular cell gene expression by exercise and how these processes lead
to improved cardiovascular health.
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Physical inactivity is an independent risk factor for coronary artery disease, one of the
world’s leading causes of death (Beaglehole et al. 2007). Protection from the complications
of vascular disease can be gained from a lifelong pattern of physical activity, but beginning
an exercise programme at any stage of life can yield significant cardiovascular health
benefits (Grau et al. 2009, Walker et al. 2009). Even in individuals who have experienced a
cardiac event, evidence confirms that exercise training rehabilitation reduces the extent of
disability, enhances quality of life, and positively influences morbidity and mortality
(Piotrowicz & Wolszakiewicz 2008). The direct relationship between exercise and vascular
health is certain, but the complex set of metabolic pathways, haemodynamic effects of
exercise on cardiovascular cells/tissues, and the regulation of genetic expression activated
by exercise is still largely undefined (Laughlin et al. 2008). An accompanying chapter will
discuss the effects of acute and chronic exercise on the heart. The aim of this review is to
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draw together the current knowledge on gene expression in different cell types comprising
the vessels of the circulatory system, with special emphasis on the endothelium, and how
these gene products interact to influence vascular health under conditions of rest, acute and
chronic exercise. Excellent reviews on the genetics of cardiovascular health and the multiple
signalling mechanisms in tissues (e.g. skeletal muscle) in response to exercise have been
published (Govindaraju et al. 2008, Röckl et al. 2008). However, this field is in a state of
constant flux due to the rapid rate at which new information is becoming available. The
human genome project has provided an abundance of information, and emerging
technologies such as massively parallel DNA sequencing now enable the complete human
genome of unique individuals to be deciphered in 1–2 months, generating data at a rate of 4–
8 Gb per week (Wang et al. 2008, Wheeler et al. 2008). Interpreting the regulation,
expression and physiological effects of the products of these genes on health and function
continues to be a rapidly evolving area of research. By focusing on the gene products
specific to cells of the vasculature, our hope is that this document will provide a synthesis of
our current understanding of how physical activity influences gene expression, both in
healthy trained individuals and in those with various cardiovascular disease states. Because
much of this work has been done examining the effects of chronic exposure to increased
physical activity, more space is committed to the effects of long-term physical activity on
gene expression. However, the effect of acute bouts of exercise on vascular cell gene
expression is an area of increasing activity and interest in the field, so this will be discussed
as well. At some level, chronic effects of physical activity on gene expression reflect
sustained effects of changes in gene expression during/following single bouts of exercise.
We will focus not only on endogenous vascular gene expression but also on new
information gained from areas such as transgenics, gene therapy and pluripotent progenitor
cells.

The vascular response during acute bouts of exercise
Under resting conditions, the heart provides sufficient cardiac output to sustain basal
metabolic needs and the central cardiovascular reflexes work to maintain blood pressure in
the normal range. Within each tissue, the resistance arteries determine regional peripheral
resistance in order to provide adequate blood supply to meet the metabolic demands of the
body. Vascular resistance is determined by the calibre of the resistance arteries which is
controlled by the level of contraction of the vascular smooth muscle (VSM) surrounding the
arteries. These arteries have a level of basal tone (basal level of contraction of the VSM) and
are also influenced by central control signals (sympathetic constriction) and local chemical
and mechanical factors. Thus, VSM in these resistance arteries serves as the integrator of
these many inputs that establish vascular resistance in the tissue in which the resistance
arteries reside.

Acute initiation of muscle contraction driving physical activity (i.e. aerobic or dynamic
exercise) raises the muscular requirement for nutrients and oxygen. Within the skeletal
muscle vascular control mechanisms provide a nearly linear increase in blood flow, which
together with alterations in oxygen extraction matches the increase in oxygen consumption
of the muscle. Central control processes enable a near-linear increase in heart rate and
cardiac output that are also matched to oxygen consumption of the muscle tissue (reviewed
by Laughlin 1999). Increased cardiac output is a direct response to the volume increase in
resistance vessels (vasodilation) to meet the oxygen demand of the exercising skeletal and
cardiac muscles (Duncker & Bache 2008). The increase in cardiac output is supplied by
enhanced venous return, the result of a decrease in the splanchnic or visceral blood flow and
to the compressive effects of muscle contraction on muscle veins (the muscle pump; Osada
et al. 1999). Vascular resistance is the main control mechanism for blood flow during
exercise, and this resistance is controlled at the local vascular level of the muscle tissue by
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altering VSM contraction in the resistance arteries (Delp & Laughlin 1998, Thomas & Segal
2004). During exercise there continues to be an effect of the central cardiovascular reflexes
maintaining systemic blood pressures. There are complex interactions of vasodilating signals
and vasoconstrictor signals in the VSM of the resistance arteries in active skeletal muscle.
Under most circumstances the net effect is that central sympathetic stimulation is
counterbalanced by reduction in total peripheral resistance of the skeletal muscle
vasculature. Even a fivefold increase in cardiac output among normal subjects during
exercise only moderately increases mean arterial pressure (Engel & Froelicher 2008).

Local control of blood flow
The local control of muscle blood flow during exercise is generally considered to be
mediated by the release of chemicals (metabolites and other local vasoactive compounds)
from the active muscle in proportion to metabolic rate, to mechanical stimulation of arteries
supplying the muscles (Clifford 2007, Laughlin & Roseguini 2008), vasodilation activated
in the smallest arterioles that is conducted upstream of larger arterioles and resistance
arteries, and paracrine signalling from endothelial cells (ECs) and red blood cells (Clifford
& Hellsten 2004, Fig. 1). Changes in intravascular pressure during exercise result in a
triphasic change in intraluminal pressure referred to as the myogenic response (Fig. 1A).
Initially (1) arterioles dilate passively with increasing pressure until (2) a range from 20 to
120 mmHg elicits myogenic constriction. Beyond these pressures (3) (>140 mmHg), any
additional rise in pressure promotes increased dilation (recently reviewed by Carlson et al.
2008). Relaxation of VSM can also be induced by the conducted vasodilation response (Fig.
1B), where capillaries exhibit the capacity to respond directly to metabolic inputs with a
signal that communicates with the upstream arterioles, enabling capillaries to control their
own perfusion (Murrant & Sarelius 2000). This response, perhaps stimulated by
acetylcholine (ACh), is characterized by the initiation and spread of hyperpolarizing current
along the endothelium and into surrounding smooth muscle cells through gap junctions
(Yashiro & Duling 2003, Domeier & Segal 2007). This hyperpolarization closes voltage-
gated calcium (Ca2+) channels, producing a nearly instantaneous relaxation of smooth
muscle along the vessel due to the drop in intracellular Ca2+ (Ledoux et al. 2006). Although
this response can be reproduced in isolated vessels, the relative importance of endogenous
ACh released from neuromuscular junctions in exercise-induced hyperaemia (e.g. human
leg) may not be as great as other mechanisms of vasomotor control (Hellsten et al. 2009).

The luminal surface of all arteries and veins is lined with a single layer of ECs, the
endothelium. ECs normally control the exchange of substances between the blood and
tissues and serve as sensors of physical and chemical signals from the blood. ECs are far
more important than just a lining to the blood vessels. The endothelium is known to regulate
vascular permeability, participate in haemostasis, mediate immune and inflammatory
responses, regulate leucocyte and platelet adhesion, modulate lipid oxidation and regulate
vascular structure/vascular cell growth. An important contribution of the endothelium is its
role in maintaining vascular tone in large and small arteries by releasing contracting [e.g.
endothelin-1 (ET-1)] and relaxing [e.g. nitric oxide (NO), prostacyclin (PGI2)] substances.
In health, the primary vasomotor effect of ECs appears to be endothelium-dependent dilation
(EDD) signalled by ligands (such as ACh) and intraluminal flow-mediated dilation (FMD)
of arteries responding to increased rates of longitudinal blood passage during exercise (Fig.
1C; Hahn & Schwartz 2009). The enhanced relaxation of the surrounding VSM is induced
by endothelial generation of signalling molecules such as NO (Fig. 1). Nitric oxide
synthases (NOS) produce NO during the catalysis of l-arginine to l-citrulline (see review by
McAllister & Laughlin 2006,Fig. 1). Of the three NOS isoforms in mammals (neuronal
NOS, nNOS; inducible NOS, iNOS; and endothelial NOS, eNOS), the endothelial form has
received the most attention in vascular control for its role in FMD (Dudzinski & Michel
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2007). Exposure of ECs to shear stress causes instantaneous NO release partially signalled
by phosphorylation of eNOS by AKT (V-AKT murine thymoma viral oncogene homolog 1).
NO release so activated is then maintained for a period (Sessa 2005). The diffusion of NO
from ECs to the VSM activates cyclic guanosine monophosphate (cGMP) within the VSM
cells, which induces vasodilation by pathways that include increased intracellular cGMP,
which inhibits calcium entry into the cell and/or activates Ca-ATPase pumps, and increases
activation of potassium channels by intracellular cGMP resulting in hyperpolarization and
relaxation.

Several vasomotor responses can also be induced by mechanisms of metabolic response
(Fig. 1D). For instance, circulating red blood cells that have low oxyhaemoglobin saturation
may modulate endothelial NO release by an S-nitrosothiol-based signal, and/or release ATP,
inducing a vasodilatory response in a fashion similar to the conducted vasodilation response
described previously (Diesen et al. 2008). The action of ATP is believed to be through
binding to P2Y purinergic receptors on the luminal surface of the endothelium and/or
through degradation of ATP to AMP or adenosine, which may bind to P1 receptors on VSM
and initiate the vasodilatory response, or a combination of these mechanisms (Arciero et al.
2008). The skeletal muscle also releases a complement of putative vasodilators during
contraction, including potassium, adenosine, hydrogen ions, carbon dioxide and phosphate,
although definitive evidence relating these muscle metabolites to vasodilation and the
mechanisms involved are scarce (AK Dua et al. 2009). Direct biochemical mechanisms by
which the endothelium modulates VSM tone includes the direct release of several
endothelium-derived relaxing factors (Fig. 1E); vasodilators such as PGI2, NO and
endothelial-derived hyperpolarizing factors (EDHFs) including hydrogen peroxide and
potassium ions (Boushel 2003,Bellien et al. 2008) and vasoconstrictor peptides including
angiotensin II and ET-1 (Vanhoutte et al. 2005). Excellent recent reviews describing the
roles of each of these vasomotor effectors have been published (Félétou & Vanhoutte
2006,Böhm & Pernow 2007,Bian et al. 2008,Rush & Aultman 2008,Wheeler-Jones 2008)
and will therefore only be dealt with in this review in respect of exercise responses.

Central control of blood flow
Cardiac output and vascular resistance also adjust to the level of physical activity at a central
level, controlled by the autonomic nervous system (e.g. reduction in splanchnic circulation
due to sympathetic nervous system control described previously). Neurones involved in the
central control of the blood flow include both sympathetic and parasympathetic systems.
Parasympathetic control works primarily through controlling heart rate and sympathetic
effects influence heart rate, contractility, vascular resistance and venous compliance via
barosensitive, thermosensitive and glucosensitive cardiovascular efferent neurones that
innervate the vasculature, heart, renal system and the adrenal medulla (Guyenet 2006).
When the body is performing maximal exercise, vasodilation within the active muscles is
controlled or limited in order to prevent overwhelming of the heart’s pumping capacity,
resulting in a drop in arterial pressure (Raven 2008). As described previously, multiple local
mechanisms appear to work within the skeletal muscle to increase blood flow and its
vasodilator reserve under physical activity, and therefore a separate, central cardiovascular
control mechanism is essential for arterial pressure control to prevent hypotension (Delp &
O’Leary 2004).

Clifford & Hellsten (2004) concluded that local factors most likely play a stronger role in
vasodilation than the autonomic nervous system, although sympathetic vasoconstriction
restrains blood flow to active muscle during exercise. It is not known which local factors are
indeed responsible for the increase in blood flow to muscle during exercise. Especially
problematic is the rapid increase in blood flow that is seen within 1 s of initiation of
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exercise. Thus, under experimental conditions, the rate of formation and release of the
metabolites (vasoactive substances released by active muscle) is not fast enough to account
for the near-immediate response of exercise-induced dilation (Kirby et al. 2007). Empirical
evidence supports the notion of the existence of a mechanical effect of muscle contraction
on initial muscle blood flow (0–5 s) followed by chemical maintenance of this vasodilation
(reviewed by Laughlin 1987, Tschakovsky & Sheriff 2004).

Vascular adaptations to chronic physical activity – from genotype to
phenotype

The acute effects of physical exercise on the phenotype vascular cells of untrained
individuals described in the previous sections is relatively well understood, although not all
proposed mechanisms are agreed upon. It has been known for some time that chronic
exposure to physical activity (i.e. exercise training) results in improved cardiovascular
function as seen in increased maximal oxygen consumption, increased maximal cardiac
output and increased blood flow capacity in skeletal and cardiac muscle. In relation to the
prevention and treatment of many chronic diseases, including cardiovascular disease, the
molecular pathways that are modified by exercise training are just being revealed. The
consideration of how repetitive (ideally daily) exposure to the demands of exercise is
responsible for the improved cardiovascular system function during exercise in trained
individuals leads to interesting questions regarding the long-term effects of altered gene
expression under recurring, sustained physical activity. Long-term adaptation to resistance
training is probably due to the cumulative molecular effects of each exercise session (Zanchi
et al. 2009). The effects of sustained efforts on regulation of DNA translation, mRNA
transcription, and protein expression and activity can yield a new, stable phenotype referred
to as ‘training adaptation’ (Hansen et al. 2005). Although such effects can influence all
organ systems in the body, our focus in this review is on established changes from exercise
to the vasculature at the genomic level that ultimately lead to enduring changes in vascular
cell phenotype and blood vessel physiology.

Vascular gene adaptations to mechanical stressors in exercise
In reference to the question of what signals generated by exercise bouts can serve as
modifiers of EC gene expression and phenotype, at this time the most likely candidates seem
to be: chemical signals (e.g. cytokines, metabolites released from muscle, neurone-humoral
factors) and haemodynamic mechanical signals acting on the endothelium (e.g. shear stress,
blood pressure and stretch; circumferential stress). There is a growing body of evidence that
blood flow-mediated changes, due to repeated exercise that impose shear stress and/or
stretch on the artery wall, can initiate a cascade of altered gene expression in arterial ECs.
Indeed, some exercise physiologists consider that sufficient exposure to these signals
induced by exercise bouts may be required to maintain a ‘normal’ human EC phenotype
(Booth & Roberts 2008, Laughlin et al. 2008). There indeed is evidence that the endothelial
phenotype of a sedentary individual is actually a deviation from what we should consider the
true benchmark. This normal or healthy endothelial phenotype is crucial to the maintenance
of normal vascular tone, in preventing VSM proliferation and migration like that seen in
atherosclerosis, in blunting inflammation, innate immunity, fibrinolysis and the
prothrombosis-anticoagulation equilibrium (Mensah 2007). It has been known for over a
decade that a common denominator in blood vessel development (neovascularization) is
increased blood flow and consequent shear stress and wall tension and it appears these
haemodynamic signals participate in the development of vascular cell phenotypes required
for normal vascularization to occur (Hudlicka 1998). Data from both animal and human
training studies indicate that a major factor in endothelial adaptation to long-term exercise
appears to be vessel size and tissue studied. Under long-term training, resistance vessels and
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the aorta of the heart have enhanced EDD, but this chronic training does not have a
generalized effect on endothelial function in conduit arteries of non-muscular vascular beds
(reviewed in Jasperse & Laughlin 2006). For muscular vascular beds, there is increased
shear stress during training bouts with long-term training, and arterial remodelling is
observed in predominantly trained muscles, with subsequently improved FMD of large
conduit arteries and superior vasodilatory capacity during isolated exercise (Walther et al.
2008). This study also demonstrated similar effects in conduit and resistance vessels of the
upper limb after long-term intensive leg (lower limb) training. The length of exercise
training appears to be the critical factor in determining which vessels are affected, likely due
to the localized initial response in gene upregulation (mRNA) in the resistance vessel
endothelium under acute bouts of training, followed by structural adaptations (e.g. protein
expression, vascular remodelling) induced over longer periods of sustained training
(Jasperse & Laughlin 2006, Tanaka et al. 2006).

Chronic exercise has been demonstrated to modify the expression of many EC gene products
via mechanotransduction. Mechanotransduction by shear stress and the biochemical
pathways influenced downstream have been the topic of a number of excellent reviews
(Wamhoff et al. 2006, Chien 2008, Chiu et al. 2009, Hahn & Schwartz 2009, Pan 2009).
The molecular events specifically related to exercised-induced blood flow in the
endothelium and surrounding VSM are presented as a schematic representation in Figure 2.
The increased shear at the endothelial surface due to physical activity can result in distortion
of the cell monolayer. Steady laminar, but not oscillatory, flow can markedly increase Na-K-
Cl co-transporter mRNA and protein in cultured ECs, and also increased K+ and Cl−
channel conductances (Suvatne et al. 2001). Flows of 19 dyn cm−2 for periods of 6, 12, 24
and 48 h resulted in progressive cellular elongation and alignment in the direction of flow,
likely due to cytoskeletal reorganization. The authors propose that the co-transporter protein
may act as a flow-sensor itself, upregulating transcription of co-transporter protein
components (Fig. 2①). The additional co-transporter can lead to EDHF-type mediation,
evoked by an increase in endothelial [Ca2+], activating endothelial KCa channels to elicit
hyperpolarization conducted via myoendothelial gap junctions to the smooth muscle,
resulting in decreases in [Ca2+] and consequently vasodilation (Ungvari et al. 2002) (Fig.
2①).

Steady rhythmic flow, as is observed when exercising, also has impacts on the endothelial
lipid bilayer, increasing membrane fluidity (Butler et al. 2002). Acting as a transducer,
lateral movements of lipid components of the membrane can discriminate between different
temporal shear gradients to initiate the events leading to mitogen-activated protein kinase
(MAPK) activation in the cell (Fig. 2③). Prolonged laminar shear stress induces
anticoagulant and anti-inflammatory gene expression through the activation of the
transcription factors including Krüppel-like factor 2 and nuclear factor erythroid 2-like 2,
including upregulation of the antioxidant enzyme haem oxygenase 1 and also eNOS (Boon
& Horrevoets 2009). Other membrane components, such as the glycocalyx, may play a role
in mechanotransduction due to their intimate association with the membrane bilayer (Fig.
2④). A possible scenario is that, at least in part, shear-induced NO production is mediated
by eNOS in caveolae that may be stimulated through the solid matrix components of the
glycocalyx (Tarbell & Pahakis 2006).

Exercise conditions produce laminar, yet pulsatile blood flow that regulates the orientation
of ECs lining blood vessels and influences critical processes such as angiogenesis (Thodeti
et al. 2009). These shear stress signals are transmitted through the cytoskeleton to the
intimal region at the basal endothelial surface (Fig. 2⑤). This triggers integrins to
phosphorylate and activate a multiple complex of non-receptor tyrosine kinases (FAK, c-
Src, Shc, paxillin and p130CAS), adaptor proteins (Grb2, Crk) and guanine nucleotide
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exchange factors (Sos, C3G), thereby activating Ras family GTPase (reviewed in Chatzizisis
et al. 2007). Active Ras activates various parallel downstream cascades of serine kinases in
a phosphorylation ‘chain reaction’ ultimately activating MAPKs. These molecular
mechanisms result in shear stress-induced upregulation of genes mediating anti-atherogenic
effects by promoting anti-apoptotic and anti-proliferative signals, by increasing vascular NO
bioavailability and by vascular remodelling (Kojda & Hambrecht 2005). In contrast, in
regions with low and disturbed flow (either due to vessel shape or sedentary lifestyle), the
atheroprotective genes are suppressed, whereas the pro-atherogenic genes are upregulated
(e.g. c-Jun NH2-terminal kinases), thereby promoting the atherosclerotic process (Hahn et
al. 2009). A complex consisting of platelet EC adhesion molecule-1 and Flk-1 are also
activated by shear stress, respectively (Abumiya et al. 2002), and initiate
phosphoinositide-3-kinase (PI3K)-dependent phosphorylation pathways (Fig. 2⑥). Kinase
Akt (or protein kinase B) is a cytosolic protein that is regulated by PI3K (Hahn & Schwartz
2009). This pathway is an important determinant in activating eNOS phosphorylation at Ser
1177 for proper NO production.

An early flow-mediated response in ECs is the rapid activation of heterotrimeric G proteins
(Fig. 2⑦) and this may clarify the reaction of the endothelium to different flow profiles
under exercise and rest conditions (White & Frangos 2007). Highlighting this difference, in
cultured ECs, a sudden temporal onset of flow causes a rapid rise in NO production, a
process that is both calcium and G protein dependent (Kuchan et al. 1994). However, if the
shear stress is prolonged, a sustained release of NO occurs that is both calcium and G
protein independent. It is critical, therefore, to understand both the change in flow and the
rate-of-change in flow in order to understand the influence of exercise on biochemical
mechanisms of vasomotor control.

In vessel areas of smooth, laminar blood flow, shear stresses are maximal along the vessel
wall, and shear stress detectors trigger the secretion and release of endothelial vasodilators
such as NO and PGI2 and protectors such as tissue plasminogen activator (t-PA; Lowe
2003), a serine protease that catalyses the conversion of plasminogen to plasmin, the major
enzyme responsible for clot breakdown. Such streamlined flow would occur under exercise
training, allowing t-PA to restrict platelet adhesion and aggregation as well as fibrin
formation to sites of endothelial injury. A 3-month aerobic exercise programme resulted in a
significant increase in t-PA release capacity in human subjects who were overweight or
obese, elevating them to levels comparable to their normal weight peers (Van Guilder et al.
2005). Deficiencies in t-PA mice demonstrate accelerated atherosclerotic fibrin deposition
(Carmeliet et al. 1994) and in humans, reduced endothelial t-PA release rates have been
linked to increased atheromatous plaques (Hoffmeister et al. 1998). Highlighting the
variable and complex nature of gene regulation under different shear stress conditions and
model systems, Ulfhammer et al. (2009) reported that high laminar shear stress in cultured
ECs suppresses t-PA expression in a time- and magnitude-dependent manner. The authors
suggested that this may contribute to the increased risk of atherothrombotic events in
hypertension, although it is important to be careful when extrapolating conclusions from
tissue culture to in vivo systems.

The vasodilation and anti-platelet mediator activity of NO and PGI2 in response to exercise
have been examined extensively (Fig. 2⑧). It has been shown that both NO and PGI2, a
cyclooxygenase-derived relaxing factor, inhibit activation of platelets and regulate
vasomotor actions (Hermann 2006). Reduced NO and PGI2 levels can result in endothelial
dysfunction, which is recognized as the first step in the atherogenic process. Production of
NO by the endothelium, which is signalled by increased flow over these cells, can influence
expression of antioxidant enzymes and cellular inflammation in vascular tissue (Harrison et
al. 2006). In contrast, mice in a state of forced physical inactivity (designed to mimic a
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sedentary lifestyle) had a strong reduction of vascular eNOS gene expression accompanied
by the development of endothelial dysfunction (Suvorava et al. 2004). It has been suggested
that one mechanosensor for NO production is the endothelial glycocalyx (Tarbell & Pahakis
2006). Addition of enzymes that degrade specific endothelial glycosaminoglycan
components revealed that the glycocalyx mediates the shear-induced production of NO, but
not PGI2 (Tarbell & Ebong 2008). These experiments reinforce the concept of redundant,
but mechanistically separate modes of vasomotor control in the endothelium.

Mechanisms of atherosclerosis in the absence of exercise
Physical activity results in high velocity, rhythmic blood flow that induces anti-atherogenic
molecular pathways and expression of protective gene families. A sedentary lifestyle results
in disturbed vascular flow (i.e. nonuniform and irregular flow and recirculation). The
influence of blood flow in atherosclerosis is can be inferred from the presence of vascular
inflammation and plaques are distributed at lesser curvature of bends and near side branches,
where blood flow rates are relatively low (Ridger et al. 2008). A key initial step in this
process involves the recruitment and binding of leucocytes to the endothelium of the artery
(Fig. 2⑨).

In general, leucocytes move quickly along vessels without adhering to the walls. However,
in the presence of adhesion molecules, they can become ‘tethered’ through interaction with
P- or L-selectin on the microvilli of leucocytes and on the endothelium (reviewed by Ley et
al. 2007). Insufficient shear stress due to reduced flow or disturbed flow in arteries, which
appears to be more associated with sedentary behaviour, not only negates the beneficial
effects of training on the endothelium but also upregulates the expression of leucocyte
adhesion receptors, such as intercellular adhesion molecule 1 and vascular cell-adhesion
molecule 1, and chemokines, such as monocyte chemotactic protein 1 under conditions of
disturbed flow (Chen et al. 2001). These factors also appear early in the development of
atherosclerosis. It is believed that together, these receptors/signalling molecules produced by
ECs initiate and maintain inflammation within the vessel wall leading to development of
vascular disease. These areas of low or disturbed flow occur preferentially at arterial
bifurcations and bends, and are more susceptible to atherogenesis due to the low-flow, low-
shear recirculation of blood cells and proteins in contract with the vessel wall (Lowe 2003).
It is not the low-flow as such that causes the atherogenic response. Rather, systemic
inflammation related markers (e.g. IL-6, IL-8 and TNF-α) can act as exogenous stimuli to
induce the expression of adhesion molecules by activating ECs (Elenkov 2008). Under
conditions of low-flow, circulating leucocytes can adhere to the EC surface, and
transmigrate across the endothelial lining (Fig. 2⑨), initiating the development of an
atherosclerotic lesion (Augustin et al. 2009). In addition, the highly potent vasoconstrictor
ET-1 is also expressed under conditions of reduced or turbulent flow. ET-1 is generated
from big ET-1 by endothelin-converting enzyme (ECE)-1 in ECs and secreted
predominantly towards underlying VSM cells. ET-1 binds to smooth muscle endothelin
receptors (Fig. 2⑨; subtypes ETA and ETB). These receptors are coupled to a Gq-protein
and upon binding, ET-1 triggers the formation of inositol triphosphate (IP3), which causes
the release of calcium in the smooth muscle and subsequent contraction and vasoconstriction
(Remuzzi et al. 2002).

Conclusions
Exercise training and regular physical activity have a strong positive link with vascular
function and exercise training can modify the vascular structure and the function of vascular
cells. One important component of these effects of exercise training is a greatly improved
endothelium-dependent vasodilation that is believed to be the result of increased shear stress
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over the endothelium during exercise training bouts. A number of mechanosensory
mechanisms have been elucidated that may contribute to the effects of exercise on vascular
function, but there are still many unanswered questions regarding the interactions among
molecular pathways and yet undiscovered players in the control of vascular tone. For
instance, the increase in flow brought on by regular exercise can reduce circulating levels of
viscosity and haemostatic and inflammatory variables that may interact through increased
laminar shear stress, releasing vasoactive substances such as NO and PGI2, decreasing
permeability to plasma lipoproteins as well as the adhesion of leucocytes (Pan 2009).
However, the optimal rate-of-flow and rate-of-change in flow are important factors in
determining whether anti-atherogenic or atherogenic processes proceed. In addition, many
haemodynamic variables depend on the vessel size and tissue type in which the blood
vessels are located. As significant as these hurdles to understanding the mechanism
responsible for exercise-induced alterations in vascular cell gene expression are, they in no
way undermine the established benefits of regular physical activity to the cardiovascular
system and to general overall health. Aspects of maintaining the cardiovascular system and
controlling vascular cell gene expression – key components of health – are just now
beginning to be understood. The future of improving this understanding is bright at this
time.
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Figure 1.
Local control of arterial blood flow in skeletal muscle during exercise (see text for details).
(A) Myogenic response: blood pressure results in stretching of the vessel wall
circumference. (B) Conducted response: vascular signalling by release of acetylcholine, for
example. Other putative signalling involves KATP channels, although their location (on
endothelial, vascular smooth muscle or skeletal muscle cells) is not yet defined (Murrant &
Sarelius 2000). (C) Flow-mediated response: fluid shear stress due to longitudinal blood
flow. (D) Metabolic response: chemical release by red blood cells and skeletal muscle,
generating an upstream vasomotor signal. (E) Endothelial-mediated responses at the cellular
level (image not to scale). NO, nitric oxide; eNOS, endothelial nitric oxide synthase; PGI2,
prostacyclin; ACh, acetylcholine; sGC, soluble guanylate cyclase; EDHF, endothelium-
derived hyperpolarizing factor; COX, cyclooxygenase; AC, adenylate cyclase.
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Figure 2.
Cellular and molecular effects of exercise-induced shear stress. Under conditions of
prolonged laminar flow ① increase in Na-K-Cl co-transporter expression leads to ②
EDHF-type-mediated vasodilation. ③ Membrane lipids as mechanotransducers. ④
Glycocalyx-mediated stimulation of caveolae-bound eNOS, producing NO. ⑤ Integrin
phosphorylation and activation of non-receptor tyrosine kinase cascade. ⑥
Phosphoinositide-3-kinase (PI3K)-dependent pathways for phosphorylation of eNOS. ⑦
Flow-mediated activation of heterotrimeric G proteins. ⑧ Release of NO and PGI2 as
vasodilators and anti-platelet mediators. ⑨ Leucocyte recruitment and binding to the
endothelium in areas of low or turbulent shear stress. ⑨ Expression of vasoconstrictor
endothelin-1 (ET-1) under conditions of reduced or turbulent flow. AA, arachidonic acid;
Cox, cyclooxygenase; eNOS, endothelial nitric oxide synthase; ECE, endothelin-converting
enzyme; EDHF, endothelial-derived hyperpolarizing factor; , gene transcription; ICAM1,
intercellular adhesion molecule 1; KLF2, Krüppel-like factor 2; MAPK, mitogen-activated
protein kinase; Nrf2, nuclear factor erythroid 2-like 2; PGI2, prostacyclin; sGC, soluble
guanylate cyclase; TFs, transcription factors.
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