Vascular Response to Stress in Health and Disease

Gérard E. Plante

The body’s vasculature plays a critical role in the development of functional and structural alterations responsible for tissue
and organ damage in laboratory animals and human subjects during illness and senescence, and in response to stress.
Components of the vasculature, namely, major arteries such as the aorta, smaller arteries, arterioles, capillaries, post-capillary
venules, and collecting central veins, all serve as conduits through which vital substrates are delivered to cellular masses
and/or waste products are removed. A number of physical and neurohumoral agents known to be responsive to stress stimuli
exert functional control over the vasculature. Both physical and emotional stress have been found to cause significant
hemodynamic alterations. Large artery rigidity, for instance, develops rapidly following stress-induced activation of the
autonomic nervous system. Associated with this process is increased release into the circulation of catecholamines and
angiotensin-ll. At the same time, insulin resistance develops, accompanied by nitric oxide release and changes in the immune
system. The response of large arterial conduits to stress is characterized by increased pulse pressure, which in turn affects
the endothelium of the arterial vessels responsible for determining total peripheral resistance. Microcirculation networks,
where a large fraction of the blood volume is contained, are affected as well, and the blood in them is subject to redistribution
into adjacent interstitial fluid compartments. Changes in endothelial permeability, secondary to variations in pulse pressure,
can lead to interstitial edema and changes in the physicochemical properties of interstitial compartments. These changes give
rise to alterations in the traffic of substrates and waste products between blood and cells. This sequence of events also takes
place in the vasa vasorum microcirculation that nourishes large arteries, and likely contributes to remodeling of the vascular
wall and to atherogenesis. The contribution of large artery rigidity to the morbidity and mortality associated with arterial
hypertension, diabetes mellitus, heart failure, and terminal uremia, is relatively well established in human populations. In
addition, it appears that aortic rigidity precedes the development of arterial hypertension in the spontaneously hypertensive
rat (SHR) model, as well as in individuals with borderline hypertension. The fact that some of the functional and structural
vascular alterations produced by stress are reversible reinforces the importance of developing behavioral techniques and

pharmacologic agents that can successfully interrupt this pathological sequence of events.

Copyright 2002, Elsevier Science (USA). All rights reserved.

HE IMPACT OF environmental stress on the adaptive

responses of laboratory animals and human subjects has
been examined in increasingly greater depth during the half
century since Hans Selye' first observed that nonspecific stress
stimuli can produce lesions such as peptic ulcers in laboratory
animals, and that the pathways involved in mediating such
adverse effects arise in the central nervous system and involve
the pituitary-adrenal axis. The sequence of biological events
that lie between an externally imposed stress and its ultimate
effect (whether beneficial or deleterious) on various compo-
nents of the vasculature is complex, involving large blood
vessels, microcirculation networks, and a growing number of
mediators. The nature of this sequence is currently under in-
vestigation in many laboratories.?

Initially, scientists engaged in studying the effects of stress
were principally concerned with experimental models or clin-
ical situations in which the stressors were abrupt and severe. In
animals subjected to severely stressful experiences, there oc-
curs an intense activation of the hypothalamic-pituitary-adrenal
(HPA) axis and the sympathoadrenal system (SAS). The over-
all effect is reminiscent of the post-traumatic stress disorder
(PTSD), which can occur in vulnerable individuals who are
exposed to a traumatic experience of overwhelming propor-
tions.> Regrettably, much less attention has been paid to day-
to-day stressful situations such as jobs that demand hard phys-
ical or mental work, familial or psychosocial tension, and
commonplace environmental stresses such as atmospheric pol-
lution, noise pollution, or excessive ambient heat or cold (in
1734, Montesquieu* elegantly described the remarkable differ-
ences in behavior and outlook that distinguished people living
in the cold and dark winters of Northern Europe from those
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residing in the warm and sunny climate of the Mediterranean
basin).

Although the vascular adaptations of individuals who are
exposed to continuous or intermittent mild stress stimuli are
ultimately more important biologically than the intense re-
sponses to much more dramatic and severe, but far less fre-
quent, stressful experiences, the subtle effects on the body’s
vasculature of the milder forms of stress are difficult to repro-
duce experimentally. Shown diagrammatically on the left side
of Fig 1 is the drastic and potentially irreversible disruption of
an organism’s equilibrium following exposure to an acute,
massive stress (“hard stress”). On the figure’s right side is
shown (in contrast) the gradual progressive adaptation, medi-
ated by vasoactive autacoids, that follows each of a succession
of relatively mild stress stimuli (“soft stress”). When the two
sides are compared, it will be noted that, although the extent of
the disruption in homeostasis (indicated by the distance from
point A to point B) is far greater in response to a hard stress, the
cumulative extent of a succession of adaptations to soft stress
stimuli covers about the same distance.

The mechanisms involved in day-to-day vascular adaptation
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Fig 1. Balance disruption following hard stress (left) and soft
stress (right). Disruption goes from A to B, in an abrupt manner or in
a gradual way, where progressive adaptation is mediated by vaso-
active autacoids capable of opposing their vascular impact: AT, and
AT,, B, and B, for angiotensin and bradykinin vascular actions, re-
spectively.

to soft stress have not been extensively studied; yet, recent
research in the field of vascular physiopathology suggests that
depending on the circumstances, different receptors for a par-
ticular vascular agonist are capable of responding in opposite
ways to a similar, or even the same, pharmacologic stimulation.
This is what occurs in the case of angiotensin II, via AT, and
AT, receptors,> and bradykinin, via B, and B, receptors.® It is
interesting that stimulation of these receptors can result in
opposing vascular responses—responses which could be inter-
preted as being counterregulatory adaptations, at least in terms
of the vascular control of the systemic and microcirculatory
domains. We recently documented such counterregulatory
mechanisms in the renal handling of phosphate transport in
experimental models of uremia,” an observation suggesting that
the same mediators could induce opposite vascular responses
which, in effect, act to re-establish physiopathological balance
in disease states. Relationships between phosphate secretory
and reabsorptive mechanisms could be regulated in opposite
directions by the balance of B, and B, receptors in the proximal
tubule of the rat nephron.

STRESS, HEALTH, AND SENESCENCE

Interest in the concept of adaptation to “soft” stress has been
stimulated by the possibility that early intervention in the
stress-response process might prevent development of irrevers-
ible damage to vital organs. It seems reasonable to suggest that
some of the biological cascades resulting from exposure to soft
stress could be prevented or counteracted by any of a number
of suitable measures such as the employment of a relaxation
technique, a basic change in mental/philosophic outlook, or use
of appropriate medications.

In the past, the term “senescence” (which implies a progres-
sive, generalized deterioration) was thought to be more or less
equivalent to aging. This concept has since changed and we
now distinguish between chronological age and physiological
age—a person can be physiologically much younger (or older)
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than his or her chronological age. This revised perspective
carries with it the implication that senescence is a pathological,
not a natural, process and that its course and outcome are
modifiable by suitable therapeutic interventions.® It is likely,
therefore, that some of the ailments that arise during senescence
could be prevented, mitigated, or even reversed. Graded adap-
tation to soft stress could well be included in the list of
preventive measures. Examples of treatable conditions associ-
ated with senescence include atherogenesis, osteoporosis, obe-
sity, and alterations in fluid, sodium, and divalent ion ho-
meostasis.”

FOCUS ON THE VASCULAR SYSTEM

Why should the vasculature play such an important role in
the development of senescence? Among the major fluid com-
partments, the vascular volume is the smallest—5% of total
body weight. Once growth is complete, this fluid compartment
remains relatively constant until old age.!° It is also the most
dynamic compartment, turning over completely every minute.
Some organs served by the vasculature receive up to 20% of the
cardiac output.'!

The endothelial layer, which paves the internal surface of the
vascular system, is the cell population most exposed to physical
injury, shear stress, and other potentially damaging processes—
even under conditions of normal blood pressure.!? Apart from
their vulnerability to injury, vascular endothelial cells are
uniquely equipped to deal with the stresses of ongoing fluid
movement, as well as wide pressure variations. These cells are
capable of making many vasoactive agents and a variety of
growth factors involved in production of basement membranes
and interstitial macromolecules. Endothelial cells further ex-
hibit a remarkable ability to communicate with each others via
gap junctions and are, therefore, able to react in a coordinated
fashion to potentially injurious challenges.

Arterial hypertension of any type is associated with in-
creased physical stress on blood vessel walls in all segments of
the vasculature. Elevated pulse pressure (an increased differ-
ence between systolic and diastolic blood pressure values),
which results mainly from increased rigidity of large arteries,
has been shown to represent an important risk factor for car-
diovascular morbidity and mortality, independent of absolute
blood pressure, as shown in Fig 2.13

It is also of interest that heart rate, a major component of
cardiac output, together with vascular volume, is best corre-
lated with the average longevity of animal species—from tur-
tles and whales to birds. The more rapid the heart rate, the
shorter the life span.

Segments of the body’s vasculature differ in structure and
function, from the large arteries that function as major conduits
of the blood circulation to the smaller arteries, arterioles, cap-
illaries, post-capillary venules, and collecting and central veins.
Each segment has been shown to respond in a different manner
to stress—most notably the large vessels. Since the large arter-
ies play a key role in establishing pulse pressure, stress-induced
alterations in the structure and function of these vessels have a
critical impact on the remaining segments of the vasculature,
particularly the smaller arteries and veins and the microcircu-
lation. !4
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Fig 2. Stress is associated with insulin resistance which increases
large artery rigidity and peripheral resistance, responsible for the
development of established arterial hypertension, and target organ
damage. Aging and diabetes mellitus accentuate this abnormal cas-
cade, upon which therapeutic interventions remain possible. The size of
asterisks indicates the theoretical importance of these interventions,
from early (large size) to late (small size) in the disease process.

Elevated pulse pressure induced by large artery rigidity
affects the smaller distal arteries, inducing smooth muscle cell
hypertrophy, which contributes to peripheral resistance and
leads to established hypertension. Recent studies from our
laboratory'® indicate that increased rigidity of large arteries
precedes development of hypertension in the young, spontane-
ously hypertensive rat (SHR). Transmission of increased pulse
pressure to capillary endothelium triggers these responsive
cells and alters their permeability characteristics.!® Enhanced
permeability to macromolecules, such as albumin, leads to
movements of fluids and solutes into adjacent interstitial com-
partments. Increase in size and changes in the physicochemical
properties of the interstitium are reponsible for alteration in the
traffic of vital substrates and removal of waste products to and
from cellular masses, potentially leading to target organ dam-
age.!”

A summary of these potentially impaired physiological path-
ways is presented in Fig 3. Increased rigidity in large arterial
conduits seems to develop relatively early, owing to structural
reorganization of the interstitial matrix and/or dysfunction of
vascular smooth muscle. Structural changes include increased
collagen deposition, decreased elastin and, as recently reported,
marked reduction in the glycosaminoglycan (GAG) content of
the vascular matrix.!> The latter abnormality appears to be the
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most important, since aortic compliance was found to be best
correlated with the interstitial GAGs.

It has been shown recently that functional alterations in the
muscle tone of the specific aortic circular subpopulation of
smooth muscle cells are also present in the SHR before hyper-
tension begins.!® As a consequence of increased rigidity in this
important arterial conduit, pulse pressure increases and en-
hances physical stress in the distal arteries that determine
peripheral resistance. In those arteries, medial smooth muscle
cells become hypertrophic, and blood pressure increases.

Even if peripheral microcirculation networks remain rela-
tively well autoregulated, pulse pressure is transmitted across
pre-capillary resistances and is capable of influencing capillary
endothelial structures. Several groups of investigators have
examined the potential consequences of increased pulse pres-
sure in isolated endothelial cell layers in culture.'® Marked
structural changes develop in response to absolute or relative
pressure changes; in particular, endothelial cells become dis-
juncted, owing, probably, to cytoskeleton activation. These
structural changes represent the morphological basis for en-
hanced endothelial permeability to macromolecules and, as a
result, changes in the physicochemical properties and size of
the interstitium.

The damaging effects on target organs of such changes is
illustrated in Fig 4. Once plasma extravasation develops in a
given interstitial fluid compartment (compartments may differ
markedly from one organ to another), the distance between
microvessels and any cellular mass is increased. Also affected
are the physicochemical properties of the particular interstitial
compartment. For instance, hydraulic conductivity is reduced
when collagen contents become increased, or when GAGs
accumulate. As a consequence, movements of fluid and solutes
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Fig 3. According to present knowledge, arterial stiffness (or rigid-
ity) develops from structural (collagen, elastin, glycosaminoglycans)
and/or functional alterations (bradykinin B, receptor hyper-reactivity).
Arterial stiffness is associated with increased pulse pressure which
affects vasa vasorum, resistance arteries and microcirculation net-
works. These effects result in altered vital substrate delivery, increased
peripheral resistance, and likely atherosclerosis.
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Fig 4. Summary of vascular (3) including pre- and post-capillary
resistances (1, 2) and interstitial events (7) responsible for target
organ damage (8) in a variety of diseases associated with microcir-
culation disturbances. On the left side of the figure, alteration in
endothelial (3) permeability to albumin (4, 5) is associated with
extravasation of plasma into the interstitial compartment. Changes
in collagen (COL), albumin (ALB), fibronectin (FN), and glycosamino-
glycans (GAG) develop, and affect the size and physicochemical
properties of this strategic fluid compartment, depending on the
limited capacity of lymphatic flow to adapt (6) in tissues provided
with this specialized circulation. As a result, the vital traffic of sub-
strates and waste products from blood (left) to cellular masses (right)
is disrupted, resulting in target organ damage.

are impaired within this strategic compartment. This phenom-
enon can reduce the traffic of vital substrates and toxic metab-
olites across interstitial space—a common denominator in
terms of target organ damage.'”

Atherogenesis also represents a major consequence of vas-
cular injury secondary to stress-induced metabolic disturbances
such as carbohydrate and lipid abnormalities.!® The develop-
ment of atherosclerotic plaques in large and middle-sized ar-
teries is responsible for acute (and often fatal) heart attacks and
strokes. Less immediately fatal but extremely damaging to
health is the chronic reduction by atherosclerotic lesions of
blood flow in the renal arteries. Atherosclerotic disease of the
peripheral arteries gives rise to the troublesome ischemic dis-
ease so commonly observed in diabetic patients.

The development of atherosclerotic plaques remains a chal-
lenging investigative problem for scientists involved in the
study of vascular physiopathology. Morbid sequences respon-
sible for death caused by atherosclerosis include cellular pro-
cesses and a variety of vasoactive autacoids and hormones
activated by such risk factors as arterial hypertension, dyslip-
idemia, obesity, diabetes mellitus, smoking habits, and shear
stress phenomena. Aging and classical stress are usually not
included in the traditional list of risk factors.

As shown in Fig 5, new links need to be established between
aging, large artery rigidity, pulse pressure, microcirculatory
disturbances, and atherogenesis on the one hand, and stress,
insulin resistance, diabetes mellitus, and atherogenesis on the
other hand.?° It has been reported recently that leptin, produced
and released by adipocytes, stimulates angiogenesis and is
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responsible for the activation of vascular calcifying cells, a
process that leads to hardening of blood vessels—probably via
local production of GAGs.?! This effect of leptin is one exam-
ple of endothelial dysfunctions potentially involved in the
development of atherosclerosis.

Finally, recent studies indicate that the adventitial microcir-
culation network that serves large arteries, the vasa vasorum
system, could play an important role in removing from the
interstitial matrix, macromolecules, including lipoproteins, that
penetrate the blood vessel wall from the intimal endothelial
layer.?? Since the vasa vasorum contain angiotensin AT, and
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Fig 5. Physiopathology of atherosclerosis, the terminal conse-
quence of the vascular impact (target organ damage [TOD]), is asso-
ciated with the well-established risk factors (hypertension [HTA];
hypercholesterolemia [HCH]; diabetes mellitus [DIA]; obesity [OBE];
shear stress [SST]; smoking habits [SMO]), as well as additional risk
factors (AGING, STRESS). The cellular and vascular mediators re-
sponsible for the development of atherosclerosis are illustrated, and
include from top to bottom of the figure, the following events: vasa
vasorum endothelium (vasa endoth), glycosaminoglycans (GAGs),
hepatic high-density lipoprotein clearance (HDL clear), angiogenesis
(angiogen), calcifying vascular cells (CVC), angiotensin receptor
(AT,), bradykinin receptor (BK-B,), advanced glycation end products
(AGES), nitric oxide (NO), adhesion molecules (VCAM), oxidized low-
density lipoprotein (oLDL) and its receptor (LOX1) expression.
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AT, receptors, as well as B, and B, bradykinin receptors, it is
likely that some of these receptors could play a role in the
development of atherosclerotic plaques.??

POTENTIAL INTERVENTIONS FOR PREVENTION OF
STRESS-INDUCED VASCULAR DAMAGE

Nonpharmacologic Measures

Several nonpharmacologic measures, introduced in recent
years, are thought to be effective in opposing development of
stress-induced vascular disease. These include increased phys-
ical exercise, achievement and maintenance of desirable body
weight and composition, and sustained adherence to a healthy
diet. Increased exercise tends to reduce the insulin resistance
associated with a sedentary lifestyle and stress-induced over-
eating. In addition, physical exercise may enhance endorphin
release by the brain, a response known to ameliorate the effects
of stress. Unfortunately, the effects of “mental exercise” on the
physiological response to stress has not yet been thoroughly
examined. There is preliminary evidence that certain kinds of
mental exercise may be beneficial; for example, that associated
with meditation. On the other hand, “mental stress” has been
reported to have adverse effects on the cardiovascular system.?*

Like exercise, dietary adjustment, and also weight control,
can improve insulin resistance, which leads to hyperinsulin-
emia, a potent activator of the sympathetic nervous system, as
well as a facilitator of left ventricular and vascular hypertro-
phy.2s

Above all other nonpharmacologic measures, it is critically
important to develop and maintain mental attitudes that can
buffer the activating effects of everyday soft stress on the

29

sympathetic nervous system, with all the biological conse-
quences of such activation, as shown in Fig 1.

Pharmacologic Measures

A large number of drugs are now available to counteract the
well-established consequences of stress on the vasculature.
Some of these are even capable of reversing target organ
damage induced by the morbid physiopathological axis de-
scribed in Fig 5. Use of receptor antagonists to block angio-
tensin AT, and AT, receptors, and also bradykinin B, and B,
receptors?®-2 has been shown to reverse damage produced in
microcirculation networks by stress-associated disease pro-
cesses such as arterial hypertension and diabetes mellitus. Sim-
ilar success is expected from drugs that affect leptin production
and release.?!

Among older drugs used in treatment of cardiovascular dis-
orders, diuretics—which exhibit vascular as well as renal phar-
macological actions—have been shown to have positive effects
on vascular matrix composition, particularly glycosaminogly-
cans.?® As an example, indapamide increases polysaccharide
chain sulfation of glycosaminoglycans, thereby boosting the
polyanionic characteristics of these macromolecules. Specific
dietary interventions, including food items possessing sulfate
radicals, such as garlic, have been shown to produce similar
effects on large artery matrix composition, thereby improving
the elasticity of large blood vessels. Finally, mention should be
made of the widely used adrenergic-receptor (alpha- and beta-)
blocking agents, which act to antagonize the effects of cat-
echolamines at the level of the peripheral tissue and thereby
eliminate or attenuate the effects in the periphery of sympa-
thetic nervous system activation.
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