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he stress response is an integral part of human
physiology and one that has a long history. It
not only occurs in all mammals, but also in our
more primitive ancestors, such as fish.! It presum-
ably evolved because it conveys a survival advan-
tage and helps animals to avoid or vanquish an
immediate threat to their well-being by moving to
a “red alert” mode that heightens vigilance and sets
the stage for increased physical and mental activity.
One of the first signs is an increase in heart rate
and blood pressure mediated via the sympathetic
nervous system (ie, the fight or flight response first
described by Cannon), which increases oxygen-
ation to the exercising muscles. There needs to be
metabolic changes as well, to ensure the increased
availability of glucose and other nutrients, and
this is mediated by a somewhat slower activation
of the hypothalamic-pituitary-adrenal (HPA) axis.
A central tenet of stress research is that this acute
response has a largely beneficial effect, but that
when chronically activated it may be maladaptive or
harmful. If the red alert signal fails to shut off, it is
not surprising that the wear and tear on our bodies
is going to increase. This chronic activation, which
may be thought of as an “orange alert” situation,
has been termed allostatic load by McEwen,! one of
the leading stress researchers in this area.
Not surprisingly, most of the research on the
effects of stress on blood pressure and cardiovascular
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disease has focused on the sympathetic nervous sys-
tem, but there is another component of the stress
response that may be relevant. This is the inflam-
matory or acute-phase response, which is switched
on more gradually than the sympathetic nervous
system and the HPA axis, but which is also partly
under the control of the central nervous system.
Teleologically, the function of this response may
be to aid the healing of wounds inflicted during
the fight and flight response by activating both
the blood clotting cascade and the inflammatory
response. It also serves as a defense against what
the body regards as intruders, such as bacteria. The
cardiovascular literature has seen a sudden increase
in the number of articles published on the acute-
phase response, largely because several markers of
the inflammatory response have been shown to be
independent predictors of cardiovascular events.

MECHANISMS OF THE

INFLAMMATORY RESPONSE

The acute-phase response is mediated by cyto-
kines, which are proteins and peptides produced
in cells throughout the body, including in the liver,
endothelium, fat cells, and brain, among oth-
ers.” Cytokines are chemical messengers that may
have autocrine, paracrine, or endocrine effects.
Many cytokines have been labeled as interleu-
kins on the grounds that their principal target is
the leukocyte, but this title bears little relation-
ship to their presumed functions. The cytokine
that has attracted the most interest in the study
of cardiovascular disease is C-reactive protein
(CRP), which was first discovered in the serum of
patients with acute inflammation and so named
because it reacted with the C polysaccharide of
pneumococcus.” Produced in the liver, CRP is a
major player in the acute-phase response. While
CRP levels increase during acute inflammatory
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Figure. Pathways by which stress might affect byperten-
sion that are mediated by cytokines such as C-reactive
protein (CRP) and interleukin 6 (IL-6). HPA indicates
hypothalamic-pituitary-adrenal.

responses such as with infections, the finding of
slightly high levels in patients with cardiovascular
disease, and its predictive value for events,> was
the trigger for the surge of interest in this field. The
main inducer of the response, however, is another
important pro-inflammatory cytokine, interleukin
6 (IL-6).> When subcutaneously administered to
humans, IL-6 provokes an acute-phase response,
which is associated with an increase in CRP level.
Thus, the levels of CRP and IL-6 are closely corre-
lated, whereas other cytokines are not. IL-6 largely
comes from macrophages, which, when activated,
not only release IL-6, but also other cytokines such
as IL-1 and tumor necrosis factor o (TNF-a), both
of which also stimulate CRP release. Evidence for
a causal role of IL-6 comes from the observation
that IL-6 knockout mice are unable to generate a
normal acute-phase response.*

The acute-phase response is also an integral part
of the response to external sources of stress that
is mediated by the central nervous system. There
is extensive evidence that during the acute stress
response, cortisol, catecholamines, angiotensin,
and other stress hormones, which are part of the
central nervous system response, induce the liver
and abdominal fat tissue to release cytokines and
other inflammatory mediators, including IL-6.% In
general, the sympathetic nervous system increases
cytokine secretion, while cortisol suppresses it.
The relationship with cortisol is a 2-way street,
however, since IL-6 acts on the hypothalamus to
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increase cortisol release.® Thus, an infusion of
the B-adrenergic agonist isoproterenol raises IL-6
9-fold, but has no effect on TNF-0..® This sympa-
thetically mediated secretion of IL-6 comes pre-
dominantly from adipocytes.” Exercise is another
potent activator of the sympathetic nervous sys-
tem, and it also increases IL-6: in 1 study, a posi-
tive correlation was observed between peak plasma
epinephrine or norepinephrine and IL-6 levels after
15 minutes of aerobic exercise.®

The acute-phase response includes the release of
other proteins besides CRP, including serum amy-
loid A and fibrinogen. The cytokines released as
part of this response may contribute to the develop-
ment of the metabolic syndrome. Thus, serum amy-
loid A lowers high-density lipoprotein cholesterol
levels,” and TNF-a and IL-6 both have effects that
lead to insulin resistance. Furthermore, circulating
IL-6 stimulates the HPA axis, activation of which
is associated with central obesity, hypertension,
and insulin resistance. Adipocytes are an important
source of IL-6 and other cytokines, and the blood
levels of IL-6, CRP, TNF-a, and fibrinogen are all
correlated with visceral obesity.!? About 25% of
circulating IL-6 comes from fat cells, and visceral
fat releases 2 to 3 times more IL-6 than other fat
cells.> The acute-phase response also produces
a prothrombotic state; in addition to increased
fibrinogen levels, IL-1 and TNF-a increase platelet
number and activity. These considerations have led
Yudkin and colleagues® to propose that IL-6 is a
central mediator of the relationship between chron-
ic stress, inflammation, obesity, and coronary heart
disease. A schema showing some of the principal
pathways by which IL-6 might affect hypertension
is shown in the Figure.

THE ROLE OF STRESS IN ELICITING THE
INFLAMMATORY RESPONSE

An emerging hypothesis proposed by neuroscien-
tists studying experimental animal models of stress
is that exposure to chronic stress can lead to a state
of chronic inflammation.!! This hypothesis is based
on the finding that long-term dysregulation of
stress hormones (eg, cortisol and catecholamines)
alters the patterns of cytokine release from immune
cells.’? The shift tends to favor the production of
pro-inflammatory cytokines at the expense of anti-
inflammatory cytokines, and hence induce a state
of chronic low grade inflammation.

It has been shown experimentally in both ani-
mals and humans that acute mental stress can raise
IL-6 levels as well as cortisol.>!3 An example is a
study by Steptoe and colleagues'* in which mental
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stress tasks increased IL-6 concentration by 56%
at 2 hours after the tasks (P<.05), while IL-1Ra
was increased by 12.3% (P<.01). The magnitude
of blood pressure responses during tasks was
correlated positively with the IL-6 concentration
after 45 minutes (r=0.70; P<.05) and with the IL-
1Ra concentration after 2 hours (r=0.63; P<.05).
Increases in TNF-a after 2 hours were correlated
with heart rate responses to tasks (r=0.66; P<.035).

Chronic stress may also activate the inflamma-
tory response, although here the causal links are
less clear. It has been proposed that stress-related
activation of the HPA axis can cause accumulation
of abdominal fat,’® which, unlike fat cells in other
parts of the body, contains glucocorticoid recep-
tors. Stimulation of these receptors enhances fatty
acid uptake by adipocytes, and adrenalectomy
reduces visceral fat.> In cynomolgus monkeys,
the stress of social subordination leads to insulin
resistance with hyperglycemia, central obesity, dys-
lipidemia, and hypertension.'®

Several studies have shown that low socio-
economic status, which is often considered to
be a source of chronic stress, is associated with
increased levels of cytokines. IL-6 levels are much
higher in Indian slum dwellers than people living
in the rural areas.!” A survey of women in the
Dominican Republic found a significant correla-
tion between abdominal obesity and internalized
racism,'® and the Whitehall study of British civil
servants reported that men of lower socioeconomic
status had enhanced responses of IL-6 to psycho-
logical stress."

RELEVANCE FOR HYPERTENSION AND
CARDIOVASCULAR DISEASE
As mentioned above, the reason for the interest
in this field is the ever-growing number of reports
that have shown that blood levels of cytokines are
independent predictors of cardiovascular events.
This has been shown for CRP in several studies.® In
a case-control study of 202 men with a myocardial
infarction and 202 matched controls, all of whom
were participants in the Physicians’ Health Study,
IL-6 was also found to independently predict
events of other risk factors, including CRP.2°
Several studies have reported an association
between CRP levels and hypertension,'® but their
interpretation is somewhat difficult for 2 reasons:
(1) CRP correlates with several other related risk
factors such as age, sex, body mass index, and
smoking, which may confound the relationship
with blood pressure; and (2) it is not clear whether
the hypertension is the cause or the consequence of
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the CRP elevation.?! There is a linear relationship
between blood pressure and CRP, and the nondip-
ping of diurnal blood pressure change is more
common in patients with the highest CRP levels.??
In the ATTICA study,”® a population survey of
Greeks, 3 cytokines were evaluated: CRP, TNF-q,
and serum amyloid A, all of which showed a pro-
gressive increase from normotensives, prehyperten-
sives, and hypertensives. Another classic marker
of inflammation, the white blood cell count, also
showed parallel increases. IL-6 has also been cor-
related with hypertension in several studies.!’

One prospective study with a follow-up dura-
tion of 11 years found, however, that initially
normotensive men with high CRP levels were
nearly 3 times more likely to develop hypertension
than those with low levels, even after adjusting for
other known predictors.>* Additional evidence for
a causal role of IL-6 comes from several sources.
IL-6 knockout mice show a significantly smaller
blood pressure increase when exposed to acute
psychological stress (moving the mice to a cage
previously inhabited by another mouse),?’ without
there being any differences in plasma renin or nor-
epinephrine. There was a second but smaller peak
of blood pressure that occurred about 5 hours
after the acute response, which was completely
absent in the knockout mice. In human studies,
people exposed to chronic psychosocial stress!®
have increased IL-6 levels. A study that measured
the blood pressure and biochemical responses to
an acute laboratory stressor found that the stress-
related increase of both fibrinogen and IL-6 pre-
dicted the ambulatory blood pressure measured 3
years later.?°

TNF-a is another cytokine that may be involved
in hypertension. The literature on TNF-a levels and
blood pressure is conflicting, however. One study
found that the ratio of soluble TNF-a receptor 1 to
TNF-a receptor 2, which is thought to be a marker
of the activation of the TNF-a system, was signifi-
cantly related to blood pressure and also found that
lowering the blood pressure reduced the ratio.?

Several mechanisms have been postulated to
explain how cytokines could contribute to hyper-
tension. A crucial component may be the imbal-
ance between endothelium-derived relaxing and
contracting factors such as nitric oxide, endothe-
lium-derived hyperpolarizing factor, and prostacy-
clin. Both CRP and IL-6 have been associated with
endothelial dysfunction in correlational studies, and
CRP and TNF-a have both been shown experimen-
tally to reduce nitric oxide synthesis.'® Oxidative
stress may also be involved, since reactive oxygen
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