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Abstract
Numerous studies support the notion that cumulative exposure to chronic stress is a risk factor for
cardiovascular disease (CVD). Various stress-related hormones have been proposed as potential
mediators of the relationship between psychological stress and CVD, including catecholamines
and more indirectly, cortisol. Somewhat surprisingly, although aldosterone is also released in
response to hypothalamic–pituitary–adrenal (HPA) axis activation, it has not been considered as
relevant for this relationship. In the present review we will consider aldosterone as a potentially
important mediator of the relationship between negative affective states and CVD. First, we will
briefly review the known functions and roles of aldosterone, and then consider its actions in both
the brain and the periphery. We will then review the available literature on the role of aldosterone
in CVD, and also consider links between aldosterone and various forms of chronic psychological
stress. Finally we will present an integrated model of how aldosterone may mediate effects of
chronic stress on CVD, recommend new directions for research, and identify important
methodological and design issues for this work.
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Cardiovascular disease (CVD) is one of the leading causes of death in the USA and other
developed countries. In 2005, 80,700,000 people in the USA were estimated to have one or
more forms of CVD, and the national burden of this disease is estimated to be $448.5 billion
in 2008 (American Heart Association, 2008). Lifetime risk of CVD is 2 in 3 for men, and
greater than 1 in 2 for women at age 40, and in 2004 32% of deaths from CVD occurred
prematurely, prior to age 75 (American Heart Association, 2008). In a large-scale case
control study conducted across 52 countries, 9 potentially modifiable risk factors were able
to account for over 90% of the risk for an initial acute myocardial infarction (Yusuf et al.,
2004). Among these risk factors, psychosocial distress was identified as conferring
significant risk, even after accounting for the 8 other known behavioral and biological risk
factors (Yusuf et al., 2004).
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Numerous studies support the notion that cumulative exposure to chronic stress is a risk
factor for CVD (Rozanski et al., 2005; Cohen et al., 2007; Dimsdale, 2008). Individuals who
report higher levels of psychological stress are at greater risk of incident CVD than those
who report less (Everson-Rose and Lewis, 2005; Rozanski et al., 2005; Kubzansky, 2007).
Evidence exists for associations of incident coronary heart disease with three specific
negative emotions related to psychological stress: anxiety, anger, and depression (Suls and
Bunde, 2005; Kubzansky, 2007). While some work has considered how acute negative
affective states may stimulate acute cardiac events, much of this research has been
concerned with long-term etiology, and with demonstrating that exposure to chronic
psychological stress promotes higher rates of CVD incidence (Steptoe and Brydon, 2009).
Mechanisms explaining these relationships still have not been fully determined but among
those proposed are recurring activation of the hypothalamic–pituitary–adrenal (HPA) axis
and sympathetic-adrenomedullary system, as well as altered autonomic cardiac control,
accelerated atherosclerosis, and health-related behaviors. Numerous stress-related hormones
have been proposed as potential mediators of the relationship between psychological stress
and CVD, including catecholamines and more indirectly, cortisol. Somewhat surprisingly,
although aldosterone is also released in response to HPA axis activation, it has not been
considered as relevant for this relationship.

In the present review we will consider aldosterone as a potentially important mediator of the
relationship between psychological stress and CVD. First, we will briefly review the known
functions and roles of aldosterone, and then consider its actions in both the brain and the
periphery. We will then review the available literature on the role of aldosterone in CVD,
and also consider links between aldosterone and various forms of chronic negative affect.
Finally we will present an integrated model of how aldosterone may be involved in
mediating effects of chronic psychological stress on CVD, recommend new directions for
research, as well as identify both methodological and design issues that should be
considered in this work.

1. Stress, hypothalamic–pituitary–adrenal axis, and CVD
One of the hallmarks of acute and chronic stress is activation of the HPA axis, and the
corticotropin-releasing hormone (CRH)–adrenocorticotropic hormone (ACTH)–cortisol
cascade represents the prototypic stress hormone system, often synonymous with the
concept of stress for many investigators (Johnson and Grippo, 2006). Numerous studies
have demonstrated how cortisol may influence hypertension via increases in the production
of angiotensinogen by the liver (Vinson, 2007) and by effects on vascular smooth muscle,
endothelial cells, kidney and the heart (Hadoke et al., 2006; Walker, 2007). Cortisol has also
been linked with numerous measures of chronic stress and negative affect (including trait
anxiety, depressive symptoms, caregiver stress, unemployment), and appears to have the
greatest response to stressors that are uncontrollable and socially threatening (Dickerson and
Kemeny, 2004). A great deal of work linking psychosocial stress and disease outcomes has
focused on alterations in cortisol as one mechanism by which psychological stress might
influence physical health outcomes. However, only a limited number of epidemiologic or
psychological studies have successfully demonstrated direct links between psychological
stress, cortisol and CVD outcomes (Girod and Brotman, 2004; Matthews et al., 2006). This
may be because cortisol and dysregulated HPA axis activity are hypothesized to influence
risk via indirect effects such as impairing endothelial and baroreflex function (Broadley et
al., 2005), impairing insulin sensitivity (van Raalte et al., 2009), increasing risk of
abdominal obesity (Bjorntorp, 1997; Epel et al., 2000), and altering inflammatory processes
(Miller et al., 2002).
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As consideration of effects of cortisol on cardiovascular outcomes has not yielded complete
understanding of how psychological stress may influence CVD, it will be useful to consider
other neurohumoral agents in relation to stress biology and CVD. In a scholarly review of
effects of chronic stress, Selye identified the adrenal corticosteroid aldosterone, as another
hormone intimately involved with HPA axis which also may have direct influence on CVD
processes (Selye, 1955). Aldosterone is an adrenal corticosteroid that activates the type I
glucocorticoid receptor (otherwise known as mineralocorticoid receptor [MR]). Levels of
aldosterone are increased by three primary secretagogues: (1) ACTH; (2) angiotensin II; (3)
potassium. Thus, activation of both HPA axis and the rennin–angiotensin system leads to
increases in aldosterone. In addition, aldosterone is influenced by the sympathetic-
adrenomedullary system (SNS), as activation of the SNS leads to activation of β1
adrenoreceptors on renal juxtaglomerular cells which release rennin and thus activate the
rennin–angiotensin–aldosterone system (DiBona, 2003). The rennin–angiotensin–
aldosterone system plays a key role in cardiovascular homeostasis by maintaining salt and
water homeostasis and therefore blood volume, blood pressure, and electrolyte balance.
Given that psychological stress activates both the HPA axis and the sympathetic-
adrenomedullary system, aldosterone may be released in response to psychological stress
and provide an additional pathway between negative affective states and cardiovascular
health. Pathological consequences of excess mineralocorticoid activity in early studies of
stress included high blood pressure and evidence of myocardial necrosis and fibrosis (Selye,
1946, 1960). Recent work has suggested that aldosterone is a hormone with widespread
cardiovascular and metabolic effects, beyond its effects on fluid and electrolyte balance, and
many of these processes promote cardiovascular injury (Garg and Adler, 2009).

2. Mineralocorticoid and glucocorticoid receptors
Two receptors bind adrenal glucocorticoids (cortisol) and mineralocorticoids (aldosterone),
the type I glucocorticoid receptor (MR) and the type II glucocorticoid receptor (generally
referred to as the glucocorticoid receptor [GR]). MR has high affinity for both cortisol and
aldosterone (Funder, 2009), whereas GR is selective for cortisol. In the majority of
peripheral tissues including the kidney, the enzyme 11 beta-hydroxysteroid dehydrogenase 2
(11β-HSD2) is found in association with MR and prevents cortisol activation of MR by
converting cortisol to inactive cortisone. Under conditions of excess cortisol (e.g., Cushing’s
syndrome), the ability of 11β-HSD2 to inactivate cortisol is overwhelmed so that cortisol
can actually activate MR. Further, under conditions of 11β-HSD2 inactivation, cortisol can
activate MR. The intracellular redox state may also regulate cortisol activation of MR
(Funder, 2009). Increases in oxidative stress (which preliminary work has also linked with
psychological stress) are hypothesized to alter the intracellular redox state leading to
activation of MR by glucocorticoids. While MR is expressed in multiple regions of the
brain, 11β-HSD2 and MR are co-expressed only in the nucleus tractus solitarius (Funder,
2009). Thus, in most regions of the brain, which lack 11β-HSD2, MR are primarily occupied
by cortisol. Activation of GR and MR in the hippocampus and the hypothalamus is thought
to be important for glucocorticoid feedback inhibition of the HPA axis with corticosteroids
mediating fast feedback inhibition via the MR (Atkinson et al., 2008).

Both GR and MR are present in brain structures that are involved in fear and anxiety (e.g.,
hippocampus and amygdala) (Korte, 2001). Central balance between MR and GR has been
proposed as a critical ingredient for healthy adaptation and mitigating effects of stress
(Korte, 2001). De Kloet (2004) has postulated that MR functions to limit disturbance of
cellular homeostasis, control sensitivity of the stress–response system, and helps to select
appropriate behavioral response, while GR facilitates recovery of cellular homeostasis,
restrains stress-induced responses, promotes information storage and adaptation, and
controls mobilization and storage of energy. Exposure to chronic psychosocial stress may
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lead to dysregulated central MR/GR balance by virtue of increases in cortisol and
aldosterone (Korte, 2001). Moreover, whether MR is occupied by cortisol versus
aldosterone may also have different effects in various tissues leading to potentially different
outcomes. However, the role of MR in psychological stress or other behavioral functions has
largely been investigated with regard to glucocorticoids and far less attention has been given
to aldosterone (Korte, 2001).

3. Aldosterone and CVD
Numerous studies in animals have found that activation of the MR leads to cardiovascular
injury, renovascular injury and stroke and that blockade of the MR reduces this injury (Joffe
and Adler, 2005; Funder, 2006, 2009; Connell et al., 2008; Garg and Adler, 2009). First we
consider how MR activation increases a range of processes involved with cardiovascular
injury including oxidative stress, inflammation, insulin resistance, and central nervous
system effects. Next we examine clinical situations suggesting that excess MR activation is
associated with the pathophysiology of cardiovascular disease. Finally, consider whether
these effects are likely to be depend on specific circumstances (e.g., high sodium intake or
only evident within certain populations).

With regard to oxidative stress, in vitro studies have suggested that aldosterone increases
superoxide generation (Leopold et al., 2007; Iwashima et al., 2008). This may involve
decreases in glucose-6-phosphate dehydrogenase activity and increases in NAD(P)H
oxidase. More evidence is available to suggest that aldosterone has pro-inflammatory
actions. Animal models of cardiac and renal injury have demonstrated the pro-inflammatory
effects of aldosterone as well as the anti-inflammatory effects of MR blockade in target
organs, vessels, and adipose tissue (Joffe and Adler, 2005; Han et al., 2006a,b; Kang et al.,
2006; Guo et al., 2008). Pre-clinical studies have demonstrated that aldosterone increases
expression of the transcription factor, nuclear factor-kappa B (NF-κB) (Han et al., 2006b)
and genes involved in inflammation, fibrosis, and atherosclerosis (Jaffe and Mendelsohn,
2005; Guo et al., 2008). MR blockade has also been demonstrated to reduce atherosclerosis
in animal models (Rajagopalan et al., 2002; Takai et al., 2005). Studies in humans have
shown that an aldosterone infusion increased circulating IL-6 levels while spironolactone
blocked increases in IL-6 occurring with administration of angiotensin II (Luther et al.,
2006).

With regard to insulin resistance, work in humans has demonstrated that obesity is
associated with increased production of aldosterone, increased aldosterone correlates with
increases in insulin resistance independent of body mass index (Goodfriend et al., 1995,
1998; Bentley-Lewis et al., 2007), and also that increased mineralocorticoid activity is one
of the mechanisms by which obesity induces hypertension (Hiramatsu et al., 1981; Dustan,
1983). Weight loss has been demonstrated to reduce insulin resistance and also lower blood
pressure and levels of aldosterone (Rocchini et al., 1986; Goodfriend et al., 1999; Engeli et
al., 2005). Patients with primary hyperaldosteronism have been shown to be insulin
resistant, but patients treated with surgery or MR antagonists, e.g., spironolactone or
eplerenone, demonstrated improved sensitivity to insulin (Haluzik et al., 2002; Catena et al.,
2006). Other work has shown that spironolactone also reduces insulin resistance in patients
with polycystic ovarian syndrome (Moghetti et al., 1996; Ganie et al., 2004; Zulian et al.,
2005). Aldosterone may lead to insulin resistance in a number of ways. Aldosterone
increases expression of pro-inflammatory factors, decreases expression of the insulin-
sensitizing factor adiponectin and has been shown to reduce insulin-stimulated glucose
uptake in cultured adipocytes by degrading insulin receptor substrate (IRS) 1 and IRS2
(Kraus et al., 2005; Guo et al., 2008; Wada et al., 2009). MR also mediate corticosteroid-
induced adipocyte differentiation (Caprio et al., 2007).
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While many of these adverse effects of aldosterone are mediated through actions in
peripheral tissues, activation of MR in the central nervous system also affects the
cardiovascular system. For example, activation of MR in the anteroventral third ventricle
region of the forebrain has been shown to lead to hypertension through increases in
sympathetic drive to vascular smooth muscle, heart and kidneys and through stimulation of
arginine vasopressin secretion (Brody et al., 1991; Francis et al., 2001; Gomez-Sanchez,
2004). Similarly, infusion into cerebral ventricles of an aldosterone synthase inhibitor or an
MR antagonist reduced hypertension in animal models of salt-sensitive hypertension
(Gomez-Sanchez, 2004).

Incidence of CVD is increased in clinical conditions that are associated with excess MR
activation. For example, patients with primary aldosteronism are chronically exposed to high
levels of aldosterone. Numerous studies have demonstrated that these individuals exhibit
significantly higher rates of atrial fibrillation, stroke, and myocardial infarction compared
with patients who had essential hypertension and who were matched according to their level
of blood pressure elevation (Milliez et al., 2005). Further, evidence that aldosterone
damages cardiac structure comes from work which found positive correlations between
aldosterone levels and degree of left ventricular hypertrophy in patients with essential
hypertension and in patients with primary aldosteronism (Duprez et al., 1993; Milliez et al.,
2005).

Most importantly several large scale clinical studies have demonstrated the critical role for
MR in the pathophysiology of CVD. These clinical studies using either the selective MR
antagonist eplerenone or the nonselective antagonist spironolactone have provided some of
the most convincing evidence for a relationship between aldosterone and cardiovascular
health. For example, the Randomized Aldactone Evaluation Study (RALES) was designed
to test the effect of a MR antagonist in addition to standard therapy on mortality in patients
with severe heart failure secondary to systolic left ventricular dysfunction with ejection
fraction < or =35% (Pitt et al., 1999). The trial enrolled 1663 patients who received either
spironolactone or placebo. Although the follow-up was planned for 3 years, the trial was
stopped after a mean follow-up of 2 years due to clear benefits with spironolactone. There
was a 30% reduction in relative risk of death, hospitalization rate for worsening heart failure
was 35% lower in the spironolactone group than in the placebo group, and spironolactone
caused a significant improvement in symptoms of heart failure.

This benefit of MR blockade in heart disease was further demonstrated in the Eplerenone
Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS).
This double-blind placebo trial was designed to test the effect of the MR antagonist,
eplerenone on mortality and hospitalization rates in patients with left ventricular dysfunction
and heart failure after acute myocardial infarction (Pitt et al., 2003b). Treatment with
eplerenone reduced overall mortality by 15% and reduced cardiovascular mortality by 17%
over a mean follow-up of 16 months. Other studies have also demonstrated benefit from MR
blockade in reducing left ventricular hypertrophy in patients with hypertensive heart disease
and improving diastolic dysfunction (Grandi et al., 2002; Pitt et al., 2003a), suggesting a
direct role of aldosterone in the pathophysiology of left ventricular hypertrophy as well as
on diastolic function. Aldosterone infusion studies in humans have shown that aldosterone
impairs baroreflex sensitivity, and impaired baroreflex sensitivity has been linked with
increased mortality in post-MI populations (De Ferrari et al., 2007; Monahan et al., 2007). In
patients with congestive heart failure, adverse vascular effects of aldosterone appeared to
dominate as treatment with MR antagonist improved nitric oxide production and improved
forearm blood flow response to acetylcholine (Farquharson and Struthers, 2000). MR
blockade has been shown to improve coronary circulatory function in patients with diabetes
(Joffe et al., 2007).
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The normal response to dietary sodium involves activation of the rennin–angiotensin–
aldosterone system and aldosterone-mediated increases in salt and water retention to
maintain volume status. Many pre-clinical studies have suggested increased cardiovascular
injury is related to aldosterone levels that are inappropriately elevated relative to dietary
sodium intake (Weber, 2001; Martinez et al., 2002). Most individuals consume moderate to
high sodium diets, and clinical trial evidence that demonstrated improved cardiac outcomes
with MR blockade (i.e., alterations in effects of aldosterone) did not adjust for salt intake.
This suggests that adverse effects of aldosterone have been observed in humans consuming
habitual diets. Moreover, other evidence has suggested that effects of aldosterone may be
evident within healthy populations. For example, healthy individuals with high levels of
aldosterone (but within range of normal) exhibited a steeper rise in blood pressure over a 5-
year period compared with individuals with low levels of aldosterone, with a dose–response
relationship evident (Vasan et al., 2004). Those with the highest levels of aldosterone were
the most likely to develop overt hypertension.

A number of factors beyond sodium intake have also been identified as influencing
regulation of aldosterone secretion including genes, age, sex, ethnicity, and body mass index
(Connell et al., 2008). It is also possible that other factors like psychosocial stress via
changes in ACTH, sympathetic activation, or other mechanisms may increase aldosterone
and therefore affect CVD risk. As a result and building on Selye’s early observations, the
notion that aldosterone may be involved in the relation between psychological stress and
CVD risk at a population level has gained new currency (Johnson and Grippo, 2006). As one
considers the role of aldosterone in relation to CVD, it is important to remember that
activation of MR by either aldosterone (mineralocorticoids) or cortisol (glucocorticoids) can
lead to similar adverse cardiovascular effects. However, as much of the literature to date has
focused on cortisol in the relation between psychological stress and poor health outcomes,
our purpose here is to bring forward greater consideration of aldosterone and MR activation.

4. Aldosterone and psychological stress
Investigations of brain mechanisms underlying fear, anxiety, and psychopathology have
frequently focused on interactions between corticosteroids and the brain (Korte, 2001). This
work has suggested that rather than regulating behavior per se, corticosteroids induce
chemical changes that alter the function of particular neural pathways which make certain
behavioral outcomes more or less likely. Thus, the timing, duration, and context in which
the hormonal action takes place are integrally related to its effects. As described above, MR
and GR play an important role in maintaining homeostatic equilibrium (De Kloet et al.,
1998; De Kloet, 2004), and extensive experimental work in animals has considered the
different corticosteroid receptor mechanisms involved in various aspects of fear and anxiety
and their sequelae (Korte, 2001). In fact, cortisol (or in the case of rodents, corticosterone) is
the primary occupier of MR in many areas of the brain implicated in psychological response
to stress as 11β-HSD2 is not expressed in these areas. However, in areas of the brain where
11β-HSD2 is expressed (e.g., nucleus tractus solitarius) aldosterone may be the primary
corticosteroid activating MR and it may be these areas of the brain that mediate the central
adverse cardiovascular effects of aldosterone on blood pressure and salt intake (Geerling et
al., 2006). Taken together, these processes suggest an important role for aldosterone in
addition to cortisol with regard to linking psychological stress and cardiovascular outcomes.

Recent studies have linked components of the rennin–angiotensin–aldosterone system to
psychological stress. For example, several studies have demonstrated that pharmacological
blockade of the rennin–angiotensin system improves mood and reduces anxiety among
humans and animals (Johnson and Grippo, 2006; Hlavacova and Jezova, 2008). While there
is less research considering the direct relation between aldosterone and specific
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manifestations of psychological stress (e.g., anxiety, depression), some work has suggested
the plausibility of a link. In a study of patients newly diagnosed with primary aldosteronism,
investigators administered the Structured Clinical Interview for the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) and a structured interview for subclinical
psychological syndromes. This study found 6 out of 10 individuals had generalized anxiety
disorder, one had obsessive–compulsive disorder, with persistent somatization and among
these individuals, irritable mood was also common (Sonino et al., 2006). In a comparison of
sleep-related activity in the rennin–angiotensin–aldosterone system between depressed and
non-depressed women, significantly higher levels of plasma aldosterone levels were evident
among the depressed women (Murck et al., 2003). Other work has also found higher levels
of plasma aldosterone among depressed patients compared with age- and sex-matched
controls even after subjects in both groups followed a controlled sodium and potassium diet
(Emanuele et al., 2005). Another study compared students practicing stress reduction
techniques (transcendental meditation) with a similar group not engaging in systematic
stress reduction (Walton et al., 1995). The stress reduction group had lower levels of
aldosterone and mood disturbance and anxiety compared with the group not practicing stress
reduction.

Most studies in humans to date have been cross-sectional. However findings from the
animal literature are consistent with this work and have suggested that stress and distress
may lead to higher levels of aldosterone. For example, animal studies have found that
psychological stress stimulates the peripheral and central angiotensin II systems which in
turn contribute to secretion of both ACTH and aldosterone (Saavedra et al., 2005; Johnson
and Grippo, 2006). There may also be feedback effects whereby consistently high levels of
aldosterone serve to enhance anxiety. In a recent animal study, male Wistar rats were
subcutaneously implanted with osmotic minipumps and treated with aldosterone or vehicle
for two weeks. Rats treated with aldosterone exhibited significant enhancement of anxious
behaviors in the open field and elevated plus-maze tests (Hlavacova and Jezova, 2008).

We know of no studies in humans that have considered whether high levels of psychological
stress might increase levels of aldosterone, either using a longitudinal study design or an
experimental design considering acute effects. However, numerous experimental studies
have demonstrated that acute psychosocial stress activates the HPA axis (Dickerson and
Kemeny, 2004), and more specifically stimulates the release of ACTH (see for example
Singh et al., 1999). In our own work, we have demonstrated that intravenous administration
of ACTH in increasing doses (0, 0.05, 0.15, 0.5, 1.5, and 5.0 mIU/kg each for 30 min) leads
to dose–response increases in serum cortisol (Adler et al., 1999) and aldosterone (see Fig. 1)
in healthy women.

5. Aldosterone as a mediator of the relationship between psychological
stress and CVD

Taken together, the emerging research linking aldosterone with CVD as well as with anxiety
and depression, suggests it may be useful to consider aldosterone a key neurohormonal
mechanism by which psychological stress and negative affective states may influence
cardiovascular health. A model of how aldosterone may mediate effects of psychological
stress on CVD is presented in Fig. 2. Psychological stress and negative affective states
activate the HPA axis, leading to release of ACTH. Release of ACTH leads to release of
both cortisol and aldosterone. Psychological stress also activates the sympathetic-
adrenomedullary system which stimulates rennin release leading to increases in angiotensin
II and aldosterone secretion. Aldosterone activates MR which in turn may lead to vascular
injury and inflammation, and ultimately heart disease, renal disease, and stroke.
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Empirical tests of the proposed model are needed. Given the similarities between cortisol
and aldosterone in response to HPA axis activation, it is likely that many of the psychosocial
factors involved in dysregulated cortisol are also involved in dysregulated aldosterone.
Hundreds of studies have considered effects of psychological stress on cortisol (Dickerson
and Kemeny, 2004), and many of these paradigms may be used for considering effects of
psychological stress and negative affective states on aldosterone. Experimental designs may
consider whether and how acute stress affects aldosterone levels, with additional
consideration of the relation between aldosterone response and cardiovascular reactivity
(e.g., changes in blood pressure, heart rate, heart rate variability, and other cardiac
parameters) over the course of the experiment. Prospective cohort studies may be used to
consider effects of chronic stress on aldosterone and changes in aldosterone levels over time.
Other work may examine both chronic stress and levels of aldosterone in relation to pre-
disease markers of CVD, including coronary calcification, atherosclerosis and progression,
and development of hypertension. Additional research may focus on whether effects of
psychological stress on CVD mediated by aldosterone can be reversed or mitigated if
negative affective states are successfully treated.

Similar to cortisol, aldosterone has a diurnal pattern with peak aldosterone occurring early in
the morning, and declining throughout the day. Thus, studies of aldosterone in relation to
psychological stress and CVD will face many of the same measurement challenges
associated with studies of cortisol. For observational studies that are considering
cardiovascular effects of chronic psychological stress, it will likely be more effective to
obtain multiple aldosterone parameters (e.g., wake-up levels, bedtime levels, diurnal slope).
An additional potential confounder for interpreting aldosterone levels relates to the strong
effect of dietary sodium intake on aldosterone levels, and thus it is important to evaluate
aldosterone levels relative to dietary sodium intake. Studies will also have to explore how
different aldosterone parameters may relate to chronic psychological stress. For example,
some work has suggested that cortisol response to awakening is a strong indicator of current
strain, whereas average cortisol levels are not as strongly associated, while flattening of the
diurnal rhythm is thought to be a good marker of exposure to chronic strain (Adam, 2005).
Currently no salivary assay exists for aldosterone, although development of one is
underway.

6. Conclusion
Few studies have directly addressed the mechanisms for the observed associations between
psychological stress, HPA axis activation and CVD (Girod and Brotman, 2004). Building on
emerging findings that excess activation of MR plays a key pathophysiologic role in the
development of CVD, and the potential relationship between stress, negative affective states,
and increased production of adrenal glucocorticoid and mineralocorticoid, we propose MR
activation by adrenal steroids, in particular aldosterone, as a relevant mediator in the link
between psychological stress and CVD. Current evidence for the link between aldosterone,
MR activation, and increased risk of CVD is strong (Yoshimoto and Hirata, 2007; Garg and
Adler, 2009), and work on the relation between aldosterone and psychological stress is
promising. Important next steps will include experimental research to determine the link
between high levels of psychological stress, aldosterone, and cardiovascular reactivity,
epidemiologic studies considering aldosterone as a mediator of the observed relationship
between chronic negative affect and development of CVD, and the relation of chronic
negative affect and aldosterone with pre-disease markers of CVD, and the molecular
mechanisms linking chronic negative affect to aldosterone. With this work, new insight may
be gained into how psychological stress may impair cardiovascular health.
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Fig. 1.
Effect of ACTH infusion on serum levels of cortisol (μg/dl) (open circles) and aldosterone
(ng/dl) (squares). 13 healthy pre-menopausal women on ad lb diets received an intravenous
infusion of ACTH at sequential doses of 0.00, 0.00, 0.05, 0.15, 0.50, 1.50 and 5 mIU/kg/30
min. 24 h urinary sodium levels were (156 ± 24 mEquib./24 h). Cortisol data was reported
previously (Adler et al., 1999).
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Fig. 2.
A model of aldosterone as a mediator of the relationship between psychological stress and
CVD.
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