
INVITED REVIEW

How mental stress affects endothelial function

Noboru Toda & Megumi Nakanishi-Toda

Received: 8 August 2011 /Revised: 22 August 2011 /Accepted: 24 August 2011 /Published online: 23 September 2011
# Springer-Verlag 2011

Abstract Mental stress is an important factor contributing
to recognized mechanisms underlying cardiovascular
events. Among these, stress-related endothelial dysfunction
is an early risk factor that predicts future development of
severe cardiovascular disorders. Acute mental stress by a
variety of tests impairs endothelial function in humans,
although the opposite results have been reported by some
investigators. Chronic stress always deteriorates endothelial
function in humans and experimental animals. Stress
hormones, such as glucocorticoids and pro-inflammatory
cytokines, and endothelin-1 liberated in response to mental
stress participate in endothelial dysfunction possibly via
downregulation of endothelial nitric oxide synthase (eNOS)
expression, eNOS inactivation, decreased nitric oxide (NO)
actions, and increased NO degradation, together with
vasoconstriction counteracting against NO-induced vasodi-
latation. Catecholamines do not directly affect endothelial
function but impair its function when blood pressure
elevation by the amines is sustained. Endogenous opioids
favorably affect endothelial function, which counteract
deteriorating effects of other stress hormones and media-
tors. Inhibition of cortisol and endothelin-1 production,
prevention of pro-inflammatory mediator accumulation,
hypnotics, mirthful laughter, humor orientation, and life-
style modification would contribute to the prevention and
treatment for stress-related endothelial dysfunction and
future serious cardiovascular disease.
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Abbreviations
ACh Acetylcholine
ACTH Adrenocorticotropic hormone
BH4 Tetrahydrobiopterin
BK Bradykinin
Cyclic GMP Cyclic guanosine monophosphate
CRH Corticotropine-releasing hormone
eNOS Endothelial nitric oxide synthase
ET Endothelin
GTN Nitroglycerin
HUVEC Human umbilical vein endothelial cell
IL Interleukin
L-NA NG-nitro-L-arginine
L-NAME L-NA methylester
L-NMMA NG-monomethyl-L-arginine
MCh Methacholine
NO Nitric oxide
NOS Nitric oxide synthase
NOx Nitrate/nitrite
PI3K Phosphatidylinositol 3-kinase
ROS Reactive oxygen species
SNP Sodium nitroprusside
SOD Superoxide dismutase
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor

Introduction

Mental stress has been well recognized as a factor in the
generation of pathophysiological sequelae in many disease
states. Psychosocial stress activates the hypothalamic–

N. Toda (*)
Toyama Institute for Cardiovascular Pharmacology Research,
7-13, 1-Chome, Azuchi-machi, Chuo-ku, Osaka 541-0052, Japan
e-mail: n.toda.toyama-bldg@orion.ocn.ne.jp

M. Nakanishi-Toda
Department of Ophthalmology, Osaka Medical College,
Takatsuki, Japan

Pflugers Arch - Eur J Physiol (2011) 462:779–794
DOI 10.1007/s00424-011-1022-6



pituitary–adrenal axis and the sympathetic nervous system;
corticosteroids and catecholamines are liberated into blood
flow as major stress hormones. Mental stress is one of the
important risk factors contributing to mechanisms underly-
ing endothelial dysfunction, atherosclerosis, and coronary
and cerebral artery diseases [3, 100, 123]. Stress-related
hormones and mediators affect vascular actions of nitric
oxide (NO) generated from the endothelium and regulations
of endothelial NO synthase (eNOS) expression, eNOS
activation, and NO degradation.

Endothelial NO, first discovered as an endothelium-
derived relaxing factor by Furchgott and Zawadzki [37],
has emerged as a unique biological messenger. This labile
inorganic molecule acts as a physiologically important
vasodilator and has anti-hypertensive, anti-platelet, anti-
thrombogenic, and anti-atherosclerotic actions. Impairment
of endothelial function plays a key role in the pathogenesis
of blood supply deficiency to various organs and tissues
including the brain [118], heart [120], and eye [119]; blood
pressure elevation [24, 116]; and insulin resistance [113].

The present review article summarizes information
concerning modulations of endothelial function, evaluated
as blood flow regulation by endothelial NO, induced by
acute and chronic mental stress in humans and chronic
stress in experimental animals, possible mechanisms of
action of major stress hormones and mediators on endothe-
lial function, including glucocorticoids, catecholamines,
endothelin-1 (ET-1), pro-inflammatory cytokines, and en-
dogenous opioids/opioid peptides; and describes the possi-
bilities for prophylactic and therapeutic measures against
stress-related endothelial dysfunction.

Synthesis, degradation, and actions of endothelial nitric
oxide

NO is produced when L-arginine is transformed to L-
citrulline via catalysis by NOS in the presence of oxygen
and cofactors including tetrahydrobiopterin (BH4). Ca

2+ is
required for the activation of endothelial NOS (eNOS) that
is constitutively expressed mainly in endothelial cells [35].
eNOS binds to caveolin-1 in the caveolae, microdomains of
the plasma membrane. The eNOS intracellularly migrates in
response to increased cytosolic Ca2+ in the presence of
calmodulin (Fig. 1) and is activated for NO synthesis. The
transmembrane influx of Ca2+ and its mobilization from
intracellular storage sites are caused via stimulation of drug
receptors located on the endothelial cell membrane by
acetylcholine (ACh) and bradykinin (BK) or via mechanical
stimuli such as shear stress. On the other hand, shear stress,
BK, or insulin induce the phosphorylation of Ser1177/1179 of
eNOS through phosphatidylinositol 3-kinase (PI3K) and the
downstream serine/threonine protein kinase Akt, resulting

in enhanced NO formation [26]. Endothelial NO causes
vasodilatation, decreases vascular resistance, increases
regional blood flow, and lowers blood pressure; it also
inhibits platelet aggregation and adhesion, reduces leuko-
cyte adhesion and migration, and inhibits smooth muscle
proliferation, thus, leading to prevention of atherosclerosis.
These NO actions are mediated by cyclic guanosine
monophosphate (cyclic GMP) from GTP synthesized
through soluble guanylyl cyclase.

The synthesis of NO by eNOS is inhibited by L-arginine
analogs, including NG-monomethyl-L-arginine (L-NMMA),
NG-nitro-L-arginine (L-NA), and L-NA methylester (L-
NAME). Nitro compounds, such as nitroglycerin (GTN)
and sodium nitroprusside (SNP), are capable of liberating
NO. 1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one decreases
the synthesis of cyclic GMP by inhibiting guanylyl cyclase
activity. Insufficiency of BH4 causes uncoupling of NOS
consequentially resulting in superoxide anions being pro-
duced instead of NO. Superoxide anions are also generated by
NADPH oxidase (Fig. 1) and xanthine oxidase. Superoxide
dismutase (SOD), catalase, and dimethyl sulfoxide scavenge
free radicals. NO reacts with superoxide anions, generating
highly toxic compounds such as peroxynitrite.

Vascular endothelial cells generate not only vasodilator
mediators, such as NO, prostacyclin, and endothelium-
derived hyperpolarizing factor, but also vasoconstrictor
endothelin-1 (ET-1), a 21 amino acid polypeptide synthe-
sized through the process shown in Fig. 1. The potent
vasoconstrictor property is mediated via activation of ETA
receptors located on smooth muscle cell membranes. ET-1
has been implicated in the pathogenesis of many
cardiovascular-related diseases.

Studies on humans subjected to mental stress

Effects of acute stress

Mental stress (color-word conflict test)-induced increases in
platelet activation, as measured by the level of β-
thromboglobulin, and endothelium activity, as evaluated
by factor VIII/von Willebrand factor, were observed in
healthy normotensive volunteers and hypertensive patients
to a similar extent [78]. Mental arithmetic testing increased
forearm blood flow, and L-NMMA infusion inhibited the
response [10]. Mental stress provoked by an arithmetic
challenge induced endothelium-dependent, flow-mediated
vasodilatation in healthy men and women to a similar
extent [45]. Coronary segments with stenosis and coronary
irregular segments were constricted in response to mental
arithmetic stress, whereas smooth segments did not show
this response; coronary blood flow increased in smooth
vessels but decreased in irregular vessels; the degree of
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constriction or dilatation during mental stress correlated
with the responses to infusions of ACh [138]. In athero-
sclerosis, unopposed constriction caused by a local failure
of endothelium-dependent vasodilatation appears to result
in coronary arteries having an abnormal response to mental
stress. The vasodilator response to mental stress was
blunted in hypertensive patients but not in hypercholester-
olemic ones compared with healthy controls; L-NMMA
administration reduced mental stress-induced vasodilatation
in healthy subjects and hypercholesterolemic patients but
not hypertensive patients [9]. Different mechanisms may
underlie endothelial dysfunction in these pathological
conditions; a susceptibility to vascular damage over
repeated exposure to stressful situations may be increased
in hypertensive patients. Forearm blood flow increase
observed during mental stress with a color word test in
humans was blunted by administration of L-NMMA; both
atropine and L-NMMA caused a greater reduction in the
response, suggesting that forearm vasodilatation during
mental stress is mediated by NO liberated possibly through

cholinergic stimulation [25]. In response to mental stress
(forced arithmetic) in healthy young males, forearm blood
flow and net release of endothelium-derived tissue-type
plasminogen-activator activity increased [56]. Mental stress
by Stroop color word conflict, math, or anger recall tests
caused carotid arterial dilatation and an increase in carotid
and middle cerebral arterial blood flow in young and old
healthy subjects; these responses were attenuated in patients
with essential hypertension; there was no difference in the
carotid artery response to GTN in healthy subjects and
hypertensive patients [79]. Impaired cerebrovascular reac-
tivity to mental stress in hypertension may be associated
with cerebral vascular endothelial dysfunction.

In contrast to the findings described so far, recent studies
provided evidence suggesting that acute mental stress
impairs endothelial function in humans. Systemic vascular
resistance responses during a battery of four diverse
laboratory stressors were greater for healthy individuals
with decreased endothelium-dependent arterial dilatation
[103]. Exaggerated systemic vasoconstriction during mental

Fig. 1 Information pathways via NO (right panel) and endothelin-1
(ET-1) liberated from endothelial cells to vascular smooth muscle
cells. Superoxide generation via NADPH oxidase is also included in
the upper right part of the figure. Sites of action of glucocorticoids
(GC) and endothelin-1 (ET) released by mental stress are shown in the
right panel. R in the square on the endothelial membrane is the drug
receptor or mechanoreceptor, pool Ca2+ storage site, CV caveolin-1,

CaM calmodulin, BH4 tetrahydrobiopterin, PI3K phosphatidylinositol
3-kinase, Akt serine/threonine protein kinase Akt, eNOS* activated
eNOS, L-Arg. L-arginine, L-Citru. L-citrulline, nNOS* activated nNOS,
O2

– superoxide anion, ONOO– peroxynitrite, SOD superoxide
dismutase, sGC soluble guanylyl cyclase, cGMP cyclic GMP, ODQ
1H[1,2,4] oxadiazolo[4,3-a]quinoxalin-o1-one, PDE-5 phosphodies-
terase-5. Solid line denotes stimulation, dotted line denotes inhibition
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stress may reflect endothelial dysfunction. Brachial artery
flow-mediated dilatation in healthy men was reduced at 30
and 90 min after a standardized mental stress test, which
however had no effect on the response to GTN, suggesting
that a brief episode of mental stress, similar to those
encountered in everyday life, may cause transient (up to
4 h) endothelial dysfunction [40]. Mental stress induced by
an arithmetic test opposed only methacholine (MCh)-
induced, endothelium-dependent forearm vasodilatation in
young healthy people, while cold pressor and isometric
handgrip tests induced attenuations of endothelium-
dependent and endothelium-independent vasodilatation
[98]. Mental stress provoked by anger recall and mental
arithmetic and trait hostility attenuated flow-mediated
brachial arterial dilatation in normal subjects and those
with hypercholesterolemia; the behavioral trait of hostility
was associated with enhancement of the adverse effect of
mental stress on endothelial function [42]. Endothelial
function did not change following a 5-min mathematics
stressor or the consumption of 75 g of glucose; however,
the combination of glucose and stress impaired
endothelium-dependent cutaneous vasodilatation in young
healthy females [7]. In postmenopausal women with typical
angina and normal coronary arteries, mental stress by the
anger recall task for 5 min provoked myocardial ischemia
associated with endothelial dysfunction [86]. Endothelium-
dependent forearm vasodilatation elicited by MCh was
impaired by a 5-min mental arithmetic stress test, this effect
being blocked by propranolol and neurogenic blockade but
not by phentolamine [29]. β-Adrenoceptor activation
appears to be involved in the NO-mediated vasodilatation.

Effects of chronic stress

Psychosocial stress adversely affects autonomic and hormonal
homeostasis, resulting in metabolic abnormalities, inflamma-
tion, and endothelial dysfunction [20]. Adolescents exposed
to chronic, negative stressors that worsen over time show
increasing magnitude of cardiovascular stress responses [65].

Healthy male college students, who had chronic sleep
deprivation for 4 week and were under great stress to pass an
examination, showed decreased flow-mediated, endothelium-
dependent vasodilation [115]. In young medical students,
showing a high incidence of stress, smoking, unhealthy
nutritional habits, and sedentary lifestyle, the main factors
which determine endothelial function imbalance were stress
and smoking [67]. Both objective and subjective socioeco-
nomic status were related to brachial artery flow-mediated
dilatation in healthy adults; the MacArthur Scale of Subjec-
tive Social Status, which assessed perceived social standing
in the local community, positively correlated with flow-
mediated dilatation; no other socioeconomic status measures
were significant for flow-mediated dilatation [17]. Lower

subjective social status in one’s community may be linked to
cardiovascular disease via impaired vasodilatation. Mausbach
et al. [71] noted that chronic stress of caregiving in the
elderly was associated with impaired endothelial function, as
evaluated by reactive hyperemia-induced flow-mediated
vasodilatation. Stress-induced endothelial dysfunction may
be a potential mechanistic link to the increased risk of
cardiovascular disease in elderly caregivers. In healthy adults,
increases in Profile of Mood States total mood disturbance
scores were associated with decreases in endothelial function.
The following Profile of Mood States subscales were
inversely correlated with flow-mediated brachial arterial
dilation: depression/dejection, tension/anxiety, anger/hostility,
fatigue/inertia, and confusion/bewilderment [18]. Mood
disturbance may contribute to cardiovascular disease via
impaired vasodilatation

There was a significant interaction between carotid artery
compliance and vital exhaustion, characterized by fatigue and
irritability, on intima-media thickness for men but not women;
no interaction was found between flow-mediated vasodilata-
tion and vital exhaustion for men and women [13].

Taken together, most of studies performed in the 1990s
indicate that acute mental stress induces NO-mediated
flow-dependent blood flow in humans, which is hypothe-
sized to play a role in minimizing blood pressure increase
associated with catecholamine release. In contrast, stress-
induced endothelial dysfunction has been reported from
most investigations carried out after 2000 (Table 1). The
reason for such a discrepancy in the effect of acute mental
stress in humans placed under similar experimental designs
(kinds and durations of mental stress, ages, etc.) remains to
be determined. Possible individual differences in the
neuroendocrine coping mechanisms may affect mood
regulation and the state of health [39]. Hyper-responsivity
of the sympathetic nervous system to psychological stress is
an intrinsic characteristic among some individuals [95] that
may be a factor to differentiate their responsiveness to
stress to other majorities. According to Gottdiener et al.
[42], behavioral hostility is associated with enhancement of
the adverse effect of mental stress on endothelial function.
As summarized in the later section “Stress hormones and
mediators,” there are factors adversely affecting endothelial
function, such as glucocorticoids, inflammatory cytokines,
ET-1, and sustained increase in blood pressure. There is no
evidence that the beneficial effects of endogenous opioids/
opioid peptides generated under mental stress on endothe-
lial function overcome stress-related impairment of endo-
thelial function. At present, on the basis of recent studies, in
which mechanisms of action of mental stress are analyzed,
endothelial dysfunction induced by acute mental stress may
be more plausible. Under various kinds of chronic mental
stress, endothelial function is always impaired, leading to
atherosclerosis and cardiovascular disease.
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Studies on experimental animals subjected to mental
stress

Cynomolgus monkeys

Intracoronary infusion of ACh caused coronary vasodilata-
tion (+4%) in control monkeys but vasoconstriction (−11%)
in those fed a high cholesterol diet in the unstable group
(stressful environment); in monkeys consuming the
cholesterol-lowering diet, the change in artery diameter
was +2% in the stable group and −10% in the unstable one;
the arterial response to GTN was similar among all groups
[136]. Iliac arteries isolated from atherosclerotic monkeys
of the “late stress” group (stable social groups for the first
half of the experiment and unstable groups for the second
half) had impaired dilatation to ACh and the Ca2+

ionophore A23187, compared with those from unstressed
or “early stress” (unstable social groups for the first half of
the experiment and stable groups for the second half)
monkeys, suggesting that current, but not previous, expo-
sure to chronic stress impairs endothelium-dependent
vasodilatation [135]. Chronic social disruption appears to
be associated with endothelial dysfunction in atherogenic
monkeys consuming a cholesterol-lowering diet. Social
disruption was also associated with both sympathetic
nervous system arousal and indexes of endothelial dys-

function in male monkeys, and the effects were prevented
by treatment with a β-adrenoceptor blocker [114]. Psycho-
social stress in monkeys placed under socially unstable
conditions for 72 h increased the number of injured (IgG-
positive) endothelial cells of the descending thoracic aorta,
an effect that had not been demonstrated previously; β1-
adrenoceptor blockade by metoprolol and atenolol inhibited
the stress effect, suggesting that chronic mental stress
induces endothelial injury and that this effect is mediated
via β1-adrenoceptor activation [109].

Swine

Chronic NOS inhibition with L-NAME increased the
adrenocorticotropic hormone (ACTH) response to handling
and treadmill exercise but decreased the ACTH response to
restraint in female Yucatan miniature swine, together with a
decrease in vascular conductance in the frontal cortex and
hypothalamus [54]. NO produced by NOS appears to
function in a context-specific manner to inhibit or activate
neuroendocrine activity.

Rats and mice

Coronary arteries isolated from borderline hypertensive rats
exposed to chronic exposure to air–jet stress for 2 h/day for

Table 1 Effects of acute mental stress on endothelial function in humans

Author Stimulation Stress Effect Reversal of response Mechanism

Yeung et al. 1991 [138] Basal Arithmetic Coronary flowa ↑ (sclerosis −) Endothelial NO ↑

Coronary flow ↓ (sclerosis +) Endothelial NO unopposed

Dietz et al. 1994 [25] Blood flow Stroop Forearm flow responsea ↑ L-NMMA Endothelial NO ↑

Atropine via cholinergic stimulation

Cardillo et al. 1997 [10] Blood flow Arithmetic Forearm flow responsea ↑ L-NMMA Endothelial NO ↑

Harris et al. 2000 [45] Blood flow Arithmetic Forearm flow responsea ↑ Endothelial NO ↑

Naqvi and Hyuhn 2009
[79]

Blood flow Stroop Carotid flow responsea ↑ Endothelial NO ↑

Sherwood et al. 1999
[103]

Blood flow Laboratory stressor Forearm flow responsea ↓ Endothelial dysfunction

Ghiadoni et al. 2000
[40]

Blood flow Speech task Forearm flow responsea ↓ Endothelial dysfunction
GTN Forearm flow response →

Sarabi and Lind 2001
[98]

MCh Arythmetic Forearm flow responsea ↓ Endothelial dysfunction
SNP Forearm flow response →

Gottdiener et al. 2003
[42]

Blood flow Arythmetic Forearm flow responsea ↓ Endothelial dysfunction

Brion and Drummond
2005 [7]

Blood flow Arythmetic Skin flow responsea ↓ Endothelial dysfunction,
when glucose is consumed

Peix et al. 2006 [86] Basal Anger test Myocardial hypoperfusion Endothelial dysfunction

Eriksson et al. 2007 [29] MCh Arythmetic Forearm flow responsea ↓ Propranolol Endothelial dysfunction via
β-adrenoceptorsSNP Forearm flow response →

Basal basal blood flow/vascular tone (no stimulus), Blood flow blood flow as a shear stress, Arythmetic arythmetic stress test, Stroop stroop color
word conflict test, ↑ increase, ↓ decrease, → no change, MCh methacholine, GTN nitroglycerin, SNP sodium nitroprusside
a NO-mediated response
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10 days responded to ACh with relaxation to a lesser extent
than those from rats without stress; SNP-induced relaxa-
tions were also attenuated, but the response to isoproterenol
was without effect, suggesting that vasodilator effects of
NO, irrespective of endogenous or exogenous origin, may
be blunted by mental stress [36]. Stress-induced inhibition
in coronary arterial relaxation by ACh was seen only in old
borderline hypertensive rats [41]. This inhibition may be
associated with superoxide anions, vasoconstrictor cyclo-
oxygenase products, and a loss of K+ channel-mediated
relaxation. Chronic mild unpredictable stress induced
increased responsiveness to phenylephrine in endothelium-
intact aortic rings from rats without changes in aortas
denuded of the endothelium; rats exposed to chronic stress
showed hypertrophy of the intima and media of the aorta
and increased serum levels of triglycerides and cholesterols,
when compared with control rats [80]. Chronic stress-
induced functional and histological changes appear to be
mediated by deficiency of NO production and dyslipidemia.
Immobilization stress (120 min/day, 14 days) increased
systolic blood pressure and decreased ACh-induced ex vivo
relaxation of arteries in rats; immobilization increased the
plasma levels of angiotensin II and angiotensin-converting
enzyme activity, increased the plasma levels of malondial-
dehyde and expression of gp91(phox), and Rho-associated
kinase-1 in arteries, and it decreased the arterial eNOS
mRNA and nitrate/nitrite (NOx); ramipril or losartan
reversed the functional and biochemical alterations [14].
Chronic stress induces vascular oxidative stress by activat-
ing the angiotensin II AT1 receptor-signaling pathway,
thereby provoking endothelial dysfunction. In vascular
rings isolated from male mice that were exposed to chronic
mild stress, endothelium-dependent relaxations in response
to MCh were partially attenuated, and the remaining
response was abolished by catalase; arterial NO production
was decreased and H2O2 production was increased in
stressed mice [19].

Cage-switch stress elevated the mean arterial pressure
and heart rate in ovariectomized rats, the responses being
attenuated by estrogen replacement; treatment with L-
NAME reduced the difference in the pressor response to
stress; eNOS expression in the mesenteric artery was
increased in the estrogen group compared to that in the
control group, suggesting that mesenteric overexpression of
eNOS via chronic estrogen treatment appears to suppress
the enhanced cardiovascular responses to mental stress
[77]. In female rats, a scheduled stress for 10 days elevated
the serum testosterone level, reduced the reactivity to their
male mates, and decreased eNOS and neuronal NOS
expressions in vaginal tissue [139]. Chronic stress modifies
the sexual behavior of female rats possibly through
complex changes in sex hormones, endocrine factors, and
NO. Exposure of male and female rats to mild unpredict-

able stress for 6 weeks induces different oxidative stress
and compensatory responses in both sexes probably due to
differences in the mechanisms underlying oxidant/antioxi-
dant pathways; the responses to chronic stress in females is
accompanied by lower soluble intercellular adhesion mol-
ecule type 1 levels than in males, suggesting lower
endothelial injury in females [58].

In contrast to the stress-induced endothelial dysfunction
reported so far, Púzserová et al. [88] found that the
endothelium-dependent relaxation of the aorta and NO
synthesis were increased in rats exposed to chronic social
stress by crowding, and red wine polyphenols blunted the
elevation of NO production and vasorelaxation.

Effects of stress hormones and mediators

Glucocorticoids

Studies on humans Following activation of the limbic–
hypothalamic–pituitary–adrenal or stress axis, glucocorti-
coids are thought to downregulate the transcription and
activity of NOS via a feedback mechanism [64]. Plasma
levels of cortisol are elevated under the fire strategies
condition in firefighters, and there are positive correlations
between cortisol and interleukin-6, ET-1, and thromboxane
B2 [129]. Glucocorticoid is one of the important stress
hormones responsible for impairment of endothelial function
[5, 38].

Gerra et al. [39] provided evidence concerning the
involvement of the hypothalamic–pituitary–adrenal axis
and catecholamines in response to acute mental stress in
healthy male subjects. Elevated cortisol levels inhibit
endothelium-dependent vasodilator responses to ACh but
did not affect vasodilatation in response to SNP [131].
Acute mental stress impaired flow-mediated vasodilation
and increased cortisol levels; impaired endothelial function
was prevented by blocking cortisol production with
metyrapone in subjects without coronary heart disease,
suggesting a direct or facilitative role for cortisol in mental
stress-induced endothelial dysfunction [8]. Liu et al. [63]
noted that the natural glucocorticoid cortisol decreased the
expression levels of eNOS in human endothelial cells and
that a suppressive glucocorticoid response element was
present in the eNOS promoter region, suggesting that
endogenous 11-β-hydroxysteroid dehydrogenases play im-
portant roles in modulating the effect of glucocorticoids on
eNOS expression. Forearm blood flow increase in response
to intra-arterial infusion of ACh was impaired by exoge-
nous cortisol in healthy men [69]. It was suggested that
cortisol-induced reduction in NOx production in healthy
male subjects may occur at a point distal to L-arginine
availability in the NOS pathway [59]. Forearm blood flow
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increase after the release of arterial occlusion (reactive
hyperemia) was attenuated in patients with various autoim-
mune disorders treated with glucocorticoid and administra-
tion of vitamin C normalized blood flow responses; in
human umbilical vein endothelial cells (HUVEC) treated
with dexamethasone, production of H2O2 was increased,
intracellular amounts of peroxynitrite was increased, and
those of NO was decreased, suggesting that glucocorticoid
excess causes overproduction of reactive oxygen species
(ROS) and thereby perturbs NO availability [50]. The
progesterone/glucocorticoid receptor antagonist RU-486
and introduction of glucocorticoid receptor siRNA caused
attenuation of the inhibitory effect of medroxyprogesterone
acetate on the estrogen-induced eNOS phosphorylation and
eNOS activity in HUVEC [82].

Studies on experimental animals Ingestion of dexametha-
sone by rats increased blood pressure, decreased plasma NOx,
and downregulated the expression of eNOS; dexamethasone
administration attenuated the vasodilator response to ACh in
mice; incubation of HUVEC or bovine aortic endothelial cells
with several glucocorticoids reduced eNOS mRNA and
protein expression [128]. Dexamethasone decreased the
expression of eNOS in the mouse heart, liver, and kidney
[127]. In cultured bovine coronary artery endothelial cells,
pretreatment with cortisol decreased eNOS protein levels,
ATP-induced intracellular Ca2+ elevation, and NO release,
suggesting that cortisol suppresses NO release by down-
regulating eNOS protein and inhibiting intracellular Ca2+

mobilization [94].
Glucocorticoids regulate NOx production following cyto-

kine exposure in cardiac microvascular endothelial cells by
limiting BH4 and L-arginine availability [107]. Endothelium-
dependent relaxations in response to Ca2+ ionophore were
reduced in aortic rings from dexamethasone-hypertensive
rats; dexamethasone incubation abolished L-NA-induced
contraction in endothelium-intact aortic rings and inhibited
expression of the rate-limiting enzyme for BH4 synthesis,
GTP cyclohydrolase, suggesting that inhibition of BH4

synthesis by the glucocorticoid may contribute to impaired
endothelial function [57]. Michell and Webb [72] discuss the
roles of NO and BH4 in the pathogenesis of glucocorticoid-
induced hypertension. Under reduced BH4 levels, eNOS
synthesizes superoxide rather than NO in vitro [92] and in
vivo [105, 106]. There is increasing evidence for a role of
oxidative stress and NO deficiency/endothelial dysfunction
in experimental glucocorticoid-induced hypertension;
NADPH oxidase, rather than xanthine oxidase and eNOS
uncoupling, plays an important role in the pathogenesis in
rats [83]. In addition, glucocorticoids decrease NO produc-
tion by decreasing eNOS gene transcription [28].

Endothelium-dependent relaxation and eNOS mRNA
expression were greater, and aortic superoxide production

was lower in rats co-treated with dexamethasone and
atorvastatin than those treated with dexamethasone alone,
suggesting that atorvastatin improves endothelial function
and reduces superoxide production [76].

Repeated restraint stress in male rats activated the pituitary
adrenal system, as indicated by increases in adrenal weight
and plasma corticosterone concentration that were accompa-
nied by a decrease in constitutive NOS activities [93].

In short, glucocorticoids generated by psychological
stress impairs endothelial function through downregulation
of eNOS, reduced eNOS phosphorylation, and increased
production of superoxide anions possibly via NADPH
oxidase activation and BH4 deprivation.

Catecholamines

Catecholamines released by stimulation of the sympathetic
nervous system, as well as glucocorticoids, are the main
stress hormones [38].

Studies on humans There is evidence that exaggerated
systemic vascular resistance responses during mental stress
may reflect endothelial dysfunction [103]. Santos et al. [97]
provided evidence suggesting that sympathetic activation
mediates the blunted endothelium-mediated brachial arterial
dilatation during mental stress with the color–word test in
heart failure patients. Female patients with apical balloon-
ing syndrome showed abnormal vasoreactive and sympa-
thetic responses to acute mental stress tests, evidenced by
impaired endothelium-dependent vasodilatation, excessive
vasoconstriction, and catecholamine release [70]. Increased
release of catecholamines from the sympathetic nerve and
adrenal medulla during mental stress may interfere with the
vasodilator action of endothelial NO.

On the other hand, Spieker et al. [110] found that intra-
arterial infusion of norepinephrine of similar duration as
mental stress did not inhibit flow-mediated vasodilatation,
suggesting that sympathetically released amine does not
seem to participate in stress-induced endothelial dysfunc-
tion. Ghiadoni et al. [40] noted that flow-mediated
vasodilation was still impaired 90 min after the stress test;
this was in contrast with the rapid return of heart rate and
blood pressure to the respective pre-stress value [8],
suggesting that factors other than catecholamines may
contribute to endothelial function interference. In HUVEC,
norepinephrine stimulates eNOS activity via RhoA attenu-
ation, VEGF mRNA synthesis, and mitogenic activity
[102]. Epinephrine and norepinephrine through activation
of the α1B-receptor subtype stimulate phosphorylation of
eNOS and increase DNA synthesis in human epicardial
coronary endothelial cells [55]. These findings obtained in
vivo and in vitro suggest that catecholamines are not
involved in an impairment of endothelial function.
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Studies on experimental animals In rat carotid arteries,
α1D-adrenoceptors mediate endothelium-dependent relaxa-
tion induced by phenylephrine [21]. Cage-switch stress
induced the pressor response and increased norepinephrine
level in plasma; treatment with L-NAME attenuated the
stress-related responses, suggesting that NO is involved in
the norepinephrine surge in response to mental stress [124].
In stroke-prone spontaneously hypertensive rats, treatment
with hydralazine lowered blood pressure and increased
urinary norepinephrine excretion but did not change
expressions of eNOS, neuronal NOS, and inducible NOS
in the brain [60]. Increased norepinephrine does not appear
to impair endothelial function.

The NO production induced by epinephrine and the β3-
adrenoceptor agonist BRL 37344 was associated with the
activation of the PI3K/Akt pathway and phosphorylation of
eNOS at serine 1,177 in the perfused arterial mesenteric bed
of rats; isoproterenol, salbutamol, or BRL 37344 produced
NO-dependent reductions of blood pressure in anesthetized
rats, suggesting that β1-, β2-, and β3-adrenocptors are
coupled to the NO/cyclic GMP pathway, highlighting the
role of the endothelium in the vasodilator action elicited by
epinephrine and related β-adrenoceptor agonists [32].
Epinephrine-dependent eNOS activation was accompanied
by an increase in phosphorylation of eNOS at serine 1,179
in cultured bovine aortic endothelial cells; epinephrine
promoted activation of the small G protein Rac 1; all of
these responses were blocked by the β3-adrenoceptor
blocker SR59230A, suggesting that the small G protein
Rac 1 is a key regulator of β3 receptor signaling with
potentially important implications for the pathways in-
volved in adrenergic mechanism of eNOS pathways [62].

Taken together, epinephrine and norepinephrine by
themselves, potentially liberated in response to mental
stress, seem unlikely to be involved in the stress-induced
endothelial dysfunction. However, vasodilatation due to
endothelial NO may be antagonized physiologically to
some extent by vasoconstrictor catecholamines. Repetitive
or chronic stress leads to increased blood pressure, possibly
mediated via catecholamines that can result in impaired
endothelial damage and vasoconstriction.

Endothelin-1

ET-1, an endothelium-derived peptide, is a potent vasocon-
strictor that counteracts the vascular actions of endothelial
NO. An exaggerated ET-1 release in response to mental
stress was noted in healthy subjects [68], firefighters [129],
and patients with coronary artery disease [31]. There are
sex and ethnicity differences in acute stress-induced ET-1
release [122].

Endothelium-dependent flow-mediated vasodilatation
in healthy subjects was reduced by the 3-min mental

stress task with high-resolution A-mode ultrasonic echo-
tracking device for about 45 min, whereas vasodilatation
in response to GTN remained unaffected; BQ-123, a
selective endothelin-A (ETA) receptor antagonist, pre-
vented the impairment of endothelium-dependent vasodi-
latation; intra-arterial infusion of norepinephrine did not
inhibit flow-mediated vasodilatation [110]. Mental stress
induces prolonged endothelial dysfunction possibly
through generation of ET-1 that counteracts vasodilator
NO liberated from the endothelium. Baseline ET-1 values
were higher in patients with intermittent claudication than
in control subjects; at the end of mental arithmetic
performed for 10 min, ET-1 levels rose in both groups
for 10 min [68]. Exaggerated release of ET-1 in the
diseased patients could be a potential pathophysiological
mechanism, through which mental stress may trigger acute
cardiac events. One of stress neuropeptides, corticotrophin-
releasing hormone (CRH), induced an increase in ET-1 release
from human endothelial cells but did not affect NO release;
the CRH receptor–antagonist astressin abolished the ET-1-
releasing effect of CRH [133]. CRH receptor 1 modulates ET-
1 release and ET-1 mRNA activation caused by hypoxia
in rats [46]. In human microvascular endothelial cells, ET-
1 release was increased by exposure to acute (epinephrine
and norepinephrine) and chronic stress hormones (dexa-
methasone, β-endorphin, and CRH), whereas NO re-
lease was increased and decreased by short-term
stimulation of dexamethasone and norepinephrine, re-
spectively [81].

ET-1 depresses NOS activity in cultured rat vascular
smooth muscle cells [49] and increased production of ET-1
in the rat kidney causes a decrease in renal blood flow
possibly via attenuating NO production [66]. Elevated ET-1
levels reduced eNOS protein expression in human saphe-
nous vein endothelial cells; protein kinase C inhibition
downregulated eNOS protein expression, whereas the
protein kinase C agonist PMA upregulated its expression,
suggesting that high levels of ET-1 impair endothelial NO
production via a protein kinase C-mediated inhibition of
eNOS expression [90]. Activation of ETA receptors in type
1 diabetic rats plays an important role in impaired eNOS-
and neuronal NOS-dependent dilatation of cerebral arterio-
les [2]. ET-1 increased H2O2 levels in fetal lamb pulmonary
arterial smooth muscle cells in an ETA receptor-dependent
manner and decreased eNOS promoter activity, this activity
being restored in the presence of catalase; high concen-
trations of H2O2 decreased eNOS promoter activity and
protein levels, suggesting that H2O2 generated by ET-1
from smooth muscle may play a role in downregulation of
eNOS expression [130].

Taken together, elevated levels of ET-1 in response to
mental stress appear to impair endothelial function
through eNOS downregulation, reduced eNOS activity,
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and superoxide generation. The potent vasoconstrictor
property of ET-1 via activation of ETA receptors counter-
acts vasodilator actions of NO. The stress-related CRH
release may play a role in increasing the release of ET-1
from endothelial cells.

Pro-inflammatory cytokines

Various psychological stressors induce cytokine production
and cytokines involved may vary according to the type of
stress [5, 38]. Acute systemic inflammation evoked by
Salmonella typhi vaccine induces temporal but profound
dysfunction of the arterial endothelium in both resistance
and conduit vessels in healthy volunteers [47].

In non-diabetic subjects, levels of C-reactive protein
were related to those of interleukin (IL)-6 and tumor
necrosis factor (TNF)-α; concentrations of C-reactive
protein were related to insulin resistance and to markers
of endothelial dysfunction [140]. Chronic inflammatory
state may induce insulin resistance and endothelial dys-
function. In the human cutaneous vein, TNF-α and IL-1β
but not IL-6 attenuated the dilatation to BK and arachidonic
acid; hydrocortisone and aspirin prevented the endothelial
dysfunction, suggesting that pro-inflammatory cytokines
induce reversible endothelial dysfunction and that cyclo-
oxygenase products may contribute to the response [4].
Exposure of porcine pulmonary artery endothelial cells to
the combination of interferon-γ, TNF-α, and IL-1 reduced
eNOS activity in association with reductions of eNOSmRNA
and protein content; treatment with the protein synthesis
inhibitor, cycloheximide, prevented cytokine-induced reduc-
tion of eNOS mRNA expression [142]. TNF-α downregu-
lates eNOS mRNA in the isolated rat heart [85]. TNF-α and
IL-1β also downregulates eNOS mRNA levels in cultured
human coronary artery endothelial cells [101]. These authors
also found that opioids (β-endorphin, endomorphin-1, and
endomorphin-2) did not change eNOS mRNA expression;
however, when applied together with cytokines, eNOS
downregulation was enhanced compared to that found with
cytokine alone, suggesting that opioids do not affect eNOS
expression in normal conditions but might do so upon stress
stimuli. TNF-α impairs mitochondrial biogenesis and func-
tion in different tissues of obese rodents by downregulating
eNOS expression [125].

A variety of cytokines, such as TNF-α, IL-1, IL-6, and
interferon-γ, increase oxidative stress, downregulate eNOS
activity, and induce endothelial apoptosis [61]. eNOS
expression was reduced by TNF-α in both in vitro and in
vivo experiments with female mice, whereas IL-10 restored
the eNOS expression, suggesting that the anti-inflammatory
cytokine IL-10 prevents impairment of endothelium-
dependent vasodilatation caused by TNF-α by protecting
eNOS expression [141].

Endogenous opioids and opioid peptides

The endogenous opioid system is one of the important
contributors to mediate, modulate, and regulate stress
responses, including vascular endothelial and blood flow
responses. There was a transient but significant increase in
β-endorphin levels immediately after jumping in inexperi-
enced tandem parachutists [99]. β-Endorphin levels 5 min
before non-emergency surgery increased compared with
those 24 h earlier in children, whereas leucine enkephalin
levels remained unchanged [16]. Morphine biosynthesis
occurs in mammalian neural tissues; morphine releases NO
in the limbic system that modulates emotion [143].
Supporting morphine as an endogenous signaling molecule
is the presence of the newly cloned μ3 opiate–receptor
subtype in vascular, neural, and immune tissues, which is
coupled to NO release [87].

Healthy subjects were classified according to their
increase in systolic blood pressure after a mental
arithmetic test as low and high responders; during the
mental test, low responders showed increased levels of
β-endorphin, cortisol, catecholamines, and atrial natriuretic
factor and decreased levels of ET-1, whereas high responders
showed increased levels of methionine enkephalin, dynorphin
B, and catecholamines [34]. The individual difference in
hemodynamic and endocrine responses to mental stress may
depend on a different activation of the endogenous opioid
system. β-Endorphin increased human endothelial and
monocytic ET-1 release and decreased NO release; these
effects were mediated via μ1 opioid-receptor activation,
suggesting that β-endorphin plays a role in the pathogenesis
of stress-induced endothelial dysfunction [132].

Exposure to morphine of human saphenous endothelium,
internal thoracic artery endothelium, or rat microvascular
endothelial cells results in NO release via the stimulation of
μ3 opiate-receptor subtype [112]. Morphine stimulates both
[Ca2+]i and NO production in human arterial endothelial
cells [33]. There is evidence suggesting that morphine-
induced ocular hypotension and miosis are mediated by μ3
receptors and NO release [6, 27].

The in vivo stimulation of δ-opiate receptor by DSLET,
but not the μ-agonist DAMGO, increased the tolerance of
the rat heart to oxidative stress through activation of NOS
and SOD [91].

In rat hindquarter vascular beds, vasodilator responses to
endomorphin 1 and DAMGO, μ-opioid receptor agonists,
and ACh were attenuated by treatment with L-NAME but
not by sodium meclofenamate and the ATP-sensitive K+-
channel blocker U-37883A, suggesting that endomorphin-
induced vasodilatation is mediated by the release of NO but
not by the release of vasodilator prostaglandins or the
opening of ATP-sensitive K+ channels [12]. Endomorphin-1
and endomorphin-2 also relaxed rat aortic ring preparations
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by an endothelium-dependent mechanism [48].
Endomorphin-1 and endomorphin-2 inhibited contractile
responses of rat thoracic aorta rings to phenylephrine and
angiotensin II by a naloxone-sensitive mechanism [89]. The
release of NO from endothelial cells appears to be involved.
Endomorphin analogs caused relaxations of rat aortic rings,
which were naloxone-sensitive and endothelium-dependent
[30].

Methionine enkephalin elicited pial artery dilatation in the
newborn pig that was blocked by the selective eNOS inhibitor
N-iminoethyl-L-ornithne [134], and it also stimulated cyclic
GMP release into cerebrospinal fluid [1], suggesting that
eNOS contributes to opioid-induced pial artery dilatation.
Leucine enkephalin, dynorphin, DAMGO, DPDPE, deltor-
phin, and U50,488H, which are μ-, δ1-, δ2-, and κ-agonists,
respectively, also elicited increases in pial artery diameter
and cyclic GMP release that were attenuated by L-NA [23].

Nociceptin/orphan FQ, one of the stress-related neuro-
peptides, regulates neuroendocrine function of the limbic–
hypothalamic–pituitary–adrenal axis [22]. Rats exposed to
acute social defeat showed elevated nociceptin/orphan FQ and
NOP receptor mRNA expression in their limbic regions [43].
Nociceptin induces relaxation in feline renal, mesenteric,
carotid, and femoral artery rings with intact endothelium [44].
In porcine coronary artery rings, nociceptin-induced relaxa-
tions were reduced by endothelial removal and treatment with
L-NA but were unaffected by naloxane [137]. On the other
hand, Champion et al. [11] noted that vasodilator responses to
nociceptin were not altered by L-NAME in rat hindquarters.

Taken together, endogenous opioids and opioid peptides,
such as morphine, endomorphin, methionine enkephalin,
and nociceptin, if liberated in response to acute and chronic
mental stress, appear to act beneficially on endothelial
function and minimize the effects of glucocorticoids, ET-1,
and proinflammatory cytokines. Determining the effect of
opioid antagonists, selectively acting on specific opioid
receptor subtypes, on stress-induced endothelial dysfunc-
tion may provide evidence that endogenous opioids/opioid
peptides liberated as stress hormones contribute to mini-
mizing or enhancing impaired endothelial function.

Therapeutic and prophylactic measures

Drug therapy

Inhibition of cortisol by oral metyrapone (750 mg ×2), an
inhibitor of adrenal 11-hydroxylase, prevented stress-related
endothelial dysfunction in healthy volunteers [8]. In
patients with autoimmune disorders, glucocorticoid therapy
reduced endothelium-dependent forearm blood flow in-
crease, the response being normalized by administration of
vitamin C [50]. Overproduction of ROS by excess

glucocorticoid appears to perturb NO bioavailability;
therefore, antioxidants, such as vitamins C and E, apocynin,
BH4, and polyphenols, would efficiently protect and restore
endothelial function under exposure to mental stress.
Estrogen supplementation suppresses the enhanced cardio-
vascular responses to mental stress [77]. Major pathways
accounting for the ability of estrogens to increase eNOS
function consist of rapid signaling by estrogen receptors
through the PI3K/Akt pathway, resulting in eNOS phos-
phorylation and increased eNOS activity and genomically
regulated increases in eNOS mRNA and protein [28].
Atorvastatin reduces superoxide and improves endothelial
function in dexamethasone-treated rats [76].

Intra-arterial infusion of the selective ETA receptor
antagonist BQ-123 prevented the stress-induced impairment
of endothelium-dependent vasodilatation in healthy indi-
viduals [110]. ET-1 antagonism by bosentan is suggested to
provide a novel therapeutic strategy for improving vascular
homeostasis [90]. Blockade of vasoconstrictor actions of
ET-1 appears to revive the vascular effect of endothelial
NO. The stress neuropeptide CRH induced an increase in
ET-1 release from human endothelial cells, and the effect
was abolished by the CRH-receptor antagonist astressin,
whereas NO release was not affected by CRH [133]. CRH-
receptor antagonists may prevent CRH-induced disorders,
including impairment of endothelial function through ETA-
receptor activation by ET-1.

Aromatherapy and acupuncture

Flow-mediated brachial artery dilatation was lower in
medical staff after nightshift work (average sleeping time
of 3.3 h) than on a regular workday, which was improved
after aromatherapy (30 min by inhalation of the essential oil
of lavender) [104].

Stress-related endothelial dysfunction, evaluated as
impairment of flow-mediated brachial artery dilatation,
was not modulated by acupuncture in healthy subjects; no
endothelial dysfunction was found in highly hypnotizable
subjects, whereas non-susceptible individuals exhibited
stress-related reduction in flow-mediated vasodilatation
[51]. Hypnotizability appears to be more effective than
acupuncture. In contrast, in maternal separation rats,
acupuncture reduced anxiety-related behaviors and reduced
corticosterone and ACTH levels in plasma, suggesting that
acupuncture may be useful as a therapeutic measure in this
animal model [84]. Further study is required to determine
whether acupuncture is beneficial for minimizing stress-
induced untoward effects.

Chronic stress is estimated to increase the risk of
cardiovascular events. In patients with coronary artery
disease, endothelium-dependent vasodilatation improved
with 6 weeks of yoga training [108].
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Hypnotic modulation

Awake subjects with a high hypnotic susceptibility did not
show any stress-related endothelial dysfunction, while in
contrast flow-mediated vasodilatation was impaired by
cognitive stress in those with a low hypnotic susceptibility
[52, 53].

Lifestyle

To determine the impact of lifestyle factors, Mancaş et
al. [67] studied a group of young medical students who
showed a high incidence of smoking, unhealthy nutritional
habits, stress, and sedentary lifestyle; the odds for
endothelial function alteration were significant only in
subjects who associated stress and smoking. Chronic stress
could lead to an unhealthy lifestyle: smoking, excessive
alcohol drinking, overeating, and insomnia, all factors that
further impair endothelial function and increase cardiovas-
cular risk [117, 121]. Lifestyle modifications that included
consumption of low-fat, high antioxidant, and high fiber
diets; doing moderate aerobic exercise; and stress man-
agement for 6 months ameliorated oxidative stress and
serum lipids in patients with coronary artery disease; in
addition, endothelial cell survival was increased, while
intracellular ROS production was decreased in vitro as
determined by examining the serum of the lifestyle-modified
patients [111].

Laughter, hobbies, and joyful music

In contrast to acute and chronic mental stresses, positive
emotions, such as mirthful laughter, would beneficially
influence endothelial function. Volunteers watching a movie
or segment of popular comedies showed a 22% increase in
endothelium-dependent flow-mediated brachial artery dilata-
tion, whereas those viewing amovie known to promotemental
stress exhibited a 35% reduction of flow-mediated vasodila-
tation [74].

Mirthful laughter may serve as a useful and important
vehicle for minimizing endothelial damage and promoting
vascular health [73]. The percent change in coronary blood
flow and coronary artery diameter in response to ACh, but
not to GTN, was significantly greater in the hobby group,
who enjoyed a variety of hobbies, than in the non-hobby
group after the average follow-up period of 916 days in
patients with almost normal coronary arteries [96]. Enjoy-
ing hobbies may improve cardiovascular outcomes via its
favorable effects on coronary endothelial function. There
was a significant inverse correlation between humor
production and antisocial Type A personality traits, sug-
gesting that the propensity to laugh may contribute to
coronary vascular protection [15].

In healthy, nonsmoking volunteers, music that evoked
joy was associated with increases in flow-mediated brachial
artery dilatation, whereas reductions of flow-mediated
vasodilatation were observed after listening to music that
elicited anxiety [75]. Listening to joyful music may
contribute to the promotion of vascular endothelial health.
Worries and fear raised during two psychometric tests were
reduced by listening to especially composed relaxation
music in patients from a coronary sport group [126].

Exposure of human or rat endothelial cells to morphine
results in NO release via the μ3-opiate-receptor subtype
[112]. Endogenous opioid peptides, such as endomorphin,
activate μ-opiate receptors which in turn upregulate eNOS
to enhance NO production [12, 48]. Nociceptin, the
endogenous ligand of the opioid receptor-like 1 receptor,
also induce vasodilatation through endothelial NO [44,
137]. It is intriguing to determine whether endogenous
opioids/opioid peptides in concentrations sufficient to act in
favor of endothelial function in humans are released by
mirthful laughter, hobbies, and joyful music.

Summary and conclusion

In this review, we have discussed mental stress-related
impairments of endothelial function mediated by stress
hormones and mediators, including glucocorticoids, cat-
echolamines, endothelin-1, pro-inflammatory cytokines,
and endogenous opioids/opioid peptides, and their mecha-

Fig. 2 Mechanisms underlying deleterious and beneficial effects of
mental stress on endothelial function via adrenocorticotropic hormone
(ACTH), glucocorticoids (GC), endothelin-1 (ET-1), pro-inflammatory
cytokines (Cyto), opioids/opioid peptides (Opi), catecholamine (CA),
and blood pressure elevation (BP↑). Endothelial function was
evaluated as blood flow regulation by endothelial NO. Minus sign
deleterious action, plus sign beneficial action, plus–minus sign no
action
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nisms of action on humans and experimental animals.
Acute mental stress induces either an impairment or an
enhancement of endothelial function, a difference that may
possibly depend on the environment in which the study is
conducted, behavioral hostility in the studied individuals,
and the attitudes or personalities of examiners, examinees,
or both. However, most of the recent studies (2000 to date)
support the idea that acute mental stress negatively affects
endothelial function. This untoward action appears to be
mediated by elevated glucocorticoids and ET-1 concentra-
tions that result in inhibition of eNOS activity, down-
regulation of eNOS mRNA and protein, and increased
production of ROS via BH4 deficiency and NADPH
oxidase activation. However, catecholamines released by
acute stress do not directly affect endothelial function, but
when blood pressure is repeatedly increased or sustained at
a high level via the released catecholamines, endothelial
function is impaired. Chronic mental stress always evokes
endothelial dysfunction in humans and experimental ani-
mals. Together with glucocorticoids, catecholamines, and
ET-1, pro-inflammatory cytokines and endogenous opioids
are involved in the regulation of endothelial function,
cytokines being harmful and opioids/opioid peptides (en-
dogenous morphine, endomorphin, methionine enkepha-
lin, and nociceptin) being beneficial. Stress-related
changes in endothelial function are summarized in
Fig. 2. There is an evident imbalance in the regulation
of endothelial function that is associated with a greater
increase in stress hormones and mediators showing
negative effects under chronic mental stress. Therapeutic
and prophylactic measures to suppress the release or
action of deleterious hormones and mediators as well as
increasing the release of beneficial opioids/opioid peptides
should lessen or counteract stress-related endothelial
dysfunction. Lifestyle modifications, such as mirthful
laughter, humor orientation, positive socialization, and
cessation of smoking and excess drinking, are recommen-
ded. In our home country Japan, we have unfortunately
suffered (March 2011) an enormous earthquake followed
by a huge “tsunami” in the eastern region, and the
magnitude of this disaster could never be adequately
expressed in words. The suffering residents and their
relatives must be exposed to severe and prolonged mental
as well as physical stresses. We send our heartfelt prayers
to them to raise positive thinking and hope for a better
future for those affected by this disaster. The numbers of
domestic and foreign humanitarian volunteers are con-
tinuing to provide joyful music, comedy shows, plays to
evoke mirthful laughter, delicious healthy meals, and
medical and psychological consultations that are hopefully
beneficial for the good health of those affected by this
disaster via reversing endothelial dysfunction and improving
cerebral and cardiac circulation.
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