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Effect of Chronic Stressand Slegp Deprivation on Both Flow-Mediated Dilation
inthe Brachial Artery andthelntracellular Magnesum Level in Humans
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Summary

Background: Chronic mental and physical stress has been
suggested to beatrigger for cardiovascular events. Inaddition,
areduction in levels of intracellular magnesium hasbeenre-
ported to cause vasoconstriction while enhancing platel et-de-
pendent thrombosis.

Hypothesis: The purpose of this study was to investigate
whether chronic stress affects endothelial function and intra-
cellular magnesium levelsin humans.

Methods. Flow-mediated dilation (endothelium-depen-
dent vasodilation) and sublingual nitroglycerin-induced dila-
tion (0.3 mg, endothelium-independent vasodilation) were
measured in the brachial artery in 30 healthy male college
students, aged 22 + 1 years, using high-resol ution ultrasound
both beforeand immediately after a4-week final term exam-
ination period. Erythrocyte magnesium concentration was
measured simultaneoudly. All studentshad chronic deep de-
privation for 4 weeks, during which sleep lasted <80% of
that on ordinary days; in addition, the students were under
gresat stressto passthe examination. Thiscondition was con-
sidered to be chronic stress.

Results: Chronic stress decreased flow-mediated dilation
and erythrocyte magnesium concentration (from 7.4 + 3.0to
3.7+ 2.3%, p<0.05; from 5.7 £ 0.4 t0 5.5 + 0.4 mg/ml, p<
0.05, respectively). Thechangein flow-mediated dil ation cor-
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related significantly with that of the erythrocyte magnesium
concentration (r = 0.43, p<0.05), but not with nitroglycerin-
induced dilation.

Conclusions: Chronic stresswas found to attenuate endo-
thelia function, which may also beassociated with areduction
intheintrace lular magnesium level in humans.
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Introduction

Prolonged mental stress and chronic fatigue are associat-
ed with sudden cardiac death and cardiovascular events.!
Mentdl stressisreported toinduce myocardiad ischemiain pa-
tients with coronary artery disease (CAD).2 Chronic fatigue
frequently causes sudden cardiac death in both apparently
healthy people and patientswith heart disease.3 Chronic deep
deprivation has been investigated as one of the models of
chronic fatigue. It detrimentally influences various neurohu-
moral conditionsaswell as exercise capacity even in healthy
subjects:# Chronic mental and physical stress have also been
suggested to beatrigger for cardiovascular events.

The dynamics of magnesium level are related to coronary
and systemic artery vasomotion and affect vascular smooth
muscletone. Asaresult, magnesium deficiency can causecor-
onary arterial spasmsand lethal arrhythmiain patientswitha
history of myocardia infarction.5 In some reports,* ¢ chronic
deep deprivation has been reported to cause magnesium defi-
ciency. Endotheial-dependent and -independent arterial vaso-
motion isalso associated with the pathophysiology of cardio-
vascular dissase.” Many atherosclerotic risk factorsaswell as
cardiac diseasesimpair endothelial-dependent vasodil ation.

Sinceboth abnormal coronary and systemicvasomotionin-
crease the number of cardiac vascular events, it is hypothe-
sized that acombination of prolonged stressand chronic deep
deprivation may induceabnormal vasomotion, whichincludes
endothelia-dependent and -independent vasodilation, dueto
magnes um deficiency. However, the effectsof chronic mental
and physical stress on vascular vasomotion and onintracellu-
lar magnesium levels have not yet been fully investigated in
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humans. The purposeof thisstudy thereforewastoinvestigate
whether chronic stress, including deep deprivation, affects
endothdial function andintracellular magnesium levelsin hu-
mans by measuring flow-mediated dilation (endothelium-de-
pendent vasodilation) and sublingual nitroglycerin-induced
dilation (endothelium-independent vasodilation) inthe brach-
id artery inyoung normal subjects.

Methods
Study Population

The study population consisted of 30 healthy male college
studentsranging in age from 20 to 24 years (average 21.7 +
1.1 years, mean + standard deviation [SD]). None of the sub-
jectssmoked and none had other coronary risk factorsinclud-
ing hypertension, digbetesméllitus, hyperlipidemia, or afam-
ily history of premature CAD. Writteninformed consent was
obtained from each subject before the start of the study. Al
subjects refrained from drinking alcohol or any beverages
containing caffeine throughout the entire study period. All
evaluationswere performed between 4:00 and 6:00 PM.

Brachial Arterial Endotheial Function Study

All studies were performed according to a previoudly re-
ported method.8 Briefly, all evaluationswere conductedina
temperature-controlled room (25°C) with the subject in asu-
pine position. The e ectrocardiogram (ECG) was monitored
continuously. Blood pressure was recorded from theleft arm
every 3minwith an automatic sphygmomanometer. The sub-
ject'sright arm (the dominant arm) was comfortably immobi-
lized intheextended positionto alow for consistent accessto
the brachid artery for imaging purposes. Thebrachial artery
diameter and flow vel ocity wereimagedusinga7.5MHzlin-
ear array transducer ultrasound system (Hewlett Packard,
SONOS 1500, Andover, Mass., USA).

Firgt, basdinetwo-dimens ond imageswereobtained; then,
pulsed-Doppler blood flow vel ocity was determined. Brachial
arterid flow velocity was obtained using aDoppler signd a
a70’ angleto the vessdl, with the range gate (1.5 mm) in the
center of theartery. After performing basdline measurements,
a small-width blood pressure cuff was inflated on the most
proximal portion of theforearmto occlusive pressure (systolic
blood pressure + 30 mmHg) for 5 minin order to induce hy-
peremia. Next, the cuff wasrapidly deflated. Immediately af-
ter deflation, pulsed-Doppler signalswere recorded for 15 s.
Two-dimensional imagesof thebrachial artery were obtained
for 60 safter cuff deflation. All imageswererecorded on super
VHSvideotapefor later analyss.

The brachial artery blood flow at rest and during reactive
hyperemiawas determined by previoudly described methods.®
Theflow volumewas cal culated by multiplying the vel ocity-
time integral of the Doppler flow signal (corrected for angle
and by heart rate) and the vessdl cross-sectiond area(wr?), us-
ing public domain software (Hewl ett Packard, SONOS 1500).

Therdativeincreasein blood flow at reactive hyperemiawas
calculated asthe maximal flow recorded inthefirst 15 safter
cuff deflation divided by theflow at basdine scan.

By playing back the recorded information on a videocas-
sette recorder, a 10-20 mm segment of the brachial artery
could beidentified for analysisusing the anatomic landmarks
in each subject. To select theimagesreproducibly at the same
point in the cardiac cycle, imagesat peak systole (maximum
dilation, closetotheend of the T waveonthe ECG) wereiden-
tified and the diameter of the brachia artery wasdigitized. A
quantitative coronary angiography analysis computer (Kon-
tron Elektronik, Cardio 500, Boston, Mass., USA) containing
adigitizing board was used for these measurements. For each
condition (basdline, reactive hyperemiaat 60 safter cuff defla-
tion), three separateimagesfrom threedifferent cardiac cycles
were digitized. The average segment diameter of thesethree
imageswas determined. All of these measurementswere per-
formed in ablinded manner. To conduct ablind measurement
of brachial artery endothelial function, thetechnician carrying
out the study was not informed of the study protocol. In addi-
tion, study subjects were instructed not to inform the techni-
cian of thestudy protocol.

The percent diameter changesfrom basdlinein responseto
hyperemiawere caculated. Theintra- and interobserver vari-
abilities (coefficient of variation) for repested measures of the
diameter at basdine and reactive hyperemiain the brachia
artery were< 2%, aspreviously reported.10

Biochemical and Intracdlular M agnesium M easurements

Twenty ml of blood for an assay of catecholamine levdl,
lipid profile, glucoselevel, and intracellular magnesium level
were obtained from an antecubital veinwithin 1 h before per-
forming the brachia artery endothelia function study and a
blood flow velocity analysis. The blood was immediately
transferred into chilled 10 ml polyethylene tubes containing
ethylenediaminetetraacetic. Thesampleswere centrifuged at
4°C and 3,000 rpm for 10 min. Norepinephrine and epineph-
rinewere then measured after absorption onto aluminaat pH
6.5 using high-pressureliquid chromatography (pg/ml). The
serum levels of total cholesterol, high-density lipoprotein
(HDL) cholesteral, triglyceride, and glucose were measured
using standard methods. The erythrocyte magnesium concen-
tration wasmeasured asintracel lular magnesiumlevel. Blood
sampleswere heparinizedin order to measuretheerythrocyte
magnesi um concentration and were centrifuged at 3000 X G
at 4’ Cfor 10 min. Theerythrocyte magnesium concentration
was determined by the atomic absorption method as previ-
oudly reported,® and the val ue obtained was corrected for the
number of erythrocytes; the magnesium concentration was
expressed per 400 X 104/mm3.

Study Protocol
Thebrachid artery endothelid function study aswell ashio-

chemicd and intracellular magnesium measurements were
performed under both norma and chronic stressconditions. A
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normal condition was defined asaday after at least oneweek
of degpingwell, and chronic stresswasdefined asaday imme-
diately after ad-week fina term examination period. In chron-
icstress, al subjects had chronic deep deprivation for 4 weeks
when deep lasted <80% of that during ordinary periods; in
addition, they were under mental duress dueto anxiety about
passing their term examinations. Thedegp conditionswereex-
amined by questionnaire and were confirmed by aninterview
performed by oneof theinvestigators.

Statigtical Analyss

All dataare presented asthemeans+ SD. Theflow-mediat-
ed dilation data in the brachial artery were examined using
Student’st-test. Correlations of the databetween theresults of
brachial artery endothdlia function study and other parame-
terswere obtained by Pearson’s product—-moment correl ation.
Statistical significancewasassumedif thenull hypothesiswas
rgected at thep=0.05level.

Resaults

Under chronic stress, heart rate and blood pressure in-
creased significantly compared with those under normal con-
ditions (Table ). The mean values of resting and hyperemic
brachial blood flow were not significantly different between
chronic stress and a normal condition, nor was the relative
brachial blood flow increase. The effects of chronic stresson
brachial vasomotion, such as flow-mediated dilation and ni-

TABLE | Summary of theresults
Chronic Normal
stress condition
Heart rate (beats/min) 60+ 72 53+10
Systolic blood pressure (mmHg) 112+102 109+8

Diastolic blood pressure (mmHg) 70+92 67+8

Mean blood pressure (mmHg) 84+82 81+6
Brachid artery diameter (mm) 417+047 410+054
Flow-mediated dilation, % 37x232 7430
Nitroglycerin-induced dilation, % 126+53 13753
Norepinephrineleve (pg/ml) 460+ 1442 312+110
Epinephrinelevel (pg/ml) 52+252  38+17
RBC-magnesiumlevel (mg/ml) 55+042 57+04
Basdlineblood flow (ml/min) 237£150 197+140
Reactive hyperemicblood flow (ml/min)  924+301 703+ 154
Rdativeincreaseof bloodflow (X rest)  44+23 41423
Total cholesterol (mg/dl) 174+ 26 168+ 23
Triglyceride (mg/ml) 136+79  126+76
HDL cholesterol (mg/ml) 58+15 56+14
Fasting blood glucose (mg/ml) 9%6+7 94+9

Mean £ standard deviation.

ap<0.05vs. normd condition.

Abbreviations: RBC-magnesium = intracellular magnesiumlevelsin
red blood cell, HDL = high-density lipoprotein.

troglycerin-induced dilation, areshownin Table| and Figures
1and 2. Chronic stressdecreased flow-mediated dilationinthe
brachial artery in 29 of 30 subjects (Fig. 1), from 7.4+ 3.0to
3.7%2.3%. Incontragt, nitroglycerin-induced dil ation wasnot
influenced by chronic stress (Fig. 2). Plasma levels of epi-
nephrine and norepinephrine also increased significantly un-
der chronic stress. Intracellular magnesium measured as ery-
throcyte magnesium concentration decreased in 21 of 30 sub-
jects, from 5.7+ 0.4t0 5.5 + 0.4 mg/ml, asshown in Table |
and Figure 3. Chronic stress had no effect on serum levels of
thelipid profile or glucoselevel (Tablel). All 30 participants
successfully passed their term examinations so that we could
not eval uate a difference between those who passed and those
whofailed.

When we examined therel ationship among flow-mediated
dilation, hemodymanics, catecholamines, and intracellular
magnesium concentration using Pearson’s product-moment
correlation, a significant correlation was obtained only be-
tween the changesin flow-mediated dilation and the changes
inintracellular magnesium concentration, asshownin Figure
4. Theabsolutevaluesin chronic stressor under normal condi-
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tions showed no significant relationship to any parametersex-
aminedinthisstudy.

Discussion

Thepresent study demonstrated that chronic stressdefined
as deep deprivation and mental stress due to studying for
term examinations impairs flow-mediated dilation in the
brachia artery (endothelium-dependent vasodilation) and de-
creasestheintracellular magnesium level. In addition, amod-
erate but significant correlation was observed between the
changes in flow-mediated dilation and magnesium levels.
Nitroglycerin-induced dilation inthe brachia artery wasnot
influenced by chronic stress, and therefore chronic stresswas
found to cause a transient endothelia dysfunction in the
brachia artery in the young healthy male subjects. Chronic
stressdefined inthisstudy significantly changed the hemody-
namicsand plasmalevelsof catecholamines; however, flow-
mediated dilationin the brachial artery showed no significant
correlation with these parameters.

Seep deprivation hasbeen reported to decreasetheintracel -
lular magnesium level inhumans,#  and mental stresshasaso
recently been reported to cause transient endothelial dysfunc-
tioninthebrachia artery in humans;1 however, therelation-
ship between intracellular magnesium levelsand endothdia
function has not yet been fully investigated. Magnesium is
considered to be a physiologic calcium antagonist and has
been reported to decrease vascul ar tone. 12 13 M agnesium defi-
ciency induces arterial condtriction and isapossible cause of
myocardial damagein an experimental model 14 15 Especidly,
areduction of magnesi um concentration hasbeen demonstrat-
ed to cause vasocondtriction while a so enhancing platel et-de-
pendent thrombosis.16 17 Decreased intracellular magnesium
levels might also counteract nitric oxide. Generdly, an in-
creased intracellular magnesium level has been shown to be
rel ated to adenosinetriphosphate (ATP) productionwhileaso
showing a protective effect on myocardial ischemial2 18 An
experimental study showed that hypomagnesemia impaired

r=0.43,
-1- p<0.05
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nitric oxide release from the vascular endothelium®® whileit
augmented oxidative stress.1® In addition, both experimenta
and human studies reveded that mental and psychosocia
stress decrease endothelial function.!t: 20 21 According to
Tanabeet al ! sreports,* 6 the decreased levels of intracel lular
magnesium inthisstudy wereidentical to those between tem-
porary and persistent eep deprivative conditions; they are
thus considered to be areflection of deep deprivation in our
study protocol.

Mental stressand deep deprivation areknown to be related
to augmented sympathetic activity. Increased blood pressure,
heart rate, and catecholamine levels suggest an increase in
sympathetic activity during stress conditions and dleep depri-
vation. However, endothelium-dependent vasodilation is not
rel ated to these parameters. In addition, theresting brachid di-
ametersand therelativeincreasein brachia blood flow both at
chronic stress and under normal conditions were not signifi-
cantly different. Thereason that the resting brachial diameter
under chronic stress conditions tended to be larger than that
under normd conditions might be simply the measurement
variability. Evenif theimaging study of thebrachia artery had
been performed with caution to detect the same portion of the
artery using theanatomiclandmarks, the variation could occur
if thestudy had been conducted on adifferent day. Fromasta-
tigtical point of view, mean brachia artery diameter under
chronic stressconditionsdid not differ from that under normal
conditions. Therelative change such asflow-mediated dilation
ismoreimportant. | naddition, although the sympathetic activ-
ity influences endothelial nitric oxide production,” the intra-
cellular magnesium levels may be more important than the
sympathetic activity for endothelium-dependent vasodilation
inour study protocol.

Sincenitric oxideisapotent vasodilator and an inhibitor of
platdet function, and aso hasan anti-atherosclerotic effect, hy-
pomagnesemiamay promote vasocondriction and thrombosis
and subsequently be related to cardiovascular events. Mental
stressisaso known to cause myocardia ischemiaand ruptur-
ing of atheroscleratic plaque, thus resulting in cardiovascular
events.1:2 11 Our findingsin thisstudy may beimportant.
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Study Limitations

In our study protocol, the definition of chronic stresswas
quditative and not quantitative and, as aresult, the status of
mental stressisconsdered to bedifferent from earlier mental
stressstudies. However, asdescribed above, thedecreasedin-
tracellular levels of magnesium are considered to be dueto
deep deprivation. In addition, studying for term examinations
isoneof thenormal typesof stressin ordinary daily life. Our
modd may be useful inclinical practice. Another limitation
of our study isthat mental stressisassociated with immuno-
logic factors,22 and we did not eval uate these changes. How-
ever, Ghiadoni et al .11 reported that mental stress impaired
transient endothelial dysfunction but had no significant effect
on inflammatory cytokin levels. As aresult, neither mental
stress- nor fatigue-induced endothelial dysfunction may thus
be closaly associated with thesefactors.

Conclusions

Chronic dress attenuates endothelial function, which is
possibly associated with areduction in intracellular magne-
siumlevels. Our findingsin thisstudy may provideanove in-
sight into therole of chronic stressin the devel opment of car-
diovascular events.
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