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Abstract. Despite the importance of the adrenergic
activity and of the metabolism of magnesium in some
important cardiovascular pathologies, very little is
known about how intracellular ionized magnesium
(Mg2+i) is regulated by catecholamines. We made an
in-vitro study of the variations in the concentration
of ionized magnesium in human lymphocytes using
the fluorescent probe furaptra in response to different
catecholamines. We also made an ex-vivo study of
the changes in intracellular ionized magnesium in
lymphocytes in 20 subjects with essential arterial
hypertension, 10 treated with 120 mg/d of prop-
ranolol and 10 with placebo. Norepinephrine and
isoproterenol significantly decrease Mg2+i and this
effect is blocked by b-blockers but not by a-blockers.
The EC50 of the effect of norepinephrine is within the
range of concentrations physiologically present in
plasma. The substitution of extracellular sodium with
choline blocks the decrease in intracellular ionized
magnesium induced by norepinephrine, which leads
us to suppose that the magnesium-reducing effect of
catecholamines is a result of the activation of a Na+-
Mg2+exchanger. We were not able to demonstrate
any change in intracellular ionized magnesium after 1
and 17 days of active treatment in essential hyper-
tensives. The impossibility of demonstrating ex vivo
the mechanism of catecholamine-mediated regulation
that is evident in vitro is perhaps due to our experi-
mental conditions or to substances which in vivo in-
hibit the action of the catecholamines on magnesium,
such as insulin and/or glucose.
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Introduction

The contribution of a disregulation in the cellular
metabolism of magnesium to some cardiovascular
pathologies and, in particular, to ischemic heart dis-
ease, cardiac insufficiency and arterial hypertension is
still under debate (Gottlieb 1990; Delva et al., 1996,
2000; Barbagallo et al., 1997; Ford, 1999). Epidemi-
ological studies suggest that populations with a low
intake of magnesium in their diet develop ischemic
heart disease more frequently than others (Liao,
Folsom & Brancati, 1998). The relationship between
epidemiological and clinical data is, however, not
easily understood and, after some initial optimism
(Woods et al., 1992) the positive effects of the use of
infusions of magnesium in patients with acute myo-
cardial infarct were not confirmed (Seelig & Elin,
1995; The MAGIC Trial, 2002).

There is a large quantity of data in the literature
showing that an excess of catecholamines in circula-
tion has a fundamental role in the progression of
cardiac insufficiency (Yoshikawa et al., 1996), and in
determining the sudden death of patients with cor-
onary heart disease (Eisenberg et al., 1992) and es-
sential arterial hypertension (Folkow, 1982). The
protective effect of b-blockers in all of these pathol-
ogies is also well known. We also know that the
cellular manifestation of a lack of magnesium is
similar to the cellular damage induced by catechol-
amines (Rona, 1985; Seeling 1989).

Some researchers have described a cellular
mechanism that could explain the relationship be-
tween catecholamines and magnesium. Vormann and
Gunther (1987) and Romani and Scarpa (1990) and
Romani, Masfella and Scarpa (1993) have described a
mechanism of cellular extrusion of magnesium in rat
myocytes and hepatocytes, which is stimulated by
catecholamines and inhibited selectively by b-block-
ers. However, this mechanism does not appear toCorrespondence to: P. Delva; email: pietro.delva@univr.it
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bring about a significant decrease in the ionized in-
tracellular concentration of magnesium, probably
because of the homeostatic action of the intracellular
deposits of magnesium (Fatholahi et al., 2000).
Scarpa and coworkers have recently shown how in-
sulin antagonizes the catecholamine-mediated effect
on the levels of intracellular magnesium (Romani,
Mathews & Scarpa, 2000). Despite the interest the
definition of this mechanism has aroused, the lack of
significant variation in the intracellular concentration
of ionized magnesium, that is, the biologically active
magnesium, sheds doubt on its physiological role.

This study aims to try to extend what has pre-
viously been described in experimental animal models
to human cells and also to measure the intracellular
concentration of ionized magnesium (Mg2+i). We
have also tried to evaluate the cellular mechanisms
that may be involved. The second part of the study
aims to verify ex vivo the catecholaminergic effects
shown in vitro on the cellular metabolism of mag-
nesium by subjecting a group of hypertensive subjects
to therapy with b-blockers or placebo and measuring
the lymphocyte ionized magnesium in response to
this treatment.

Both for the in-vitro and the ex-vivo study we used
the human lymphocyte as cell model. Because of the
difficulties in measuring the adrenoceptor surface
density in human cardiovascular tissues as well as be-
cause of the close correlation observed between
adrenoceptors in the circulating cells and in the solid
tissues (Fraser et al., 1981), the lymphocytewas studied
in depth in patients with essential arterial hypertension
and in subjects with congestive heart failure.

Materials and Methods

MEASUREMENT OF FREE INTRALYMPHOCYTE

MAGNESIUM

Peripheral blood lymphocytes were isolated from healthy blood

donors and consent was obtained from the subjects after the nature

of the procedure had been explained. We used the method previ-

ously described (Delva et al., 1996) based on the fluorescent probe

furaptra. The KD of furaptra for magnesium was calculated as

follows. To ensure that the furaptra inside the cell, which was

formed by the hydrolysis of acetoxymethyl ester during our loading

and de-esterification procedure, had the sameKD as the free acid, we

performed in vivo calibration as follows: the extracellular Mg2+

was set with Mg-ethylenediaminetetraacetic acid (EDTA) buffers as

described by Tsien (1980). Magfura was released in the cytosol with

Triton-X 0.1% and excitation spectra with free Mg2+ ranging from

0 to 1000 lmol/l were performed with emissions collected at 510 nm.
KD values for binding of Mg2+ to furaptra were calculated by non-

linear regression analysis of the 335/370 ratio and of free Mg2+. KD

values obtained after permeabilization with Triton-X are given in

Table 1 and were compared with those of the free acid form ob-

tained with a procedure similar to that previously described. These

data show that the intracellularly generated furaptra has the same

KD as the chemically made furaptra and the result is consistent with

the conclusion that the acetoxymethyl ester has been fully hydrol-

ized in the cells loaded in our experimental conditions.

MEASUREMENT OF FREE INTRALYMPHOCYTE

CALCIUM (Ca2+i)

The intracellular Ca2+ (Ca2+i) of lymphocytes was measured using

Fura-2 (Grynkiewicz, Poenie & Tsien, 1985) as was previously de-

scribed (Delva et al., 1996). TheKD value for Fura-2 was obtained as

follows: the extracellular Ca2+ was set with Ca2+-ethylene-glycol-

bis(b-aminoethyl ether)-N,N,N¢,N¢-tetraacetic acid (EGTA) buffers.
Fura-2was released in the cytosol with Triton-X 0.1% and excitation

spectrawith freeCa2+ranging from0 to39.8lMwereperformedwith

emissions collected at 510 nm. KD values for the binding of Ca2+ to

Fura-2were calculatedbyanon-linear-regression analysis of the 340/

380 ratio and free Ca2+. KD values obtained after permeabilization

with Triton-X are given in Table 1 and were compared with those of

the free acid form. These data show that intracellularly generated

Fura-2 has the same KD as chemically made Fura-2.

The intra-assay and inter-assay variability (coefficient of

variation) determinations were 5.8% and 3.9% for Mg2+i and 4.6%

and 12.7% for Ca2+i.

MEASUREMENT OF INTRALYMPHOCYTE ADENOSINE

5¢-TRIPHOSPHATE (ATPi)

ATPi in human lymphocytes was measured using the procedure

described by Nieminen et al. (1990).

EX-VIVO STUDY

We enrolled 20 subjects with light or moderate arterial hyperten-

sion (12 men and 8 women). Secondary causes of arterial hyper-

tension were excluded using clinical, biohumoral, radiological and

hormonal criteria. The patients had never taken any anti-hyper-

tensive drugs before the study and were not being treated with any

other drugs before or during the study. The study was approved by

the local Ethics Committee and all the subjects gave their informed

consent. The hypertensive subjects were divided randomly in a

single-blind into two groups: on propranolol (120 mg/d; 40 mg

three times a day) or placebo. The group of patients under active

treatment was made up of 10 subjects, (6 men and 4 women, age

mean ± SD: 45 ± 14; Body Mass Index (BMI): 26 ± 1). The

group1 on placebo was made up of 10 subjects (6 men and 4 women,

age mean ± SD: 48 ± 13; BMI: 25 ± 3). The first day (T0: im-

mediately before taking the drug for the first time), 24 hours after

taking the drug (T1) and after 17 days of treatment (T17), the

patients’ blood pressure and heart rate were measured and blood

was sampled in order to measure intracellular ionized magnesium.

The subjects, at T0, T1 and T17, were placed in a supine position, a

cannula was inserted into an anterocubital vein 0.5 h before the

blood sampling. Blood pressure was determined in supine position

Table 1. Apparent KD values of furaptra and fura-2 for Mg2+ and

Ca2+

Furaptra KD for Mg2+ (mM) Fura-2 KD for Ca2+ (lM)

Chemically

made

intracellularly-

generated

chemically

made

intracellularly-

generated

2.0 2.10 149 175

Values represent the means of three independent experiments
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by taking the average of three measurements with a mercury

sphygmomanometer.

STATISTICAL ANALYSIS

Results are expressed as means ± SD if no other method is speci-

fied. For multiple comparison a one-way ANOVA with Bonfer-

roni’s correction for multiple comparisons was used and then a

t-test was performed.

Results

THE IN VITRO EFFECT OF CATECHOLAMINES ON

LYMPHOCYTE Mg2+i

In Vitro Effect of Norepinephrine and Isoproterenol on
Intralymphocyte Mg2+i

The steady-state Mg2+i in human lymphocytes was
(n = 21) 242 ± 27 lM. The incubation of lympho-
cytes for 2.5 h with 10 lM norepinephrine or 10 lM
isoproterenol substantially decreased this value
(ANOVA F = 16.04): norepinephrine-treated cells,
n = 21, 189 ± 26 lM, P = 0.001, 95% confidence
interval: 36–70 lM; isoproterenol-treated cells, n = 6,
163 ± 28 lM, P = 0.001, 95% confidence interval:
53–105 lM), as shown in Fig. 1.

In Vitro Effect of Norepinephrine on Intralymphocyte
Ca2+i

The steady-state Ca2+i in human lymphocytes was
(n = 12) 38 ± 12 nM. The incubation of lympho-

cytes for 2.5 h with 10 lM norepinephrine2 substan-
tially increased this value (n = 12) 71 ± 13 nM,
P = 0.0001, 95% confidence interval: 36–70 nM.

Effect of b- and a-Blockers on Catecholamine-induced
Lymphocyte Mg2+i Decrease

The effect of two b-blockers, one b1)selective,
atenolol (15 lM) and one non-selective, propranolol (2
lM), on the norepinephrine-induced Mg2+i decrease
was evaluated. As shown in Fig. 1, only the non-se-
lective b-blocker, propranolol, inhibits the norepi-
nephrine-inducedMg2+i decrease, while atenolol does
not show any effect (control cells, n = 21, 242 ± 27
lM, norepinephrine-treated cells, n = 21, 189 ± 26
lM, P = 0.001 vs. control cells; norepinephrine-
treated cells plus atenolol, n = 9, 209 ± 33 lM,
P = 0.01 vs. control cells, 95% confidence interval:
10–55 lM; norepinephrine-treated cells plus pro-
pranolol, n = 6, 242 ± 306 lM, n.s. vs. control cells).

Figure 1 shows the different effects of a b-
blocker, propranolol, and an a-blocker, phentolam-
ine (20 lM), on the catecholamine-induced lympho-
cyte Mg2+i decrease. Only propranolol completely
inhibits the norepinephrine-induced Mg2+i decrease,
while phentolamine has a limited inhibitory effect on
the decrease, which does not reach statistical signifi-
cance (ANOVA, F = 6.92; control cells, n = 6,
265 ± 39 lM; norepinephrine-treated cells, n = 6,
185 ± 27 lM, P = 0.001 vs. control cells, % confi-
dence interval: 41–120 lM; norepinephrine plus pro-
pranolol, n = 5, 250 ± 40 lM; norepinephrine plus

Fig. 1. Upper panel. Scatter

diagram showing the in vitro effects

of isoproterenol (10 lM) and
norepinephrine (10 lM) on
intralymphocyte ionized

magnesium (Mg2+i) and the

different effects of a non-selective

b-blocker (propranolol; 2 lM) and a
selective b1-blocker (atenolol; 15
lm) on the norepinephrine-induced

Mg2+i decrease. Lower panel. Bar

graph showing the effect of a

b-blocker (propranolol) and an

a-blocker (phentolamine; 20 lM) on
the norepinephrine-induced Mg2+i

decrease. Values are mean ± SE.
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phentolamine, n = 6, 221 ± 21 lM, P = 0.05 vs.
control cells, 95% confidence interval: 4–83 lM).

Effect of Muscarinic Receptor Stimulation
on Lymphocyte Mg2+i

Figure 2 shows the effect of a muscarinic receptor
agonist, carbachol, (100 lM), on lymphocyte Mg2+i.
Carbachol significantly increases lymphocyte Mg2+i

compared to untreated lymphocytes. In the same fig-
ure we can see that the addition to the medium of both
norepinephrine and carbachol has no effect onMg2+i.

Characterization of the Catecholamine-induced
Lymphocyte Mg2+i Decrease

The dose-effect curve of the effect of norepinephrine
on lymphocyte Mg2+i is shown in Fig. 3. The EC50 is
approximately 0.1 lM of norepinephrine.

As far as the time course of the effect of norepi-
nephrine on lymphocyte Mg2+i is concerned, no ef-
fect is evident until the 40th minute is reached and its
maximal effect occurs after approximately 60 min-
utes, as shown in Fig. 3.

We investigated the possibility that a Na+-Mg2+

exchange is involved in the norepinephrine-induced
Mg2+i decrease by substituting extracellular Na+

with choline. In this situation the Na+-Mg2+ ex-
changer cannot operate, thus allowing us to evaluate
the role of this transport system. In the same set of
experiments the effect of norepinephrine in the pres-
ence or absence of choline in the extracellular medi-
um was also evaluated. As shown in Fig. 2,
norepinephrine is capable of decreasing Mg2+i only if
sodium is present in the extracellular milieu. In cells
exposed to choline, in substitution for sodium, Mg2+i

is hugely increased compared to lymphocytes incu-
bated in medium with sodium, and no norepineph-
rine effect is then detectable on Mg2+i (ANOVA
F = 78.5; cells in sodium medium, n = 9, 218 ± 46
lM; cells in sodium medium plus norepinephrine,
n = 9, 152 ± 32 lM, P<0.05 vs. cells in sodium
medium, 95% confidence limits 4–126 lM; cells incu-
bated in choline medium, n = 9, 538 ± 89 lM, cells
in choline medium plus norepinephrine, n = 9,
515 ± 80 lM, n.s. vs. cell in choline medium, P <
0.001 vs. cells in sodium medium with or without
norepinephrine, 95% confidence limits 252–588 lM).

The Effect of Norepinephrine on Intralymphocyte ATP

In our experimental conditions, the incubation of
lymphocytes for 2.5 h with 10 lM norepinephrine did
not produce any statistically significant modifications
in ATPi (ATPi control cells: n = 6: 4.31 ± 0.73 mM;

norepinephrine-treated cells, n = 6; 4.78 ± 0.85 mM,
n.s.).

THE EFFECT OF PROPRANOLOL ON LYMPHOCYTE Mg2+i

IN HYPERTENSIVE PATIENTS

Clinical Data

Table 2 summarizes the main clinical characteristics
of the two groups of essential hypertensive patients
studied.

In hypertensive patients, treatment with pro-
pranolol (both at time T1 and time T17) was char-
acterized by a statistically significant decrease of both
blood pressure (systolic and diastolic) and heart rate

Fig. 2. Upper panel. Bar graph

showing the 4effect of carbachol (100

lM) on the norepinephrine-induced

Mg2+i decrease and of 38-Br-cAMP

on intralymphocyte Mg2+i. Lower

panel. Bar graph showing the effect

of extracellular Na+ substitution

(choline) on the norepinephrine-

induced Mg2+i decrease. Values are

mean ± SE.
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compared to pre-treatment values. These statistical
differences were not evident in the group of hyper-
tensive patients treated with placebo.

Lymphocyte Mg2+i, Ca
2+

i, in Essential
Hypertensive Patients

As shown in Fig. 4 (upper curves), neither active
treatment with propranolol nor placebo induces any
statistically significant variation in lymphocyte
Mg2+i after 24 h (T1) or after 17 d (T17) as compared
to pre-treatment values (T0) in hypertensive patients
(propranolol, T0: 241 ± 87 lmol/l, T1: 224 ± 84
lmol/l, T17: 212 ± 50 lmol/l, ANOVA test
F = 0.42, n.s.; placebo, T0: 215 ± 71 lmol/l, T1:

176 ± 34 lmol/l, T17: 211 ± 73 lmol/l, ANOVA
test F = 0.52, n.s.).

The same lack of statistical differences was found
for intralymphocyte Ca2+i (propranolol, T0:
46 ± 25 nmol/l, T1: 39 ± 10 nmol/l, T17: 38 ± 10
nmol/l, ANOVA test F = 0.3, n.s.; placebo, T0:
39 ± 8 nmol/l, T1: 38 ± 5 nmol/l, T17: 42 ± 11
nmol/l, ANOVA test F = 0.2, n.s.; see lower curve in
Fig. 4).

Discussion

In the first part of this study, in which we considered
the effect of catecholamines studied in vitro on hu-
man lymphocytes, we saw how two sympathomimetic

Fig. 3. Upper panel. Dose-response

curve of the effect of increasing

extracellular 5norepinephrine

concentration on lymphocyte

Mg2+i. Lower panel. Time course of

the effect of norepinephrine (10 lM)
on Mg2+i. Values are mean ± SE
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substances, isoproterenol and norepinephrine, sig-
nificantly reduce the concentration of intracellular
ionized magnesium.

The decrease may seem modest in absolute terms,
in that it amounts to about 60–80 lmole of magne-
sium, yet it is important as a percentage in that it
represents about 25–30% of the intracellular ionized
magnesium concentration at steady state. We con-
sider this to be interesting because it shows for the
first time the effect of catecholamines on Mg2+i in
human-derived cells. The effect we observed confirms
what Romani and Scarpa (1990, 1993) have described
in perfused rat liver and heart, and in rat hepatocytes
and myocytes. However, these authors suggest that
the catecholamines mainly affect the whole magnesi-
um content and, to a lesser degree, the ionized quota,
with a variation of about 100 lmole of magnesium,
which makes up about 25% of the ionized cell mag-
nesium in the myocyte, a percentage which was,
however, not considered quantitatively sufficient to
affect cell metabolism (Fatholahi et al., 2000). We do
not consider that the literature provides unequivocal
information on the role of small variations in the
concentration of intracytoplasmatic ionized magne-
sium on cell metabolism, and the data gathered so
far, which suggest that magnesium is not a rate-lim-
iting step in glycolysis and in oxydative phosphory-

lation, have been inferred from animal cells (Laughlin
& Thompson, 1966; Rodrı̀guez-Zavala & Moreno-
Sànchet, 1998).

In order to rule out the possibility that the vari-
ation in Mg2+i induced by the norepinephrine was in
part induced by changes in the ionized cell calcium,
we measured the concentration of this ion in the
presence of norepinephrine and found a variation in
the calcium that went in the opposite direction to that
of the magnesium. We can therefore rule out the
possibility that the variations in Mg2+i are due to the
effect of cell calcium.

The effect of norepinephrine on lymphocyte
Mg2+i is totally blocked when the cells are treated
with the non-selective b-blocker propranolol. The
lymphocytes are characterized by a b2-type receptor
population (Brodde et al., 1981) and therefore the b1-
selective b-blocker atenolol did not prevent the de-
crease in Mg2+i induced by norepinephrine. Although
our experimental model did not allow us to distin-
guish between the b1- or b2-catecholaminergic effect
on Mg2+i, we would like to point out that the effect of
the infusion of catecholamines in rats produced an
increase in plasmatic magnesium through a b2-selec-
tive mechanism (Keenan, Romani & Scarpa, 1995).

It seems that the a-adrenergic antagonist phen-
tolamine is not able to antagonize the effect of nor-

Table 2. Main clinical data of the two groups of patients studied

Propranolol Treatment Placebo Treatment

T0 T1 T17 T0 T1 T17

Systolic Blood Pressure (mm Hg) 150 ± 8 136 ± 6* 133 ± 7* 149 ± 7 151 ± 5 146 ± 6

Distolic Blood Pressure (mm Hg) 93 ± 7 86 ± 5* 85 ± 5* 94 ± 8 96 ± 6 92 ± 6

Heart rate (bpm) 72 ± 5 58 ± 11* 53 ± 4** 74 ± 8 76 ± 8 70 ± 9

T0 = pre-treatment, T1 = after 1 day treatment, T17 = after 17 day treatment

*p < 0.01 vs T0; **p < 0.001 vs T0;

Fig. 4. Variations of

intralymphocyte Mg2+i (thick lines)

and Ca2+i (thin lines) during active

(propranolol) treatment and

placebo at T0 (pre-treatment), T1

(after 1 day treatment) and T17

(after 17 days treatment). Values

are mean ± SE.
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epinephrine onMg2+i. We can therefore infer that the
effect of norepinephrine on lymphocyte Mg2+i is a
specific cell event that occurs after binding with type-b
adrenergic receptors. cAMP plays an important role
in the intracellular signaling pathway, which starts by
binding norepinephrine to the membrane-receptor.
Indeed, conditions that mimic the intracellular in-
crease in cAMP are characterized by an increase in the
efflux of Mg2+ from the cell (Huang, Smith & Zahler,
1982). We therefore tested the lymphocytes in vitro
with the permeable equivalent of cAMP, 8-Br-cAMP,
which, on entering the cell, increases the concentra-
tion of cAMP, and with carbachol, a muscarinic
agonist, which reduces the cell concentration of
cAMP. The results show that the decrease in cAMP
with 100 lM carbachol significantly increases Mg2+i

and that 3its increase with 8-Br-cAMP significantly
reduces Mg2+i (see Fig. 2, upper panel). Furthermore,
when we compare the effects of norepinephrine and of
8-Br-cAMP in the same set of experiments, the de-
crease inMg2+i produced by 8-Br-cAMP also appears
to be quantitatively similar to that produced by nor-
epinephrine (see Fig. 2, upper panel). It is therefore
likely that the second messenger involved in the chain
of events that links the b-adrenergic receptor to the
variation in Mg2+i is cAMP.

As for the mechanism by which norepinephrine
decreases Mg2+i, this could be a result of an extru-
sion of Mg2+i via the Na+-Mg2+ exchanger of the
plasmatic membrane, which is still considered to be
the most important membrane transport system of
magnesium. This transport mechanism exchanges
extracellular sodium for intracellular magnesium and
is therefore inhibited by the absence of sodium on the
outside of the membrane. We treated the lympho-
cytes with norepinephrine in the presence and ab-
sence of extracellular sodium and under the latter
conditions, the effect of the norepinephrine on Mg2+i

was no longer measurable. Moreover, this absence of
extracellular sodium was distinguished by Mg2+i

levels that were more than twice the steady-state
concentration, thus indirectly confirming the impor-
tant role of the Na+-Mg2+ exchanger in determining
the concentration of Mg2+i. This represents indirect
evidence that the activity of the Na+-Mg2+ ex-
changer may have profound effects on intracellular
Mg2+ concentration; furthermore, this transport
system is operating at a basal rate in the presence of
physiological extracellular sodium concentration and
adrenergic stimulation increases its rate to such an
extent as to decrease Mg2+i levels. Taking into ac-
count the opposite effects of norepinephrine and
carbachol on Mg2+i, we may hypothesize a homeo-
static mechanism for intracellular ionized magnesium
in which the main regulators are agonists of the
sympathetic and parasympathetic nervous system
whose action on Mg2+i is mediated by a regulation of
the rate of the membrane Na+-Mg2+ exchanger.

The role of intracellular ATP, the principal
magnesium buffer, does not seem to be decisive in the
regulation of catecholamine-mediated decrease of
Mg2+i, in that the concentration of cellular ATP
measured during our experiments was not changed by
the action of norepinephrine, which confirms the
previous results on cardiac myocytes (Silverman et
al., 1994).

To summarize then, norepinephrine appears to
influence the content of Mg2+i in the human
lymphocyte through specific binding to type-b adr-
energic membrane receptors and the Na+-Mg2+

membrane exchanger is activated probably through
an increase in cAMP, which, by increasing the efflux
of Mg2+, reduces its intracellular concentration.

The other question we have tried to answer is
that of the physiological role of the mechanism of
catecholamine-mediated regulation of Mg2+i. We
may make a first assessment on the basis of the dose-
response curve of noradrenaline on Mg2+i and of the
time course of the effect. The EC50 of the dose-re-
sponse curve is 10)7 M, which is a value within the
physiological range of concentration of norepineph-
rine in vivo in healthy subjects. From the time course
we can see that the effect of norepinephrine does not
begin immediately but takes place after about 30–40
minutes. These in vitro data are, however difficult to
demonstrate in vivo, as shown in the second part of
the study, which focuses on the effect of the admin-
istration of propranolol on Mg2+i in a group of hy-
pertensive subjects. In the literature there are, as far
as we know, no previous findings about the effect of
b-blockers on ionized cellular magnesium. On the
basis of our findings in vitro, we expected that in
patients in treatment with propranolol the blocking
of the cell-depleting effect of catecholamines on this
ion would produce an increase in Mg2+i compared to
placebo. However, we did not find this increase either
the first day or after 17 days of administration of
propranolol.

Thus, in vivo, a catecholamine-mediated regula-
tion of Mg2+i does not seem to be evident, at least in
the experimental conditions considered in the present
study. Furthermore, the present data does not give us
a reply to the question of the cause/s of the discrep-
ancy between the results obtained in vitro and ex
vivo.

The literature agrees about the up-regulation of
b-adrenergic lymphocyte receptors under treatment
with non-selective beta-blockers such as propranolol
(Aarons et al., 1980). Since during treatment with
propranolol, the number of b-adrenergic receptors
increases, the plasmatic concentration of propranolol
obtained in our study may be insufficient to inhibit
the Na+-Mg2+ membrane exchanger. Moreover, we
may speculate that the presence in vivo of other
known and unknown Mg2+i regulators may mask the
action of the catecholamines. Among the known

P. Delva et al.: Magnesium and Catecholamines 169



regulating factors, we refer in particular to the action
of insulin, which has been described as capable of
interfering with the catecholamine-mediated regula-
tion of Mg2+i (Romani et al., 2000) and to that of
glucose, which may modify the concentration of
Mg2+i (Delva, Degan & Lechi, 2001). Furthermore,
it is conceivable that acute and chronic effects of
catecholamines are different as far as effects on
Mg2+i are concerned.

In conclusion, we have shown for the first time in
cells of human derivation the ability of sympatho-
mimetic substances to modify in vitro the concen-
tration of Mg2+i through a mechanism of specific
receptor binding and, probably, the activation of a
sodium-mediated Mg2+ efflux, possibly through the
mediation of a cAMP increase. This mechanism,
which seems to be identical to that described by
Romani et al. (2000) in rats, if present in vivo may
constitute an important regulator of intracellular
magnesium concentration. Unfortunately, in our ex-
perimental conditions in vivo we were not able to
evidence it. It is nonetheless clear that the question
should be looked into further, particularly in relation
to the importance of magnesium in mechanisms un-
derlying many cardiovascular pathologies.

The present study was supported by Fondi di Ateneo per la Ricerca

Scientifica, University of Verona (Italy).
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