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Basic Fibroblast Growth Factor Increases
Intracellular Magnesium Concentration through
the Specific Signaling Pathways

Bing-Zhe Hong'*, Sun-Ah Park', Han-Na Kim', Tian-Ze Ma', Han-Gyu Kim', Hyung-Sub Kang?,

Hwan-Gyu Kim?, and Yong-Geun Kwak"*

Basic fibroblast growth factor (bFGF) plays an important
role in angiogenesis. However, the underlying mecha-
nisms are not clear. Mg® is the most abundant intracellular
divalent cation in the body and plays critical roles in many
cell functions. We investigated the effect of bFGF on the
intracellular Mg** concentration ([Mg?*]) in human umbili-
cal vein endothelial cells (HUVECs). bFGF increased
[Mg®]i in a dose-dependent manner, independent of ex-
tracellular Mg?*. This bFGF-induced [Mg?*'}; increase was
blocked by tyrosine kinase inhibitors (tyrphostin A-23 and
genistein), phosphatidylinositol 3-kinase (PI3K) inhibitors
(wortmannin and LY294002) and a phospholipase Cy
(PLCy) inhibitor (U73122). In contrast, mitogen-activated
protein kinase inhibitors (SB202190 and PD98059) did not
affect the bFGF-induced [Mg*] increase. These results
suggest that bFGF increases the [Mg?®]; from the intracellu-
lar Mg®* stores through the tyrosine kinase/PI3K/PLCy-
dependent signaling pathways.

INTRODUCTION

The family of fibroblast growth factors (FGFs) currently consists
of 22 structurally related polypeptides, including the two proto-
types, FGF-1 (acidic FGF) and -2 (basic FGF, bFGF) (Ornitz
and ltoh, 2001; Powers et al., 2000). Basic fibroblast growth
factor (bFGF) is a potent mitogen that regulates angiogenesis
during tumor angiogenesis, growth and development (Folkman
and Shing, 1992; Giavazzi et al., 2001). bFGF also has the
potential to improve collateral angiogenesis in human myocar-
dial and lower leg ischemia (Laham et al., 2000; Lazarous et al.,
2000).

However, the underlying mechanisms are not clear. The
binding of bFGF to its receptors induces dimerization and sub-
sequent phosphorylation of the receptors through the activation
of tyrosine kinase receptors (Klint and Claesson-Welsh, 1999;
Schlessinger, 2000), which leads to the activation of several

intracellular signaling molecules such as mitogen-activated
protein kinases (MAPKSs), phosphatidylinositol 3-kinase (PI3K),
and phospholipase Cy (PLCy) (Klint and Claesson-Welsh,
1999; Webber et al., 2005).

Magnesium is the most abundant intracellular divalent cation,
and plays essential roles in a wide range of fundamental cellu-
lar reactions (Wolf and Cittadini, 2003). Since magnesium func-
tions as an allosteric modulator of several enzymes or bridges
structurally distinct molecules, magnesium coordinates DNA
duplication with an adequate metabolic response. Considering
the various functions of magnesium, it is not surprising that
many pathological symptoms and diseases are attributed to
alterations of Mg?* homeostasis. A low magnesium status has
been found to be important in the pathogenesis of cardiovascu-
lar diseases such as hypertension and thrombosis (Liao et al.,
1998; Mussoni et al., 2001; Peacock et al., 1999). All these
clinical features are known to be associated with endothelial
dysfunction as a common pathogenic event (Cines et al., 1998;
Maier et al., 2004b). Additionally, Lapidos et al. (2001) reported
that Mg®* promoted the spreading and migration of endothelial
cells. However, the regulation of intracellular Mg®* concentra-
tions ((Mg®]) has not been well charactetized compared to
intracellular Ca®* concentrations. Furthermore, there is no re-
port on the effect of bFGF on [Mg*].

In the present study, we investigated the effects of bFGF on
the [Mg®*]; in human umbilical vein endothelial cells (HUVECS)
and clarified its underlying mechanisms. We found that bFGF
increased [Mg?*]; from the intracellular stores through the acti-
vation of the tyrosine kinase/PI3K/PLCy-dependent signaling
pathways in HUVECs.

MATERIALS AND METHODS

Reagents

Mag-fura-2, acetoxymethyl (AM) was purchased from Molecu-
lar Probes (USA). Medium M-199, SU1498, genistein, and
Matrigel matrix were purchased from Sigma Chemical (USA).
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Fig. 1. The effects of bFGF (10 ng/ml) on [Mgz*]i in the absence
(Ab) or presence (Aa) of extracellular Mg2+ (1 mM MgCl,) in HU-
VECs loaded with mag-fura-2 AM. (A) Representative tracings. The
arrows indicate the starting point of the perfusion with bFGF. (B)
Average values of the percentage increases of [Mg®];in each group.
The percentage increases of [Mg®], were normalized to the basal
level immediately before the perfusion with bFGF. Each column
with a vertical bar denotes the means + SEM.

bFGF, tyrphostin A-23, wortmannin, LY294002, U73122, U73343,
SB202190, and PD98059 were from Merck Biosciences (Ger-
many). Collagenase type Il was obtained from Worthington
(USA). The remaining reagents were purchased from Sigma
Chemical (USA).

Cell culture

HUVECSs were prepared from human umbilical cords by colla-
genase digestion, as described previously (Hong et al., 2006).
HUVECs were maintained in M-199 medium supplemented
with 20% (v/v) fetal bovine serum (FBS). The primary cultured
cells used in this study were between passages 2 and 4. The
ethics committee of Chonbuk National University Medical
School approved this study, the subjects were fully informed,
and we obtained a written consent from them. This study con-
formed with the principles outlined in the Declaration of Helsinki.

Fluorimetric determination of the [Mg*];

HUVECs were grown on collagen-coated glass coverslips and
incubated with 5 tM mag-fura-2/AM for 60 min at 37°C in a 5%
CO; incubator. After washing the cells with a extracellular solu-
tion, the coverslip was transferred into the measuring chamber
on the stage of an inverted fluorescence microscope (Nikon,
Japan), and the cells were continuously perfused with the ex-
tracellular solution at 37°C. The fluorescence ratios were ob-
tained by exciting the dye at wavelengths of 340 and 380 nm
and collecting at wavelength of 475 nm emission, and these
values were converted to [Mg?*} by in situ calibration (Raju et
al., 1989). The extracellular solution contained 140 mM NaCl, 5
mM KCI, 1 or 0 mM MgCl,, 11 mM glucose and 10 mM HEPES
(pH 7.35 with NaOH).

Statistical analysis

All results are presented as means + SEM. Comparisons were
made between the different treatments using the Students t-
test. Differences were considered significant at P < 0.05.

RESULTS
The effects of bFGF on [Mg?®*];in HUVECs

We first tested whether bFGF alters [Mgz+]i in the HUVECs.
Figure 1A shows the effect of bFGF on [Mg**]: in the HUVECs
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Fig. 2. The dose-dependency of the bFGF-induced [Mg®] increase
in the absence of extracellular Mg® (1 mM). (A) Representative
tracings. The arrows indicate the starting points of the perfusion
with various doses of bFGF. (B) Dose-response curve fitted with a
Hill equation. The data are expressed as means + SEM.

in the presence or absence of extracellular Mg®* (1 mM MgCly).
The mean basal level of [Mg?*];in the HUVECs was 0.51 + 0.04
mM in the presence of extracellular Mg?* (n = 48). The level of
[Mg?}; started to increase in HUVECSs at approximately 5 min
after bFGF (10 ng/ml) treatment, and reached a maximum level
approximately 25 min after bFGF treatment. The bFGF-induced
increase of [Mg®']; was 155.2 + 40.2% (n = 6) or 140.3 + 52.2%
(n = 6) of the basal [Mg®*] level in the presence or absence of
extracellular Mg?*, respectively. These results indicate that the
bFGF-induced increase of [Mg®*] was mainly due to releasing
Mg?* from the intracellular stores. Therefore, the subsequent
experiments in the study were performed with bFGF in the
absence of extracellular Mg?*. bFGF also increased [Mg®'] in a
dose-depen-dent manner with an ECs of 12.01 £ 1.03 ng/ml
and the Hill coefficient of 1.63 £ 0.21 (n = 6) (Fig. 2).

To rule out the Ca?*-induced fluorescence in our expetimen-
tal system, we examined the effect of bFGF on the [Mg?*]; level
in the presence or absence of a Ca** chelator BAPTA-AM (Fig.
3A). In the presence or absence of a Ca®* chelator BAPTA-AM,
the bFGF-induced increase of [Mg?]; was 147.3 + 32.3% (n =
6) and 142.5 + 24.1% (n = 6) of the basal [Mg?*}; level, respec-
tively. This result indicates that a fluorescence change in HU-
VECs loaded with mag-fura 2-AM by bFGF reflects the change
in [Mg?"]; only. It is well known that Mg?* movement across the
cell membrane is dependent on the concentration of Na*
(Schweigel et al., 2006; Tashiro et al., 2005; Zhang and Melvin,
1996). Therefore, we tested whether the bFGF-induced [Mg**]
increase was Na'*-dependent (Fig. 3B). bFGF increased [Mg®'];
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Fig. 3. The effects of extracellular BAPTA-AM (100 uM, (A)) and
the removal of extracellular Na* (B) on the bFGF-induced [Mg®;
increase in the absence of extracellular Mgz*. To remove the
extracellular Na‘, the extracellular Na* (NaCl 140 mM) was
replaced with choline chloride (140 mM). (a, b) Representative
tracings. The arrows indicate the starting point of the perfusion with
BFGF. (c) Average values of the percentage increases of [Mgz*]i in
each group. Each column with a vertical bar denotes the means +
SEM.

by 139.3 £ 23.6% (n = 6) and 149.9 + 29.5% (n = 6) of the
basal [Mg**] level in the presence or absence of the extracellu-
lar Na*, respectively. These results indicate that the bFGF-
induced increase of [Mg?*;was independent of the extracellular
Na*.

bFGF increases [Mg®]; through tyrosine kinase/PI3K/PLCcy-
dependent pathways

The main intracellular signaling pathways of bFGF include the
tyrosine receptor kinase, the mitogen-activated protein kinase
(MAPK), the PI3K-dependent Akt pathway, and PLCy (Klint and
Claesson-Welsh, 1999; Schlessinger, 2000; Webber et al.,
2005). To clarify the molecular mechanisms of the bFGF signal-
ing pathway involving the regulation of [Mg®*], various inhibitors
of these proteins were used. The bFGF receptor is known to be
a kind of receptor tyrosine kinases (Schlessinger, 2000) and
[Mg®}i could be regulated by tyrosine kinase-dependent
mechanism (Ishijima and Tatibana, 1994). Therefore, we first
examined whether tyrosine kinase was involved in the bFGF-
induced [Mg?]; increase (Fig. 4A). Pretreatment with tyrosine
kinase inhibitors, tyrphostin A-23 and genistein, resulted in a
marked inhibition of the bFGF-induced increase of [Mg?*];from
136.0 + 42.9% (n = 6) to 28.6 £ 6.3% (n=6) and 44.6 = 10.3%
(n = 6) compared to the basal level, respectively.

Next, PI3K inhibitors wortmannin and LY294002 also inhib-
ited the bFGF-induced increase of [Mg?']ifrom 136.2 + 44.6%
(n=6)to 28.6 + 4.6% (n=6) and 17.1 + 4.6% (n = 6) of the
basal level, respectively (Fig. 4B). It has been recently reported
that the intracellular signaling pathways of bFGF include the
activation of PLCy (Klint and Claesson-Welsh, 1999; Webber et
al., 2005). We thus examined whether PLCy was involved in
the bFGF-induced [Mg®'}; increase (Fig. 5A). A PLC inhibitor,
U73122, blocked the bFGF-induced increase of [Mg®*] from
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Fig. 4. The effects of tyrosine kinase inhibitors (A) and PI3K inhibi-
tors (B) on the bFGF (10 ng/ml)-induced increase of [Mg*}in the
Mgz*-free extracellular solution. (a, b, and c) Representative trac-
ings. The mag-fura-2-loaded cells were incubated with tyrphostin A-
23 (10 uM), genistein (30 uM), wortmannin (30 nM) or LY294002
(25 uM) for 20 min before the perfusion with bFGF. The arrows
indicate the starting points of the perfusion with bFGF. (d) Average
values of the percentage increases of [Mg2+]i in each group. Each
column with a vertical bar denotes the means + SEM. *, Signifi-
cantly different from the control (0FGF alone; P < 0.05).

144.6 + 46.9% (n = 6) to 40.0 £ 18.3% (n = 6) of the basal level.
However, an inactive analogue of U73122, U73343, did not
affect the bFGF-induced increase of [Mg®']; (128.6 + 17.1%, n =
6). MAPK inhibitors, SB202190 and PD98059, did not signifi-
cantly affect the bFGF-induced increase of [Mg?*]; (from 155.4 +
40.0% to 125.7 + 40.2% and 120.1 + 14.3% of the basal level,
respectively; Fig. 5B). Interestingly, there was neither additional
effect nor synergistic effect between PI3K and PLC inhibitors in
inhibiting the bFGF-induced increase of [Mg®'}; (Fig. 6). These
results suggest that bFGF regulates [Mg**]: through the signal-
ing pathway involving receptor tyrosine kinase, PI3K, PLCy, but
not MAPK.

DISCUSSION

The present study examined the effects of bFGF on the [Mg?*];
in HUVECs and clarified the underlying mechanism behind it.
Our results indicate that bFGF induced an increase of [Mg®'];
from the intracellular Mg®* stores through tyrosine kinase/PI3K/
PLCy signaling pathways.

The mechanism by which the [Mg?'}; levels are regulated is
still poorly understood. Mg?* movement across the cell mem-
brane is dependent on the concentration of Na*. Although it is
known that the cell membrane exhibits very low Mg?* perme-
ability (Quamme and Rabkin, 1990), a cell membrane Na*/Mg?*
exchanger has been known to induce an Na'-dependent Mg?*
efflux at a stoichiometric ratio of 2Na*:1Mg?* (Zhang and Melvin,
1996). However, in the present study, the bFGF-induced in-
crease of [Mg®*] was not affected by the removal of extracellu-
lar Na* or Mg®*. These results indicate that bFGF increased the
Mg} from the intracellular Mg®* stores, and the increase of
[Mg?*]; was independent of the extracellular Na* and Mg

Several signaling pathways including cAMP (Romani et al.,
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Fig. 5. The effects of inhibitors for PLC (A) or MAP kinase (B) on
the bFGF (10 ng/ml)-induced increase of [Mg®J in the Mg**-free
extracellular solution. (a, b, and c) Representative tracings. The
mag-fura-2-loaded cells were incubated with U73122 (Ab, 1 uM), its
inactive analogue U73343 (Ac, 1 uM), SB202190 (Bb, 10 uM) or
PD98059 (Bc, 30 uM) for 20 min before the perfusion with bFGF.
The arrows indicate the starting points of the perfusion with VEGF.
(d) Average values of the percentage increases of [Mgz‘]i in each
group. Each column with a vertical bar denotes the means + SEM.
*, Significantly different from the control (bFGF alone; P < 0.05).

1993; Watanabe et al., 1998), G-proteins (Shi et al., 1995), PKC
(Romani et al., 1992), MAP kinase (Kim et al., 2005), tyrosine-
kinase (Ishijima and Tatibana, 1994) or PI3K (Kurosawa et al.,
1993), have been reported to be involved in the regulation of
[Mg?*}. Additionally, the binding of bFGF to its receptor leads to
the activation of several intracellular signaling molecules such
as MAPKs, PI3K and PLCy (Klint and Claesson-Welsh, 1999;
Webber et al., 2005). In the present study, the bFGF-induced
increase of [Mg?'}i was blocked by the inhibitor for tyrosine
kinase, PI3K, and PLC, but not by inhibitors for MAP kinase.
These results strongly indicate that bFGF induces the release
of [Mg?'] from the intracellular Mg?* stores through the tyrosine
kinase/PI3K/PLCy signaling pathways.

The mitochondria, endo-sarco-plasmic reticulum and nucleus
are known to be the three main intracellular Mg2+ pools, with
concentrations ranging between 16 and 20 mM in each of
these compartments (Gunther, 1986; Wolf et al., 2003). Addi-
tionally, the cytoplasm also contains a sizable amount of Mg2+
(4-5 mM), mostly in a complex with ATP, phosphocreatine and
other phosphonucleotides (Romani and Scarpa, 2000; Scarpa
and Brinley, 1981). However, very little information is currently
available about how Mg?* is regulated, especially about which
intracellular Mg?* store(s) could be dynamically regulated.
bFGF might release Mg®* from the mitochondria, endoplasmic
reticulum (ER), nucleus or cytoplasm. In this study, we found
that bFGF released Mg®* from the intracellular Mg®* stores
through the tyrosine kinase/PISK/PLCy signaling pathways
independent of extracellular Mg?*. To clarify the underlying
mechanisms for the bFGF-induced effect, it isnecessary to find
out which intracellular Mg?* store(s) might be regulated by
bFGF.
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Fig. 6. The effects of PI3K inhibitors and PLC inhibitor on the bFGF
(10 ng/ml)-induced increase of [Mg*in the Mg*-free extracellular
solution. (A) Representative tracings. The mag-fura-2-loaded cells
were incubated with wortmannin (30 nM) or LY294002 (25 uM),
or/and U73122 (Ab, 1 pM) for 20 min before the perfusion with
bFGF. The arrows indicate the starting points of the perfusion with
bFGF. (B) Average values of the percentage increases of [Mg®}; in
each group. Each column with a vertical bar denotes the means +
SEM. *, Significantly different from the control (bFGF alone; P <
0.05).

The process of angiogenesis involves several discrete steps, in-
cluding proliferation, migration of endothelial cells, and morphologi-
cal differentiation of endothelial cells to form tubes (Bussolino et al.,
1997). It is interesting that magnesium is shown to stimulate
angiogenesis and enhance the motogenic response to angio-
genic factors (Lapidos et al., 2001; Maier et al., 2004a; 2004b).
Indeed, the stimulation of endothelial growth by magnesium
and the enhancement of endothelial migration are partially
mediated by the regulation of energy production and the stimu-
lation of the activity of enzymes which require magnesium
(Hackett et al., 1987; Wolf and Cittadini, 1999; 2003). A key
function magnesium is required for is the assembly of actin
polymers and myosin ATPase activity, which are two key com-
ponents responsible for cell migration (Wolf and Cittadini, 2003).
Magnesium also exerts a stimulatory effect on chemotaxis and
cell spreading in HUVECs (Lapidos et al., 2001). In the present
study, we found that bFGF increased [Mg®']. Considering all
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these factors, the bFGF-induced increase of [Mg?]

tribute to the bFGF-induced angiogenesis.

In conclusion, bFGF induced the release of Mg from intra-
cellular Mg** stores through the tyrosine kinase/PI3K/PLCy-
signaling pathways in HUVECs. This is the first report that has
clarified bFGF-induced regulation of [Mg?*].

might con-

ACKNOWLEDGMENTS

We would like to thank Prof. Mie-Jae Im (Chonbuk National
University) for her critical comments on the manuscript. This
work was supported by a grant (030105001 to YG Kwak) from
the Korea Research Foundation.

REFERENCES

Bussolino, F., Mantovani, A., and Persico, G. (1997). Molecular
mechanisms of blood vessel formation. Trends Biochem. Sci. 22,
251-256.

Cines, D.B., Pollak, E.S., Buck, C.A., Loscalzo, J., Zimmerman,
G.A., McEver, R.P., Pober, J.S., Wick, T.M., Konkle, B.A.,
Schwartz, B.S., et al. (1998). Endothelial cells in physiology and
in the pathophysiology of vascular disorders. Blood 91, 3527-
3561.

Folkman, J., and Shing, Y. (1992). Angiogenesis. J. Biol. Chem.
267,10931-10934.

Giavazzi, R., Giuliani, R., Coltrini, D., Bani, M.R., Ferri, C., Sennino,
B., Tosatti, M.P., Stoppacciaro, A., and Presta, M. (2001).
Modulation of tumor angiogenesis by conditional expression of
fibroblast growth factor-2 affects early but not established tu-
mors. Cancer Res. 61, 309-317.

Gunther, T. (1986). Functional compartmentation of intracellular
magnesium. Magnesium 5, 53-59.

Hackett, S.F., Friedman, Z., and Campochiaro, P.A. (1987). Cyclic
3',5’-adenosine monophosphate modulates vascular endothelial
cell migration in vitro. Cell Biol. Int. Rep. 11, 279-287.

Hong, B.Z., Kang, H.S., So, J.N., Kim, H.N., Park, S.A., Kim, S.J.,
Kim, K.R., and Kwak, Y.G. (2006). Vascular endothelial growth
factor increases the intracellular magnesium. Biochem. Biophys.
Res. Commun. 347, 496-501.

Ishijima, S., and Tatibana, M. (1994). Rapid mobilization of intracel-
lular Mgz* by bombesin in Swiss 3T3 cells: mobilization through
external Ca(*")- and tyrosine kinase-dependent mechanisms. J.
Biochem. 115, 730-737.

Kim, S.J., Kang, H.S., Kang, M.S,, Yu, X., Park, S.Y., Kim, |.S., Kim,
N.S., Kim, S.Z., Kwak, Y.G., and Kim, J.S. (2005). alpha(1)-
Agonists-induced Mg(**) efflux is related to MAP kinase activa-
tion in the heart. Biochem. Biophys. Res. Commun. 333, 1132-
1138.

Klint, P., and Claesson-Welsh, L. (1999). Signal transduction by
fibroblast growth factor receptors. Front Biosci. 4, D165-177.
Kurosawa, M., Ishizuka, T., and Shimizu, Y. (1993). Formation of
phosphatidylinositol-4-phosphate in human peripheral blood

eosinophils. Clin. Exp. Allergy 23, 770-776.

Laham, R.J., Chronos, N.A., Pike, M., Leimbach, M.E., Udelson,
J.E., Pearlman, J.D., Pettigrew, R.l., Whitehouse, M.J., Yoshi-
zawa, C., and Simons, M. (2000). Intracoronary basic fibroblast
growth factor (FGF-2) in patients with severe ischemic heart
disease: results of a phase | open-label dose escalation study. J.
Am. Coll. Cardiol. 36, 2132-2139.

Lapidos, K.A., Woodhouse, E.C., Kohn, E.C., and Masiero, L.
(2001). Mg(++)-induced endothelial cell migration: substratum
selectivity and receptor-involvement. Angiogenesis 4, 21-28.

Lazarous, D.F., Unger, E.F., Epstein, S.E., Stine, A., Arevalo, J.L.,
Chew, E.Y., and Quyyumi, A.A. (2000). Basic fibroblast growth
factor in patients with intermittent claudication: results of a phase
| trial. J. Am. Coll. Cardiol. 36, 1239-1244.

Liao, F., Folsom, A.R., and Brancati, F.L. (1998). Is low magnesium

concentration a risk factor for coronary heart disease? The
Atherosclerosis Risk in Communities (ARIC) Study. Am. Heart J.
136, 480-490.

Maier, J.A., Bernardini, D., Rayssiguier, Y., and Mazur, A. (2004a).
High concentrations of magnesium modulate vascular endothe-
lial cell behaviour in vitro. Biochim. Biophys. Acta 1689, 6-12.

Maier, J.A., Malpuech-Brugere, C., Zimowska, W., Rayssiguier, Y.,
and Mazur, A. (2004b). Low magnesium promotes endothelial
cell dysfunction: implications for atherosclerosis, inflammation
and thrombosis. Biochim. Biophys. Acta 1689, 13-21.

Mussoni, L., Sironi, L., Tedeschi, L., Calvio, A.M., Colli, S., and
Tremoli, E. (2001). Magnesium inhibits arterial thrombi after
vascular injury in rat: in vivo impairment of coagulation. Thromb.
Haemost. 86, 1292-1295.

Ornitz, D.M., and ltoh, N. (2001). Fibroblast growth factors. Ge-
nome Biol. 2, REVIEWS3005.

Peacock, J.M., Folsom, A.R., Arnett, D.K., Eckfeldt, J.H., and Szklo,
M. (1999). Relationship of serum and dietary magnesium to in-
cident hypertension: the atherosclerosis risk in communities
(ARIC) study. Ann. Epidemiol. 9, 159-165.

Powers, C.J., McLeskey, S.W., and Wellstein, A. (2000). Fibroblast
growth factors, their receptors and signaling. Endocr. Relat.
Cancer 7, 165-197.

Quamme, G.A., and Rabkin, S.W. (1990). Cytosolic free magne-
sium in cardiac myocytes: identification of a Mg®* influx pathway.
Biochem. Biophys. Res. Commun. 167, 1406-1412.

Raju, B., Murphy, E., Levy, L.A., Hall, R.D., and London, R.E.
(1989). A fluorescent indicator for measuring cytosolic free
magnesium. Am. J. Physiol. 256, C540-548.

Romani, A.M., and Scarpa, A. (2000). Regulation of cellular mag-
nesium. Front Biosci. 5, D720-734.

Romani, A., Marfella, C., and Scarpa, A. (1992). Regulation of M92+
uptake in isolated rat myocytes and hepatocytes by protein
kinase C. FEBS Lett. 296, 135-140.

Romani, A., Marfella, C., and Scarpa, A. (1993). Cell magnesium
transport and homeostasis: role of intracellular compartments.
Miner. Electrolyte Metab. 19, 282-289.

Scarpa, A., and Brinley, F.J. (1981). In situ measurements of free
cytosolic magnesium ions. Fed. Proc. 40, 2646-2652.

Schlessinger, J. (2000). Cell signaling by receptor tyrosine kinases.
Cell 103, 211-225.

Schweigel, M., Park, H.S., Etschmann, B., and Martens, H. (2006).
Characterization of the Na+-dependent Mg2+ transport in sheep
ruminal epithelial cells. Am. J. Physiol. Gastrointest. Liver
Physiol. 290, G56-65.

Shi, B., Heavner, J.E., Boylan, L.M., Wang, M.J., and Spallholz, J.E.
(1995). Dietary magnesium deficiency increases Gi alpha levels
in the rat heart after myocardial infarction. Cardiovasc. Res. 30,
923-929.

Tashiro, M., Tursun, P., and Konishi, M. (2005). Intracellular and
extracellular concentrations of Na+ modulate Mgz* transport in
rat ventricular myocytes. Biophys. J. 89, 3235-3247.

Watanabe, J., Nakayama, S., Matsubara, T., and Hotta, N. (1998).
Regulation of intracellular free Mgz* concentration in isolated rat
hearts via beta-adrenergic and muscarinic receptors. J. Mol. Cell
Cardiol. 30, 2307-2318.

Webber, C.A., Chen, Y.Y., Hehr, C. L., Johnston, J., and McFarlane,
S. (2005). Multiple signaling pathways regulate FGF-2-induced
retinal ganglion cell neurite extension and growth cone guidance.
Mol. Cell. Neurosci. 30, 37-47.

Wolf, F.I., and Cittadini, A. (1999). Magne sium in cell proliferation
and differentiation. Front Biosci. 4, D607-617.

Wolf, F.I., and Cittadini, A. (2003). Chemistry and biochemistry of
magnesium. Mol. Aspects Med. 24, 3-9.

Wolf, F.l., Torsello, A., Fasanella, S., and Cittadini, A. (2003). Cell
physiology of magnesium. Mol. Aspects Med. 24, 11-26.

Zhang, G.H., and Melvin, J.E. (1996). Na‘-dependent release of
Mg™" from an intracellular pool in rat sublingual mucous acini. J.
Biol. Chem. 271, 29067-29072.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [225 225]
  /PageSize [595.276 841.890]
>> setpagedevice




