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Abstract

Zinc is essential for cell proliferation and differentiation, especially for the regulation of DNA synthesis and
mitosis. On the molecular level, it is a structural constituent of a great number of proteins, including enzymes
of cellular signaling pathways and transcription factors. Zinc homeostasis in eukaryotic cells is controlled on the
levels of uptake, intracellular sequestration in zinc storing vesicles (‘zincosomes’), nucleocytoplasmic distribution
and elimination. These processes involve the major zinc binding protein metallothionein as a tool for the regulation
of the cellular zinc level and the nuclear translocation of zinc in the course of the cell cycle and differentiation. In
addition, there is also increasing evidence for a direct signaling function for zinc on all levels of signal transduction.
Zinc can modulate cellular signal recognition, second messenger metabolism, protein kinase and protein phos-
phatase activities, and it may stimulate or inhibit activities of transcription factors, depending on the experimental
systems studied. Zinc has been shown to modify specifically the metabolism of cGMP, the activities of protein
kinase C and mitogen activated protein kinases, and the activity of transcription factor MTF-1 which controls the
transcription of the genes for metallothionein and the zinc transporter ZnT-1. As a conclusion of these observations
new hypotheses regarding regulatory functions of zinc ions in cellular signaling pathways are proposed.

Abbreviations: ATF-2 – Activating transcription factor-2; CAF – CREB associated factor; cAMP – Cyclic adeno-
sine monophosphate; CaMPK-2 – Calcium/calmodulin dependent protein kinase-2; cGMP – Cyclic guanosine
monophosphate; CREB– Cyclic AMP response element binding factor; DTPA – Diethylenetriaminepentaacetic
acid; EGF – Epidermal growth factor; ERK – Extracellular signal-regulated kinase; GABA – γ -Aminobutyric acid;
IGF-1 – Insulin-like growth factor-1; JNK – Jun-kinase; MAPK – Mitogen activated protein kinase; MT – Metal-
lothionein; MTF-1 – Metal response element-binding transcription factor-1; NMDA – N-Methyl-D-aspartic acid;
NO – Nitric monoxide; PDE – Cyclic nucleotide phosphodiesterase; PI3K – Phosphatidylinositol 3-kinase; PKC –
Protein kinase C; TPEN, N,N,N′,N′-Tetrakis(2-pyridylmethyl) ethylenediamine; ZnT-1 – Zinc transporter-1.

Introduction

The essentiality of zinc for growth and proliferation
was recognized by the observation that zinc deficiency
caused growth retardation in all organisms investi-
gated (Vallee & Falchuk 1993). Growth and differ-
entiation of eukaryotic cells generally are induced by
growth hormones/growth factors that trigger cascades
of intracellular signaling elements. These include hor-

mone receptors, intracellular second messengers, cas-
cades of protein kinases, protein phosphatases and
transcription factors binding to promoters of the genes
to be addressed. On all levels of cellular signal trans-
duction zinc is involved, either as a structural element
or a regulatory factor or both. Thus zinc is an essen-
tial prerequisite for the progress of many signaling
processes in eukaryotes. But there is also evidence
for a direct signaling function of zinc: It modulates
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the GABA and NMDA receptors in mammalian brain
cells (Cuajungco & Lees 1997; Canzoniero et al.
1997) and it binds to zinc sensing domains as in the
case of the metal-regulated transcription factor MTF-
1 (Andrews, this issue). Further, transcription factors
have been detected that require zinc in the medium
for binding to enhancers or their associated factors
and probably are subject to modulation by zinc (Berg
et al. 1997; Inada et al. 1997). All crucial decisions
in the life of mammalian cells are involving zinc in
its ionic or protein-bound form: be it cell growth
and proliferation, differentiation or programmed cell
death.

Intracellular distribution of zinc

A regulatory function of zinc requires a strict regula-
tion of the cellular zinc content and its distribution.
30 to 40% of the cellular zinc is localized in the nu-
cleus, 50% in the cytosol and cytosolic organelles and
the remainder is associated with membranes (Vallee
& Falchuk 1993). In the last few years, some of
the zinc transport proteins that maintain this distrib-
ution have been identified in mammalian cells. These
include plasma membrane zinc importer and zinc ex-
porter proteins as well as transporters that mediate the
sequestration of Zn2+ into intracellular vesicles. For a
detailed discussion of zinc transporters, see Gaither &
Eide (this issue).

Most of the cellular zinc is bound to or at least as-
sociated with proteins or complexed by anions, hence
the level of free intracellular zinc is very low. The
major Zn2+ binding protein in mammalian systems
is metallothionein which donates Zn2+ to enzymes
(Udom & Brady 1980, Jacob et al. 1998) and tran-
scription factors with zinc finger domains (Zeng et al.
1991, Cano-Gauci & Sarkar 1996, Maret et al. 1997)
wheras the apoprotein thionein accepts Zn2+ from
binding sites in proteins with moderate affinity for
Zn2+ (Maret et al. 1999). The latter authors have
estimated from enzyme inhibition constants that inhi-
bition of crucial enzymes by zinc may become signif-
icant with free Zn2+ above 10−8 M. Hence, the free
cellular Zn2+ concentration may be estimated to be of
this order of magnitude.

Several techniques have been used to determine the
free zinc concentration experimentally. Measurements
with radioactive 65Zn yielded a concentration of 24
pM (Simons 1991), and 19F-NMR spectroscopy with
5-F-BAPTA gave a concentration of 0.5 nM free in-

tracellular zinc (Benters et al. 1997). With fluorescent
probes traditionally employed for Ca2+ analysis, in-
tracellular free Zn2+ concentrations were estimated to
be 1 nM with FURA-2 (Atar et al. 1995) and 2 nM
with Mag-Fura-2 (Sensi et al. 1997). Whereas these
probes are not specific for Zn2+ and thus their sig-
nals are difficult to separate from those for Ca2+, the
zinc-specific fluorescent probe Zinquin allows a spe-
cific detection of intracellular zinc, but a quantitative
analysis is hampered by the lack of a ratio-technique
with the Zinquin spectrum. An estimation of cellular
Zn2+ levels from the Zinquin fluorescence results in
micromolar concentrations. These high values are at
least in part due to a complexation of protein-bound
zinc as has been shown for metallothionein (Coyle
et al. 1994). Therefore Zinquin cannot be used for
a quantification of free cytosolic zinc ions but it has
been shown to be an excellent tool to investigate the
intracellular distribution of loosely bound zinc, i.e. the
amount of the ion that can be easily exchanged and
therefore should be considered as the mediator of a
signaling function for zinc. Recently, a new fluores-
cent Zn2+ chelator, Zinpyr-1, has been developed with
an apparent dissociation constant of 2 nM (Walkup
et al. 2000). However, this new probe like Zinquin
does not allow the ratio-technique, which would allow
precise quantification of intracellular Zn2+.

In a number of cell lines it has been demonstrated
with Zinquin that there is a typical pattern of zinc-
specific fluorescence (Zalewski et al. 1993, Coyle
et al. 1994). First it consists of a fluorescent cy-
tosol, second a nearly nonfluorescent nucleus and third
of zincosomes, vesicular structures containing high
amounts of loosely bound zinc (Figure 1). Further-
more, the total cellular zinc level is tightly regulated.
For example, in C6 rat glioma cells the total cellular
zinc content is independent of the extracellular zinc
concentration up to a threshold of 100 µM (Haase
& Beyersmann 1999) mediated by an export mecha-
nism for zinc that can be inhibited by lanthanum(III)
ions in this cell line (Haase 2001). These observations
demonstrate the existence of a complex regulation of
the total zinc and its intracellular distribution, which
both are a necessary basis for a function of zinc in
signal transduction.
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Figure 1. Intracellular distribution of loosely bound zinc ions. C6
rat glioma cells were loaded with the zinc-specific fluorescent probe
Zinquin. Typical observations are a fluorescent cytosol, a nearly
nonfluorescent nucleus and vesicular structures of high fluores-
cence intensity, so-called zincosomes. Magnification of original
photograph is 400×.

Effect of zinc on major cellular signaling
mechanisms

Zinc is involved in extracellular signal recognition,
second messenger metabolism, protein phosphoryla-
tion and dephosphorylation and activity of transcrip-
tion factors. In several instances, zinc ions have been
shown to directly modulate cellular signaling. Figure 2
depicts the main interactions of zinc with receptors,
protein kinases and transcription factors, which are
described in detail below.

Calcium signaling

Zinc interferes with different aspects of calcium reg-
ulation. Electrical stimulation of heart cells evoked
Zn2+ entry through voltage-dependent Ca2+ chan-
nels, and the addition of extracellular Zn2+ to spon-
taneously depolarizing pituitary tumor cells induced
the expression of a reporter gene driven by the met-
allothionein promoter (Atar et al. 1995). In some cell
types, elevation of extracellular zinc evoked intracel-
lular Ca2+ mobilization. E.g., in primary hepatocyte
cultures, 100 µM Zn2+ caused an increase in the
intracellular free calcium concentration by stimula-
tion of hormone sensitive intracellular calcium stores
(McNulty & Taylor 1999). The authors of this re-
port postulate the existence of a hepatic heavy metal
stimulated receptor which is only expressed in hepa-
tocytes and hypothesized that zinc might function as
a local hormone that is secreted with insulin from
pancreatic β-cells and participates in the regulation

of liver metabolism. Employing the fluorescent probe
Zinquin, a release of zinc from secretory vesicles of
pancreatic islet cells was indeed shown to be induced
by insulin secretagogues (Qian et al. 2000).

For the calcium/calmodulin-dependent protein
kinase-2 (CaMPK-2), opposite effects of low and el-
evated zinc concentrations were observed. Whereas
low zinc concentrations resulted in an increase of
calmodulin-independent activity, high levels of zinc
inhibited the binding of Ca2+-calmodulin and the
activity of the kinase (Lengyel et al. 2000).

Cyclic nucleotide metabolism

The cellular contents of the second messengers cyclic
adenosine monophosphate (cAMP) and cyclic guano-
sine monophosphate (cGMP) are regulated via their
synthesis by cyclases and their degradation by cyclic
nucleotide phosphodiesterases (PDE). Both groups of
enzymes consist of large families of different sub-
types. Zinc has been shown to affect these signal
transduction pathways by modulating PDE activities.
After the first observation of an inhibition of cAMP
and cGMP hydrolysis by zinc in bovine heart (Donelly
1978), there have been several reports of both acti-
vating and inhibiting effects of zinc on different PDE
subfamilies. Cyclic nucleotide phosphodiesterases are
assumed to be zinc hydrolases, because two typical
zinc-binding sequences (HX3HX24-26E) have been
identified in the catalytic domain of PDE V (Francis
et al. 1994). Zn2+ seems to regulate PDE activities,
because the same authors found that binding of cGMP
to cGMP-specific PDE (type V) is activated by zinc
concentrations up to 1 µM whereas zinc concentra-
tions above 1 µM had inhibitory effects. Also for PDE
IV A (Percival et al. 1997) and for PDE VI (He et al.
2000), a dependence of catalytic activity on zinc and
an inhibition at higher zinc concentrations was shown,
but these results cannot be generalized for all types of
PDE. The cGMP-inhibited PDE (Omburo et al. 1995)
and the cAMP-specific PDE (Kovala et al. 1997) are
inhibited by zinc, but no activation at low zinc con-
centrations could be detected. In the latter case the
authors discussed the possibility that zinc remained
bound to the enzyme during the isolation process,
so that zinc binding would not have been necessary
for its activation. In conclusion, low concentrations
of zinc seem to be essential for PDE activity while
high concentrations have inhibitory effects, indicat-
ing a regulatory function of zinc for cyclic nucleotide
phosphodiesterases.
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Figure 2. Effects of zinc on signal transduction pathways. Extracellular zinc can increase the formation of insulin-like growth factor (IGF),
and stimulate the epidermal growth factor-receptor (EGR-R). The activation of a hepatic heavy metal ion stimulated-receptor (HHS-R) causes
the intracellular release of Ca2+ in hepatocytes. At the level of protein phosphorylation, Zn2+ taken up and/or Zn2+ released from zincosomes
can modulate the activity of cyclic nucleotide phosphodiesterase (PDE), mitogen-activated protein kinase (MAPK), protein kinase C (PKC),
protein tyrosine phosphatases (PTP), Ca2+-calmodulin activated protein kinase-2 (CaMPK-2), and P70S6 kinase (P70S6K). Activation of
protein kinases or phosphatases leads to changes in the phosphorylation state of transcription factors (TF) and gene activities. Activating and
inhibitory interactions are represented by + and −, respectively. Index V: vesicular localization.

In investigations with intact cells, these effects of
zinc on the cGMP content were confirmed. Incuba-
tion of PC12 rat pheochromocytoma cells with zinc
led to an increase of the cellular cGMP concentration,
and in the homogenate of these cells a zinc-mediated
inhibition of cGMP hydrolysis was identified as the
cause for this effect (Waetjen et al. 2001). Recently,
a new link between cGMP and zinc homeostasis was
established. We observed, that not only zinc modu-
lates cGMP signaling, but that cGMP also modulates
the uptake of zinc (Haase 2001). In C6 rat glioma
cells, zinc uptake was saturated after 1 h of incubation
with 150 µM ZnCl2. This type of saturation was not
observed in the presence of LY 83583 or methylene
blue, specific inhibitors of guanylate cyclase, and its
appearance was accelerated by nitric oxide, an activa-
tor of soluble guanylate cyclase (Haase 2001). These
observations have led us to the following hypothe-
sis (Figure 3): Elevation of cellular Zn2+ results in
a rise in cGMP, which inhibits further zinc import.
This effect is only effective under conditions of on-
going cGMP synthesis and is abolished if guanylate
cyclase is inhibited. At present we investigate whether
the impairment of zinc import is caused by direct in-

Figure 3. Mutual effects of zinc and cGMP-signaling. Increased
intracellular zinc concentrations inhibit cyclic nucleotide phos-
phodiesterase (PDE), the cGMP-degrading enzyme. The resulting
increase in cellular cGMP leads to a downregulation of zinc uptake,
but only if the guanylate cyclase (GC) is not inhibited (e.g., by
LY 83583 or methylene blue) and cGMP formation still can take
place. Nitric monoxide (NO), an activator of GC, augments the
downregulation of zinc uptake.

teraction of cGMP with an ion transporter or mediated
by a cGMP-dependent protein kinase.
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Receptor tyrosine kinases and mitogen-activated
protein kinases

Several laboratories have investigated effects of zinc
deficiency, chelation and/or zinc supplementation on
mitogenic signaling pathways evoked by growth fac-
tors. Zinc deficiency specifically caused diminished
levels of insulin-like growth factor-1 (IGF-1) both in
humans (Cossack 1991) and rats (Dorup et al. 1991).
In rat liver, zinc deficiency led to a decreased expres-
sion of growth hormone and IGF-1 genes (McNall
et al. 1995). There is some controversy whether zinc
stimulates the IGF-1 receptor activity directly. With
NIH3T3 murine fibroblasts transfected with the IGF-
1 receptor promoter, the zinc chelator DTPA did not
affect phosphorylation of the IGF-1 receptor and of in-
sulin receptor substrates (MacDonald 2000). However,
zinc increased the affinity of both IGF-1 and IGF-2
to the type 1 IGF receptor on murine myoblasts with
a half-maximal concentration of about 50 µM (Mc-
Cusker et al. 1998). In accordance with this effect,
zinc chelation by DTPA partially abolished the stim-
ulation of mitogen-activated protein kinases (MAPK)
by IGF-1 in rat fibroblasts, and this inhibition was
reversed by addition of equimolar concentrations of
zinc sulfate (Lefebvre et al. 1999). Conversely, ele-
vation of extracellular zinc stimulated protein tyrosine
phosphorylation and mitogen-activated protein kinase
activity in murine fibroblasts (Hansson 1996). In hu-
man bronchial epithelial cells, various toxic metals
and zinc induced EGF receptor phosphorylation and
MAP kinase activation (Wu et al. 1999). The stimu-
lating effect of zinc on tyrosine phosphorylation may
be caused at least partially by interference with tyro-
sine dephosphorylation, because zinc inhibited various
protein tyrosine phosphatases in human airway epithe-
lial cells (Samet et al. 1999). This interpretation is in
accordance with the observation that isolated recom-
binant protein tyrosine phosphatase was inhibited by
zinc with an IC50 of 200 nM (Maret et al. 1999).

Incubation of mouse cortical cells with toxic zinc
concentrations caused an activation of the MAP kinase
ERK, leading to increased expression of the immedi-
ate early gene egr-1 (Park & Koh 1999). Treatment
of human bronchial epithelial cells with subtoxic con-
centrations of Zn2+ activated the MAP kinases ERK,
JNK and p38, and evoked increased phosphorylation
of the transcription factors Jun and ATF-2, which are
substrates of MAP kinases (Samet et al. 1998). A syn-
ergistic effect of zinc and calcium on DNA synthesis
and mitogenic signaling was detected with NIH3T3

murine fibroblasts. When these cells were cultured
in a medium containing 1.8 mM Ca2+ and starved
from serum, supplementation with additional 1-2 mM
Ca2+ and 40 µM Zn2+ markedly stimulated DNA
synthesis and prolonged activation of MAPKs and
P70S6 kinase (Huang et al. 1999). In Swiss 3T3 cells,
phosphorylation and activation of P70S6 kinase was
observed after treatment with zinc, and experiments
with kinase inhibitors indicated activation through the
phosphatidylinositol 3-kinase (PI3K) signaling path-
way (Kim et al. 2000). Since PI3K is regulated by
zinc proteins containing Zn2+ bound to a so-called
FYVE domain (Wurmser et al. 1999), it may be spec-
ulated that this enzyme might be activated through
Zn2+ binding to these PI3K regulating proteins. How-
ever, it is very difficult to predict effects of zinc on
this system in vivo, because in the absence of Mg2+
micromolar concentrations of several transition metal
ions including Zn2+ inhibited P70S6 kinase (Ferrari
et al. 1991).

Protein kinase C structure and activity

The amino acid sequences of most isoforms of PKC
contain two identical zinc-binding motifs at the N-
terminus, the regulatory region of this enzyme (Parker
et al. 1986). By site-directed mutagenesis it was
demonstrated that at least one intact sequence is nec-
essary for the binding of phorbol esters (Ono et al.
1989). Also other isoforms of PKC (α, βII, γ ) were
shown to contain four zinc atoms (Quest et al. 1992).
EXAFS spectra of PKCβI indicated a complexation
of each of the four zinc atoms by three cysteines and
one histidine residue (Hubbard et al. 1991), and NMR
spectroscopy of PKCα demonstrated that two non-
consecutive sets of zinc-binding residues form two
separate metal-binding sites (Hommel et al. 1994). A
regulatory function of zinc for PKC is inferred from
the observation that nanomolar concentrations of zinc
can activate PKC and cause a translocation to the
plasma membrane, a central event in the activation of
PKC (Csermely et al. 1988a, b). Zinc also seems to
regulate the translocation of PKC to the cytoskeleton
(Zalewski et al. 1990). Furthermore, it was shown
that a chelatable pool of intracellular zinc increases
the binding of the PKC activator phorbol dibutyrate
(Forbes et al. 1990) and that the zinc-binding cysteines
are essential for phorbol ester binding (Ono et al.
1989).

It has been suggested that the above-mentioned
four zinc-binding sites mediate the regulatory effects
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of zinc on PKC. But on the other hand, the zinc finger-
bound zinc could not even be removed by high affinity
heavy metal ion chelators, making regulation by free
zinc at these sites unlikely (Hubbard et al. 1991). Nev-
ertheless, the chelators TPEN (Csermely et al. 1988b)
and 1,10-phenanatroline (Forbes et al. 1990) were able
to inhibit PKC activation. So the activation of PKC by
zinc is mediated by a chelatable pool of zinc that is not
identical with the metal ions bound to the zinc finger
structures.

Furthermore, zinc was found to modulate the au-
tonomous activity of PKC, i.e., the activity in the
absence of activating cofactors. The oxidation of the
zinc-binding cysteine residues led to a release of zinc
and to an increase of the autonomous PKC activity, but
to a loss of sensitivity to regulating cofactors (Knapp
& Klann 2000). This indicates a possible involvement
of the cellular redox state in PKC signaling mediated
by the zinc finger structures.

Transcription factors

From gene sequencing data it is estimated that zinc
is a structural element of more than a thousand
transcription factors containing zinc finger domains
(Berg & Shi 1996). With respect to regulatory func-
tions of zinc, it is of special interest whether Zn2+
ions actually activate transcription factors to adopt
specific promoter binding conformations. The best-
characterized zinc-activated transcription factor is the
metal response element-binding transcription factor-
1 (MTF-1), which induces the metallothionein pro-
moter in response to cellular zinc. MTF-1 contains
six finger structures of which the first binds zinc with
low affinity (Bittel et al. 1998). After complexing
zinc, MTF-1 is translocated from the cytoplasm to
the nucleus (Smirnova et al. 2000) where it binds
to metal-response elements of MT promoters and the
promoter from the zinc transporter ZnT-1 (Langmade
et al. 2000). The activation of transcription factors
by zinc is not restricted to MTF-1. In thyroid nu-
clear extracts, the human thyroglobulin enhancer is
induced by the transcription factor CREB in syner-
gism with a further factor, the CREB associated factor
(CAF). CAF binding to DNA is abolished by 0.5 mM
1,10-phenanthroline and thus seems to depend on zinc
(Berg et al. 1997). Furthermore, the binding of the
negative regulator QM to the transcription factor Jun
requires 1 µM Zn2+ and thus appears to be a zinc-
regulated process (Inada et al. 1997). Zinc may also
inhibit transcription factor activities directly. The acti-

vation of nuclear factor-κB in bovine cerebral cells is
suppressed if cellular zinc is elevated by application of
the zinc ionophore pyrithione (Kim et al. 1999). Also,
the binding of steroids to the murine glucocorticoid
receptor is reversibly inhibited by Zn2+ (Telford &
Fraker 1997).

Zinc in cell proliferation, differentiation and
apoptosis

Proven and putative regulatory functions of zinc in
cell proliferation

Biochemical mechanisms for the function of zinc in
cell proliferation were detected when zinc was shown
to be a structural element in enzymes involved in
DNA synthesis (Springgate et al. 1973; Chesters et al.
1989), transcription (Wu et al. 1992), aminoacyl-
tRNA synthesis (Hicks & Wallwork 1987) and ribo-
somal function (Hard et al. 2000). Furthermore, zinc
is present in the zinc finger structures of transcription
factors that control the activity of genes responding to
growth factors (Berg & Shi 1996). Zinc is not only
a structural element but is also involved in regulatory
mechanisms of cell proliferation. Based on observa-
tions that serum addition to mammalian cell cultures
enhanced the cellular uptake of zinc, and that zinc de-
privation by metal chelators caused decreased growth
and DNA synthesis, zinc was proposed to be a sec-
ond messenger of mitogenic signaling (Grummt et al.
1986). Taking the above aspects together, zinc was
even suggested to act as a master hormone of growth
and proliferation (Frausto da Silva & Williams 1991).
Although this hypothesis cannot be substantiated in
this general manner, there are several lines of evidence
showing the central role of this element in the control
of growth and proliferation. Zinc and calcium syn-
ergistically stimulated DNA synthesis and mitogenic
signaling in murine fibroblasts (Huang et al. 1999).
And conversely, treatment of Swiss 3T3 cells with the
zinc chelator DTPA inhibited thymidine incorporation
into DNA (Chesters et al. 1989) and impaired the tran-
scription of the thymidine kinase gene (Chesters et al.
1990). The latter effect could be ascribed to the in-
creased binding of an inhibitory transcription factor to
the promoter of the thymidine kinase gene (Chesters
et al. 1995).

Both zinc deficiency and zinc chelation caused
impaired availability of growth hormones. In experi-
ments with rats, zinc deficiency led to decreased secre-
tion of growth hormone from the pituitary gland (Roth
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& Kirchgessner 1994). As discussed above in the
section on receptor tyrosine kinases, zinc deficiency
specifically caused diminished levels of insulin-like
growth factor-1 (IGF-1) both in humans and rats, and
zinc deficiency led to a decreased expression of growth
hormone and IGF-1 genes in the liver. The effects
of zinc deficiency on the metabolism of IGF-1 are
of special relevance, because this factor mediates the
transition from G1- to S-phase of the cell cycle in
cultured cells.

Several laboratories have investigated effects of
zinc chelation and/or zinc supplementation on mito-
genic signaling pathways evoked by growth factors
(see section on signaling). Zinc stimulated protein
tyrosine phosphorylation in murine fibroblasts and
phosphorylation of the epidermal growth factor in hu-
man lung epithelial cells; it also stimulated various
MAPK activities in murine fibroblasts and human lung
epithelial cells, whereas zinc chelation interfered with
the stimulation of MAP kinases by IGF-1 in rat fi-
broblasts. Treatment of human lung epithelial cells
with Zn2+ activated the phosphorylation of the tran-
scription factors Jun and ATF-2 (Wu et al. 1999).
The enhancement of mitogen-activated kinase activi-
ties may be at least partially caused by the inhibition
of protein phosphatases by Zn2+ (Maret et al. 1999,
Samet et al. 1999).

A role for metallothionein in zinc-mediated cell
proliferation

The cellular homeostasis of zinc is at least partially
controlled by metallothionein, which has been shown
to play a role in the regulation of cell proliferation.
MT is overexpressed in proliferating tissues, e.g. in
regenerating rat liver (Tsujikawa et al. 1994), in de-
veloping rat liver (Andrews et al. 1987) and in various
tumors (Panemangalore et al. 1983; Cai et al. 1998).
In cultured human colonic cancer cells (HT-29) cellu-
lar MT levels oscillated with the cell cycle and reached
a maximum in successive G1-phases and at the G1- to
S-transitions (Nagel & Vallee 1995). Hence, the cel-
lular MT level could be an instrument of proliferation
control. Not only the total cellular level but also the
subcellular location of this protein is remarkably vari-
able in the course of the cell cycle. Whereas MT is nor-
mally found in the cytoplasm and not in the nucleus,
it accumulated transiently in the nuclear fraction of
fetal and newborn rat livers, followed by redistribution
to the cytoplasma 2–3 weeks post partum (Temple-
ton et al. 1985; Nartey et al. 1987a). A translocation

Figure 4. Model for interrelations between zinc and metalloth-
ionein. Binding of Zn2+ to the metal response element-binding
transcription factor-1 (MTF-1) causes translocation of Zn-MTF-1C
into the nucleus. There, Zn-MTF-1N binds a metal response element
(MRE) in the promoter of the metallothionein (MT) gene. This in-
teraction results in increased transcription and synthesis of thionein,
which binds intracellular available Zn2+. Index C: cytoplasmic
localization; Index N: nuclear localization.

of MT into the nucleus was also observed during the
early S-phase of growth factor-stimulated primary rat
hepatocytes (Tsujikawa et al. 1991), in regenerat-
ing rat liver (Tsujikawa et al. 1994), certain tumors
(Nartey et al. 1987b; Kuo et al. 1994; Woo & Lazo
1997) and in rat keratinocytes after irradiation with
UV-B (Hanada et al. 1998). The nuclear translocation
of MT probably is a vehicle for the achievement of
a high nuclear zinc level in the S-phase of the cell
cycle. Synchronized 3T3L1 fibroblasts show a nuclear
accumulation of MT during the transition from G1- to
S-phase of the cell cycle. When DNA synthesis was
inhibited by aphidicolin, the cells were blocked at the
G1- to S-transition, and zinc as well as MT were re-
tained in the nucleus (Apostolova & Cherian 2000).
After removal of aphidicolin, the cells reentered the
S-phase, and both zinc and MT were relocated to
the cytoplasm. The role of MT in these transitions
seems to be to provide the increased amount of nu-
clear zinc required for DNA synthesis and mitogenic
gene induction. The interrelations between zinc and
MT during the onset of the S-phase of the cell cycle
are summarized in Figure 4.

Cell differentiation

The overexpression of MT in developing tissues and
at the transition from fetal to newborn rat development
suggests a role for MT in differentiation, too. The dif-
ferentiation of myoblasts to myotubes was inhibited by

[ 151 ]



338

the lack of zinc (Petrie et al. 1991). A novel role for
zinc mediated by MT was found in the process of dif-
ferentiation of 3T3L1 preadipocytes (Schmidt & Bey-
ersmann 1999). After stimulation of differentiation by
insulin and dexamethasone, these cells enter into a
phase of rapid proliferation with a concomitant rise
in cellular zinc and MT contents. Simultaneously MT
is translocated from the cytoplasm into the nucleus.
Upon entry of the cells into the subsequent actual dif-
ferentiation, the elevated levels of zinc and MT return
to the initial amounts, and a redistribution of MT to
the cytoplasm occurs. Similar changes in subcellular
localization of zinc and MT were also observed in the
course of differentiation of two myoblast cell lines to
myotubes (Apostolova et al. 1999). Induction of dif-
ferentiation by lowering serum or addition of IGF-1
caused nuclear translocation of zinc and MT during
early differentiation, whereas in fully differentiated
myoblasts, MT was relocated to the cytoplasm and
the total cellular MT content declined. At least three
different protein kinases are involved in the nuclear
translocation of MT in this system. Inhibitors of MAP-
kinase kinase (PD98059), PI3-kinase (LY294092) and
P70S6-kinase (rapamycin) all retained MT in the cy-
toplasm after induction of differentiation (Apostolova
et al. 2000). Because MT itself is not phosphorylated
by protein kinases, it has to be assumed that phos-
phorylation of a mediator protein not yet identified is
required for nuclear translocation of MT. From these
experiments it may be concluded that a high level of
zinc is required for nuclear functions during the early
stage of differentiation of some cell systems. It is
tempting but premature to generalize that these roles
of zinc and MT are not limited to the control of differ-
entiation of preadipocytes and myoblasts, but occur in
other systems, too.

Apoptosis

Generally, zinc protects from apoptosis induced by
various agents. On the other hand, concentrations of
extracellular zinc which exceed the capacity of home-
ostatic control may also induce programmed cell death
in several mammalian cell lines. The mechanisms of
induction of apoptosis by zinc are not well understood
yet. For a discussion of the role of zinc in apoptosis,
see Truong-Tran et al. (this issue).

Perspectives

Zn2+ ions should be regarded as possible cellular sig-
naling factors. In some aspects, they exhibit features
similar to those of regulatory free Ca2+ ions. As with
Ca2+ there is a relatively strict control of the intracel-
lular concentration of labile zinc available for binding
to signaling proteins. Also similar to Ca2+, there is
a mechanism for sequestration of excess zinc in cyto-
plasmic vesicles and a control of nuclear translocation
of the metal ion. In other aspects, zinc is different from
calcium as a second messenger. Whereas the hormone-
induced increases in free Ca2+ are short-lived tran-
sients of a few seconds, the changes in labile cellular
zinc concentrations are much slower and longer lasting
than those of Ca2+. Furthermore, whereas for Ca2+
there exists the specific sensing protein calmodulin,
which transmits the message from Ca2+ to the corre-
sponding protein kinase, there exists no such general
zinc sensor, but a host of zinc-dependent enzymes and
transcription factors linked to DNA synthesis and gene
expression. Zinc binding to and release from metal-
lothionein is a tool to control the availability of zinc
and its nucleocytoplasmic localization, but MT is not
a signal transducing molecule in the strict sense as
calmodulin is for Ca2+.

There are many aspects of zinc functions that need
further elucidation. E.g., we know too little about the
physiology and biochemistry of zinc storage in vesi-
cles and zinc translocation to and from the nucleus.
Which signals regulate the total cellular zinc level and
its intracellular distribution and the changes that can
be observed during proliferation or differentiation?
The level of intranuclear loosely bound zinc seems
to be very low compared to the cytosolic level. The
maintenance of this gradient requires an active and
energy consuming but yet unidentified mechanism for
the control of nuclear zinc, but we still lack knowledge
about the nuclear functions of zinc. Possibly the nu-
clear availability of zinc is a mechanism for a control
of gene expression, and MT may serve as suppliers for
a controlled transfer of zinc to nuclear proteins.

If zinc serves as a signaling factor in the regula-
tion of cell proliferation, differentiation and death, it
is crucial to understand how specificity is achieved.
Again, a comparison with the far better established
regulatory mechanisms of calcium might bear the an-
swer. Above all, the tissue-specific equipment of cells
with receptors and signal processing intracellular pro-
teins provides specificity. Within cells, zinc-mediated
signals may be discriminated by compartmentation.
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The cellular zinc storing vesicles, the so-called zin-
cosomes, and the nucleocytoplasmic distribution of
zinc are potential tools to secure target-specificity of
zinc signals. At present, we know much less about
the mechanisms of signaling by zinc than by calcium,
and there is a need for future research in the field
of specific zinc distribution and binding to functional
targets.
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