Journal of Cellular Biochemistry 106:750-757 (2009)

The Important Role of the Apoptotic Effects of Zinc in
the Development of Cancers

Renty B. Franklin® and Leslie C. Costello

Division of Oncology/Dental School and Greenebaum Cancer Center, University of Maryland Baltimore,
650 West Baltimore Street, Baltimore, Maryland

ABSTRACT

Zinc is a trace element that is essential for the normal function of cells. It is a cofactor for the structure and function of a wide range of cellular
proteins including enzymes, transcription factors, and structural proteins. Recent studies have shown that zinc plays a role in the development
of various cancers. Unfortunately no established common relationships of zinc with cancer development and progression have been identified.
Zinc is known to have systemic effects such as regulation of the immune system as well as direct cellular effects resulting in regulation of gene
expression, bioenergetics, metabolic pathways, signal transduction and cell invasion. Zinc is also reported to regulate cell proliferation and
growth. In this review presentation we focus on the effects of zinc that are involved in the regulation of apoptosis in malignant cells. We
selected the apoptotic effects of zinc because zinc is reported to both induce apoptosis in some cancers and to protect other cancer cells against
apoptosis induced by other factors. The effects of zinc in the regulation of apoptosis appear to be cell type specific. More importantly the
reported effects of zinc on cancer cells must be viewed from the perspective of the physiological regulation of zinc homeostasis. Thus one must
be mindful of the experimental conditions under which zinc effects are investigated relative to the physiological and pathological conditions
of cellular zinc distribution and concentrations that can exist in situ. J. Cell. Biochem. 106: 750-757, 2009. © 2009 Wiley-Liss, Inc.
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I n recent years, evidence and information have evolved 3. Alter cell migration and invasive activities.
regarding the involvement and importance of zinc in the 4. Alter cell proliferation and apoptosis.

development of several cancers. Many potential effects and actions
Obviously, there exist levels of interdependency among these

effects.

of zinc have been described in relation to different cancers.

Unfortunately, relatively few established and consistent relation-
In this presentation we will focus on the apoptotic effects of zinc.

We selected this subject for three reasons: (1) zinc effects on
apoptosis are important in the regulation of normal and malignant
cell growth/proliferation; (2) the reported apoptotic effects of zinc
are complex, inconsistent and controversial; and hopefully this
Prospects article will provide some degree of clarity to a confusing

ships have been identified concerning the role and mechanism of
zinc effects in a specific cancer. For discussion purposes, the effects
of zinc can be categorized as “‘systemic” effects or “‘malignant cell”
effects. The former are those effects, such as immune system effects,
that alter bodily function at the integrated systems level; which can
then influence the development and progression of cancer. The latter
are those direct cellular effects associated with the transformation of ~ subject; and (3) the apoptotic effects provide a potential target for
normal cells to malignant cells and with the manifestation of  the development of anti-tumor agents.

malignant capabilities of cancer cells. In regard to the direct cellular

effects of zinc, one can identify four (perhaps more) important

cellular actions that zinc can manifest in the development and

progression of malignant cells:

1. Alter gene expression via direct effects on target genes or via Before addressing the issues of zinc and apoptosis, some important
effects on transcription factors. factors must be described and appreciated. In our view, for described
2. Alter cellular metabolism that provides the bioenergetic and cellular effects of zinc to be relevant, the experimental conditions
synthetic requirements. should bear some reasonable representation of physiological and in
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situ conditions. Consequently, an understanding of the biochemistry
and physiology of zinc in biological systems is essential [Truong-
Tran et al.,, 2000a; Beyersmann and Haase, 2001; Franklin et al.,
2005; Eide, 2006]. For example, many reported studies involving the
treatment of cells with zinc-supplemented medium have employed
extremely high concentrations of zinc, which would never exist
under physiological or even pathological conditions. Most
mammalian cells in situ are exposed to the interstitial fluid, which
is a filtrate of blood plasma. The zinc concentration of normal
interstitial fluid is approximately 2-5 wM, while the free Zn™ " ion
concentration is extremely low (~200 nM in plasma/interstitial
fluid) [Magneson et al., 1987]. However, many reports of zinc effects
have been conducted with zinc concentrations ranging from 50 to
1,000 pM. In most mammalian cells, the normal intracellular
concentration of zinc is in the range of ~100-500 wM. However
~900% of this total zinc is tightly bound to proteins and is not a part
of the mobile reactive pool of zinc. The mobile reactive pool of zinc
is comprised of low molecular weight zinc ligands with relatively
low binding affinities; such as ZnAspartate, ZnHistidine, ZnCys-
teine, ZnGlutamate, ZnCitrate, and ZnMetallothionein. The cellular
free Zn*™" ion concentration is in the pM-fM range; so that it is not a
physiologically relevant pool of reactive zinc in most mammalian
cells. One must recognize that the measurement of the total cellular
zinc is not as important as the determination of the mobile reactive
pool of zinc. In addition, zinc is not uniformly distributed within the
cells; so that organelle sequestering of zinc also becomes a factor.

Zinc experimental studies generally involve manipulations of the
cellular levels of zinc. This is most often achieved by zinc treatment
of cells in the presence of an ionophore to facilitate its cellular
uptake and increase the intracellular level of zinc. Conversely, cells
are treated with a cell-permeable zinc chelator to bind/remove the
intracellular zinc, which is often followed by restoration of zinc as
previously described. The relationship of these manipulated cellular
zinc levels to the range of “normal” cellular zinc levels must be
considered in the translational interpretation of the results obtained.
For example, a commonly employed experimental procedure in the
studies of zinc protection against apoptosis is the treatment of cells
with TPEN; which rapidly depletes the cellular level of zinc, followed
by apoptosis (i.e,, TPEN-induced apoptosis). However, cautious
interpretation of zinc effects and its physiological relevance from
such studies is required. TPEN exhibits a high zinc-binding affinity
(logKf~ 16), which could virtually remove the entire mobile
reactive pool of zinc; as well as a significant fraction of immobile
macromolecular-bound zinc. Such a cellular condition would not be
achievable in normal or pathological conditions; and predictably
would result in cell death. This is seemingly averted by the use of
relatively low concentrations of TPEN (e.g., 10 wM) compared to
~200 pM total cellular zinc and ~20 pM mobile reactive zinc.
However, this expectation is not exactly valid. The cell permeant
property of TPEN insures its diffusion into and out of the cell. Also,
as ZnTPEN is formed, it diffuses out of the cells. The amount of Zn
extracted from the cell becomes dependent upon the relative
volumes and concentrations (i.e., the total TPEN vs. the total zinc of
all the cells). Also, the use of “excess” TPEN is likely to decrease the
cellular pool of available Mn and Fe, which are bound by TPEN
(log Kf ~ 10 and 15, respectively). In the opposite situation, the use

of a zinc ionophore such as pyrithione to incorporate zinc into cells
can result in supraphysiological levels of cellular zinc.

While these experimental “tools” are useful and even often
necessary, they require special attention in the design and control of
zinc levels, and in the interpretation of experimental studies. This is
especially relevant to the issue of zinc and apoptosis; more so since
cellular zinc can have concentration-dependent biphasic (induction
and inhibition) effects on apoptosis. This brief discussion does not
define other important considerations, but is intended to exemplify
the importance of and necessity to understand the biochemistry and
physiology of zinc in biological systems.

That zinc plays an important role in the determination and
regulation of apoptosis in mammalian cells is well established
[Chung et al., 2000; Chimienti et al., 2001; Bae et al., 2006; Chang
et al., 2006]. Presently, the mechanisms, factors, and pathways
associated with this role of zinc are diverse, complex, cell-specific
and poorly understood. A composite of many of the reported cellular
effects of zinc relating to its apoptotic pathways can be summarized
as represented in Figure 1. Zinc can have direct effects on apoptosis
through its direct action on the nucleus or its direct action on
mitochondrial apoptogenesis as represented in A and B in Figure 1.
Zinc can also regulate or modulate cellular apoptotic signaling
factors/pathways (mechanism C in Fig. 1) that then act directly on
the nucleus (C1) or on mitochondrial apoptogenesis (C2 and D). Also,
zinc can have a direct effect on mitochondria (B) which induces
altered mitochondrial function, which produces conditions (E1)
that activate the apoptotic signaling pathway (E2). While these are
representative potential pathways, other complex pathways can

Fig. 1. Representation of some zinc-induced apoptotic pathways. A: Direct
effects on nucleus. B: Direct effects on mitochondria. (C) Direct effect on
apoptotic signaling pathways f1, f2, f3. C1/C2: Apoptotic signaling pathway
effects on nucleus or mitochondria. D: Effects of mitochondrial factors
on nucleus. E1/E2: Effects of mitochondrial factors mediated through the
apoptotic signaling pathway.
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exist. The pathway and the zinc effect (stimulation or inhibition) on
apoptosis that is manifested are cell-specific.

A critical issue that must be addressed relates to the opposite
actions of zinc that appear to be cell-type dependent. Zinc has been
reported to induce apoptosis in many mammalian cell types,
including prostate epithelial cells, neurones and glial cells, ovarian
epithelial cells, esophageal epithelial cells, choriocarcinoma cells,
hepatoma cells, and others. In contrast, in other cells (e.g., breast
cells, lung epithelial cells, renal cells, macrophages, lymphocytes,
thymocytes, pancreatic acinar cells, Hela cells, and others) zinc
exhibits anti-apoptotic effects. Why and how these opposite actions
are manifested remain critically important unanswered questions.
Some reports have shown the absence of effects of zinc at near-
physiological levels, but observe specific effects at unphysiological
zinc levels. Moreover, in some cells exposure to low zinc levels
induces apoptosis; whereas exposure to high zinc levels inhibits
apoptosis [Provinciali et al., 1995]. A difficulty in assessing such
results is the absence of relevant information regarding the cellular
level of zinc. The mechanisms and capabilities of cellular uptake and
accumulation of zinc vary in different cell types. Often one cannot
establish whether the observation results from a direct physiological
effect of zinc on the apoptotic process or is an artifact effect due to
manifestations of zinc on other conditions that will then influence
the apoptotic process. One must assess the conditions employed
when considering the possible translational relationship to the likely
in situ conditions of the normal and malignant cells as we earlier
described. With such issues in mind, we will proceed to describe the
relationship of zinc as an inducer or inhibitor of apoptosis in some
representative cancers.

To understand the role of zinc in the development and progression of
cancer, we pose a common relationship that applies to virtually
all cancers (Fig. 2). The initiation of malignancy requires the
genetic transformation of a normal cell to a neoplastic cell that is
endowed with malignant capability. To manifest its potential malig-
nant activities, the neoplastic cell undergoes additional “genetic/
metabolic” transformations that provide the cellular bioenergetic/

synthetic, proliferation/growth and migration/invasive require-
ments of malignancy. These transformations define a “premalig-
nant” stage. The establishment of the “metabolic” conditions then
permits the development and progression of malignancy. In the
absence of the “metabolic transformation,” the neoplastic cell will
remain in an arrested condition or will be aborted. This process of
malignancy can be applied to the zinc-apoptosis relationship.

Alterations in the cellular zinc status are associated with the
malignant transformation and the malignant activities. Altered
cellular zinc status can involve changes in the concentration of zinc,
changes in the form of zinc, and changes in the sequestration of zinc.
For this presentation, we will focus on the most identified zinc
relationship in the malignant process; which is the change in
the concentration of cellular zinc. In this discussion we will presume
that such a change will be reflective of a change in the mobile
reactive pool of zinc.

The accumulation of zinc in cells is dependent upon zinc
transporters [for recent reviews see Eide, 2006; Taylor et al., 2007].
The cellular level of zinc is firstly dependent upon zinc derived from
extracellular sources, predominantly from interstitial fluid for most
mammalian cells. To derive this zinc, a cell must possess a plasma
membrane zinc uptake transporter; that is, predominantly a ZIP-
family transporter. Once within the cytosol, redistribution of zinc
occurs by transporters (predominantly ZnT-family transporters) that
sequester the zinc among organelles or export the zinc from the cell.
Therefore zinc transporter expression and availability (especially
ZIP transporters) constitute a critical factor associated with the
genetic/metabolic transformation that is essential to the malignant
process in most, if not all, cancers as represented in Figure 3.
Presently, the best established examples of this are presented below
in the description of prostate cancer and in pancreatic cancer, which
show opposite relationships.

In prostate the normal epithelial cells are zinc accumulating cells
and contain high levels of cellular zinc. In contrast, the malignant
cells have lost the ability to accumulate zinc and contain low
levels of zinc. The mechanism responsible for this “metabolic”
transformation is the down regulation of hZIP1, which is a major

THE PROCESS OF TUMOR CELL DEVELOPMENT AND MALIGNANCY
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752

APOPTOTIC EFFECTS OF ZINC IN CANCER

JOURNAL OF CELLULAR BIOCHEMISTRY



A

CITRATE &/
ZNHHY

P

NORMAL CELL

NEOPLASTIC CELL

—_— —_—
GENETIC TRANSFORMATION  ZIP SILENCING

PROSTATE GLAND PERIPHERAL ZONE

PREMALIGNANT CELL
— =

ACCOA+DAA

l ATF

CITRATE

T N l
-

ISOCT

ZN

MALIGNANT CELL

METABOLIC TRANSFORMATION MALIGNANT CAPABILITY

Fig. 3. The role of Zip1 and zinc in the genetic/metabolic transformation of normal prostate cells to malignant cells.

transporter responsible for zinc uptake and accumulation in prostate
cells [Costello and Franklin, 2006] and [Franklin and Costello, 2007].
In this way the malignant cells avoid the tumor suppressor effects of
zinc, which include the apoptogenic effect. For these reasons we
refer to ZIP1 as a tumor suppressor gene and zinc as a tumor
suppressor agent in prostate cancer.

Because most early studies described zinc as growth-promoting
and an anti-apoptotic agent in mammalian cells, we were somewhat
surprised to observed that the exposure of prostate cells to zinc
inhibited cell growth [Franklin et al., 1995]; and that this effect was
due, in part, to its induction of apoptosis [Liang et al., 1999]. Further
studies revealed for the first time that the apoptotic effect is due to
zinc-induced mitochondrial apoptogenesis [Feng et al., 2000]. Most
significantly, this action is due to a direct effect of cytoplasmic zinc
on the mitochondria, which results in the release of cytochrome c,
followed by activation of caspase-3 and the cascade that leads to
downstream cellular apoptotic events [Feng et al., 2002]. This zinc
effect results from its ability to increase resident Bax-mitochondrial
interaction that is associated with Bax-induced pore formation
[Feng et al., 2008]. This is a rapid apoptogenic effect that occurs
within minutes following an increase in the cytosolic availability of
zinc. Because the mitochondria of prostate cells such as PC-3 cells
contain endogenous levels of resident Bax, the zinc-Bax associated
pore formation does not require any additional cytosolic factors or
interaction to induce the release of cytochrome c. Upstream or
additional mitochondrial events such as ROS production, energy
uncoupling activity, altered membrane potential, are not required
for this zinc effect. Figure 4 provides a representation of this zinc-
induced apoptogenic effect. This apoptogenic mechanism is an
example of the direct zinc effect shown as pathway B and D in
Figure 1.

In concert with this action, zinc also increases the cellular level of
Bax [Feng et al., 2008]. No such increase occurs in either cellular or
mitochondrial Bel-2; so that the Bax/Bcl-2 ratio is increased, which
is a pro-apoptotic condition. The increased production of Bax
increases the level of Bax that is available for zinc-induced
mitochondrial pore formation (Fig. 4). The increase in cellular Bax is
attenuated by cycloheximide and is likely due to zinc induction of
events that cause increased expression of the Bax gene [Feng et al.,
2008]. Since the promoter region of the Bax gene is devoid of
consensus sequences for a metal-response element (MRE), a direct
Bax gene interaction of zinc via the metal response element binding

transcription factor-1 (MTF-1) is not likely. Other zinc-activated
transcription factor response elements are present in the Bax
promoter (e.g., Egr-1 and HIF 1a) through which zinc might increase
expression of the Bax gene. This effect of zinc is an example of
apoptotic pathway C, C2, and D in Figure 1. It is important to note
that p53 is not involved in this pathway since it exists in p53
deficient PC-3 cells.

This direct zinc-induced mitochondrial apoptogenic effect is
not observed in all cells. There are apparently specific cellular
requirements for this action to be manifested in response to
exposure of cells to zinc. First, there must be cellular uptake and
cytosolic accumulation of zinc. The cytosolic zinc must contain a
significant concentration of mobile reactive zinc that is required to
manifest the mitochondrial Bax associated interaction. If one does
not observe an effect of cell exposure to zinc, one must ascertain if
the uptake and accumulation of cellular zinc is reflected by an

T
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Fig. 4. Zinc induction of apoptogenesis in prostate cells. (1) Cytosolic zinc
directly interacts with mitochondrial resident Bax to facilitate pore formation
and release of cytochrome c for caspase activation leading to apoptosis.
(2) Cytosolic zinc facilitates the insertion of cytosolic Bax into the mitochon-
drial membrane. Cytosolic zinc activates Bax gene-associated transcription
factor, which increases expression and cellular level of Bax.
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increase in the level of mobile reactive zinc. Another factor is the cell
type. While additional information is necessary, it appears that
the mitochondria from different cells do not exhibit the same
responsiveness or capability to this direct effect of zinc. This is a
potentially critical factor in the differing responses and effects of
various cells to zinc. It is noteworthy that Jiang et al. [2001] also
observed direct effects of zinc on mitochondria, which induced
release of cytochrome c leading to apoptosis.

Another important issue is associated with this apoptogenic effect
of zinc in prostate cells. Since the normal prostate epithelial cells
evolved and exist as highly specialized zinc-accumulating cells,
they must possess adapted mechanisms that prevent the potential
adverse effects of high zinc levels. Also, there is very little cell
turnover in the normal mature prostate gland. Consequently, zinc
induction of apoptosis is suppressed in the normal cells in situ, most
likely due to the presence of anti-apoptotic activities. For example,
HIF-1a expression reportedly prevents the apoptotic effect of zinc in
normal prostate glands [Park et al., 2007]. Our identification of the
role of Bax would suggest that the normal prostate glandular
epithelial cells likely incorporate up-regulation of anti-apoptotic
proteins such as Bcl-2 that prevent the mitochondrial apoptogenic
effects of zinc. This is an important issue and relationship that needs
to be elucidated. An understanding of the absence of zinc induced
apoptosis in normal prostate epithelium could provide insight
for new approaches for the treatment and possible prevention of
prostate cancer.

Several reports have established that zinc levels are markedly
increased in breast cancer tissue as compared with non-cancerous
tissue [Santoliquido et al., 1976; Margalioth et al., 1983; Rizk and
Sky-Peck, 1984]. Consistent with this association, Kagara et al.
[2007] reported that increased ZIP10 expression correlated with
increasing aggressiveness and metastatic activity of the malignant
cells. They further show that ZIP10 expression was required for
optimal migration activity of malignant breast cells, and that zinc
was essential for this capability. In contrast, ZIP6 (LIV1) expression
was not associated with these effects. Unfortunately, no information
was provided or was determined for the expression of ZIP10 in
malignant breast tissue vs. non-malignant tissue.

Other studies have implicated the up-regulation of estrogen-
stimulated ZIP6 (LIV1) expression in the progression of malignancy
and metastasis [Manning et al., 1994, 1995; Taylor et al., 2007].
In addition, Kasper et al. [2005] observed significant increased
expression of ZIP6 in tumor tissue versus normal tissue in sections
from the same subjects. However, the level of ZIP6 transporter
protein did not correlate with the ZIP6 mRNA change, and did not
show a significant increase in breast tumor tissue. Thus, some
confusion exists concerning the significance of altered ZIP6
expression in breast cancer if it is not manifested by a corresponding
change in the level of functional ZIP6 transporter. Taylor et al.
[2003] had shown that the ZIP6 transporter was plasma membrane
associated in CHO (Chinese-hamster ovary) cells and functioned as a
zinc-uptake transporter. However, Kasper et al. [2005] identified the

localization of ZIP6 to the endoplasmic reticulum of breast cancer
cell lines ZR-75-1 and MCF-7, rather than to the plasma membrane
as reported for CHO cells. They propose that this variance could be
due to the natural localization of endogenous ZIP6 in the breast
cells. They further suggest that ZIP6 functions to sequester cellular
zinc which would re-distribute zinc for its effects. However, this
would not account for the increase in total zinc associated with
breast cancer tissue.

Once the cellular level of zinc is increased, the issue becomes
the mechanism by which the malignant cells are protected from
zinc associated apoptosis. One possible mechanism is provided by
Ostrakhovitch and Cherian [2005] who found that zinc-induced
apoptosis in MCF-7 breast cancer cells required the presence of a
functional p53 expression. In these cells, zinc treatment initiated
p53/ROS-mediated apoptotic events, which included translocation
of p53 to mitochondria, dissipation of mitochondrial membrane
potential, and direct mitochondrial translocation of Bax. Such
events are involved in the induction of mitochondrial apoptogenesis
that would be mediated via cytochrome c release and induction of
the apoptotic caspase cascade. P53 negative cells did not elicit these
effects of zinc.

These results indicate that zinc can act as an apoptogenic agent
in breast epithelial cells via the pathway represented as C and C2 in
Figure 1. It then follows that malignant breast cells avoid this
apoptogenic effect of zinc by the elimination of functional p53 or by
the elimination of downstream factors that are required to mediate
the p53-induced apoptosis. However, a conundrum exists as to why
the malignant cells would exhibit an increase in zinc and the
associated transporter changes in the first place. Although an
increase in zinc in breast cancer is clearly established, the
mechanism responsible for the change in zinc and the role of zinc
in the malignant process are poorly understood and require much
more investigation.

Presently pancreatic cancer is one of the deadliest cancers, being
virtually incurable and untreatable once the cancer has been
identified. A better understanding of the important factors that
contribute to the development and progression of pancreatic cancer
is essential. A recent excellent study by Li et al. [2007] has provided
compelling evidence for an important role of zinc and the zinc
uptake transporter ZIP4 in the development of pancreatic cancer.
Analysis of human tissue sections revealed that malignant glands
exhibited a marked increase in ZIP4 expression compared to
surrounding normal tissue. The increased expression was accom-
panied by an increase in ZIP4 transporter protein. They additionally
found that increased ZIP4 expression existed in pancreatic cancer
cell lines; and that ZIP4 functions as a zinc uptake transporter. In in
vitro studies, ZIP4 expression was associated with increased cellular
accumulation of zinc and increased cell proliferation. Correspond-
ingly, xenograft studies showed that ZIP4 expression significantly
increased tumor cell zinc levels and tumor growth. This
comprehensive study demonstrates a highly significant role of zinc
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in the development and progression of pancreatic cancer. Pursuant
studies are now necessary to determine the mechanism and factors
involved in the altered ZIP4 gene expression, and the mechanism for
the proliferative action of zinc.

In a study involving the effect of zinc in pancreatic cancer cell
lines, Donadelli et al. [2008a] found that exposure of cells to TPEN to
deplete cellular zinc induced apoptosis, which is reversed by the
administration of zinc. Furthermore, they provide evidence that the
anti-apoptotic effects of zinc involve mitochondrial changes
including inhibition of caspase-3 activation and caspase-8 activity
and also decreasing the ratio of apoptotic/antiapoptotic mitochon-
drial-related Bcl-family proteins. These growth promoting anti-
apoptotic effects of zinc in pancreatic cancer cells are consistent
with the study of Li et al.

However, in another study with a seemingly opposite action of
zinc, Donadelli et al. [2008b] report that zinc treatment of pancreatic
cancer cells strongly inhibits cell growth due to a significant
increase in zinc-induced apoptosis. They provide evidence that
cellular zinc accumulation increased ROS production, which
initiated the apoptotic effect. Neither caspase-3/caspase-8 activa-
tion nor mitochondrial proapoptotic proteins were involved in the
apoptotic process. Instead, they suggest that zinc-dependent ROS
production causes nuclear translocation of AIF that results in the
apoptotic effect. There is no explanation presented for the seemingly
conflicting effects of zinc presented in these two reports. As we
discussed above in some fundament considerations regarding the
physiology of zinc, the imposition of experimental conditions can
and will provide differing cellular effects and results that might not
reflect the physiological conditions of in situ cells and their
environment. It seems probable that the different conditions
employed to manipulate the cellular levels of zinc induce cellular
conditions that manifest differing effects that are interpreted as zinc
effects. Other possible factors and conditions might also contribute
to the diversity of responses.

If, as the study of Li et al. demonstrates, pancreatic cancer
involves a metabolic transformation for increased uptake and
accumulation of zinc in the malignant cells, the effect of zinc must
be growth promoting; which likely involves an inhibitory effect on
apoptosis. Despite the fact that zinc prevents apoptosis in many
mammalian cells, there exists no established specific mechanism for
this effect of zinc. Fukamachi et al. [1998] showed that zinc
treatment of human premonocytic U937 cells prevented apoptosis
by decreasing Bax levels with no effect on Bcl-2; that is, increased
Bcl-2/Bax ratio. Several studies have reported inhibitory effects on
various caspases in some cells as possible mechanisms for zinc
prevention of apoptosis. Moreover, activation of caspase-3 seems to
be a potentially important effect in airway epithelial cells [Truong-
Tran et al., 2000b, 2001]. Other anti-apoptotic direct effects of zinc
have been described in various cells. At this time, the mechanism for
a potential effect of accumulated zinc in pancreatic cancer is still a
critical issue that needs to be resolved. Moreover, in addition to its
effect on increased proliferation, one must wonder what effect
the increase in cellular zinc has on the intermediary metabolism of
the malignant cells. Increased cellular zinc inhibits citrate oxidation,
terminal oxidation, and respiration of mammalian cells [Costello
et al., 1997, 2004]. This relationship also needs to be investigated in

the zinc-associated genetic/metabolic transformation in the devel-
opment and progression of pancreatic malignancy.

Lightman et al. [1986] first reported that the zinc level of ovarian
tumor tissue was significantly lower than the level in benign tissue
samples. Since that early report, to the best of our knowledge, there
has not been any follow-up studies reported to confirm this
potentially important observation. There are several reports showing
that the zinc concentration in serum is reduced in ovarian cancer
patients. Consistent with a decrease in tumor zinc levels is the report
of Bae et al. [2006], which showed that exposure of OVCAR-3 cells
(ovarian cancer cell line) to zinc-supplemented medium results in
decreased cell growth that involved increased apoptosis. They
further observed that zinc treatment increased the cellular
accumulation of zinc, which resulted in the inhibition of m-
aconitase activity. As we had reported, accumulation of mitochon-
drial zinc causes inhibition of m-aconitase and citrate oxidation;
and this is evidence of increased mobile reactive zinc as we showed
for prostate and liver cells [Costello and Franklin, 1981; Costello
et al., 2000]. Also, the induction of apoptosis involved an increase in
Bax and Bax/Bcl-2 ratio and the activation of caspase-3. None of
these effects were observed in NOSE cells (normal ovarian surface
epithelial cells) since they did not accumulate zinc [Bae et al., 2006].
It is noteworthy that these effects of zinc accumulation in the
OVCAR-3 cells are similar to the effects observed in prostate cancer
cells. Another more recent study [Ding et al., 2008] showed that
treatment of A2780 cells (human ovarian cancer cells) with zinc and
zinc ionophores (clioquinol and PDTC) induces apoptosis and
necrosis, which was associated with an inhibition of Akt and NF-
kappaB signaling pathways. The composite of these clinical and
experimental studies provide substantial evidence that zinc
accumulation appears to play an important role in the development
and progression of ovarian cancer. The studies suggest that zinc is an
apoptogenic agent in ovarian epithelial cells, which the malignant
cells avoid by a decrease in zinc accumulation. No information
exists concerning the critical issue of the mechanism and/or
transporters associated with the decrease in cellular zinc in the
malignant cells.

There is corroborating clinical evidence that hepatocellular cancer
tissue contains significantly lower zinc levels than normal
parenchymal tissue. For example, Ebara et al. [2000] reported for
sixteen subjects a 55% decrease in the zinc level of hepatomas
compared to the surrounding normal parenchyma. Similarly Liaw
et al. [1997] observed a 66% decrease; and Danielsen and Steinnes
[1970] observed a 62% decrease. Other reports confirm that zinc
levels are decreased in heptocellular cancer [Tashiro-Itoh et al.,
1997; Tashiro et al., 2003; Gurusamy, 2007]. Despite this important
clinical relationship, little information or reports exist regarding the
mechanisms and factors responsible for the decrease in zinc and for
the role of a decrease in zinc in the development of malignancy.

JOURNAL OF CELLULAR BIOCHEMISTRY

755

APOPTOTIC EFFECTS OF ZINC IN CANCER



It is notable that cDNA microarray studies by Liu et al. [2007]
found that the ZIP14 gene was down regulated in hepatoma tissue.
However such microarrays are of little significance if additional
studies are not conducted to establish the functional implications of
the ZIP 14 transporter in the normal and malignant cells. In regard to
apoptotic effects of zinc in hepatocellular cancer cells, Xu et al.
[1996] reported that zinc induced apoptosis in human hepatoma H-7
cells. The effect required c-myc and a proposed c-myc pathway
to apoptosis which did not manifest an internucleosomal DNA
fragmentation. Reaves et al. [2000] reported that zinc depletion
increases and zinc supplementation decreases p53 in HepG2
hepatoblastoma cells. Initially this response of p53 seems to be
inconsistent with the decreased zinc levels in hepatocellular cancer.
However, as pointed out by Reaves decreased cellular zinc causes
p53 to take a mutant like form with decreased DNA binding
capability. These studies and others establish that p53 expression
and activity are responsive to the zinc status of the cell. Therefore it
is reasonable to suggest that the decrease in zinc in hepatocellular
cancer in situ attenuates the tumor-suppressor/apoptotic effects of
p53 and/or c-myc. However, much more research is essential to
elucidate the relationship of altered zinc in hepatocellular cancer.

We do not represent that the preceding series of cancers constitutes
all of the cancers in which altered zinc relationships play an
important role in the development of malignancy. It is evident from
the preceding descriptions that altered zinc relationships differ in
different cancers. However, it is also evident that the concept of the
requirement for a genetic/metabolic transformation in the devel-
opment of malignancy (Fig. 2) is appropriate. It is also important to
recognize that our discussion did not attempt to identify or describe
different forms of cancer within any of the cancer types. However,
this is an important consideration. One of the most striking
revelations is the distinct difference in the zinc relationship of
pancreatic cancer from all of the other cancers that we described.
The increased zinc accumulation and up regulation of ZIP4
transporter in pancreatic cancer is particularly opposite to prostate
cancer in which decreased zinc and down-regulation of ZIP1 are
critical for malignant cell development and proliferation. It is also
important to re-emphasize that the role of zinc in cancer includes
metabolic/bioenergetic and migration/invasive effects as well as
apoptotic/proliferation effects.

Perhaps the most profound conclusions of this review are: (1)
Altered zinc relationships are critical in cancer development; (2)
among the important effects of zinc is its role in apoptosis; (3) much
more information and research are essential to elucidating the role,
mechanisms and factors relating to zinc in various cancers; and (4)
such information is critical to the understanding of the etiology and
progression of cancer, and to the development of new approaches to
the treatment and prevention of cancer.
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