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Zinc (Zn) is an essential micronutrient required for over 300 different cellular processes, including DNA and protein synthesis, enzyme activity,
and intracellular signaling. Cellular Zn homeostasis necessitates the compartmentalization of Zn into intracellular organelles, which is tightly
regulated through the integration of Zn transporting mechanisms. The pancreas, prostate, and mammary gland are secretory tissues that have
unusual Zn requirements and thus must tightly regulate Zn metabolism through integrating Zn import, sequestration, and export mechanisms.
Recent findings indicate that these tissues utilize Zn for basic cellular processes but also require Zn for unique cellular needs. In addition,
abundant Zn is transported into the secretory pathway and a large amount is subsequently secreted in a tightly regulated manner for unique
biological processes. Expression of numerous members of the SLC30A (ZnT) and SLC39A (Zip) gene families has been documented in these
tissues, yet there is limited understanding of their precise functional role in Zn metabolism or their regulation. Impairments in Zn secretion from
the pancreas, prostate, and mammary gland are associated with disorders such as diabetes, infertility, and cancer, respectively. In this review, we

will provide a brief summary of the specific role of Zn in each tissue and describe our current knowledge regarding how Zn metabolism is

regulated. Finally, in each instance, we will reflect upon how this information shapes our current understanding of the role of Zn in these

secretory tissues with respect to human health and disease. Adv. Nutr. 2: 101111, 2011.

Introduction

Zinc (Zn) is the second most abundant trace element in the
human body. It is required for over 300 different cellular
processes, including DNA and protein synthesis, enzyme ac-
tivity, and intracellular signaling. The complexity of Zn ho-
meostasis necessitates the compartmentalization of Zn into
intracellular organelles, which is tightly regulated through
the integration of Zn transporting mechanisms. Twenty-
four Zn transporting proteins have been identified and stud-
ies elucidating their role in Zn homeostasis are ongoing
(1,2). Members of the SLC30A gene family (ZnT1-10) trans-
port Zn from the cytoplasm and, with the exception of ZnT5
(3), are predicted to be structurally similar; 6 transmem-
brane domains and a histidine rich domain are presumed
to play a key role in Zn binding (2). In contrast, members
of the SLC39A gene family (Zipl-14) transport Zn into
the cytoplasm (1,4). The pancreas, prostate, and mammary
gland are secretory tissues that have unique Zn require-
ments. These tissues accumulate abundant Zn into secretory
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vesicles and tightly regulate Zn secretion to provide Zn for
critical biological processes. Importantly, dysregulated Zn
metabolism in these tissues is implicated in disorders such
as diabetes, cancer, and infertility. In this review, we will pro-
vide a brief summary of the specific role of Zn in each tissue,
followed by a description of our current knowledge regard-
ing how Zn metabolism is regulated. Finally, in each in-
stance, we will reflect upon how this information shapes
our current understanding of the role of Zn in these secre-
tory tissues with respect to human health and disease.

Current status of knowledge

Zinc and the pancreas

The pancreas is both an endocrine and exocrine organ, con-
tributing to the homeostasis of several aspects of digestion,
including pancreatic enzyme secretion and the hormonal
control of blood glucose concentration. Zn is involved in a
multitude of these processes within the pancreas, including
glucagon secretion, digestive enzyme activity, and insulin
packaging, secretion, and signaling (Fig. 1). As a result of
this extensive physiological contribution, dysregulation of
Zn metabolism within the pancreas impairs a multitude
of key processes, including glycemic control (5-9), and is

101



Delta cell

Figure 1 Zn transport in various pancreatic cell
types. (A) Localization of Zip1, Zip10, and Zip14
to pancreatic a-cells suggests that these
transporters are responsible for importing Zn
into the cell. Zn binds to and opens ATP
dependent K(+) channels, allowing the efflux of
Zn from the a-cell and inactivation of voltage
dependent calcium channels, resulting in
decreased glucagon secretion. (B) Zn is
transported into pancreatic B-cell cells via Zip4.
ZnT8 is responsible for the transport of Zn into
insulin granules. Autoantibodies to ZnT8 and
polymorphisms of ZnT8 are associated with the K+
onset of DM. (C) Zip5 is responsible for the
transport of Zn into pancreatic acinar cells. Zn is
transported into zymogen granules by ZnT2
where it binds to and activates digestive
enzymes that are subsequently secreted.

a-cell

associated with pancreatic cancer (10-12) and chronic pan-
creatitis (13-16).

Endocrine functions
Zn modulates several aspects of pancreatic function, includ-
ing glucagon secretion (17-19). Zipl, Zip10, and Zip14 are
expressed in pancreatic a-cells and localization to the cell
membrane suggests that one or all of these transporters
are responsible for Zn import into the cell (20). In addition
to regulating pancreatic cell viability (21), Zn is an intercel-
lular signaling ion, providing an “off-switch” for glucagon
release from the pancreatic a-cell during glucose depriva-
tion (19). In this regard, pancreatic B-cells release Zn-
containing insulin hexamers into intraislet periportal circu-
lation in response to glucose. Zn dissociates from insulin
and acts upon a-cells by binding to and opening ATP depen-
dent K* channels, which hyperpolarizes the cell and inhibits
voltage dependent calcium channels. As a result, glucagon
release from storage within the «-cell is inhibited (18), im-
plicating Zn as a key regulatory component of glucagon se-
cretion. In addition, activity of several gluconeogenic
enzymes, including phosphoenolpyruvate carboxykinase
and glucose 6-phosphatase, is Zn dependent (17), further
implicating Zn as a key regulator of glucose metabolism.
In addition to modulating glucagon secretion, Zn plays a
role in systemic glycemic control (22-25). The localization
of Zip4 to the cell membrane of pancreatic B-cells suggests
that Zip4 participates in Zn import into the cell (26). Insulin
biosynthesis occurs within the pancreatic B-cell where
proinsulin is transported to the Golgi apparatus and is
subsequently incorporated into Zn rich secretory granules
(27). Two Zn ions associate with 2 insulin dimers, which

102 Kelleher et al.

Alphacell” /o 0L,

K+ channel

Pancreatic
acini

Feos®

L I
) - Py
A J \ @
Qe

0

7 S Redblood

cells
Beta cell
C
e ) G
dmv InT8 & 2
Insulin Zymogen O
Granules Granules

A

'Ziprl

n*
L

.zipS

™ .In

B-cell Acinarcell

subsequently combine with an additional insulin dimer
yielding a Zn-containing hexameric unit (28). Thus, Zn is
a necessary structural component of insulin biosynthesis
and is necessary for both structural and biosynthetic roles
within the pancreatic B-cell. The precise contribution of
Zn released into systemic circulation in the maintenance
of blood glucose levels remains to be elucidated; however, Zn
may function to modulate insulinemic effects on target tis-
sues. For example, Zn modulates phosphoinositide 3’-kinase/
Akt signaling pathways initiated in response to insulin in tar-
get tissues (25), illustrating a role for Zn in insulin signaling
in peripheral tissues. Additionally, insulin-responsive ami-
nopeptidase (IRAP) is a Zn dependent enzyme whose pre-
cise function is currently unknown. IRAP and glucose
transporter 4 are colocalized and translocate to the cell
membrane in response to insulin (29). Similar to glucose
transporter 4 (23,24), IRAP translocation to the surface of
muscle cells and adipocytes is reduced in individuals with
type 2 diabetes mellitus (DM)? (22), which may provide an-
other link between Zn metabolism and insulin signaling.
However, further research is needed to understand the ex-
tent to which insulinemic signaling is Zn dependent.

Exocrine functions

Under normal dietary conditions, ~ 1-2 mg/d Zn enters the
digestive tract via zymogen granules secreted from pancre-
atic acinar cells (30). These zymogen granules contain en-
zymes necessary for digestion and whose activity is Zn
dependent (31). Zip5 is localized to the basolateral

3 Abbreviations used: BBD, benign breast disease; DM, diabetes mellitus; ER, endoplasmic
reticulum; FBD, fibrocystic breast disease; MEC, mammary epithelial cell.



membrane of acinar cells and appears to play a role in Zn
import into the cell (26). Recently, ZnT2 (SLC30A2) has
been implicated in Zn transport into zymogen granules
for metallation of digestive proenzymes (32). Zn deficiency
decreases ZnT?2 expression and Zn concentration in zymo-
gen granules; therefore, impairments in Zn status may mod-
ulate digestive enzyme activity and thus impair nutrient
absorption. This may be of particular importance during pe-
riods of increased Zn requirements such as during preg-
nancy, lactation, and growth. Further studies will enhance
our understanding of the impact of Zn deficiency on diges-
tive enzyme activity and absorption.

Glycemic control

DM is the inability to regulate blood glucose levels as a result
of decreased insulin secretion or action. The prevalence of
DM is growing at an alarming rate (33) and has increased
efforts to elucidate the causal mechanisms behind the path-
ogenesis. It has been determined that Zn dyshomeostasis,
both systemically and in the pancreas, plays an intricate
role in the pathology of both type 1 and type 2 DM (5—
9,34). Suboptimal Zn status decreases insulin secretion
from the pancreas (5) and suboptimal Zn status during
pregnancy and lactation decreased insulin sensitivity and in-
creased weight gain in rat offspring (6). In addition, severe
Zn deficiency induces hyperglycemia and hyperinsulinemia
(7), directly implicating Zn in systemic glucose regulation.
Consistent with a critical role for Zn in this process, individ-
uals with type 1 DM often have low serum Zn concentra-
tions (8). Whether this reflects decreased Zn absorption or
tissue accumulation is currently not known. In contrast,
type 1 DM is associated with an elevated serum Zn concen-
tration (9) and elevated Zn levels in the liver and kidney
(35). Further studies are clearly needed to elucidate the rela-
tionship between Zn distribution and DM.

Consistent with a role for Zn in glycemic dysregula-
tion, Zn supplementation ameliorates some physiological
symptoms of DM (34,36). Oral administration of Zn(II)-
thioallixin-N-methyl in a mouse model of type 2 DM low-
ered blood glucose levels (36), suggesting that increased
Zn absorption helps to maintain blood glucose concentra-
tion. In addition, mice given Zn-enriched drinking water
for 1 wk prior to streptozotocin administration were pro-
tected from streptozotocin induced diabetes, suggesting
that adequate (or perhaps enhanced) Zn intake reduces
susceptibility to DM. The mechanism of decreased sus-
ceptibility may be due to elevated metallothionein (MT)
levels in the pancreas (34), because MT scavenges hy-
droxyl radicals and may potentially prevent the destruc-
tion of B-cells. These studies suggest a potential use for
Zn therapy in the control of DM.

In addition to Zn itself playing a role in the pathogenesis
of DM, defects in the Zn transporter ZnT8 (SLC30A8) may
contribute to the onset of DM. Recently, ZnT8 has been im-
plicated in the pathogenesis of both type 1 and type 2 DM
(37,38). ZnT8 is localized to insulin containing secretory
vesicles within pancreatic B-cells (27,39) and is necessary

for insulin crystallization (37). Insulin granules in B-cells
of ZnT8-knockout mice are immature with pale insulin
“pro-granules” compared with those found in wild-type
mice. In addition, ZnT8 knockout mice fed a high-fat diet
are glucose intolerant (37), suggesting that ZnT8 is particu-
larly necessary to maintain glycemic control under physio-
logically stressful conditions such as obesity. Aberrant ZnT8
function resulting from genetic variation in SLC30A8 is as-
sociated with increased risk of type 2 DM (40). Additionally,
ZnT8 autoantibodies are present in 60-80% of new cases of
type 1 DM (37). Individuals followed from birth until DM
onset produced autoantibodies, the production of which in-
creased through the time of DM onset, as early as age 2 y,
(38). The combination of ZnT8 antibodies along with the
detection of preexisting markers, such as glutamate decar-
boxylase, protein tyrosine phosphatase IA2, antibodies
against insulin, and islet cytoplasmic autoantibodies has
raised the detection rate of an autoimmune response related
to type 1 DM to 98% at disease onset (38). Overall, ZnT38
may contribute to the pathogenesis of DM due to autoanti-
genic properties as well as decreased protein function, which
may be exacerbated by polymorphic variance. Together, this
indicates that ZnT8 dysregulation specifically may lead to
impaired glycemic control from several physiological angles.
Further studies are needed to understand the functional rel-
evance and underlying trigger(s) of an autoimmune re-
sponse to ZnT8.

Pancreatic disease

Pancreatic cancer is a very aggressive, invasive cancer whose
prognosis remains very poor with only 5% of patients living
>5 y beyond the initial diagnosis (41). There is a growing
body of information implicating Zn dysregulation in the
pathogenesis of pancreatic cancer (10,11) and the use of
Zn therapy and Zn transporters as potential therapeutic tar-
gets (12,42,43). A study by Jayaraman et al. (10) demon-
strated that exposure of pancreatic cancer cells to Zn leads
to increased protein ubiquitination and enhanced cell death,
implicating Zn as a potential therapy in the treatment of
pancreatic cancer. In addition, increased expression of the
Zn importer Zip4 (SLC39A4) is strongly associated with
the pathology of pancreatic cancer by facilitating increased
intracellular Zn accumulation (11,12). Li et al. (11) elegantly
observed overexpression of Zip4 protein in 94% of clinical
pancreatic adenocarcinoma specimens compared with sur-
rounding normal tissue and that malignant cells had sig-
nificantly higher Zip4 expression compared with normal
pancreatic ductal epithelial cells. In addition, forced ex-
pression of Zip4 increased cell proliferation in vitro and
significantly increased pancreatic tumor volume by ~13-
fold in vivo using a nude mouse model with subcutaneous
xenograft. Consistent with a role for Zip4 in pancreatic
cancer progression, Zip4 attenuation in a subcutaneous xen-
ograft model of pancreatic cancer inhibited several aspects
of the progression, including cell proliferation, migration,
and invasion as well as tumor size and weight and increased
the survival rate of nude mice with orthotopic xenografts

Zinc and secretory tissues 103



(12). There are several intermediate signaling pathways
modulated by Zip4 that have been implicated in pancreatic
cancer progression. Zip4 overexpression significantly in-
creases neuropilin-1 expression, vascular endothelial growth
factor, and matrix metalloproteases, whereas Zip4 attenua-
tion reverses these effects (43). Zhang et al. (42) found
that Zip4 overexpression causes increased IL-6 transcription
through cAMP response element-binding protein. Further-
more, IL-6 activates STAT3, which increases expression of
cyclin D1, increasing cell proliferation and tumor progres-
sion. Overall, Zn appears to play an intricate role in the
pathology of pancreatic cancer through the modulation of
several signaling pathways and, along with Zip4, may prove
to be a useful therapeutic target.

A role for Zn has also been implicated in chronic pancre-
atitis. Chronic pancreatitis results from recurring bouts of
pancreatic inflammation characterized by severe upper ab-
dominal pain, nausea, and vomiting (44). Decreased serum
Zn concentrations are associated with chronic pancreatitis
(13-15), which is also associated with decreased Cu/Zn
superoxide dismutase and MT levels (14). It is likely that
decreased MT levels limit the scavenging of hydroxyl radi-
cals, contributing to oxidative stress. This reflects the fact
that Zn is necessary to maintain adequate antioxidant status.
Pancreatitis induced in an rat model decreased Zn content
in the pancreas, kidney, heart, and lung and increased Zn
content in the liver (16). These studies suggest that there
is a significant relationship between Zn metabolism and
chronic pancreatitis, although it is not clear which is the
causal aspect. Taken together, Zn may prove to be a powerful
addition to pancreatitis therapy. Further studies are needed
to elucidate the specific mechanisms responsible for the as-
sociation between Zn dyshomeostasis and chronic pancrea-
titis and explore the role of Zn as a therapeutic agent.

Figure 2 Zn transporter expression
in the secreting epithelium of the rat
prostate. Lobes of the rat prostate are
illustrated on the left. On the right, a
cartoon of an epithelial cell of the
lateral lobe illustrates our current
understanding of Zn transporter
localization and Zn function. Zip2
and Zip3 are localized to the apical
membrane and Zip1 is localized to
the basal membrane; all function to
import Zn into the cell. ZnT4, ZnT6,
and ZnT7 are localized to the Golgi
apparatus and ZnT2 is localized to
the ER; these transporters likely
function to maintain the secretory
pathway. There is no known
transporter for the mitochondria
where high Zn levels inhibit the
oxidation of citrate, providing a
source for secretion.
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Zn and the prostate

Zn exists in very high concentrations in the healthy prostate,
which is important for male fertility. First described in detail
by Mawson and Fischer (45) in the 1950s, the prostate con-
tains more Zn than any other soft tissue. In addition, the
prostate secretes high Zn levels into seminal fluid, playing
an important role in sperm release and motility (46,47).
The prostate is organized into distinct lobes and each lobe
varies in Zn content (Fig. 2). The dorsolateral lobe in rodent
prostate and the peripheral lobe in human prostate have the
greatest Zn concentrations and these 2 lobes are primarily
involved in the secretion of prostatic fluid (48). In its en-
tirety, the human prostate contains >3 times more Zn
than other soft tissues [~ 150 ug Zn/g (1 g Zn = 0.015
mol Zn) prostate compared with ~20-50 ug Zn/g for other
organs]. Similarly, prostatic fluid contains ~500 wug Zn/mL
fluid compared with 1-2 ug Zn/mL of plasma (48). In addi-
tion to influencing sperm motility, Zn is attributed with an-
timicrobial functions in prostatic fluid (49) and within the
prostate itself (50). Interestingly, the major function of Zn
in the prostate may be to facilitate the secretion of citrate.
Unlike most cells in which Zn is sequestered into vesicles
and organelles, Zn in cytoplasm of the prostate cell com-
prises almost 35% of the total intracellular Zn content.
This Zn is loosely bound to small molecular weight mole-
cules such as citrate and is considered biologically active
(48). The current dogma suggests that this bioactive Zn
pool is essential for inhibiting m-aconitase, sparing citrate
oxidation in the Krebs cycle, and providing high amounts
of citrate for secretion into prostatic fluid [reviewed in
(51)]. To maintain high cellular Zn concentration and secre-
tion, Zn homeostasis in the prostate must be tightly regu-
lated and only recently have possible modes of regulation
for Zn homeostasis been elucidated.

Dorsal Lobe

Lateral Lobe

Basal Membrane

iﬁm

Ventral Lobe



Normal prostate Zn biology

Such substantial Zn accumulation for optimal function
likely requires integration of multiple Zn importing pro-
cesses. To date, 3 Zip proteins (Zipl, Zip2, and Zip3) have
been described in the prostate (52-54). Zipl is primarily
found on the basolateral membrane of epithelial cells of
the peripheral zone, (although some Zipl is detected on
the apical membrane) (52) and is thought to be responsible
for Zn uptake from circulation. Iguchi et al. (53) docu-
mented Zip2 expression in the lateral prostate of the rat,
which positively correlates with Zn concentration in this
lobe and is positively regulated by testosterone. Zip2 and
Zip3 are localized to the apical membrane of prostate epithe-
lium in humans (54) and are implicated in maintaining cel-
lular Zn status by importing Zn from prostatic secretions.
These 3 Zn transporters offer us candidate regulatory mol-
ecules responsible for Zn accumulation, although the contri-
bution of further Zip proteins has not been ruled out.

Once acquired by the prostate cell, Zn is compartmental-
ized for numerous functions. Expression of 6 ZnT proteins
has been described in the prostate, and their expression and
cellular localization are lobe dependent, likely reflecting the
differential need for lobe-specific functions. Evidence sug-
gests that changes in Zn requirements occur in the prostate
during sexual development. Expression of ZnT1 is greatly
reduced at sexual maturity (55), potentially reflecting a
role for Zn accumulation in the prostate for optimal cellular
proliferation. In addition, ZnT?2 expression increases in the
anterior lobe but remains constant in the other lobes during
sexual maturation (55). Although the dorsolateral prostate is
the primary site of Zn secretion, the anterior and ventral
prostate produce secretions of their own; the anterior pros-
tate produces many of the same proteins as the dorsolateral
prostate such as probasin, experimental auto-immune pros-
tatitis antigen 2, and IgG-binding protein-like protein (56).
In all lobes, ZnT?2 staining pattern is consistent with endo-
plasmic reticulum (ER) localization (55), suggesting that
while ZnT2 imports Zn into the ER, there may be lobe spe-
cific Zn requirements for optimal function. In addition, sev-
eral other Zn transporters known to import Zn into the
secretory compartment have been detected in the prostate.
ZnT4, ZnT5, ZnT6, and ZnT7 are expressed throughout
the prostate and localization is consistent with a role for
Zn import into the ER and/or Golgi apparatus (55), presum-
ably to provide Zn directly for secretion (57-59) or for Zn
specific proteins that function within the secretory pathway
as has been proposed for the mammary gland (60). Surpris-
ingly little is known regarding the mechanism(s) responsible
for Zn secretion from the prostate considering the high Zn
required to provide for optimal sperm viability.

Prostate mitochondria also accumulate a large amount of
Zn and do so in a lobe specific manner (~ 1 ug Zn/mg pro-
tein in lateral prostate compared with ~0.1 g Zn/mg pro-
tein in the ventral or dorsal lobe) (61). Additionally, prostate
mitochondria have a higher Zn content compared with
other cell types such as hepatocytes (~0.05 ug Zn/mg

protein). A specific role for Zn in prostate mitochondria
may be to prevent citrate oxidation through the inhibition
of m-aconitase activity, thus expanding the citrate pool.
Similarly, we hypothesize that modulation of mitochondria
Zn pools may serve to regulate cell metabolism in other se-
cretory tissues such as the mammary gland (60). A distinct
gap in our knowledge is understanding how Zn is accumu-
lated by prostate mitochondria, because there are currently
no known Zn transporters localized to this organelle. Un-
derstanding the role, regulation, and consequences of subse-
quent dysregulation of Zn metabolism in the prostate may
offer insight into the cause and treatment of prostate disease.
Future studies need to determine the role and regulation of
Zip proteins expressed in prostate epithelial cells to help un-
derstand how and why this unique cell type accumulates and
utilizes Zn.

Aging

Aging is associated with low Zn levels in the prostate and
prostate fluid, which is associated with decreased fertility
in humans (62). Iguchi et al. (63) also showed similar age re-
lated differences in prostate Zn concentration in the ventral
prostate of aged rats. Somewhat counterintuitively, this is as-
sociated with increased expression of ZnT2, a Zn responsive
(32), key Zn transporter in the prostate, suggesting Zn inde-
pendent mechanisms of transcriptional control as has been
observed in the mammary gland (64). Curiously, little is
known regarding changes in Zn transporter expression in
the prostate of aged animals and whether this tissue may ex-
perience a diminished capacity to accumulate or secrete Zn
or modulate specific Zn responsive functions. In light of our
lack of understanding of the relationship among age, low
prostate Zn content, and dysregulated function, it is impor-
tant to explore what may be causing this dysregulation in Zn
homeostasis and evaluate its specific role in age-related de-
creased fertility.

Prostate disease

Low prostate Zn content is also associated with prostatic dis-
ease. The major prostate diseases that affect older men are
benign prostatic hyperplasia and prostate carcinoma.
Some studies have documented reduced Zn content in pros-
tate (65) and prostatic secretions (66) in men with prostate
disease compared with healthy men. It is not fully under-
stood whether low Zn content is a cause or consequence
of prostate cancer, but recent data suggest it may in fact be
a cause and is undoubtedly a critical factor in malignancy
(67—-69). Understanding the exact role Zn plays in the trans-
formation of prostate cells will help to identify mechanisms
of dysregulation, and understanding these mechanisms in
relation to aging may help to develop therapeutic tools or
perhaps preventative measures. Zn may play a key role in
the prevention of prostatic disease by ameliorating oxidative
stress, which can subsequently result in DNA damage, in-
creasing the risk of mutation and malignant transformation.
As discussed above, there is a relationship among advanced
age, decreased prostate Zn content, and increased oxidative
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stress (70). In fact, dietary Zn deficiency has been associated
with increased DNA damage in the prostate during oxidative
stress (71). Specifically, Zn deficient prostate cells have
greater DNA damage and altered expression of genes associ-
ated with this damage, indicating that marginal Zn intake
may sensitize the prostate to oxidative damage (71,72). As
oxidative stress increases, so does the cellular Zn require-
ment for protective mechanisms, thus perpetuating the
harmful effects of Zn deficiency.

In addition, Zn inhibits citrate oxidation in the mito-
chondria of prostate cells (67). Low Zn accumulation in
the prostate will therefore allow excessive citrate oxidation
and ATP production, which will in turn increase oxidative
stress in the mitochondria and may in turn exacerbate
DNA damage. Increased ATP production coupled with in-
creased risk of DNA damage creates the perfect opportunity
for malignant transformation. Many associations between
low prostate Zn and prostatic disease exist, but direct evi-
dence of the function of Zn in preventing oxidative stress
and DNA damage in the prostate is still needed. Franklin
and Costello (69) examined the relationship between Zn
and prostate malignancy and implicated Zn dysregulation
in malignant transformation of prostate cells. In normal tis-
sues, high mitochondria Zn levels inhibit m-aconitase activ-
ity, sparing citrate from oxidation in the Krebs cycle, thus
making it available for secretion into prostatic fluid (69).
Cancerous prostate tissue accumulates and secretes less cit-
rate than normal tissue, which is associated with low pros-
tate Zn levels. It is thought that the low Zn levels permit
citrate oxidation, producing more ATP and providing an en-
ergy source for excess proliferation and transformation. Zn
also imparts antitumorigenic effects by inducing apoptosis;
Zn induces Bax expression, which initiates mitochondrial
apoptosis by allowing the release of cytochrome c to initiate
the caspase cascade (68). Suppressed expression of Zn im-
porters such as Zipl, Zip2, and Zip3 (52,54) is associated
with prostate cancer and suggests a possible reason for low
Zn levels seen in the malignant prostate. The cause, however,
of reduced Zip expression in malignant prostate cells is yet
to be determined. Great strides have been made in under-
standing the interplay of Zn and malignant transformation
in the prostate, but more information is needed to fully un-
derstand Zn homeostasis in normal tissue and the dysregu-
lation that may lead to malignancy. If we consider this
information along with the decreased expression of key Zn
importers and cell Zn content in cancerous prostate tissue,
we see the highlighted importance of Zn in maintaining
DNA integrity and overall prostate health.

Zn and the mammary gland

The mammary gland is another secretory tissue that requires
Zn for specific biological processes that are critical for
proper tissue function. The role of Zn in the mammary
gland is multifaceted, because the mammary gland is a dy-
namic tissue that undergoes dramatic morphological and
functional changes. It requires a coordinated effort to pro-
vide sufficient Zn for tissue expansion during lactation,
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which is efficiently ameliorated following weaning. Interest-
ingly, disruption of these processes is associated with breast
disease. Understanding the Zn dependent mechanisms that
regulate these processes is critical to understand mammary
gland physiology. Herein, we discuss specific roles for Zn
in mammary gland expansion, remodeling, and lactation,
and in breast disease (Fig. 3).

Architecturally, the mammary gland is comprised of a
network of branched ductal structures terminating at acinar
units. Each acini is lined with mammary epithelial cells
(MEC) responsible for transferring nutrients into milk
during lactation. From this perspective, MEC are the head-
quarters of milk production; thus, the regulation of MEC
proliferation, differentiation, and function is paramount.
Zn modulates cell proliferation, specifically through its
role in regulating gene expression (73). For example, tran-
scription factor IIIA contains 9 consecutive Zn finger motifs
and is responsible for all cellular RNA transcription (74).
Thus, ineffective modulation of transcription factor IITA
binding could lead to hyper- or hypoproliferation of MEC.
There is a paucity of information on specific mechanisms
through which Zn regulates mammary gland development;
however, emerging data indicate that specific Zn binding
transcription factors play important roles. Zfp289 has
been localized in the cytoplasm, is expressed in the mam-
mary gland, and expression is limited to developmental
stages of active MEC proliferation and lobulo-alveolar (ac-
ini) development (75). This implicates Z{p289 as an impor-
tant regulator of MEC proliferation by regulating
downstream factors that are fundamental to cell growth
and survival (75). Additionally, the ability to differentiate
into a secretory tissue and regulate milk secretion is a vital
function of the lactating mammary gland. LIM-ONLY
(LMO1-4) is another family of Zn finger proteins impli-
cated in MEC proliferation (76,77). Lmo4 is expressed
throughout mammary gland development, peaking during
late pregnancy and diminishing throughout lactation (78).
Lmo4~'~ mice have condensed acini units and reduced
MEC proliferation and milk production compared with
Lmo4™" mice (78), illustrating the key role of this transcrip-
tion factor in mammary gland morphogenesis. GATA pro-
teins are another family of Zn binding transcription
factors that play a role in breast development as an inducer
of cell differentiation (79,80). Recent reports identify GATA3
as a critical regulator of mammary gland morphogenesis
(81) and luminal cell differentiation (82). Zn clearly plays
an extensive role in mammary gland development and re-
modeling; however, it is not understood if and how Zn de-
ficiency affects these processes. Further studies are needed to
identify the role of Zn in modulating mammary gland
phenotype.

Another Zn dependent function in the mammary gland
is tissue expansion. The mammary gland dramatically ex-
pands during reproduction. Matrix metalloproteinases
(MMP) are Zn dependent enzymes that degrade extracellu-
lar matrix and facilitate critical remodeling of this tissue.
The mammary gland expresses MMP2, -3, -7, -9, -11, and



A. Normal/Non-lactating

Figure 3 Zn and Zn transporters
involved in mammary gland
function. Mammary gland is
comprised of a network of
branched ductal structures
terminating at acinar units, also
known as lobules. These
structures are lined with MEC
responsible for the production
and secretion of milk into the
collecting ducts for the

B. Lactating

Localization unknown
ZnT4, Zip1, Zip5, Zip8,
Zip10, Zip14, Zip12

Localization unknown
ZnT4, Zip1, Zip5, Zip8,
Zip10, Zip12, Zip14

Collecting duct 9 MMP

Extracellular matrix
Exocytotic vesicles

O Intracellular compartment
L Intracellular compartment

Mammary gland

developing neonate. (4) Although
only localization of Zip3 and ZnT2
has been clearly established in
normal/nonlactating tissue, ZnT4
is also known to be expressed.
Zip6 and Zip7 are expressed in
breast cells; however, their role in
normal mammary gland is
unknown. (B) During lactation,
ZnT2 plays a major role in the
secretion of Zn into milk, while
Zip3 plays a role in the reuptake
of Zn from the lumen. The

Localization unknown
1 Zip5, 1 Zip8, 1Zip10

C. Cancer

localization and contribution of other Zn transporters during MEC differentiation and lactation remains to be determined and is an
important question. (C) Hyper-accumulation of Zn has been associated with breast cancer. A limited number of Zn transporters (Zip5,
Zip6, Zip7, Zip8, and Zip10) and MT have been shown to be overexpressed in this disease. However, their specific contribution to this

phenotype and in MEC is remains to be delineated.

-14 (83,84). Until pregnancy, the mammary gland is main-
tained in a quiescent state. It is well accepted that MMP are
regulated via transcription by various factors such as IL-1
(85) and TNFa (86). During MEC expansion (i.e. pregnancy
and lactation), MMP3 (87) and MMP7 (88) expression levels
are increased. However, at the cessation of lactation, expression
of MMP2 (89), MMP3 (90), and MMP11 (91) are temporally
upregulated, suggesting they play an important role in mam-
mary gland involution and reorganization. It is interesting
to note that the balance of enzymatic activity is dependent
on the availability of cellular Zn, thus a decrease in activity
could result in impaired remodeling and subsequent breast
disease. Current information clearly suggests that Zn-regulated
mechanisms play a central role in this process.

Normal mammary gland Zn biology and lactation

In normal/nonlactating tissue, the regulation of Zn metabo-
lism in MEC requires the integrated function of numerous
Zn transporters to maintain mammary gland Zn homeosta-
sis for proper cellular function. Several Zn importers (Zipl,
-3,-5,-6, -7, -8, -10, -12, and -14) and Zn exporters (ZnT1,-2,
and -4) have been detected in the breast cells [reviewed in
(92)]. Zipl, -3, and -7 are ubiquitously expressed (93-95).
As mentioned above, Zip3 localization suggests it imports
Zn from prostate fluid (54). Conversely, Zip5 localization
to the basolateral membrane of intestinal cells (96) suggests
it imports Zn from systemic circulation. Interestingly, Zip6
is dually localized to the cell membrane and within an intra-
cellular compartment in malignant breast tissue and malig-
nant breast tumor (T47D) cells (97-99). Zip proteins may

also export Zn from a subcellular compartment into the cy-
toplasm. For example, Zip7 exports Zn from the Golgi appa-
ratus in lung fibroblasts (WI-38), prostate epithelial cells
(RWPE1), erythroleukemia cells (K-562), and MEC
(MCE-7) (95), and plays a key role in intracellular signaling
through the epidermal growth factor receptor (100). Thus
far, expression of only ZnT1, -2, and -4 has been docu-
mented in the mammary gland. ZnT1 exports Zn across
the cell membrane (101,102), whereas ZnT2 and ZnT4 im-
ports Zn into intracellular compartments (102-104). Al-
though numerous Zn transporters are expressed in breast
tissue, we still lack specific information on their functional
relevance and regulatory factors in the mammary gland.
Following cellular differentiation during lactation, MEC
are responsible for the transfer of nutrients into milk to
nourish the developing newborn. The mammary gland
must transfer ~1-3 ug Zn/d during lactation to meet the
needs of the developing infant. When milk Zn levels are
compromised, Zn deficiency results in failure to thrive, diar-
rhea, irritability, and dermatitis in the infant (105). Data on
the mechanisms through which Zn is transferred into milk is
limited. In 1997, a mutation in the ZNT4 gene was identified
and proposed as a candidate gene for Zn transfer into milk,
because a truncation mutation in the ZNT4 gene is associ-
ated with reduced milk Zn levels in mice (“lethal milk
mouse”) (106). Attempts to identify analogous ZNT4 muta-
tions in humans have been unsuccessful (107,108). Al-
though ZnT4 clearly plays a role in Zn transfer into milk,
our current understanding of its contribution to Zn metab-
olism is limited. In contrast, our knowledge of the role of
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ZnT2 in milk Zn secretion has expanded in recent years. A
single amino acid substitution in human ZnT2 reduces milk
Zn concentration by ~75% and results in severe dermatitis
and alopecia in the nursing infant (108). Our group has
demonstrated that prolactin directly regulates mammary
gland Zn metabolism through transcriptional regulation of
ZnT?2 expression (64) and post-translational relocalization
to the cell membrane for enhanced Zn secretion (104).
More recently, we identified 2 distinct single nucleotide pol-
ymorphisms in ZnT?2 that alter ZnT2 localization and im-
pair Zn metabolism in cultured MEC (109). It is not
currently understood if these single nucleotide polymor-
phisms are associated with low milk Zn levels in women.
However, this highlights the critical role ZnT2 plays in the
secretion of Zn into milk and begins to shed light on the im-
portance of subcellular localization of Zn transporters and
their unique role in mammary gland Zn metabolism.

Breast disease

Benign, noncancerous breast disease (BBD) accounts for
~ 80% of all breast lesions diagnosed in women (110). Sim-
ilar to breast cancer, BBD is a heterogeneous disease about
which there is a paucity of information regarding etiology
(111). BBD are typically associated with inflammation
such as mastitis and benign tumor masses such as fibrocystic
breast disease (FBD). Interestingly, higher Zn levels in breast
tissue from women diagnosed with BBD has been demon-
strated (112). This implicates a role for Zn dysregulation
in breast diseases and underscores the importance in delin-
eating the mechanisms attributing to Zn dysregulation to
these pathologies. Mastitis is the most common inflamma-
tory disorder of the breast arising from a bacterial infection
or blocked milk ducts (113). Mastitis reduces milk yield
(114) and negatively alters milk secretion (114). Evidence
of mastitis-mediated changes in milk composition in cows
indicates that protein and fat content are higher, whereas
lactose and the abundance of specific milk proteins such
as caseins are reduced (114). Mechanistically, the decline
in milk production has been attributed to damage to MEC
as a consequence of immunological defense mechanisms
(115-117). Mastitis induces apoptosis, reduces MEC prolif-
eration, and enhances MMP9 activity (117), suggesting an
overall sloughing off or removal of MEC. Given the role of
Zn in maintaining epithelial integrity (118), one could rea-
son that Zn may act as a key protective mechanism against
mastitis in the mammary gland. FBD is associated with ir-
regular lumps or cysts and extensive breast discomfort
(111). There is limited data on the direct role of Zn in
FBD; however, women with low Zn intake have a higher in-
cidence of FBD (119). Interestingly, aspirated fluid (from
breast microcysts, breast secretions, and breast cyst fluid)
and serum from FBD patients has higher levels of Zn «a-2
glycoprotein (ZnGP) (120). In addition, women with ad-
vanced breast cancer have higher ZnGP levels in serum
than patients with early breast cancer (121). The intracellu-
lar localization of ZnGP within the acini of human breast
tissue suggests that MEC actively secrete ZnGP (122),
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although the function of this 43-kDa glycoprotein in the
breast is currently unknown (123).

Finally, there is compelling evidence implicating dysregu-
lated Zn homeostasis in the physiology of breast cancer [re-
viewed in (92,94)]. Expression of numerous Zn importers is
markedly upregulated in some breast cancers (94). Current
data suggest that select Zn transporters, including MT, Zip5,
Zip6, Zip7, Zip8 and Zipl0, are aberrantly expressed in
breast cancer cells (92,94,99); however, the functional rele-
vance of Zn hyper-accumulation in breast cancer is still un-
known. Interestingly, the Zn hyper-accumulating phenotype
associated with breast cancer is curiously reminiscent of Zn
accumulation in the lactating mammary gland destined for
secretion. This suggests that perhaps Zn hyper-accumulation
in breast tumors reflects the activation of Zn accumulating
mechanisms concurrent with inactivated secretory machin-
ery. What remains to be understood is how the breast cell
manages excess Zn accumulation and if Zn accumulation
predisposes the mammary cell to malignancy or results
from malignant transformation. Moreover, an interesting
question reflects the role of genetic variation and mutations
in Zn transporters in the initiation or progression of breast
disease. Taken together, the extensive role for Zn in the
breast and dysregulation of critical Zn modulators in breast
disease suggests that Zn metabolism may provide interesting
avenues for novel therapeutic interventions.

Conclusions

The pancreas, prostate, and mammary gland have unique
requirements for Zn, providing Zn for key cellular processes
as well as abundant Zn for secretion into pancreatic fluid,
prostate fluid, and milk, respectively. Thus, it is not surpris-
ing that dysregulation of Zn metabolism in these tissues is
closely associated with impaired cellular function, disrupted
Zn secretion, and disease. The current understanding of the
mechanisms responsible for managing Zn metabolism in
these unique tissues remains immature. However, our cur-
rent understanding does suggest that Zn-based intervention
strategies may prove to be an invaluable addition to our ar-
senal of therapeutic approaches improving diagnostic and
therapeutic capabilities. Key avenues to explore in the future
clearly involve understanding the role of genetic variation
and mutations in Zn management proteins in pancreas,
prostate, and mammary gland function. Improving our un-
derstanding of how these unique tissues regulate Zn trans-
port and metabolism and elucidating the effects of
nutrition, environmental factors, and aging on Zn homeo-
stasis are critical to improving human health and disease.
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