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Abstract

Diet-derived luminal factors have a major influence on zinc available for uptake across the apical
membrane of enterocytes. Malabsorption and possibly intestinal microbiota limit this zinc
availability. The transporter ZIP4 is expressed along the entire gastrointestinal tract and acts as a
major processor of dietary zinc for loading into enterocytes from the apical membrane. Zjp4 and
other Zjp family genes expressed in the gastrointestinal tract are up-regulated in periods of dietary
zinc restriction. This provides for powerful homeostatic control. The transporter ZIP14 is up-
regulated along the entire gastrointestinal tract by proinflammatory conditions. Intracellular
transporters such as ZnT7, influence the transcellular movement of zinc across the enterocyte.
Metallothionein, an intracellular metal buffer, and the transporter ZnT1 at the basolateral
membrane, regulate the amount of zinc released to the portal circulation for systemic distribution.
Pancreatic release of zinc by acinar cells is through the secretory process and apical membrane
and involves transporters ZnT2 and ZnT1, respectively. Expression of both transporters is zinc-
responsive. Enterocytes and acinar cells constitutively express Zip5 at the basolateral membrane,
where it may serve as a monitor of zinc status.
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Introduction

The absorption of trace elements is generally favored by conditions that increase solubility
and uptake by the apical surface of absorptive cells of the gastrointestinal tract. It is
generally accepted that the bulk of zinc absorption occurs in the small intestine. Localization
and expression studies of zinc transporters have established that some of these proteins are
produced in the epithelium lining the entire gastrointestinal tract. Hence it is likely that some
zinc absorption occurs in the entire tract. Well before the first zinc transporter was cloned
and characterized [1] , zinc transport by the intestinal cells was shown to exhibit the kinetic
properties of saturable, carrier-mediated transport [2]. The K, of ~30uM and Vyax of ~2
mmol Zn/g mucosa/minute in conditions of normal zinc status and increased Vpax With low
zinc status were consistent with this characterization of zinc transport. These estimates also
tend to agree with estimates of intralumenal zinc concentrations following a meal.

Zinc transporters fall into two families: ZnT with 10 members and ZIP with 14 members [3].
The ZnT protein family lowers the cellular zinc concentration while the ZIP proteins act to
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increase cellular zinc. Well over half of these proteins are expressed in enterocytes or
enterocyte-like cell lines; e. g. HT-29 and Caco-2. A view is emerging that integrates the
locations and apparent functions of these transporters with recognized events related to the
absorption process. For the purpose of this report, the movement of dietary zinc into the
systemic circulation will be divided into uptake, transcellular, and efflux steps with attention
also given to zinc functions within intestinal cells.

Apical Zinc Transport by Enterocytes

Since the zinc malabsorption disorder, acrodermatitis enteropathica, is produced by a variety
of mutations in AZjp4, this transporter has received most of the attention [4]. As the defect in
Zip4 produces a ZIP4 protein of reduced transport efficiency, it is relevant that the condition
can be remediated by supplemental zinc. Considering that /#Zjp4 has multiple
polymorphisms, it is likely that these produce altered ZIP4 transport activity. Such
differences could alter the structure and hence function of ZIP4 as a zinc transporter
molecule. Altered affinity of the transporter could influence the effect of bioavailability on
zinc uptake. These polymorphisms have yet to be investigated. Immunofluorescence studies
have documented that ZIP4 is located at the apical membrane of enterocytes [5, 6].
Abundance of the protein increases with zinc deficiency [5 — 7]. The capacity of ZIP4 to
transport zinc has been demonstrated in transfected cells but not directly in intestinal
epithelial cells. In these model systems, ZIP4-mediated transport produces saturable zinc
uptake [5, 8]. Zip4 is expressed in the stomach, small intestine, and colon [5 — 7] and has
recently been found to be expressed in the cecum (Maki and Cousins, unpublished results).
The critical role that ZIP4 plays in zinc delivery is demonstrated through the embryonic
lethality of the Zjp4 knockout mouse model [7].

The mechanism to explain Zjp4 up-regulation upon zinc restriction of mice or cultured cells
may involve multiple processes. It has been shown that zinc restriction influences Zijp4
MRNA stability [8]. Subsequently, the enhanced Zjp4 transcription associated with zinc
restriction has been related to the up-regulation of the transcription factor (TF) Kruppel-like
factor 4 (KLF4) [9]. This TF is highly expressed in the gastrointestinal tract and is known to
regulate expression of important intestinal enzymes and proteins; e. g., intestinal alkaline
phosphatase (IAP), which has a protective function for the intestinal mucosa [10]. The Zijp4
promoter has multiple KLF4 binding sites. When KLF4 expression is inhibited by siRNA or
the KLF4 sites of Zjp4 are mutated, Zjp4 promoter activity is not responsive to zinc
restriction and 85Zn transport by mouse intestinal cells is decreased [9]. In support of the
role for KLF4, in intestinal cells (HT-29) of colonic origin, zinc chelation produced by an
anticancer molecule also up-regulates KLF4 [11]. As has been recently shown with iron
absorption, TFs play a role in regulating the proteins involved in iron homeostasis [12].
Most likely Zijp4 expression at the mRNA level is regulated by transcription and degradation
which act together for this adaptive response to intestinal zinc availability. ZIP4 protein is
similarly responsive to cellular zinc with changes in endocytosis at the plasma membrane
and ubiquitination and degradation [13, 14].

ZnT5 (variant B) is also been localized to the apical plasma membrane of human intestine
and Caco-2 cells. Transport mediated by ZnT5 in Xenopus oocytes suggests bi-directional
transport [15, 16]. This was the first transporter to be suggested with bidirectional
properties. Perhaps such activity could serve a buffering function. A Zn75knockout mouse
possesses an altered phenotype [17] , but an influence on intestinal absorption has not been
reported in this model.

Zip11 mRNA is expressed along the entire gastrointestinal tract from stomach to the colon
(Maki and Cousins, unpublished data). In all regions examined, Zip11 is up-regulated with
zinc restriction. Expression of Zjp4 in the stomach responds similarly to Zjp11, suggesting
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ZIP11 has an apical localization, but this has yet to be demonstrated. Zip14is expressed in
the mouse intestine [18] to a greater extent than in the liver where it proposed to have a
major function in the acute phase response [19]. Of particular interest is that intestinal Zjp14
is very responsive to endotoxin treatment of mice. Furthermore, ZIP14 is localized to both
the apical and basolateral membranes of enterocytes. The phenotypic outcome of intestinal
Z1P14 function is not known, but it may relate to an intestinal response to infection.

Transcellular Zinc Movement in Enterocytes

ZnT2 and ZnTs 4 — 7 have all been localized to intracellular structures in enterocytes [20].
They exhibit localization to vesicles and/or Golgi apparatus, representing various phases of
membrane trafficking. Since the function of the ZnT proteins is to lower intracellular zinc
levels, these proteins function either to promote cellular efflux of zinc or to move zinc into
vesicles, secretory granules, and endosomes as well as into the Golgi complex. We have
proposed much earlier that ZnT1 was localized to the basolateral membrane of enterocytes
[21] but also to adjacent endosomes (vesicles), although these have not been extensively
studied.

The clearest transcellular zinc trafficking mechanism has been that shown for ZnT7, which
is localized to the Golgi complex [22, 23]. Zn77 knockout mice exhibit phenotypic changes
that are not typical of zinc deficiency, such as alopecia or dermatitis. This is despite reduced
zinc uptake into numerous organs including liver, bone, and kidney in the mutant mice.
Body composition was altered in these mice. Most notable was a decrease in body fat. This
suggests that ZnT7 has an unrecognized function that explains the phenotype produced in
ZnT7"'~ mice. ZnT7 has been shown to activate one of the alkaline phosphatases, enzymes
that require zinc for their catalytic function [24]. Within the context of zinc absorption,
ZnT7"'~ mice show zinc malabsorption with reduced tissue accumulation of orally
administered 85Zn. A vesicular mode of transcellular zinc movement has been proposed,
which is a counterpart of that described for calcium [25].

Enterocyte to Plasma Zinc Transport

The major transporter controlling cellular zinc efflux is ZnT1 [1]. It was the first zinc
transporter to receive major attention as the protein responsible for zinc efflux from
enterocytes [21]. The transporter showed greatest abundance in cells at the villus tip. The
distribution was primarily at the basolateral membrane. As noted above, the vesicular-
localized ZnT1 is most likely a manifestation of association with early endosomes or
secretory vesicles. These relationships have not been investigated.

The mechanism of ZnT1 regulation is under control of the transcription factor MTF-1,
which is zinc-responsive [26, 27]. ZnT1 is not dramatically influenced by zinc restriction as
are other MTF-1 regulated genes. This is fortuitous, as a reduction in ZnT1 expression in
enterocytes would limit zinc transfer to the systemic circulation. The refractory nature of the
MTF-1 mediated ZnT1 gene regulation during zinc restriction has not been explored. ZIP5
is also localized to the enterocyte basolateral membrane [5, 7]. Its role in zinc homeostasis
has not been investigated. Expression of Zip5 mRNA is not zinc-responsive to zinc
depletion, but is responsive to acute administration of zinc. ZIP5 is internalized and
degraded with zinc depletion. The localization and its responsiveness to zinc suggest that
ZIP5 could serve as a monitor of body zinc status [7]. The transport of zinc by the intestine
in the serosal to mucosal direction has been demonstrated [2]. Hence ZIP5 activity could
monitor body zinc and with an appropriate stimulus, activate MTF-1 in enterocytes.
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Endogenous Zinc Excretion and Reutilization

The pancreas as a major excretory route for zinc has been studied for decades [6, 28].
Clearly the pancreas is a conduit for endogenous zinc. The acinar cells produce zymogen
granules, where zinc metalloenzymes are packaged with zinc ions in the acidic environment
of the granule. Numerous older studies do not support a role for the pancreas in zinc
excretion [27]. Nevertheless, those studies preceded knowledge of the tissue specificity of
zinc transporters. For example, ligation of the pancreatic duct would produce a transient
increase in systemic zinc, thereby producing MTF-1 mediated activation of genes including
ZnT1, ZnT2, and metallothionein (MT). This would certainly perturb zinc absorption
mechanisms. The pancreas has the potential to act as a key component of zinc homeostasis.
Acinar cells express ZIP5, which localizes to the basolateral membrane of those polarized
cells [7] and could act as a passive carrier of zinc destined for secretion. Acinar cells also
produce ZnT1 and ZnT2 by a MTF-1 mediated process [28]. These participate in zinc
release at the plasma membrane and zymogen secretory granules, respectively. Certainly the
pancreas has a role in zinc homeostasis, but all components may not have been identified.

The other potential route for endogenous zinc release into the gastrointestinal tract is in the
serosal to mucosal transport of zinc, with eventual release into the intestinal lumen. Zinc
transfer in this direction has been shown in rats [2]. Isotopic tracer studies with humans also
support the release of large amounts of endogenous zinc being secreted into the intestine
[29]. It is not possible to establish with those tracer studies whether zinc is transported out of
the intestinal cells or the pancreatic acinar cells.

While the origin of the endogenous intestinal zinc is not certain, it nevertheless provides a
source of bioavailable zinc for reutilization by the host or for incorporation into the resident
microbiota.

Immune Responses and Zinc Transport

It has been shown that concurrent systemic inflammation, as demonstrated by increased
acute phase bio-markers, prevents the increase in plasma zinc in response to a micronutrient
supplement containing 15 mg zinc/day [30]. This could result from either decreased
intestinal zinc uptake, increased endogenous zinc loss via the intestinal or pancreatic
secretions, or enhanced hepatic zinc accumulation. Recently it was observed that alcohol
creates pro-oxidant conditions in the intestine, as demonstrated by increased reactive oxygen
species that are concomitant with decreased intestinal zinc concentrations and increased
blood endotoxin [31]. Endotoxin is known to enhance the absorption and/or retention of
orally administered® zn [32, 33]. This has been interpreted as representing an influence of
proinflammatory cytokines on zinc absorption. Indeed, the Zjp14 transporter gene is induced
by endotoxin along the entire gastrointestinal tract (Guthrie and Cousins, unpublished
observations) as it is in the liver [19, 34]. A challenge in this area is to identify culture
systems that mimic the gut during immune responses at the cell culture level. The latter is
necessary to delineate effects that are at the enterocyte level from those produced by hepatic
or renal zinc processing.

Conclusions

Understanding the transport properties, cellular location, cell-specific expression, and
regulation of the zinc transporters involved in enteric zinc absorption is extremely important
for developing an accurate appraisal of zinc bioavailability. Steady-state levels of the
various transporters are important, but no more so than that many are regulated by
physiologic and immune mediators that in turn influence absorption. Future issues that will
need to be investigated to more fully understand zinc bioavailability include:
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«  Immune status of the gastrointestinal tract

» Reduced zinc intake may enhance gastric acid production and impair zinc solubility
«  Differential absorbability of zinc along the gastrointestinal tract

» Influence of the intestinal microbiota on zinc absorption

«  Competition of the host and resident microbiota for available zinc

These challenges for the future will place greater emphasis on integrative models such as
mutant mice, but also on state-of-the-art sequencing methods to explore influences of gut
microbiota on zinc bioavailability.
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Figure 1.

Overview of major zinc transporters expressed in intestinal epithelial cells. ZIP4 is a major
importer and is regulated by zinc. ZIP14 is responsive to proinflammatory conditions and is
postulated to be at both the apical and basolateral surface of enterocytes. ZnT1 and ZIP5
influence zinc traffi cking at the basolateral membrane. ZnT7 influences the apparent
transcellular movement of zinc.
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