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Abstract

ZIP14 (slc39A14) is a zinc transporter induced in response to pro-inflammatory stimuli. ZIP14 induction accompanies the
reduction in serum zinc (hypozincemia) of acute inflammation. ZIP14 can transport Zn®* and non-transferrin-bound Fe*" in
vitro. Using a Zip14 /~ mouse model we demonstrated that ZIP14 was essential for control of phosphatase PTP1B activity
and phosphorylation of c-Met during liver regeneration. In the current studies, a global screening of ZIP transporter gene
expression in response to LPS-induced endotoxemia was conducted. Following LPS, Zip14 was the most highly up-
regulated Zip transcript in liver, but also in white adipose tissue and muscle. Using ZIP14™/~ mice we show that ZIP14
contributes to zinc absorption from the gastrointestinal tract directly or indirectly as zinc absorption was decreased in the
KOs. In contrast, Zip14/~ mice absorbed more iron. The Zip14 KO mice did not exhibit hypozincemia following LPS, but do
have hypoferremia. Livers of Zip14—/— mice had increased transcript abundance for hepcidin, divalent metal transporter-1,
ferritin and transferrin receptor-1 and greater accumulation of iron. The Zip14 /~ phenotype included greater body fat,
hypoglycemia and higher insulin levels, as well as increased liver glucose and greater phosphorylation of the insulin
receptor and increased GLUT2, SREBP-1c and FASN expression. The Zip 14 KO mice exhibited decreased circulating IL-6 with
increased hepatic SOCS-3 following LPS, suggesting SOCS-3 inhibited insulin signaling which produced the hypoglycemia in
this genotype. The results are consistent with ZIP14 ablation yielding abnormal labile zinc pools which lead to increased
SOCS-3 production through G-coupled receptor activation and increased cAMP production as well as signaled by increased
pSTAT3 via the IL-6 receptor, which inhibits IRS 1/2 phosphorylation. Our data show the role of ZIP14 in the hepatocyte is
multi-functional since zinc and iron trafficking are altered in the Zip74~/~ mice and their phenotype shows defects in

glucose homeostasis.
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Introduction

Control of mammalian zinc homeostasis is maintained through
zinc transporter activity. There are 24 zinc transporters that
handle uptake, efflux and intracellular trafficking [1,2]. Expression
and function of some of these genes respond to a variety of
physiological stimuli and/or dietary conditions, whereas others
appear to be constitutively expressed. Some of these zinc
transporters may exhibit loose selectivity and thus could contribute
to the cellular distribution of other metals such as iron, manganese
and cadmium [3-5]. This possibility would be influenced upon
dietary intake levels of the normal metal substrate and environ-
mental exposure of toxic metals or concurrent pathophysiological
conditions. The evidence that these transporters participate in the
transport of multiple cations is based on in vitro data and have not
been tested in integrative systems.

Inflammation is initiated by pro-inflammatory cytokines that
have profound effects of nutrient metabolism and utilization.
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During the acute phase response the liver prioritizes nutrient flows
toward production of acute phase proteins and alters utilization of
substrates for energy [6]. Trace elements are among those
nutrients that exhibit atypical metabolic profiles during inflam-
mation and infectious episodes [7,8].

Using a global screening approach for the ZnT and Zip
transporter genes, we identified that in the liver of mice treated
with turpentine to create a sterile abscess, or lipopolysaccharide
(LPS) to mimic initiation of innate immunity, {ip/4 was the gene
most profoundly up-regulated by these pro-inflammatory condi-
tions [9]. Furthermore, induction of /4 and enhanced plasma
membrane-associated ZIP14 was associated with increased zinc
transport into hepatocytes via IL-6 and other mediators.
Subsequently, we demonstrated that IL-1f and IL-1B-stimulated
nitric oxide production increased transcriptional activity of Jipl4
and ZIP14 enhanced Zn?* transport by hepatocytes [10]. TL-1B
and nitric oxide induction are independent of IL-6. We
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hypothesized that these findings strongly suggest that ZIP14 is a
component of the mediation of hypozincemia associated with
acute inflammation. Subsequently, using a murine partial hepa-
tectomy model, we identified that ZIP14 production is an
important component of the liver regeneration process [11]. The
latter is dependent on pro-inflammatory stimuli including TNF-o
and IL-6 [12]. These recent findings on ZIP14 and regeneration
amplify the scope of cellular processes that are influenced by this
transporter. The mechanism was traced to control by Zn®" of
protein-tyrosine phosphatase 1B activity and c-Met phosphoryla-
tion.

Hypoferremia is also associated with inflammation and infec-
tion. Mechanisms that result in reduced serum iron in response to
both acute and chronic stimuli focus on the regulatory peptide
hepcidin. IL-6 is among the numerous factors that regulate
hepcidin production in hepatocytes and leukocytes [13]. Hepcidin
functions to control iron levels through regulation of the iron
export transporter, ferroportin in enterocytes and macrophages,
through a mechanism that regulates degradation of the transport-
er. The net effect is a reduction in the plasma iron concentration.
Chronic hypoferremia is frequently called the anemia of inflam-
mation [14].

While they are congruent events, the teleologic basis for the
depression of plasma zinc and iron concentrations associated with
acute infections and other pro-inflammatory conditions has not
been firmly established. Hypozincemia has been suggested to
support production of acute phase proteins, host defense proteins
such as calprotectin [15], restriction of zinc from acquisition
systems of pathogens [16,17], some that influence virulens [18],
immune cell function [19], and as shown in various systems,
regulation of signaling pathways including inhibition of phospha-
tases [20-22], transcription factor binding activity and most likely
ligand-receptor initiated events [23]. Limited data suggest that
experimental prevention of the hypozincemia response is detri-
mental to the organism [24-26]. Similarly, hypoferremia has been
suggested as a host defense process to restrict iron from pathogens
[8,13 and 27]. Redistribution of iron to maintain energy
metabolism in specific tissues is another likely reason for regulated
tissue iron accumulation during inflammation and infection [8].

In the research presented here, a novel murine Zipl4~"~ model
was used to demonstrate that ablation of the ZIP14 zinc
transporter prevented the hypozincemia produced by LPS
administration and that ZIP14 is a key component for controlling
altered zinc homeostasis and signaling pathways in multiple
tissues, including liver, white adipose tissue (WAT) and muscle,
during endotoxemia. Moreover, Zip/4 '~ mice had a decreased
capacity to absorb zinc. In contrast, the null mice exhibited
increased iron absorption, but not hypoferremia in response to
LPS. The Zipl4 '~ mice had a diminished IL-6 production after
LPS, had more body fat, were hypoglycemic and exhibited
characteristics of hyperinsulinemia.

Materials and Methods

Mice and Diets

Zpl#* - heterozygous mice of the C57BL/6 strain were
obtained from the Mutant Mouse Research Resource Consortium
at University of California-Davis via a contract. A breeding colony
was established at the University of Florida to develop multiple
generations to produce both homozygous (Zipl4™*; WT) and
homozygous (Zipl4~’~; KO) mice for use in these experiments.
Genotyping was by PCR. Genomic characterization of the
Zipl4~"~ strain has been presented previously [11]. KO and
WT mice were used when 8-16 weeks of age. It is well
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documented that there is a greater iron content in female rodents
compared to males [28-30]. Consequently, female mice were used
for these experiments. In limited studies, CD-1 strain male mice
(Charles River) were used when 8—12 weeks of age. For all of these
studies all mice were maintained using standard rodent husbandry
and received a commercial, irradiated diet (Harlan Teklad 7912)
ad libitum and tap water.

Treatments

In some experiments, lipopolysaccharide (LPS) (E. coli serotype
055:B5; Sigma) was administered (2.0 mg/kg; 1.p.) in phosphate
buffered saline (PBS) or PBS alone for up to 18 hr before the mice
were killed. In other experiments, ®>Zn was provided by gavage
(2 nCi/mouse in 250 pL of saline) to fasted mice 3 hr before being
killed to assess zinc absorption and tissue distribution. In
comparison experiments, ~'Fe was provided by gavage (2 nCi/
mouse in 250 pL of saline, 0.5 M ascorbic acid) to fasted mice.
Mice were given food after 7 hr and were killed 24 hr later to
assess iron absorption and tissue distribution. Specific activity of
the ®*Zn and *?Fe (Pekin Elmer) when used was 4.4 mCi/mg and
41.8 mCi/mg, respectively. Absorption and tissue accumulation of
57Zn and *°Fe was measured by gamma scintillation spectrometry.
At the specified time for each isotope, the entire gastrointestinal
tract was removed and the radioactivity in the carcass was
measured [31-33]. The percent absorption of each radioisotope
was calculated from those values and the dose administered then
normalized to the body weight. In some experiments, radioactivity
in serum and liver was measured. Mice were anesthetized by
Isofluorane inhalation for injections, gavage and euthanasia by
cardiac puncture. Protocols were approved by the University of
Florida Institutional Animal Care and Use Committee.

Analytical Procedures

Blood was collected by cardiac puncture and serum was
obtained by two-step centrifugation [34]. Zinc and iron concen-
trations of serum were measured by flame atomic absorption
spectrophotometry (AAS) using serum diluted in MiliQ® water. To
measure zinc and iron concentrations, weighed amounts of
collected tissues were digested in HNO3 (90°C) for 3 hr prior to
dilution in MilliQ® water and analysis by AAS [11]. Non-heme
iron (NHI) concentrations in liver were determined colorimetri-
cally (by ferrozine assay) [35]. Briefly, liver homogenates in water
were diluted with (l:1 ratio) protein precipitation solution
(1 N HCI, 10% trichloroacetic acid) and incubated for 1 hr at
90°C. Clear supernatant was obtained by centrifugation at
16,000 xg for 15 min. After 30 min incubation with the chromo-
gen solution (0.508 mM ferrozine, 1.5 nM sodium acetate, 0.1%
thioglycolic acid) absorbance was measured at 562 nm.

RNA Isolation and qPCR

For isolation of RNA, tissues were placed in RNase Later
(Ambion) and subsequently homogenized (Polytron) in TRI
reagent (Ambion) [11,21]. Total RNA was treated with Turbo
DNA-free reagents (Ambion). Primer/probe sequences for the
PCR reactions have been provided previously [9,11] or TagMan
Gene Expression Assays for hepcidin, transferrin receptor-1/2
(TfR-1/2), divalent metal transporter 1 (DMT1), ferritin, glucose
transporter 2 (GLUT2), phosphoenolpyruvate carboxykinase
(PEPCK), sterol regulatory element-binding protein-lc (SREBP-
lIc), fatty acid synthase (FASN) and suppressor of cytokine
signaling-3 (SOCS-3) were purchased from Applied Biosystems.
One-step reverse transcriptase reactions (Applied Biosystems) were
used for qPCR. TATA binding protein (ITBP) mRNA was the
normalizer for relative quantitation.
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Figure 1. LPS differentially regulates ZIP14 expression in mice. Young adult mice received LPS (2 mg/kg, i.p.) or the same volume (0.5 mL) of
saline (control), 1-18 hr before being killed. (A) Total RNA was isolated and Zip74 mRNA was measured by qPCR and expressed relative to TBP mRNA
as the normalizer. ZIP14 protein abundance was measured by western analysis of liver homogenates. Representative western blots from multiple
mice (n=3—4) were measured for ZIP14 abundance by densitometry. (B, C) Zinc concentrations in serum and liver, in ug/mL and pg/g respectively,
were measured by AAS. (D, E) Comparison of Zip14 mRNA and ZIP14 protein in WT and Zip14 KO mice 18 hr after LPS, as measured by qPCR and
western analysis. Values are mean + SD, n=3—5. (E) ZIP14 protein is increased at the plasma membrane of hepatocytes of WT mice but not Zip14 '~
mice following LPS. Localization was by confocal microscopy using ZIP14 antibody and Alexa fluor594 secondary antibody and DAPI as the nuclear
marker. (F) Serum IL-6 as measured by ELISA was used as an indicator of efficiency of LPS administration. The IL6 response from LPS was attenuated in
the Zip747/7 mice. (*=P<0.05, **=P<0.01, ***=P<0.001, ****=P<0.0001).

doi:10.1371/journal.pone.0048679.g001

Western Blotting and Immunohistochemistry

Western analysis used polyclonal rabbit antibodies against
ZIP14, ZIP4 and ZnT8 produced in our laboratory and were
affinity purified (Pierce) as previously described [9]. IR1B,
phospho-IR1B (pY1146, pY1150/1151), P13K, phospho-P13K
(pY488, pY199), IRS1/2, Akt, phospho-Akt (pS473), STATS,
phospho-STAT3 (pY705), IKB, phospho-IKB (pS32/36) antibod-
ies were purchased from Cell Signaling Technology. Tissue
samples were immediately flash frozen in liquid nitrogen. Tissues
were homogenized (Potter-Elvehjem or Polytron) either in RIPA
lysis buffer or non-denaturing lysis buffer (20 mM TrisHCI,
137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA)
containing protease and phosphatase inhibitors (SantaCruz,
ThermoScientific). For immunoprecipitation, samples that were
lysed in non-denaturing lysis buffer (1 mg/ml) were incubated
overnight with sepharose conjugated pY antibody (Cell Signaling
Technology). Proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Immunoblots were
visualized first by Ponceau Red staining and then with enhanced
chemiluminescence to measure abundance by digital densitometry
[11]. Tubulin (Abcam) was used as the loading control.
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Immunohistochemistry of liver and pancreas, used samples fixed
with either 10% formalin in PBS or fresh frozen in an optimal
cutting temperature compound. The ZIP14 and ZnT8 antibodies
were followed with anti-rabbit IgG-Alexa Fluor 594 conjugate,
while insulin antibody was followed with anti-goat IgG-Alexa
Fluor 488 conjugate. Counterstaining of nuclei used 4, 6-diamond-
no-2-phenylindole (DAPI). Visualization was by confocal micros-
copy. Light microscopy was used to detect pancreatic insulin and
glucagon and liver red oil O staining.

Other Methods

Serum IL-6 (BD Bioscience), insulin (Mercodia) and liver cyclic
adenosine monophosphate (c(AMP) (Arbor Assay) were measured
by ELISA. Body composition was measured with Bruker Lean Fat
Analyzer NMR [36]. Serum glucose concentration was measured
by OneTouch Ultramini, while liver glucose was measured
spectrophotometrically with glucose (GO) assay reagents (SIG-
MA), according to the manufacturer’s instructions. Proteins were
precipitated as in the ferrozine assay and those supernatants were
used for the assay.
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Figure 2. Zjp74 null mice do not have depressed serum zinc after LPS administration. WT and Zip14

~/~ mice were given LPS or saline

administration (2 mg/kg; 0.5 mL; i.p.) 18 hr before being killed. (A, B) Zn concentrations in serum and liver were measured by AAS. (C, D) Global
analysis of liver Zip and ZnT transcripts in KO and after LPS. Total RNA was isolated from the liver and Zip74 mRNA was measured by gPCR and
normalized to TBP mRNA. Values are mean = SD, n=3-5. (E) ZIP4 protein abundance in liver was shown by western analysis.

doi:10.1371/journal.pone.0048679.9002

Statistical Analysis

Data are presented as the means £ SD or = SEM. Significance
was assessed by Student’s t-test or ANOVA. Statistical significance
was set at p<<0.05.

Results

ZIP14 is Up-regulated in Liver during Acute Phase

Response

The LPS-induced proinflammatory response was used to
examine hepatic ZIP14 expression. We conducted mRNA
measurements showing the expression of {ip/4 mRNA in liver
for up to 18 hr following LPS administration in female mice
(Fig. 1A) of the C57BL/6 strain. The increase in hepatic ZIP14
protein abundance during the first 18 hr of the acute phase
response is also shown (Fig. 1A). Hypozincemia occured rapidly
after LPS administration (Fig. 1B). This is one of the sentinel
signatures of the acute phase response. Of note is the significant
increase in the liver zinc concentration at 9 and 18 hr following
LPS administration (Fig. 1C). Therefore, subsequent experiments
were conducted at 18 hr post LPS injection. To further explore
the physiologic outcomes of ZIP14 expression we used Zij)]é‘*/f
mice. The effectiveness of {ip14 ablation is shown in that the KO
strain show no measurable Zipl4 mRNA (Fig. 1D) or ZIP14

PLOS ONE | www.plosone.org

protein in control and LPS-treated mice (Fig. 1E). Immunohisto-
chemistry confirmed the increased ZIP14 abundance at the
plasma membrane of hepatocytes following LPS treatment of WT
mice and minimal signal in {zp74 null mice (Fig. 1E). The serum
concentrations of IL.-6 were elevated in the LPS treated mice, but
the response was attenuated (P<<.001) in the null mice (Fig. 1F).
Levels were undetectable in the saline treated mice, thus
demonstrating effectiveness of LPS in initiating an inflammatory
response. The Zipl4 null mutation did not produce liver damage
as there was no detectable change in CD68, a marker of
macrophage infiltration (Fig. S1). No markers of apoptosis were
detected (data not shown).

Administration of LPS resulted in significant (P<<.001) hypo-
zincemia in WT mice. This response was not observed in the
Zip14 null mice, however (Fig. 2A). Similarly, LPS produced an
increase (P<<.001) in liver zinc concentration in WT mice. LPS did
not produce this response in Zipl/4 /" mice (Fig. 2B). Next we
conducted a global analysis of Zn'T" and Zip transcript abundance
in total liver RNA at 18 hr post-injection (Fig. 2C, D). The null
mutation resulted in a number of changes, most notably a decrease
in Zip4 (P<<.004) to nearly undetectable levels and an increase in
Zip10 (P<<.007) mRNAs (Fig. 2C). Also notable was the increase in
liver Zn'T8 (P<<.0002) in the KO mice (Fig. 2C). LPS increased
Zipl, 3, 6, 7, and 10 mRNAs and ZnT7 mRNA equally in WT
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Figure 3. Zinc absorption and hepatic uptake is reduced in
Zip14~'~ mice. Fasted mice received 2 uCi of °>Zn by gavage and
were killed 3 hr later. (A) Percent absorption was calculated from the
radioactivity administered. (B, C) Serum and liver uptake was calculated
from the specific activity of the %57Zn. Values are mean + SE, n=5—12.
doi:10.1371/journal.pone.0048679.g003

and Zipl4~’~ mice Fig. 2D). The depression in ZIP4 protein in
the KO mice was confirmed by western analysis (Fig. 2E). Of note
was that the induction of liver metallothionein (MT) mRNA by
LPS, which was significantly attenuated in the /4 KO mice
(Fig. S2),since M'T gene expression is proportional to intracellular
zinc availability this response supports the notion that the
induction of MT is the summation of LPS signaling and metal
regulatory transcription factor 1 activation. Presumably newly
transported zinc from ZIP14 activity, which raises the intracellular
zinc concentration, hence the induction of M'T was less in Jipl4
KO mice than WT mice following LPS (Fig. 2B).

ZIP14 Influences Zinc and Iron Metabolism

The ZipI4~’~ mouse model allowed us to test the physiologic
effects of ZIP14 function and the role played by ZIP14 in zinc
metabolism in healthy mice and during LPS immune stimulation.
Absorption of an oral dose of ®>Zn was significantly less (P<<.05) by
about 50% in the Zip74~’~ mice compared to WT mice (Fig. 3A).
The amount of absorbed **Zn found in the serum was significantly
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less (P<<.03) in the LPS-treated W'T mice (Fig. 3B). LPS did not
influence ®Zn in serum of the KO mice, however. In contrast,
hepatic incorporation of the orally administered ®Zn  was
increased (P<<.01) in LPS-treated WT mice (Fig. 3C). The KO
mice exhibited less hepatic 57n, but the magnitude of the
response to LPS was retained. This latter finding was consistent
with the decreased **Zn absorption produced by ZipI4 ablation
and the induction of another hepatic zinc transporter by LPS as
demonstrated in Iig. 2C.

We measured tissue concentrations of iron and *Fe absorption/
metabolism to explore if the (ipl/4 KO mice exhibited a
phenotypic difference in iron handling based on in vitro evidence
of iron transport mediated by ZIP14 (3, 5). Of major significance is
that serum iron concentrations were reduced in both WT
(P<.001) and KO (P<<.001) mice upon LPS treatment (Fig. 4A).
This indicates ablation of Zipl4 expression did not prevent the
hypoferremia of endotoxemia. Liver total iron content was not
influenced by genotype or LPS. A significant increase (P<<.02) in
liver non-heme iron content in the {4 null mice was detected,
however (Fig. 4A).Orally administered *’Fe was used to access the
influence of the /4 null mutation on iron absorption and
processing. *Fe absorption during the 24 hr after oral adminis-
tration was significantly (P<<.007) increased in the ZIP14 KO mice
(Fig. 4B). To further characterize the metabolic consequences of
the .Zip14 null mutation on iron metabolism, uptake of *’Fe into
serum and liver was evaluated. The **Fe content of the serum was
not influenced by the /4 deletion (Fig. 4B). There was a
significant increase (P<.04) in liver *’Fe in the null mice, however
(Fig. 4B). A number of iron-responsive parameters were also
examined. LPS increased hepcidin mRNA in the WT mice (data
not shown). Similarly, control (saline-treated) {ip/4 null mice had
a doubling of hepcidin transcript abundance (P<<.01) compared to
the WT mice (Fig. 4C). TfR-1 mRNA was significantly (P<<.001)
up-regulated in the liver of Zip74~’~ mice (Fig. 4C). Of particular
note is the increased DMT'1 (P<.05) mRNA and ferritin (P<.001)
mRNA also found in the liver of the {ip/4 null mice. However,
TR-2 mRNA levels were not altered (data not shown). These data
collectively suggest a dysfunctional signaling for iron homeostasis
in Zipl4~’" mice. Specifically this is a pattern that leads to
enhanced hepatic iron uptake via DMT1 and TfR-1 with
deposition as ferritin.

Hepatic Insulin and IL-6 Pathways are Differentially
Regulated in Zip14~/~ Mice

While there are clearly dysfunctional aspects to the metabolic
pathways for zinc and iron, the {zp74 null mice also showed some
gross phenotypic characteristics that were readily apparent. For
example, the null mice appeared to have difficulty in standing to
consume food in cages where the food was placed in suspended
feeders. The null mice, especially females, appeared to be smaller
than the WT counterparts. Some of these characteristics were
recently reported by others using Zip/4~ /™ of different origin than
those used in our current studies [37]. Using a Lean/Fat Analyzer,
we found the /4 null mice had 5% more body fat (Fig. 5A).
This finding led us to compare blood chemistry parameters in the
WT vs. KO mice. Salient among these parameters of fed-mice was
a significant reduction (P<.05) in serum glucose (Fig. 5B) and a
two-fold greater (P<<.05) serum insulin concentration in the null
mice (Fig. 5C). Also of note was the severe hypoglycemia in both
genotypes produced by LPS treatment (Fig. 5B). The glucose
content of the liver was increased in the /4 null mice (Fig. 5B).
Reduced hepatic glucose stores were observed upon LPS
administration. Liver cAMP levels were up-regulated by LPS
mnjection, however they were not altered by genotype (Fig. 5D).
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There was a significant increase (P<.001) in GLUT2 mRNA and
a significant (P<<.05) reduction in gluconeogenic enzyme PEPCK
mRNA in Jpl4 null mice (Fig. 5G). LPS reduced both hepatic
glucose and GLUT2 mRNA equally in both WT and {4 null
mice. Of note is that expression of both the lipogenic SREBP- 1c
and FASN transcripts were significantly up-regulated (P<<.05 and
P<.001 respectively) in the livers of {ip/4 null mice (Fig. 5G).
These increases were eliminated with LPS treatment. An increase
in hepatic lipid content was shown by increased Red Oil O
staining in the null mice (Fig. S3). The Zip74 null mutation had a
striking influence on hepatic insulin receptor (IR) phosphorylation.
Phosphorylation of pY1146, pY1150 and pY1151 sites of IR and
tyrosine phosphorylation of IRSI and IRS2 was markedly
increased (Fig. 5E). In addition, downstream targets of IR, PI3K
and Akt also exhibited increased phosphorylation in the livers of
the null mice (Fig. 5E).

As shown earlier {ipl4 is regulated by IL-6 [9]. Therefore, we
investigated the influence of the {74 null mutation on IL-6
pathways. The LPS-stimulated increase in serum IL-6 was
attenuated with Jip7/4 null mice (Fig. 1F). IL-6 synthesis after
LPS stimulation is regulated by STAT3 and IKB phosphorylation.
After LPS administration, while pSTAT3 was increased equally in
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both genotypes, plkB was increased to a far greater extent in the
Zip14 null mice (Fig. 5F). Expression of the mRNA for suppressor
of cytokine signaling-3 (SOCS-3), a downstream target gene of the
STAT3- IKB pathway, was markedly increased in the LPS-injected
null mice (P<.001) (Fig. 5G). Of note is that the SOCS proteins
are negative regulators of both IL-6 and insulin signaling [38].

Pancreatic Insulin and Glucagon Secretion is Influenced
by Zip14~/~

The influence of the null mutation and LPS administration on
Zipl4, Zipl0 and ZnT8mRNA are shown in Fig. 6A. Immuno-
fluorescent micrographs of ZIP14 and Zn'T'8 protein are presented
in Fig. 6 B and C, respectively. Recent reports have implicated
specific zinc transporters in pancreatic endocrine functions [39,40]
with Zip10, Zip14, and ZnT8 being those with high abundance.
Of note is that both {ip10 and {n7T8 were up-regulated in the
pancreas of the /4 null mice (Fig. 6A). Furthermore,
colocalization of ZnT8 with insulin was shown in pancreatic
tissue (Fig. 6B). ZnT8 did not reach the statistical significance at
the mRNA level, however immunofluorescence results showed
clear up-regulation of ZnT8 in pancreatic islets of ZIP14 KO
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doi:10.1371/journal.pone.0048679.g005

mice. This could be explained by the fact that mRNA
measurements were conducted from RNA extracted from whole
pancreas not specifically pancreatic islets.

As the pancreas is the site of insulin and glucagon production,
we next investigated expression of these hormones in the pancreas
of WT and {ip!4 null mice using immunohistochemistry (Fig. 6D).
Insulin content of Beta cells was greater in the /4 KO mice
with characteristic hyperplasia of these cells (Fig. 6C, D). In
addition, glucagon abundance was increased by LPS, but to a far
greater extent in the {ip/4 null mice Fig. 6D).

ZIP14 is Up-regulated in Multiple Tissues during Acute
Phase Response

The signaling pathways identified in the liver suggest ZIP14-
mediated zinc transport and signaling extends to other organ
systems. For this evaluation, we determined the tissue specificity of
Zip14 mRNA expression following LPS administration in multiple
tissues. Of the 13 tissues examined, the WAT and muscle had the
highest Zip14 expression following LPS and were much higher
than that of the lung, liver, and heart (Fig. 7A). For comparison,
Lip14 mRNA abundance in CD-1 male mice was also measured in
tissues after LPS (Fig. S4A). Most notable was far greater
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expression in WA'T and muscle comparable to what was observed
in the C57BL/6 strain (Fig. 7A). LPS did not appreciably influence
Zpl4 mRNA levels in the intestinal tract of either strain (data not
shown). Of potential significance is that in muscle, LPS did not
induce the Jipl4a transcript, but did induce the {zp74b transcript
(Fig. S 4B and C). We measured zinc and iron concentrations in
liver, WAT, muscle, lung, pancreas and spleen. LPS significantly
increased the zinc concentrations in liver (Fig. 2B), WAT and
muscle of WT mice (Fig. 7B). This increase was not observed in
liver and muscle of the {zp74 null mice. In contrast, in WAT of the
null mice, LPS elevated the zinc concentration as in WT mice.
This suggests that in WAT another transporter is used to provide
the additional zinc during an inflammatory response. The zinc
concentration of the lung, pancreas and spleen were not altered by
genotype or LPS (data not shown). The only significant change in
total tissue iron of the six tissues examined was the reduced iron
concentrations found in the spleens of the ip7 4 null mice (Fig. 7B).
A global screen of all {n7 and {ip transcripts in WAT and muscle
revealed remarkable selectivity with respect to expression differ-
ences produced by the /4 null mutation and the immune
response to LPS. Transcript abundances that were significantly
changed by genotype or LPS administration (P<<.05) in WAT and
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muscle are shown in Fig. 7C and D, respectively. Most notable was
the influence of the {ip/4 null mutation on the up-regulation of
ZnT2 and Zip8 and major increases in ZnT2 and ZnT10 after
LPS in WAT (Fig. 7C). Similarly, the increases in Zn'T?2, Zip4 and
ZnT10 mRNA abundance as influenced by genotype and LPS in
muscle were striking (Fig. 7D).

Discussion

The experiments presented in this report demonstrate that the
Zipl4 null mutation in mice produces both altered zinc
metabolism, altered segments of iron metabolism and altered
signaling functions that influence glucose homeostasis. In addition,
many of these processes are influenced by LPS and many of those
are altered in the Zzp74 null mice. These findings suggest that the
biological role of ZIP14 extends beyond metal ion trafficking and
1s not limited to the liver,specifically, the unexpected finding of the
marked influence of ip74 deletion on glucose homeostasis.

PLOS ONE | www.plosone.org

Cells have elegant systems to control the inward and outward
transport of zinc, iron and other metal ions [1,2,8,41]. For a given
cell type, uptake mechanisms are influenced by enteric absorption
of these metals from the diet and physiologic controls for their
utilization. These mechanisms provide a strong control over the
levels of these ions in the peripheral circulation. For decades
endotoxin has been known to have influences on zinc and iron
metabolism, particularly producing hypozincemia and hypoferre-
mia [9,42 and 43]. Therefore, LPS-induced endotoxemia was
chosen as a model to evaluate ZIP14 function in an integrative null
deletion model.

As shown in this report, after an oral dose of ®*Zn the lack of
ZIP14 resulted in a substantial reduction in zinc absorption from
the intestinal tract. In contrast, the serum zinc concentration is
maintained at normal levels in the Jzp/4 null mice. This
demonstrates that another transporter(s) is sufficient to sustain
these levels. In that context, it is clear that the zinc transporter
ZIP4 is the major determinant of dietary zinc absorption [44,45]
and is a major factor in supplying sufficient zinc to meet the
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dietary requirement [7]. The human zinc malabsorption syn-
drome Acrodermatitis Enteropathica is produced by mutations in
Zip4 producing dermatologic and immunologic defects [46,47].
Since this condition can be prevented by supplemental zinc [47],
other transporters expressed in the gastrointestinal-tract, e.g.
ZIP14, must contribute to enteric zinc absorption and cellular
uptake. Hepatic Zip4 mRNA is reduced to nearly undetectable
levels with a corresponding increase in Zipl0 mRNA in the Jipl4
null mice. These results are interesting since both genes tend to up-
regulate upon dietary zinc restriction and are under various
control mechanisms [44,48 and 49]. It is of considerable interest
that neither Zipl4 nor Zipl0 mRNA levels in the intestine are
influenced by the {14 null mutation. We interpret these findings
to be a reflection of dysfunctional zinc homeostasis with Jipl4
ablation. Further experiments are needed to define how the
differing transport capabilities of these proteins maintain hepatic
zinc concentrations (Fig. 2A). Of particular interest is that ZIP14
appeared to influence iron absorption under the conditions used in
these experiments. Assayed 24 hr after oral gavage; *Fe
absorption was not different between WT and ipl 47/7 mice.
Considering the differences in absorption kinetics for zinc and iron
in rodents, the selection of 3 hr and 24 hr post-gavage are realistic
time points to gain initial estimates of these rates [31-33].

We have shown with transfection experiments using HEK293T
cells and, in collaboration with others using Xenopus oocytes, that
ZIP14 1is capable of transporting both zinc and iron [3,3].
Similarly, using in vitro model systems, others have also shown
manganese is another substrate that can be transported by ZIP14
[4]. Hence, there is the need to compare these in vitro findings
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with what is observed with an integrative model, since the
available plasma/cellular concentrations of these metal ions in
vivo are markedly different from metal ion concentrations
available under in vitro conditions.

The hepatic metabolism of both zinc and iron in response to
LPS has been extensively studied. LPS-induced changes in zinc
metabolism initially focused at the mechanistic level on MT
[42,46,47,50 and 51]. This protein was proposed as the recipient
of zinc during the hypzoncemia-related hepatic zinc accumulation
during acute endotoxemia. Liquid chromatography experiments
with co-migration of zinc and MT led to that conclusion.
Subsequently, MT has been viewed as a zinc buffer where the B
cluster of the protein provides physiologic metal exchange, but o
cluster having a greater binding affinity for some metals, serves a
detoxification function [52]. For over two decades evidence has
been accumulating that the zinc fluxes created by these metabolic
events are primarily functioning for the cell signaling role of zinc
rather than the catalytic or structural roles for this nutritionally
essential metal [22,23]. The role of zinc in cell signaling in vivo
involves inhibition of phosphatases and other enzymes that
influence immune responses and cell proliferation [11,21]. In this
respect, the in vitro effects of zinc, demonstrated over many years,
are merging with information through effects produced in specific
cell types generated by differential zinc transporter expression. We
have stressed that the various modes of ZnT/Zip gene regulation,
and marked differences in expression among cell types, point to
specific effects on signaling [1,2]. The high expression of Zip10 in
brain, ZnT8 in pancreatic P cells, ZnT?2 in secretory cells and Zip8
in T-lymphocytes are but a few examples.
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It has been established that DMT' is an iron transporter that is
important for enteric iron absorption, NTBI delivery into cells at
the plasma membrane and iron transport to the cytoplasm from an
endosomal localization [8]. The latter delivers iron to mitochon-
dria and the intracellular iron pool which includes ferritin. As with
zinc, hepatic iron metabolism is regulated by innate immune
responses and infectious stimuli. When modeled using LPS there is
acute hypoferremia and body iron redistribution produced by
hepcidin, an iron regulatory peptide synthesized in the liver in
response to pro-inflammatory conditions or excess serum iron
[41]. It has been proposed that hepcidin is responsible for
orchestrating rapid changes in iron metabolism in response to pro-
inflammatory stimuli [43]. We did not observe major changes in
serum iron but NHI was increased in the Zipl4 '~ genotype
compared to WT mice. Furthermore, the response to LPS
produced comparable hypoferremia in both genotypes. This
suggests ZIP14 does not function in either the hypoferremia or
the liver iron accumulation associated with LPS administration. In
contrast, absorption of *’Fe from the gastrointestinal tract and
uptake the liver was significantly increased in the ZIP14 KO mice.
Significant increases were noted in the /4 null mice for hepatic
hepcidin, TfR-1, DMT1 and ferritin mRINA expression as well as
increased non-heme iron in liver. The increases in hepcidin and
ferritin mRNA expression, plus the increased uptake of newly
acquired hepatic iron (**Fe) in the Zip/4~ '~ mice are consistent
with a response to an iron overload situation. This could be driven
by increased DMTT1 activity and/or increased hepatic uptake of
Tf-bound iron. Hepatocytes do not require functional DMT1 for
iron uptake, however [53]. These in vivo data argue against a role
for ZIP14 in cellular iron uptake, as shown with in vitro
experiments but could reflect a block in an iron export pathway

PLOS ONE | www.plosone.org

10

from an intracellular iron pool when ZIP14 is not present. The
increased expression of TfR-1 and ferritin are in agreement with
data on iron accumulation in zinc deficient 3T3 cells in culture
[54]. Hence the hepatocytes from the Zip/4 '~ mice might be
responding to a cellular zinc deficiency. Further experiments will
address this point.

Increased body fat and hypoglycemia of the Zip/4 '~ mice
were not expected findings. Increases in GLUT2, SREBP-1c and
FASN mRNAs in the null mice are consistent with enhanced
lipogensis and glucose utilization. Clearly enhanced phosphoryla-
tion of the IR was found in the Zip/4 '~ mice. Similarly,
enhanced phosphorylations of PI3K and Akt, as found in the
Zipl4—/— mice, are indicators of enhanced glucose transport and
lipogenesis and inhibition of lipolysis. Up-regulation of SOCS-3 in
the null mice is compatible with the NFkB regulation and
mhibition of insulin signaling [38]. Assuming that the high levels of
the hepatic glucose levels are of endocrine origin, we focused on
specific parameters of the pancreas of the Zip/4~’~ mice. The
LPS-induced five-fold increase in ip/4 mRNA and protein in the
intact pancreas suggests that the loss of ZIP14 in the null mice is
physiologically relevant. Considerable indirect evidence has linked
zinc to glucose homeostasis [55]. Zinc deficient rats tend to have a
diabetic phenotype [56]. Acute administration of zinc in vivo
produces a transient hyperglycemic effect [57]. In vitro addition of
zinc to rodent hepatocytes has been shown to stimulate glycolysis.
This effect is believed to be produced by increased intracellular
zinc levels [58,59]. MT has been implicated in the stimulation of
glycolysis by zinc as the effect is markedly diminished in
hepatocytes from MT1-2777 mice [59]. Of note is that zinc
accumulation and MT synthesis are stimulated by glucagon [60]
and the inhibitory influence of glucagon on glycolysis is reversed
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by zinc [58]. While only measured at the transcript level, Zip14
expression was relatively high in a glucagon-producing cell line (x-
TCG) and pancreatic islets from mice [40]. Consequently, the
influences of zinc on glucagon secretion could be altered with
Lipl4 ablation or by LPS via stimulation of ZIP14 transport
activity. Glucagon secretion from a-cells occurs during hypogly-
cemia. Recent studies of this secretory process during glucose
deprivation suggests regulation by zinc which acts as a switch to
open K*ATP channels in o cells [61]. Furthermore, stimulation of
MT synthesis may sufficiently reduce labile zinc in hepatocytes
with subsequent stimulation of glycolysis. A key gluconeogenic
enzyme, fructose 1, 6-bisphosphatase, is inhibited by zinc [62]
which also influences activity of this enzyme in vivo [63]. The
abnormal glucose homeostasis observed in the Jipl 477 mice
could also result from the altered iron trafficking observed with this
null mutation. Excess iron uptake has specifically been related to
TfRs redistribution from an intracellular membrane compartment
to cell surface caused by insulin [64]. Furthermore, TfRs have
been shown to colocalize with insulin-responsive glucose trans-
porters [64].

The demonstration of increased Zipl4 mRNA in WAT and
muscle following LPS, as reported here, places these findings
within the context of being a reflection of an increased demand for
zinc during the pro-inflammatory state. Numerous studies have
suggested that the hepatic zinc accumulation concurrent with the
acute phase response is necessary for enhanced protein synthesis or
energy production [9,51]. As a major site of IL-6 production [65],
muscle is a participant in innate immunity. IL-6 synthesis in
muscle occurs via a NF-kB requiring transcriptional process [66].
Hence this mode of regulation is in agreement with the enhanced
IkB expression found in the Zip/4 '~ mice. In adipocytes, LPS
signals an ERK1/2 pathway to stimulate lipolysis [67] presumably
to meet the demands of enhanced energy expenditure during
inflammation. A perspective on Zip14 expression in WAT should
include recognition that the /4 gene was first identified in
differentiating adipocytes [68]. Furthermore, adipocytes are
secretory cells [69], releasing a variety of factors including
cytokines which are produced during inflammation associated
with metabolic diseases. Of note is that zinc may be required for
leptin secretion and differential expression of both ZnT and Zip
genes in adipose tissue from lean vs. obese subjects [70]. Zipl4
expression was not included in that analysis. In addition, lipid
metabolism has now been linked to the innate immune response
[71]. Clearly future emphasis will need to be placed on ZIP14-
related functions in WAT and muscle within the context of
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inflammation and energy expenditure. We present a model that
incorporates our analysis of how LPS administration to {74 null
mice influences intracellular signaling (Fig. 8). It includes the LPS
induced zinc accumulation and enhanced IL-6 production/
secretion. The inhibitory influence on the IR, via SOCS-3, as
induced by IL-6, supports the influence of ZIP14 on glycolysis in
liver. The net effect of the null mutation is an influence on insulin
utilization.

The research presented here provides evidence that ZIP14 is a
functional component of the hepatic response to acute inflamma-
tion that influences both utilization of metal ions and energy
metabolism. Furthermore, the data provides the first link of the
ZIP14 zinc transporter with signaling processes in tissues of high
metabolic activity.
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Figure S1 The Zip14 null mutation did not produce liver
damage as there was no detectable change in CD68, a
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(TIF)

Figure S2 Comparison of MT mRNA WT and Zip14 KO
mice 18 hr after LPS, as measured by qPCR.
(TIF)

Figure S3 The increase in hepatic lipid content was
shown by increased Red Oil O staining in the null mice.

(TIF)

Figure S4 Zipl4 mRNA abundance in CD-1 male mice
and was measured in tissues after LPS. Zipl4a and
Zipl4b transcripts were measured in liver, WAT and
muscle.

(TTF)

Acknowledgments

The authors wish to thank Dr. Phillip Scarpace for use of and assistance
with the Lean Fat Analyzer

Author Contributions

Conceived and designed the experiments: TBA RJC. Performed the
experiments: TBA SMC GJG ABM MSR AK RJC. Analyzed the data:
TBA RJC. Contributed reagents/materials/analysis tools: TBA RJC.
Wrote the paper: TBA RJC.

8. Wood R]J, Ronnenberg AG. Iron. In: Shils ME, Shike M, Ross AC,, Caballero B,
“ousins RJ, eds. (2006) Modern Nutrition in Health and Disease. 10th ed.
Philadelphia: Lippincott Williams & Wilkins; 248-270.

9. Liuzzi JP, Lichten LA, Rivera S, Blanchard RK, Aydemir TB, et al. (2005)
Interleukin-6 regulates the zinc transporter Zip14 in liver and contributes to the
hypozincemia of the acute-phase response. Proc Natl Acad Sci U S A. 102:
6843-6848.

. Lichten LA, Liuzzi JP, Cousins RJ (2009) Interleukin-1beta contributes via nitric
oxide to the upregulation and functional activity of the zinc transporter Zipl4
(Slc39al14) in murine hepatocytes. Am J Physiol Gastrointest Liver Physiol 296:
G860-G867.

11. Aydemir TB, Sitren HS, Cousins RJ (2012) Zip14 Influences Zinc Transport
and c-Met Phosphorylation During Murine Liver Regeneration and Hepatocyte
Proliferation. Gastroenterology 142: 1536-1546.

. Fausto N, Riehle KJ (2005) Mechanisms of liver regeneration and their clinical
implications. J Hepatobiliary Pancreat Surg 12: 181-189.

. Armitage AE, Eddowes LA, Gileadi U, Cole S, Spottiswoode N, et al. (2011)
Hepcidin regulation by innate immune and infectious stimuli. Blood. 118: 4129~
4139.

. Fleming RE, Ponka P (2012) Iron overload in human disease. N Engl J] Med.
366: 348-359.

October 2012 | Volume 7 | Issue 10 | e48679



28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

. Kehl-Fie TE, Skaar EP (2010) Nutritional immunity beyond iron: a role for

manganese and zinc. Curr Opin Chem Biol. 14: 218-224.

. Citiulo F, Jacobsen ID, Miramén P, Schild L, Brunke S, et al. (2012) Candida

albicans Scavenges Host Zinc via Pral during Endothelial Invasion. PLoS Pathog
8(6): €1002777.

. Gielda LM, DiRita VJ (2012) Zinc competition among the intestinal microbiota.

mBio 3(4): 00171-12.

“orbetta D, Wanga J, Schulera S, Lopez-Castejona G, Glennb S, et al.(2012)
Two Zinc Uptake Systems Contribute to the Full Virulence of Listeria
monocytogenes during Growth In Vitro and In Vivo. Infect. Immun. January

80: 14-21.

. Haase H, Rink L (2009) Functional significance of zinc-related signaling

pathways in immune cells. Annu Rev Nutr 29: 133-52.

. Haase H, Maret W (2005) Protein tyrosine phosphatases as targets of the

combined insulinomimetic effects of zinc and oxidants. BioMetals 18: 333-338.

. Aydemir TB, Liuzzi JP, McClellan S, Cousins R]J (2009) Zinc transporter ZIP8

(SLC39A8) and zinc influence IFN-gamma expression in activated human T
cells. J. Leukoc. Biol. 86: 337-348.

. Haase H, Rink L (2011) Zinc Signaling In: Rink L. ed. Zinc in Human Health.

Amsterdam: 10S Press.

. Hogstrand C, Kille P, Nicholson RI, Taylor KM (2009) Zinc transporters and

cancer: a potential role for ZIP7 as a hub for tyrosine kinase activation.
TRMOME 535: 1-11.

. Chesters JK, Will M (1981) Measurement of zinc flux through plasma in normal

and endotoxin-stressed pigs and the effects of Zn supplementation during stress.

Br J Nutr 46: 119-30.

. Braunschweig CL, Sowers M, Kovacevich DS, Hill GM, August DA (1997)

Parenteral zinc supplementation in adult humans during the acute phase
response increases the febrile response. J Nutr 127: 70-74.

. Krones C, Klosterhalfen B, Fackeldey V, Junge K, Rosch R, et al. (2004)

Deleterious effect of zinc in a pig model of acute endotoxemia. J Invest Surg 17:
249-56.

. Weinberg ED (1984) Iron withholding: a defense against infection and neoplasia.

Physiol Rev 64: 65-102.

Linder MC, Moor JR, Scott LE, Munro HN (1973) Mechanism of sex difference
in rat tissue iron stores. Biochim Biophy Acta 297: 70-80.

Courselaud B, Troadec M-B, Fruchon S, Ilyin G, Borot N, et al. (2004) Strain
and gender modulate hepatic hepcidin 1 and 2 mRNA expression in mice. Blood
Cells, Molecules, & Diseases. 32: 283—-289.

Harrison-Findik (2010) Gender-related variations in iron metabolism and liver
diseases. W J Hep 2: 302-310.

Davis SR, McMahon R]J, Cousins R] (1998) Metallothionein knockout and
transgenic mice exhibit altered intestinal processing of zinc with uniform zinc-
dependent zinc transporter-1 expression. J. Nutr. 128: 825-831.

Craven CM, Alexander J, Eldridge M, Kushner JP, Bernstein S, et al. (1987)
Tissue distribution and clearance kinetics of non-transferrin-bound iron in the
hypotransferrinemic mouse: a rodent model for hemochromatosis. Proc Natl
Acad Sci 84: 3457-3461.

Harris ZL, Durley AP, Man TK, Gitlin JD (1999) Targeted gene disruption
reveals an essential role for ceruloplasmin in cellular ion efflux. Proc Natl Acad
Sci 96: 10812-10817.

Ryu MS, Lichten LA, Liuzzi JP, Cousins RJ (2008) Zinc transporters ZnT1
(Sle30al), Zip8 (Slc39a8), and Zipl0 (Slc39al0) in mouse red blood cells are
differentially regulated during erythroid development and by dietary zinc
deficiency. J Nutr 138: 2076-2083.

. Rebouche CJ, Wilcox CL, Widness JA (2003) Microanalysis of non-heme iron in

animal tissues. ] Biochem Biophys Meth 58: 239-251.

Zhang J, Scarpace PJ (2009) The soluble leptin receptor neutralizes leptin-
mediated STAT3 signaling and anorexic responses in vivo. J Pharmacol 158:
475-482.

Hojyo S, Fukada T, Shimoda S, Ohashi W, Bin BH, et al. (2011) The zinc
transporter SLC39A14/ZIP14 controls G-protein coupled receptor-mediated
signaling required for systemic growth. PLoS One 22: ¢18059.

Ucki K, Kondo T, Kahn CR (2004) Suppressor of cytokine signaling 1 (SOCS-
1) and SOCS-3 cause insulin resistance through inhibition of tyrosine
phosphorylation of insulin receptor substrate proteins by discrete mechanisms.
Mol Cell Biol 24: 5434-5446.

Chimienti F, Devergnas S, Pattou F, Schuit F, Garcia-Cuenca R, et al. (2006) In
vivo expression and functional characterization of the zinc transporter ZnT8 in
glucose-induced insulin secretion. J Cell Sci 119: 4199-4206.

Gyulkhandanyan AV, Lu H, Lee SC, Bhattacharjee A, Wijesekara N, et al.
(2008) Investigation of transport mechanisms and regulation of intracellular
Zn2+ in pancreatic alpha-cells. J Biol Chem 283: 10184-10197.

Collins JF, and Anderson GJ. Molecular mechanisms of Intestinal Iron
Transport. In Johnson LR, Ghishan FK, Kaunitz JD, Merchant JL, Said
HM, Wood JD. Physiology of the Gastrointestinal Tract, 5th Ed. San Diago;
Academic Press; 1921-11950.

“ousins RJ (1985) Absorption, transport, and hepatic metabolism of copper and
zinc: special reference to metallothionein and ceruloplasmin. Physiol Rev 65:
238-309.

PLOS ONE | www.plosone.org

12

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

56.

57.

58.

59.

60.

61.

62.

66.

67.

68.

69.

70.

71.

Zip14 KO Affects Metal lon & Glucose Homeostasis

Rivera S, Nemeth E, Gabayan V, Lopez MA, Farshidi D, et al. (2005) Synthetic
hepcidin causes rapid dose-dependent hypoferremia and is concentrated in
ferroportin-containing organs. Blood 106: 2196-2199.

Dufner-Beattie J, Dufner-Beattie J, Wang F, Kuo YM, Gitschier], et al. (2003)
The acrodermatitis enteropathica gene ZIP4 encodes a tissue-specific, zinc-
regulated zinc transporter in mice. J Biol Chem 278: 33474-33481.

. Liuzzi JP, Bobo JA, Lichten LA, Samuelson DA, Cousins RJ (2004) Responsive

transporter genes within the murine intestinal-pancreatic axis form a basis of
zinc homeostasis. Proc Natl Acad Sci 101: 14355-14360.

Wang K, Zhou B, Kuo YM, Zemansky ], Gitschier J (2002) A novel member of
a zinc transporter family is defective in acrodermatitis enteropathica. Am ] Hum
Genet 71: 66-73.

Thyresson N (1974) Acrodermatitis enteropathica. Report of a case healed with
zinc therapy. Acta Derm Venereol 54: 383-385.

Liuzzi JP, Guo L, Chang SM, Cousins R] (2009) Kriippel-like factor 4 regulates
adaptive expression of the zinc transporter Zip4 in mouse small intestine. Am. J.
Physiol. Gastrointest. Liver Physiol. 296: G517-523.

Lichten LA, Ryu MS, Guo L, Embury J, Cousins RJ (2011) MTF-1-mediated
repression of the zinc transporter Zipl0 is alleviated by zinc restriction. PLoS
One 6: ¢21526.

DiSilvestro RA, Cousins RJ (1984) Mediation of endotoxin-induced changes in
zinc metabolism in rats. Am J Physiol 247: E436-441.

Rofe AM, Philcox JC, Coyle P (1996) Trace metal, acute phase and metabolic
response to endotoxin in metallothionein-null mice. Biochem J 314: 793-797.
Zangger K, Oz G, Haslinger E, Kunert O, Armitage IM (2001) Nitric oxide
selectively releases metals from the amino-terminal domain of metallothioneins:
potential role at inflammatory sites. FASEB J. 15: 1303-1305.

Gunshin H, Fujiwara Y, Custodio AO, Direnzo C, Robine S, et al. (2005)
Slc11a2 is required for intestinal iron absorption and erythropoiesis but
dispensable in placenta and liver. J Clin Invest 115: 1258-1266.

. Niles BJ, Clegg MS, Hanna LA, Chou SS, Momma TY, et al. (2008) Zinc

Deficiency-induced Iron Accumulation, a Consequence of Alterations in Iron
Regulatory Protein-binding Activity, Iron Transporters, and Iron Storage
Proteins. J. Biol. Chem. 283: 5168-5177.

. Jansen J, Karges W, Rink L (2009) Zinc and diabetes—clinical links and

molecular mechanisms. J Nutr Biochem 20: 399-417.

Quarterman J, Mills CF, Humphries WR (1966) The reduced secretion of, and
sensitivity to insulin in zinc-deficient rats. Biochem Biophys Res Commun 25:
354-358.

Etzel KR, Cousins RJ (1983) Hyperglycemic action of zinc in rats. J Nutr 113:
1657-1663.

Brand IA, Kleineke J (1996) Intracellular zinc movement and its effect on the
carbohydrate metabolism of isolated rat hepatocytes. J Biol Chem 271: 1941~
1949.

Rofe AM, Philcox JC, Coyle P (2000).Activation of glycolysis by zinc is
diminished in hepatocytes from metallothionein null mice. Biol Trace Elem Res
75: 87-97.

Etzel KR, Cousins RJ (1981) Hormonal regulation of liver metallothionein zinc:
independent and synergistic action of glucagon and glucocorticoids. Proc Soc
Exp Biol Med 167: 233-236.

Slucca M, Harmon JS, Oseid EA, Bryan J, Robertson RP (2010) ATP-sensitive
K+ channel mediates the zinc switch-off signal for glucagon response during
glucose deprivation. Diabetes 59: 128-134.

Pedrosa FO, Pontremoli S, Horecker BL (1977) Binding of Zn2+ to rat liver
fructose-1,6-bisphosphatase and its effect on the catalytic properties. Proc Natl
Acad Sci USA 74: 2742-2745.

. Cowen LA, Bell DE, Hoadley JE, Cousins R] (1986) Influence of dietary zinc

deficiency and parenteral zinc on rat liver fructose 1,6-bisphosphatase activity.
Biochem Biophys Res Commun 134: 944-950.

. Fernandez-Real JM, Lopez-Bermejo A, Ricart W (2002) Cross-Talk Between

Iron Metabolism and Diabetes. Diabetes 51: 2348-2354.

. Pedersen BK, Febbraio MA (2008) Muscle as an endocrine organ: focus on

muscle-derived interleukin-6. Physiol Rev 88: 1379-1406.

Yeagley D, Lang CH (2010) Endotoxin-induced IL-6 promoter activation in
skeletal muscle requires an NF-kB site. Int J Infereron Cytokine Mediator Res 2:
9-21.

Zu L, He J, Jiang H, Xu C, Pu S, et al. (2009) Bacterial endotoxin stimulates
adipose lipolysis via toll-like receptor 4 and extracellular signal-regulated kinase
pathway. J Biol Chem 284: 5915-5926.

Tominaga K, Kagata T, Johmura Y, Hishida T, Nishizuka M, et al. (2005)
SLC39A14, a LZT protein, is induced in adipogenesis and transports zinc.
FEBS J 272: 1590-1599.

Trayhurn P, Beattie JH (2001) Physiological role of adipose tissue: white adipose
tissue as an endocrine and secretory organ. Proc Nutr Soc 60: 329-339.

Smidt K, Pedersen SB, Brock B, Schmitz O, Fisker S, et al. (2007) Zinc-
transporter genes in human visceral and subcutaneous adipocytes: lean versus
obese. Mol Cell Endocrinol 264: 68-73.

Im SS, Yousef L, Blaschitz C, Liu JZ, Edwards RA, et al. (2011) Linking lipid
metabolism to the innate immune response in macrophages through sterol
regulatory element binding protein-la. Cell Metab 13: 540-549.

October 2012 | Volume 7 | Issue 10 | 48679



