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WELCOME MESSAGE 
 
 
Dear colleagues,  
 
It is my great pleasure and honor to welcome you to the 60th Fujihara 
Seminar—Zinc Signaling and Cellular Functions—. 
 
Zinc is an essential trace metal that is functionally and/or structurally required by many enzymes 
and transcription factors. Recently, zinc has been reported to play critical roles in development, the 
nervous system, the endocrine system, reproduction, and immune responses etc. Evidence is also 
accumulating for zinc as a regulator of intracellular signaling, and in the pathophysiology of many 
diseases, including Alzheimer’s disease, diabetes, cardio vascular diseases, cancer, allergies, 
inflammations, and autoimmune diseases.  
 
This seminar, entitled “Zinc Signaling and Cellular Functions,” will include talks from many 
talented scientists who are leaders in zinc biology. 
 
I would like to extend my gratitude to all of the participants and hope that the seminar will provide 
an excellent opportunity to share ideas and expertise in order to further develop the field of zinc 
biology. 
 
I would also like to express my sincere gratitude to the Fujihara Foundation of Science. The 
majority of support for this international symposium has come from this foundation, which was 
founded by Mr. Ginjiro Fujihara. Mr. Fujihara was the president of the former Oji paper Co., which 
is currently known as Nippon Paper Industries. He is known as the “King of Paper-making in 
Japan” and has always had a passion for science.  
 
 
 
 
 
 

Toshio Hirano, MD, PhD 
Organizer 

The 60th Fujihara Seminar —Zinc Signaling and Cellular Functions— 
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Grand Cube Osaka - The Osaka International Convention Center 
Grand Cube Osaka is a multi-purpose facility, used for events such as international 
conferences, meetings, concerts and exhibits. Grand Cube Osaka is connected through a 
corridor to the first floor of the RIHGA Royal Hotel Osaka. 

 

 
 
 

 
RIHGA Royal Hotel Osaka 
5-3-68 Nakanoshima, Kita-ku, Osaka 530-0005 Japan  
| Phone: +81 (0)6-6448-1121 | Fax: +81 (0)6-6448-4414 |  
 
RIHGA Nakanoshima Inn 
1-13-10 Edobori, Nishi-ku, Osaka 550-0002 Japan  
| Phone: +81 (0)6-6447-1122 | Fax: +81 (0)6-6447-1119 | 
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Traffic Information 
To RIHGA Royal Hotel Osaka 
From Kansai International Airport 
Use the JR airport rapid service to Osaka station, about 65 minutes. 
Alternatively, board the Osaka-bound bus from bus terminal number five on the first floor of 
the airport. Get off at Herbis Osaka, then take a taxi or the free shuttle bus from JR Osaka 
station as below. You can also catch a taxi. The ride is approximately 60 minutes and costs 
about 18,000 yen. 
 
From JR Osaka Station 
10 minutes using the free shuttle bus (Please see the map) or a taxi, approximately 1,000 
yen. 

 

From Kyoto 
Use the Keihan Line from Gion-Shijo station to Nakanoshima station, about 60 minutes. 
 
 
To RIHGA Nakanoshima Inn 
From Kansai Airport – via JR Osaka Station 
Board either the Osaka-bound Kansai Airport rapid train on JR, about 65 minutes, or the 
Osaka-bound bus from bus terminal number 5 on the first floor of the airport, about 1 hour. 
Then from Yotsubashi Subway Line Nishi-Umeda station, go 1 station (2 mins) to Higobashi 
station. Hotel is located just above Higobashi station. 
 
From Kansai Airport – via Namba Station 
Take Nankai Electric Railway’s rapi:t ! train, about 29 minutes, or rapi:t " train, about 36 
minutes, to Namba station. From Namba station take the Yotsubashi Subway Line 3 stops 
(6 mins) to Higobashi station. Hotel is located just above Higobashi station. 
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Floor Map 
Grand Cube Osaka 12F 
 
Registration 

 
    

 
 
 
 
 
 
 
 
 
 

 
 
Lunch for invited speakers   Seminar Office 
 
 
 

Grand Cube Osaka 5F 
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Grand Cube Osaka 1F 

 
 
 
Internet 
High-speed wireless Internet is available in the tearoom (2nd floor) and the cafeteria (5th 
floor). You can buy a prepaid card (500 yen/24h) at the business center (11th floor) for the 
Internet access. 
 
 
 
 



  8 

Outline of Programs Grand Cube Osaka 12F Conference Hall 
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Friday, October 29                                        
 
Opening Remarks 
  
 8:15 T. Hirano & Mr. Shoji Ban from Fujihara foundation 

 Chair: D. Eide & T. Hirano 
A. Zn homeostasis                                             
  
 8:30 1 Ananda S. Prasad, Wayne State University, USA 
 Discovery of zinc deficiency: impact of zinc as an antioxidant and anti-inflammatory agent  
 
 9:00 2 David J. Eide, University of Wisconsin-Madison, USA 
      Molecular mechanisms of zinc homeostasis in yeast 
 
 9:30 3 K. Michael Hambidge, University of Colorado, USA 
 Zinc homeostasis in the human intestine: reconciliation of advances in molecular biology  
 and in modeling of zinc tracer studies 
 
10:00 4 Dianne Ford, Newcastle University, UK 
             Role of zinc-regulated proteins in metal homeostasis 
 
10:30-10:50  Coffee Break 
 

Chair: K. Taylor & S. Himeno 
B. Zn transporters 1                                             
 
 
10:50 1 Glen K. Andrews, University of Kansas Medical Center, USA 
      Exploring the regulation and functions of ZIP4 
 
11:20 2 Gloria Salazar, Emory University, USA 
      Role of zinc homeostasis in cellular senescence mechanisms induced by angiotensin II 
 
11:50 3 Dax Fu, Brookhaven National Laboratory, USA 
      Towards understanding the metallochemistry of zinc transporters 
 
12:20  Lunch 

 
Chair: L. Rink & T. Kambe 

C. Zn transporters 2 
   
13:30 1 Israel Sekler, Ben Gurion University of the Negev, Israel 

 The in and out of Zn; functional mechanism and identity of the Zn2+ binding site of 
     a mammalian zinc transporter  

 
14:00 2 Taiho Kambe, Kyoto University, Japan 
      Role of zinc transporters in the early secretory pathway 
 
14:30 3 Seiichiro Himeno, Tokushima Bunri University, Japan 
 The role of zinc transporters in cellular cadmium incorporation. Interaction of Cd and Mn 
 via ZIP8 
 
15:00-15:20  Coffee Break 
 

Chair: I. Sekler & K. Kiuchi 
D. Zn probe and imaging 
 
15:20 1 Christoph J. Fahrni, Georgia Institute of Technology, USA 
 Dynamic imaging of zinc by two-photon and X-ray fluorescence microscopy 
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15:50 2 Kazuya Kikuchi, Osaka University, Japan 

Design and synthesis of coumarin-based Zn2+ probes for ratiometric fluorescence 
imaging 

 
16:20 3 Shuichi Enomoto, RIKEN Kobe Institute and Okayama University, Japan 
 Semiconductor compton camera for multiple molecular imaging; application for the 

metallomics studies 
 
16:50 Group Photo for every participant 
 
17:00-18:15  Poster Session 1 
 
1 Eitan Hoch: Structural and Functional Basis for Zinc selectivity by ZnT Zinc transporters 
2 Helen J. Bosomworth: ZnT10 is expressed in adult human tissues 
3 Marina Gálvez-Peralta: Role of ZIP8 and ZIP14 zinc/bicarbonate symporters during inflammation 
4 Hitomi Fujishiro: The role of ZIP8 in bicarbonate-dependent transport of cadmium and manganese 

in RBL-2H3 cells 
5 Richard M. O'Brien: Modifier Genes and Gender Influence the Effect of Deleting the Mouse 

Slc30a8 Gene That Encodes Zinc Transporter-8 
6 Richard M. O'Brien: The Pancreatic Islet Beta Cell-Enriched Transcription Factor Pdx-1 Regulates 

Slc30a8 Gene Transcription Through an Intronic Enhancer 
7 Masayoshi Maeshima: Molecular physiological analysis of His-rich region of Arabidopsis vacuolar 

membrane Zn transporter AtMTP1 
8 Young Ah Seo: A histidine-rich motif mediates mitochondrial localization of ZnT2 to modulate 

mitochondrial function 
9 Ayako Fukunaka: Demonstration and characterization of the heterodimerization of ZnT5 and ZnT6 

in the early secretory pathway 
10 Sook-Jeong Lee: Mobilization from F-actin of c-Abl and its activation by EGF treatment require 

Zn-MT3 in cultured astrocytes 
11 Yoshifumi Adachi: Regulation of the NADPH oxidase 1 gene expression by the GATA-6. 
12 Gabriele Meloni: Zn7metallothionein-3 modulates redox activity of PrP−Cu(II) through a metal swap 

reaction 
13 Tomoki Kimura: The zinc-sensing transcription factor MTF-1 mediates zinc-induced epigenetic 

changes in chromatin of the mouse metallothionein-I promoter 
14 Jin Chai: Selective electrodiffusion of zinc ion in a Zrt-, Irt-like Protein, ZIPB 
15 Shohei Kobayashi: An attempt to identify molecules, which intracellular localizations are regulated 

by zinc. 
16 Kai He: ERK signaling leads to mitochondrial dysfunction in extracellular zinc-induced neurotoxicity. 
17 Toshiyuki Fukada: Investigation of the role of SLC39A13/ZIP13 in connective tissue development 

and in BMP/TGF-β signaling pathways 
18 Shintaro Hojyo: The zinc transporter Slc39a14/Zip14 controls G-protein coupled 

receptor-mediated signaling. 
19 Hirokazu Hara: Involvement of zinc in modulation of the expression of proapoptotic BH3-only 

proteins 
 
19:00-21:00 Invited Speaker’s Gathering (Crown Room in RIHGA Royal Hotel, 28th floor) 
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Saturday, October 30                                      
 

Chair: S. Sensi & E. Aizenman 
E. Zn signal 1                                                     

 
8:30 1 Toshio Hirano, Osaka University and RIKEN RCAI, Japan 
 Zinc is an intracellular signaling molecule: early and late signal 
 

9:00 2 Wolfgang Maret, King’s College London, UK 
 Zinc coordination dynamics as a basis for zinc signaling 
 
9:30 3 Kathryn M. Taylor, Cardiff University, UK 
 ZIP7 as the hub for intracellular zinc signaling: insights into its functional regulation 
 
10:00-10:20  Coffee Break 

 
Chair: W. Maret & C. Hogstrand 

F. Zn signal 2                                               
 
10:20 1 Christer Hogstrand, King’s College London, UK 
 Zinc signaling and regulation in zebrafish models 
 
10:50 2 Elias Aizenman, University of Pittsburgh, USA 
 Zinc signaling in the life and death of neurons 
 
11:20 3 Atsushi Takeda, University of Shizuoka, Japan 
 Significance of zinc signaling in memory and its related behavior 
 
11:50 Lunch 
 

Chair: A. Prasad & M. Murakami 
G. Zn and Immunity 
 
13:00 1 Lothar Rink, RWTH Aachen University Hospital, Germany 
      Zinc and immune response 
 
13:30 2 Shizuo Akira, Osaka University, Japan 
 Zc3h12a, a zinc finger domain-containing protein is a nuclease involved in the immune 

response  
 
14:00 3 Masaaki Murakami, Osaka University, Japan 
 Zinc and Th17-mediated autoimmune diseases 
 
14:30 4 Keigo Nishida, RIKEN Research Center for Allergy and Immunology, Japan 
 Role of Zinc transporter, Znt5/Slc30a5 in mast cell mediated-allergic response 
 
15:00      Coffee Break 
 

Chair: A. Bush & A. Takeda 
H. Zn and brain 
 
15:20 1 James O. McNamara, Duke University Medical Center, USA 
 Novel zinc chelator reveals critical role of vesicular zinc for long term potentiation of 
 hippocampal mossy fiber-CA3 synapse  

 
15:50 2 Milan Vašák, University of Zurich, Switzerland 
 Zinc and copper in the brain: unraveling the role of Zn7metallothionein-3 
 
16:20 3 Michal Hershfinkel, Ben Gurion University, Israel 

 The zinc sensing receptor, a link between extracellular/synaptic Zn2+ and cellular 
     signaling  
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17:00-18:15  Poster Session 2 
 
1 Imre Lengyel: Effect of zinc on fenestra formation in cultured endothelial cells 
2 Paul A. Adlard: Prevention of cognitive deficits in ZnT3 knockout mice 
3 Yuichi Yasuda: Zinc Deficiency in Infants: Association with Autistic Disorders 
4 Makoto Hiromura: Biometal distributions in the obesity-linked type 2 diabetes mellitus mice. 
5 Saori Kadowaki: Development of zinc dithiosemicarbazone complexes for diabetic therapeutic 

agents 
6 Hisaka Kurita: Epigenetic modifications of metallothionein gene in mouse liver induced by zinc 

deficiency in utero 
7 Tomoko Goto: Effects of short-term zinc deficiency on salt preference in rats 
8 Michio Komai: Orally administered zinc increases food intake via vagus nerve signal transduction 

in SD rats. 
9 Hideki Ogura: A zinc finger motif containing protein regulates the activation of the IL-6 amplifier, 

which is a critical for the development of an autoimmune arthritis. 
10 Laura M. Plum: Zinc-dependent activation of MEK and ERK in Interleukin-2-signaling 
11 Chika Kitabayashi: Zinc and CD4+ T cell-mediated autoimmune diseases. 
12 Arisa Moroi: Regulation of T cell Activation via a Metal Transporter 
13 Marina Gálvez-Peralta: ZIP8 and ZIP14 zinc/bicarbonate symporters characterized in Xenopus 

oocytes: cadmium and zinc uptake; inhibition of Cd and Zn uptake 
14 Masanari Taniguchi: The role of intracellular zinc in the B-cell receptor signaling pathway 
15 Aiko Hasegawa: Zinc transporter ZnT5/Slc30a5 is required for the mast cell-mediated delayed-type 

allergic reaction, but not the immediate-type reaction 
16 James A. Duce: APP ferroxidase activity is inhibited by zinc in Alzheimer's disease 
17 Haruna Tamano: Reduction in hippocampal neurogenesis and increase in depression-like behavior 

in zinc-deficient young rats 
18 Limor Cohen: ZnR signaling, mediated by GPR39, reduces butyrate-induced colonocytes cell 

death via upregulation of clusterin 
19 Valerio Frazzini: Effects of dietary zinc supplementation in triple transgenic AD mice 
 
18:30-20:00 Getting together for all including invited speakers, invited poster-presenters, and 
others (Grande Toque in Grand Cube on 12th floor) 
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Sunday, October 31                                      
 

Chair: J. McNamara & J-K. Koh 
I. Zn and diseases 1                                                     

 
8:30 1 Jae-Young Koh, University of Ulsan College of Medicine, Korea 
 Metallothionein-3 regulates lysosomal function in cultured astrocytes under both normal 

and oxidative conditions 
 

9:00 2 Stefano L. Sensi, University “G. d’Annunzio”, Italy and University of California-Irvine, USA 
 Dietary zinc supplementation of 3xTg-AD mice increases BDNF levels and prevents 
 cognitive deficits as well as mitochondrial dysfunction 
 
9:30 3 Ashley I. Bush, University of Melbourne, Australia 
 Zinc in Alzheimer’s disease: from bench to clinic 
 
 Late-breaking Talk 
10:00 4 James A. Duce, University of Melbourne, Australia  
   APP ferroxidase activity is inhibited by zinc in Alzheimer's disease 
 
10:20-10:40  Coffee Break 

 
Chair: G. Andrews & M. Hershfinkel 

J. Zn and diseases 2                                               
 
10:40 1 Toshiyuki Fukada, RIKEN Research Center for Allergy and Immunology, Japan 

 The zinc transporter Zip13: its involvement in connective tissue development and 
 pathogenesis of mouse and human 
 
11:10 2 John C. Hutton, University of Colorado Health Sciences Center, USA 
 Zinc Transporter 8 (SLC30A8), a pancreatic β-cell secretory granule protein with links to 

the pathogenesis of type 1 diabetes 
 
11:40 3 Shannon L. Kelleher, The Pennsylvania State University, USA 
 Zinc and mammary gland function: the two faces of Eve 
 
12:10 4 Marina Gálvez-Peralta and Daniel W. Nebert, University of Cincinnati Medical Center, USA 
 Discovery of two zinc/bicarbonate symporters and their relationship to clinical disease 
 
 
Closing Remarks: 
 
12:40   Dr. Glen K. Andrews & Dr. Nobutaka Hirokawa from Fujihara foundation 
 
 
 
 



  16 

 
A-1 
 

Discovery of zinc deficiency:  Impact of zinc as an antioxidant and 
anti-inflammatory agent 

 
Ananda S. Prasad, MD, PhD 

Distinguished Professor of Medicine, Wayne State University, School of Medicine, Detroit, 
Michigan, USA 

 
Role of zinc in biology was first recognized by Raulin in 1869.  In 1934 the essentiality of zinc for 
rats was shown.  Until 1961 it was considered improbable that zinc deficiency in humans could 
occur and lead to any significant clinical problems.  In 1961 we published a description of the 
clinical syndrome of iron deficiency anemia, hepatosplenomegaly, hypogonadism, dwarfism and 
geophagia, affecting Iranian males and speculated that zinc deficiency may have caused growth 
retardation and hypogonadism in these individuals.  Our studies later showed that zinc was 
essential for humans and that zinc deficiency was prevalent in the Middle East.The villagers from 
Iran and Egypt ate only bread and beans.  The phytate content of their diet was very high and this 
decreased the availability of iron and zinc, leading to deficiency of both elements.  Currently it is 
estimated that nearly two billion subjects in the developing world may have zinc deficiency.  
During my stay in Middle East, I never saw a zinc deficient dwarf survive beyond the age of 25y.  
They died due to infections such as pneumonias, meningitis, parasitic infections or unknown viral 
infections.  This suggested to me that zinc may have an important role on cell mediated 
immunity.On my return to USA, we established a human model of mild zinc deficiency, induced by 
experimental diet.  We showed decreased serum thymulin activity, decreased generation of IL-2, 
decreased NK-cell lytic activity and decreased generation of IFN-γ.  The Th2 cytokines were not 
affected.  Thus our studies in experimental human model of zinc deficiency suggested that the 
cell-mediated immune dysfunctions in human zinc deficiency might be due to an imbalance in Th1 
and Th2 cell functions.  Our studies in human and cell culture models have shown that zinc is 
involved in maturation and differentiation of TH1 cells.  The gene expression of IL-2 and IFN-γ 
(Th1 cytokines) are zinc dependent.  IL-2 is involved in the activation of NK (natural killer cells) 
and T cytolytic cells.  IL-12 is generated by stimulated macrophage-monocytes and is zinc 
dependent.  IFN-γ and IL-12 together play a major role in the killing of parasites, viruses and 
bacteria by macrophage-monocytes.Besides its effect on growth, immunity and cognitive functions, 
zinc is also an antioxidant and anti-inflammatory agent.  We recently conducted a randomized, 
double-blind, placebo-controlled zinc supplementation (45 mg/d) trial in elderly subjects ages 56-83 
y.  After 6 mo of supplementation, in the zinc group, plasma zinc increased. Plasma 
high-sensitivity c-reactive protein (hsCRP), IL-6, macrophage chemoreatant protein 1 (MCP-1), 
vascular cell adhesion molecule 1 (VCAM-1), secretory phospholipase A2, and malondialdehyde 
and hydroxyalkenals (MDA+HAE) decreased significantly in the zinc group in comparison to the 
placebo group after 6 months of supplementation.  Regression analysis showed that changes in 
concentrations of plasma zinc were inversely associated with changes in concentrations of plasma 
hsCRP, MCP-1, VCAM-1, and MDA+HAE after supplementation.In cell culture studies, we 
showed that zinc decreased the generation of tumor necrosis factor-α, IL-1β, VCAM-1, and 
MDA+HAE and the activation of nuclear factor κB and increased anti-inflammatory protein A20 
and peroxisome proliferator-activated receptor-α in human monocytic leukemia THP-1 cells and 
human aortic endothelial cells, compared with zinc deficient cells.Our studies thus show that zinc 
also functions as an antioxidant and anti-inflammatory agent in humans.  Inasmuch as oxidative 
stress and chronic inflammation have been implicated in many chronic disorders such as 
atherosclerosis, rheumatoid arthritis, diabetes type 2, neurogenerative disorders, prostate cancer and 
colon cancer and others, we propose that zinc may be a useful chemo-preventive agent and a 
controlled clinical trial of zinc supplementation in these conditions should be carried out. 
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A-2 
 

Molecular Mechanisms of Zinc Homeostasis in Yeast 
 

David J. Eide 
 

Department of Nutritional Sciences, University of Wisconsin-Madison 
1415 Linden Drive, Madison, WI USA 53706 

 
Zinc is an essential nutrient and serves as a structural or catalytic cofactor for many proteins.  
Thus, cells need mechanisms to maintain zinc homeostasis when available zinc supplies decrease.  
In addition, cells require other mechanisms to adapt their intracellular processes to suboptimal 
levels of zinc.  By exploring the transcriptional responses to zinc deficiency, studies of the yeast 
Saccharomyces cerevisiae have revealed both homeostatic and adaptive responses to low zinc.  
The Zap1 zinc-responsive transcription factor regulates several genes in yeast and the identity of 
these genes has led to new insights regarding how cells respond to the stress of zinc deficiency.  
We have found that Zap1 controls the expression of several zinc transporters to maintain zinc 
levels within the cell and within subcellular compartments.  Zap1 also controls the expression of 
genes involved in sulfate metabolism and reactive oxygen defense as a mechanism to tolerate the 
increased oxidative stress associated with zinc-limited growth.  In addition, we are using 
functional genomics techniques to determine which genes in yeast are important for growth under 
low zinc conditions.  These studies are proving to be complementary to our transcriptomic studies 
in identifying the genes and processes that play key roles under zinc-limiting conditions. 
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A-3 
 

Zinc Homeostasis in the Human Intestine: Reconciliation of advances in 
molecular biology and in modeling of zinc tracer studies. 

K. Michael Hambidge MD, ScD 

 
Recent advances in modeling of data from human zinc tracer studies highlight the role of 
saturation kinetics in the regulation of human zinc absorption. An unexpected outcome of 
these studies has been the evidence consistent with no more than partial regulation of the 
intestinal excretion of endogenous zinc in response to changes in zinc absorption including 
levels of absorption that are inadequate to meet physiological requirements. These 
observations require reconciliation with recent advances in understanding of the roles of up- 
and down-regulation of zinc proteins, including multiple transporters, in the maintenance of 
zinc homeostasis.   
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A-4 
 

Roles of zinc-regulated proteins in metal homeostasis 
 

John Tyson, Lisa J Coneyworth, Kelly A Jackson, Eline Van der Haagen, 
Lewis Bell and Dianne Ford 

 
Institute for Cell and Molecular Biosciences, Newcastle University, UK 

 
Abstract: Our studies aimed at elucidating the zinc-dependent transcriptional repression of the 
human SLC30A5 gene have established a partial consensus sequence of a promoter element we 
refer to as the Zinc Responsive Element (ZRE).  A search of the human genome for occurrences 
of this element within I kb of the transcription start site of annotated genes identified the CBDW 
family as among genes that may share with SLC30A5 the same mechanism of zinc-dependent 
transcriptional repression. 

Recent comparative genomic analysis of prokaryotic CBDW homologues by other 
researchers has revealed a potential role in metal homeostasis.  We have observed regulation by 
zinc of CBDW genes and protein in cell line models, including repression of promoter activity by 
an increased extracellular zinc concentration, which is attenuated by mutation of the ZRE, 
reduction in mRNA levels at elevated zinc concentrations and, unexpectedly, increased levels of 
CBDW protein at higher zinc concentrations.  Establishing the metal-selectivity of CBDW 
regulation and binding, along with identifying potential protein binding partners and establishing 
sub-cellular localisation under different metal stresses, should inform hypothesis-driven research to 
address the specific role of CBDW proteins in cellular metal homeostasis. 

A second line of investigation originating from our identification of the human ZRE 
involves an attempt to identify the transcription factor(s) that bind(s) to this sequence.  Proteomic 
analyses of mixtures eluted from DNA probes including the ZRE have identified candidate 
proteins of which one, when aligned with the Saccharomyces cerevisiae genome, had the highest 
degree of similarity to Zap1. Manipulation of expression levels of this protein by siRNA followed 
by transcript analysis by microarray hybridisation yielded a list of gene targets whose relationship 
to the yeast Zap1 regulon, and possible role in zinc homeostasis, is being analysed.   
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B-1 
 

Exploring the Regulation and Functions of ZIP4 
 

Glen K. Andrews, Ph.D. 
 

Department of Biochemistry and Molecular Biology 
University of Kansas Medical Center 

Kansas City, Kansas, USA 
 

Mutations in the human Zip4 gene cause acrodermatitis enteropathica, a rare, pseudo-dominant, 
lethal genetic disorder.  The mouse Zip4 gene is expressed at highest levels in tissues involved in 
absorption of dietary or maternal zinc, and its expression is dynamically regulated by multiple 
posttranscriptional mechanisms in response to zinc availability.  ZIP4 accumulates at the apical 
surface of enterocytes and endoderm cells when zinc is deficient, and during prolonged zinc 
deficiency ZIP4 undergoes proteolytic removal of the amino-terminal extracellular domain while 
the remainder of the protein accumulates at the apical cell surface.  When zinc is replete this 
mRNA is destabilized and the protein is internalized and rapidly degraded.  The critical 
importance of ZIP4 in zinc homeostasis is revealed in mice with targeted deletions of this gene.  
Homozygous Zip4-knockout embryos die during early morphogenesis when Zip4 expression is 
detected in visceral endoderm cells.  Interestingly, heterozygous offspring are significantly 
underrepresented and display an array of developmental defects including exencephalia, 
anophthalmia, and severe growth retardation.  Mice heterozygous for Zip4 are hypersensitive to 
zinc deficiency and humans heterozygous for this gene also appear to be sensitive to zinc deficiency.   
In mice, ZIP4 also serves an essential function after birth. Conditional knockout of this gene in the 
intestine of newborn or weanling mice results in severe growth retardation leading to death.   
Further evidence of the important functions of Zip4 is found in tumors (hepatocellular and 
pancreatic carcinomas) where this gene is activated and can function to control apoptosis, cell cycle 
and cell migration. 
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B-2 
 

Role of Zinc Homeostasis in Cellular Senescence Mechanisms Induced by 
Angiotensin II 

 

Gloria Salazar  
 

Department of Medicine, Cardiology Division, Emory University. 

Aging is associated with physiological changes that increase predisposition to cardiovascular 
diseases. Many molecules involved in age-related diseases also modulate cellular senescence. An 
example is the signaling pathways mediated by angiotensin II (Ang II); activation of these 
pathways increases with age and contributes to cellular senescence in vivo in the vascular wall and 
in vitro in vascular smooth muscle cells (VSMCs). Among the changes induced by age, zinc 
deficiency is common in the elderly. Zinc is required for proper immune system function, 
metabolic function and antioxidant activity. Alterations of these processes by zinc deficiencies are 
linked to aging and contribute to chronic disease, in particular atherosclerosis. The mechanism of 
Ang II-induced senescence is incompletely understood and whether zinc homeostasis regulatory 
mechanisms could be involved in this pathway has not been explored. Using RT-PCR we identified 
eight out of ten members of the zinc transporter family SLC30A/ZnT expressed in vascular smooth 
muscle cells. Here we show that out of eight zinc transporters expressed in VSMCs, two (ZnT3 
and ZnT10) are reduced by long-term treatment with Ang II and are associated with induction of 
senescenc. We focused on ZnT10 because it showed the strongest reduction after Ang II treatment. 
We found that Ang II-induced senescence is blunted by ZnT10 over-expression and the zinc 
chelator TPEN, increased by zinc, and associated with changes in zinc distribution Moreover, 
knockdown of ZnT10 induces senescence. Furthering these studies will provide important 
information about the contribution of zinc homeostasis to mechanisms underlying cardiovascular 
disease. 
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B-3 

 
Towards Understanding the Metallochemistry of Zinc Transporters 

 

Dax Fu 
 

Biology Department 
Brookhaven National Lab  

 
Proteins exploit zinc chemistry to drive enzyme catalyses, organize protein structures, and mediate 
macromolecular interactions. About 10% of the total proteins in known proteomes are predicted to 
have one or more zinc binding sites. Despite the abundance of zinc in cells, excess zinc is highly 
cytotoxic. Two distinct classes of zinc transporters control flux equilibrium of zinc ions to achieve 
cellular zinc homeostasis. Namely, Zrt/Irt-like Proteins (ZIPs) promote zinc influx to provide ample 
zinc supplies, while Cation Diffusion Facilitators (CDFs) catalyze zinc efflux to remove excess zinc 
ions, thereby protecting cells from toxic zinc-overexposure. I will present our recent findings in 
molecular characterizations of ZIPs and CDFs. Intriguingly, the zinc binding affinity is found much 
lower than expected for equilibrium binding in vivo, while the timescale of zinc flux/transport is 
millisecond, vastly faster than many metalloproteins that typically take hours to release bound zinc 
ions. Our crystal structure of a bacterial CDF homolog provides the first clue as to how 
metallochemistry is tailored to meet these thermodynamic and kinetic challenges.  
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C-1 

 
The In and Out of Zn; Functional Mechanism and Identity of the Zn2+ 

Binding Site of a Mammalian Zinc Transporter 

Israel Sekler  

 
Department of Physiology Ben Gurion University, Israel 

The aim of our studies is to identify the functional mechanism and the zinc binding 
site of mammalian ZnTs, and to determine the metal selectivity of these transporters. 
We have established a functional assay based on monitoring the cytoplasmic and 
vesicular zinc concentration in intact cells and found that expression of ZnT's results 
in enhanced zinc transport into these compartments. Further, we have demonstrated 
that zinc transport by vesicular ZnT5 is linked to alkalinization of the Golgi, 
indicating that ZnT's are acting as Zn2+/H+ exchangers. Molecular modeling of ZnT 
based on the crystal structure of the bacterial homologue YiiP identified the zinc 
binding site of ZnT, which consists of 4 residues that coordinate the transported Zn2+.  
Zinc transporters particularly the Zip's emerge as a major route for the uptake of toxic 
Cd. Whether other mammalian transporters can manifest Zn over Cd selectivity is 
unknown. Remarkably, expression of ZnT failed to enhance Cd transport, while their 
bacterial homologue YiiP is not. Three of the 4 residues that coordinate zinc at the 
binding site are conserved between the bacterial and mammalian transporters, but 
the fourth is substituted by histidine at the mammalian ZnT. We hypothesized that 
this residue is critical in conferring the Zn over Cd selectivity of mammalian ZnT's. 
Substitution of the "mammalian histidine" to the "bacterial aspartate" was followed by 
loss of the metal selectively of ZnT, indicating that this residue is essential and 
sufficient to confer zinc selectivity.   
Altogether our results decipher the catalytic mechanism of mammalian ZnT's and 
identify them as the first mammalian transporters selective for Zn over Cd. They 
further provide the structural basis required for such metal selectivity.     
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     Numerous proteins are properly folded by binding with zinc during their itinerary in the 
early secretory pathway. We have shown that ZnT5/ZnT6 hetero-oligomers and ZnT7 
homo-oligomers are responsible for loading zinc to alkaline phophatases (ALPs) and convert them 
from apo-form to holo-form. The activity of human tissue-nonspecific ALP (TNAP) expressed in 
DT40 cells deficient in cZnT5, cZnT6 and cZnT7 genes (TKO cells) that lack both oligomeric 
complexes was significantly reduced compared with that expressed in wild-type cells as in the case 
of endogenous chicken TNAP activity. The inactive TNAP in TKO cells was degraded by 
proteasome-mediated degradation without being trafficked to the plasma membrane. TKO cells 
showed exacerbation of the unfolded protein response as did the wild-type DT40 cells cultured 
under a zinc-deficient condition, revealing that both complexes play roles in homeostatic 
maintenance of secretory pathway function. To know how ZnT transporters activate TNAP, we 
investigated the molecular basis of ZnT5/ZnT6 hetero-oligomers functions in more detail. We 
showed that ZnT5 and ZnT6 forms hetero-dimers to transport zinc into the early secretory pathway 
although ZnT6 is unlikely to be involved in zinc transport as a donor for zinc-binding sites 
embedded within the transmembrane domains. Furthermore, we recently found that expression of 
ZnT5/ZnT6 hetero-dimers in the early secretory pathway is crucially important in the step of the 
activation of TNAP because it stabilizes TNAP independently of zinc transport activity. These 
results suggest that ZnT5/ZnT6 hetero-dimers activate TNAP by dual mechanisms in the early 
secretory pathway. 
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  Cadmium (Cd) is an environmental pollutant causing Itai-itai disease which is characterized by 
severe damages in the kidney and bones. 50 years have passed after the discovery of Itai-itai 
disease, but the mechanisms underlying cellular Cd transport still remain unclear. We have 
established Cd-resistant cell lines from embryonic fibroblasts of metallothionein (MT) null mice to 
find non-MT factors, including Cd transport, involved in Cd resistance. The MT-null Cd-resistant 
cells showed a decrease in cellular Cd incorporation. The application of multi-tracer technique 
revealed that the uptake of Mn was also suppressed in Cd-resistant cells, suggesting that Cd and 
Mn share the same pathway for entering cells and this transport system is down-regulated in 
Cd-resistant cells. Actually, the incorporation of Cd and Mn was competitively inhibited by each 
other. Zn also showed weak inhibitory effects on the uptake of Cd and Mn. DNA microarray and 
subsequent RT-PCR analyses revealed that the transporter suppressed in Cd-resistant cells was 
ZIP8. The introduction of ZIP8 siRNA into parental cells reduced the uptake rate of Cd. 
Furthermore, we found that the decrease in mRNA levels of ZIP8 in Cd-resistant cells was, at least 
in part, caused by hypermethylation of CpG islands of SLC39A8 gene. The involvement of ZIP8 
in cellular incorporation of Cd and Mn was further evidenced by characterization of other cell 
lines. The novel Cd-resistant cells established from MT-expressing mice showed decreases in 
expression of ZIP8 and divalent metal transporter 1, but not that of ZIP14. These cells showed 
reduced uptake rate of Mn as well as Cd, and cross-resistance against Mn. RBL-2H3 cells showed 
high sensitivity to Cd and Mn primarily due to high uptake rates of Cd and Mn. The introduction 
of ZIP8 siRNA into RBL-2H3 cells reduced bicarbonate-dependent uptake of Cd and Mn. 
Cd-resistant and Mn-resistant RBL-2H3 cells showed down-regulation of ZIP8 and 
cross-resistance against Mn and Cd, respectively. These data suggest that ZIP8 plays an important 
role in cellular incorporation of Cd and Mn. 
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Two-photon excitation microscopy (TPEM) is a three-dimensional imaging technique that has 
found widespread use in biological imaging of cells and tissues. Compared to conventional 
fluorescence microscopy, TPEM offers reduced phototoxicity, improved depth penetration, and 
negligible background fluorescence. To develop a Zn(II)-responsive fluorescent indicator with 
optimized nonlinear optical properties for TPEM, we explored the utility of donor-acceptor 
architectures, where the metal-ion coordinates to the acceptor rather than donor site of the 
fluorophore. Zn(II)-binding to such indicators resulted in a significant increase of the two-photon 
absorption cross-section and overall fluorescence brightness. This type of indicator also showed a 
strong shift of the emission peak upon saturation with Zn(II), rendering the proposed approach 
suitable for two-photon excited emission ratiometric sensing. Further optimization of the 
membrane permeability, Zn(II)-binding affinity, and spectral properties yielded indicators that 
were suitable for the dynamic TPM imaging of zinc ion fluxes in live cells with high sensitivity. To 
characterize the subcellular localization of the zinc-responsive fluorescent indicator, we carried out 
detailed immuno histochemical studies with a range of biological markers. In addition, we utilized 
synchrotron X-ray fluorescence microscopy to image the subcellular distribution of the total trace 
metal contents with submicron resolution as a function of different cell cycle phases. 
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To clarify the role of Zn2+ with less artifact from imaging techniques, ratiometric fluorescent Zn2+ 
probes for practical use have been longed.  We report the rational design and synthesis of a series 
of ratiometric fluorescent Zn2+ probes.  The structures of the probes are based on 
7-hydroxycoumarin structure.  We focused on the relationship between the electron donating 
ability of the 7-hydroxylgrou and the excitation spectra of 7-hydroxycoumarins, and utilized it for 
the design of the ratiometric probes.  Most of the synthesized probes showed the ratiometric Zn2+ 
sensing properties.  Then, we designed and synthesized a ratiometric Zn2+ probes that can be 
excited with visible light, by choosing adequate substituents on coumarin dyes.  Since one of the 
probes could permeate living cell membrane, we introduced the probe to living RAW264 cells and 
observed the intracellular Zn2+ concentration with a ratiometric fluorescence microscopy.  As a 
result, the ratio value of the probe changed quickly in response to intracellular Zn2+ concentration. 
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In vivo molecular imaging techniques such as MRI, PET, and SPECT, are extensively used for the 
visualization of changes in the anatomy and function of various organs in several different 
disorders as well as in following abnormalities or treatment effects longitudinally. Multiple 
elemental molecular imaging that we promote is a technology for examining the dynamics of a 
variety of molecular species with metal radio labeling such as genes and proteins existing in a 
living organism. Among the techniques of molecular imaging is positron emission tomography 
(PET), by which two gamma ray photons generated by annihilation are measured coincidently to 
quantify molecules and visualize their functionality in the body. Because PET is more sensitive 
and more accurate than other techniques of molecular imaging, positron-labeled compounds permit 
highly accurate quantitative analysis of even minute amounts of the imaged molecule. On the other 
hand, if we can simultaneously use multiple molecular probes with different characteristics, 
advanced and accurate information of physiological functions would be obtained. On the basis of 
the principle of PET, however, PET cannot detect and discriminate several positron emitter labeled 
molecular probes simultaneously. In contrast, our Gamma ray emission imaging (GREI) which 
developed from 1999 is intended to achieve simultaneous imaging of the gamma rays released 
from multiple radioisotopes. By use of a detector comprising a stack-strip semiconductor made 
from highly pure germanium crystals and a highly sensitive Compton camera enabling 
measurements of gamma rays over a wide range of 200 to 2500 keV, the dynamics of multiple 
kinds of biomolecules can be examined in one scan. Advantage of the use of the multiple probes 
and GREI resides in its ability to enable the visualization of several different pathophysiological 
and pathobiochemical changes such as tumor, cancer, inflammation, and ulcer. In 2003, the first 
images in the world of the three tracers were successfully obtained, which showed the different 
behavior in the living organism1). In this paper, we will introduce our recent works and discuss the 
future of multiple- molecular imaging in the field of metallomics research and molecular biology. 

* e-mail address; senomoto@pharm.okayama-u.ac.jp 
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Zinc (Zn) is an essential nutrient. Zn has been suggested to act as a kind of neurotransmitter. 
However, it had not been well established whether Zn acts as an intracellular signaling molecule, 
i.e., a molecule whose intracellular status is altered in response to an extracellular stimulus, and that 
is capable of transducing the extracellular stimulus into an intracellular signaling event. We have 
proposed that there are at least two kinds of Zn signaling: “late Zn signaling,” which is dependent 
on a transcriptional change of Zn transporters, metallothionein and other Zn-related molecules, and 
“early Zn signaling,” which is directly induced by an extracellular stimulus (1). Not only “Zn wave” 
but also ROS-induced release of Zn from Zn reservoirs could be classified into “early Zn signaling”. 
We showed that the nuclear localization of Snail is dependent on the Zn transporter, 
Slc39a6/Zip6/Liv1 (2). Slc39a13/Zip13 is required for TGFb/BMP-induced nuclear localization of 
SMADs (3). Toll-like receptor 4 (TLR4)-mediated dendritic cell maturation is partly dependent on a 
TLR4-induced decrease in intracellular free zinc in a manner dependent on the change of expression 
profile of zinc transporters (4). FceR1-stimulation-induced PKC activation is dependent on 
Slc30a5/Znt5 in mast cells (5). Recently, Slc39a14/Zip14 is required for GPCR-mediated signal 
transduction by regulating basic cAMP level (6). All these results indicated that the expressional 
regulation of Zn transporter affects intracellular Zn status, Zn content and Zn distribution, to control 
intracellular signaling pathways. Thus, extracellular stimuli can affect intracellular signaling 
pathways by changing intracellular Zn status through the change of the expression profile of Zn 
transporters and other Zn-related molecules. We call this type of Zn signaling as “late Zn signaling”. 
In addition, we showed the presence of “early Zn signaling”. FcεR1-stimulation induced an increase 
of intracellular free Zn and we named this phenomenon as "Zn wave" (7). Zn wave seems to 
originate around ER and it occurs in a several minutes after the stimulation in a manner independent 
on the change of expression profile of Zn transporter. We recently identified a candidate molecule 
involved in Zn wave and showed Zn wave is required for NF-κB activation and cytokine production 
(8).  
 
1) Hirano et al, Adv. Immunol., 97:149, 2008; 2) Yamashita et al, Nature 429: 298, 2004; 3) Fukada 
et al, PLoS ONE 3(11):e3642, 2008; 4) Kitamura et al, Nature Immunol.7: 971, 2006; 5) Nishida et 
al, J. Exp. Med. 206:1351, 2009; 6) Hojyo et al, manuscript submitted; 7) Yamasaki et al, J. Cell 
Biol. 177: 637, 2007; 8) Yamasaki et al., manuscript in preparation 
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The significance of zinc for cellular processes is apparent from functions in signal transduction in 
addition to roles as a cofactor of at least 3000 human zinc proteins (1).  Such regulatory functions 
are expressed by cellular zinc(II) ion transients (“signals”) that have been implicated in zinc 
distribution, re-distribution, zinc-sensing, and signaling in multicellular eukarya.  Maintenance of 
these transients in a tightly metal-buffered cellular environment requires muffling reactions that 
involve metal ion fluxes and metal buffering.  At the molecular level, transients become possible 
through coordination dynamics of proteins that (i) control their generation from zinc ion stores in 
organelles and from proteins with redox-active zinc/thiolate coordination environments, (ii) are the 
targets of zinc ions, and (iii) terminate the transients.  While the inner coordination spheres in 
these proteins resemble those of structural zinc sites in proteins, the outer coordination spheres are 
different in order to induce mobility of zinc ions.  The expression of zinc ion transients in cellular 
time and space can be studied with fluorescent probes.  Quantitative fluorimetry established basal 
cytosolic zinc ion concentrations of a few hundred picomolar, transients of a few nanomolar, and 
micromolar zinc buffering and muffling capacities.  Commensurate with the cellular availability 
of zinc ions (zinc potentials, pZn = -log[Zn2+]) are relatively high affinities of zinc-requiring 
proteins for zinc ions.  Jointly, these parameters determine how cellular zinc ions are controlled 
and utilized for the regulation of physiological processes. 

(1) Maret, W., and Li, Y. (2009) Coordination dynamics of zinc in proteins.  Chem. Rev. 109:4682-4707. 

(2) Maret, W. (2010) Metalloproteomics, metalloproteomes, and the annotation of metalloproteins.  
Metallomics 2:117-125. 

(3) Colvin, R. A., Holmes, W. R., Fontaine, C. P., and Maret, W. (2010) Cytosolic zinc buffering and 
muffling: their role in intracellular zinc homeostasis.  Metallomics 2:306-317. 

(4) Maret, W., and Li, Y. (2009) Coordination dynamics of zinc in proteins.  Chem. Rev. 109:4682-4707. 
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 There is paucity of mechanistic information concerning control of cellular zinc homeostasis by 
zinc transporters although there is now some evidence that zinc has a definite signaling role in 
cells. Here a model of zinc-dependant signalling is used to demonstrate a key role for zinc 
transporter ZIP7 in intracellular zinc distribution. Furthermore, use of immunoprecipitation and 
site-directed mutagenesis techniques throw light on the mechanism of activation of ZIP7 by 
phosphorylation. The observation of elevated intracellular zinc in a model of Tamoxifen-resistant 
breast cancer which utilises EGFR, IGF1-R and Src signalling to drive the increased 
growth/invasion is consistent with an increased expression of ZIP7 (SLC39A7/HKE4), a molecule 
capable of increasing intracellular zinc. The activation of these signalling pathways by 
ZIP7-mediated zinc release produces additional increases in cell growth and invasion. Moreover, 
removal of ZIP7 by siRNA prevents the signalling pathway activation by inhibiting the increase in 
intracellular zinc. Investigation into the mode of action of ZIP7 has revealed association of a 
kinase at a time point consistent with involvement with zinc transport. This was achieved by 
immunoprecipitation with a ZIP7 antibody and the relevant kinase antibody. Furthermore, an 
inhibitor of this kinase prevents the ZIP7-dependant increase in intracellular zinc and the 
previously observed activation of downstream signalling pathways suggestive of a key role for this 
kinase in ZIP7-mediated zinc release. Removal of the proposed kinase site from ZIP7 by 
site-directed mutagenesis prevented zinc release and activation of signalling pathways. These 
results combined demonstrate how ZIP7 requires activation by a kinase in order to transport zinc. 
This now provides a method of targeting ZIP7 in diseases where increased intracellular zinc has 
been demonstrated to be causative by utilizing available and effective kinase inhibitors that are 
already well tolerated in patients. 
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Zebrafish is an interesting model organism for studies of zinc biology not only because of its 
tractability for embryological investigations, but also because they take up zinc across their gills. 
The gill is a dynamic ion transporting epithelium suitable for studies of processes involved in 
regulation of zinc uptake as well as responses to cellular zinc fluctuations in vivo. Changing the 
concentration of zinc in the water led to very rapid alterations in kinetic parameters for zinc 
uptake, followed by a much slower change in expression of zinc transporters. Manipulation of zinc 
status had profound effects also on global gene expression profiles in the gill epithelium with zinc 
supplementation causing a transitory cascade of transcriptional responses. Genes associated with 
transcriptional control and developmental pathways were preferentially regulated. Early regulation 
of genes appeared to be linked to a few key transcription factors (e.g. Mtf1, Jun, Stat1, Ppara, 
Gata3) and was followed by hedgehog and bone morphogenic protein signalling. The importance 
of Mtf1 in this cascade was further investigated by siRNA knockdown of mtf1 in cultured zebrafish 
gill cells. Amongst the putative Mtf1 regulated genes there was a 2.3-fold enrichment, compared 
with the genome as a whole, of genes linked to development, resonating the involvement of zinc 
signalling in embryogenesis. Specific roles of zinc in development were further indicated by 
distinct spatiotemporal expression patterns of zinc transporters in the zebrafish embryo and 
interference with zinc levels or zinc transporter expression in embryos resulted in specific 
phenotypes. Likewise, zinc transporter mutants generated from targeted zebrafish mutagenesis 
screens may proove useful to understand functions of zinc transporters and the biological processes 
they control.  
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   Nitrosative and oxidative stress can lead to the liberation of zinc from intracellular binding 
proteins such as metallothionein.  In neurons, the liberation process itself can be regulated by 
phosphorylation of the metal binding protein.  Once liberated, zinc triggers phosphorylation of 
the MAPK p38 via the upstream MAPK3 ASK-1.  Kinase p38 can directly phosphorylate the 
voltage-gated delayed rectifier K+ channel Kv2.1 at serine 800. This leads to a rapid 
SNARE-mediated insertion of new Kv2.1 channels into the neuronal cell membrane, producing a 
nearly doubling in the amplitude of voltage-gated K+ currents.  This is the so-called “apoptotic K+ 
current surge.”  This step is necessary for volume regulation during the cell death process, and, 
importantly, for the loss of cytoplasmic ionic strength.  These conditions provide an optimal 
environment for maximal caspase activity.  In this presentation, I will review the main 
components of this pathway and introduce two additional regulatory steps we have uncovered in 
recent work: 1) an additional Src phosphorylation site on the n-terminal of Kv2.1 that works in 
concert with p38 phosphorylation and is required for Kv2.1 membrane insertion, and 2) a 
regulatory component in ASK-1 activation that requires coordinated signaling between Ca2+ and 
Zn2+.   
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     Zinc is necessary for not only brain development but also brain function. A portion of brain 
zinc is histochemically reactive as revealed by Timm’s staining. Histochemically reactive zinc is 
released with glutamate after neuronal depolarization; there is a large number of evidence on 
zincergic neurons that sequester zinc in the presynaptic vesicles and release it in a calcium- and 
impulse-dependent manner. Zincergic neurons are concentrated in the hippocampus and amygdala, 
in which play an important role in space recognition and emotional memory, respectively. The 
accepted mechanisms of memory formation are synaptic plasticity. Long-term potentiation (LTP) is 
known as a cellular model of synaptic plasticity. In the hippocampus, Zn2+ attenuates mossy fiber 
LTP, while potentiates NMDA receptor-dependent CA1 LTP. Zn2+ is also required for LTP in the 
lateral amygdala. The multi-functional modulation of LTP by Zn2+ seems to be linked to memory 
formation. However, the relationship among transient lack of synaptic zinc release, LTP induction 
and cognitive memory is poorly understood.  
     To evaluate the role of synaptic zinc release, hippocampal LTP induction and cognitive 
behavior were examined in young rats after i.p. injection of clioquinol (CQ, 30 mg/kg), a membrane 
permeable zinc chelator. Intracellular zinc detected by Timm’s stain and extracellular (synaptic 
cleft) zinc detected by ZnAF-2 were significantly decreased in the hippocampus 6 h after CQ 
injection, followed by the attenuated LTP induction in the dentate gyrus that is most susceptible to 
CQ injection and recognition memory deficit in the object recognition test. The CQ-mediated 
attenuation of dentate gyrus LTP, which may be associated with the transient lack of zinc release 
from zincergic neurons, seems to be involved in the impairment of recognition memory.  
     To understand the role of synaptic zinc release in emotional behavior under inescapable 
stress, furthermore, rats were subjected to foot shock stress under amygdalar perfusion. 
Extracellular zinc in the amygdala and was increased by foot shock stress and then increased again 
in the recall of fear (foot shock) in the same box without foot shock. When fear conditioning was 
performed under perfusion with 1 mM CaEDTA, a membrane-impermeable zinc chelator, to chelate 
extracellular zinc, the time of freezing behavior was more increased in the contextual recall, 
suggesting that zinc released in the amygdala during fear conditioning participates in freezing 
behavior in the recall. When this recall was performed under perfusion with 1 mM CaEDTA, the 
time of freezing behavior was more increased, suggesting that zinc released in the lateral amygdala 
during the recall of fear participates in freezing behavior. Zinc released in the lateral amygdala may 
participate in emotional behavior in response to fear 
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Zinc is an essential trace element for the immune system and zinc deficiency compromises the 
immune function of all cells of the immune system. However, an access of zinc have negative 
effects on the immune system too. Therefore zinc homeostasis must be delicately regulated for an 
effective immune response. Recent years have brought a paradigm shift for the role of the essential 
trace element zinc in immunity. While its function as a structural component of many enzymes has 
been known for decades, current experimental evidence points to an additional function of the 
concentration of free or loosely bound zinc ions as an intracellular signal. The interaction of zinc 
with major signaling pathways that regulate immune cell activity, and the implications of zinc 
deficiency or supplementation on zinc signaling as the molecular basis for an effect of zinc on 
immune cell function will be discussed. Furthermore, the modulation of the TH1 vs. TH2 immune 
response by zinc will be described in detail focusing on the immune response in elderly and the 
mixed lymphocyte reaction as an transplantation model. This will include data from zinc in signal 
transduction up to the effect of zinc supplementation in vivo. The data should explain the molecular 
basis of the effects of zinc observed during zinc supplementation or zinc deficiency.  
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Mammalian Toll-like receptors (TLRs) play a critical role in detection of invading pathogens as 
well as triggering of subsequent inflammatory and immune responses. Membrane bound TLRs 
individually recognize different microbial components on the cell surface and/or in the endosome. 
The signaling pathways via TLRs are different each other, and the difference is in part due to 
selective usage of adaptor molecules including MyD88 and TRIF. Besides TLRs, recent findings 
have shown the presence of cytosolic detector system of invading pathogens. I will briefly review 
the pathogen recognition by TLRs and cytoplasmic receptors. Since TLR ligands are identified and 
TLR signaling pathways are clarified, we are now moving on to the effector phase of TLR 
responses. We are starting to generate knockout mice of the genes which are induced in response to 
TLR stimulation, but whose functions are unknown. Among them, we have recently identified a 
novel gene named Zc3h12a which has a CCCH-type zinc finger domain. The knockout mice 
developed spontaneous autoimmune diseases accompanied by splenomegaly and lymphadenopathy. 
I will talk about the phenotype of the knockout mice and the role of the molecule. 
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CD4+ T cells, also known as helper T cells, are critical for the adaptive immunity used to suppress 
various infections. After recognizing specific peptides derived from microbes, CD4+ T cells 
differentiate into various effecter subsets that are functionally classified by cytokine expressions. 
To remove the microbes, cytokines act locally in the early stages of a immune responses, but act 
systemically in the later stages to control the magnitude type of immune response. Th17 cells, 
which are a CD4+ effecter T cell subset that secrete IL-17A, play a role in the induction of 
inflammation as a result of these immune responses. We and others have shown that IL-6-mediated 
STAT3 activation plays an important role in Th17 development in vivo and in vitro. Excess 
activation of Th17 cells, however, induces many autoimmune diseases including 
collagen-induced arthritis (rheumatoid arthritis model; CIA), experimental 
autoimmune encephalomyelitis (multiple sclerosis model; EAE) and arthritis 
disorders that develop in F759, SKG and IL-1 receptor antagonist-deficient mice.  
It is known that Zn administration suppresses inflammatory diseases such as chemical-induced 
colitis. However, the relationship between Zn and Th17-mediated autoimmune diseases 
has yet to investigated. Here, we found that Zn treatment suppressed Th17-medaited 
autoimmune diseases such as CIA and EAE. Adaptive transfer of pathogenic Th17 cells into mice 
drinking either Zn bearing water or control water developed autoimmune disease. These results 
suggest that although Zn administration suppressed the pathogenic Th17 cell differentiation 
process, it did not inhibit the function of Th17 cells already differentiated and/or a possible 
inflammation step downstream of Th17 cell activation. Nevertheless, we did confirm that Th17 
cell development as well as IL-6-mediated STAT3 activation was suppressed by Zn in vivo and in 
vitro. Moreover, we showed that Zn is a direct inhibitor of STAT3 and that Zn binding changes its 
α-helical secondary structure of STAT3. From these results, we conclude that Zn suppresses 
Th17-madiated autoimmune diseases via inhibition of STAT3 activation. 
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Zinc is one of the essential trace elements. It is a structural component of a great number of 
proteins, including enzymes and transcription factors, and it is essential for their biological 
activity. Zinc has a variety of effects in the immune system. Therefore, cells have evolved a 
complex system to maintain a balance of Zinc uptake, intracellular storage, and efflux. However, it 
remains unknown how zinc homeostasis is regulated in mast cells and if zinc transporters are 
involved in allergic reactions. Here we show Znt5/Slc30a5 is required for contact hypersensitivity, 
mast cell-mediated delayed-type allergic response, but not for passive cutaneous anaphylaxis, 
immediate response. In mast cells from Znt5-/- mice, Fc epsilon RI-induced cytokine production 
was diminished, but degranulation was intact. Znt5 was essential for Fc epsilon RI-induced 
translocation of PKC to the plasma membrane and the nuclear translocation of NF-kappa B. In 
addition, we indicated that zinc finger–like motif of PKC was required for its plasma membrane 
translocation and binding to diacylglycerol. Thus, Znt5 is selectively required for the mast 
cell-mediated delayed-type allergic response, and is a novel player of PKC signaling. I would like 
to discuss about role of zinc in mast cell function such as degranulation and cytokine production. 
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The discovery of high levels of zinc in synaptic vesicles of neurons within the mammalian cerebral 
cortex provided strong circumstantial evidence for its release, yet the functional consequences of 
zinc release remain incompletely understood. The curious localization of zinc to axons of cortical 
glutamatergic neurons, in particular to neurons that form connections within the same cerebral 
hemisphere, suggested that vesicular zinc regulates plasticity of synapses formed by these 
excitatory neurons. Long term potentiation (LTP) is a form of synaptic plasticity that has emerged 
as a plausible cellular mechanism underlying learning and memory.  Studies of the contribution of 
vesicular zinc to LTP have centered on the synapse formed by mossy fiber axons on CA3 pyramids 
(mf-LTP) because of the high concentrations of zinc in mf axons, where it is both colocalized and 
coreleased with glutamate. Despite extensive study, whether or not zinc contributes to mf-LTP 
remains controversial. We reasoned that this controversy stems in part from shortcomings of 
existing zinc chelators.  We report the synthesis of a novel cell impermeable chelator of zinc (ZX1) 
with selectivity and kinetic properties suitable for study of the large and rapid transient of zinc in 
the synaptic cleft evoked by activation of the mossy fibers.  We report that bath application of ZX1 
inhibits induction, but not expression, of mf-LTP in a concentration dependent manner. Because the 
mf-CA3 synapse provides a major source of excitatory input to the hippocampus proper, regulation 
of its efficacy by vesicular zinc is critical to proper function of hippocampal circuitry in health and 
disease.  
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Zinc and copper in the brain: unraveling the role of Zn7metallothionein-3 
 

Milan Vašák 
 

Department of Biochemistry, University of Zürich, 8057 Zürich, Switzerland 
 

Zinc and copper homeostasis plays a crucial role in brain physiology and in neurodegenerative 
diseases. The homeostasis of these metal ions is regulated by a small intra- and extracelluraly 
occurring metalloprotein, metallothionein-3 (Zn7MT-3). This protein is mainly expressed in the 
brain and was found down-regulated in Alzheimer (AD), prion and Parkinson diseases (PD). The 
structural studies on Zn7MT-3 established the presence of two protein domains encompassing a 
Zn4(CysS)11cluster and a Zn3(CysS)9 cluster. Aberrant interactions of Cu(II) with amyloid-β (AD), 
prion protein and α-synuclein (PD) potentiate the progression of these diseases by participating in 
the aggregation process and in the generation of reactive oxygen species (ROS). By using 
complementary spectroscopic, biochemical, and cell biological techniques we have demonstrated 
that a metal swap between Zn7MT-3 and Cu(II) complexes of amyloid-β, α-synuclein, and prion 
protein (PrP) abolishes the ROS production and related neuronal toxicity. In this process, Cu(II) is 
reduced by protein thiolates forming Cu(I)4Zn4MT-3, in which an air stable Cu(I)4-thiolate cluster 
and two disulfide bonds are present. The studies signify a general protective role of Zn7MT-3 from 
Cu(II) toxicity in the brain. 
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The Zinc Sensing Receptor,  
A Link between Extracellular/Synaptic Zn2+ and Cellular Signaling 

 

Michal Hershfinkel  

 
Department of Morphology Ben Gurion University, Israel 

Numerous works have shown that Zn2+ is an important signaling molecule, activating 
intracellular pathways to regulate cell fate and neuronal excitability.  We have 
identified a zinc sensing receptor, the ZnR, which upon changes in extracellular Zn2+ 
triggers the IP3 pathway to induce intracellular calcium rise. Our results show that 
the ZnR mediates zinc-dependent signaling in epithelial cells, e.g. keratinocytes and 
colonocytes, as well as in neurons. We further demonstrate that GPR39, which until 
recently was an orphan GPCR, is acting as the ZnR. In epithelial cells ZnR/GPR39 
activation by extracellular Zn2+ enhances ion transport and cell survival. Transient 
changes in extracellular Zn2+, which activate the ZnR, occur following cellular injury 
or vesicular release. The latter pathway is most prominent in the brain where 
synaptic Zn2+ is released during neuronal activity. Our results indicate that ZnR 
activity triggers metabotropic Ca2+ signaling in postsynaptic neurons in the CA3. 
Activation of the ZnR/GPR39 by synaptic Zn2+ enhances surface expression and 
function of the K+/Cl- cotransporter KCC2, thereby inducing a pronounced 
hyperpolarizing shift in the GABAA reversal potential. Our work elucidates a 
fundamentally important role for synaptically released Zn2+ acting as a 
neurotransmitter via ZnR/GPR39 to enhance inhibitory tone. Thus, the ZnR may 
provide a mechanism underlying effects of zinc on a wide range of diseases, such as 
wound healing, diarrhea and epilepsy.  
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Metallothionein-3 regulates lysosomal function in cultured astrocytes under 
both normal and oxidative conditions 

 
 

Jae-Young Koh1,2,3* 

 
1Neural Injury Research Center for the study of CNS zinc, 3Department of Neurology, 2University 

of Ulsan, College of Medicine, Seoul, Republic of Korea 

 
Cellular zinc plays a key role in lysosomal change and cell death in neuron and astrocytes 

under oxidative stress. Here, using astrocytes lacking metallothionein-3 (MT3), a potential source 
of labile zinc in the brain, we studied the role of MT3 in oxidative stress responses. H2O2 induced a 
large increase in labile zinc in wild-type (WT) astrocytes, but stimulated only a modest rise in 
MT3-null astrocytes. In addition, H2O2-induced lysosomal membrane permeabilization (LMP) and 
cell death were comparably attenuated in MT3-null astrocytes. Expression and glycosylation of 
Lamp1 (lysosome-associated membrane protein 1) and Lamp2 were increased in MT3-null 
astrocytes, and the activities of several lysosomal enzymes were significantly reduced, indicating an 
effect of MT3 on lysosomal components. Consistent with lysosomal dysfunction in MT3-null cells, 
the level of LC3-II (microtubule-associated protein 1 light chain 3), a marker of early autophagy, 
was increased by oxidative stress in WT astrocytes, but not in MT3-null cells. Similar changes in 
Lamp1, LC3, and cathepsin D were induced by the lysosomal inhibitors bafilomycin A1, 
chloroquine, and monensin, indicating that lysosomal dysfunction may lie upstream of changes 
observed in MT3-null astrocytes. Consistent with this idea, lysosomal accumulation of cholesterol 
and lipofuscin were augmented in MT3-null astrocytes. Similar to the results seen in MT3-null cells, 
MT3 knockdown by siRNA inhibited oxidative stress-induced increases in zinc and LMP. These 
results indicate that MT3 may play a key role in normal lysosomal function in cultured astrocytes. 
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Dietary zinc supplementation of 3xTg-AD mice increases BDNF levels and 
prevents cognitive deficits as well as mitochondrial dysfunction 

 
Stefano L. Sensi1,2,3 

 

1Molecular Neurology Unit-Center of Excellence on Aging (Ce.S.I.), University “G. 
d’Annunzio”, Chieti-Pescara, Italy. 2Department of Neuroscience and Imaging, University “G. 

d’Annunzio”, Chieti-Pescara, Italy. 3 6Department of Neurology, University of California-Irvine, 
Irvine, 92697, CA, USA. 

 
The overall effect of brain zinc (Zn2+) in the progression and development of Alzheimer’s disease 
(AD) is still not completely understood. Although an excess of Zn2+ can exacerbate the pathological 
features of AD, a deficit of Zn2+ intake has also been shown to increase the volume of amyloid 
plaques in AD transgenic mice. In this study, we investigated the effect of dietary Zn2+ 

supplementation (30 ppm) in a transgenic mouse model of AD, the 3xTg-AD, that expresses both β 
amyloid (Aβ)- and tau-dependent pathology. We found that Zn2+ supplementation greatly delays 
hippocampal-dependent memory deficits and strongly reduces both Aβ and tau pathology in the 
hippocampus. We also evaluated signs of mitochondrial dysfunction and found that Zn2+ 
supplementation prevents the age-dependent respiratory deficits we observed in untreated 3xTg-AD 
mice. Finally, we found that Zn2+ supplementation greatly increases the levels of brain-derived 
neurotrophic factor (BDNF) of treated 3xTg-AD mice. In summary, our data support the idea that 
controlling the brain Zn2+ homeostasis may be beneficial in the treatment of AD. 
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Zinc in Alzheimer's disease: from bench to clinic 
 

Ashley I. Bush 
 

Mental Health Research Institute, University of Melbourne, Victoria, Australia 
 

Fatigue of extracellular Zn2+ homeostasis may underlie amyloid pathology in Alzheimer’s 
disease (AD). Zn released upon glutamatergic neurotransmission is concentrated in 
presynaptic terminals by ZnT3, whose ablation rescues amyloid pathology (in a transgenic 
AD model), but also accelerates age-dependent cognitive decline1, underscoring the 
importance of extracellular Zn2+ in modulating memory function. In addition, Zn2+ within 
amyloid inhibits the iron export ferroxidase activity of the amyloid protein precursor, 
leading to pathological iron accumulation in the cortex in AD2. PBT2 is a zinc ionophore 
that restores cognition and decreases brain Aβ in APP transgenic mice within days3. Phase 
IIa data for mild AD demonstrated a reduction in CSF Aβ42 with significant improvement 
in cognitive performance within 12 weeks. The speed of these improvements suggested that 
PBT2 may also be correcting other aspects of synaptic dysfunction in early stage disease, 
such as the trans-synaptic movement of zinc. Zinc ionophores such as PBT2 and clioquinol 
prevent Aβ oligomers being attracted to zinc at glutamatergic synapses. Recently, we tested 
PBT2 on aged and cognitively impaired wildtype mice (C57Bl/6) with no amyloid burden. 
Oral PBT2 treatment caused an almost complete normalization of Morris water maze 
performance within 11 days (ANOVA p< 0.001). Young mice were unaffected. Decreased 
turnover of zinc in the glutamatergic synapse may underlie age-dependent cognitive decline, 
and lead to amyloid deposition. Amyloid may exacerbate cognitive impairment by trapping 
zinc. PBT2 both decreases amyloid load, and restores zinc homeostasis, leading to improved 
synaptic function. These data further support advancing clinical trials of PBT2 for 
age-related cognitive decline and AD. 1. Adlard et al. J Neurosci 30, 1631 (2010); 2. Duce 
et al. Cell, online (2010); 3. Adlard et al. Neuron 59, 43 (2008). 
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APP ferroxidase activity is inhibited by zinc in Alzheimer's disease 
 

James A. Duce, Andrew Tsatsanis, Michael A. Cater, Mark A. Greenough, Simon A. James, Elysia 
Robb, Krutika Wikhe, Su Ling Leong, Keyla Perez, Hyun-Hee Cho, Denise Cappai, Robert D. 

Moir, Colin L. Masters, Roberto Cappai, Rudolph E. Tanzi, Kevin J. Barnham, Giuseppe D. 
Ciccotosto, Jack T. Rogers, Ashley I. Bush. 

 
Mental Health Research Institute, University of Melbourne, Victoria, Australia 

 
 Background: Alzheimer's Disease (AD) is complicated by pro-oxidant neuronal Fe2+ elevation 

and extracellular Zn2+ accumulation in amyloid plaque. ß-amyloid protein precursor (APP) 
function is uncertain, but iron regulatory protein regulation of APP expression through its iron 
response element implies an interaction with iron status.  
Objective: We aimed to determine if a ferroxidase domain within APP provided a novel role for 
the protein where it may function in modulating intracellular iron levels. 
Methods: APP ferroxidase activity was determined by its ability to load Fe2+ into transferrin in 
vitro and in vivo. To confirm APP’s role in iron homeostasis the APP-/- animal model was analysed 
for changes in iron status. Parallel post-mortem AD neocortex analysis was also carried out. 
Results: APP possesses a conserved H-ferritin-like ferroxidase domain, and ferroxidase activity 
similar to ceruloplasmin (Cp). This activity is inhibited by zinc. Comparable to other ferroxidases, 
APP facilitates the efflux of iron from the cell via it’s interaction with the iron exporter; 
ferroportin. As with Cp, APP either knocked down by RNAi in a cell line or knocked out in the 
animal model, induces an accumulation of intracellular iron. This is particularly evident in Cp 
non-expressing neurons. Paralleling tissue iron accumulation in APP deficient models, AD 
neocortical iron accumulation correlates with suppressed APP ferroxidase activity. In AD, APP 
ferroxidase inhibition is found to be caused by endogenous Zn2+, which can transfer from 
extracellular amyloid aggregates. 
Conclusion: Similar to the ferroxidase activity of Cp, results are consistent with APP being able to 
lower the intracellular labile iron pool. Since neurons lack Cp, APP may function as the 
predominant ferroxidase. The inability to buffer zinc in the AD brain links amyloid formation with 
neuronal iron accumulation. 
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The Zinc transporter Zip13: its involvement in connective tissue development 

and pathogenesis of mouse and human 
 
 
 
 
 

 
Toshiyuki Fukada1, Shintaro Hojyo1, Satoru Yamasaki1, Haruhiko Koseki2, Ichiro Saito3, Shiro 

Ikegawa4, Carlo Rivolta5, Andrea Superti-Furga6, and Toshio Hirano1,7. 
 

1:RIKEN RCAI, Lab for Cytokine Signaling; 2:RIKEN RCAI, Lab for Developmental Genetics; 
Immunogenomics; 3:Tsurumi University School of Dental Medicine, Pathology; 4:RIKEN CGM, 

Laboratory of Bone and Joint Diseases; 5:University of Lausanne, Department of Medical 
Genetics; 6:University of Freiburg, Department of Paediatrics and Adolescent Medicine; 7: Lab of 

Developmental Immunology and CREST Program of JST, WPI Immunology Frontier Center, 
Osaka Univ. Graduate School of Medicine 

 

 
Zinc (Zn) deficient causes growth retardation, dental decay, skin abnormalities, eye diseases, 
hypogonadism, etc., in mammals. In these hard and connective tissues, Zn is relatively abundant 
but its physiological roles in those tissues remain unknown. Here we report that mice deficient in 
Zn transporter Zip13 show changes in bone, teeth, and connective tissues, reminiscent of the 
clinical spectrum of human Ehlers-Danlos syndrome (EDS), and of some features of osteogenesis 
imperfecta and Zn deficient disorders. The Zip13 knockout (Zip13-KO) mice show defects in the 
function of osteoblasts, chondrocytes, odontoblasts and fibroblasts. Zip13 protein is localized at 
Golgi in the corresponding cells, and impairment in BMP and TGF-β signaling were observed in 
Zip13-KO cells. In addition, we detected homozygosity for a ZIP13 loss of function mutation in 
sibs affected by a unique variant of EDS that recapitulates the phenotype in Zip13-KO mice. 
Hence, our results reveal a crucial role of ZIP13 in bone, teeth and connective tissue development 
in mouse and human, at least in part due to its involvement in the BMP/ TGF-β signaling 
pathways. Therefore, Zip13-KO mouse represents a novel animal model linking zinc metabolism, 
BMP/ TGF-β signaling, and hard and connective tissue dysfunction.  
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Zinc Transporter 8 (SLC30A8), a pancreatic ß-cell secretory granule protein 
with links to the pathogenesis of type 1 diabetes 

 

J. C. Hutton, J. M. Wenzlau, L. M. Frisch, T. J. Gardner, L. Yu, G. S. Eisenbarth, M. Rewers, 
A.-G. Ziegler, H. W. Davidson and R. O’Brien 

 
 

ZnT8, the product of the SLC30A8 gene, is a new major target of humoral and cell-mediated 
autoimmunity in human type 1 diabetes (T1D). Its expression appears limited to the 
pancreatic islet and is predominantly found in the insulin containing beta-cell though 
developmentally it may appear in non-beta cells in mid gestation. Four major autoantibody 
determinants have been identified in ZnT8, one in the N-terminal 74aa cytosolic domain and 
three in the 101aa C-terminal cytosolic domain (aa268-369) two of which are dependent on 
the polymorphic aa325 residue (Arg, Trp or Gln) in both Caucasian and Asian populations. A 
third epitope defined by Arg332,Glu333, Lys336 and Lys340 has also been defined by 
mutagenesis of the mouse ZnT8 to the equivalent human sequences. Reactivity  to each of 
the epitopes appear to fluctuate during the progression of autoimmunity suggestive of epitope 
spreading during the course of disease. Cell mediated autoimmune responses to ZnT8 are 
found at the time of diabetes onset and in the prediabetic phase with HLA restriction focused 
on HLA DR4 DQ8 and to a lesser extent DR3 DQ2. CD4 T-cell reactivity has not been 
observed to peptides incorporating the polymorphic aa325 residue and yet there is an 
indication that individuals that are homozygous for the gene may progress to diabetes at an 
earlier age. Both the humoral and cellular immune responses are highly predictive of disease 
emergence and are proving valuable in the recruitment of subjects to clinical trials for 
experimental therapies aimed at preventing or slowing the progression of autoimmunity to 
clinical disease.     
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Zinc and mammary gland function: The two faces of Eve. 

Young Ah Seo, Supriya Sharma, Farnaz Foolad, Veronica Lopez  
and Shannon L Kelleher 

As an essential micronutrient, enormous zinc (Zn; 1-3 mg Zn/d) is secreted into milk during 
lactation. Curiously, milk Zn concentration can be quite variable and is often not associated with 
maternal Zn intake. Previous studies demonstrate that ZnT2 plays a key role in Zn secretion into 
milk as a mutation in the gene that encodes ZnT2 (SLC30A2) reduced milk Zn concentration in 
women by ~75%. One function of ZnT2 is to import Zn into vesicles of the secretory 
compartment. Our recent studies conducted in cultured mammary cells and mice transduced to 
transiently over-express ZnT2 in the mammary gland, illustrated that Zn accumulated in the 
secretory compartment and enhanced Zn secretion. Recently, we have identified two distinct 
non-synonymous single nucleotide polymorphisms (SNPs) in SLC30A2. SNP1 substitutes a 
leucine for proline (Leu23Pro) in the N-terminus which mis-localized ZnT2 to lysosomes and 
resulted in Zn hyper-accumulation in this non-secretory compartment. As a result, Zn secretion 
from mammary cells was reduced by ~ 75%. In contrast, SNP2 substitutes an arginine for cysteine 
(Arg340Cys) in the C-terminus. This retained ZnT2 in the Golgi apparatus which increased cellular 
oxidative stress and Zn export. Current studies explore the relationship between genetic variation 
in ZnT2, mammary gland function and milk Zn concentration in women. Although an essential 
micronutrient, recent studies indicate that Zn accumulates in breast tumors. In ER+ breast tumor 
cells, Zn is sequestered in vesicles and this phenotype is associated with ZnT2 over-expression. 
ZnT2 attenuation in ER+ breast tumor cells eliminated the ability to sequester Zn and thus 
activated oxidative stress and apoptosis, suggesting ZnT2 over-expression may provide a novel 
therapeutic target for breast cancer. Together our studies indicate that Zn accumulation into 
vesicles by ZnT2 plays a critical role in mammary gland Zn metabolism which may extend far 
beyond that of providing Zn for secretion during lactation.  
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Discovery of two zinc/bicarbonate symporters and their relationship  
to clinical disease 

Marina Gálvez-Peralta, Lei He, Manoocher Soleimani, and Daniel W. Nebert 
 

University Cincinnati Medical Center, Cincinnati, Ohio, 45267-0056, U.S.A. 

It has been known for decades that cadmium (Cd) must enter the cell to cause damage, but 
there was no mechanism to explain genetic variability in mice in response to Cd toxicity until 
2005. Starting with the mouse Cdm locus associated with differences in Cd-induced testicular 
necrosis between inbred strains, a 24.6-centiMorgan region on Chr 3 was ultimately reduced 
to 880 kb; in this segment is the Slc39a8 gene encoding the ZIP8 Zn2+/HCO3

– symporter. In 
endothelial cells of the testis vasculature, Cd-sensitive mice exhibit high ZIP8 expression, 
Cd-resistant mice very low expression. A 168.7-kb bacterial artificial chromosome (BAC) 
from a 129S6 (Cd-sensitive) BAC library containing the Slc39a8 gene was inserted into the 
Cd-resistant C57BL/6J genome: Cd treatment caused testicular necrosis in BAC-transgenic 
BTZIP8-3 mice but not in non-transgenic littermates, thereby proving that the Slc39a8 gene is 
indeed the Cdm locus. Cd-induced renal failure also occurred in these BTZIP8-3 mice. 
Immunohistochemistry showed 2.5-fold higher expressed ZIP8 protein in the renal proximal 
tubular epithelial apical surface, suggesting that ZIP8 participates in Cd-induced renal failure. 
Slc39a14, most closely evolutionarily related to Slc39a8, encodes differentially-spliced 
products ZIP14A and ZIP14B that display properties similar to ZIP8. ZIP8 in alveolar cells 
brings environmental Cd into the organism and ZIP14 in intestinal enterocytes carries Cd into 
the organism and into the hepatocyte. We believe these two transporters function 
endogenously as Zn2+/HCO3

– symporters important in combating inflammation and carrying 
out other physiological functions; Cd is able to displace the endogenous Zn2+ ion, enter the 
cell, and produce tissue damage and environmental diseases. ---Supported, in part, by NIH 
grants R01 ES010416 and P30 ES06096 (D.W.N.), T32 ES016646 (M.G.-P.), & R01 
DK062809 (M.S.). 
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Structural and Functional Basis for Zinc selectivity by ZnT Zinc transporters 
 

Eitan Hoch1, Michal Hershfinkel2 and Israel Sekler1 

 
Department of Physiology1 and Morpholgy2, Ben Gurion University, Israel 

Zn2+ ions are essential for a variety of cellular functions but are also potentially toxic. 
Zinc homeostasis is therefore maintained by a variety of membrane embedded 
transporters and cytoplasmic proteins. Zinc transport is mediated by two major 
protein families: Zips mediate Zn2+ influx but, as most mammalian cation 
transporters, do not show selectivity of Zn over Cd and are therefore a major pathway 
for cadmium influx; ZnTs mediate Zn2+ sequestration into intracellular compartments 
and are involved in lowering cytoplasmic Zn2+ concentrations. By comparing 
cytoplasmic and vesicular Zn and Cd transport rates, we found that ZnTs are in 
contrast highly selective for Zn over Cd transport. 
Modeling of ZnT5, based on the crystal structure of the bacterial Zn2+ transporter, YiiP 
indicated that 3 of the 4 residues which coordinate the Zn binding site are conserved. 
However, we identified a single substitution of an Aspartate (Asp45) found in Yiip to a 
Histidine residue in the mammalian ZnT5 (H451) and ZnT8 (H106). Replacing this 
Histidine to an Aspartate was sufficient to enhance ZnT-dependent cytoplasmic 
removal and vesicular uptake of Cd. Thus, we suggest that a single residue in 
mammalian ZnT transporters is important for conferring selectivity of Zn over Cd.  
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ZnT10 is expressed in adult human tissues 

Helen J Bosomworth1,2, Dianne Ford2 and Ruth A Valentine1 

Human Nutrition Research Centre, 1 School of Dental Sciences, 2 Institute for Cell and Molecular 
Biosciences, Newcastle University, Framlington Place Newcastle upon Tyne, NE2 4BW. 

 

 

Zinc is an important nutrient for the human body and essential for many proteins and enzymes. 
Zinc homeostasis is strictly controlled by transport proteins.  ZIPs are thought to increase 
cytosolic zinc concentrations and ZnTs are responsible for reducing cytosolic zinc by acting as 
effluxers. ZnT10 has been predicted to be expressed only in fetal tissue (Seve et al., 2004), 
however we detected a restricted pattern of ZnT10 expression at the mRNA level in a range of 
adult human tissues - cervix, liver, brain, ovary, testes, small intestine and colon - by using 
RT-PCR to screen a human RNA tissue panel (Ambion). Human neuroblastoma SY5Y cells were 
treated with either basal medium or medium supplemented with150 µM ZnCl2 for 24 hours prior 
to RNA extraction.  Semi-quantitative RT-PCR was carried out using β-actin as a house-keeper 
gene.  ZnT10 was down-regulated with increased extracellular zinc (0.45 + 0.04 compared with 
0.06 + 0.01 when expressed as a ratio of ZnT10:β-actin, n = 3, P< 0.001 by Student’s t- test). This 
mode of regulation is in contrast to ZnT1, whose transcriptional regulation has been shown to be 
up-regulated in response to zinc by the transcription factor MTF-1.  ZnT5 also shows a 
down-regulation in response to zinc (Jackson et al., 2008). Furthermore, a potentially novel zinc 
responsive element (ZRE) found in the 5’-UTR of ZnT5 has also been identified in ZnT10.  
Future work will investigate the role of this ZRE in the down regulation of ZnT10.  

 

Jackson, K. A., Valentine, R. A., Coneyworth, L. J., Mathers, J. C. and Ford, D. (2008) 'Mechanisms of 
mammalian zinc-regulated gene expression', Biochem Soc Trans, 36, (Pt 6), pp. 1262-6. 

Seve, M., Chimienti, F., Devergnas, S. and Favier, A. (2004) 'In silico identification and expression of 
SLC30 family genes: an expressed sequence tag data mining strategy for the characterization of 
zinc transporters' tissue expression', BMC Genomics, 5, (1), pp. 32. 

Abbreviations: Zinc/Iron related protein (ZIP), Zinc transporter (ZnT) 
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Role of ZIP8 and ZIP14 zinc/bicarbonate symporters during inflammation 
 

Marina Gálvez-Peralta, Zhifang Wang, Cynthia M. Williams, Mingjie Liu*, Daren L. Knoell* 
and Daniel W. 

 
Nebert. University Cincinnati Medical Center, *Ohio State University Health Sciences Center 

(Columbus), Ohio, U.S.A. 

SLC39A8 (ZIP8) and SLC39A14 (ZIP14) are divalent cation/HCO3
– symporters, primarily used 

for Zn uptake in vertebrate cells. SLC39A14 has two exons 4, giving ZIP14A and ZIP14B as 
alternatively-spliced products, whereas SLC39A8 produces a single product. Because Zn is 
involved in the host response to inflammatory stress, and inflammation induces hypozincemia, the 
objective of this project is to determine whether different inflammatory agents are able to induce 
changes in the expression of these transporters, and if this is organ-specific.  
  C57BL/6J male mice were treated i.p. with TNFα (5 µg/kg), IL6 (100 µg/kg) or LPS (5 mg/kg) 
and 12 tissues collected at different times for qRT-PCR and Western blot. Because metallothionein 
and SLC11A2 (DMT1) have been associated with inflammation, their mRNA levels were also 
measured. To correlate changes in ZIP8, ZIP14A and ZIP14B with inflammation, we also 
measured TNFA, IL6, IL1B mRNA levels. We found significant differences in the response of 
each organ, and ZIP mRNAs were induced at different times and patterns: heart showed the most 
highly TNFα-induced ZIP8, ZIP14B mRNA levels; whereas ZIP8 and ZIP14A mRNA reached 
their highest levels at 8 h, the peak of ZIP14B expression occurred when the levels of ZIP8 and 
ZIP14A were decreasing (16 h). There was a double peak for interleukins in liver, heart and brain 
(1st peak at 2-4 h; 2nd peak at 16 h), suggesting an early vs late response; this pattern was also 
seen for ZIP14B mRNA. ZIP8 and ZIP14A mRNA levels were unchanged in liver or testis. Kidney 
ZIP8 and ZIP14A mRNA levels were significantly diminished. These observations will help us 
understand how hypozincemia is regulated in various tissues, following an inflammatory 
response.---Supported, in part, by NIH grants R01 ES010416 and P30 ES06096 (D.W.N.), T32 
ES016646 (M.G.-P.) & R01 HL08698 (D.L.K.) 
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The role of ZIP8 in bicarbonate-dependent transport of cadmium and 
manganese in RBL-2H3 cells 

 

Hitomi Fujishiro and Seiichiro Himeno 
 

Tokushima Bunri University, Faculty of Pharmaceutical Sciences, Laboratory of Molecular 

Nutrition and Toxicology, Tokushima, 770-8514, Japan 
 

We have previously reported that down-regulation of ZIP8 (Zrt- and Irt-related protein 8) plays a 
pivotal role in the lowered Cd uptake in Cd-resistant cells derived from metallothionein (MT)-null 
mouse fibroblast cells. In addition, we found that Mn uptake is also decreased in Cd-resistant cells 
in which ZIP8 is down-regulated1-3). However, the interaction of Cd and Mn involving ZIP8 in 
other cell lines remains unclear. In a preliminary experiment, we found that RBL-2H3 (rat 
basophilic leukemic) cells show high sensitivity to both Cd and Mn due to high accumulation of 
these metals. In the present study, we characterized the transport system for Cd and Mn in 
RBL-2H3 cell focusing on the role of ZIP8. 

When compared with other four rat cell lines, RBL-2H3 cells showed relatively higher mRNA 
levels of ZIP8. To examine the contribution of ZIP8 in Cd and Mn uptake to the higher 
accumulation of these metals, we tested 1) the effects of bicarbonate on the uptake rates of Cd and 
Mn, 2) the effects of ZIP8 siRNA on the uptake of Cd and Mn, and 3) the characteristics of 
Cd-resistant or Mn-resistant RBL-2H3 cells. The uptake rates of both Cd and Mn into RBL-2H3 
cells were markedly enhanced by the addition of bicarbonate. The bicarbonate-dependent uptake of 
Cd and Mn in RBL-2H3 cells was suppressed by the introduction of siRNA of ZIP8, but 
bicarbonate-independent uptake was not. Therefore, bicarbonate-dependent uptake of both Cd and 
Mn may be accounted for by ZIP8 in RBL-2H3 cells. Cd-resistant (RBL-Cdr) and Mn-resistant 
(RBL-Mnr) cells derived from RBL-2H3 cells exhibited cross-resistance to Mn and Cd, 
respectively. The resistance to both metals was conferred by marked decreases in Cd and Mn 
uptake rates. We found that ZIP8 and voltage-dependent T-type calcium channel (CaV3.1) were 
down-regulated in both RBL-Cdr and RBL-Mnr cells compared with parental RBL-2H3 cells. 
Further studies are required to clarify the specific role of ZIP8 in RBL-2H3 cells. 
1) Fujishiro, H. et al., 2006. J. Health Sci. 52, 292-299.  2) Fujishiro, H. et al., 2009. J. 
Appl.Toxicol. 29, 367-373.  3) Fujishiro, H. et al., 2009. Toxicol. Appl. Pharmacol. 241, 195-201. 
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Modifier Genes and Gender Influence the Effect of Deleting the 
Mouse Slc30a8 Gene That Encodes Zinc Transporter-8 

Lynley D. Pound, Suparna A. Sarkar, Richard K. P. Benninger, Yingda Wang, Adisak Suwanichkul, 
Melanie K. Shadoan, Richard L. Printz, James K. Oeser, Catherine E. Lee, 

David W. Piston, Owen P. McGuinness, 
John C. Hutton, David R. Powell and Richard M. O’Brien 

    The Slc30a8 gene encodes the islet-specific zinc transporter ZnT-8, which provides zinc for 
insulin-hexamer formation. Polymorphic variants in amino acid 325 of human ZnT-8 are 
associated with altered susceptibility to type 2 diabetes and ZnT-8 autoantibody epitope specificity 
changes in type 1 diabetes. To assess the physiological importance of ZnT-8, we initially analyzed 
mice carrying a Slc30a8 exon 3 deletion on a mixed C57BL/6J X 129SvEv genetic background. 
No gross anatomical or behavioral changes or differences in body weight were observed between 
wild type and ZnT-8 knockout (KO) mice and ZnT-8 KO mouse islets were indistinguishable from 
wild type in terms of their numbers, size and cellular composition. However, zinc content was 
markedly reduced in ZnT-8 KO mouse islets, as evaluated both by Timm’s histochemical staining 
of pancreatic sections and direct measurements in isolated islets. Blood glucose levels were 
unchanged in 16 week old, 6 hr fasted animals of either gender, however, plasma insulin 
concentrations were reduced in both female (~31%) and male (~47%) ZnT-8 KO mice.  
Intraperitoneal glucose tolerance tests demonstrated no impairment in glucose clearance in male 
ZnT-8 KO mice but glucose-stimulated insulin secretion from islets isolated from male ZnT-8 KO 
mice was reduced ~33% relative to wild type littermates. The physiological explanation as to why 
impaired insulin secretion is not accompanied by elevated blood glucose levels is unknown. 
     We next analyzed the effect of the Slc30a8 exon 3 deletion on a pure C57BL/6J genetic 
background. Blood glucose levels were again unchanged in 16 week old, 6 hr fasted animals of 
either gender and intraperitoneal glucose tolerance tests in male ZnT-8 KO mice again 
demonstrated no impairment in glucose clearance.  However, in contrast to the mixed genetic 
background mice, plasma insulin concentrations were only reduced in female (~21%) ZnT-8 KO 
mice. In summary, Slc30a8 gene deletion is accompanied by a modest impairment in insulin 
secretion without major alterations in glucose metabolism, though the effects of Slc30a8 gene 
deletion are influenced by both gender and modifier genes. 
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The Pancreatic Islet Beta Cell-Enriched Transcription Factor Pdx-1 Regulates 

Slc30a8 Gene Transcription Through an Intronic Enhancer 

Lynley D. Pound, Yan Hang, Suparna A. Sarkar, Yingda Wang, Laurel A. Milam, James K. Oeser, 
Richard L. Printz, Catherine E. Lee, 

Roland Stein, John C. Hutton and Richard M. O’Brien 

 
    SLC30A8 encodes the zinc transporter ZnT-8, which provides zinc for insulin-hexamer 
formation.  Genome-wide association studies have shown that a polymorphic variant in human 
SLC30A8 is associated with altered susceptibility to type 2 diabetes and we show in another poster 
that glucose-stimulated insulin secretion is decreased in islets isolated from Slc30a8 knockout 
mice.  This study examines the molecular basis for the islet-specific expression of Slc30a8.  The 
analysis of Slc30a8-luciferase fusion gene expression in islet-derived βTC-3 cells revealed that the 
proximal promoter region, located between -1803 and -1, relative to the translation start site, was 
only active in stable and not transient transfections.  VISTA analyses identified two conserved 
regions in Slc30a8 introns 2 and 3, designated enhancers A and B, respectively.  Transfection 
experiments demonstrated that both regions confer elevated reporter gene expression in βTC-3 
cells when ligated to a minimal G6PC2 promoter whereas only Slc30a8 enhancer B confers 
elevated reporter gene expression in αTC-6 cells, suggesting that Slc30a8 enhancer A is an islet 
beta cell-specific enhancer.  Chromatin immunoprecipitation (ChIP) assays showed that the 
islet-enriched transcription factor Pdx-1 binds enhancer A in situ and gel retardation studies 
identified two Pdx-1 binding sites in enhancer A in vitro.  Mutation of either site markedly 
reduced fusion gene expression. These data suggest that Pdx-1 contributes to islet-specific Slc30a8 
expression, a conclusion consistent with developmental studies showing that restriction of Pdx-1 to 
pancreatic islet beta cells correlates with the induction of Slc30a8 gene and ZnT-8 protein 
expression in vivo. 
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Molecular physiological analysis of His-rich region of Arabidopsis vacuolar 

membrane Zn transporter AtMTP1 

 

Miki Kawachi1,2,3, Sayaka Kogawa1, Ute Kraemer3, Tetsuro Mimura2, Masayoshi Maeshima1 

 
1Grad. Sch. Bioagr. Sci., Nagoya Univ., 2Inst. Plant Physiol., Univ. Bochum, Germany, 3Grad. Sch. 

Sci., Kobe Univ. 
 
Arabidopsis thaliana metal tolerance protein 1 (AtMTP1) is a member of the cation-diffusion 
facilitator (CDF) family. AtMTP1 is localized in vacuolar membranes and works as Zn2+/H+ 
exchanger (JBC 283:8374, 2008; Plant Cell Physiol. 50:1156, 2009). The transporter plays a key 
role in Zn tolerance by transporting excess Zn in cytosol into vacuoles. AtMTP1 has been predicted 
from the hydropathy analysis to contain 6 transmembrane domains and a long histidine-rich 
(His-rich) hydrophilic region, which contains 25 His residues, between the fourth and fifth 
transmembrane domains. Deletion of the His-rich region markedly increases the Zn transport 
activity of AtMTP1 (Vmax, 11 fold). We estimate that the His-rich region senses the cytoplasmic Zn 
concentration and regulates the Zn transport velocity to maintain the cytoplasmic Zn at adequate 
level for cellular function.  
   In this study, we introduced constructs the wild-type AtMTP1 and the His-rich region mutant, 
AtMTP1D185-216, into a loss-of-function mutant mtp1 under control of cauliflower mosaic virus 
35S promoter and analyzed zinc tolerance. Both plants expressing wild-type and mutated AtMTP1 
recovered zinc tolerance as same level as the wild-type plants. When intracellular Zn distribution in 
root tips was examined using a fluorescent probe Zinpyr-1, Zn accumulation into vacuoles of both 
over-expresser plants, but not in mtp1 plants. The results suggest that AtMTP1D185-216 transporter 
is correctly localized to the vacuolar membrane. In relation to AtMTP1, we discuss the 
Zn-containing small vesicles in root tips detected by electron microscopy and Zinpyr-1 staining.      
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A histidine-rich motif mediates mitochondrial localization of ZnT2 to modulate 

mitochondrial function 
 

Young Ah Seo, Veronica Lopez and Shannon L Kelleher 

Female reproductive tissues such as mammary gland, ovaries, uterus, and placenta are 
phenotypically dynamic requiring tight integration of bioenergetic and apoptotic mechanisms. 
Mitochondrial Zinc (Zn) pools have emerged as a central player in regulating bioenergetics and 
apoptosis. Zn must first be imported into mitochondria to modulate mitochondria-specific 
functions; however, mitochondrial Zn import mechanisms have not been identified. Herein, we 
documented that the Zn transporter ZnT2 was associated with the inner mitochondrial membrane 
and acts as an auxiliary Zn importer into mitochondria in mammary cells. We found that 
attenuation of ZnT2 expression significantly reduced mitochondrial Zn uptake and total 
mitochondrial Zn pools. Moreover, expression of a ZnT2-HA fusion protein localized to 
mitochondria and significantly increased Zn uptake and mitochondrial Zn pools, directly 
implicating ZnT2 in Zn import into mitochondria. Confocal microscopy of truncated and point 
mutants of N-terminal ZnT2-GFP fusion proteins revealed a histidine-rich motif (51HHXH54) 
which is important for mitochondrial targeting of ZnT2. More importantly, the expansion of 
mitochondrial Zn pools by ZnT2 over-expression significantly reduced ATP biogenesis and 
mitochondrial oxidation, confirming a functional role for ZnT2-mediated Zn import into 
mitochondria. These results identify the first Zn transporter directly associated with mitochondria 
and suggest that unique secretory tissues such as the mammary gland require novel mechanisms to 
modulate mitochondria-specific functions. 
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Demonstration and characterization of the heterodimerization of ZnT5 and 
ZnT6 in the early secretory pathway 

1,2Ayako FUKUNAKA, 2Yayoi KUROKAWA, 1Makoto HIROMURA, 1,3Shuichi ENOMOTO, 
2Taiho KAMBE 

 
1 Multiple Molecular Imaging Research Laboratory, RIKEN CMIS 

2 Graduate school of biostudies, Kyoto university 
3 Graduate school of medicine, density and pharmaceutical sciences, Okayama university 

 
The mammalian zinc transporters are classified into two families, ZnT and ZIP families, which 
control zinc homeostasis, and the most of ZnT transporters are known to form homo-oligomers to 
perform their function. We have previously reported that ZnT5 and ZnT6 formed 
hetero-oligomeric complexes to transport zinc into the secretory pathway, however, the mechanism 
of complex formation between them remained elucidated. To investigate this point, we focused on 
two remarkable characteristics of ZnT5 (the long N-terminal sequence) and ZnT6 (the loss of zinc 
binding residues in the transmembrane domain) that are different from other ZnT transporters and 
examined whether these characteristics are important for the formation of hetero-oligomer. 
To perform this study, we used chicken DT40 cell system that allowed us to carry out combined 
approaches including gene disruption, re-expression and co-immunoprecipitation to detect physical 
interaction. Our studies revealed that 1) ZnT5 and ZnT6 form heterodimers to transport zinc into 
the early secretory pathway. 2) ZnT6 is unlikely to be involved in zinc transport as a donor for 
zinc-binding sites embedded within the transmembrane domains. 3) The long N-terminal region of 
ZnT5 is not necessary for the interaction with ZnT6, while the cytosolic C-terminal tail of ZnT5 is 
important for the recognition of ZnT6 as a partner molecule for heterodimer formation. These 
results show the unique properties of ZnT5/ZnT6 heterodimer formation, and would provide novel 
information for understanding the characteristics of other ZnT proteins. 
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Mobilization from F-actin of c-Abl and its activation by EGF treatment require 

Zn-MT3 in cultured astrocytes 
 

Sook-Jeong Lee1,2, Hyun-Jae Kim1,2, Tae-Yoon Kim1,2, Kyung Sook Cho1,2, Jae-Young Koh1,2,3* 

 
 

1Neural Injury Research Center for the study of CNS zinc, 3Department of Neurology, 2University 
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An increasing body of evidence indicates that cellular zinc dynamics may be involved in 

cell signaling pathways. In the present day, using cultured astrocytes, we investigated the possible 
role of metallothionein-3 (MT3), the major source of labile zinc in brain cells, in the EGF receptor 
signaling, especially focusing on c-Abl kinase and F-actin, both of which play key roles in 
EGFR-mediated cell proliferation. 

Indicating that EGFR signaling is altered in MT3-null astrocytes, activities of c-Abl kinase 
and its substrate CrkL, were reduced compared to those in MT3 WT cells. Previous studies have 
shown that the activation of c-Abl by EGF may involve its interaction with F-actin. Suggesting a 
possible role of MT3 herein, addition of MT3 augmented F-actin polymerization, but weakened the 
association of c-Abl to F-actin in cell lysates. Moreover, the dissociation of c-Abl from F-actin by 
EGF was significantly inhibited in astrocytes obtained from MT3 null mice, or WT astrocytes 
treated with MT3 siRNA. Experiments with various peptide fragments of MT3 suggest that the 
N-terminal 20 amino acid fragment containing the MT3 unique ‘TCPCP’ motif is sufficient for this 
effect of MT3. Removal of zinc from MT3 with a high affinity zinc chelator TPEN [tetrakis 
(2-pyridylmethyl) ethylenediamine] abrogated the MT3 promotion of F-actin polymerization, 
indicating that at least some zinc-binding is required for this effect. 

These results suggest that Zn-MT3 may be a component of c-Abl activation in EGFR 
signaling in cultured astrocytes. Its effect may involve dynamic interactions between c-Abl, F-actin, 
and MT3. Hence, modulation of MT3 levels or distribution may prove a useful strategy to control 
the EGFR signaling pathways in brain cells. In addition, since c-Abl may regulate lysosomal 
functions, this insight may help design measures to enhance or inhibit lysosomal functions, which 
may be relevant in various neurological disorders. 
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Regulation of the NADPH oxidase 1 gene expression by the GATA-6. 

Yoshifumi Adachi, 
 

Dept. of Mol. Biol. & Biochem., Sch. of Med., Shinshu Univ. 

   Ras oncogene upregulates the expression of NADPH oxidase (Nox) 1 via the Raf-MEK-ERK 
pathway, leading to the elevated production of reactive oxygen species that is essential for 
maintenance of Ras transformation phenotypes. Recently, we found that a Ras-ERK 
signaling-responsive element (nt –321 to -1) of the Nox1 promoter contains GATA- and HNF-1a 
sites, and that Ras-MEK-ERK-dependent phosphorylation of GATA-6 at Ser120 is critical for the 
trans-activation of the Nox1 promoter (Oncogene 27: 4921, 2008). To explore the precise 
transcriptional control mechanism underlying Nox1 expression, we identified the involvement of 
HMGB1 and HNF-1 a in the GATA-6 binding to DNA by using 5-IAF-labeling, followed by 
MALDI-TOF MS and immunoblotting. Cross-linking, coimmunoprecipitation, pull-down and 
transfection experiments revealed that GATA-6 bound to both HMGB1 and HNF-1 a, and that 
HMGB1 stimulated trans-activation of the Nox1 promoter by GATA-6. The site of HMGB1 
responsible for GATA-6 binding was also determined. Furthermore, we demonstrated that 
Ras-MEK-ERK-dependent phosphorylation of GATA-6 dramatically enhanced its affinity for 
regulatory domains of the Nox1 promoter. Collectively, these data provide evidence that 
ERK-based phosphorylation as well as interaction with HMGB1 and HNF-1 a are crucial for 
regulation of GATA-6, which mediates Ras-induced transcriptional activation of Nox1. 
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Zn7metallothionein-3 modulates redox activity of PrP–Cu(II) through a metal 
swap reaction 

G. Meloni1*, A. Crameri1, G. Fritz2, P.M. Kroneck2, P. Davies3, D.R. Brown 3, M. Vašák1 

 
1Department of Biochemistry, University of Zurich, Switzerland, 2Fachbereich Biologie, 

University of Konstanz, Germany, 3Department of Biology and Biochemistry, University of Bath, 
UK. *Current address: Division of Chemistry and Chemical Engineering, California Institute of 

Technology, CA, USA 

The transmissible spongiform encephalopathies (TSEs) are a group of progressive 
neurodegenerative disorders transmitted by prions, proteinaceous infective agents. TSEs are 
characterized by the accumulation of a misfolded form of the membrane-anchored prion protein 
(PrPC). The transition from natively folded PrPC to misfolded PrPSc is a crucial pathogenic event 
leading to the deposition of extracellular PrP-rich plaques. PrPC can bind up to six Cu(II) ions in 
different coordination modes. Copper-catalyzed transformations of PrP, leading to the production of 
reactive oxygen species (ROS), PrP oxidation, cleavage and aggregation of its misfolded form, are 
suggested to play a role in the degenerative processes. In this study, we discovered that an 
increasing copper occupancy transforms PrP from an antioxidant to a pro-oxidant molecule. In 
search for potential physiological modulators of PrP–Cu(II) redox activity we found that the brain 
metalloprotein metallothinein-3 (Zn7MT-3) efficiently target Cu(II) bound to PrP. We show that a 
metal swap, forming PrP–Zn(II) and Cu(I)4Zn4MT-3 in which a peculiar redox silent Cu(I)4-thiolate 
cluster exists, is the underlying molecular mechanism by which Zn7MT-3 modulates the redox 
properties of PrP-Cu(II) and thus the ROS production. As oxidative stress represents a downstream 
effect of abnormal PrP–Cu(II) interactions, our studies suggest that Zn7MT-3 play a potential 
protective role from the copper-mediated PrP toxicity in prion diseases. 
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The zinc-sensing transcription factor MTF-1 mediates zinc-induced epigenetic 
changes in chromatin of the mouse metallothionein-I promoter 
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Metallothionein (MT) is a small, cysteine-rich protein that plays a role in zinc homeostasis, 
cadmium detoxification, and protection against reactive oxygen species. Mouse MT-I gene 
transcription is regulated by metal response element-binding transcription factor-1 (MTF-1), which 
is recruited to the promoter in response to zinc. We examined alterations in the chromatin structure 
of the MT-I promoter associated with enhanced transcriptional activation. MTF-1 was found to be 
essential for zinc-induced epigenetic changes in the MT-I promoter. Chromatin 
immunoprecipitation assays demonstrated that zinc treatment led to a rapid decrease in 
Lys4-trimethylated and Lys9-acetylated histone H3 in the MT-I promoter and a decrease in total 
histone H3, but no change in histone H3.3. Micrococcal nuclease sensitivity of the MT-I promoter 
increased in response to zinc. These results suggest that the chromatin structure in the MT-I 
promoter is locally disrupted by the removal of nucleosomes in response to zinc. In the absence of 
MTF-1, these changes were not observed, and an MTF-1 deletion mutant that was recruited to the 
MT-I promoter in response to zinc but failed to recruit the coactivator p300 and activate MT-I 
transcription did not alter the total amount or modifications of histone H3 in the MT-I promoter in 
response to zinc. Furthermore, interleukin-6, which induces MT-I transcription in an 
MTF-1-independent manner, did not cause a decrease in the amount of histone H3 in the MT-I 
promoter. These findings indicate that rapid disruption of the nucleosome structure at the MT-I 
promoter is mediated by recruitment of an active MTF-1–coactivator complex in response to zinc. 
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Selective electrodiffusion of zinc ion in a Zrt-, Irt-like Protein, ZIPB 

Jin Chai, Wei Lin and Dax Fu 
 

Biology Department 
Brookhaven National Laboratory, USA 

 
 

All living cells need zinc ions to support cell growth. Zrt-, Irt-like Proteins (ZIPs) represent a 
major route for entry of zinc ions into cells, but how ZIPs promote zinc uptake has been unclear. 
Here we report the molecular characterization of ZIPB from Bordetella bronchiseptica, the first 
ZIP homolog to be purified and functionally reconstituted into proteoliposomes. Zinc flux through 
ZIPB was found to be nonsaturable and electrogenic, yielding membrane potentials as predicted by 
the Nernst equation. Conversely, membrane potentials drove zinc fluxes with a linear voltage-flux 
relationship. Direct measurements of metal uptake by inductively coupled plasma mass 
spectroscopy (ICP-MS) demonstrated that ZIPB is selective for two group-12 transition metal ions, 
Zn2+ and Cd2+, while rejecting transition metal ions in groups 7 through 11. Our results provide 
the molecular basis for cellular zinc acquisition by a zinc-selective channel that exploits in vivo 
zinc concentration gradients to move zinc ions into the cytoplasm. 
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An attempt to identify molecules, which intracellular localizations are regulated 

by Zinc. 
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3RIKEN Research Center for Allergy and Immunology, Yokohama, Japan 
 

We have demonstrated that zinc can act as a second messenger to change the function of 
intracellular proteins after extracellular stimulations. For examples, (i) STAT3 activation 
increases Zip6 expression followed by alteration of the intracellular snail localization from 
cytoplasm to nuclear, which is critical for a cell migration process, (ii) TLR signal also 
decreases Zip6 expression to reduce intracellular zinc concentration, which is crucial for the 
MHC class II surface expression followed by CD4+ T cell activation, and (iii) FceR signal 
increases intracellular free zinc concentration to suppress cytokine transcriptions in mast cells. 
We now attempted to identify intracellular proteins, which localizations are regulated by zinc. 
We prepared a GFP-fusion gene library carrying 1,150 genes, which are fused with GFP and 
transfected each of them in HEK293T cells followed by a treatment with zinc + pyrithione 
(zinc/p) or a zinc chelator, TPEN; N,N,N',N'-Tetrakis (2-pyridylmethyl) ethylenediamine. 
Then, we analyzed intracellular localizations of each fusion protein by using a conforcal 
microscopy device. The intracellular localizations of about 30 fusion proteins were 
significantly altered after the treatments. We selected one gene, which we termed “Molecular 
Z”, for the next analysis, because the majority of its intracellular localization was nuclear 
without treatments and that was clearly moves to cytoplasmic portion after zinc/p treatment. 
Furthermore, leptomycin B treatment on the cells Molecular Z-transfected suggested that 
zinc/p increases Molecular Z’s export from the nuclear, while a coiled coil region of the 
Molecular Z plays a role for its nuclear translocation. We will discuss some associated 
molecules of the Molecular Z, which might be involved in the zinc-mediated translocation 
changing of the Molecular Z. 
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ERK signaling leads to mitochondrial dysfunction in extracellular zinc-induced 
neurotoxicity. 

 

He K. and Aizenman E. 
 

Department of Neurobiology, University of Pittsburgh School of Medicine, Pittsburgh, 
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A zinc-induced signaling pathway leading to extracellular signal-regulated kinase 1/2 (ERK1/2) 
activation and subsequent neuronal death has been investigated. We find that an extracellular zinc 
application stimulates biphasic phosphorylation of ERK1/2 and p38 MAPK in rat cultured 
neurons. The activation of ERK1/2, but not p38, is responsible for zinc neurotoxicity as only 
U0126, a MEK inhibitor that blocks ERK1/2 phosphorylation, significantly protects cortical 
neurons from zinc exposure. Over-expression of a dominant negative Ras mutant blocks 
zinc-induced Elk1-dependent gene expression in neurons, indicating the involvement of Ras 
activation in the zinc pathway leading to ERK phosphorylation and Elk1 signaling. We also find 
that zinc treatment results in neuronal mitochondrial hyperpolarization. Importantly, both U0126 
and bongkrekic acid, an inhibitor of the mitochondrial adenine nucleotide translocase, effectively 
reduce zinc-triggered mitochondrial changes. As bongkrekic acid also prevents zinc-triggered 
neuronal death but not ERK1/2 phosphorylation, activation of MAPK signaling precedes and is 
required for mitochondrial dysfunction and cell death. These results provide new insight on the 
mechanism of extracellular zinc-induced toxicity in which the regulation of mitochondrial function 
by the Ras/MEK/ERK pathway is closely associated with neuronal viability. 
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and in BMP/TGF-β  signaling pathways 
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Zinc is relatively abundant in connective tissues but its biological roles in those tissues remain 
unknown. Here we report that mice deficient in zinc transporter Slc39a13/Zip13 show changes in 
bone, teeth and connective tissues including skin dermis and eye cornea, reminiscent of the clinical 
spectrum of human Ehlers-Danlos syndrome (EDS), that is a group of genetic disorders affecting 
connective tissues, and of zinc deficient diseases. The Zip13 knockout (Zip13-KO) mice show 
defects in the maturation of osteoblasts, chondrocytes, odontoblasts, and fibroblasts. Zip13 protein 
is localized at Golgi in the corresponding tissues and cells, and impairment in BMP and TGF-β 
signaling were observed in Zip13-KO cells. Many of the EDS originate from changes in fibrillar 
collagens, but other types of the EDS have been still awaiting molecular elucidation. We detected 
homozygosity for a SLC39A13/ZIP13 loss of function mutation in sibs affected by a unique variant 
of EDS that recapitulates the phenotype in Zip13-KO mice. Hence, our results reveal a crucial role 
of ZIP13 in connective tissue development in mouse and human, at least in part due to its 
involvement in the BMP/ TGF-β signaling pathways via controlling intracellular zinc distribution.  
 



  102 

P1-18 
 

The zinc transporter Slc39a14/Zip14 controls G-protein coupled 
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Aberrant zinc (Zn) homeostasis is associated with disturbance of endocrine reactions, however, the 
molecular mechanisms underlying the roles of Zn on endocrine system remain to be clarified. Here 
we show that the cell membrane-localized Zn transporter Slc39a14 positively controls G-protein 
coupled receptor (GPCR)-mediated signaling. The mice lacking Slc39a14 (Slc39a14-KO mice) 
exhibited growth retardation accompanied by abnormal chondrocyte differentiation, reduced growth 
hormone (Gh) production, and an impaired gluconeogenic program. All these phenotypes are 
attributable to impaired GPCRs-mediated signaling, via the parathyroid hormone 1 receptor (Pth1r) 
in chondrocytes in growth plate, growth hormone releasing hormone receptor (Ghrhr) in pituitary 
gland, and glucagon receptor (Gcgr) in liver, respectively, as consequence of the reduction of basal 
cAMP level by higher phosphodiesterase (PDE) activity. We concluded that Zn influx via Slc39a14 
inhibits PDE activity to facilitate downstream signaling through the GPCRs. Therefore, our data 
highlight the importance of Slc39a14 as a key player for GPCR-mediated signaling, and the 
Slc39a14-KO mice will serve as a model to study the endocrine processes and the etiology in 
GPCR-involved disorders.  
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Zinc (Zn), which is abundant in the brain, is localized in presynaptic vesicles along with 

glutamate and is released into the extracellular space by various stimuli. Although released Zn 
functions as a neurotransmitter or a neuromodulator, excessive Zn triggers neuronal cell death. 
However, the mechanism underlying Zn-induced neurotoxicity is not fully understood. To address 
this issue, we examined the effect of Zn on the expression of Bcl-2 family proteins, which are 
known as major regulators of apoptosis. These proteins are classified into three subfamilies on the 
basis of structural and biological properties. In this study, we especially focused on the proapoptotic 
BH3-only protein subfamily. 

The exposure of human neuroblastoma SH-SY5Y cells to Zn induced DNA fragmentation, 
which is a hallmark of apoptosis, resulting in cell death. Zn affected the expression of two 
BH3-only proteins, PUMA and Bim. Both BH3-only proteins are reported to be involved in the 
process of neuronal cell death in stroke and several neurodegenerative disorders. We demonstrated 
here that Zn induces the expression of PUMA in a dose- and time-dependent manner in SH-SY5Y 
cells. Reporter assay using the PUMA promoter region demonstrated that Zn induces PUMA 
expression at the transcriptional level. Tumor suppressor p53 has been shown to play a critical role 
in regulating the expression of the PUMA gene. Indeed, mutation of the p53 binding site on the 
promoter region reduced Zn-induced promoter activation. In addition, Zn promoted the 
accumulation of p53 protein. These findings suggest that Zn regulates the induction of PUMA via 
the p53 pathway. Bim has three predominant alternative splicing variants (BimEL, BimL, BimS). 
Although overexpression of any of these three variants induces apoptosis, the smallest variant BimS 
is the most potent inducer of apoptosis. We demonstrated here that Zn promotes the induction of 
BimS, but not BimEL or BimL, in a dose- and time-dependent manner. These findings indicate that 
Zn affects alternative splicing of Bim pre-mRNA. Interestingly, other metals (cadmium, cobalt and 
copper) and stresses (oxidative, endoplasmic reticulum and genotoxic stress) did not induce BimS 
mRNA. Therefore, the change in the alternative splicing pattern of Bim mRNAs is likely to be a 
phenomenon specific to Zn. Our findings suggest that Zn functions as a modulator of alternative 
splicing of apoptotic proteins. We thus conclude that Zn might activate the cell death process via the 
intrinsic apoptotic pathway. 
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Effect of zinc on fenestra formation in cultured endothelial cells 

Imre Lengyel, Bhavika Patel, Meihua Ju, Sabrina Cahyadi 

UCL Institute of Ophthalmology, 11-43 Bath Street, EC1V 9EL, UK 

Purpose: The retinal pigment epithelium (RPE) contains the highest concentration of zinc/g of 
tissue in the body. We hypothesize that the release of zinc from RPE cells will affect neigbouring 
tissues including the choroidal microcapillaries. This, consequently, may influence the exchange of 
nutrients and waste material. To prove this hypothesis we monitored the effects of extracellular zinc 
on fenestrae formation in a cellular model.  

 Methods:  For our experiments a murine endothelioma cell line, bEND5,  was used. These cells 
have been shown to form fenestrae when treated with 1.5 uM Latrunculin A (LA), an actin 
depolymerising agent, for 3 h. Cells were seeded onto 1% gelatine coated covers slips and 
maintained in high-glucose DMEM including 10% FBS and antibiotics. Zinc treatment started 
following an overnight incubation to adhere cells to the cover slips for 20 hours. Results were 
compared to 3 hours treatment with LA. Rhodamine phalloidin was used to visualize F-actin 
rearrangement. Sieve-plate (fenestrae enriched areas) formation was monitored by the use of 
diaphragm protein PV1 specific immunostaining. Immunolabelling was visualized using Zeiss 
LSM700 confocal microscope. Transmission electron microscopy (TEM) was used to confirm the 
formation of fenestrae. For this, cells were grown on formvar grids coated with 1% gelatine in PBS, 
postfixed and dehydrated for imaging using JEOL 1010 TEM. Biologically available zinc 
concentration in the culturing medium was determined by using a zinc selective fluorescence 
indicator (ZnAF2) and fluorometry.  

Results:  The cultur medium was able to fully buffer zinc to up to 75 uM external zinc. At 100 uM 

the available zinc concentration was 100 nM. Cells exposed to zinc alone showed very minor 

F-actin rearrangements but clear signs of sieve-plate formation without LA. TEM showed the 

presence of fenestrae in areas of sieve-plates. 

Conclusions:  In support of our hypothesis, we found that sub micromole levels of bio-available 

zinc can induce the formation of fenestrae in vitro. Therefore, we propose that zinc might be 

involved in regulating fenestrae formation and maintenance in vivo.  

Acknowledgement:  The research was supported by the Bill Brown Charitable Trust, Moorfields 

Eye Hospital Special Trustees, and Mercer Fund. 
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Prevention of cognitive deficits in ZnT3 knockout mice 

 
Paul A. Adlard, Jacqui M. Parncutt, David I. Finkelstein, Ashley I. Bush 

We have previously demonstrated that zinc transporter-3 (ZnT3) knockout (KO) mice develop 
conspicuous losses in learning and memory in the Morris Water Maze at 6 months of age, but not 
at 3 months of age. The emergence of cognitive loss at 6 months of age in the KO mice is 
accompanied by neurochemical changes that illuminate the pathways that are influenced by 
synaptic zinc. These include marked reductions in presynaptic SNAP25, post-synaptic PSD95, 
AMPAR, NMDAR2a, NMDAR2b, pro-BDNF, TrkB and doublecortin, as well as a small decrease 
in total dendritic spines per neuron. 
We link the emergence of cognitive losses with an age-dependent drop in cortical zinc levels: the 
hypothesis is that cognitive loss occurs when zinc levels drop beyond a certain threshold, and that 
this is exaggerated by ablation of ZnT3, which presents zinc to the essential post-synaptic targets. 
Most importantly, we could correct these behavioral and neurochemical deficits by treatment with 
clioquinol, which recent reports indicate acts as a zinc ionophore in the brain (Adlard, P.A., et al. 
Neuron 59, 43-55 (2008)). CQ belongs to an ionophore class that includes PBT2, both of which 
have shown evidence of efficacy in phase 2 clinical trials for Alzheimer's disease (e.g., Lannfelt, 
L., et al. Lancet Neurology 7, 779-786 (2008)). CQ and PBT2 remedy cognitive deficits 
remarkably quickly in amyloid-bearing transgenic mice models of AD.  
Therefore, the current findings suggest that Alzheimer amyloid may cause cognitive dysfunction 
by arresting the trans-synaptic movement of zinc. This would make the cognitive loss of AD 
mechanistically similar to non-amyloid related age-related cognitive loss that is merely driven by 
loss of zinc with aging. Whether the inability of zinc to reach post-synaptic targets is caused by 
being trapped by amyloid or caused by age-related losses, the ionophore treatment may be an 
effective way of facilitating trans-synaptic zinc movement, and be therapeutically efficacious for 
both conditions.  
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Zinc Deficiency in Infants: Association with Autistic Disorders 
 

Yuichi YASUDA1, Kazuya YOSHIDA2, Mitsuru SEGAWA2, Hiroshi YASUDA2 

 
1 Health Science Laboratory, Tokyo; 2 La Belle Vie Research Laboratory, Tokyo 103-0006, Japan.  

E-mail: yasuda@lbv.jp 
 
Introduction 
  Zinc is an essential trace element that plays important roles in nucleic acid/protein synthesis, cell 
replication, and tissue growth and repair. Therefore, zinc deficiency is associated with various 
pathological conditions, including impaired immunity, delayed wound healing, retarded growth, and 
brain development disorders. We have measured various mineral concentrations in hair specimens 
from over 80 thousand subjects from infant to elderly, and assessed some association of minerals 
with physical or mental disorders [1]. In this study, we report the evidence that many of autistic 
infants are suffered from zinc deficiency and mineral imbalance. 
Results and Discussion 
  Twenty-six kinds of trace elements including zinc in scalp hair samples were measured with 
inductively coupled plasma mass spectrometry (ICP-MS) for 1,967 children with autistic disorders 
(1,553 males and 414 females aged 0-15 year-old). The histogram of their zinc concentrations was 
non-symmetric with tailing in lower range, and in 29.7 % of the patients (43.7 % in the age group of 
0-3 year-old), their zinc concentrations were lower than –2 S.D. level of the reference range. The 
lowest concentration of 10.7 ppm was observed in a 2-year-old boy, corresponding to about 1/12 of 
the mean reference level (129 ppm). Furthermore, magnesium concentration was also low in these 
patients. In contrast, molybdenum concentration was significantly higher in the patient group, and 
toxic metals such as cadmium, lead and aluminum were detected high in some autistic individuals. 
Summary 
  In many infants with autistic disorders, their hair zinc concentrations were lower than –2 S.D. 
level of the reference range. The lowest level observed in a 2-year-old boy corresponded to about 
1/12 of the mean reference level. Some infants were polluted with toxic metals such as cadmium, 
lead and aluminum. These findings suggest that many infants with autistic disorders are suffered 
from zinc deficiency and some types of mineral imbalance that may contribute to pathogenesis of 
autistic spectrum disorder. 
 [1] Yasuda H et al: Biomed Res Trace Elem 16: 285-292 (2005); 19: 57-62 (2008). 
    Yasuda H et al: Environ Health Prev Med 14: 261-266 (2009). 
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Biometal distributions in the obesity-linked type 2 diabetes mellitus mice. 

Makoto Hiromura1, Yousuke Kanayama1, Shinji Motomura1, Kaori Igarashi1, Hiromitu Haba2, and 
Shuichi Enomoto1,3 

 
1Multiple Molecular Imaging Research Laboratory, RIKEN CMIS 

2RIKEN Nishina Center of Accelerator-Based Science 
3Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama University 

Zinc is an essential trace element for living organisms. Zinc is contained in many proteins, 
including enzymes and transcription factors. Zinc deficiency causes growth retardation, 
immunodeficiency, and neuronal degeneration. The deficiency of this metal has also been reported 
in the diabetes mellitus (DM) including animal models and human patients. 
  Adipocytes are an important tissue for metabolizing the carbohydrate and lipid. These cells 
release adipocytokines, such as adiponectin, leptin and other hormones. On the other hand, the 
inflammatory cytokines are released from adipocytes in the state of type 2 DM and obesity. These 
cytokines induce the insulin resistance of the skeletal muscles and the adipocytes itself. The 
dysfunction of adipocytes not only down-regulated several signaling cascade, but also altered the 
gene expressions. Recently, it has been reported that zinc complex restored the signaling cascade, 
the hyperglycemia, and the levels of adipocytokines in the adipocytes cells and type 2 DM animal 
models. Moreover, other metal metabolisms are also suggested to alter in type 2 DM. However, it 
is not understood well whether zinc metabolism and gene expression of zinc transporters affect 
these biochemical or biometallic functions. Therefore, we focused on the zinc metabolism and 
gene expression of zinc transporters in the adipose tissues of type 2 DM. 
  To explore the zinc metabolism, we first used multitracer techniques. Multitracer solution 
containing various radionuclides was produced by RIKEN Ring Cyclotron. This solution was i.v. 
injected to high-fat diet induced diabetic model mice (HFD mice), as a model of obesity-linked 
type 2 DM, and normal mice, respectively. After 6 and 12 hr post-injection, the radioactivities of 
tissues were determined by gamma-ray spectrometry using high-purity Ge detectors. Second, we 
carried out the in vivo zinc imaging by using the multi-molecular gamma-ray imaging apparatus 
(GREI). GREI detects multiple radionuclides and visualizes their spatial distributions 
simultaneously using emitted gamma-ray energies. After mixture solutions of 54Mn, 65Zn, and 85Sr 
were injected, the metabolisms of these radionuclides were traced by GREI for 12 hr, and 
visualized them with 2-dimensional reconstruction methods. Finally, we analyzed the gene 
expressions of zinc transporter in the adipocytes of HFD-mice and normal mice, respectively. 
  In this meeting, we would like to present and discuss the data of zinc metabolism by multitracer 
experiment and GREI imaging, and also analyzed the gene expression of zinc transporters in the 
adipocytes of type 2 DM animal models. 
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Development of zinc dithiosemicarbazone complexes for diabetic therapeutic 
agents 

 
Saori Kadowaki1, Yoji Kitamura2, Makoto Hiromura3, Shinichiro Kamino3, Satoru Nakajima1, 

Masaki Mifune1, Yutaka Yoshikawa4, Hideo Saji5, Shuichi Enomoto1, 3 

 
1Department of Pharmaceutical Analytical Chemistry, Graduate School of Medicine, Dentistry, and 
Pharmaceutical Sciences, Okayama University; 2Advanced Science Research Center, Kanazawa 
University; 3Multiple Molecular Imaging Research Laboratory, RIKEN CMIS; 4Department of 
Analytical and Bioinorganic Chemistry, Kyoto Pharmaceutical University; 5Department of 
Patho-Functional Bioanalysis, Graduate School of Pharmaceutical Sciences, Kyoto University 
 

Zinc (Zn) is an important essential trace element for living organisms, and includes it in many 
proteins and enzymes for activating their biological functions. Diabetes mellitus (DM) is defined as 
a group of metabolic diseases characterized by hyperglycemia resulting from defects in insulin 
secretion, insulin action or both.  

After the first finding of the insulin–mimetic effect of zinc chloride in the diabetic model mice, 
many Zn complexes have been developed as the insulin-mimetic compounds both in vitro and in 
vivo. In this study, we aimed to develop a new Zn complex for treating type 2 DM. 

We focused on the dithiosemicarbazone (DTS) derivatives, which are non-toxic ligands and easy 
to form complex with Zn. Zn-diacetyl-bis (N4-methyl-3-thiosemicarbazonato) complex (Zn-ATSM) 
had more hypoglycemic activity than that of other Zn-DTS derivatives. The results supported that 
the hypoglycemic activity depended on the lipophilic property of DTS derivative, which linked to 
oral bioavailability. In this study, to further develop an anti-diabetic agent of DTS series, 3, 
4-heptanedione-bis (N4-methyl-3-thiosemicarbazonato) (HTSM) with higher lipophilicity than that 
of ATSM, and its zinc complex (Zn-HTSM) were newly synthesized, respectively. The 
hypoglycemic activity of Zn-HTSM was estimated. 

Zn-HTSM was synthesized by mixing of Zn (OAc)2･2H2O and HTSM in methanol under reflux, 
and isolated from the reaction solution. To evaluate the hypoglycemic action of Zn-HTSM complex, 
Zn-HTSM complex was administered to KK-Ay mice and the change of blood glucose level was 
monitored. The results demonstrated that both single intraperitoneal and continuous oral 
administration of Zn-HTSM significantly reduced the elevated blood glucose level in the 
treated-KK-Ay mice comparing with the untreated-KKAy mice. After the administration of 
Zn-HTSM for 2 weeks, Oral Glucose Tolerance Test and the serum levels of insulin, leptin, and 
adiponectin in the treated- or untreated-KK-Ay mice were analyzed. From these experiments, 
Zn-HTSM treated-KKAy mice were remarkably improved the glucose tolerance and the serum 
leptin level. These results suggested that Zn-HTSM is a candidate anti-diabetic agent for treating 
type 2 DM. 
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Epigenetic modifications of metallothionein gene in mouse liver induced by 
zinc deficiency in utero 

Hisaka KURITA1, Seiichiroh OHSAKO1, Jun YOSHINAGA2 and Chiharu TOHYAMA1 
1Laboratory of Environmental Health Sciences, Center for Disease Biology and Integrative 
Medicine, Graduate School of Medicine, The University of Tokyo 

2Department of Environmental Studies, Graduate School of Frontier Science, The University 
of Tokyo 

 
 

 

 
Epidemiological studies have suggested that malnutrition during gestation results in a higher 

incidence of disease, such as diabetes mellitus and hypertension later in life. This observation 
falls under the concept called ‘developmental origins of health and disease (DOHaD)’, with a 
number of supporting lines of evidence in man and animals.    
  Global statistics have shown that zinc deficiency is responsible for 4.4% of deaths of children 
aged 6-59 months in developing countries, and mice grown with insufficient zinc condition 
showed persistent immunodeficiency for three generations and an elevated induction of 
metallothionein (MT) expression following zinc treatment. Thus, we formulated the hypothesis 
that fetal epigenetic modifications are induced by zinc deficiency in utero. In the present study, 
pregnant mice were provided low-zinc (Zn 5.0 ppm; LZ) or control-zinc (Zn 50 ppm; CZ) diets 
ad libitum from gestation day 8 until delivery, with a regular diet after delivery. Five-week-old 
male pups were orally administered with a single dose of Cd (5.0 mg/kg b.w.). Six hours after 
Cd treatment, we quantified MT1 and MT2 mRNAs, DNA methylation and histone 
modification in the promoter region, and transcription factors, MTF1 and p300, bound to the 
promoter region of MT. We found that Cd administration resulted in a significant induction of 
MT2 mRNA in mice born to dams given an LZ diet compared with those given a CZ diet. DNA 
methylation frequency in the MT2 promoter region of LZ-fed mice was higher than that in 
CZ-fed mice. In non-Cd-treated mice, acetylated levels of histones H3 and H4 in the MT2 
promoter region were significantly higher in LZ-fed mice than in CZ-fed mice. In addition, the 
amounts of MTF1 and p300 bound to the MT2 promoter region were significantly higher in 
LZ-fed mice than in CZ-fed mice.  
  In conclusion, we found for the first time the fetal epigenetic modifications caused by zinc 
deficiency in utero.  
This work was supported in part by a grant-in-aid (21651022, to C.T.) and the Global COE 
Program ‘CMSI‘ of MEXT, Japan. 
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Effects of short-term zinc deficiency on salt preference in rats 

 

Tomoko Goto, Hitoshi Shirakawa, Michio Komai 

 

Laboratory of Nutrition, Graduate School of Agricultural Science, Tohoku University 

 

We previously reported that feeding of the zinc-deficient (Zn-Def) or low-zinc (Low-Zn) diet 
causes a sudden increase of salt preference in rats in a short-term period of 4 days, however, 
short-term zinc deficiency did not alter the taste sensitivity for salt.  Therefore, we measured 
several physiological parameters of the 4 weeks-old male SD rats on day 4 of the experimental 
period, in order to analyze the effects of short-term zinc-deficiency on salt intake.  The Zn-Def and 
Low-Zn rats were given free access to the appropriate diet, but the Pair-fed rats, which were fed the 
zinc-sufficient diet, were pair-fed with respect to the Zn-Def rats (1 day later). Urine sodium 

concentration of the Zn-Def rats was significantly reduced comparing to that of Pair-fed rats, 
however, there was no detectable difference in urine potassium concentration.  The systolic blood 
pressure and hematocrit did not show any significant differences.  Moreover, there was no 
difference in plasma aldosterone concentration between Zn-Def and Pair-fed rats.  Following these 
findings, we investigated the effect of short-term zinc deficiency on oxytocin (OT), which is known 
to rapidly respond to the plasma sodium level and to regulate the sodium balance by sodium intake 
and excretion.  In the Zn-Def rats, plasma OT concentration was significantly less than that in the 
Pair-fed rats after 3 days’ feeding.  These results suggest that short-term zinc-deficiency to the 
central nervous system may reflect salt preference probably through the hypophysial OT system. 
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Orally administered zinc increases food intake via vagus nerve signal 
transduction in SD rats. 

 
Komai, M.1, Ohinata, K.1, 2, Takemoto, M.1, Kawanago, M.1, Fushimi, S.1, Shirakawa, H.1, Goto, T.1, 

and Asakawa, A.3 

 
1Department of Science of Food Function and Health, Graduate School of Agricultural Science, 

Tohoku University, Sendai 981-8555, Japan.  2Division of Food Science and Biotechnology, 
Graduate School of Agriculture, Kyoto University, Gokasho Uji, Kyoto 611-0011, Japan; and 

3Department of Behavioral Medicine, Kagoshima University, Graduate School of Medical and 
Dental Sciences, 8-35-1 Sakuragaoka, Kagoshima 890-8520, Japan 

correspondence: mkomai@biochem.tohoku.ac.jp 
 

 
We investigated the role of dietary zinc in food intake regulation using rats during early-stage zinc 
deficiency without decreased zinc concentrations in plasma and tissues.  Plasma, liver, and 
hypothalamic zinc concentrations were not affected in male Sprague-Dawley rats fed a 
zinc-deficient (Zn-Def) diet for 3 days compared with the pair-fed control group, which was fed a 
zinc-sufficient (Zn-Suf) diet to the intake of the Zn-Def diet. Zinc sulfate at a dose of 19 
micro-mol/kg body weight was orally or intraperitoneally (i.p.) administered to rats fed a Zn-Def 
diet for 3 days and food intake was measured. We found that zinc stimulated food intake after oral 
but not i.p. administration.  The mRNA expression of neuropeptide Y (NPY) and orexin in the 
hypothalamus significantly increased 3 hours after oral but not i.p. administration of zinc.  
Pretreatment with an antagonist for the NPY Y(1) receptor or the orexin OX(1) receptor blocked 
orexigenic activity after oral administration of zinc.  The stimulation of food intake by oral 
administration of zinc was abolished by vagotomy.  Taken together, orally administered zinc may 
stimulate food intake via orexigenic peptides coupled to the afferent vagal stimulation in rats after 
short-term treatment with a Zn-Def diet.  Some more mRNA expression data in the hypothalamus 
will be added and discussed.   
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A zinc finger motif containing protein regulates the activation of the IL-6 
amplifier, which is a critical for the development of an autoimmune arthritis. 

Hideki Ogura1, Masaya Harada1, Eri Sanda1, Yuko Okuyama1, Daisuke Kamimura1,  
Masaaki Murakmai1, and Toshio Hirano1, 2 

 

1Laboratory of Developmental Immunology, Graduate School of Frontier Biosciences and 
Graduate School of Medicine, and WPI Immunology Frontier Research Center, JST-Crest,  

Osaka University, Osaka, Japan 
2Laboratory of Cytokine Signaling, RIKEN Research Center for Allergy and Immunology, 

Yokohama, Japan 

 
    A cytokine, “IL-17A”, which is expressed by a new identified T helper subset Th17 cells, 
plays a role for inflammation responses. Importantly, it has been demonstrated that an excess 
IL-17A level in vivo is involved in autoimmunity, although no report had been published how 
IL-17A develops the autoimmune diseases. We found that NFκB activation by IL-17A in type 1 
collagen+ cells (fibroblasts etc) dramatically induces IL-6 as well as chemokines in the presence of 
IL-6-STAT3 signal, suggesting that there is a IL-17A triggered a positive-feedback loop for IL-6 
induction in the type 1 collagen+ cells. We termed this positive feedback loop as “the IL-6 
amplifier” and have been investigated the relationship between the IL-6 amp and autoimmune 
diseases such as a rheumatoid arthritis model, F759 arthritis and a multiple sclerosis model, EAE.  
To investigate the molecular mechanism for the synergistic production of IL-6 in type 1 collagen+ 
cells after IL-17A plus IL-6 stimulation, we performed two types of experiments; one is a genome 
wide screening using a shRNA library, which contains 75,000 lentivirus lines encoding shRNA 
corresponding to about 16,000 mouse genes and the other is LC-MS/MS analysis to identify 
associate molecules for STAT3 and/or NFκB. We identified about 30 candidates, which might 
associate with STAT3 and/or NFkB as well as might regulate the IL-6 amplifier activation. There is 
one molecule, which has zinc finger motives in the candidates. We named it as zinc finger motif 
containing protein; Zfc and start investigating it. We confirmed the results of two 1st screening; (i) 
Depletion of Zfc in fibroblasts suppresses IL-6 as well as chemokines expression after IL-6 plus 
IL-17A stimulation and (ii) Zfc associates with p65 NFκB as well as STAT3. Consistent with these 
results, Zfc deficient suppressed NFkB reporter activity, while overexpression of Zfc enhanced it. 
Furthermore, Zfc depletion inhibits DNA-binding activity of NFκB. We also showed that joint 
injections of the lentivirus lines encoding Zfc shRNA suppresses a cytokine (IL-17A and 
IL-6)-mediated arthritis in vivo. Thus, these results strongly suggest that Zfc is one of regulators of 
the IL-6 amplifier and is involved in the development of autoimmune diseases.  
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Zinc-dependent activation of MEK and ERK in Interleukin-2-signaling 
 

 

Laura M. Plum, Jennifer Kaltenberg, Lothar Rink & Hajo Haase 
 
 

Zinc is a nutritionally essential trace element that is indispensable for immune function. In 
recent years, it was suggested that this is in part based on a function of zinc in signal 
transduction, especially in T-cells. Here, we investigated the role of zinc in the signaling 
events activated by the interleukin-2 receptor (IL-2R). Differential labeling with the 
zinc-selective fluorescent probes FluoZin-3 and Zinquin were used to detect free zinc in 
storage vesicles or cytosol, respectively. Stimulation with IL-2 led to the release of free zinc 
from the vesicular compartment into the cytoplasm in the murine cytotoxic T-cell line 
CTLL-2 and primary human T-cells. Next, we investigated the impact of these zinc signals 
on major pathways that underlie the control of the IL-2R, namely the MEK/ERK- and the 
JAK/STAT-pathway. Our data show that zinc signals are involved in the activation of ERK, 
but not STAT 5. Furthermore, we investigated the molecular mechanism by which zinc ions 
influence the pathways and demonstrate that zinc signals control ERK-dependent gene 
expression and IL-2-mediated proliferation and cell survival. In conclusion, the well-known 
impact of zinc on T-cell development, survival, and function may be, among other aspects, 
based on a requirement for zinc signals in IL-2-induced ERK-signaling and its control over 
T-cell proliferation and viability. 
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Zinc and CD4+ T cell-mediated autoimmune diseases. 

Chika Kitabayashi1, Toshiyuki Fukada2,3, Minoru Kanamoto1, Wakana Ohashi2,4, Shintaro 
Hojyo2,3, Toru Atsumi1, Naoko Ueda1, Ichiro Azuma5, Hiroshi Hirota4, Masaaki Murakami1, and 

Toshio Hirano1, 2 

 

1Laboratory of Developmental Immunology, Graduate School of Frontier Biosciences and 
Graduate School of Medicine, and WPI Immunology Frontier Research Center, JST-Crest,  

Osaka University, Osaka, Japan 
2Laboratory of Cytokine Signaling, RIKEN Research Center for Allergy and Immunology, 

Yokohama, Japan 
3Department of Allergy and Immunology, Graduate School of Medicine, Osaka University,  

Osaka, Japan 
4RIKEN Genomic Sciences Center, Kanagawa, Japan 

5Division of Biology, Hokkaido Pharmaceutical University, Hokkaido, Japan 

Zinc (Zn) is an essential trace metal required by many enzymes and transcription factors for their 

activity or the maintenance of their structure. Zn has a variety of effects in the immune responses 

and inflammation, although it has not been well known how Zn affects these reactions on the 

molecular basis. Zn administration inhibited an inflammatory cytokine, IL-17A secreting CD4+ T 

cell (Th17)-mediated autoimmune diseases, such as a rheumatoid arthritis model, collagen-induced 

arthritis (CIA) and a multiple sclerosis model, experimental autoimmune encephalomyelitis 

(EAE). We recently showed that IL-6-mediated STAT3 activation plays an important role for the 

Th17 development in vivo and in vitro. Adaptive transfer of pathogenic Th17 cells showed that Zn 

administration suppressed the development of the pathogenic Th17 cells. Furthermore, Zn 

treatment reduced serum IL-17A levels and Th17 cell number in mice induced CIA. In vitro Th17 

cell development was also suppressed by Zn treatment. IL-6 mediated STAT3 activation was 

inhibited by Zn. Moreover, we show that zinc is a direct inhibitor of STAT3 and zinc binding 

change the a-helical secondary structure of STAT3. Thus, we conclude that Zn suppresses 

Th17-madiated autoimmune diseases via inhibiting STAT3 activation. 
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Regulation of T cell Activation via a Metal Transporter 

Arisa Moroi1, Daisuke Kamimura1, Kokichi Katsunuma1, Yukihisa Sawa1, Toshio Hirano1, 2, and 
Masaaki Murakami1 

 
1Laboratory of Developmental Immunology, Graduate School of Frontier Biosciences and 

Graduate School of Medicine, and WPI Immunology Frontier Research Center, JST-Crest, Osaka 
University, Osaka, Japan 

 
 
 

2RIKEN Research Center for Allergy and Immunology, Yokohama, Japan 

Zinc is an essential metal element that plays important roles in enzyme activity, structure formation 
and protein interactions. Because of a highly toxic character for free zinc ions into cells, 
intracellular zinc distribution as well as its concentrations in each organelle must be strictly 
regulated. In addition, zinc is known to be a highly charged hydrophilic ion and it cannot simply 
go through the membranes such as the plasma membrane and membranes for various intracellular 
organelles. Indeed, many zinc transporters have been identified and some metal ion transporters 
have been shown to transport zinc as well. Zinc deficiency has been reported to cause immune 
deficiency, suggesting that zinc is important for immunological responses. We previously showed 
that zinc regulates intracellular signal transduction steps in a couple of immune cell populations 
including mast cells and dendritic cells.  
We now attempt to investigate roles of metal transporters including zinc transporters for T cell 
activation. We firstly constructed a series of shRNA vectors to knock down many metal 
transporters in jurkat cells, a leukemia cell line and examined the IL-2 production after T cell 
receptor (TCR) stimulation. We depleted over 20 transporters in Jurkat cells and found that one 
metal transporter deficiency increases TCR-mediated IL-2 production in the cells. Importantly, 
phosphorylation of signaling molecules, which are know to be involved in the down stream of 
TCR, are all enhanced except Lck and Zap70. We focused LAT molecules, because (i) their 
amount increases in Jurkat cells, which deplete the metal transporter, (ii) their amount decreased in 
the metal transporter-depleted Jurkat cells after overexpression of the metal transporter and (iii) 
LAT is the proximal molecule for Lck and Zap70. We are investigating how the depletion of the 
metal transporter increases LAT molecules in Jurakat cells. These results strongly suggest that the 
metal transporter is critical for TCR-mediated T cell activation via increase of LAT molecules. 
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ZIP8 and ZIP14 zinc/bicarbonate symporters characterized in Xenopus 
oocytes: cadmium and zinc uptake; inhibition of Cd and Zn uptake 

Marina Gálvez-Peralta, Everett B. Hay, Hong Li*, Manoocher Soleimani*, Elisabet Johansson, Lei 
He, Bin Wang, and Daniel W. Nebert. 

 
Depts. Of Environ. Health and Internal Medicine*, University Cincinnati Med. Center, Ohio 

45267, U.S.A. 

Cadmium (Cd) is a non-essential metal. Because of increases in cigarette smoking and the 
growth of industrialization, the amount of Cd exposure in our environment is increasing 
dramatically. Acute doses of Cd cause damage to many organs in humans. Chronic exposure 
to low doses of Cd can cause renal proximal tubular metabolic acidosis and osteomalacia. Cd 
is classified by IARC as a Category I human lung carcinogen. Cd uptake by mammalian cells 
uses Ca2+ channels and SLC11A2 (DMT1). Previous studies from this lab have shown that Cd 
uptake is also facilitated by SLC39A8 (ZIP8) and SLC39A14 (ZIP14) in mammalian cells. 
ZIP14 and ZIP8 are divalent cation/HCO3

– symporters, primarily used for zinc uptake. 
ZIP14A and ZIP14B are splice variants of exon 4. In addition to Cd2+––Hg2+, Pb2+, Pt2+ and 
U2+ are known to cause renal proximal tubular acidosis (human renal Fanconi syndrome). 
  In this work, we ligated mouse ZIP8, ZIP14A and ZIP14B cDNA coding regions into the 
Xenopus vector pXFRM and performed transcription; capped RNA (cRNA) was 
microinjected into Xenopus oocytes. Km and Vmax values for Zn and Cd uptake were 
determined; competitive inhibition of Zn and Cd uptake by the three ZIP symporters was 
studied for Zn2+, Cd2+, Hg2+, Pb2+, Pt2+, U2+, Co2+, Cu2+, Ni2+, Cs1+, Mn2+ & Fe2+. We found 
Pt, U, Mn, Fe, Ni and Cs to be significant inhibitors of Cd uptake by ZIP8; only high 
concentrations of Zn, Pt, Co, Mn and Cs inhibit Cd uptake by ZIP14A and ZIP14B. 
Differences in response were also observed for Zn uptake by ZIP8, ZIP14A and ZIP14B. 
Little is known about how ZIP14A and ZIP14B expression is regulated and why the two 
forms persist evolutionarily, but this study shows they differ in Cd and Zn uptake and 
competition against different metals.  
---Supported, in part, by NIH grants R01 ES010416 and P30 ES06096 (D.W.N.), T32 
ES016646 (M.G.-P.), & R01 DK062809 (M.S.). 
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The role of intracellular zinc in the B-cell receptor signaling pathway 
 

○Masanari Taniguchi1, Keiko Watanabe2, Ayako Fukunaka2, Shinichiro Kamino2, Makoto 
Hiromura2, Taiho Kambe3, Shuichi Enomoto1, 2 
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Zinc is an essential trace element for the living organisms and contained in many proteins, such as 

transcriptional factors and enzymes1). Thus, zinc has a variety function in the cells. 
Recently, it was elucidated that intracellular zinc has important function as a signaling factor in 

dendritic cells. The reduction of the intracellular free zinc concentration is critical for the surface 
expression of MHC class II of the dendritic cells2). However, it is not understood well about the 
functions of zinc of B-cell or T-cell, As far as B-cell is concerned, B-cell receptor (BCR) signaling 
is an essential for the biological outcomes of cell-fate decision that are proliferation, survival and 
apoptosis. Therefore, the role of intracellular zinc as a signaling factor in the BCR signaling 
pathway is great significant for the investigation of the participation of zinc to the survival and 
death of cells. Furthermore, it is expected that development of this study leads to the elucidation of 
the relationship between zinc and carcinogenesis which is occurred by erratic regulation of the 
signal transduction. 
 In this study, we focused on the role of zinc in the BCR signaling pathway. To elucidate zinc 
function in the BCR signaling, we used DT40 chicken B-lymphocytes (DT40 cells) as a model 
cells. 
 First, we evaluated the total tyrosine phosphorylation (p-Tyr) level of wild-type (WT) DT40 cells 
by zinc stimuli. Cells were starved with RPMI 1640 including 1% chicken serum (without FBS) for 
15 hr. After stimulation by zinc, the p-Tyr level of DT40 cells was analyzed by anti-pTyr antibody. 
 Second, we evaluated phosphorylation of ERK and Akt in the same manner. They belong to 
MAPK/ERK pathway and PI3K/Akt pathway in the downstream of BCR signaling respectively, and 
regulate transcription of the protein relating with cell proliferation and apoptosis.  
From these experiments, it was demonstrated that zinc effects on the phosphorylation levels in 

BCR signaling. 
 Finally, we analyzed phosphorylation level of zinc transporters-deficient DT40 cells whether this 
vicissitude of phosphorylation levels was caused by the changes of intracellular zinc concentration. 
From recently reports, zinc transporters, ZnT5, ZnT6, and ZnT7, supply zinc into the lumens of 

the Golgi apparatus3), 4), and ZIP9 functions to regulate zinc homeostasis in the secretory pathway 
by mobilizing zinc out of it5). These zinc transporters play an important role of the zinc influx from 
cytosol to Golgi apparatus, and efflux from Golgi apparatus to cytosol. Thus, we evaluated 
phosphorylation levels of ZnT5, ZnT6, ZnT7 triple knockout and ZIP9 knockout DT40 cells. In this 
presentation, we will also deliver about the research for the relationship between phosphorylation 
and intracellular zinc using zinc transporters-deficient DT40 cells. 
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4) Suzuki T., Ishihara K., Migaki H., and Kambe T., et al. J. Biol. Chem. 280, 30956-30962 (2005). 
5) Matsuura, W., Yamazaki, T., and Kambe, T., et al. Biosci. Biotechnol. Biochem. 73, 1142-1148 (2009). 
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It was well known that Zinc (Zn) was essential nutrient and its caused immunodeficiency. 
However, it was unknown how Zn is regulated in mast cell function and allergic reaction. In 
this study, we revealed that ZnT5 was required for the delayed-type allergic reaction, but not 
the immediate-type reaction. And we showed that ZnT5 was involved in the synthesis of IL-6 
and TNF-α, but not degranulation in mast cell.  
 ZnT5 was Zn transporter that localized at ER-Golgi and Zn was transported to ER-Golgi 
from cytoplasm. Previously it has reported that PKC was important for the regulation of IL-6 
and TNF-α transcription via NF-κB signaling pathway. However, molecular mechanism of 
FceRI-induced NF-κB pathways was not clarified completely. In this study, we identified that 
ZnT5 was required for FceRI-mediated plasma membrane translocation of PKC. In addition, 
we revealed that Zn finger motif of PKC was important for plasma membrane translocation of 
PKC and binding to the Diacylglycerol. Therefore, ZnT5 was essential player in PKC/NF-κB 
signaling pathway, consequently involved in IL-6, TNF-αsynthesis. 
Thus, we suggested that ZnT5 is selectively required for the mast cell–mediated delayed-type 
allergic response ,and is a novel player of PKC/NF-κB signaling. 
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Background: Alzheimer's Disease (AD) is complicated by pro-oxidant neuronal Fe2+ elevation 
and extracellular Zn2+ accumulation in amyloid plaque. ß-amyloid protein precursor (APP) 
function is uncertain, but iron regulatory protein regulation of APP expression through its iron 
response element implies an interaction with iron status.  
Objective: We aimed to determine if a ferroxidase domain within APP provided a novel role for 
the protein where it may function in modulating intracellular iron levels. 
Methods: APP ferroxidase activity was determined by its ability to load Fe2+ into transferrin in 
vitro and in vivo. To confirm APP’s role in iron homeostasis the APP-/- animal model was analysed 
for changes in iron status. Parallel post-mortem AD neocortex analysis was also carried out. 
Results: APP possesses a conserved H-ferritin-like ferroxidase domain, and ferroxidase activity 
similar to ceruloplasmin (Cp). This activity is inhibited by zinc. Comparable to other ferroxidases, 
APP facilitates the efflux of iron from the cell via it’s interaction with the iron exporter; 
ferroportin. As with Cp, APP either knocked down by RNAi in a cell line or knocked out in the 
animal model, induces an accumulation of intracellular iron. This is particularly evident in Cp 
non-expressing neurons. Paralleling tissue iron accumulation in APP deficient models, AD 
neocortical iron accumulation correlates with suppressed APP ferroxidase activity. In AD, APP 
ferroxidase inhibition is found to be caused by endogenous Zn2+, which can transfer from 
extracellular amyloid aggregates. 
Conclusion: Similar to the ferroxidase activity of Cp, results are consistent with APP being able to 
lower the intracellular labile iron pool. Since neurons lack Cp, APP may function as the 
predominant ferroxidase. The inability to buffer zinc in the AD brain links amyloid formation with 
neuronal iron accumulation. 
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     Stress is one of the most potent inhibitors of hippocampal neurogenesis and reduced 
neurogenesis is thought to relate to pathogenesis of depression. We recently demonstrated that 
hippocampal neurogenesis is reduced in young rats fed a zinc-deficient diet for 4 weeks and that 
the reduced neurogenesis is restored by feeding a control diet for 2 weeks; The number of BrdU-, 
Ki67-, and DCX-labeled cells in the dentate gyrus was decreased in zinc-deficient rats. Because 
histochemically reactive zinc levels are decreased in young rats after 4-week zinc deprivation, this 
decrease may be involved in the reduced neurogenesis. On the other hand, zinc deficiency 
increases the basal level of serum glucocorticoids and abnormal behavior under stressful condition 
prior to the decrease in histochemically reactive zinc. Thus, it is possible that abnormal 
glucocorticoid secretion elicited by zinc deficiency increases depression-like behavior and is 
associated with the reduction of hippocampal neurogenesis. In the present study, serum 
corticosterone concentration was checked in young rats fed a zinc-deficient diet for 2 weeks. 
     Serum corticosterone concentration was more increased in zinc-deficient rats after exposure 
to forced swim stress. Immobility time in the forced swim test, an index of depression-like 
behavior, was significantly increased in zinc-deficient rats, but not in pair-fed rats, suggesting that 
the increase in depression-like behavior is due to zinc deficiency rather than decreased food intake, 
which is a major characteristic in zinc deficiency. The increase in immobility time of zinc-deficient 
rats was restored to the control level by feeding the control diet for 1 week. These results suggest 
that abnormal corticosterone secretion after exposure to forced swim stress is linked to the increase 
in depression-like behavior in zinc deficiency. 
     Exposure to stress and glucocorticoids potentiates the increase in extracellular glutamate in 
the hippocampus. Extracellular glutamate was more increased in the hippocampus of zinc-deficient 
rats after stimulation with 100 mM KCl. In hippocampal slices from zinc-deficient rats, the 
decrease in FM4-64 fluorescence, an index of exocytosis, was more potentiated under no 
stimulation and tetanic stimulation (10 Hz). It is likely that glutamatergic neurons in the 
hippocampus are more excited after exposure to acute stress in zinc deficiency. Glutamatergic 
neuron activity associated with abnormal glucocorticoid secretion seems to contribute to abnormal 
behavior such as the increase in depression-like behavior in zinc deficiency. 
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The ZnR was suggested to serve as a link between extracellular zinc and cellular 
signaling pathways. The orphan receptor GPR39, recently found to be activated by 
zinc, may serve as the ZnR. We previously demonstrated that ZnR activation in 
colonocytes enhances MAP and PI3 kinase phosphorylation and upregulates the 
activity of the Na/H exchanger, NHE1. Colonocytes are exposed to the short chain 
fatty acid butyrate, which reduces survival and proliferation of human colon cancer 
cells. Here we show that zinc, acting through ZnR, reduces PARP1 cleavage and 
protects HT29 colonocytes from butyrate induced cell death. Silencing of GPR39 
abolished zinc-dependent signaling and survival of butyrate treated colonocytes, 
indicating that GPR39 is mediating ZnR activity. Similarly, inhibition of MEK1/2 and 
PI3 kinases reversed the increased zinc-dependent survival of butyrate exposed cells. 
While NHE1 is an important regulator of intracellular pH, inhibition of NHE1 by 
cariporide did not decrease the survival of butyrate-treated HT29 colonocytes, 
suggesting that NHE1 does not mediate the zinc-dependent colonocyte survival. 
Instead, we show that zinc, via GPR39, increases the expression level of the 
anti-apoptotic protein clusterin in butyrate-treated cells. Furthermore, silencing of 
clusterin abolished the zinc-dependent survival in HT29 colonocytes. Our results 
elucidate a novel role for extracellular zinc, acting through ZnR/GPR39 to regulate 
clusterin expression thereby to enhance colonocyte survival.  
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OBJECTIVES: Several lines of evidence indicate that metal ion dyshomeostasis can play a role in 
the progression of Alzheimer’s disease. (AD) For instance, perturbation of  Zn2+ brain 
homeostasis has been shown to exacerbate AD pathological features.  Zn2+ is also a potent 
modulator of mitochondrial function (reviewed in Sensi et al., Nat. Rev. Neurosci., 2009) and 
energy deficits as well as mitochondrial dysfunctions are well characterized events associated with 
AD. In this study we explored the role of Zn2+ supplementation in the progression of AD-like 
pathology in an animal AD model. 
METHODS: To investigate the effect of dietary Zn2+ supplementation in a transgenic animal 
model of AD, the 3xTg-AD mouse. We treated male mice with water containing 30 ppm of Zn2+ 
for 11-13 months starting in mice at 1 month of age. Mice were tested for cognitive decline using 
both hippocampal- and cortex-dependent behavioral tasks. Mice were then sacrificed to asses Aβ 
and tau pathology, mitochondrial respiratory deficits.  Finally, with ICP-MS analysis  we 
investigated changes in the brain and cerebellum content of metals.   
RESULTS: We find that Zn2+ supplementation in 3xTg-AD mice greatly delays memory deficits 
and  strongly reduces both Aβ and tau pathology in the hippocampus. We also find that Zn2+ 
supplementation prevents age-dependent mitochondrial deficits that are observed in the cortex and 
hippocampus of untreated 3xTg-AD mice. Finally we find significant differences in the 
concentration of several metals in the brain and cerebellum. 
CONCLUSIONS: Our data support the hypothesis that Zn2+ deficiency could be a risk factor for 
AD and restoring the brain cation levels may be beneficial in the treatment of AD. 
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