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Foreword

Seventy years ago (in the 1950s), it was first recognized that zinc is an essential 
metal in humans and the zinc-binding protein metallothionein was first described. 
Two decades later, acrodermatitis enteropathica was shown to be genetic disease of 
zinc deficiency in humans, and soon thereafter (in the 1980s), the first mammalian 
metallothionein genes were cloned, their dramatic transcriptional induction by zinc 
was discovered, and the first mammalian zinc transporter was cloned. During the 
next 30 years, we have come to understand that zinc can dynamically modulate 
many cellular signaling cascades and multiple aspects of human cellular physiology 
and that disruption of zinc metabolism causes diseases.

Revealing the mechanisms that control zinc metabolism is a major focus of the 
field that is advancing rapidly. Since the discovery that MTF-1 functions as a zinc 
sensor that regulates metallothionein gene transcription, multiple other zinc-sensing 
processes have been discovered. Two multimember families of zinc transporters (24 
genes) are being studied in great detail, and members have been shown to play cell- 
type- specific and organelle-specific roles in zinc homeostasis. Mouse models with 
mutations in most of these genes are available and have begun to help elucidate 
physiological functions of many zinc transporters and have revealed previously 
unknown roles of specific zinc transporters in human disease. Zinc fluxes have 
recently been shown to modify multiple kinase signal transduction cascades, as well 
as affect transcription and protein translation, localization, processing, and turnover. 
It is now clear that zinc signals play important roles in fertilization, early develop-
ment, and cell cycle, as well as in cancer progression and other diseases.

The second addition of this book contains a wide range of current studies which 
continue to address mechanisms of zinc metabolism. The creation of zinc-sensing 
fluorescent probes, zinc transporter expression vectors, specific antibodies, and 
genetic mouse models has supported studies of the mechanistic aspects of zinc 
metabolism in great depth. Studies of structure-function relationships in zinc 
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transport proteins continue to progress, and studies of zinc-protein and protein-
protein interaction and modifications are beginning to reveal multiple mechanisms 
of cellular and organismal zinc signaling and its role in health and disease.

University of Kansas Medical Center  Glen K. Andrews 
Kansas City, Kansas, USA

Foreword
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Chapter 1
Opening the Second Era of Zinc Signaling 
Study

Toshiyuki Fukada

Abstract Almost half a decade has passed since the publication of the first edi-
tion of Zinc Signaling, entitled “Zinc Signals in Cellular Functions and 
Disorders”, which was the first exclusive book dedicated to “zinc signaling” at 
that time. Since then, a number of novel findings have been reported, which 
have updated our knowledge of zinc-related biology and provided new insights 
into many cellular functions, physiology, and pathophysiology associated with 
zinc. This book, Zinc Signaling, 2nd Edition has been planned to be published 
with a primary goal of updating the available information about the role of zinc 
signaling in biological processes at both molecular and physiological levels, as 
well as highlighting the new achievements in the field in the last 5 years after the 
publication of the first edition. This book will certainly assist in addressing the 
questions underlying this unique phenomenon and discerning its future direc-
tion, and would help in knowing what is new and what remains to be solved in 
the next era.

Keywords Zinc · Zinc signaling · Zinc transporter · Metallothionein · Physiology 
· Disease

1.1  Introduction

Zinc, an essential trace element, plays indispensable roles in multiple cellular pro-
cesses. It regulates many protein functions including those that involve transcription 
factors, enzymes, adapters, and growth factors, in the capacity of a structural and/or 

T. Fukada (*) 
Molecular and Cellular Physiology, Faculty of Pharmaceutical Sciences,  
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catalytic factor. Recent studies have highlighted yet another function of zinc as an 
intra- and intercellular signaling mediator, which is now recognized as the “zinc 
signal.” Indeed, zinc regulates the cellular signaling pathways, which enables the 
conversion of extracellular stimuli into the intracellular signals as well as controls 
the various intracellular and extracellular events (Hara 2017; Takagishi 2017). The 
zinc signal is essential for physiology and its dysregulation causes a variety of dis-
eases such as diabetes, cancer, osteoarthritis, dermatitis, and dementia. This indi-
cates that “zinc signal” is an emerging topic, which will assist our understanding of 
the nature of physiology and pathophysiology.

Five years ago, Dr. Taiho Kambe and I had edited and published the first book 
titled, Zinc Signals in Cellular Functions and Disorders (Fukada and Kambe 2014) 
about zinc signal. Since then, with the advent of new techniques and knowledge 
about this field, many novel findings have accumulated rapidly (Kambe 2017; Hara 
2017; Takagishi 2017). This made us realize that the study of zinc signaling has 
become an emerging life science field, and that there is a necessity to update our 
knowledge about zinc signaling; hence, the decision was made to publish the sec-
ond edition.

1.2  Progresses, Questions, and Directions

To reiterate, this second edition is to update the current information available about 
the crucial role of zinc signaling at both molecular and physiological levels. This 
will help in addressing the specific questions and discerning the future direction 
through 18 such chapters by the invited authors that have been included in this book. 
Each chapter highlights the progress of a particular research area as well as the rel-
evant new questions and future direction.

From a molecular and biochemical point of view, the first article in Chap. 2 by 
Maret provides an overview of the regulatory functions of zinc signaling through 
zinc transporters and metallothionein, etc., which enable the transmission of infor-
mation within and between the cells. The article by Kambe et al. summarizes vari-
ous zinc transporters, that is, the family of zinc transporters (ZNTs) and Zrt- and 
Irt-like proteins (ZlPs), in addition to discussing the roles of these transporters from 
a biochemical viewpoint in Chap. 3.

The following chapters address the current understanding of zinc signaling in 
physiology. In Chap. 4, Chowdhury et  al. review the updates about the role of 
metallothionein in antimicrobial immunity. They elaborate on the recent progress in 
immunological roles of metallothionein with a focus on zinc regulation in response 
to pathogen invasion. Nishida et al., in Chap. 5, describe the role of zinc signaling 
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in immune cells, particularly focusing on mast cells, basophil, T cells, and B cells. 
Kageyama et al., in Chap. 6, summarize the current knowledge about the role of 
zinc signaling in reproduction and the role of “zinc sparks” in fertilization. Gumpper 
and Ma address how zinc regulates the function of skeletal muscles in Chap. 7, with 
a focus on the TRIM family proteins that modulate the integrity of muscle fibers as 
well as regeneration. Turan et al. focus on the role of zinc transporters in mamma-
lian heart function in Chap. 8. Neurology is one of the intensive fields in zinc 
signaling- related studies, and Aizenman comprehensively discusses the role of zinc 
signaling in neuronal cell death in Chap. 9.

This book also contains the updated information about the involvement of zinc 
signaling in several diseases. In Chap. 10, Kim et al. describe new insights into zinc 
and metallothionein in the context of diverse neurodegenerative diseases. Portbury 
et al., in Chap. 11, summarize the advances in our understanding of the role of zinc 
signaling in Alzheimer’s disease, Parkinson’s disease, and head trauma/traumatic 
brain injury. Fukunaka and Fujitani focus on the role of zinc transporters in lifestyle- 
related diseases, particularly in diabetes and obesity, in Chap. 12. Maywald and 
Rink discusses the updated information on the role of zinc signaling in both innate 
and acquired immunity in Chap. 13. Hall and Knoell discuss the roles of zinc signal-
ing in infection and inflammation in Chap. 14.

In Chap. 15, Bin et al. elaborate on the role of zinc signaling in skin formation 
and skin diseases caused by systemic or topical imbalance in zinc homeostasis. 
Nimmanon and Taylor focus on the role of zinc signaling in cancers and its effect 
on post-translational modifications such as phosphorylation, in Chap. 16. 
Hershfinkel et al., in Chap. 17, provide new insights into zinc signaling in intestinal 
functions by focusing on zinc transporters and channels as well as on the role of the 
zinc receptor ZnR/GPR39, a G-protein coupled receptor that senses changes in the 
concentration of extracellular zinc. Yu and Fahrni review the updated information 
on zinc imaging using chemical fluorescent zinc probes in Chap. 18. Finally, in 
Chap. 19, Chung and Bird comprehensively discuss the underlying mechanisms 
that control zinc signaling and its biological significance in bacteria, fungi, nema-
todes, and fish.

Among these, skin, skeletal muscle, heart, intestine, and chemical fluorescent 
zinc probe are new topics, which were not included in the first edition. Hence, we 
must emphasize that this second edition will provide updated and novel insights into 
the role of zinc signaling, mediated by zinc transporters, channels, and zinc-binding 
proteins, in health and diseases, from molecular as well as physiological perspec-
tives. We hope that this will present our readers with novel opportunities to develop 
new ideas and connections to resolve persisting questions in the future.

Finally, we would like to express our heartfelt gratitude to all the authors for their 
tremendous efforts in supporting this publication. Without their valuable assistance, 
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this timely and successful publication with its useful updates on zinc signaling biol-
ogy would not have been possible.

Conflicts of Interest The authors declare no conflict of interest.
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Chapter 2
Regulation of Cellular Zinc Ions and Their 
Signaling Functions

Wolfgang Maret

Abstract Zinc signaling adds a similarly complex regulatory system to calcium 
signaling and extends signaling with metal ions to lower concentrations. Zinc ions 
have intracellular and extracellular regulatory functions in addition to their catalytic 
and structural functions in several thousand human proteins. Cellular zinc metabo-
lism and Zn2+ signaling are under exquisite homeostatic control. In order to ascer-
tain specificity in functions without interference by other metal ions, zinc ions are 
controlled in a defined range of concentrations and re-distributed subcellularly. 
Several dozen proteins, zinc transporters of two major families, metallothioneins, 
and proteins that sense zinc ion concentrations participate in this control. Total cel-
lular zinc concentrations are relatively high. They are buffered in such a way that 
“free” zinc ion concentrations are very low but not negligible. Key features of cel-
lular zinc biology are subcellular storage, release, and, in some cells, exocytosis of 
zinc ions for a purpose. The chemical nature of zinc ion signals is not known because 
the biological ligands of zinc when not bound to proteins have not been identified. 
How zinc ion signals are generated, shaped, and transduced and how effector pro-
teins decode the signal involves remarkable mechanisms of coordination dynamics 
in proteins. Affecting the proteins that control cellular zinc homeostasis by nutri-
tional deficiencies, xenobiotics, and mutations in their genes interferes with healthy 
growth and development, is a cause of disease, and influences the course of virtually 
any disease.

Keywords Zinc · Zn2+ signaling · Zinc transporters · Metallothioneins · Cellular 
zinc homeostasis

At the time a most comprehensive review was published on “the biochemical basis 
of zinc physiology,” the basis was the then known structures and functions of zinc 
proteins (Vallee and Falchuk 1993). A quarter of a century later, we can record a 

W. Maret (*) 
Metal Metabolism Group, Department of Nutritional Sciences, School of Life Course 
Sciences, Faculty of Life Sciences and Medicine, King’s College London, London, UK
e-mail: wolfgang.maret@kcl.ac.uk

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0557-7_2&domain=pdf
mailto:wolfgang.maret@kcl.ac.uk


6

heightened impact of zinc on biology and significant advances that include a further 
impressive increase in the number of zinc proteins, roles of zinc ions in signal trans-
duction, and major insights into how cellular zinc is controlled homeostatically 
(Rink 2011). How zinc is regulated cannot be discussed without considering how 
the other essential metal ions are regulated. Each metal ion is controlled in a certain 
range of affinities so that it can function specifically without interference with the 
others. Zinc is the second-most competitive divalent metal ion next to copper, which 
is tightly controlled by cellular metallochaperones. Critical for the biological actions 
of zinc is its high affinity to binding sites in proteins, leaving very little zinc unbound. 
The affinities are in the picomolar or even femtomolar range (Maret 2004a; Kluska 
et al. 2018). Based on simple mass equilibria, the resulting steady-state “free” zinc 
ion concentrations are expected to be picomolar as indeed confirmed experimen-
tally (Krężel and Maret 2006). These low concentrations are not negligible. They 
are functionally important and tightly controlled. Total cellular zinc concentrations 
are remarkably high. They are hundreds of micromolar, putting them in the range of 
those metabolites such as ATP. Therefore, zinc is not a trace element in the cell. In 
this chapter, I shall describe how biological control of zinc is achieved, why it is so 
complex, and how zinc regulates a multitude of cellular processes at several hierar-
chical levels.

Zinc biology is based on the zinc ion (Zn2+), which is redox-inert in biology, and 
its interaction with proteins. Hence, we need to be concerned only with one valence 
state, which is often referred to as “zinc” although the word stands for the element 
(Zno). Despite not participating directly in the redox biology of living organisms, 
zinc affects redox metabolism and redox signaling indirectly (Maret 2019). Zinc 
coordination occurs with the nitrogen, oxygen, and sulfur donors of the side chains 
of mainly four amino acids: His, Glu, Asp, and Cys, and only occasionally others. 
Coordination is flexible as zinc does not underlie the geometric constraints govern-
ing the coordination of the transition metal ions. Therefore, a variation of the num-
ber and the types of coordinating donors can modulate the chemical characteristics 
so that zinc can serve many different functions. A remarkable property is that the 
sulfur donor of cysteine confers redox activity on zinc coordination environments. 
It makes this redox-inert metal ion part of redox metabolism (Maret and Vallee 
1998). Oxidoreduction of the sulfur allows biological control of protein functions 
through reversible zinc binding and mobilization of zinc from its tight binding sites 
(Maret 2006). It is not the only way of conferring mobility on zinc, though. While 
zinc is bound permanently during the lifetime of many proteins, it binds transiently 
to some proteins that have sites with coordination dynamics to enhance dissociation 
rates and move zinc ions (Maret and Li 2009; Maret 2011a). Thus, coordination 
environments also have a role in biological time and determine whether zinc resides 
in the protein for a very long time, for example, carbonic anhydrase with a half-life 
of about half a year, or is moved relatively fast during transfer to other proteins or 
transport through membrane proteins (Maret 2012). For example, transport rates of 
zinc transporters are on a 10–100 ms time scale, many orders of magnitude faster 
than the zinc dissociation rates of zinc from zinc metalloproteins (Chao and Fu 
2004). This mobility is achieved by protein dynamics and reducing or not having 
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scaffolding of sites, a term that refers to fastening donor ligands in the primary 
coordination sphere through interactions with a secondary coordination sphere. The 
coordination environments of the zinc ion when not bound to proteins are not 
known. Because of the abundance of low molecular weight molecules that could 
potentially serve as ligands, the coordination chemistry in the cell is much more 
complex than simple aqueous solution chemistry (Krężel and Maret 2016). The 
roles of non-protein ligands in the control of cellular zinc are not known either, but 
glutathione is a major candidate (Marszałek et al. 2018).

Zinc has functions in cellular signaling pathways that include proliferation and 
differentiation of cells (Beyersmann and Haase 2001). At the molecular level, its 
functions are based on catalytic, structural, and regulatory roles in proteins. It 
includes binding sites between proteins or their subunits (Maret 2004b). The first 
two functions are well characterized in numerous zinc metalloproteins. Owing to its 
ability to organize protein domains, zinc contributes significantly to the diversity of 
protein architecture and biomolecular interactions. Although zinc regulation has 
been mentioned in the literature for a long time, the details and the extent of regula-
tory functions of zinc were unknown, mainly because there was no knowledge 
about how such regulation with a metal ion that is tightly bound to proteins is pos-
sible. The sheer number of zinc proteins is impressive and makes zinc the most 
important metal ion for protein structure and function. Bioinformatics approaches 
defined the zinc proteome (Andreini et al. 2006). Humans have an estimated 3000 
zinc proteins. This count does not include sites with regulatory functions, the num-
ber of which is unknown as will be discussed later (Maret 2008).

All of these cellular functions of zinc require an efficient regulatory system. A 
quantitative concept of how multicellular eukarya regulate cellular zinc and how 
zinc can regulate protein functions is the subject of two recent articles. In the previ-
ous edition of this book, the molecular aspects of how cellular zinc and zinc ion 
transients are handled were discussed (Maret 2014). The cellular aspects involve a 
high degree of compartmentalization, intracellular trafficking, and different types of 
zinc ion signals (Maret 2017). The present article builds on the content of these 
articles and provides an update on the cellular and molecular mechanisms of how 
zinc is regulated and how it can serve as a signaling ion.

2.1  Proteins Regulating Zinc: Buffering and Muffling 
in Cellular Zinc Homeostasis

Key to understanding the control of zinc is the affinity of proteins for zinc and the 
resulting available “free” zinc ion concentrations. The control of “free” metal ion 
concentrations is commonly described by metal ion buffering in analogy to proton 
buffering. The pKa of acid-base pairs and the ratio of their concentrations determine 
the pH value. Likewise, the pKd of ligands for zinc and the ratio of bound and 
unbound ligands determine the pZn value. With the relatively high affinities of 
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 cellular zinc-binding sites in zinc proteins, the resulting “free” zinc ion concentra-
tions are very low, yielding pZn values of ten or higher (Krężel and Maret 2006). 
Another parameter that is important for control is the zinc buffering capacity. It 
describes how resistant the pZn is to change. It is in the micromolar range in cells 
(Krężel and Maret 2006).

In biology, in contrast to simple solution chemistry, removal or addition of zinc 
by transport processes also contributes to metal buffering of a cell. This property is 
referred to as muffling (Colvin et al. 2010). Minimally, two dozen zinc transporters, 
a dozen metallothioneins, and at least one zinc sensor, metal-regulatory element 
(MRE) binding transcription factor-1 (MTF-1), participate in cellular zinc homeo-
stasis. This remarkably large number of proteins is needed to regulate zinc ion tran-
sients (fluctuations) in addition to ascertaining proper zinc concentrations and to 
distribute zinc subcellularly for its functions in organelles. An important aspect of 
the subcellular biology of zinc is its storage in vesicles (zincosomes), and the role 
of zinc-containing vesicles in cellular exocytosis of zinc ions for extracellular 
functions.

2.2  Metallothioneins

Metallothionein (MT) has been known for 70 years (Margoshes and Vallee 1957). 
The protein, thionein (T), obtained its name from being sulfur-rich. It binds metal 
ions, hence the name metallothionein for the metal-bound form. Its function was 
thought to be elusive for a long time. In fact, it could not have been defined because 
knowledge about how cellular zinc is regulated and what exactly the affinities of 
MT for zinc are did not exist. Zinc coordination in MT is entirely based on interac-
tions with the sulfur donors of cysteines in 2 “clusters,” 1 binding 3 zinc ions to 9 
cysteines and the other 4 zinc ions to 11 cysteines (Robbins et al. 1991). Inorganic 
biochemists pondered long over what purpose such a binding in a unique structure 
might have in biology. The answer came from determining the affinities of MT for 
its seven zinc ions and relating them to the affinities of other proteins for zinc as 
well as to the “free” zinc ion concentrations. The answer is that MT is a regulated 
biological zinc (and copper) buffer (Krężel and Maret 2017).

MT has not just one high affinity for zinc as previously thought and which would 
make it a storage molecule. Instead, its affinities for zinc vary over a wider range, 
exactly the range needed for buffering cellular zinc (Krężel and Maret 2007). The 
dissociation constants (10−11 and 10−9  M) are commensurate with the measured 
“free” zinc ion concentrations of a few hundred picomolar. The affinities of some 
sites of MT for zinc are weaker than those of zinc for zinc-requiring metallopro-
teins, thus leaving the large number of zinc proteins requiring zinc for function in 
the zinc-bound state in the presence of MT.  MT can be compared to a “clean 
sweeper,” keeping zinc away from spurious, weaker binding sites, but at the same 
time ascertaining that genuine zinc metalloproteins obtain and retain their zinc. On 
the other hand, the induction of T, changing the MT/T (bound/unbound ligand) 
ratio, removes zinc from proteins that have weaker zinc-binding sites than genuine 
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zinc metalloproteins and can bind zinc when zinc ion concentrations increase 
(Krężel and Maret 2008). The fact that the binding sites of MT are not saturated 
with zinc under normal physiological conditions, as expressed by an MT/T ratio 
that varies as a function of zinc availability, supports a function as a zinc buffer 
(Krężel and Maret 2008).

Zinc buffering of MT is regulated. On the protein level it is redox regulation 
(Maret 2011b). The thiols in thionein are coupled to redox systems (Sagher et al. 
2006; Maret 2006). In this way, redox reactions can control the zinc chelating 
capacity of MT, making more zinc available under oxidizing conditions when “Tox” 
is formed and making less zinc available under reducing conditions when “Tred” is 
formed (Fig. 2.1) (Maret 2000). Regulation also occurs on the gene level. In humans, 
about a dozen genes code for MTs and they are differentially regulated (Li and 
Maret 2008). A host of signaling pathways, in particular stress signals, control the 
total concentration of MT and indicate the large number of processes associated 
with managing cellular zinc. A significant number of transcription factors control-
ling MT gene expression are zinc proteins (Krężel and Maret 2017).

One could posit that other proteins and ligands with zinc-binding capacity buffer 
zinc as well. They certainly do but tighter or weaker binding is not relevant for the 
physiological range of buffering zinc for signaling, just as, for example, only one of 
the three pKa values of phosphoric acid is relevant for pH buffering in a particular 
range. MT does not work in isolation. It is a “rheostat” for zinc, linking cellular 
signal transduction pathways to MTF-1 sensing and gene expression (Hardyman 
et al. 2016). Only if zinc buffering in MT is exhausted, MTF-1 is activated for mak-
ing more thionein, exporting zinc ions, and for other purposes.

Fig. 2.1 Zinc buffering. At least a dozen human genes code for thioneins that bind zinc ions – and 
other ions such as cuprous ions – in their reduced form (Tred) and form metallothioneins (MT). MT 
is usually not fully saturated with zinc ions as required for a buffer, a property described with an 
MT/T ratio. The protein is coupled to redox reactions. Oxidation forming partially oxidized thio-
nin (Tox) reduces the zinc-binding capacity of the protein and makes zinc available, while reduction 
of thionin forming Tred reduces zinc availability. Many different pathways regulate the expression 
of the thionein genes, in particular many chemical and physical stressors, and include a large num-
ber of zinc-containing transcription factors (ZnTFs). One feedforward regulation is the induction 
of thionein at increased zinc ion concentrations via the MTF-1 transcription factor. It generates 
zinc chelating and reducing capacity. Further regulation is afforded via methylation of the promot-
ers of thionins
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MT is also involved in the cellular translocation of zinc. During the cell cycle, it 
moves from the cytosol to the nucleus (Nagel and Vallee 1995). It also translocates 
from the cytosol to the mitochondrial inter membrane space (Ye et al. 2001).

In addition to this dynamic zinc buffering by MT (Fig. 2.1), muffling involves 
transport of zinc out of the cell or into a cellular compartment (Fig. 2.2). This pro-
cess is also rather complex with multiple importers and exporters and their regula-
tion. It is required for compartmentalization and control of zinc ion signals in 
addition to overall homeostatic control of cellular zinc.

2.3  Zinc Transporters

In contrast to MT, the zinc coordination chemistry in the transport sites of two fami-
lies of zinc transporters, Zips and ZnTs, does not involve sulfur donors. 3D struc-
tures of the mammalian proteins are unknown and all inferences about their 
functions are made from the 3D structures of bacterial homologues. While all of 
them transport zinc, their specificity is poorly characterized as some family mem-
bers can transport other metal ions, in particular iron and manganese.

The impressive number of 24 zinc transporters illustrates how important it is to 
regulate cellular zinc (Fukada and Kambe 2011; Kambe et al. 2015). Zinc transport-
ers need to regulate zinc ion transients in addition to maintaining the correct levels 
of zinc: some Zips control the formation of zinc ion signals; ZnTs restore the 

Fig. 2.2 Co-operation of zinc transporters. Plasma membrane transporters of the Zip family 
import extracellular zinc, [Zn2+]e, while transporters on intracellular membranes of the ZnT family 
distribute intracellular zinc, [Zn2+]i, subcellularly. In this directional presentation of zinc flux, the 
use of the two types of transporters in the export pathway is opposite to the one in the import path-
way. Both import from outside the cell and import from cellular compartments increase “free” zinc 
ion concentrations via Zip transporters while ZnT transporters decrease them
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 steady- state (Fig. 2.3). Most of the Zip transporters are located on the plasma mem-
brane though some can localize intracellularly. With the exception of ZnT1 and the 
evolutionary related ZnT10, ZnTs localize to intracellular membranes. Different 
cellular compartments require specific acquisition and delivery of zinc and transport 
against various concentration gradients. To accomplish this, zinc transporters may 
use different ions such as bicarbonate, calcium, or protons in symport or antiport 
(Gaither and Eide 2000; Girijashanker et al. 2008; Levy et al. 2019). The transport-
ers are secondary active transporters; none of them are ATP-dependent. At least for 
one ZnT, it has been shown that it can couple to a proton gradient generating pump. 
The high concentration of zinc in exocytotic vesicles requires an active process as 
indeed shown for ZnT2 being coupled to the vacuolar ATPase (Lee et al. 2017). 
Tissue- specific expression of zinc transporters and removal from the plasma mem-
brane and degradation affords further regulation.

Fig. 2.3 Zinc muffling. In addition to the regulation of zinc ions via the metallothionein/thionein 
buffering system (Fig. 2.1), two families of zinc transporters participate in regulating cellular zinc 
by import, distribution, and export, and in providing zinc-dependent proteins with zinc. The trans-
porters have different activities, such as being an androgen receptor (Zip9), loading enzymes of the 
secretory pathway with zinc (ZnT5,6), or providing exocytotic vesicles with zinc, [Zn2+]v, 
(ZnT2,3,8). In addition, zinc release from the endoplasmic reticulum (ER) via Zip7 can induce 
intracellular signaling leading to enzyme inhibition. Extracellular zinc signaling to another cell is 
achieved through exocytosis and binding to a zinc receptor (ZnR, GPR39), which stimulates intra-
cellular calcium [Ca2+]i release
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2.3.1  ZnTs (Solute Carrier Family SLC30A1-10)

ZnTs belong to the cation diffusion facilitator (CDF) family of proteins. 3D 
structures have been reported for the E. coli protein YiiP and a related protein 
from Shewanella oneidensis (Lu and Fu 2007; Lopez-Redondo et  al. 2018). 
These bacterial proteins have additional metal-binding sites believed to sense 
zinc ions for export. For mammalian proteins, zinc sensing mechanisms are 
unknown, however.

The bacterial proteins are dimers with six α-helices in the transmembrane domain 
(TMD) in the monomer and with a more variable, relatively large C-terminal cyto-
plasmic domain (CTD) with an αββαβ structure, except for ZnT9. The CTD has the 
capacity to bind several metal ions and to serve as a hub for interactions with other 
proteins. Whether zinc binding to the CTD is permanent for maintaining its struc-
ture or transient for either delivering zinc ions to the TMD or sensing them is not 
known. Bacterial CDFs work by conformational changes with an alternative access 
mechanism and proton antiport and serve as a model for mammalian ZnTs, but 
significant differences exist (Lu et al. 2009). While the bacterial proteins export an 
excess of zinc ions from cells, eukaryotic cells require zinc to be re-distributed 
intracellularly when there is no known excess of zinc ions. How the intracellular 
transporters acquire zinc from the low steady-state picomolar “free” zinc ion con-
centrations is unknown. The majority of ZnTs are within organellar membranes and 
serve diverse functions, such as filling vesicular stores and supplying organelles and 
secreted proteins with zinc and loading exocytotic vesicles with zinc for fundamen-
tal biological processes, among which neurotransmission (ZnT3), insulin storage 
(ZnT8), and lactation (ZnT2) are the best characterized.

Overall, the core structure of the TMD and CTD is relatively well conserved but 
significant differences exist in the different members regarding extensions at the 
N- and C-termini and additional loops between TM helices. ZnT5 has twice the 
number of TM helices. The phylogenetic tree shows clades consisting of the vesicu-
lar transporters (ZnT2-4, ZnT8), ZnT1 and ZnT10, ZnT5 and ZnT7, and ZnT6 and 
ZnT9 (Hogstrand and Fu 2014). ZnT6 does not transport zinc but heterodimerizes 
with ZnT5 when supplying zinc for zinc proteins of the secretory pathway (Tsuji 
et al. 2017).

Characterization of the individual CTD of human ZnT8 shows that it folds inde-
pendently and that its metal binding is different from that of the bacterial transport-
ers, binding only two instead of the four or six metal ions at the dimer interface in 
the bacterial transporters (Parsons et al. 2018).

W. Maret



13

2.3.2  ZIPs (Zrt/Irt-Like Proteins) (Solute Carrier Family 
SLC39A1-14)

A 3D structure has been determined for a ZIP transporter from Bordetella bronchi-
septica. The TM helices have a novel 3+2+3 arrangement (Zhang et al. 2017). The 
zinc transport site is a binuclear metal site. Human Zip2, however, is predicted to 
have a mononuclear metal transport site and shows pH and voltage modulation of 
metal transport (Gyimesi et al. 2019). The 3D structure of the extracellular domain 
of human Zip4 was determined in an approach to understanding the entire mam-
malian protein by piecing together the structures of individual domains (Zhang 
et al. 2016). It forms two subdomains with a linker, which is characteristic of all 
nine LIV1 members with the so-called PAL motif. The extracellular domain forms 
a dimer. Some Zips form heteromers (Taylor et al. 2016). Two other parts of the 
Zip4 molecule were investigated regarding zinc binding, and they are believed to 
participate in zinc sensing, an extracellular loop with histidines (Chun et al. 2019) 
and an intracellular loop with histidines (Bafaro et al. 2019). The intracellular loop 
is thought to sense zinc ion concentrations that are sufficiently high and signal no 
further need for zinc import. This sensing is linked to removal of Zip4 from the 
plasma membrane and degradation (Shakenabat et al. 2015).

The phylogenetic tree encompasses one major clade, the LIV1 subfamily, con-
taining 12/4; 8/14; 5 & 10/6; 13/7 and another clade containing Zip1-3. Zip11 and 
Zip9 are more distantly related. Zip9 is an androgen receptor and zinc transporter 
(Thomas et al. 2018).

2.4  MTF-1

MTF-1, metal regulatory element (MRE)-binding transcription factor-1, controls 
zinc-dependent gene expression. The protein has six zinc fingers which are impli-
cated in sensing increased zinc ion concentrations (Laity and Andrews 2007). It 
responds to stressors such as heavy metals, hypoxia, and oxidative stress and induces 
the expression of thionein and ZnT1 to maintain cellular zinc homeostasis. It is 
essential for embryonic liver development (Günther et al. 2012). Another emerging 
aspect of MTF-1 is that it regulates miRNAs via MREs and thus another level of 
regulation of zinc metabolism (Francis and Grider 2019).

2.5  Signaling with Inorganic Ions: Ca2+ and Zn2+

Phosphate metabolism is critical for energy metabolism. Because the strong interac-
tion of phosphate with calcium can cause precipitation of calcium phosphate, free 
calcium concentrations must be kept very low in the cell compared to the 
 environment. Zinc ions, because of their generally higher affinity for ligands, are 
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Fig. 2.4 Signaling with redox-inert metal ions. Zinc signaling complements calcium signaling but 
occurs in a separate, much lower range of concentrations. Both signaling systems interact with 
redox and phosphorylation signaling

Table 2.1 Ca2+ vs Zn2+ as carriers of signals

Property Calcium (Ca2+) Zinc (Zn2+)

Steady-state concentration 10–100 nM 10–100 pM
Transients >1 μM >1 nM
Concentrations across 
plasma membrane

1 mM outside vs 100 nM 
inside (free calcium)

15 μM outside vs 250 μM 
(total zinc)a

Signal type Puffs, sparks, and waves Sparks and waves
Main function of signal Activation Inhibition
Buffering Calmodulin and others Metallothionein and others
Coordination chemistry Oxygen Oxygen, nitrogen, sulfur
Motifs EF hands and others Zinc fingers and others
Transporters Active transport, 

channels, exchangers
Secondary active transport, 
channels

Intracellular stores ER, mitochondria, 
acidocalcisomes

ER, mitochondria, 
zincosomes

Second messenger causing 
release from store

IP3 cAMP(?)b

Extracellular metal-sensing 
receptor for first messenger

CaR ZnR (GPR39)

aThe extracellular “free” zinc concentration is not known
bObserved in fungal biochemistry (Kjellerup et al. 2018)

kept at even lower concentrations, but they must be acquired from an environment 
low in zinc. It has been stated that signaling substances occur at rather low concen-
trations for energetic reasons (Carafoli and Krebs 2016). For both zinc and calcium, 
it is achieved through buffering by proteins and exquisite regulation. Uncontrolled 
increases are a major pathway for cytotoxicity and cell death. “Free” zinc ion con-
centrations are about three orders of magnitude lower than the already low steady 
state free calcium concentrations, although the total concentrations of the two ions 
differ at the most only by one order of magnitude: calcium a few millimolar, zinc hun-
dreds of micromolar. This difference allows the two signaling systems to co- exist and 
complement each other (Fig. 2.4). Measuring the lower concentrations of “free” zinc 
with sufficiently selective probes and sensors has been experimentally challenging. 
The biological functions of the two metal ions have a lot in common (Table 2.1). 
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And the two signaling systems co-operate. Zinc ions inhibit the Ca2+-ATPase on the 
plasma membrane with a Ki value of 80 pM and thus exert control over cellular-free 
calcium concentrations (Hogstrand et al. 1999). Another target of zinc is the cardiac 
ryanodine receptor/calcium channel (RyR2), which leaks calcium when cellular 
“free” zinc ion concentrations increase above 2 nM (Reilly- O’Donnell et al. 2017). 
Together with Mg2+, the three redox-inert metal ions can regulate processes over 
many orders of magnitude in concentrations. Its redox inertness and flexible coordi-
nation environments make zinc ideally suited for a role as a messenger and for 
transmitting specific signals to sites on proteins.

2.6  Zinc Regulating Proteins (Zinc/Zn2+ Signaling)

2.6.1  Intracellular Regulation

How can the very low concentrations of available “free” zinc ions regulate and serve 
as signaling ions in a zinc-buffered environment? When fluctuations of cellular zinc 
ion concentrations were measured, it became apparent that zinc ions indeed regulate 
biological functions (Fukada et al. 2011). Specific mechanisms exist for signal gen-
eration, transduction, and decoding. Two pathways are known to elicit cellular zinc 
ion transients. One is the release of zinc ions from an intracellular store (Yamasaki 
et al. 2007; Taylor et al. 2012a) and the other is the release of zinc from zinc/thiolate 
sites in proteins such as in metallothioneins. Release of zinc from a store in the ER 
occurs in response to the hormone stimulation of cells, which results in casein 
kinase-2-dependent phosphorylation and opening of the Zip7 channel (Taylor et al. 
2012b). The released zinc is required for skin (dermis) and B-cell development 
through controlling ER zinc, and hence ER stress, and cytosolic zinc (Bin et  al. 
2017; Woodruff et al. 2018; Anzilotti et al. 2019) (Fig. 2.3). Casein kinase-2 is a 
zinc protein with zinc finger-mediated dimerization of the regulatory subunit 
(Chantalat et al. 1998). Whether other Zip transporters are regulated in a similar 
way is not known. Stimulation also occurs with zinc ions, indicating that there is a 
zinc-induced zinc release just as in the case of calcium (Kjellerup et  al. 2018). 
Release of zinc from zinc/thiolate coordination environments occurs under condi-
tions of redox signaling and oxidative or carbonyl stress (Hao and Maret 2006). It 
can lead to Zn2+-dependent gene expression, which is part of a feedback loop as it 
includes proteins involved in chelating zinc and in an antioxidant response. Aside 
from zinc-dependent gene expression, other molecular targets of the zinc ions have 
not been linked directly to the events that cause a zinc transient. In contrast to acti-
vation of gene expression, the typical response is an inhibition of enzymes (Maret 
et  al. 1999). The overall effect can be confusing because zinc inhibition on the 
molecular level can result in the activation of a process. For example, a general 
observation is that an increase of cellular free zinc ions enhances phosphorylation 
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signaling (Haase and Maret 2003). One cause for this activation is an inhibition of 
protein tyrosine phosphatases (PTPs), which are the main regulators of phosphory-
lation signaling. In PTP1B, the phosphatase controlling the insulin and leptin recep-
tors, zinc inhibits only the enzyme in the phosphorylated form through the generation 
of a zinc-binding site in the closed conformation (Bellomo et al. 2014, 2016). The 
inhibition constant for receptor protein tyrosine phosphatase β (RPTPβ) is 21 pM, 
suggesting that some PTPs are inhibited tonically and need to be activated by zinc 
removal (Wilson et al. 2012). Many other enzymes with inhibition constants in the 
nanomolar range have been reported (Maret 2013a). One common feature is that 
catalytic residues positioned in proximity can bind a metal ion, that is, cysteine- 
dependent enzymes with a nearby histidine. Such diads and triads of amino acids in 
the active site have dual functions: They serve as catalytic groups and they provide 
the donors for zinc binding and inhibition. Inhibitory zinc-binding sites on several 
enzymes, including caspases, cathepsins, and kallikreins, have been characterized 
structurally (Maret 2013a; Eron et al. 2018). The inhibition involves specific mecha-
nisms of binding and regulation such as allosterism and binding one or several zinc 
ions. The inhibition of many proteinases indicates a role of zinc in proteostasis. 
Since these zinc-inhibited enzymes do not need zinc for activity they are not consid-
ered to be zinc enzymes although their zinc binding is almost as strong as that for 
genuine zinc enzymes. Because of the strong metal inhibition, the enzymes are 
often supplied commercially with the chelating agent  ethylenediaminetetraacetic 
acid (EDTA) to keep them active, thus masking the zinc inhibition. While most zinc 
sites in zinc proteins are readily recognized by signatures/motifs with characteristic 
sets of donors linked by relatively short non-coordinating amino acid spacers, this 
is not the case in inhibitory sites. Therefore, these sites are not amenable to the 
database mining approach that has been so successful in predicting the total number 
of zinc metalloproteins in the human genome (Andreini et al. 2006). Consequently, 
we do not have estimates of the number of regulatory sites. An even less understood 
facet is how the zinc-inhibited proteins are activated. At least two ways can be 
envisaged. One is lowering the free zinc ion concentrations by muffling, removing 
zinc ions with transporters, and the other is buffering, binding zinc by a protein such 
as thionein. In the first case, the re-activation would depend on the rate of zinc dis-
sociation, which could be limiting unless assisted by coordination dynamics of the 
proteins as in the zinc transport sites of zinc transporters. In the second case, zinc 
dissociation would be fast if a chelating agent accelerates it but slow if gene expres-
sion such as induction of thionein is involved. To distinguish the two possibilities, 
one would need to know the duration of the cellular zinc ion transients in addition 
to their amplitudes, which are in the order of a few nanomolar when measured glob-
ally. The link between zinc ion signals and their targets is often tenuous and it 
remains unknown whether local zinc ion transients or a global change of the pZn 
value is responsible for the effect. Linking zinc ion transients with specific targets is 
one of the pressing issues in the field of zinc signaling to explain the great number 
of functional readouts that have been reported.

An exception to the rule that the action of each metal is well separated from that 
of others is the binding of zinc to magnesium sites. Work dating back to 1961 
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showed that zinc inhibits Mg-dependent phosphoglucomutase with an inhibition 
constant (IC50) of about 2 pM (Milstein 1961). The tight inhibition was then used to 
set an upper limit to the “free” zinc ion concentration possible without inhibiting the 
enzyme (Peck and Ray 1971). Investigations into whether zinc is indeed a physio-
logical modulator of the activity of this enzyme have not been pursued. Also, Mg2+ 
activates PTP1B while Zn2+ inhibits it (Bellomo et al. 2018). Another relationship 
between the two essential minerals is that some kinases prefer a Zn-ATP complex 
over the typically employed Mg-ATP complex (McCormick 2002).

2.6.2  Extracellular Regulation

In addition to intracellular signaling, there is extracellular zinc ion signaling. It was 
first described in neurotransmission and established zinc ions stored in synaptic 
vesicles (boutons) as a neuromodulator (Frederickson et  al. 2005). The best 
described target is the N-methyl-D-aspartate (NMDA) receptor. Its structure shows 
zinc in the high affinity (5 nM) binding site in the N2A subunit bound to His-44, 
His-128, Glu-266, and Asp-282. Only two ligands bind zinc at the low affinity site 
(7.5 μM): His-127 and Glu-284 (Romero-Hernandez et al. 2016).

In addition to the zinc-glutamatergic neurons, many other cells have the capacity 
to secrete zinc ions. They do so for different purposes with paracrine, autocrine, or 
even endocrine effects. One target is ZnR/GPR39, a G-protein coupled receptor on 
the plasma membrane activating phospholipase β, releasing Ca2+ from the ER, and 
stimulating extracellular signal-regulated kinases (ERK1/2) and protein kinase B 
(Akt) (Hershfinkel 2018). Fertilized mammalian embryos emit zinc sparks. The 
exocytotically released zinc ions are coordinated with cellular calcium transients 
and modify the structure of the zona pellucida to avoid polyspermy (Que et  al. 
2019). The ZnT2,3 and 8 zinc transporters are involved in loading exocytotic vesi-
cles with zinc. The exocytosed zinc ions in other tissues and their targets have 
received comparatively less attention. Zinc affinities for extracellular proteins prob-
ably do not need to be as low as for those in the cytosol. Zinc binds to and affects 
the function of a large number of membrane channels, but only few of them have 
affinities in the nanomolar range (Peralta and Huidobru-Toro 2016). The conditions 
for buffering zinc ions are different in the extracellular environment, the vesicles, 
and the cytosol. Therefore, intracellular sites on membrane proteins may need 
higher affinities for zinc modulation than extracellular sites.

2.7  Zinc Functions in Health and Disease

Zinc is involved in virtually all aspects of cellular functions and is important for the 
control of proliferation, differentiation, and programmed cell death (Maret 2013b). 
On an organismal level, it is essential for growth, development, maintenance of 
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function, and protection against various physical and chemical insults. The implica-
tions of perturbation of zinc metabolism for disease are huge. The role of zinc in 
diseases can originate from mutations, the number of which is quite high in zinc 
transporters and MTs regulating cellular zinc (Hogstrand and Maret 2016; 
Raudenska et al. 2014). Several diseases are specifically caused by a disruption of 
zinc transporter function and thus perturbation of zinc homeostasis: acrodermatitis 
enteropathica (Zip4), neonatal transient zinc deficiency (ZnT2), and SCD-Ehlers- 
Danlos Syndrome (Zip13). In many more diseases or syndromes, zinc is involved 
causally. Nutritional zinc deficiency and interference of xenobiotics with zinc 
metabolism are also causes of diseases. Discovery of the numerous molecular func-
tions of zinc has been a boon for biochemistry but a bane for a wider acceptance of 
the overall importance of zinc for the cell biology. Reasons for the latter are the lack 
of a biomarker for the cellular functions of zinc and the overall issue that pleiotropic 
functions of zinc may give the impression of a lack of specificity thus concealing its 
true importance.
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discussions.
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Chapter 3
Zinc Transporter Proteins: A Review 
and a New View from Biochemistry

Taiho Kambe, Eisuke Suzuki, and Taiki Komori

Abstract Zinc is an essential biological metal found in approximately 10% of the 
human proteome. Zinc regulates a large number of proteins and their functions, 
including transcription factors, enzymes, adapters, receptors, and growth factors, 
acting as a structural or catalytic cofactor or as a signaling mediator. Increasing 
evidence indicates that the transport of zinc across biological membranes plays a 
pivotal role in its biological functions. Zinc transport is mostly mediated by two 
zinc transporter proteins, ZNT and ZIP. Members of both transporter families are 
involved in a variety of biological events, which in humans are often associated with 
health and disease. In this chapter, we review the current understanding of the bio-
chemical functions of both transporter protein families with a particular focus on 
their biological subgroupings.

Keywords Zrt, Irt-like protein (ZIP) · Zn transporter (ZNT) · Solute carrier family 
(SLC) · Membrane transport · Cation diffusion facilitator (CDF)

3.1  Introduction

Under physiological conditions, zinc is present as a divalent cation that does not 
have a redox potential. In contrast to copper and iron, it therefore does not require a 
redox reaction during membrane transport (Kambe 2013). Thus, precise spatiotem-
poral control of the expression of zinc transport proteins is critically important for 
net zinc transport across biological membranes. Increasing evidence suggests that 
the cellular concentration and distribution of zinc, which are mediated through zinc 
mobilization across cellular membranes, are highly involved in a large number of 
cellular responses, such as activation/repression of transcription and translation, 
post-translational controls including membrane trafficking and protein stability, and 
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activation/inactivation of many enzymes related to cellular signaling (Fukada and 
Kambe 2011; Maret and Li 2009). Therefore, understanding the  physiological/path-
ological regulations and biochemical properties of zinc transport is essential for 
understanding the biological roles of zinc. In metazoans, cellular zinc transport is 
primarily mediated by two zinc transporter proteins, the Zn transporter (ZnT)/solute 
carrier family 30 (ZNT/SLC30A) and Zrt,  Irt-like protein (ZIP)/SLC39A (Fig. 3.1), 
that function as exporters and importers, respectively. In this chapter, the biochemi-
cal properties of these zinc transporter proteins are discussed. Their physiological 
and pathological roles are referred to in other chapters of this book.

3.2  History of ZNT and ZIP Family Proteins

In 1995, the first mammalian zinc transporter was identified by expression cloning 
using zinc-sensitive mutant Baby hamster kidney cells (Palmiter and Findley 1995). 
Since then, more than 20 zinc transporters, including ZNTs and ZIPs, have been 
identified (Gaither and Eide 2001; Kambe et al. 2004), all of which can function as 
secondary active transporters. The importance of zinc transporters is unquestion-
able, with a growing number of studies showing their involvement in both physio-
logical and pathological processes. Before outlining their biochemical properties, 
we briefly discuss their historical backgrounds, which may give us important clues 
that would enable us to discover new functions of zinc transporter protein.

Fig. 3.1 Phylogeny of ZNT and ZIP family proteins. A neighbor-joining phylogenetic tree was 
generated with ClustalW, based on protein sequence alignments. (a) ZNT family members. (b) ZIP 
family members. In (A) and (B), the subfamily and subgroup classification assigned in this chapter 
are shown on the right

T. Kambe et al.
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The first zinc transporter protein of the ZNT family, named Zrc1p, was identified 
in Saccharomyces cerevisiae and confers resistance to high zinc concentrations 
(Kamizono et al. 1989). Subsequently, Cot1p and CzcD were identified in S. cerevi-
siae and the Cupriavidus metallidurans (formerly Alcaligenes eutrophus) strain 
CH34, both of which were also shown to confer resistance to high levels of zinc and 
other metals such as cobalt (Conklin et al. 1992; Nies 1992). Due to their sequence 
homology, these three proteins were grouped together and named cation diffusion 
facilitator (CDF) proteins (Gaither and Eide 2001). However, it was later discovered 
that, despite their name, CDF proteins do not serve as diffusion facilitators but func-
tion as secondary active transporters. Proteins within this family are conserved at all 
phylogenetic levels (Gaither and Eide 2001). The first mammalian ZNT family 
member, rat Znt1, was identified as a member of the CDF family (Palmiter and 
Findley 1995). The second ZNT transporter, Znt2, was identified by expression 
cloning (Palmiter et al. 1996a) with other ZNT family proteins identified by other 
methods, including EST and genome database searches (Chimienti et  al. 2004; 
Huang et al. 2002; Kambe et al. 2002; Kirschke and Huang 2003; Palmiter et al. 
1996b). To date, there are ten members of the ZNT family, ZNT1-ZNT10; however, 
ZNT9 has been shown to act as a nuclear receptor coactivator (GRIP1-associated 
coactivator 63 (GAC 63)) (Chen et al. 2007), although there are studies reporting its 
involvement in zinc metabolism (Perez et al. 2017). Since the zinc transport ability 
of ZNT9 is yet to be fully elucidated, we have excluded it from our ZNT family 
discussion (Figs. 3.2 and 3.3).

Homologs of the human ZNT family proteins have been found in the genome 
sequences of rats, mice, chickens, zebrafish, fruit flies, nematodes, yeast, and plants 
(Arabidopsis thaliana) and are shown in Table 3.1. This table highlights that ZNT 
family proteins are highly conserved in vertebrates, and in nematodes, yeast, and 
plants. However, species such as nematodes, yeast, and plants have family members 
that produce ZNT family proteins, which are not homologous to vertebrate mem-
bers. CDF family members are generally classified into three subfamilies, Zn-CDF, 
Zn/Fe-CDF, or Mn-CDF, based on their phylogenetic relationships and metal sub-
strate specificities (Kambe 2012). All vertebrate ZNT family members belong to the 
Zn-CDF subgroup (Fig.  3.2). CDF members with low homology to vertebrates 
(Table 3.1) belong to Zn/Fe-CDF or Mn-CDF subfamilies and have been shown to 
be involved in other divalent cation transport in addition to zinc, which suggests that 
these proteins play diverse roles in metal transport.

The identification of ZIP family members is somewhat confusing. Among the 
ZIP family, ZIP6 was the first to be identified. However, it was originally identified 
as a highly expressed gene in breast cancer and named LIV-1 (Manning et al. 1994), 
with its zinc transport activity not evident at that time (Taylor 2000). Numerous 
studies have since shown that members of the ZIP family, including ZIP6, are asso-
ciated with cancer development and metastasis (Bafaro et al. 2017) (see Chap. 16), 
which is consistent with the initial identification of ZIP6 in breast cancer. Zrt1p and 
Zrt2p zinc transporters were subsequently identified in S. cerevisiae (Zhao and Eide 
1996a, b) simultaneous to the identification of IRT1 iron transporter in A. thaliana 
(Eide et  al. 1996), all of which were identified from excellent genetic studies in 
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yeast. These findings lead to the name “ZIP” (ZRT, IRT-like protein) (Eng et al. 
1998), with the name suggesting that ZIP members can transport both zinc and iron, 
and possibly other divalent cations through a broader specificity. In fact, many 
recent studies show that mammalian ZIP family members can also transport manga-
nese and cadmium (see Sect. 3.4.4.2) (Aydemir and Cousins 2018; Jenkitkasemwong 
et al. 2012). After the identification of ZIP1, ZIP2, and ZIP3 from EST database 
searches, an important discovery for the ZIP family in mammals was the identifica-
tion of the SLC39A4/ZIP4 gene, whose mutated form is responsible for acroderma-
titis enteropathica, an inherited zinc deficiency disorder in humans. This finding 

Fig. 3.2 Cartoon of predicted structures of ZNT and ZIP family proteins. (A). Predicted topology 
of the ZNT protein is shown. ZNT protomers most likely have six transmembrane domains 
(TMDs), in which TMDs, I, II, IV, and V form a compact four-helical bundle and the remaining 
TMDs, III and VI, form a two-helical pair outside the bundle. TMD II and V of the compact four- 
helical bundle create a transmembranous zinc binding site, which is formed by conserved aspartic 
acid (D) and histidine (H) residues. Predictions based on the structural properties of the bacterial 
homolog, YiiP (Coudray et al. 2013; Gupta et al. 2014; Lopez-Redondo et al. 2018; Lu et al. 2009; 
Lu and Fu 2007). ZNT proteins transport zinc from the cytosol into the extracellular space or 
intracellular compartments. (B) Predicted topology of the ZIP protein is shown. ZIP protomers are 
likely to have eight transmembrane domains (TMDs) consisting of a novel 3+2+3 TMD architec-
ture, in which the first three TMDs (I to III) are symmetrically related to the last three TMDs (VI 
to VIII) by a pseudo-twofold axis. The conserved amphipathic amino acid residues in TMD IV 
(histidine, asparagine (N), and aspartic acid) and in TMD V (two histidines and one glutamic 
acid (E) in the potential metalloprotease motif (HEXPHEXGD) in LIV-1 subfamily, which are 
indicated in bold) form a binuclear metal center within the TMDs. However, the amphipathic 
amino acid residues in TMD V are only partially conserved in other subfamilies. Prediction based 
on the structure of the bacterial ZIP protein homolog, BbZIP (Zhang et al. 2017). ZIP4’s long 
extracellular N-terminal region is divided into two structural domains, the helix-rich domain 
(HRD), and the PAL motif-domain (see text) (Zhang et al. 2016). ZIP family members transport 
zinc in the opposite direction to the ZNT family

T. Kambe et al.
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highlights the importance of the ZIP family for human and vertebrate physiopathol-
ogy. Other ZIP family proteins have been discovered in genome databases, with 14 
members now identified (Fig. 3.1) (Eide 2004; Jeong and Eide 2013).

Homologs of the human ZIP family have also been found in the genome 
sequences of rats, mice, chickens, zebrafish, fruit flies, nematodes, yeast, and plants 
(A. thaliana) and are shown in Table 3.2. This table shows that all ZIP family mem-
bers are highly conserved in mammals, as in the case of the ZNT family. ZIP family 
members are generally classified into four subfamilies, ZIP-I, ZIP-II, LIV-1, and 
gufA (Fig. 3.1) (see Sect. 3.4.2) (Dempski 2012; Gaither and Eide 2001; Kambe 
et al. 2004; Taylor and Nicholson 2003), based on their phylogenetic relationships. 
ZIP4 is essential for zinc absorption in mammals, but a homologous gene is not 
present in chickens.

A number of ZNT and ZIP transporters have been shown to be involved in human 
genetic disorders. Moreover, numerous mutant and knockout animals have been 
generated for most of their orthologues. The data in Tables 3.1 and 3.2 may prove to 
be useful for reorganizing the orthologue functions of both the protein families.

Fig. 3.3 Subcellular localization of ZNT and ZIP proteins from the view of subfamily and sub-
group. The subcellular localizations of ZNT and ZIP protein members are shown according to their 
subfamily and subgroup assignments described in the main text and Fig. 3.1. ZNT members are 
shown according to their subgroups: subgroup (i) ZNT1 and ZNT10; subgroup (ii) ZNT2, ZNT3, 
ZNT4, and ZNT8; subgroup (iii) ZNT5 and ZNT7; and subgroup (iv) ZNT6. ZIP family members, 
except for LIV-1, are shown according to their subfamily: subfamily (ZIP-I) ZIP9; subfamily 
(ZIP-II) ZIP1, ZIP2, and ZIP3; and subfamily (gufA) ZIP11. LIV-1 subfamily members are 
assigned into subgroups: subgroup (i) ZIP4 and ZIP12; subgroup (ii) ZIP8 and ZIP14; subgroup 
(iii) ZIP5, ZIP6, and ZIP10; and subgroup (iv) ZIP7 and ZIP13

3 Zinc Transporter Proteins: A Review and a New View from Biochemistry
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3.3  ZNT Transporters

3.3.1  Biochemical and Structural Properties of Bacterial  
ZNT Homologs

ZNT transporters function as zinc efflux proteins, transporting zinc from the cytosol 
into intracellular compartments or into the extracellular space. Based on high reso-
lution structures of the bacterial homolog YiiP (E. coli and S. oneidensis), which 
belongs to Zn/Fe-CDF subfamily (Coudray et al. 2013; Gupta et al. 2014; Lopez- 
Redondo et al. 2018; Lu et al. 2009; Lu and Fu 2007), ZNT transporters are thought 
to form homodimers, enabling them to transport zinc across biological membranes. 
The structure of YiiP reveals a topology in which each protomer most likely has six 
transmembrane domains (TMDs) with cytosolic N- and C-termini, as predicted by 
hydrophobicity plots (Gaither and Eide 2001; Paulsen and Saier 1997). The TMDs 
are grouped into a compact four-helical bundle consisting of TMDs, I, II, IV, and V, 
and a two-helical pair outside the bundle, consisting of TMDs III and VI. The com-
pact four-helical bundle creates a channel in which the intramembranous tetrahedral 
zinc-binding site of TMDs II and V is located. This zinc-binding site consists of one 
histidine (H) and three aspartic acid (D) residues (DDHD core motif). 
Homodimerization of YiiP is stabilized by intermolecular salt-bridges which ensure 
the correct orientation of TMDs III and VI by interlocking the TMDs at the dimer 
interface (Lu et  al. 2009). Another zinc-binding site is formed in the cytosolic 
C-terminal region, which exhibits a binuclear zinc-coordination site. YiiP has a 
highly conserved metallochaperone-like structure, with a characteristic αββα struc-
ture despite a high degree of sequence variability (Cherezov et al. 2008; Higuchi 
et al. 2009; Uebe et al. 2018). Recently, a ZNT homolog lacking the C-terminal 
region was reported in a marine bacterium (Kolaj-Robin et al. 2015), suggesting 
that this region may not be required for zinc transport activity.

YiiP is functional as a proton-zinc exchanger, in which an alternative access mech-
anism is in operation. TMDs of YiiP can adopt cytosolic-facing (inward- facing) and 
periplasmic-facing (outward-facing) conformations, both of which can bind zinc or 
protons (Gupta et al. 2014; Lopez-Redondo et al. 2018). Zinc binding in the cytosolic 
C-terminal region may induce conformational changes in the TMDs, facilitating zinc 
transport by the alternative access mechanism (Coudray et al. 2013; Gupta et al. 2014; 
Lopez-Redondo et al. 2018) in which the extracellular proton provides a driving force 
for exporting zinc from the cytosol. This information provides the framework for 
exploring the biochemical and structural properties of ZNT transporters.

3.3.2  Properties of ZNT Transporter Proteins

ZNT family proteins are predicted to have a similar topology to YiiP and, therefore, 
are thought to form homodimers (Fukunaka et al. 2009; Golan et al. 2016; Itsumura 
et al., 2013; Lasry et al. 2014; Murgia et al. 2008). The conserved motif of (F/Y)
G(W/Y/F)XRXE, which is positioned on the first cytosolic loop between TMDs II 
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and III, is thought to be involved in homodimer formation (Fig. 3.4) (Lasry et al. 
2012). The conserved arginine (R) in the motif is thought to be involved in the forma-
tion of intermolecular salt-bridges on the cytoplasmic membrane surface which are 
important for zinc transport (Figs. 3.2 and 3.4) (Fukue et al. 2018). In addition to 
homodimer formation, ZNT5 and ZNT6 form heterodimers (Fukunaka et al. 2009; 
Golan et al. 2015; Lasry et al. 2014; Suzuki et al. 2005b). Other ZNT members could 
also form heterodimers (Golan et  al. 2015; Zhao et  al. 2016), the significance of 
which is unclear. Similar to YiiP, ZNT proteins are functional as zinc-proton exchang-
ers (Ohana et al. 2009; Shusterman et al. 2014). This mechanism of zinc transport is 
reasonable, particularly in one subgroup (ZNT2, ZNT3, ZNT4, and ZNT8) (see Sect. 
3.3.3.2) which are localized to acidic compartments, such as endosomes, lysosomes, 
or intracellular vesicles. The activity of ZNT proteins may be tunable and could be 
controlled by the lipid composition of the vesicles where they are localized (Merriman 
et al. 2016). Recent computational simulations, based on energy calculations, of the 
ZNT zinc permeation pathway shows a favorable zinc translocation via the alterna-
tive access mechanism, consistent with the model of YiiP (Golan et al. 2018)

Interestingly, the DDHD core motif of YiiP changes to HDHD within TMDs II 
and V in most of the ZNT members (Fig. 3.3). Numerous biochemical studies reveal 
that this core motif is essential for zinc transport, as substitution of histidine or 
aspartic acid residues to alanine (A) abolishes zinc transport (Fujimoto et al. 2013; 
Ohana et  al. 2009; Tsuji et  al. 2017). In addition, ZNT10 has an altered motif, 
NDHD, within TMDs II and V (Fig. 3.3), that enables ZNT10 to transport manga-
nese (Leyva-Illades et al. 2014; Nishito et al. 2016) (see Sect. 3.3.3.1). Moreover, 
replacing the histidine residue in TMD II with aspartic acid (DDHD, i.e., the YiiP 
motif) in ZNT5 and ZNT8 allows it to transport cadmium as well as zinc (Hoch 
et al. 2012). Thus, this position in TMD II, which constitutes the intramembranous 
zinc-binding site, is critical for regulating metal substrate specificity. ZNT6 has no 
zinc transport activity, with two amino acids of the HDHD motif replaced by hydro-
phobic residues (Fig. 3.4). Instead, ZNT6 is functional as an auxiliary protomer of 

Fig. 3.4 (continued) external loops (EL), and C-terminal cytosolic α-helices and β-sheets based 
on the crystal structure of YiiP are indicated in yellow, pink, turquoise, and lavender, respectively. 
Residues highlighted in red indicate the histidine (H) and aspartic acid (D) residues constituting 
the intramembranous zinc-binding site. Residues highlighted in black and gray are highly con-
served and semi-conserved, respectively. The asparagine residue (N) in TMD II of ZNT10, which 
has been speculated to be involved in the recognition of manganese, is indicated in green. Residues 
highlighted in light blue indicate the amino acid residues forming the cytosolic binuclear zinc-
coordination site. Residues highlighted in blue indicate the highly conserved arginine (R) and 
well-conserved glutamic acid (E) or glutamine (Q) likely involved in the formation of salt-bridges 
on the cytosolic side. The amino acid sequences at the C-terminal end of ZNT6 (30 aa) and ZNT10 
(4 aa) are not displayed in the alignment. The TMDs indicated in ZNT5 correspond to TMDs 
between X and XV. “-” denotes a gap in the alignment. Blue circles indicate the amino acid resi-
dues involved in zinc binding. The (F/Y)G(W/Y/F)XRXE sequence, which is proposed to be 
involved in dimerization, is indicated in lavender. Blue, green, red, or honey circles below the 
sequences indicate the amino acid residues involved in zinc binding (different color means the 
coordination of different zinc ions, and honey color means the coordination of zinc ion in the 
neighboring subunit). This figure is used and modified from Kambe et al. 2014 with permission

T. Kambe et al.



35

Fig. 3.4 Sequence alignment of ZNT family proteins. The alignment is ordered according to simi-
larities among subfamilies. The putative transmembrane domains (TMD), intracel lular loops (IL), 
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the ZNT5 and ZNT6 heterodimer (Fukunaka et  al. 2009) (see Sect. 3.3.3.4). 
Interestingly, several plant ZNT homologs (e.g., MTP8, MTP9, and MTP11), which 
are known to be manganese transporters and are grouped within the Mn-CDF sub-
family of CDF proteins (Gustin et al. 2011; Pedas et al. 2014; Tsunemitsu et al. 
2018; Ueno et al. 2015), have a DDDD core motif. No orthologues have been found 
in vertebrate genomes (see Table 3.1).

Due to a lack of sequence similarity with YiiP, several unique features of ZNT 
transporter proteins have been determined in a number of biochemical studies. 
One such feature is the unique cytosolic histidine-rich loop with variable lengths 
between TMDs IV and V, which is also found in the plant ZNT homologs 
(Blindauer and Schmid 2010; Kambe et al. 2014). The histidine-rich loop was 
thought to be important for zinc transport or as a sensor for cytosolic zinc levels 
by coordinating cytosolic zinc through its histidine residues (Arus et al. 2013; 
Kawachi et al. 2008; Suzuki et al. 2005b; Tanaka et al. 2015; Tanaka et al. 2013). 
However, a ZNT mutant, in which all histidine residues in the loop are mutated 
to alanine, still possesses zinc transport activity, although this activity is 
decreased, indicating that the histidine residues are not essential for zinc trans-
port (Fukue et al. 2018). Another unique feature of the ZNT proteins, in compari-
son to YiiP, is the role of the cytosolic N-terminal region, which, in YiiP, is too 
short to study. A recent study indicates that ZNT members are likely to be func-
tional even when the N-terminal is absent, although this region could regulate 
zinc transport via an interaction with the cytosolic histidine-rich loop (Fukue 
et al. 2018). Thus far, the functions of the N-terminal region are reported as a 
mitochondrial sorting motif (Seo et al. 2011), a zinc binding (sensor) motif (Arus 
et al. 2013), and a potential protein–protein interaction motif resembling the leu-
cine zipper motif (Murgia et al. 1999), in addition to participating in the regula-
tion of zinc transport (Kawachi et al. 2012). Interestingly, ZNT5 has a uniquely 
long N-terminal sequence containing nine potential TMDs (Kambe et al. 2002), 
however its functional importance is not yet known.

The nine ZNT members described above all belong to the Zn-CDF subfamily of 
CDF proteins (Kambe 2012; Montanini et al. 2007). Further groupings, based on 
sequence similarity, subdivide them into four groups: (i) ZNT1 and ZNT10, (ii) 
ZNT2, ZNT3, ZNT4, and ZNT8, (iii) ZNT5 and ZNT7, and (iv) ZNT6 (Gustin et al. 
2011; Kambe 2012; Kambe et al. 2006) (Figs. 3.1 and 3.3). Subgroup (i) contains 
the cell surface localized ZNTs, although, despite it belonging to the Zn-CDF sub-
family, ZNT10 transports manganese. Subgroup (ii) contains transporters involved 
in intracellular compartments and vesicles, while subgroup (iii) contains transport-
ers involved in zinc transport in the early secretory pathway. Subgroup (iv) contains 
only ZNT6, which is functional as an auxiliary protomer without zinc transport 
activity, as described above.

T. Kambe et al.
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3.3.3  Biochemical Characterization of the ZNT Subgroups

Here, we provide a brief summary of each of the ZNT subgroups. For more detailed 
information about their physiopathological functions, we refer the reader to the fol-
lowing reviews, Bowers and Srai (2018), Hara et  al. (2017), and Kambe et  al. 
(2015). Additionally, the details of mice phenotypes have been described in other 
chapters of this book.

3.3.3.1  ZNT1 and ZNT10 Subgroup

Both ZNT1 and ZNT10 are known to be functional at the plasma membrane as 
efflux transporters of cytosolic zinc and manganese, respectively (see above) 
(Palmiter and Findley 1995; Leyva-Illades et al. 2014; Nishito and Kambe 2019), 
although their intracellular localization is also reported. As mentioned above, their 
difference in metal substrate specificity is due to differences in their metal binding 
motifs (HDHD in ZNT1, NDHD in ZNT10). ZNT1 expression increases in response 
to excess zinc through binding of metal-response element-binding transcription 
factor- 1 (MTF-1) to the metal response element (MRE) in its promoter, in a fashion 
similar to metallothionein (Langmade et al. 2000). This is consistent with its cellu-
lar function, which is to reduce the toxicity of excess zinc. In contrast, there are no 
reports describing manganese-induced expression of ZNT10, although such regula-
tion would be important as mutations of SL C30A10/ZNT10 gene result in parkin-
sonism with hypermanganesemia (Quadri et al. 2012; Tuschl et al. 2012). ZNT1 is 
thought to be mostly localized to the basolateral membrane in polarized cells 
(McMahon and Cousins 1998), while ZNT10 is reported to be localized to the api-
cal membrane (Taylor et al. 2019). Overall, they have a sequence similarity of 37% 
(Nishito et al. 2016), therefore, the differing amino acids may be responsible for 
their unique subcellular localizations, although the regulatory mechanisms for their 
trafficking to the cell surface have not yet been elucidated. Both have a very short 
cytosolic N-terminal region (Fukue et  al. 2018; Kambe et  al. 2014) (Fig.  3.3). 
Recently, ZNT10 was reported to be functional as a manganese-calcium exchanger 
(Levy et al. 2019), the mode of which needs to be further investigated.

3.3.3.2  ZNT2, ZNT3, ZNT4, and ZNT8 Subgroup

These ZNT subgroup members are localized to the membranes of cytosolic secre-
tory vesicles and play essential roles in transporting zinc into their lumens (Hennigar 
and Kelleher 2012; Kambe 2011). This subgroup functions as zinc-proton 
 exchangers and is able to do so due to the acidic environment of the vesicular lumen 
they transport to. Apart from ZNT4, these transporters are expressed in a tissue-

3 Zinc Transporter Proteins: A Review and a New View from Biochemistry



38

specific manner. Zinc transport into cytosolic secretory vesicles is crucial as a high 
concentration of zinc, which is required for many physiological responses. Examples 
include the insulin granules in pancreatic β cells, which accumulate high levels of 
zinc mediated by ZNT8, and the presynaptic vesicles in a subset of glutamatergic 
neurons, which also accumulate high levels of zinc mediated by ZNT3. This zinc 
accumulation is essential for good health as single nucleotide polymorphisms in 
SLC30A8/ZNT8 are shown to be associated with an increased susceptibility to type 
2 diabetes (see Chap. 12), while ZNT3 is crucial for neuronal activity (see Chaps. 9 
and 11). High levels of zinc in breast milk are secreted through the vesicles of the 
secretory mammary epithelial cells (Lee and Kelleher 2016), which in humans is 
mediated by ZNT2. Thus, mutations of SLC30A2/ZNT2 gene cause transient neo-
natal zinc deficiency, another inherited zinc deficiency in humans (Golan et  al. 
2017). A similar phenotype (i.e., low levels of zinc secretion) was observed in mice 
with a loss of function Znt4 mutant (McCormick et al. 2016). ZNT2 plays a role in 
zinc transport into the cell granules of Paneth cells in the crypts of Lieberkühn of the 
small intestine (Podany et  al. 2016). There are other vesicles in the body which 
accumulate high levels of zinc, such as cytosolic vesicles in epithelial cells of the 
lateral prostate, pigment epithelial cells in the retina, and mast cells (Kambe et al. 
2014), whose zinc transport may also be controlled by ZNT family members within 
this subgroup. ZNT4 has been shown to localize to endosomes, lysosomes, and the 
trans-Golgi network, in addition to cytosolic vesicles. Consistent with this, ZNT4 is 
likely to play other roles, including in the regulation of several enzymes (McCormick 
and Kelleher 2012; Tsuji et al. 2017).

3.3.3.3  ZNT5 and ZNT7 Subgroup

ZNT5 and ZNT7 are localized to the early secretory pathway, including the endo-
plasmic reticulum (ER) and the Golgi apparatus, both of which require efficient zinc 
transport. Impairment of zinc transport by both ZNT5 and ZNT7 most likely results 
in the misfolding or incomplete assembly of some zinc-containing proteins. This 
leads to a decrease in the activity of zinc-dependent ectoenzymes and zinc- dependent 
chaperone proteins that monitor and assist protein folding, which can trigger the 
unfolded protein response (UPR) (Ellis et al. 2004; Fukunaka et al. 2011; Ishihara 
et al. 2006; Takeda et al. 2018). Thus, both ZNTs are important for homeostasis in 
the early secretory pathway by mediating the zinc supply to the nascent proteins 
(Kambe et al. 2016, 2017). Consistent with this, the expression of ZNT5 mRNA is 
transcriptionally upregulated by the UPR (Ishihara et  al. 2006). Both ZNT5 and 
ZNT7 have a unique di-proline motif (PP-motif) in luminal loop 2, which is essen-
tial for the activation of ectoenzymes, such as alkaline phosphatases (Fujimoto et al. 
2016). This unique motif is highly conserved in most orthologues suggesting an 
important role in enzyme activation.
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3.3.3.4  ZNT6 Subgroup

Co-immunoprecipitation, bimolecular fluorescence complementation, and genetic 
experiments show the heterodimerization of ZNT6 and ZNT5 (Fukunaka et  al. 
2009; Lasry et al. 2014; Suzuki et al. 2005a). The heterodimer formation of ZNT5 
and ZNT6 is a unique feature among the ZNT family and is highly conserved among 
ZNT5 and ZNT6 functional orthologues, such as those in nematode (Cdf5 and 
Toc1) (Fujimoto et al. 2016), yeast (Msc2p and Zrg17p in S. cerevisiae, and Cis4 
and Zrg17 in Schizosaccharomyces pombe) (Choi et al. 2018; Ellis et al. 2005; Ellis 
et al. 2004), and plant (MTP12 and MTP5 in A. thaliana) (Fujiwara et al., 2015). 
Each of these functional orthologues is also localized to the early secretory path-
way. Considering the conservation of heterodimer formation, it is interesting to note 
that the fruit fly does not possess orthologues of ZNT5 and ZNT6 (see Table 3.1), 
which may suggest a unique regulatory mechanism of zinc transport and physiology 
in the fruit fly.

3.4  ZIP Transporters

3.4.1  Biochemical and Structural Properties of Bacterial ZIP 
Homologs

As with ZNT proteins, recent structural studies reveal that ZIP homologs (Bordetella 
bronchiseptica ZIP (BbZIP)) form homodimers. These studies reveal that each pro-
tomer has eight TMDs with extracellular N- and C-termini (Zhang et al. 2017), as 
predicted in ZIP family proteins (Gaither and Eide 2001; Kambe et al. 2004). BbZIP 
has a novel 3+2+3 transmembrane architecture, in which the first three TMDs 
(TMDs I to III) are symmetrically related to the last three TMDs (TMDs VI to VIII) 
by a pseudo-twofold axis. The TMDs IV and V, which are symmetrically related by 
the same axis, are sandwiched between the three TMD repeats (Zhang et al. 2017). 
BbZIP has a binuclear metal center, which coordinates zinc and is formed by several 
conserved amphipathic amino acid residues, including histidine, asparagine (N), 
and aspartic acid, within TMD IV, and two histidine residues and one glutamic acid 
(E) in TMD V (Figs. 3.2 and 3.5). The latter amino acids correspond to those in the 
potential metalloprotease motif (HEXPHEXGD) of LIV-1 subfamily (see 3.4.4). An 
in vitro study using reconstituted proteoliposomes proposes that the zinc transport 
of BbZIP (reported as ZIPB (Lin et al. 2010)) may be by a selective electrodiffu-
sional channel. However, a definitive zinc transport mechanism for ZIP family pro-
teins has not yet been clarified.
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Fig. 3.5 Sequence alignment of ZIP family proteins. The alignment is ordered according to simi-
larities among subfamilies. The putative transmembrane domains (TMD), intracellular loops (IL), 
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3.4.2  Properties of ZIP Family Proteins

Proteins of the ZIP family form homodimers which enable them to transport zinc 
across membranes (Bin et al. 2011), as shown in BbZIP (Lin et al. 2010; Zhang 
et al. 2017). Moreover, recent studies show that they can also form heterodimers 
(Taylor et al. 2016) (see Sect. 3.4.4.3). ZIP family proteins are thought to have eight 
TMDs, in which the N- and C-terminal regions are located outside the plasma mem-
brane or in the lumen of intracellular compartments, as predicted by hydrophobicity 
plots (Taylor and Nicholson 2003) and computational modeling (Antala et al. 2015). 
This predicted topology is consistent with that of BbZIP (Zhang et al. 2017). The 
region, which is conserved the most among the ZIP family, is found in TMDs IV 
and V where numerous amphipathic amino acids, including a conserved histidine, 
asparagine, aspartic acid, and glutamic acid residues, are found (Fig. 3.2). These 
amino acid residues constitute an intramembranous binuclear zinc-binding site, and 
thus form a pore through which zinc passes, as shown in the BbZIP structure. A 
symport mechanism, whereby zinc is transported alongside bicarbonate ions, is sug-
gested (Gaither and Eide 2000; Girijashanker et  al. 2008) but has not been con-
firmed experimentally (Franz et al. 2018). Recently, a proton-mediated regulatory 
mechanism was proposed for regulating the velocity and directionality of zinc trans-
port by the ZIP family (Franz et al. 2018; Franz et al. 2014). Most ZIP family pro-
teins have a variable cytosolic loop that is rich in histidine residues between TMDs 
III and IV (Blindauer and Schmid 2010; Kambe et al. 2015). Its physiological func-
tion has not yet been elucidated but it may play a regulatory role in trafficking 
(Bowers and Srai 2018; Huang and Kirschke 2007) or contribute to binding and 
sensing of cytosolic zinc (Bafaro et  al. 2015), as suggested for the ZNT family. 
Moreover, histidine residues within the loop may have a unique function, as com-
plete substitution of all histidine residues to alanine in ZIP4 causes a loss of zinc- 
induced ubiquitination and degradation, although this has no effect on zinc-stimulated 
endocytosis (Mao et al. 2007). The histidine residues (HXH motif) in the extracel-
lular loop between TMD II and III, which are conserved in a number of ZIP family 
members, are required for zinc sensing and zinc-induced endocytosis of ZIP4 (Chun 
et al. 2018) (Fig. 3.5). These results suggest that endocytosis of ZIP proteins, in 

Fig. 3.5 (continued) and external loops (EL) are shown below the alignment in yellow, pink, and 
turquoise, respectively. Residues highlighted in black and gray are highly conserved and semi- 
conserved, respectively. Residues highlighted in red indicate the positions of residues important 
for zinc binding. Residues highlighted in blue indicate the positions of residues likely required for 
zinc sensing and zinc-induced endocytosis of a number of LIV-1 members. Conserved sequences 
in ZIP family proteins (PAL and HEXPHEXGD motifs) are indicated in lavender. The amino acid 
sequences of the N-terminal region of the LIV-1 subfamily members (the first nine proteins) are 
not displayed in the alignment, and the IL2 loop between TMD3 and TMD4 is omitted from the 
figure. “-” denotes a gap in the alignment. Blue or green circles below the sequences indicate the 
amino acid residues involved in zinc binding (different color means the coordination of different 
zinc ions). This figure is used and modified from Kambe et al. 2014 with permission
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response to excess zinc, is mediated via zinc binding to conserved sensory sequences. 
The long extracellular region of some ZIP family members is known to be cleaved 
during zinc deficiency and in response to other stimuli (Ehsani et al. 2012; Hogstrand 
et al. 2013; Kambe and Andrews 2009), which may be important for the regulation 
of their zinc transport activity or their cellular trafficking.

As described above, ZIP family members are classified into four subfamilies 
based on their phylogenetic relationships (Gaither and Eide 2001; Kambe et  al. 
2004). The 14 mammalian members are classified as ZIP-I (ZIP9), ZIP-II (ZIP1- 
ZIP3), gufA (ZIP11), and LIV-1 (ZIP4–8, ZIP10, ZIP12-ZIP14) (Figs. 3.1 and 3.3) 
(Dempski 2012; Jeong and Eide 2013; Taylor and Nicholson 2003). Among them, 
the LIV-1 subfamily, whose name arises from its original identification in breast 
cancer, is the largest. LIV-1 subfamily members have a potential metalloprotease 
motif (HEXPHEXGD) in TMD V and an extracellular CPALLY motif (hereafter 
referred to as a PAL motif, see below) immediately preceding TMD I (Taylor et al., 
2007) (Figs. 3.2 and 3.5). LIV-1 subfamily proteins are further divided into four 
subgroups: (i) ZIP4 and ZIP12; (ii) ZIP8 and ZIP14; (iii) ZIP5, ZIP6, and ZIP10; 
and (iv) ZIP7 and ZIP13 (Kambe et al. 2006; Zhang et al. 2016) (Figs. 3.1 and 3.3), 
each of which has unique sequence similarities. ZIP4 and ZIP12 of subgroup (i) 
possess a helix rich domain (HRD) in addition to the PAL motif-domain in the 
extracellular N-terminal region (Zhang et al. 2016). Subgroup (ii) members have a 
unique ability to transport manganese and iron, in addition to zinc. Subgroup (iii) 
contains ZIPs whose extracellular region, proximal to the membrane, has a unique 
domain called a prion fold. Subgroup (iv) contains members which are localized to 
the early secretory pathway and transport zinc from the lumen to the cytosol.

3.4.3  Biochemical Characterization of the ZIP Subfamilies

Here, we provide a brief summary of each of the ZIP subfamilies with the exception 
of LIV-1 which is further discussed in Sect. 3.4.4. For a more detailed discussion 
about the physiopathological functions of ZIP families, we refer the reader to the 
following reviews, Bowers and Srai (2018), Hara et al. (2017), and Kambe et al. 
(2015). Additionally, the details of mice phenotypes have been described in other 
chapters of this book.

3.4.3.1  ZIP-I Subfamily

ZIP9 is the only member belonging to this subfamily in vertebrates (Matsuura et al. 
2009). ZIP9 is described as a dual-functioning protein because in addition to trans-
porting zinc across cellular membranes, it can also function as a high affinity mem-
brane androgen receptor through which testosterone activates G proteins thereby 
inducing cell signaling (Thomas et al. 2014). Thus, steroid and zinc signaling path-
ways cooperate to regulate physiological functions in mammalian cells through 
ZIP9 (Thomas et  al. 2018). ZIP9 is localized to the plasma membrane and 
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 intracellular compartments, such as the Golgi (Berg et  al. 2014; Matsuura et  al. 
2009). It may regulate its function by altering its subcellular localization.

3.4.3.2  ZIP–II Subfamily

ZIP-II subfamily includes ZIP1, ZIP2, and ZIP3. These proteins are homologous to 
each other, both in amino acid sequence and gene structure. In particular, regions of 
TMD IV are highly conserved (Dufner-Beattie et al. 2003; Kambe et al. 2014), with 
the aspartic acid residue observed in LIV-1 subfamily, which is expected to form a 
binuclear metal center, replaced by glutamic acid (Fig. 3.5). Moreover, the highly 
conserved histidine in TMD V, which is also expected to form a binuclear metal 
center, is replaced by a hydrophobic amino acid (valine (V) or leucine (L)) (Fig. 3.5), 
suggesting that the mechanism of zinc coordination in this subfamily may be differ-
ent from other ZIP homologs including LIV-1 subfamily. Consistent with their 
homology, the ZIP-II subfamily do have similar zinc transport mechanisms (Dufner- 
Beattie et al. 2003). However, their expression is differentially regulated in a tissue- 
specific manner. ZIP1 has been extensively investigated and its endocytosis and 
degradation are shown to be mediated through a di-leucine motif (LL motif, not 
shown in Fig.  3.5) within the variable cytosolic loop between TMD III and IV 
(Huang and Kirschke 2007). This motif is not conserved in ZIP2 and ZIP3. Mice 
containing knockouts of each individual gene show zinc-sensitive phenotypes dur-
ing pregnancy, similar to the phenotypes observed in triple knockout mice (Dufner- 
Beattie et al. 2006; Kambe et al. 2008; Peters et al. 2007). This suggests that each 
protein has a unique cell-specific function that is required for adaptation to a zinc 
deficiency during development.

3.4.3.3  gufA Subfamily

ZIP11 is the only vertebrate protein of the gufA subfamily. This subfamily includes 
the bacterial and archaeal ZupT (Yu et al. 2013) and S. cerevisiae Zrt3p, suggesting 
that the gufA subfamily proteins arose from an ancient zinc transporter. The bio-
logical functions or expression profiles of gufA subfamily members remains unclear, 
although its subcellular localization to the nucleus or Golgi apparatus is reported 
(Kelleher et al. 2012; Martin et al. 2013). Interestingly, ZIP11 almost lacks histidine 
and cysteine residues, which suggests that ZIP11 binds zinc in a different manner 
than other ZIP family members (Kambe et al. 2015; Yu et al. 2013).

3.4.4  Biochemical Characterization of LIV-1 Subfamily

As mentioned above, LIV-1 subfamily members are further divided into four sub-
groups, (i) ZIP4 and ZIP12, (ii) ZIP8 and ZIP14, (iii) ZIP5, ZIP6, and ZIP10, and 
(iv) ZIP7 and ZIP13 (Kambe et al. 2006; Zhang et al. 2016). Recent reports indicate 
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unique physiopathological roles for each of the members, this is discussed in detail 
in other reviews (Bowers and Srai 2018; Hara et al. 2017; Kambe et al. 2015) and in 
other chapters of this book. Here, we provide a brief summary of each of the LIV-1 
subgroups.

3.4.4.1  ZIP4 and ZIP12 Subgroup

While both ZIP4 and ZIP12 contain HRD and PAL motif-domains in the extracel-
lular N-terminal region (Zhang et al. 2016), their physiological functions are very 
different. The biochemistry, physiopathology, and structure of ZIP4 have been 
extensively studied, while much less is known about ZIP12. ZIP12 has been identi-
fied as an important molecule for neurulation and neurite extension (Chowanadisai 
et  al. 2013), and as a major regulator of hypoxia-induced pulmonary vascular 
remodeling (Zhao et al. 2015). The long extracellular N-terminal region of ZIP4 
forms a homodimer without the need for TMDs (Zhang et al. 2017), in which the 
PAL motif is crucial (Zhang et al. 2016). This region is cleaved during zinc defi-
ciency, raising the question as to how the cleavage is regulated. ZIP4 protein expres-
sion is regulated in response to zinc levels, while the regulation of ZIP12 expression 
has not yet been elucidated. Overall sequence similarity between ZIP4 and 
ZIP12 is 46%.

3.4.4.2  ZIP8 and ZIP14 Subgroup

A prominent feature of this subgroup is that both proteins can transport iron and 
manganese as well as zinc (Aydemir and Cousins 2018; Jenkitkasemwong et  al. 
2012). Their involvement in iron and manganese transport is crucial as mutations 
within both genes result in disease, such as severe dysglycosylation due to a type II 
congenital disorder of glycosylation (CDG) (Boycott et al. 2015; Park et al. 2015) 
or childhood-onset parkinsonism-dystonia (Tuschl et al. 2016). Their unique metal- 
binding specificities are most likely related to their sequences; ZIP8 and ZIP14 have 
glutamic acid in place of histidine in the HEXPHEXGD motif of TMD V (i.e., 
EEXPHELGD in both) (Fig.  3.5). However, this has not yet been tested at the 
molecular level. Both proteins are primarily localized to the plasma membrane, with 
some reports suggesting that their subcellular localization includes endosomes and 
lysosomes (Aydemir et  al. 2009; Guthrie et  al. 2015). Their physiopathological 
importance for zinc physiology is reported in many articles (Hojyo et al. 2011; Kim 
et al. 2014; Liu et al. 2013; Liuzzi et al. 2005).

3.4.4.3 ZIP5, ZIP6, and ZIP10 Subgroup

These three ZIPs have a unique extracellular domain in the region proximal to the 
membrane, called a prion fold, which may indicate an evolutionary link between them 
and prion proteins (Ehsani et al. 2011; Ehsani et al. 2012; Pocanschi et al. 2013). 
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This may also indicate their involvement in the etiology of prion diseases. Among 
these three, ZIP6 and ZIP10 share the highest homology and have been shown to 
form functional heterodimers in an interactome analysis (Brethour et  al. 2017; 
Taylor et al. 2016), which could explain the overlap in ZIP6- and ZIP10-dependent 
phenotypes, such as cancer development and metastasis (Brethour et al. 2017) or 
oocyte-to-embryo transitions (Kong et al. 2014). An important aspect is that Zip10-
knockout mice show significant phenotypes (Bin et  al. 2017b; Gao et  al. 2017; 
Hojyo et al. 2014; Miyai et al. 2014), which seem to be independent of ZIP6. In 
contrast to their extended expression, ZIP5 is expressed in a tissue-specific manner 
and is uniquely localized to the basolateral membrane in polarized cells, such as 
intestinal epithelial cells (Dufner- Beattie et al. 2004; Wang et al. 2004).

3.4.4.4  ZIP7 and ZIP13 Subgroup

The N-terminal region of this subgroup is shorter than those of other LIV-1 subfam-
ily members, therefore sequence alignment of their PAL motifs is difficult (Fig. 3.5). 
Compared with other LIV-1 subfamily members, both proteins are uniquely local-
ized to the early secretory pathway, including the ER and Golgi apparatus. Zinc 
release from the early secretory pathway, mediated by these proteins, plays an 
important role in regulating cell signaling (Fukada et al. 2008; Fukunaka et al. 2017; 
Nimmanon et al. 2017; Taylor et al. 2012; Tuncay et al. 2017). Moreover, their zinc 
transport activity contributes to the homeostatic maintenance of the secretory path-
way (Bin et al. 2017a; Jeong et al. 2012; Ohashi et al. 2016). Notably, ZIP13 and its 
orthologues have a unique zinc coordination motif in TMD IV, in which the con-
served histidine is replaced by aspartic acid (DxxHNFxD sequence changes to 
NxxDNFxH) (Xiao et al. 2014) (Fig. 3.5). Considering the evidence for ZNT1 and 
ZNT10 subgroup (see Sect. 3.3.3.1) and ZIP8 and ZIP14 subgroup in the LIV-1 
subfamily (see Sect. 3.4.4.2), this change may alter the metal substrate specificity. 
Interestingly, the ZIP13 orthologue in the fruit fly is reported as an iron transporter, 
which mediates iron transport from the cytosol to the lumen of the ER or that of the 
Golgi (Xiao et al. 2019; Xiao et al. 2014), which is the opposite direction assumed 
for mammalian ZIP13. These findings raise the necessity for further investigation 
in ZIP13.

Compared with ZIP13, ZIP7 is conserved within other species (Table 3.2). Their 
physiological functions are extremely diverse but are related to the early secretory 
pathway, in particular the ER, and have been shown in yeast (yKE4p), drosophila 
(Catsup), nematode (ZipT-7.1), and plant (IAR1) (Groth et al. 2013; Kumanovics 
et al. 2006; Lasswell et al. 2000; Zhao et al. 2018), indicating its biological signifi-
cance. The histidine-rich sequence in the N-terminal region is highly conserved 
among ZIP7 orthologues (Adulcikas et  al 2018), suggesting that a unique 
 zinc- sensing mechanism may be used. In mammals, ZIP7 expression is upregulated 
by the UPR and its loss results in disruption of ER functions (Ohashi et al. 2016; 
Tuncay et al. 2017), similar to ZNT5 and ZNT7 (see Sect. 3.3.3.3) (Ishihara et al. 
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2006; Tuncay et al. 2017). Thus, luminal zinc homeostasis in the early secretory 
pathway is regulated by both ZIPs and ZNTs.

3.5  Concluding Remarks and Perspectives

A number of studies reveal that many ZIP and ZNT family proteins are involved in 
human genetic diseases. Moreover, various phenotypes of numerous knockout mice 
unveil the fundamental importance of ZNTs and ZIPs (see other chapters). This 
chapter summarized the biochemical features of both protein families, with a par-
ticular focus on their biological subgroupings. To our knowledge, this is the first 
time such a review has been attempted and is therefore useful in providing a com-
prehensive overview of both ZNT and ZIP families. Future studies should aim to 
elucidate the molecular mechanisms that enable both families to control their spa-
tiotemporal zinc transport. These studies would be facilitated by a comprehensive 
resource in which their classification and subgroups are described. This is required 
in order to further understand zinc signaling in physiopathological processes.
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Chapter 4
The Metallothionein-Zinc Landscape:  
How It Shapes Antimicrobial Immunity

Debabrata Chowdhury, George S. Deepe Jr,  
and Kavitha Subramanian Vignesh

Abstract Nutritional immunity refers to the ability of the host to sequester nutri-
ents from pathogens during infection. Metal ions are important for microbial sur-
vival and pathogenesis as well as for host defenses. For example, while zinc (Zn2+) 
is crucial for microbial fitness within the host, immune cells deprive microbes of 
these metal ions and retain it for their own defense. However, excess Zn2+ may be 
toxic to both the host and the pathogen. Therefore, Zn2+ regulation is a central com-
ponent of host-pathogen interactions and antimicrobial immunity. Metallothioneins 
(MTs) are a family of highly conserved cysteine-rich proteins that are ubiquitously 
expressed in most organisms. Immune cells express MTs in response to a variety of 
stimuli including cytokines, chemokines, and infectious agents. They regulate intra-
cellular Zn2+ homeostasis, protect from oxidative stress, and modulate host immu-
nity during infection. Although Zn2+ signals are well known to alter immunological 
processes, our knowledge of how the MTs-Zn2+ axis affects immune response to 
infections is relatively scarce. Emerging evidence points to a significant role for 
MTs in regulating host immunity. Thus, this chapter discusses immunomodulatory 
roles of MTs with a focus on Zn2+ regulation in response to pathogen attack.
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4.1  Introduction

Nutritional immunity is a mechanism of defense by which the host restricts nutrient 
access to pathogens to inhibit their growth. Metal ions are micronutrients that are 
essential for life. They regulate important functions of immune cells as well as that 
of invading microbes. One form of nutritional immunity is limitation of metal ions 
by modulating their availability, concentration, and distribution inside the cell. Zn2+ 
is an important metal ion whose concentration in circulation (plasma and serum) 
rapidly declines during infection (Besecker et al. 2011; Uttra et al. 2011). This phe-
nomenon is postulated to deprive invading pathogens of Zn2+, control their survival, 
and prevent dissemination (Hennigar and McClung 2016). Zn2+ deficiency or excess 
alters the number and activities of immune cells thereby modulating host suscepti-
bility to infection. A decrease in dietary Zn2+ uptake increases the risk of infectious 
diseases such as tuberculosis, shigellosis, pneumonia, measles, human immunode-
ficiency virus (HIV), acute cutaneous leishmaniosis, and malaria (Maywald et al. 
2017). On the other hand, dietary Zn2+ supplementation aids in improving immune 
defenses against some of the microbes that cause the aforementioned infections as 
well as diarrhea, leprosy, chronic hepatitis C, and acute lower respiratory infection 
(Overbeck et al. 2008). However, there may be a very narrow window within which 
Zn2+ exerts beneficial effects. Recent data show that excess dietary Zn2+ uptake 
increases susceptibility to Clostridioides difficile and intensifies disease severity 
suggesting that exogenous Zn2+ administration may adversely impact the clearance 
of some pathogens (Zackular et al. 2016).

Effects of Zn2+ on immunity are complex and have been under investigation for 
many years. Zn2+ deprivation or supplementation in vitro and in vivo affects the 
expression of several genes in immune cells associated with Zn2+ homeostasis, cyto-
kine response, stress responses, reactive oxygen species and reactive nitrogen spe-
cies (ROS and RNS) signaling, metabolism, and survival (Beck et al. 2006; Cousins 
1998; Cousins et al. 2003; Haase et al. 2007). Zn2+ deficiency inhibits differentia-
tion, proliferation, and survival of monocytes, polymorphonuclear leukocytes 
(PMN), natural killer cells, and T and B cells (Bonaventura et al. 2015). However, 
an excess of Zn2+ may lead to toxicity. Therefore, Zn2+ homeostasis is tightly regu-
lated in immune cells by Zn2+ binding proteins such as metallothioneins (MTs), 
glutathione, the Zn2+-responsive transcription factor metal-response element- 
binding transcription factor-1 (MTF-1), Zn2+-transporters, Zn2+-permeable ion 
channels such as transient receptor potential mucolipin 1 (TRPML1), and Zn2+ stor-
age organelles such as zincosomes (Andrews 2001; Crawford et  al. 2018; Eide 
2004; Inoue et al. 2015; Liu et al. 2012; Palmiter 2004; Palmiter and Huang 2004; 
Vallee 1995). Taken together, regulation of Zn2+ is necessary for adequate immune 
function and aberrant homeostasis of these metal ions may have adverse effects on 
the host’s ability to defend microbial invaders.

Microorganisms require Zn2+ for survival. Thus, restriction of Zn2+ during infec-
tion may be an effective strategy that immune cells utilize to inhibit microbial growth. 
Several recent studies have brought to light the importance of Zn2+ limitation by MTs 
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in immune cells. Zn2+ is bound to MTs through seven binding sites with picomolar 
binding affinity. This attribute facilitates controlled Zn2+ exchange between proteins 
and promotes nutritional immunity in host cells, where accessibility of Zn2+ to patho-
gens must be restricted. Our work revealed that MT1 and MT2 inhibit fungal growth 
via sequestration of Zn2+ in infected macrophages (Subramanian Vignesh et al. 2013). 
The MT3 isoform has a very distinct role: it facilitates Zn2+ uptake by intracellular 
fungi (Subramanian Vignesh et al. 2016). Nonetheless, the finding that MTs are an 
important component of the antimicrobial defense arsenal raises interesting ques-
tions about their mechanisms of action. In sum, MTs are expressed in immune cells, 
regulate inflammatory responses, and control host-pathogen interactions indicating 
that they may be at the forefront of immunological fitness in the host. Given the role 
of Zn2+ in pathogen virulence and the emerging importance of MTs in immune 
responses, this chapter focuses on the roles of Zn2+ and the MT-Zn2+ landscape in 
antimicrobial immunity.

4.2  Low Zinc Spells a High Infection Risk

Zn2+ has vital roles in biochemical processes and is crucial for maintaining the 
structure, stability, and adequate activity of macromolecules, such as proteins and 
nucleic acids. About 10% of the human proteome consists of Zn2+ binding proteins 
which require this ion for proper physiological function (Andreini et al. 2006). Zn2+ 
is the second most abundant (total concentration in the human body 2–3 g) transi-
tion metal after Fe2+ in humans (Kehl-Fie and Skaar 2010).

Prasad et al. first discovered Zn2+ deficiency in human male dwarfs in the Middle 
East in 1963 (Prasad et al. 1963). Zn2+ deficiency is associated with susceptibility to 
infections, memory impairment, and growth retardation. Zn2+ deficient animals 
have decreased immunity to viral infections such as Herpes simplex (Feiler et al. 
1982) and Semliki forest (Singh et al. 1992); bacterial infections such as Listeria 
monocytogenes (Carlomagno et al. 1986; Coghlan et al. 1988), Francisella tularen-
sis (Pekarek et al. 1977), Mycobacterium tuberculosis (McMurray et al. 1990), and 
Salmonella enteritidis (Kidd et al. 1994); parasitic infections such as Trypanosoma 
cruzi (Fraker et al. 1982), T. musculi (Lee et al. 1983), Toxoplasma gondii (Tasci 
et al. 1995), and Plasmodium yoelii (Shankar et al. 1995); fungal infections such as 
Candida albicans (Salvin et al. 1987); and helminthic infections such as Fasciola 
hepatica (Flagstad et al. 1972), Heligmosomoides polygyrus (Minkus et al. 1992; 
Shi et al. 1994), Strongyloides ratti (Fenwick et al. 1990b), Schistosoma mansoni 
(Nawar et al. 1992), and Trichinella spiralis (Fenwick et al. 1990a). Therefore, defi-
ciency of Zn2+ cripples the host’s ability to clear infections and has a considerable 
impact on human health.
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4.3  The Zinc Pill: To Take or Not to Take?

Zn2+ supplementation in general has a beneficial role in antimicrobial immunity. 
Acrodermatitis enteropathica (caused by mutations in the Zn2+ importer, ZIP4) is a 
rare and severe genetic autosomal recessive disorder characterized by acral and 
periorificial dermatitis, alopecia, and diarrhea. Weakened resistance to fungi, bacte-
ria, and viruses is observed in bovine acrodermatitis enteropathica during Zn2+ 
 deficiency. In humans, oral Zn2+ supplementation ameliorates symptoms associated 
with this disorder (Ciampo et al. 2018; Hambidge et al. 1977). Moreover, Zn2+ sup-
plementation reduces the incidence of acute and chronic persistent diarrhea, dysen-
tery (DD), acute lower respiratory infections (Ruel et al. 1997; Sazawal et al. 1995, 
1996, 1998), malaria (Bates et al. 1993; Shankar et al. 2000), recurrent furunculosis 
(Brody 1977), and infection caused by the parasite S. mansoni (Friis et al. 1997).

Zn2+ lozenges reduce the duration of common cold (Mossad et  al. 1996) by 
blocking the binding of HRV14 on the viral surface to the adhesion molecule 
ICAM-1 on the nasal mucosal surface, ultimately leading to reduced viral uptake 
(Novick et al. 1996). Low Zn2+ levels commonly detected in the plasma and serum 
of human HIV patients is associated with disease progression (Bogden et al. 1990; 
Khalili et  al. 2008). Zn2+ supplementation partially reverses these effects (Falutz 
et al. 1988; Shankar and Prasad 1998), not by curtailing viral load but by dampening 
the frequency of diarrheal episodes and delaying immunological failure. This evi-
dence suggests that adequate Zn2+ supplementation may be used as an adjunct ther-
apy in HIV-infected adults (Baum et al. 2010). However, poor survival has also been 
reported in HIV-infected patients with high Zn2+ intake (Tang et al. 1996). In addi-
tion, as noted above, excess dietary Zn2+ intake may adversely affect C. difficile 
clearance. Clearly, determining accurate Zn2+ dosage is an indispensable step in the 
success of Zn2+ therapy for infection control. While optimal Zn2+ availability pro-
motes resistance to infection, Zn2+ excess may be an Achilles’ heel in maximizing 
the therapeutic potential of this metal ion.

4.4  Zinc: A Prominent Driver on the Road to Innate Defense

Innate immunity delivers a rapid first line of defense against invading pathogens. 
Activation of myeloid cells with pathogen-associated molecular patterns (PAMPs) 
or danger-associated molecular patterns (DAMPs) triggers phagocytosis, cytokine 
release, antigen presentation to T cells, and bolsters antimicrobial defenses. In the 
following sections, we discuss the molecular mechanisms of Zn2+ regulation in 
innate immune cells and counter-defense mechanisms utilized by pathogens.

Polymorphonuclear leucocytes (PMNs) or granulocytes such as neutrophils, 
eosinophils, and basophils exert robust antimicrobial functions. Neutrophils are 
the most abundant PMNs. Shortly after phagocytosis of microbes, PMNs migrate 
into the infected tissue via adhesion and chemotaxis. They generate reactive oxy-
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gen species (ROS) through nicotinamide adenine dinucleotide phosphate-oxi-
dase (NADPH oxidase) and kill the invading pathogens. Oxidative burst is an 
important defense mechanism of activated PMNs that is impaired by Zn2+ chela-
tion. Conversely, Zn2+ is redox-inert, it acts as an antioxidant via catalytic action 
of the Cu2+ (copper)/Zn2+-superoxide dismutase. Moreover, Zn2+ dampens 
inflammatory responses that would otherwise augment oxidative stress 
(Lee 2018).

Zn2+ has an important role in the regulation of number and activities of myeloid 
cells. Rats fed a Zn2+ deficient diet have increased total white blood cells and granu-
locytes (neutrophils, eosinophils, and basophils) in blood (Someya et  al. 2009). 
Decreased dietary Zn2+ intake or absorption diminishes eosinophil numbers in 
blood, liver, and lungs of mice and impairs their ability to clear H. polygyrus or 
Ascaris suum, a parasitic nematode (large roundworm) that causes ascariasis in pigs 
(Laubach 1990; Scott and Koski 2000). In contrast, Zn2+ deficiency augments eosin-
ophilic allergic inflammation, and dietary Zn2+ supplementation reduces its inten-
sity (Richter et al. 2003). Eosinophil cationic protein (ECP) is a potent secretory 
cytotoxic granule that has bactericidal and antiviral activities. Zn2+ inhibits the 
release of ECP from eosinophils in culture (Winqvist et al. 1985). Likewise, Zn2+ 
inhibits the release of granular protein histamine from basophils and mast cells in 
the human lung (Marone et al. 1986).

Zn2+ regulates important processes in immune cells that are crucial to infection 
control. Physiological Zn2+ concentration (10−3–10−2 mmol/L) in culture medium 
facilitates serum opsonic activity and ROS-generating capability in human neutro-
phils whereas excess Zn2+ (10 mmol/L) subdues it (Hasegawa et al. 2000). Reduced 
Zn2+ levels in the serum and in neutrophils is associated with impaired phagocytosis 
and diminished T cell-mediated immunity (Karzakova 2005). Voltage-gated proton 
(Hv1) channels transport H+ across the phagosomal membrane and regulate NADPH 
oxidase function. Hv1-mediated proton efflux balances the negative charge translo-
cated by NADPH oxidase and provides substrate H+ for the formation of hydrogen 
peroxide, hypochlorous acid, and ROS crucial to killing pathogens (Decoursey 
2012). Zn2+ inhibits Hv1 via two plausible mechanisms: it binds at low concentra-
tions to one site on the channel which prevents the opening of the Hv1 pore, thereby 
inhibiting proton conduction. At high concentrations, Zn2+ binds to a second site and 
thwarts the outward movement of Hv1 voltage sensor (Qiu et al. 2016). In sum, Zn2+ 
exerts antioxidant functions by mitigating superoxide burst (Maret 2006; Prasad 
2014), which may explain increased superoxide stress in Zn2+-deficient cells.

Antimicrobial peptides produced by some myeloid cells can trigger nutritional 
immunity through Zn2+ restriction. Neutrophils release calprotectin, a heterodimer 
of S100A8 and S100A9, and S100A12 (calgranulin C) peptides that sequester Zn2+ 
from pathogens to impair their growth. Calprotectin and calgranulin C restrict Zn2+ 
access to Staphylococcus aureus, C. albicans, and Helicobacter pylori thus stalling 
their growth (Besold et  al. 2018; Corbin et  al. 2008; Kehl-Fie and Skaar 2010). 
Likewise, S100A7 (psoriasin) released by keratinocytes kills Escherichia coli by 
withholding Zn2+ (Gläser et al. 2005).
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NETosis, defined as the development and secretion of neutrophil extracellular 
traps (NETs), is a cell death mechanism of neutrophils in response to infections. 
NETs are composed of DNA, chromatin, and granular proteins which entrap and 
subsequently kill extracellular bacteria (Brinkmann et al. 2004). Zn2+ acts as a sig-
naling molecule to facilitate NETosis (Hasan et  al. 2013). Activated neutrophils 
elevate intracellular free Zn2+ via a protein-kinase C-ROS-dependent mechanism. 
While the precise source of this Zn2+ pool in neutrophils is not known, ROS may 
trigger the release of Zn2+ bound to sulfur on proteins such as MTs or  glutathione 
(Maret 1994, 2000). Perhaps, Zn2+ is released from multiple reservoirs that may 
include Zn2+-bound proteins, Zn2+ storage organelles, or may be imported from the 
extracellular milieu. Deciphering the origin of the Zn2+ pool may provide clues to 
the mechanisms by which this ion prepares the neutrophil defense armor that is 
rapidly deployed during infection. Zn2+ also regulates neutrophil chemotaxis. These 
cells migrate into the host infected tissues in response to chemoattractants such as 
the bacterial product, N-formyl-l-methionyl-l-leucyl-l-phenylalanine (fMLF). In 
vitro, Zn2+ promotes chemotaxis of neutrophils to fMLF (Hasan et al. 2016; Hujanen 
et al. 1995; Vruwink et al. 1991). In sum, Zn2+ alters several functions of neutrophils 
such as chemotaxis, phagocytosis, NETosis, and pathogen killing.

Monocytes and macrophages phagocytose microbes, present antigen, and secrete 
cytokines to shape the immune response. Rats fed a Zn2+-deficient diet have 
increased number of total monocytes in blood (Someya et al. 2009). A lack of Zn2+ 
promotes differentiation and maturation of monocytes into macrophages by aug-
menting cAMP production by adenylate cyclase in vitro (Dubben et al. 2010). Zn2+ 
depletion in human monocytes improves the clearance of E. coli, S. aureus, and 
Streptococcus pneumoniae via phagocytosis and oxidative burst (Mayer et al. 2014).

Studies investigating the role of Zn2+ on cytokine expression and secretion have 
produced varying results depending on Zn2+ concentration, duration of Zn2+ deple-
tion, experimental conditions, and model system. Supplementation of Zn2+ in 
serum-free media enhances the expression of interleukin 1 beta (IL-1β) and TNF-α 
in human peripheral blood mononuclear cells (PBMC) (Wellinghausen et al. 1996). 
Increasing amounts of Zn2+ dose-dependently inhibit monocyte activation caused by 
the superantigens, staphylococcal enterotoxins A and E (SEA, SEE), the Mycoplasma 
arthritidis–derived superantigen (MAS), but not toxic shock syndrome toxin-1 
(TSST-1). Zn2+ interferes with the interactions between SEA, SEE, and MAS and 
their major histocompatibility complex class II (MHC-II)-binding sites. These data 
demonstrate that Zn2+ levels control the secretion of cytokines and response to supe-
rantigen challenge (Driessen et al. 1995).

Macrophages deploy two divergent Zn2+-associated defense mechanisms against 
intracellular pathogens. On the one hand, these cells may intoxicate M. tuberculosis 
or E. coli with excess Zn2+ to kill it (Botella et al. 2011). On the other hand, macro-
phages sequester Zn2+ from Histoplasma capsulatum residing within phagosomes 
(Subramanian Vignesh et al. 2013). Thus, one may speculate that Zn2+ acts as a dou-
ble-edged sword: inadequate amounts arrest microbial growth, while an excess intox-
icates them. What mechanisms influence the immune system’s decision to “withhold” 
versus “intoxicate” to overcome microbial pathogenesis remains a conundrum.
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T cell–derived IFNγ is important for macrophage activation (Prasad 2014). 
Insufficient dietary Zn2+ intake compromises IFNγ production by T helper type 1 
(Th1) cells resulting in impaired activation of monocytes/macrophages (Agnello 
et  al. 2003; Prasad 2000). Moreover, Zn2+ deficiency reduces the production of 
IL-12 by monocytes/macrophages, yielding poor Th1 differentiation (Bao et  al. 
2011; Langrish et al. 2004). Thus, changes in the Zn2+ status not only affect differ-
entiation and activation of monocytes/macrophages but may also compromise adap-
tive immunity.

4.5  The MT-Zinc Immune-Landscape: An Old Axis 
with a New Tale

In 1957, Margoshe and Vallee discovered MTs as Cd2+ (cadmium)-binding proteins 
from the horse renal cortex (Margoshes and Vallee 1957). MTs sense intracellular 
as well as environmental cues and regulate cellular Zn2+ homeostasis through 
sequestration, mobilization, and release (Subramanian Vignesh and Deepe Jr 2017). 
MTs have a higher Zn2+-binding constant (KZn = 3.2 × 1013 M−1 at pH 7.4) than most 
Zn2+-binding proteins. Despite this property, they facilitate controlled Zn2+ release 
to proteins with a lower stability constant for Zn2+ (Jacob et al. 1998). This metal is 
readily released from only one of the sites on MT1 and MT2 through interactions 
with adenosine triphosphate (ATP), guanosine triphosphate (GTP), or glutathione 
(Maret 2000).

There are 4 MT isoforms in mice and over 16 in humans (Quaife et al. 1994; 
Uchida et al. 1991). MTs are present in immune cells including those in the bone 
marrow (Liu et al. 2004), axillary lymph nodes (Haerslev et al. 1994), spleen (Huang 
et al. 2019; Mita et al. 2002), and thymus (Savino et al. 1984). In immune cells, 
MTs are induced by Zn2+, Cu2+, and Cd2+ (Aydemir et al. 2006; Huber and Cousins 
1993; Makhijani 1998; Thorvaldsen et al. 1995); cytokines such as GM-CSF, TNFα, 
IFNγ, IL-1, IL-4, IL-6, and IL-27 (Cousins and Leinart 1988; Schroeder and Cousins 
1990; Sciavolino and Vilček 1995; Ullio et al. 2015; Subramanian Vignesh et al. 
2013, 2016; Chuan Wu et al. 2013a, b); and microbial ligands such as lipopolysac-
charide (LPS) (Arizono et  al. 1995; Leibbrandt and Koropatnick 1994), ROS 
(Dalton et al. 1994; Nourani et al. 2011; Tate et al. 1995), and nitric oxide (NO) 
(Arizono et  al. 1995). In turn, MTs may regulate the activity of some of these 
immune modulators. For example, MTs scavenge ROS and regulate the function of 
GM-CSF and IL-4- polarized macrophages (Li et al. 2004; Subramanian Vignesh 
et al. 2013, 2016). The interrelationship between immune modulators and MTs is 
schematically represented in Fig. 4.1.

MTs influence a variety of immune responses in vivo and in vitro. For example, 
IL-27 induces MT1 and MT2 that prevent type 1 regulatory T (Tr1) cell develop-
ment. This effect of MTs is due to negative feedback inhibition of signal transducer 
and activator of transcription (STAT)1 and STAT3 phosphorylation, resulting in 
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diminished Tr1 differentiation and IL-10 production. Thus, the dynamic balance 
between STATs and MTs calibrates the development and suppressive function of 
Tr1 cells. The control of Zn2+ within the intracellular milieu may arm MTs with the 
ability to control STAT phosphorylation. This is plausible because Zn2+ inhibits the 
function of phosphatases that downmodulate STAT signaling. By sequestering the 
ion, MTs may render phosphatases active, leading to increased STAT dephosphory-
lation (Supasai et al. 2017; Chuan Wu et al. 2013a, b). From an antimicrobial immu-
nity standpoint, this attribute of MTs in Tr1 cells may benefit the host in clearing 
infection rapidly, before suppressive immunity emerges to subdue inflammation and 
promote tissue repair.

Mt1−/−Mt2−/− mice exhibit stronger humoral responses through the elevation of 
nuclear factor-kappaB (NF-κB) transcription factor activity in splenocytes. These 
knockout mice display higher circulatory immunoglobulin levels, enhanced B cell 
differentiation upon OVA challenge, and lymphoproliferative responses to mito-
genic stimulation (Crowthers et al. 2000). Exogenous administration of MTs into 
these mice dampens humoral immunity (Lynes et al. 1993). Thus, MTs temper anti-
body production by B cells. MTs also influence cytokine production by basophils. 
Stimulation of the Fc epsilon receptor 1 (FcɛRI) induces MT1 and MT2 in mouse 
basophils to regulate intracellular Zn2+. Lack of MTs increases intracellular free 
Zn2+ which inhibits calcineurin (CaN) phosphatase activity and thus impacts FcɛRI- 
induced nuclear factor of activated T-cell (NFAT)-dependent IL-4 production 
(Ugajin et al. 2015).

Fig. 4.1 The association between MTs and immune mediators. MTs are induced by metal ions 
(Zn2+, Cu2+), infection, pathogen associate molecular patterns (PAMPs), cytokines, and superoxide 
radicals. The protein family in turn controls responses to each of these stimuli, thereby establishing 
a feedback loop between immune mediators and MTs
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4.6  The MT-Zinc Axis in Infection

Several studies have brought to light the complex functions of MTs and the MT-Zn2+ 
axis in antimicrobial defense. Below, we discuss how the control of signaling path-
ways, Zn2+ homeostasis, and inflammatory responses by different MTs converge to 
dictate the outcome of host–pathogen interactions.

4.6.1  Bacterial Infection

NF-κB is essential for adequate innate immunity to infection. Zn2+ is an important 
negative regulator of NF-κB, while ROS is a positive regulator. MTs subvert the 
action of Zn2+, possibly by sequestering the intracellular free Zn2+ pool indicating 
that MT is an important intracellular modulator of NF-κB activation (Kim 
et al. 2003).

In polymicrobial sepsis in mice, deficiency of Zn2+ promotes systemic infection 
and NF-κB activation leading to elevated inflammation, lung injury, and mortality. 
Zn2+ supplementation prior to initiation of sepsis effectively reverses these effects 
(Bao et al. 2010). NF-κB induces the expression of the Zn2+ importer SLC39A8 
(ZIP8) that imports Zn2+ to inhibit IκB kinase (Iκκ) activity. These findings identify 
a negative feedback loop that directly regulates a master transcription factor via 
coordination of Zn2+ metabolism (Liu et  al. 2013). Salmonella typhimurium is a 
causative agent for inflamed gut. Macrophages infected with this pathogen exhibit 
elevated levels of free cytoplasmic Zn2+ that downmodulates NF-κB activity, as a 
result affecting the expression of reactive species (ROS and RNS) -forming enzymes 
phos47 (an NADPH oxidase subunit), inducible NO synthase (iNOS), and proin-
flammatory cytokines. Macrophages counter this change in Zn2+ homeostasis by 
augmenting MT1 and MT2 that scavenge free Zn2+ and restore ROS and RNS pro-
duction to kill the pathogen. Thus, the limitation of free Zn2+ by MTs facilitates the 
control of intestinal colonization by S. typhimurium (Wu et al. 2017). In contrast, 
M. tuberculosis–infected macrophages rapidly increase free Zn2+ to poison this 
intracellular pathogen. This phenomenon is associated with an increase in MTs, 
MTF-1, and ZnT1, an exporter of Zn2+. MTF-1 translocates to the nucleus upon 
infection to induce MTs and ZnT1, suggesting that the host mounts a direct and 
quick response to protect itself from Zn2+ intoxication (Botella et al. 2011). Together, 
these studies suggest that macrophages possess two opposing mechanisms to exert 
antimicrobial immunity: Zn2+ depletion and Zn2+ poisoning. The effect of MTs on 
NF-κB activation is paradoxical depending on whether MTs scavenge Zn2+ or 
ROS. By scavenging ROS, MTs stabilize Iκκ, an inhibitor of NF-κB, ultimately 
downmodulating activation of this transcription factor. In gastric cells of 
Mt1−/−Mt2−/− mice with Helicobacter pylori infection, NF-кB activation and down-
stream production of macrophage inflammatory protein (MIP)-1α and monocyte 
chemoattractant protein (MCP)-1 is increased. The absence of MT1 and MT2 leads 
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to erosive lesions and elevates infiltration of inflammatory leukocytes in the gastric 
mucosa. Thus, MTs protect against gastric ulceration during H. pylori infection by 
negatively regulating NF-кB activation (Mita et al. 2008).

4.6.2  Fungal Infection

How macrophages utilize the Zn2+ pool to resolve mycobacterial versus fungal 
infection presents an interesting paradox. Granulocyte macrophage-colony stimu-
lating factor (GM-CSF) augments antimicrobial defenses against the intracellular 
fungus H. capsulatum. GM-CSF activated, infected macrophages increase MT1 
and MT2 expression via activation of STAT3 and STAT5 transcriptional factors. 
These MTs bind to the macrophage free Zn2+ pool, denying Zn2+ access to the 
pathogen residing within phagosomes. In fact, Zn2+ is mobilized into the Golgi 
apparatus in association with an increase in the Zn2+ exporters, ZnT4 and ZnT7 
that are expressed on the Golgi membrane. The Zn2+ sequestration “feat” by MTs 
simultaneously boosts ROS to stall fungal growth. Intriguingly, GM-CSF also 
elevates Zn2+ import via the importer Zip2, perhaps, to support an increased 
demand for Zn2+-dependent host processes during pathogen insult (Subramanian 
Vignesh et al. 2013).

IL-4 and IL-13 are cytokines that shape macrophage polarization to the M(IL-4) 
and M(IL-13) phenotypes, respectively. Studies on how Zn2+ levels influence mac-
rophage polarization in rodents and human cell lines have produced distinct results. 
Zn2+ deficiency in rodents diminishes IL-4 production by Th2 cells and the propor-
tion of M(IL-4) polarized macrophages in the spleen (Kido et al. 2019). In contrast, 
in human THP1 monocyte-derived macrophages, Zn2+ deficiency inhibits M1 polar-
ization by IFNγ and LPS but does not affect M2 polarization by IL-4. Exogenous 
addition of Zn2+ suppresses the emergence of M(IL-4) macrophages in  vitro 
(Dierichs et  al. 2018). The use of different experimental models (rodents versus 
human cell line and dietary Zn2+ deficiency versus Zn2+ depletion/supplementation 
in culture media) may explain some of these findings. Nonetheless, these studies 
suggest that Zn2+ impacts macrophage polarization and can regulate the balance 
between M1 and M2 polarization states.

M2 macrophages aid in parasite clearance but harbor a permissive milieu for 
persistence of intracellular pathogens. Recent literature has demonstrated that IL-4 
augments intracellular free Zn2+ in bone marrow–derived macrophages, microglia, 
and human monocyte-derived macrophages (Aratake et  al. 2018; Subramanian 
Vignesh et  al. 2016). M(IL-4) macrophages from the bone marrow specifically 
upregulate the MT3 isoform via STAT6 and interferon regulatory factor (IRF)4 sig-
naling. The relationship between MT1/MT2 and MT3 is dichotomous, in that the 
latter expands the free Zn2+ pool while the former shrinks it in macrophages 
(Subramanian Vignesh et  al. 2013, 2016). The action of cathepsin proteases 
enhances Zn2+ release from MT3 (Subramanian Vignesh et al. 2016). This is notable 
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because such an increase in the free Zn2+ reservoir places the intracellular pathogen 
at an advantage: it assimilates a pool of Zn2+ that was once a part of the host. The 
finding establishes a link between MT-Zn2+ metabolism and the permissive nature of 
M(IL-4) macrophages to intracellular microbes. Figure 4.2 schematically outlines 
the distinct functions of MT1, MT2, and MT3 in macrophage defenses.

4.6.3  Viral and Parasitic Infections

Our knowledge of how the MT-Zn2+ axis controls immune responses to viruses and 
parasites is limited. Infection with viruses including coxsackievirus B type 3 and 
influenza A/PR8 upregulates MTs in the liver, lung, kidney, and spleen. The mecha-
nism of induction involves MTF-1, STAT3 signaling, and glucocorticoids (Ghoshal 
et al. 2001; Ilbäck et al. 2004). In contrast, infection with the hepatitis C virus is 
associated with a reduction in MT expression in the liver. Increasing MT levels 
through Zn2+ supplementation decreases viral load pointing at a protective function 
of the MT-Zn2+ axis in viral clearance (Carrera et al. 2003; Read et al. 2018). Further 
studies are required to elucidate the precise mechanisms by which MTs influence 
the immune systems’ ability to curtail viral uptake, replication, and shedding.

The parasite T. cruzi, the causative agent of Chagas disease, leads to cardiomy-
opathy and gastrointestinal inflammation. Infection with this pathogen reduces the 
expression of MT1 in the liver, while augmenting NO levels and oxidative stress. 

Fig. 4.2 MT isoforms have distinct roles in host–pathogen interactions. GM-CSF and IL-6 elevate 
MT1 and MT2 that promote intracellular Zn2+ sequestration. Limitation of free Zn2+ in the host 
inhibits intracellular microbial growth via the induction of oxidative burst and restriction of Zn2+ 
access to the microbes. In contrast, IL-4 and IL-13 augment MT3 expression that increases the 
intracellular free Zn2+ pool and may dampen superoxide defenses. Moreover, intracellular patho-
gens may exploit this mechanism for acquisition of the metal ion for survival
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Whether the benefits of reducing NO are conferred by restoration of MTs is 
unknown, but chemically scavenging NO in animals infected with T. cruzi restores 
MT1 expression and arrests the growth of this parasite (Gonzalez-Mejia et al. 2014).

4.7  Survival Edge: Microbes (Aim to) Get the Upper Hand

Several pathogens have developed counter-defense mechanisms to thrive within the 
host (Fig.  4.3). For example, to circumvent Zn intoxication by macrophages, 
M. tuberculosis induces heavy metal efflux P-type ATPases. CtpC, a P-type ATPase, 
is upregulated rapidly to expel Zn2+ from the microbe. A lack of CtpC causes Zn2+ 
retention within the mycobacterial cytoplasm, thereby poisoning it. Therefore, 
P1-type ATPases contribute to the defense armor of M. tuberculosis by dampening 
the toxic effects of Zn2+ (Botella et  al. 2011). Group A Streptococcus growth is 
restricted by Zn2+ limitation caused by neutrophil-derived calprotectin. Streptococcus 
pyogenes encodes the Zn2+ importer AdcA and a Zn2+ sensor AdcR to compete with 
Zn2+ sequestration by calprotectin (Makthal et al. 2017). ZrfC, a plasma membrane 
Zn2+ transporter of Aspergillus fumigatus, has the ability to scavenge Zn2+ efficiently 
from lungs enabling it to grow even in the presence of calprotectin (Amich et al. 
2014). Neisseria meningitides uses ZnuD, a high-affinity Zn2+ transporter, to cir-
cumvent Zn2+ deprivation (Lappann et al. 2013). This pathogen also responds to low 

Fig. 4.3 Zn2+-associated defense mechanisms. Immune cells employ various pathways (phagocy-
tosis, oxidative burst, NETosis, Zn2+ depletion, and Zn2+ intoxication) to defend microbial invaders, 
whereas microbes also utilize counter-defense mechanisms including P1-type ATPases, Zn2+ 
acquisition transporters/proteins, and biofilm formation
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Zn2+ by expression of curved DNA binding protein A (CbpA), which is a calprotec-
tin receptor, on its outer membrane. This molecule facilitates the acquisition of Zn2+ 
bound to calprotectin by N. meningitides. Thus, the microbe defies a vital host 
defense mechanism and exploits it for its benefit (Stork et al. 2013). Yersinia pestis 
utilizes a zincophore, yersiniabactin (Ybt) synthetase, and the high-affinity Zn2+ 
transporter, ZnuABC, to obtain Zn2+. These are crucial in the progression of lethal 
septicemic plague in mice (Bobrov et al. 2014). S. typhimurium can also express 
ZnuABC and thrives by subduing the host’s Zn2+ deprivation strategies. These stud-
ies indicate that Zn2+ acquisition may be a “virulence determinant” in some patho-
gens (Liu et al. 2012).

Biofilms contain microbial communities associated with a polymeric matrix 
structure composed of factors such as extracellular DNA, polysaccharides, and pro-
teins. Micromolar (100–250 μmol l−1) concentrations of Zn2+ block biofilm forma-
tion by Actinobacillus pleuropneumoniae, Haemophilus parasuis, S. typhimurium, 
Escherichia coli, S. aureus, Streptococcus suis, and Klebsiella pneumoniae strains. 
Mechanistically, Zn2+ may interfere with the stability of extracellular DNA and 
polymers contained within the biofilm matrix and impede critical microbial pro-
cesses such as iron homeostasis and energy metabolism of associated microbes 
(Hancock et al. 2010; Polyudova et al. 2018; Chan Wu et al. 2013a, b). Of note, in 
the context of biofilms, an excess of Zn2+ or a deficiency of it may exert the same 
effect: inhibition of biofilm formation. For example, biofilm formation by 
Staphylococcus epidermidis, S. aureus, and S. pneumoniae is inhibited by Zn2+ che-
lation or Zn2+ excess (Brown et al. 2017; Conrady et al. 2008; Formosa-Dague et al. 
2016). It is plausible that Zn2+ concentrations within a narrow range are necessary 
to maintain structural integrity of the biofilm, while intoxicating amounts of the 
metal ion adversely impact the growth of microbes that facilitate biofilm 
development.

4.8  Concluding Remarks

The value of dietary Zn2+ intake to maintain immunological robustness has long 
been appreciated. The highly conserved nature of MTs and their ability to bind Zn2+ 
across prokaryotes and eukaryotes has prompted scientists to query their impor-
tance in cellular functions. Immune cells are no exception. As it turns out, this class 
of proteins fiercely guards the Zn2+ reservoir in immune cells and can dictate the 
ions’ spatiotemporal presence both intracellularly and in the extracellular milieu. 
This attribute of MTs is notable, because the versatility of Zn2+ ions in biochemical 
processes demands that adequate amounts of Zn2+ be available for immune cells 
when and where they need it. Recent years have illuminated our knowledge of how 
the host taps into the MT-Zn2+ landscape to challenge microbial intrusion and over-
come inflammatory damage caused by pathogen insult. These findings have opened 
newer apertures to explore the extent to which MTs orchestrate immunological 
responses. An important possibility to consider is that MT may function indepen-
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dent of Zn2+, perhaps in its apo-form or by binding to another metal ion. Of note, the 
protein also interacts with Cu2+ ions to regulate Cu2+ homeostasis. Whether an 
MT-Cu2+ axis impacts immunological performance or the triad (MT- Zn2+-Cu2+ 
axis) prevails over the two is unanswered. Nonetheless, MTs have surfaced promi-
nently in the host-pathogen realm and will pave the path to a galvanizing story that 
continues to be told.
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Chapter 5
Role of Zinc Signaling in Mast Cell, 
Basophil, T Cell, and B Cell

Keigo Nishida, Michiko Kato, and Ryota Uchida

Abstract Zinc is an essential heavy metal that plays an important role in nucleic 
acid metabolism, cell replication, and tissue growth and repair, and its deficiency is 
associated with a variety of disorders. Zinc directly affects the activity of several 
signaling molecules and of transcription factors that have a zinc-binding motif. 
However, it has not been clearly shown whether zinc itself acts as an intracellular 
signaling molecule like calcium. Several groups have presented evidence that zinc 
does indeed act as an intracellular signaling molecule, converting extracellular stim-
uli to intracellular signals and controlling various cell functions. This chapter sum-
marizes our current understanding of zinc signaling, especially with regard to Zinc 
wave and the role of zinc signaling in Fc receptors and T- and B-cell antigen recep-
tors, and discusses how these processes contribute to cytokine production.

Keywords Zinc · Zinc wave · L-type calcium channel · Cytokines · Zinc 
transporter · Signal transduction · Mast cells · Basophils · T cells · B cells

5.1  Introduction

Zinc is a trace element that is essential for metabolism in all organisms and is an 
important structural component of many enzymes and proteins including zinc finger 
proteins and zinc metalloenzymes (Prasad 1995; Vallee and Auld 1993). Zinc plays 
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an important role in the proper function of the immune system and the nervous sys-
tem as well as growth. Zinc deficiency has been known to influence various 
 pathological conditions including growth retardation, disorders in brain develop-
ment, impaired immune function, and delayed wound healing (Hambidge 2000; 
Lansdown et al. 2007; Prasad 2008; Sensi et al. 2009).

The wide-ranging effects of zinc in the immune system and the nervous system 
have been demonstrated both in vivo and in vitro, and these effects mainly depend 
on the concentration of zinc (Frederickson et  al. 2005; Rink and Gabriel 2000). 
Many studies have shown that zinc depletion disturbs immune function. For exam-
ple, natural killer cell-mediated cytotoxic activity, antibody-mediated responses, 
and host defenses against pathogens and tumors have all been shown to be reduced 
in zinc-deficient mice (Fernandes et al. 1979; Fraker et al. 1982; Keen and Gershwin 
1990). On the other hand, high concentrations of zinc can be cytotoxic and can 
induce apoptosis in T cells and B cells (Telford and Fraker 1995; Ibs and Rink 2003).

Accumulating evidence suggests the importance of special and temporal regula-
tion of intracellular zinc concentration, and intricate regulation of zinc homeostasis 
has been discussed in many reports.

A phenomenon termed “Zinc wave” has been discovered in which a surge of free 
intracellular zinc occurs as a result of Fc epsilon receptor I (FcεRI) stimulation 
(Nishida and Yamasaki 2014; Yamasaki et al. 2007). Zinc wave can be observed 
within several minutes after FcεRI stimulation, and it originates from the endoplas-
mic reticulum (ER). Thus, extracellular stimuli can affect intracellular zinc levels 
through zinc transporters and zinc-permeable channels, and zinc acts as an intracel-
lular signaling molecule (Haase et al. 2008; Inoue et al. 2015; Taylor et al. 2012; 
Yamasaki et al. 2012). Zinc signaling can be classified into at least two categories: 
late zinc signaling, which depends on transcriptional changes in zinc transporter 
expression, and early zinc signaling  that involves Zinc wave, in which zinc is 
directly released from the cellular organelles by an extracellular stimulus such as 
FcεRI (Fukada et al. 2011; Hirano et al. 2008; Murakami and Hirano 2008; Nishida 
and Uchida 2018).

While many studies have shown that zinc has an important role in the immune 
system and that imbalances in zinc homeostasis lead to various disorders, questions 
remain as to how zinc homeostasis and signaling are regulated in mast and other 
immune cells and whether zinc transporters are involved in immune cell function. 
This chapter discusses the role of zinc signaling in cytokine production.

5.2  Zinc Homeostasis

Computational analysis by Andreini et al. has shown that approximately 10% of the 
human proteome represents zinc-binding proteins (Andreini et al. 2006), indicating 
the involvement of zinc and zinc-binding proteins in many cellular and physiologi-
cal functions. The regulation of zinc homeostasis mainly involves zinc transporters 
and metallothioneins (Fig. 5.1).
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Zinc transporters include Slc39/ZIP family and Slc30/ZnT family proteins that 
mediate the efflux and influx of zinc, respectively. The human SLC39/ZIP family 
consists of 14 members. They are responsible for the transport of zinc from the 
extracellular environment or from the intracellular compartments to increase intra-
cellular zinc levels. The human SLC30/ZnT family consists of ten members that 
facilitate the efflux of zinc to reduce the cytoplasmic zinc by transporting it from the 
cytosol to the extracellular space or the intracellular compartments. Controlling the 
influx and efflux of zinc by the coordinated action of these proteins is essential for 
zinc homeostasis and its physiological function (Bafaro et al. 2017; Cousins et al. 
2006; Hojyo and Fukada 2016; Kambe et al. 2017).

Metallothioneins (MTs), a family of small cysteine-rich proteins that bind zinc 
and other metal ions, are thought to be involved in the regulation of intracellular 
zinc concentration and the detoxification of nonessential heavy metals. 
Metallothioneins are considered as “zinc storage,” maintaining intracellular free 
zinc concentration by binding to free intracellular zinc through cysteine 
(Thirumoorthy et al. 2011). When intracellular free zinc reaches a threshold concen-
tration, zinc sensor MTF-1 (metal-responsive element-binding transcription factor 
1) is activated and induces the expression of MTs, which sequester zinc ions 
(Andrews 2001). Thus, MTs and MTF-1 are considered key coordinators of zinc 
homeostasis.

ER/Golgi

Nucleus

MTF1
MT1/2

Zn2+

Extracellular

Intracellular

ZIPs ZnTsZIPs ZnTs

Fig. 5.1 Subcellular localization of zinc transporters and metallothioneins. An illustration of the 
subcellular localization and potential functions of ZIP and ZnT family members, based on cur-
rently available information. Arrows indicate the predicted direction of zinc mobilization. Zn Zinc, 
ZIPs Zrt- and Irt-like proteins, ZnTs Zinc transporters, MTF1 Metal regulatory transcription factor 
1, MTs Metallothionein 1/ metallothionein 2, ER Endoplasmic reticulum
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5.3  Role of Zinc as a Second Messenger

Cytosolic and cellular concentrations of free zinc dynamically change in many cells 
in response to various environmental cues. Cytosolic free zinc is derived from the 
extracellular environment, vesicular storage, and oxidative release from zinc- 
sequestering proteins. The concentration of free intracellular zinc has been reported 
to fluctuate in the picomolar to nanomolar range depending on the physiological 
state of the cells (Maret and Krezel 2007). Thus, zinc is increasingly recognized as 
a potential signaling molecule (Frederickson and Bush 2001; Haase and Rink 2009; 
Hirano et al. 2008; Smart et al. 2004).

cAMP was the first intracellular second messenger to be discovered (Berthet 
et al. 1957), followed by calcium. Interestingly, zinc has also been recognized to 
play an essential role as a second messenger. Zinc itself affects a variety of signaling 
molecules including PKC, Ca/calmodulin-dependent protein kinase II (CaMKII), 
and Erk1/Erk 2 (Hubbard et al. 1991; Lengyel et al. 2000) (Ho et al. 2008). In addi-
tion, zinc activates ion channels such as the transient receptor potential ankyrin 1 
(TRPA1) (Andersson et  al. 2009; Hu et  al. 2009), ATP-sensitive K+ (Prost et  al. 
2004), and large-conductance Ca-activated K+ (Hou et al. 2010) channels.

Involvement of zinc transporters in zinc signaling has been supported by many 
studies. For example, ZIP6/SLC39A6 has been reported to be required for the 
epithelial- mesenchymal transition (EMT) in the zebrafish gastrula organizer 
(Yamashita et al. 2004). Since ZIP6/SLC39A6 expression in the zebrafish organizer 
depends on STAT3 activation, any extracellular stimulus that regulates STAT3 acti-
vation could alter the intracellular zinc level by inducing changes in the expression 
of ZIP6/SLC39A6 or other zinc transporters. It has also been shown that TLR4 
reduces the level of intracellular free zinc by inducing changes in the expression of 
zinc transporters in dendritic (Kitamura et al. 2006) and pulmonary endothelial cells 
(Thambiayya et al. 2011). These observations provide evidence that zinc functions 
as an intracellular second messenger and that it is capable of transducing extracel-
lular stimuli into intracellular signaling events.

Function of zinc as a signaling molecule in immune cells has been implicated by 
a number of studies. In mast cells, FcεRI stimulation-induced PKC activation is 
dependent on ZnT5/Slc30a5 (Nishida et al. 2009). Furthermore, it has been reported 
that Slc39a10/ZIP10 is critically involved in the early development and functional 
expression of B cells important for antibody production (Hojyo et al. 2014; Miyai 
et  al. 2014). Thus, extracellular stimuli can, by changing the expression of zinc 
transporters, affect intracellular signaling pathways by changing intracellular 
zinc status.

Zinc wave phenomenon, which causes a transient, transcription-independent 
increase of intracellular zinc, is also considered an important factor in zinc signaling 
(Yamasaki et al. 2007). It has been reported that intracellular zinc at the ER mem-
brane is regulated by ZIP7/SLC39A7 (Taylor et al. 2008). It is also possible that 
transporters and channels other than ZIP or ZnT family members are involved in 
different cells and activated by different stimuli. The precise molecular mechanisms 

K. Nishida et al.



83

generating Zinc wave have not been fully elucidated. However, since Zinc wave 
does not involve extracellular zinc and is induced within several minutes after FcεRI 
stimulation, zinc signaling elicited by this phenomenon may be different from sig-
naling that is initiated as a result of extracellular zinc mobilization.

5.4  Zinc Signaling Mediated by Antigen Receptors

Stimulation of antigen receptors such as FcεRI, B-cell receptors (BCRs), and T-cell 
receptors (TCRs) has been reported to induce rapid increase in free intracellular 
zinc such as the Zinc wave that occurs in mast cells and lymphocytes (Taniguchi 
et al. 2013; Yamasaki et al. 2012; Yu et al. 2011). In addition, it has been demon-
strated that zinc-permeable channels and zinc transporters are responsible for the 
regulation of dynamic changes in cytosolic free zinc levels. In this section, we 
briefly describe the regulation of zinc signaling in different immune cells and dis-
cuss the targets of zinc signaling.

5.4.1  FcεRI-Mediated Zinc Signaling

L-type calcium channels (LTCCs) conduct zinc and can act as zinc-permeable chan-
nels on the plasma membrane of neurons and pancreatic β cells (Atar et al. 1995; 
Gyulkhandanyan et al. 2006; Sensi et al. 1997). However, it is not clear whether 
LTCCs are involved in the release of zinc from intracellular organs. LTCCs have 
been indicated to act as a gatekeeper of Zinc wave that occurs as a result of FcεRI 
stimulation in mast cells (Yamasaki et al. 2012).

It has been well established that LTCCs function as voltage-gated calcium chan-
nels on the plasma membrane. LTCCs are multi-subunit complexes composed of α1, 
β, and α2/δ subunits. The α1 subunit functions as the voltage sensor, selective filter, 
and ion-conducting pore (Catterall 2000). The α1 subunit on the cell surface is 
thought to require an association with the β subunit, which masks one or more ER 
retention signals (Bichet et al. 2000; Cornet et al. 2002).

In mast cells, LTCC containing the α1 subunit (α1D) Cav1.3 is predominantly 
expressed, while the expression of the LTCC β subunit, which is required for the 
localization of the α1 subunit to the plasma membrane, is very low. Furthermore, 
ZnT-1/Slc30a1 that interacts with the LTCC β subunit on the plasma membrane is 
expressed at high levels in mast cells. It has been shown that this interaction reduces 
the availability of free β subunit, thereby leading to the inhibition of α1D transloca-
tion to the plasma membrane (Levy et al. 2009). Therefore, high-level expression of 
ZnT-1 suggests that the majority of α1D are localized intracellularly in mast cells. 
α1D colocalizes partially with the ER marker calnexin but not with F-actin, which 
accumulates beneath the plasma membrane. These observations indicate that α1D 
localizes preferentially to intracellular organelle membranes, such as the ER mem-
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brane, rather than to the plasma membrane. This subcellular localization of α1D in 
mast cells suggests that it plays a different role in mast cells than in other cells, 
where it is located on the plasma membrane and acts as a calcium channel.

Consistent with this idea, an LTCC inhibitor verapamil attenuates Zinc wave in 
mast cells while cell survival, FcεRI expression, and FcεRI-mediated calcium ele-
vation are not affected. Diltiazem, another type of LTCC antagonist, also inhibits 
Zinc wave without disturbing calcium elevation. Verapamil affects neither FcεRI- 
mediated calcium elevation in mast cells nor calcium-mediated signaling such as 
nuclear translocation of NFAT2 in response to calcium elevation (Yamasaki et al. 
2012). On the other hand, treating mast cells with an LTCC agonist (s)-(-)-BayK8644 
without antigen stimulation results in the elevation of intracellular zinc level but not 
calcium (Yamasaki et al. 2012). These findings support that the function of LTCC in 
mast cells differs from its function as a calcium channel in other cell types, such as 
neurons and pancreatic β cells. Since calcium influx primarily occurs via store- 
operated calcium entry (SOCE) in mast cells, LTCC in mast cells appears to have 
little effect on the regulation of intracellular calcium (Vig and Kinet 2009). LTCC 
agonists induce an increase in intracellular zinc even in the absence of calcium, and 
this increase is inhibited by verapamil. Similarly, stimulation of FcεRI induces zinc 
increase in mast cells in the presence or absence of an LTCC agonist, indicating that 
the mechanisms responsible for FcεRI-induced Zinc wave and LTCC agonist- 
induced elevation of zinc are probably similar.

In mast cells, suppression of α1D significantly reduces FcεRI-induced Zinc wave 
without affecting calcium elevation in mast cells, as in the case of verapamil treat-
ment. Moreover, ectopic expression of wild-type α1D rescues the inhibition of Zinc 
wave by siRNA knockdown of α1D (Yamasaki et  al. 2012). These observations 
suggest that the LTCC α1D subunit is a gatekeeper of Zinc wave.

This perspective raises questions of how zinc release from the ER into the cyto-
plasm is regulated by LTCC. The α1 subunit of LTCC contains a voltage sensor 
domain, and the channel activity is enhanced after membrane depolarization. The 
plasma membrane potential is hyperpolarized in mast cells after FcεRI stimulation 
(Shumilina et  al. 2008; Vennekens et  al. 2007). However, inhibiting the FcεRI- 
mediated plasma membrane hyperpolarization by high KCl treatment does not 
impair the induction of Zinc wave. Treating cells with bongkrekic acid, an adenine 
nucleotide translocase inhibitor, suppresses the depolarization of FcεRI-mediated 
intracellular membrane, but does not inhibit the induction of Zinc wave (Yamasaki 
et al. 2012). These observations suggest that the regulation of the membrane poten-
tial might not affect Zinc wave.

Phosphorylation of the pore-forming α1 subunit of LTCC has an additional effect 
on channel activity; in fact, cAMP-mediated channel activity is reduced by site- 
directed mutagenesis of the PKA consensus sites of α1D (Ramadan et al. 2009). 
However, a PKA inhibitor did not inhibit Zinc wave. Therefore, PKA might not 
assist in regulating the Zinc wave, at least not in mast cells. This event may be con-
trolled by as  yet unidentified regulatory proteins and mechanisms on the ER 
membrane.
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These results show that LTCC’s pore-forming α1D subunit, when expressed on 
the ER membrane, functions as a gatekeeper for the Zinc wave in mast cells and that 
this LTCC-mediated Zinc wave may function as an intracellular Zinc signal that can 
positively modify signal transduction to produce inflammatory cytokines (Fig. 5.2).

5.4.2  BCR-Mediated Zinc Signaling

The BCR-signaling pathway is critical for many cellular events, including cell 
growth, cell proliferation, and apoptosis (Dal Porto et al. 2004; Harwood and Batista 
2008, 2010). BCR activation transduces the signal to several cascades, including the 
PI-3 K/Akt, PLCγ2/PKC, and Ras/Raf/ERK cascades (Brazil and Hemmings 2001; 
Hashimoto et al. 1998; Kurosaki 2011). These cascades are important for the dif-
ferentiation of antibody-producing cells and memory B cells.

A study by Taniguchi et al. has provided a new insight that the activation of BCR 
signaling requires influx of zinc into the cytoplasm. Experiments using the DT40 
chicken B cell line as a model have revealed that the zinc transporter ZIP9/SLC39A9 
has a role in zinc signaling in B cells. Unlike Zinc wave, which originates from the 
ER, zinc release in this B cells occurs from the Golgi, and ZIP9 is considered to 
facilitate zinc transport from the Golgi to the cytoplasm (Taniguchi et al. 2013).

ZIP9-mediated zinc signaling affects the phosphorylation and activation of Akt 
and ERK that is initiated via BCR.  In cells lacking Zip9, BCR-induced Akt and 
ERK phosphorylation is significantly attenuated while the enzymatic activity of 
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Fig. 5.2 Zinc wave participates in FcεRI-mediated cytokine production. Stimulation of FcεRI 
induces rapid elevation of intracellular zinc from the perinuclear region around the ER, and we 
named this phenomenon “Zinc wave.” The α1D subunit of the LTCC is expressed on the ER mem-
brane and acts as the gatekeeper of Zinc wave in mast cells. In addition, LTCC-mediated Zinc wave 
is a positive regulator of the DNA-binding activity of NF-κB and is involved in the regulation of 
cytokine production. Ag Antigen, IgE Immunoglobulin E, FcεRΙ High-affinity receptor for IgE, Zn 
Zinc, ER Endoplasmic reticulum, LTCC L-type calcium channel, NF-κB Nuclear factor-kappa B, 
IL-6 Interleukin-6, TNF-α Tumor necrosis factor-alpha
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protein tyrosine phosphatase (PTPase) is enhanced. Consistent with this observa-
tion, overexpressing hZIP9 decreased the PTPase activity in ZincPy-treated 
cZip9KO cells (Taniguchi et al. 2013). How ZIP9-mediated zinc signaling is regu-
lated by BCR stimulation is currently unclear. It has been reported that ZIP7 is 
activated by protein kinase CK2 in a human breast cancer cell line (Taylor et al. 
2012). This raises the possibility that ZIP9 and ZIP7 have similar function in the 
release of zinc. These findings support that ZIP9 on the Golgi body membrane 
 regulates cytosolic zinc, enhancing the Akt and ERK phosphorylations in B cells 
(Fig. 5.3). Thus, zinc signaling in B cells may occur via a mechanism similar to that 
of Zinc wave in mast cells.

5.4.3  TCR-Mediated Zinc Signaling

Zinc signaling that resembles Zinc wave has also been described in T cells. Elevation 
of cytosolic zinc levels has been observed within 1 min after TCR stimulation. This 
increase is dependent on the concentration of extracellular zinc, and Zip6 has been 
shown to be responsible for the influx of zinc from the extracellular environment, as 
depletion of zinc from the culture medium or downregulation of Zip6 inhibited the 
increase in cytosolic zinc (Yu et al. 2011). Early events in TCR signaling include the 
phosphorylation of several signaling molecules immediately downstream of the 
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Fig. 5.3 Proposed action sites of intracellular zinc release by ZIP9 in DT40 cells for the activation 
of B cell receptor signaling. A proposed mechanism of zinc-induced PTPase inhibition by ZIP9, 
which leads to the activation of B cell receptor signaling in DT40 cells. Intracellular zinc is incor-
porated into the Golgi by ZnT5/ZnT6/ZnT7. Zn released into the cytosol from the Golgi by ZIP9 
induction inhibits PTPase activity and induces the phosphorylation of Akt and ERK probably 
indirectly, by regulating upstream components of signal transduction. BCR B-cell receptor, Zn 
Zinc, ZnT5/ZnT6/ZnT7 Zinc transporter 5/zinc transporter 6/zinc transporter7, ZIP9 Zrt- and Irt- 
like protein9, PTPase Protein tyrosine phosphatases
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TCR. The Src protein kinase Lck is primarily responsible for the phosphorylation of 
CD3 and ζ of the TCR complex and subsequent phosphorylation of ZAP70 which 
becomes associated with the TCR (Palacios and Weiss 2004). Negative feedback in 
TCR signaling is exerted by a tyrosine phosphatase SHP-1 which dephosphorylates 
ZAP70 and other molecules after it is recruited to the TCR complex (Altan-Bonnet 
and Germain 2005). Increased influx of zinc inhibits negative regulatory feedback 
loops, resulting in increased phosphorylation of ZAP70 and sustained calcium 
influx. These observations support that the influx of extracellular zinc upon TCR 
stimulation influences the early signaling response, and the role of zinc in tuning the 
TCR activation threshold when antigenic stimulation is suboptimal has been sug-
gested (Yu et al. 2011) (Fig. 5.4).

5.5  Role of Zinc and Zinc Signaling in Cytokine Production

It has been reported in many studies that immune function is weakened by zinc 
depletion, indicating the role of zinc as a positive regulator in immune responses 
such as cytokine production. Here, we describe the effects of zinc and zinc homeo-
stasis on biological events, particularly with regard to FcεRI-mediated production 
of cytokines.
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Fig. 5.4 Zinc functions as signaling molecule after T-cell activation. Cytoplasmic zinc concentra-
tions increase within 1 min after TCR triggering, due to zinc influx via the transporter ZIP6. This 
increase, which is most pronounced in the immediate subsynaptic area, enhances TCR signaling, 
at least in part, by inhibiting the recruitment of SHP-1. TCR T-cell receptor, Zn Zinc, ZIP6 Zrt- and 
Irt-like protein 6, Lck Lymphocyte-specific protein tyrosine kinase, ZAP70 Zeta-chain-associated 
protein of 70 kDa, SHP-1 SH2 domain-containing protein tyrosine phosphatase 1
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5.5.1  Role of Zinc in Mast Cell-Mediated Cytokine Production

Immune cells such as mast cells, eosinophils, and basophils are involved in a variety 
of allergic reactions such as anaphylaxis, asthma, and atopic dermatitis (Galli et al. 
2008; Kawakami et al. 2009; Metz et al. 2007). These allergic responses involve 
inflammatory reactions leading to the secretion of a variety of chemical mediators 
and cytokines.

Activation of mast cells results in the secretion of two classes of mediators. The 
first consists of preformed mediators that are stored in intracellular granules and 
rapidly secreted into activated cells. The second class of mediators are cytokines 
and chemokines, which are synthesized de novo and therefore secreted more slowly. 
These molecules play vital roles in inflammatory responses and are deeply involved 
in allergic diseases.

Requirement of zinc in degranulation and cytokine production in mast cells has 
been demonstrated in several studies. Artificially depleting intracellular zinc with 
the zinc chelator TPEN [N,N,N,N-tetrakis (2-pyridylmethyl) ethylenediamine] 
inhibits histamine release, cytokine production, and lipid mediator secretion. The 
inhibitory effects of TPEN were rescued by zinc supplement, and chelators of other 
metal ions did not affect mast cell functions (Kabu et al. 2006). These observations 
indicate the involvement of zinc in degranulation and cytokine production in mast 
cells. Similarly, it has been reported that depletion of intracellular zinc by TPEN or 
the clinically used heavy metal chelator DMPS (Torres-Alanis et al. 1995) results in 
the inhibition of the transcription of eotaxin and other chemokines in several human 
lung cell lines (Richter et al. 2003).

TPEN suppresses FcεRI-mediated cytokine production and the transcription of 
IL-6 and TNF-α mRNAs (Kabu et al. 2006). PKC is activated upon FcεRI stimula-
tion and is involved in cytokine production through NF-κB activation (Klemm et al. 
2006; Nechushtan et al. 2000), and TPEN inhibits FcεRI-mediated translocation of 
PKC to plasma membrane (Kabu et al. 2006). These results suggest PKC is a target 
of TPEN in the regulation of cytokine production. In fact, the zinc-binding domain 
of PKC is essential for plasma membrane translocation in response to FcεRI stimu-
lation (Oancea et al. 1998).

ZnT5 was shown to be crucial in mast cell activation and the production of 
inflammatory cytokines. ZnT5 is abundantly expressed in mast cells and is upregu-
lated by FcεRI stimulation, suggesting that ZnT5 is involved in mast cell-mediated 
allergic responses. Knocking ZnT5 out in mice affected delayed-type hypersensitiv-
ity but not immediate-type reactions such as anaphylaxis (Nishida et  al. 2009). 
Consistent with this in vivo observation, it was shown that ZnT5 is required for 
FcεRI-mediated cytokine production, but not for degranulation, in mast cells. In 
ZnT5-KO mast cells, FcεRI-induced transcription of IL-6 and TNF-α was reduced. 
In addition, zinc and ZnT5 were shown to be required for plasma membrane trans-
location of PKC and subsequent nuclear translocation of NF-κB which controls the 
transcription of inflammatory cytokines (Nishida et al. 2009).
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Together, these findings suggest that zinc and zinc transporters are involved in 
mast cell-mediated allergic responses by regulating degranulation and cytokine pro-
duction. Zinc and zinc transporters are also considered to modulate the PKC/NF-κB 
signaling pathway which regulates the expression of cytokine and chemokines 
(Fig. 5.5). From these findings, control of zinc can be viewed as a promising thera-
peutic strategy to alleviate allergies.

5.5.2  Role of Zinc in Basophil-Mediated Cytokine Production

Basophils represent less than 1% of peripheral blood leukocytes. Like mast cells, 
basophils express FcεRI on their cell surface and release cytokines and chemical 
mediators in response to FcεRI activation (Galli 2000; Karasuyama et al. 2017). 
Under physiological conditions, basophils circulate in the blood while mast cells 
reside in peripheral tissues. Infiltration of basophils into peripheral tissues is often 
observed in allergic inflammatory diseases such as atopic dermatitis and bronchial 
asthma (Karasuyama et al. 2018). The significance of basophils has long been over-
looked in immunological studies due to their low abundance and morphological 
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similarity to mast cells, but they are now recognized as a key player in the develop-
ment of Th2-mediated allergic inflammation (Schroeder et  al. 2001; Seder et  al. 
1991; Sokol et al. 2008; Voehringer et al. 2004).

It has been reported that zinc-binding metallothioneins (MTs) are required for 
FcεRI-induced IL-4 production in human and mouse basophils (Ugajin et al. 2015; 
Ugajin et al. 2016). FcεRI stimulation led to elevated transcription of Mt-1 and Mt-2 
genes in primary mouse basophils, while it did not affect the expression of Zip and 
ZnT genes or Mt-3 and Mt-4. Furthermore, FcεRI-induced IL-4 production in 
 basophils was inhibited in the absence of Mt-1 and Mt-2, suggesting the importance 
of MTs and zinc homeostasis in cytokine production in basophils. Involvement of 
MTs in FcεRI-induced calcineurin (CN)/nuclear factor of activated T cells (NFAT) 
signaling has also been described (Fig. 5.6). CN consists of a catalytic subunit CnA 
and a regulatory subunit CnB, forming a heterodimer. The catalytic domain contains 
a Fe3+-Zn2+ dinuclear center; therefore zinc is considered a key catalytic cofactor 
(King and Huang 1984; Rusnak and Mertz 2000). On the other hand, it has been 
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reported that zinc inhibits the activity of CN in vitro (Aydemir et al. 2009; Huang 
et  al. 2008; Takahashi et  al. 2003). In basophils, deleting Mt1/Mt2 genes led to 
higher intracellular concentration of free zinc, and artificially increasing intracellu-
lar zinc levels attenuated CN activity. These findings suggest that MTs play an 
important role in the regulation of CN/NFAT signaling in basophils by regulating 
zinc homeostasis. A possible mechanism by which zinc regulates CN/NFAT signal-
ing in basophils is that activated MTs sequester intracellular free zinc, thereby dere-
pressing CN which leads to the activation of the signaling pathway. Zinc-dependent 
inhibition of cytokine expression has been described in T cells as well (Bao et al. 
2003; Hayashi et al. 2008; Zhou et al. 2004). Thus, intracellular free zinc is sug-
gested to function as a suppressor of cytokine production in immune cells. In con-
trast, zinc positively regulates the expression of cytokines. It has been shown that 
zinc supplementation enhances cytokine production in immune cells (Driessen 
et al. 1995; Rink and Kirchner 2000; Wellinghausen et al. 1997). These conflicting 
behaviors of zinc may be due to its concentration-dependent effect on different sig-
naling molecules involved in cytokine expression.

5.6  Zinc Wave Is a Key Regulator of Cytokine Production 
in Immune Cells

Our recent study has shown that Zinc wave is also triggered by stimuli that do not 
mediate FcεRI, such as lipopolysaccharides (LPS) and cytokines. We investigated 
whether LTCC-mediated Zinc wave also occurs by activating TLR4 receptor which 
recognizes LPS and IL-33 receptor which recognizes the cytokine IL-33  in mast 
cells. A rapid rise in intracellular zinc was observed by stimulating TLR4 or IL-33 
receptor, and this effect was inhibited by blocking LTCC, indicating that Zinc wave 
can be triggered by a variety of stimuli in mast cells. Furthermore, Zinc wave was 
found to be involved in the regulation of cytokine production triggered by the acti-
vation of TLR and cytokine receptors (Uchida et al. 2019).

Involvement of Zinc wave in LPS-mediated cytokine production led to the 
hypothesis that Zinc wave, originally described in mast cells, also occurs in den-
dritic cells. Zinc wave was indeed observed in dendritic cells in response to LPS 
stimulation, which was blocked by the LTCC antagonist nicardipine (Uchida et al. 
2019). Correspondingly, TLR4-triggered production of IL-6 was also inhibited by 
chelating zinc or blocking LTCC in these cells. Collectively, these data suggest that 
LTCC-mediated Zinc wave is not a specific phenomenon in mast cells and it also 
functions to regulate cytokine production in dendritic cells.
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5.7  Perspective

This chapter mainly discussed the regulatory mechanism of intracellular zinc sig-
naling and its role in immune cells such as mast cells, basophils, T cells, and B cells. 
The observation of LTCC-induced Zinc wave not only in mast cells but also in 
dendritic cells is interesting as this suggests Zinc wave plays an important role in 
innate immune response as well. In addition, we reported that Zinc wave plays an 
important role in the regulation of cytokine production mediated by receptors other 
than the antigen receptor (Fig. 5.7). These new findings support that zinc signaling 
including Zinc wave is deeply involved in general defense responses such as innate 
immunity and acquired immunity. To understand how zinc signaling is involved in 
immune responses in  vivo, further studies are needed including various in  vivo 
experiments such as the evaluation of LTCC and zinc transporter knockouts in 
mouse models.
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Chapter 6
Review: The Role of Zinc Signaling 
in Reproduction

Atsuko Kageyama, Takafumi Namiki, Junya Ito, and Naomi Kashiwazaki

Abstract Human infertility has become a serious medical and social issue world-
wide, especially in developed countries. Numerous assisted reproductive technolo-
gies (ARTs) (e.g., artificial insemination [AI], in  vitro fertilization [IVF], and 
intracytoplasmic sperm injection [ICSI]) are widely used to treat infertility, but 
when embryos produced using these techniques are transferred, the pregnancy out-
come is only approx. 20–50%, necessitating further improvement in ARTs. Many 
factors (including zinc) affect successful fertilization, further embryonic develop-
ment, and the establishment and maintenance of pregnancy. Zinc signaling has 
many physiological functions in various types of cells, and it is thus speculated that 
zinc signaling has an important role in the abovementioned reproductive events, 
even in germ cells and reproductive tissues. Prior studies demonstrated that zinc 
deficiency results in a number of anomalies in the formation and maturation of sper-
matozoa, ovulation, and fertilization. During pregnancy, zinc deficiency causes 
spontaneous abortion, pregnancy-related toxemia, extended pregnancy or preterm 
birth, malformations, and retarded growth. The molecular mechanisms underlying 
zinc signaling in reproduction are not yet clear. In this chapter, we summarize the 
current knowledge about zinc signaling in reproduction—mainly in mammals—and 
we discuss recent advances in this field.
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6.1  Zinc Signaling in Female Reproduction

6.1.1  Gamete Genesis

Regarding gamete genesis and fertilization, it is well established that a divalent ion, 
i.e., Ca2+, has the most important role in these events. Most mammalian oocytes are 
arrested at the prophase stage of the first meiosis, which is also called the germinal 
vesicle (GV) stage because these oocytes possess a GV. After a surge of luteinizing 
hormone (LH), GV oocytes resume meiosis and progress to the metaphase stage of 
the second meiosis (MII) through GV breakdown (GVBD). Oocytes that reach the 
MII stage are arrested again just before fertilization. The arrest at the first meiosis is 
regulated by the Mos/mitogen-activated protein kinase (MAPK) pathway (Choi 
et al. 1996) (Fig. 6.1).

Several research groups revealed that an optimal concentration of zinc in oocytes 
is required for the arrest through Mos/MAPK pathway called as “cytostatic factor 
(CSF)” (Hashimoto et al. 1994; Kim et al. 2010; Kong et al. 2012). Treatment with 
a zinc chelator, i.e., N, N, N', N'-tetrakis-(2-pyridylmethyl)-ethylenediamine 
(TPEN), can induce meiotic resumption from the GV stage (Kong et  al. 2012; 
Wiersma et al. 1998; Taki et al. 2004). Kong et al. (2012) also reported that meiotic 
resumption induced by TPEN can be inhibited by an injection of Mos short interfer-
ing siRNA or treatment with cycloheximide, a potent inhibitor of protein synthesis. 

GV GVBD MI MII PNAI / TI

Zinc

CSF
Activity

MPF
Activity

High

High

High

Fig. 6.1 The kinetics of zinc and meiosis-associated molecules during oocyte maturation in mam-
mals. The top panel shows approximate relative zinc levels in GV oocytes, MII, and early embryos. 
Subsequent panels represent dynamics of important cellular activities over the course of oocyte 
maturation and fertilization. In this model, when intracellular zinc increases, MPF activity also 
increases and induces meiotic resumption. In AI/TI stage, when intracellular zinc is above a con-
stant level, the CSF is activated, leading to CSF-mediated MII arrest. After maturation, zinc sparks 
cause reduction in cellular zinc and could lead to reduced CFS and MPF activity in fertilization. 
MI metaphase I; AI/TI anaphase I/telophase I
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Taking the above findings together, it appears that at least in immature (GV) oocytes, 
zinc signaling has an inhibitory role in meiotic resumption via a suppression of CSF 
activity.

It has been shown that after the resumption of meiosis from the GV stage, large 
fluxes of zinc occur (Kim et al. 2010). In addition, TPEN treatment throughout the 
first meiosis resulted in a failure of progression to asymmetrical division (the extru-
sion of the first polar body) and in arrest at the telophase (Kim et al. 2010). An 
injection of nondegradable cyclin B1, which is a component of maturation promot-
ing factor (MPF), partially rescued the arrest of zinc-insufficient oocytes, enabling 
them to enter MII (Bernhardt et al. 2011). MPF is also thought to be another com-
ponent of CSF, suggesting that zinc may have different roles in each meiotic stage 
via the regulation of CSF activity.

The results of an in  vivo study revealed that oocytes from mice fed a zinc- 
deficient diet exhibit defective maturation (Tian and Diaz 2012). Abnormal spindle 
formation was observed in these oocytes, and they were arrested at both MI and 
telophase I (Tian and Diaz 2012). These observations correspond to the results from 
oocytes treated with TPEN (Kim et  al. 2010; Kong et  al. 2012; Bernhardt et  al. 
2011, 2012). Together these findings indicate that zinc signaling has an essential 
role in reproduction (female reproduction in particular) and in the meiotic progres-
sion of oocytes both in vitro and in vivo.

6.1.2  Oocyte Activation and Fertilization

In most mammalian species, oocytes are arrested at the MII stage, prior to ovulation 
(Jones 2005; Madgwick and Jones 2007; Ducibella and Fissore 2008). “Oocyte 
activation” entails the progressive initiation of several events, i.e., cortical granule 
exocytosis, the inactivation of CSF, the resumption of meiosis and exit from MII 
arrest, the extrusion of the second polar body, and pronucleus (PN) formation 
(Ducibella and Fissore 2008; Schultz and Kopf 1995; Ito et al. 2011). The orderly 
completion of these events ensures the initiation of early embryonic development 
(Ducibella et al. 2002). In all species studied to date, oocyte activation requires a 
fertilization-associated increase in the intracellular concentration of Ca2+ (Stricker 
1999). At fertilization, the cytoplasmic Ca2+ concentration in mammalian eggs rises 
and falls repeatedly in a phenomenon known as “Ca2+ oscillations” (Kline and Kline 
1992; Miyazaki et al. 1993; Jones 1998a; Swann and Parrington 1999; Swann and 
Yu 2008). It is now acknowledged that upon the release of phospholipase C zeta 
(PLCζ) into the ooplasm, this enzyme hydrolyzes phosphatidyl inositol 4, 
5- biphosphate (PIP2) to produce inositol 1, 4, 5-trisphosphate (IP3) and diacyl glyc-
erol (Rebecchi and Pentyala 2000). IP3 binds IP3 receptor (IP3R), which is distrib-
uted along the endoplasmic reticulum (ER, the main Ca2+ store of the cell), gating 
the receptor and inducing periodic intracellular Ca2+ increases (Berridge 2002; Lee 
et al. 2006; Ito et al. 2008a, 2010) (Fig. 6.2a).
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Reproductive engineering techniques such as ICSI and somatic cell nuclear 
transfer (SCNT) have been developed in many mammalian species. ICSI is an 
important technique for not only experimental and domestic animals but also 
humans. The SCNT technique can be applied for “rejuvenation of the ovum” and 
for “avoiding of mitochondrial disease,” which will become very important tech-
nologies in the future. Without the use of sperm, artificial stimuli are essential for 
oocyte activation when current assisted reproductive technologies (ARTs)—partic-
ularly SCNT and round spermatid injection (ROSI)—are applied (Kishigami and 
Wakayama 2007; Ogura et al. 1998; Wakayama et al. 1998).

To date, many artificial activation methods, including ethanol, electrical stimula-
tion, and calcium ionophore, have been developed and widely applied for SCNT or 
ROSI-derived oocyte activation (Marcus 1990). However, most of these agents 
merely cause a transient increase in Ca2+, and they do not induce repetitive intracel-
lular Ca2+ oscillations similar to those that occur during normal fertilization. The 
oocyte activation of many invertebrate and vertebrate animals is induced by a tran-
sient increase in the number of calcium ions (Whitaker 2006), but the oocyte activa-
tion of mammalian species causes a repetitive Ca2+ increase (i.e., calcium oscillation) 
(Miyazaki et  al. 1993; Swann and Parrington 1999; Kline 2000; Jones 1998b). 
These Ca2+ oscillations play a key role in the triggering of important events of 
oocyte activation such as cortical granule exocytosis, the resumption of meiosis, and 
exit from MII arrest. The low production of offspring with the use of SCNT or ROSI 
may be caused by calcium ion dynamics that differ from those of fertilization. It is 
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Fig. 6.2 The hypothesis of molecular mechanism during fertilization in mammals. (a) Calcium- 
dependent mechanism. PLCζ is released from the sperm into ooplasm. This enzyme hydrolyzes 
PIP2 to produce IP3 and DG. IP3 binds IP3R on the ER, stimulating Ca2+ release. (b) Calcium- and 
zinc-dependent mechanism. Zinc into the oocyte is released to the extracellular environment fol-
lowing fertilization and egg activation. This phenomenon is termed zinc spark. Ca2+ oscillation is 
necessary for mammalian fertilization, and zinc signal is also important for fertilization
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necessary to clarify the fertilization mechanisms at the molecular level in order to 
solve this problem.

Although it has been known for several decades that Ca2+ is the essential trigger 
of egg activation, the mechanism by which a sperm causes the intracellular Ca2+ 
release remains to be established. In addition, the detailed mechanism underlying 
the Ca2+ release at fertilization in vertebrates remains to be fully clarified, especially 
regarding the role of the interaction between the sperm and oocyte in this process 
(Parrington 2001; Parrington et  al. 2007). Three major hypotheses have been 
advanced to explain how sperm induce the Ca2+ release at fertilization (Ito et al. 
2011; Whitaker 2006; Runft et al. 2002; Kurokawa et al. 2004; Swann et al. 2006). 
The membrane receptor hypothesis proposed that an oocyte surface receptor is 
engaged by a sperm ligand, triggering the production of a signaling pathway that 
triggers the Ca2+ release via an oocyte PLC (Swann and Parrington 1999) (Fig. 6.3a). 
The Ca2+ conduit hypothesis proposed that extracellular Ca2+ flows into the oocyte 
via the sperm during gamete fusion (Fig. 6.3b). Since both of these hypotheses rely 
on a sperm-oocyte interaction for the induction of Ca2+ responses, their plausibility 
was weakened by the finding that ICSI, which bypasses the sperm-oocyte interac-
tion, is capable of inducing fertilization-like responses.

The sperm factor hypothesis can explain this finding, and there is direct experi-
mental support for the hypothesis: an injection of mammalian sperm extracts was 
shown to induce Ca2+ responses (Fig.  6.3c) and oocyte activation events akin to 
those induced by natural fertilization. Therefore, the sperm factor hypothesis is 
widely supported at the present time.

Investigation of the “sperm factor” activity in the abovementioned mammalian 
sperm extracts revealed that this activity appeared to be based on a sperm-specific 
phospholipase C (PLC) with distinctive properties such as enhanced Ca2+ sensitivity 
compared to known PLC isoforms (Jones 1998a; Parrington et al. 2000; Rice et al. 
2000; Wu et al. 2001). In 2002, the sperm-specific PLC named phospholipase C zeta 
(PLCζ) was discovered, and it appeared to have all the expected properties of an 
endogenous agent of oocyte activation (Saunders et  al. 2002). An important 

A) Membrane receptor
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B) Ca2+ conduit
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Fig. 6.3 Mechanism of intracellular Ca2+ increase in mammalian fertilization. (a) Membrane 
receptor hypothesis. A sperm ligand binds an oocyte surface receptor and triggers the Ca2+ release. 
(b) Ca2+ conduit hypothesis. The extracellular Ca2+ flows into the oocyte via the sperm during 
gamete fusion. (c) Sperm factor hypothesis. Sperm extracts are injected into the oocyte and induced 
Ca2+ response
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 structural difference between PLCζ and other PLC isoforms is that PLCζ is smaller 
than all of the previously identified isoforms and lacks a PH domain.

PLCζ was subsequently identified in many mammalian species (Ito et al. 2008b; 
Yoneda et  al. 2006; Cox et  al. 2002; Ross et  al. 2008) and other animal species 
(Coward et al. 2005; Mizushima et al. 2009; Coward et al. 2011), and it was dem-
onstrated that a microinjection of PLCζ complementary cRNA elicits Ca2+ oscilla-
tions in mouse oocytes that are equivalent to those seen during natural fertilization 
in mice. PLCζ is localized to acrosomal and post-acrosomal regions (Young et al. 
2009). Nakai et al. showed that in pig sperm, PLCζ is also present in the sperm tail 
in addition to its expected localization in the sperm head (Nakai et al. 2011). The 
localization of PLCζ in sperm may differ according to the animal species. Taking 
the above-cited observations together, the general consensus is that PLCζ is proba-
bly the trigger of egg activation and embryo development, at least in mammals and 
probably in many other vertebrate species.

6.1.3  The Role of Zinc Signaling in Fertilization: 
The Discovery of the “Zinc Sparks”

Although the discussions of the mechanisms of fertilization have focused on cal-
cium ion, it has been shown that meiotic resumption can be triggered artificially 
with the use of TPEN, and the meiotic resumption can be inhibited by overloading 
the oocyte with zinc ionophores (Bernhardt et al. 2012; Suzuki et al. 2010). In mice, 
TPEN treatment was also shown to be sufficient to activate MII-arrested oocytes 
injected with “inactivated” sperm heads in the absence of intracellular calcium 
oscillations, resulting in live births after embryo transfer (Suzuki et al. 2010). Thus, 
full-term development seems not to be dependent on Ca2+ release during MII exit, 
and Ca2+ oscillations do not assure an altered rate of full-term development com-
pared to a single Ca2+ rise.

Whether the removal of zinc is a physiological phenomenon in fertilization 
remains unknown. The fertilization of a mature, zinc-enriched mouse egg triggers 
the ejection of zinc into the extracellular milieu in a series of coordinated events 
termed “zinc sparks” (Kim et al. 2011; Que et al. 2015) (Fig. 6.4). Zinc sparks were 
also observed in human eggs and bovine eggs following fertilization and egg activa-
tion (Duncan et al. 2016; Que et al. 2019). These reports establish that the zinc spark 
is a highly conserved event, at least in several mammalian species. These results 
established zinc as a crucial regulator of meiosis throughout the entirety of oocyte 
maturation (Kong et al. 2012; Bernhardt et al. 2011). Bernhardt et al. (2012) pro-
posed a model in which zinc exerts a concentration-dependent regulation of meiosis 
through the CSF component Emi2, a zinc-binding protein, and zinc sparks could 
ensure the rapid and efficient inactivation of Emi2.

However, it is known that Emi2 inactivation results from Ca2+-dependent mecha-
nism (Hansen et al. 2006), and zinc sparking does not occur when Ca2+ is chelated 
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(Duncan et al. 2016). The significance of the zinc spark is not clear. Zinc ions must 
accumulate in the oocyte in order to spark. The above-cited investigations showed 
that zinc sparks could not be induced in immature oocytes (such as the GV) that 
exist in the mouse ovary, and the acute accumulation of zinc during meiotic matura-
tion is important (Kim et al. 2010). Zinc spark profiles revealed that zygotes that 
developed into blastocysts released more zinc than those that failed to develop, and 
the rate of embryo development and total cell number were higher than those of 
blastocysts (Zhang et al. 2016). Therefore, it is suggested that the amount of zinc 
ions at the zinc sparks may serve as an early biomarker of zygote quality in 
mouse models.

6.1.4  The Expression and Function of Zinc Transporters 
in Mammalian Oocytes

In earlier studies, mice fed a zinc-deficient diet were used (Matsuda and Watanabe 
2003; Kim et al. 2009; Tian et al. 2014; Ueda et al. 2014). The influx and efflux of 
zinc ions are regulated by the zinc transporters ZIP and ZnT, respectively (Gaither 
and Eide 2001; Palmiter and Huang 2004; Eide 2006) (Fig. 6.5a). In mammals, a 
total of 23 zinc transporters (i.e., Zip1–14 and ZnT1–9) have been identified 
(Dempski 2012; Kambe 2012; Kambe et  al. 2006). These zinc transporters are 
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expressed at various locations in the cells and tissues (Kambe 2011; Kambe et al. 
2015) (Fig. 6.5b). In oocytes, it has been proposed that the influx of zinc is regulated 
by ZIPs (Fig. 6.4). Kong et al. reported that Zip6 and Zip10 were highly expressed 
in mouse oocytes (Kong et al. 2014) (Fig. 6.4b). We also confirmed the expression 
of both Zip6 and Zip10 mRNA by reverse transcription polymerase chain reaction 
(RT-PCR) and the presence of Zip10 protein by immunofluorescent staining 
(Kageyama et al. unpublished data).

Consequently, a determination of the functions of Zip6 and Zip10  in mouse 
oocytes could clarify the mechanisms of zinc signaling, including zinc sparks. Mice 
with a specific gene deletion (i.e., knockout [KO]) are useful for evaluating the 
function of specific genes, and we thus attempted to produce oocyte-specific Zip10 
KO mice using a Cre/loxP strategy. Oocyte-specific Zip10 KO mice (Zp3Cre/+Zip10flox/

flox: Zip10d/d) were generated and used for further studies. We observed that the fertil-
ity of the Zip10d/d mice was significantly lower than that of the controls 
(Zp3+/+Zip10flox/flox: Zip10f/f) (Kageyama et al. unpubl. data), suggesting that Zip10 
has an essential role in the fertilization of mouse oocytes.

When oocytes derived from Zip10d/d mice were used for IVF, the fertilization 
(i.e., pronucleus formation) rate was significantly decreased compared to that of 
Zip10f/f mice (Kageyama et al. unpubl.). It remains unclear whether zinc sparks can 
occur in these Zip10-deficient oocytes. However, our findings demonstrated for the 
first time the importance of ZIP in mammalian fertilization. Further studies are 
required to clarify the molecular mechanisms underlying zinc signaling.

Reproductive engineering techniques such as ICSI, ROSI, and SCNT have been 
established in many mammalian species. ICSI and ROSI have been commonly used 
as ARTs. Artificial oocyte activation is necessary when using ICSI or ROSI because 
round spermatids have low oocyte activation ability. The methods that use Ca2+ 
ionophore (Funahashi et  al. 1994; Ito and Shimada 2005), IP3 injection (Amano 
et al. 2004), electrical pulse (Wang et al. 1998), ethanol (Kishikawa et al. 1999), etc. 
are considered artificial activation treatments (Fig. 6.6). As noted above, these treat-
ments induce only a transient Ca2+ increase. Treatment with strontium chloride 
(SrCl2) is an effective method for MII oocyte activation in mouse and rat models, as 
these oocytes treated by SrCl2 show a repetitive Ca2+ increase (Kishigami and 
Wakayama 2007; Ogura et al. 1998; Wakayama et al. 1998; Sano et al. 2009). A 
reduction in the Ca2+ oscillation frequency causes abnormal gene expression and 
affects the weight variation in the offspring when these mouse embryos are trans-
ferred (Ozil et al. 2006).

It has not been established whether Ca2+ oscillation is essential for mammalian 
fertilization, and the observation of zinc sparks revealed that a zinc signal is also 
important for fertilization (Fig. 6.1b). Since it is still unclear how PLCζ regulates 
zinc sparking via calcium oscillations during fertilization in mammals, further 
experiments are required. The elucidation of the fertilization mechanisms of both 
Ca2+ oscillation and zinc spark can be expected to not only show the biological sig-
nificance of these phenomena but to also be applied to reproductive technologies.
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6.1.5  Pregnancy: Embryo Implantation, Decidualization, 
and Placentation

After fertilization and subsequent embryonic development, implantation of the 
embryo and the maintenance of pregnancy are regulated by two steroid hormones: 
estrogen (E2) and progesterone (P4) in most mammalian species. Although the men-
strual cycles of humans and mice differ (28–30 days and 4 days, respectively), simi-
lar phenomena occur in these species. In humans, the pregestational phase lasts for 
the first 7 days after ovulation, and then endometrial receptivity for the embryos is 
achieved approx. 7–10 days after ovulation. The uterus then proceeds in the refrac-
tory phase for the rest of the cycle until menstruation continues (Namiki et al. 2018).

In humans, the 28–30-daymenstrual cycle begins with menstruation. The prolif-
erative phase is under the influence of elevated E2 levels from the growing ovarian 
follicles, leading to the proliferation of epithelial, stromal, and vascular endothe-
lium for the regeneration of the endometrium. Many developmental glands take on 
a serpentine form during the late growth phase. Elevated pituitary gonadotropin 
levels at this stage lead to follicle formation and the selection of dominant follicles. 
During the middle cycle, surges of gonadotropins (i.e., follicle-stimulating hormone 
[FSH] and LH) lead to ovulation on day 14. The luteal phase is characterized by 
endometrial thickening and the formation of the corpus luteum (CL) from ruptured 
follicles and subsequent P4 secretion in preparation for embryo implantation. 
Glandular cells are secreted with stromal cell differentiation with endometrial 
edema in preparation for implantation (Cha et al. 2012). Elevated E2 levels super-
imposed on P4 define a window of sensitivity during the mid-luteal phase that is 
conducive to embryo implantation and the subsequent pregnancy. In the absence of 
viable embryos, the receptive window spontaneously shifts to the refractory period 
and the CL is degraded, leading to hormone withdrawal and menstruation, thus 
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Fig. 6.6 Changes in intracellular Ca2+ in mammalian oocytes following sperm or artificial activa-
tion treatments show that the frequency of sperm- and artificial activation-induced Ca2+ oscillations 
appear very different. (a) Ca2+ oscillation induced by sperm, namely, normal fertilization, shows a 
repetitive increase. (b) Ca2+ oscillation induced by Ca2+ ionophore, electrical pulse, or ethanol. 
These treatments show only a transient Ca2+ increase. (c) Ca2+ oscillation induced by SrCl2. These 
oocytes treated by SrCl2 show repetitive intracellular Ca2+ oscillations similar to those that occur 
during normal fertilization
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resetting the cycle. Conversely, a transplanted blastocyst secretes chorionic gonado-
tropin to maintain the CL, thereby supporting a pregnancy.

In mice, uterine cell types respond differently to changing E2 and P4 levels. The 
day when the female mouse’s vaginal plug is confirmed is the 1st day of pregnancy 
(D1). On D1, uterine epithelial cells proliferate under the influence of E2 before 
ovulation. On D4, when the elevated P4 secretion from the newly formed CL over-
laps with the preimplantation ovarian E2 secretion, stromal cells show extensive 
proliferation with epithelial cell differentiation and glandular secretion. P4 is an 
absolute requirement for implantation in all species studied to date. Interestingly, 
ovarian estrogens are not important for implantation in many species—including 
hamsters, guinea pigs, rabbits, and pigs—in which embryonic estrogens are thought 
to play a role (Dey et al. 2004). E2 levels are elevated before the receptive phase 
(Thomas et al. 1973; Ghosh et al. 1994), but it remains unclear whether this mid- 
luteal estrogen is required for implantation in humans or nonhuman primates (Smitz 
et al. 1993; Rao et al. 2007; Wang and Dey 2006). Nevertheless, the abovemen-
tioned findings appear to support the estrogen requirement even in primates.

In mice, uterine sensitivity to implantation is divided into three phases: pre- 
receptive (D1–D3), receptive (D4–D5), and refractory (beyond the afternoon of D5) 
(Fig. 6.7). Mouse embryos can implant in the uterus only during the receptive phase. 
The transition to the receptive phase requires a transient rise in E2 around noon on D4 
under a high concentration of P4. When the receptive phase is complete, the uterus 
spontaneously shifts to the refractory period when the uterine environment becomes 
hostile to blastocyst survival. The progression through these phases is terminated and 
requires P4 withdrawal to reset the cycle from the refractory state (Namiki et al. 2018; 
Hirota 2019). The mouse uterus consists mainly of three types of cells, stromal cells 
(SCs), luminal epithelium (LE), and glandular epithelium (GE), and their physiologi-
cal and functional interaction enables embryo implantation and pregnancy mainte-
nance (Hantak et al. 2014). Embryo implantation (D4.5), decidualization (D5–), and 
placentation (D8) occur sequentially in the mouse uterus, and understanding the mor-
phological and physiological changes in utero related to these steps is important for 
improving the implantation and pregnancy rate. When these steps’ morphological and 
physiological changes occur in the uterine tissue, the embryo’s development is nor-
mal, but when the changes do not occur, embryo implantation failure, abortion, 
delayed fetal development, and/or premature delivery may occur (Namiki et al. 2018).

It is thus important to elucidate the molecular mechanisms of phenomena that 
occur in the embryo and in utero following E2 and P4 signals in the uterus in order 
to improve the developmental rate of embryos. The expressions of the cytokine 
leukemia inhibitory factor (LIF) and its receptor (LIFR) in the endometrium are 
significantly reduced in the epithelial cells of infertile women (Margioula-Siarkou 
et al. 2016, 2017). In addition, E2 injection into the ovariectomized mice at D5 
induced LIF expression and enabled the implantation of embryos into E2-primed 
uterus (Chen et  al. 2000). In contrast, female mice with knockout of LIF gene 
(Lif−/−) showed an infertility phenotype due to embryo implantation failure 
(Stewart et al. 1992). Thus, in addition to human clinical data, the results of exper-
iments using knockout mice may contribute to our understanding of additional 
causes of infertility.
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6.1.6  Zinc and Pregnancy

The requirements for zinc during pregnancy and during lactation have been estimated 
from the zinc content of tissues produced during pregnancy and the zinc content of 
milk secreted during lactation (Wilson et al. 2016). The required amount of additional 
zinc for human pregnancy, estimated from the zinc concentration and weight of the 
tissue obtained, is approx. 100 mg (1540 mmol). The additional daily requirement 
during the second half of pregnancy, when fetal growth is fastest, is approx. 0.6 mg/
day (9.2 mmol/day) (Chaffee and King 2012). In animal models of pregnancy, zinc 
deficiency was shown to limit fetal growth and, in severe cases, to cause teratogenic 
abnormalities (King 2000). Swanson and King (Chaffee and King 2012) revealed that 
low maternal serum Zn levels were associated with pregnancy hypertension and birth 
defects. Zinc deficiency during pregnancy can cause several abnormalities, including 
spontaneous abortion, pregnancy-related poisoning, long- term pregnancy, premature 
infants, malformations, and delayed growth (Favier 1992a). Decreased levels of zinc 

Day 1 Day 4 Day 5 Day 8

Glandular epithelium (GE)
Luminal epithelium (GE)

Stromal cells (SCs)

Embryo

Fig. 6.7 Changes of hormonal levels and endometrium during early pregnancy in mice. (a) 
Estrogen (E2) and progesterone (P4) regulate the implantation window in mice, in which uterine 
sensitivity to accept the embryo is composed of “perceptive” (Days 1–3, the day we confirmed the 
vaginal plug was defined as Day 1.), “receptive” (Day 4), and “refractory” (Day 5 afternoon). On 
Day 4, an increase in the estrogen level is observed prior to the receptive stage. (b) Morphological 
changes of the uterus from Days 1 to 8 during early pregnancy in mice
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are also associated with blood dilution, decreased zinc binding protein, hormonal 
changes during pregnancy (Jameson 1976), and a decreased active transport of zinc 
from the mother to the fetus (Tamura et al. 1996). Pregnant and lactating women need 
an increased zinc intake because of normal embryogenesis, fetal growth, and lacta-
tion (Donangelo et al. 2005). In humans, the maternal serum zinc concentration dur-
ing pregnancy decreases to approx. 50% of the normal level. In addition, the maternal 
zinc status (i.e., the maternal levels of serum zinc, plasma zinc, and placental zinc) is 
correlated with birth weight, and zinc transfer to the fetus is also dependent on the 
maternal serum zinc concentration (Henkel et al. 2003; Aitken and Clarkson 1987; 
Plante et al. 1994). The concentration of zinc in human amniotic fluid was reported to 
be proportional to newborns’ weight (Irvine 1996). Low plasma zinc levels have been 
reported to be associated with pregnancy-related diseases such as prolonged delivery, 
high blood pressure, postpartum hemorrhage, spontaneous abortion, and congenital 
malformations (Gibson 1994). Interestingly, pregnant women taking 0.3 mg zinc/kg/
day as zinc sulfate during the last trimester of pregnancy did not develop any repro-
ductive effects (maternal weight gain, blood pressure, postpartum hemorrhage, or 
infection) (Mahomed et al. 1989).

It is clear that in mammals, the effects of zinc deficiency during pregnancy differ 
based on the degree, duration, and timing of the deficiency (Table 6.1). In rats, zinc 

Table 6.1 Maternal and fetal effects due to zinc deficiency during pregnancy in different 
mammalian species

Species Period of zinc deficiency References

Mouse Zinc-deficient diet during 4–5 days 
before ovulation

Tian et al. (2014), Beach et al. (1980), and 
Wilson et al. (2017)

・ High incidence of pregnancy loss 
(small litter size)
・Decrease pups weights and length
・ Aberrant placentation (fetal placenta 

has become smaller)
Rat Preweaning- 

maturation period
During 
pregnancy

Hurley and Swenerton (1966), Gallaher and 
Hurley (1980), Caldwell et al. (1970), 
Oberleas et al. (1971), and Apgar (1970)

・ Growth 
suppression

・ Premature 
fetus

・ Aberrant estrus 
cycle

・ Congenital 
abnormality

・ Behavior disorder 
(no mating)

・ Postpartum 
hemorrhage

Human Decreased concentration of zinc in 
plasma during pregnancy

Donangelo et al. (2005), Gibson (1994), 
and Mahomed et al. (1989)

・Prolonged labor
・Hypertension
・Postpartum hemorrhage
・Spontaneous abortion
・Congenital abnormality
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deficiency during the period from weaning to maturation suppresses growth and 
results in extreme abnormalities in the estrus cycle and incomplete infertility 
(Hurley and Swenerton 1966). During the postnatal mating pregnancy period of 
rats, half of the fetuses are immature even at pregnancy term, and most exhibit 
extreme congenital malformation. Among these malformations are relatively mild 
ones such as cleft palate, mandibular defects, and abnormalities of the limbs; the 
serious malformations include those of the brain. The most common is tail malfor-
mation (72%), followed by syndactyly (64%), embryo malformation (54%), and 
brain malformations (47%) such as hydrocephalus, anencephaly, and 
extra-encephalopathy.

The incidence of malformations due to zinc deficiency during pregnancy is quite 
high, reaching its highest point when zinc deficiency lasts throughout the entire 
gestational period (0–21 days), but zinc deficiency at a more limited gestational age 
results in a more severe malformation in the middle period (6–12 days) than the 
early period (0–6 days) (Beach et al. 1980; Gallaher and Hurley 1980; Mutch and 
Hurley 1980; Keen and Hurley 1980). In addition, fetal absorption and malforma-
tions at the implantation site of the placenta are observed in most zinc-deficient 
female rats after pregnancy. These abnormalities are also the main cause of zinc 
deficiency in fetal tissues. Moreover, it is extremely difficult to deliver the offspring 
of zinc-deficient mother rats, and the births are associated with massive bleeding; 
there is also a significant influence of zinc deficiency on the aspects of birthing such 
as the birthing speed (Caldwell et al. 1970; Oberleas et al. 1971).

In zinc-deficient female rats, disordered endocrine function (e.g., impaired 
release of pituitary gonadotropin) is often observed, as are menstrual cycle abnor-
malities, amenorrhea, and follicle developmental disorder (Apgar 1970). In mice, it 
has been revealed that zinc deficiency during pregnancy has various effects on the 
pregnancy process and the fetus. Female mice fed a zinc-deficient diet (ZDD) for 
4–5 days before ovulation showed an increased rate of fetal loss on D10.5 compared 
to the controls. In the ZDD group, there was a 46% increase in the proportion of 
implantation sites containing either no embryo or an embryo without a heartbeat. 
Female mice fed a ZDD for 4–5 days before ovulation showed decreased embryo 
length and weight values and a high incidence of pregnancy loss compared to the 
controls. The placental weight of the mice fed the ZDD was reduced by 37% com-
pared to control mice (Tian et al. 2014). The decrease in placental weight was due 
to a 31% decrease in the area of the labyrinth and spongiotrophoblast layers (Tian 
et al. 2014; Wilson et al. 2017). These results strongly suggest the importance of 
zinc-dependent signal during pregnancy in mammals although molecular mecha-
nism still remains unknown.

In humans, an insufficient intake of zinc not only results in poor genital develop-
ment but can also delay men’s growth. Zinc deficiency in women during pregnancy 
may result in an infant whose growth has been delayed (Chaffee and King 2012). 
Zinc deficiency in women may be associated with impaired synthesis/secretion of 
FSH and LH, abnormal ovarian development, disruption of the estrus cycle, pro-
longed gestation, teratogenicity, stillbirth, labor complexity, preeclampsia, toxemia, 
and more; it can lead to complications and can affect the newborn’s birth weight 
(Bedwal and Bahuguna 1994).
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Goldenberg et al. reported that daily zinc supplementation in women with very 
low plasma zinc levels in early pregnancy is associated with increased birth weight 
and head circumference in infants (Goldenberg and Tamura 1996). The zinc levels 
during prenatal care and parturition and the infant birth weights in the intrauterine 
growth-retarded group in that study were significantly lower than in those of a group 
of mothers with children showing normal growth. Goldenberg et al. (Roungsipragarn 
et al. 1999) further proposed that the measurement of maternal plasma zinc levels 
during late pregnancy could be used to identify mothers at higher risk of having a 
fetus with intrauterine growth retardation, indicating the importance of zinc in fetal 
development.

In their study conducted in India, Garg et al. (1993) reported that zinc supple-
mentation significantly improved fetal growth. The effect on birth weight was better 
whenever the supplement was started in the first trimester than when it was started 
in the third trimester. In addition, the gestational age of infants increased more as 
the duration of zinc supplementation increased. The gestation period of the infants 
whose mothers received supplements from the first trimester averaged 39.4 weeks, 
and that of the infants whose mothers who received supplements only from the third 
trimester was 38.8 weeks. The femoral stem length is better among fetuses whose 
mothers have taken zinc supplements, and the increase tends to rise with gestational 
age, suggesting the importance of maternal zinc status for human fetal bone growth 
(Merialdi et al. 2004). There have been few comparative studies of the effects of 
zinc deficiency on female reproduction in other animals, but it was reported that 
zinc-deficient female chickens had low rates of hatching of fertilized eggs and high 
rates of severe growth defects and egg embryo mortality (Blamberg et al. 1960). The 
size of fetuses of zinc-deficient pigs was smaller than normal, and in rabbits, it was 
reported that during pregnancy, the zinc concentration in endometrium becomes 
extremely high (Lutwak-Mann and McIntosh 1969) and the transfer rate of zinc to 
the placenta becomes extremely high (McIntosh and Lutwak-Mann 1972).

In recent years, a relationship between zinc deficiency during pregnancy and 
various diseases has been reported. Alcoholism is one of the diseases that cause 
disorders of zinc metabolism. Alcohol-dependent changes in maternal zinc metabo-
lism are related to the teratogenicity of alcohol. Flynn et al. were the first to report 
that plasma zinc levels are lower in pregnant alcoholics than in control pregnant 
women, and they revealed an inverse relationship between plasma zinc levels and 
blood zinc levels in these women (Flynn et al. 1981). In a rat model, when the preg-
nant dams were given diets that were marginal in zinc and alcohol, the teratogenic-
ity was amplified (Taubeneck et  al. 1994). Excessive alcohol intake may be 
associated with an increased risk of low maternal plasma zinc levels (Keen et al. 
2010). However, supplementation with a large amount of zinc alone presents a risk 
of affecting the zinc-copper interaction for absorption at the intestinal level. Studies 
of laboratory animals have indicated that the consumption of a high-zinc diet may 
be associated with the induction of fetal copper deficiency (Uriu-Adams et al. 2010). 
In particular, in pregnant women, supplementation studies with single nutrients 
such as zinc may be inadequate because multiple essential micronutrients are 
required (Mello-Neto et al. 2013).
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Based on the above findings, it is clear that zinc is an essential micronutrient dur-
ing pregnancy, but its appropriate amount and precise functions are still unclear. The 
influx and efflux of zinc are regulated by zinc transporters, suggesting that ZIP and 
ZnT have essential roles in pregnancy in mammals. Future collaborations in clinical 
and basic research that expand our understanding of the function of zinc during 
pregnancy may help improve the pregnancy rate among humans as well as experi-
mental animals and livestock.

6.2  Zinc Signaling in Male Reproduction

It has been believed that the optimal concentration of zinc is important for sex dif-
ferentiation, spermatogenesis, and sperm functions in mammals. Older studies in 
rodents and humans showed that milder zinc deficiency causes oligospermic steril-
ity (Al-Bader et al. 1999; Madding et al. 1986). Oligospermia developed in four of 
five volunteers on a restricted 30-week diet providing only 4 mg of zinc per day 
(Abbasi et al. 1980). This phenotype was rescued by zinc supplementation.

Male hypogonadism may stem from at least two mechanisms, including an 
impairment in the action of the Mullerian inhibiting factor that enables testicle dif-
ferentiation (Favier 1992b). This regeneration was inhibited by zinc (Budzik et al. 
1982). The other zinc-dependent mechanism is the synthesis of testosterone and its 
activity. In rodents and humans (Castro-Magana et  al. 1981; Joven et  al. 1985; 
Prasad 1979), zinc deficiency has been found to be associated with low testosterone 
levels (McClain et al. 1984). In addition, Favier et al. (Budzik et al. 1982) suggested 
that testosterone can modify zinc metabolism: in rats, testosterone treatment led to 
an increase in the intestinal uptake of zinc; indeed, the methyltestosterone treatment 
of small-sized children increases their zincemia (Castro-Magana et  al. 1981). 
Hesketh (1982) used electron microscopy and observed that Leydig cells (which are 
a source of testosterone) in zinc-deficient rat testicles were smaller and showed 
endoplasmic reticulum abnormalities. It remains unknown whether zinc transport-
ers have an essential role in these functions.

However, Chu et al. (2016) reported that zinc transporter 7 (ZnT7) may play an 
important role in the regulation of testosterone synthesis by modulating steroido-
genic enzymes, and it may thus represent a therapeutic target in testosterone defi-
ciency. Very recently, it was reported that the zinc transporter ZIPT-7.1, which is 
conserved as ZIP7  in mammals, regulates sperm activation in nematodes (Zhao 
et al. 2018). Another study showed that the expressions of ZIP5 and ZIP14 were 
increased in pachytene spermatocytes (Downey et al. 2016). Our unpublished data 
also suggest that the expression of some ZIPs is dramatically changed in a stage- 
dependent manner in male germ cells. These results strongly suggest that zinc trans-
porters in male germ cells and other connected cells (Leydig cells and Sertoli cells) 
have essential roles in sperm function. Further studies using zinc transporter- 
deficient mice will help clarify the molecular mechanisms of zinc signaling in male 
reproduction.
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Chapter 7
Zinc Signaling in Skeletal Muscle

Kristyn Gumpper and Jianjie Ma

Abstract This chapter focuses on how zinc regulates several major functions of 
skeletal muscles. A common theme throughout this chapter will be how zinc 
concentration and localization mediated by ZIPs, ZnTs, and metallothioneins affect 
muscle contraction via zinc-binding proteins and modulation of the 
phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin (PI3K/Akt/
mTOR) pathway to maintain homeostasis and how TRIM family proteins modulate 
the integrity of muscle fibers and their regeneration following injuries. Additionally, 
we examine how disruption in zinc homeostasis results in reduced function in some 
muscle-specific proteins and produces myopathies such as cachexia and impaired 
glucose metabolism.

Keywords Excitation-contraction coupling · Zinc-finger proteins · Zinc 
transporters · MuRF-1 · MG53 · Skeletal muscle repair · Aging and cachexia · RyR 
· Calcium channels 

7.1  Introduction

Zinc is necessary for nearly all aspects of cellular function and regulation as a cata-
lytic cofactor or structural stabilizer. Approximately 10% of proteins in the Protein 
Data Bank have zinc in their structure indexes (Chasapis et al. 2012; Wang et al. 
2010). In the late 1970s and early 1980s, researchers assessed zinc metabolism to 
gain a clearer understanding of where zinc travels in the body and how fast it is 
excreted (Foster et al. 1979; Wastney et al. 1986; Wastney and Henkin 1988). The 
models from both short- and long-term studies suggest 90% of zinc in the body 
resides in tissues with slow zinc metabolism, such as skeletal muscle and bone. The 
authors of those studies suggested the low zinc kinetics in skeletal muscle may be a 
result from tight regulation of zinc within this tissue type.
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Zinc homeostasis is strongly regulated within the cell by multiple types of pro-
teins. Transport is tightly controlled mainly through two protein families: zinc influx 
ZIP/Slc39 proteins and zinc efflux/sequestration ZnT/Slc30 proteins. ZIPs transport 
zinc into the cell or out of the cellular organelles when the cytoplasmic zinc concen-
tration is low, whereas ZnTs transport zinc out of the cell or into the organelles for 
storage when the cytoplasmic zinc concentration is high. Mutations or deletions of 
ZIPs or ZnTs result in the dysregulation of zinc and a reduction in cell survival 
(Shusterman et al. 2017). For a more comprehensive summary of zinc transporters, 
see the review by T. Kimura and T. Kambe for the localization of ZIPs and ZnTs in 
the cell (Kimura and Kambe 2016). In addition to regulating movement of zinc into 
and around the cell, metallothioneins (MTs) are a small family of proteins that bind 
and sequester zinc, further regulating free zinc inside the cell. Together, ZnTs, ZIPs, 
and MTs are responsible for the tight regulation of zinc known as buffering and 
muffling. Excellent reviews of this phenomena were written by R.A. Colvin (Colvin 
et al. 2010), T. Kimura, and T. Kambe (Kimura and Kambe 2016). Zinc-binding 
proteins with zinc-finger domains often require zinc to perform functions, such as 
ubiquitination for many E3 ubiquitin ligases and transcription for zinc-binding tran-
scription factors.

Tripartite motif (TRIM) proteins belong to a large family of E3 ubiquitin ligases 
with a conserved zinc-binding n-terminal RING-B-box-Coiled-coil (RBCC) domain 
and divergent c-terminal domains. In skeletal muscle, there are two subgroups of 
TRIM proteins essential for skeletal muscle survival and repair: (1) C-II containing 
a c-terminal subgroup one signature (COS) domain and (2) C-IV containing a PRY/
SPRY c-terminal domain. Subgroup C-II contains TRIMs 63, 55, and 54 which are 
also known as Muscle RING Fingers, or MuRF-1, MuRF-2, or MuRF-3, respectively. 
Subgroup C-IV is the largest subgroup of TRIM proteins and contains the muscle- 
specific TRIM72 (Mitsugumin 53, or MG53) protein. These zinc-binding TRIM 
proteins are essential for maintaining skeletal muscle homeostasis as deletions or 
mutations in these proteins lead to multiple functional and metabolic disorders.

7.2  Muscle Contraction

Signaling between cells is integral for coordinating tissue function in multicellular 
organisms. For skeletal muscles, coordination between cells is required for functions 
like contraction, also known as excitation-contraction coupling. To contract, an 
action potential, the source of excitation, is emitted from a local neuron, causing 
depolarization within the T-tubules of skeletal muscle fibers through an influx of 
sodium ions. This depolarization causes calcium release from the sarcoplasmic 
reticulum (SR), allowing calcium to bind to troponin, revealing myosin binding 
sites on actin whose motion results in contraction. Skeletal muscle contractions are 
defined in two categories: twitch and tetanus. Twitch is defined as a single 
contraction/relaxation period produced by a single action potential from within the 
fibers. Tetanus is defined as a sustained muscle contraction caused by motor neurons 

K. Gumpper and J. Ma



125

releasing several action potentials in rapid succession. In other words, tetanus can 
be thought of as multiple twitches in quick succession without any relaxation in 
between. In 1963, Allen Isaacson and Alexander Sandow studied muscle twitch and 
tetanus in frogs and found that additional zinc increases the tension generated by a 
muscle after a single stimulating shock with peak twitch potentiation around 50 μM 
zinc (Isaacson and Sandow 1963). Tetanus, however, remains unchanged. Later 
studies further characterized zinc’s effect on muscle twitch, noting 50 μM zinc not 
only increased twitch potentiation but also increased action potential and duration 
of the contraction and relaxation periods of the twitch (Taylor et al. 1972; Mashima 
and Washio 1964; Edman et al. 1966). These early studies point to zinc’s involve-
ment in regulating calcium release for interfiber communication for concerted con-
traction; however, at the time, the exact mechanism was unknown (see Fig. 7.1).

The ryanodine receptor (RyR) is a large calcium channel made up of four large 
RyR subunits, four smaller FKBP subunits, and other associated proteins that sit 
between the SR and plasma membrane of cells. There are 3 isoforms that share 
about 70% sequence identity and are differentially expressed throughout the body. 
RyR1 is primarily expressed in skeletal muscle, RyR2 is primarily expressed in the 
cardiac muscle, and RyR3 is expressed in other tissues. In the 1980s, the sequence 
and general structure of the RyR channel was elucidated, providing insight into how 
depolarization of T-tubules causes release of calcium from the SR (Takeshima et al. 
1989). More recently, near-atomic resolution structural analysis of the RyR channel 

Fig. 7.1 Zinc signaling in skeletal muscle contraction. (a) ZnT1/L-type Ca2+ channel (LTCC) 
interaction modulates entry of zinc from extracellular space into the cytosol, which contributes to 
Ca2+ signaling associated with excitation-contraction coupling in skeletal muscle. ZIP7 and Znt7 
regulate zinc transport and release across the sarcoplasmic reticulum (SR) in skeletal muscle. 
Intracellular zinc can also interfere with ryanodine receptor (RyR)-mediated Ca2+ release from the 
SR. (b) Near-atomic resolution of the 3-D structure of RyR1 reveals the binding motif for zinc that 
regulates open-close transition of the homotetrameric RyR1 channel (top) homotetramer with four 
zinc ions (bottom) single RyR peptide with one zinc ion. Zinc ions are indicated by purple spheres. 
(Adapted with permission from Yan et al. 2015)
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indicates there is a carboxy-terminal zinc-finger domain located in the cytosolic 
portion of the channel (Yan et al. 2015). When the calcium channel is formed as a 
homotetramer, the zinc-binding c-terminal domains of RyR contact each other to 
form a “cytoplasmic constriction” stabilized by 4 zinc ions. On top of the zinc 
cytoplasmic constriction site, other studies have suggested that zinc may have other 
binding sites on RyR or its ancillary proteins to modulate channel function (Xia 
et al. 2000).

Interactions between RyR channel proteins and ions like calcium and magne-
sium regulate the activation of the channel in a well-defined fashion. RyR1 is inac-
tive at low Ca2+ concentrations; activated, or open, between 10 and 100 uM Ca2+; 
and inactivated above 1 mM Ca2+ (Wei et al. 2016). This biphasic control of RyR is 
derived from two separate Ca2+ binding sites with the activating site having a higher 
affinity for Ca2+ than the inactivating site (Ching et al. 2000). Ca2+ binding can be 
inhibited by magnesium which binds to RyR at the same site as Ca2+, but with a 
lower affinity than Ca2+, inhibiting RyR channel function. Recent studies on cardiac 
RyR2 channel gating show the addition of a physiologic concentration of zinc 
(100 pM) to RyR2 incorporated into a phospholipid bilayer greatly increases the 
activation of the channel (Woodier et al. 2015). Furthermore, addition of zinc to the 
cytoplasmic face of the RyR2 channel indicated a biphasic regulation of the channel, 
peaking around 1 nM while inhibiting the channel at concentrations higher than 
10 nM, just like Ca2+ regulation of RyR. Similar activation and inhibition was seen 
in studies on RyR1 binding to [3H]ryanodine; however, the concentrations of 
activation and inhibition were higher, peaking between 100 nM and 1 uM with near- 
complete inhibition at 10 μM zinc (Xia et al. 2000). The biphasic control of RyR by 
zinc suggests it also has activation and inactivation sites that are separate from the 
calcium sites and are, as yet, undetermined (Wang et al. 2003). In addition to zinc 
directly interacting with calcium channels, zinc transporters can directly regulate 
calcium channels to mediate calcium signaling and subsequent muscle contraction.

The L-type calcium channel (LTCC), also known as the dihydropyridine chan-
nel, is a voltage-dependent calcium channel with 4 subunits and is responsible for 
excitation-contraction coupling by passing an inward calcium current into the SR, 
causing calcium-induced calcium release through the RyR channel into the 
cytoplasm. Not only can zinc enter the cell through the L-type calcium channel, but 
ZnT-1 directly inhibits the activity of the L-type calcium channel through the 
β-subunit by preventing α-subunit localization to the cell membrane, as indicated in 
Fig. 7.1 (Levy et al. 2009). ZnT inhibition of the L-type calcium channel appears to 
be zinc independent as expression of only the cytoplasmic c-terminal tail of ZnT-1 
is enough to inhibit the channel, indicating an unusual dual function of the zinc 
transporter without any zinc channel function (Shusterman et al. 2017). Interestingly, 
in mast cells, the α-subunit of the L-type calcium channel is implicated in the release 
of zinc from the ER in a phenomena called “zinc waves” (Yamasaki et al. 2012). 
Moving forward, it will be essential to tease apart the apparent interplay between 
these two proteins and their roles in calcium and zinc regulation of muscle 
contraction.
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7.3  Muscle Growth

When muscle cells experience injury or overload, skeletal muscle fibers are often 
injured and need to be repaired or replaced. To replace muscle fibers, satellite cells 
are activated to proliferate and differentiate into myotubes which mature into 
functional muscle fibers. Several growth factors like insulin and insulin-like growth 
factor (IGF) are involved in signaling for satellite cell differentiation into myocytes. 
Insulin and IGF activate proliferation and differentiation by binding to the insulin 
receptor or insulin-like growth factor receptor (IGFR) and activating the downstream 
phosphoinositide3-kinase (PI3K)/Akt/mTOR pathway. Zinc is a stabilizer of insulin 
and is a known insulin mimetic, which can have a synergetic effect on insulin 
stimulation of muscle cells (Ohashi et al. 2015; Miranda and Dey 2004). Nutritional 
zinc deficiency results in an inhibition of skeletal muscle growth, repair, and 
myoblast differentiation (Petrie et al. 1991; Jinno et al. 2014). Indeed, supplemental 
zinc in mouse diets increases phosphorylation of AKT, activating mTOR and its 
downstream effectors, p70S6k and 4E-BP1, for protein synthesis, promoting muscle 
growth and preventing muscle atrophy (Lynch et al. 2001; McClung et al. 2007).

Extracellular zinc alters proliferation and differentiation. In C2C12 cells (an 
immortalized myoblast cell line derived from mice), 20–50  μM zinc enhanced 
proliferation and differentiation into multinucleated myotubes (Ohashi et al. 2015; 
Mnatsakanyan et  al. 2018). With more than 60 μM zinc, cell viability is greatly 
decreased, and neither proliferation nor differentiation occurs. Zinc promotes 
proliferation and differentiation through activation of the Akt and ERK signaling 
pathways. Through this, zinc can activate myogenic reserve cells which are 
mitotically quiescent, mono-nucleated myotube cells that arise during myotube 
formation from C2C12 cells (Ohashi et  al. 2015; Mnatsakanyan et  al. 2018). 
Differentiated myotubes absorbed more zinc from extracellular media than 
undifferentiated cells. Increased absorption of zinc can be correlated to increased 
expression of many of the 2 zinc transporter family proteins.

Differentiation of satellite cells or myoblasts to myotubes results in changes in 
the expression of most zinc transporters (Paskavitz et al. 2018). ZIP7 is the most 
well characterized of the ZIPs in skeletal muscle differentiation. The localization of 
zinc was correlated to the changing localization of ZIP7  in the myoblasts and 
differentiated myotubes (Mnatsakanyan et al. 2018). Indeed, silencing ZIP7 greatly 
reduces intracellular zinc content, pAkt, and the number of differentiated cells in the 
presence of extracellular zinc (Nimmanon et al. 2017). ZIP8, a plasma membrane 
ZIP, is also essential to skeletal muscle differentiation as siRNA knockdown 
myoblasts do not fuse to form myotubes (Gordon et  al. 2018). In these models, 
knocking down ZIP8 results in a strong reduction in cellular manganese, iron, zinc, 
and calcium, which is concurrent with decreased differentiation and proliferation of 
myoblasts. Since there are many ions that pass through ZIP8, it will be essential to 
tease out how each ion affects proliferation and differentiation.

Several groups have noted internal zinc concentration increases and localization 
changes as myoblasts differentiate into myotubes (Mnatsakanyan et  al. 2018; 
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Paskavitz et  al. 2018). Zinc localizes throughout the cytoplasm in differentiated 
myotubes, but around the nucleus in undifferentiated myoblasts, most likely 
sequestered in the ER through ZIP7 action (Mnatsakanyan et  al. 2018). Zinc 
localization near the nucleus in myoblasts may be related to zinc-finger domain 
containing transcription factors such as Zbtb4, Zbtb20, and Egr3, which require 
zinc for structural stability for the transcription of genes. One example is NF-κB, 
which reduces muscle atrophy and increases muscle mass (Kurosaka et al. 2017; 
Alonso-Martin et  al. 2016). Although zinc localization clearly changes during 
myogenesis, there are very few publications assessing individual zinc transport 
proteins in myogenesis other than ZIP7 and ZIP8.

7.4  Skeletal Muscle Repair from Injury, Atrophy, 
and Cachexia

Skeletal muscle atrophy occurs when there is an imbalance in protein expression 
where degradation exceeds synthesis, resulting in a loss of muscle mass and function 
(Bodine and Baehr 2014). Cachexia is an advanced-stage cancer-related loss of 
muscle due to increased atrophy unrelated to nutritional deficits. Current therapies 
aim to increase protein synthesis and reduce protein degradation. In cachexia, the 
concentration of zinc in muscle is  nearly double normal concentrations, while 
dropping in the serum leading to severe dyshomeostasis (Siren and Siren 2010).

Cachexia and aging-related muscle atrophy, also known as sarcopenia, are both 
associated with increased intracellular zinc and expression ZIP14 (Siren and Siren 
2010; Larsson et al. 1987). ZIP14 is a plasma membrane zinc transporter that is 
overexpressed in skeletal muscle cells either in response to cancer-related secretion 
of cytokines TNF-α and TGF-β or aging-related increase in serum IL-6 (Wang et al. 
2018; Aydemir et al. 2016). This results in an excess of zinc in the cytoplasm which 
is detrimental to cell survival (Khamzina et  al. 2005). Unfortunately, blocking 
TNF-α or TGF-β is not enough to abolish the overexpression of ZIP14, and 
overexpression of ZIP14  in non-cancer models is not enough to induce muscle 
wasting; therefore; this suggests there must be other factors secreted from tumors 
inciting muscle wasting (Wang et al. 2018). Although blocking expression of ZIP14 
may not be useful to prevent muscle wasting, TGF-β also contributes to wound 
healing and may signal differentiation of satellite cells into new muscle, potentially 
by upregulating ZIP14 expression (Wang et  al. 2018; Leask and Abraham 2004; 
Hinz 2007).

Metallothioneins function in concert with ZIPs and ZnTs by regulating zinc to 
maintain homeostasis and restore homeostasis after injury, hypertrophy, or atrophy. 
Atrophying muscle from fasting, cachexia, uremia, or diabetes exhibits a significant 
increase in metallothionein expression (Wang et al. 2018; Latres et al. 2005; Urso 
et al. 2006; Lecker et al. 2004). These maladies are often associated with increased 
cytoplasmic zinc. Indeed, muscles undergoing sarcopenia, or aging-related muscle 
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loss, have higher cytoplasmic zinc concentrations and increased expression of 
metallothioneins (Summermatter et  al. 2017). Hypertrophy in skeletal muscle is 
induced through the inhibition of MT-1 and MT-2 together, causing an increase in 
pAkt, particularly in muscles with a high percentage of type IIb, fast-twitch fibers. 
This is consistent with early studies showing the addition of zinc increased force 
generated per twitch compared to fibers incubated without extracellular zinc 
(Isaacson and Sandow 1963; Taylor et al. 1972). It is important to note that zinc 
concentration in the cell does not appear to rely on MTs, as shown in MT null mice 
with sarcopenia (Summermatter et al. 2017).

Titin, one of the largest proteins in skeletal muscle, is like a molecular spring 
with a kinase domain that regulates protein expression in response to changes in 
mechanical load (Voelkel and Linke 2011). Zinc-finger protein nbr1 is a titin kinase 
ligand whose phosphorylation results in the activation of proteasomal degradation 
of proteins via zinc-finger proteins MuRF-1 and MuRF-2. MuRF-1 expression is 
increased in atrophic and cachectic skeletal muscle (Wang et al. 2018; Lecker et al. 
2004; Lange et  al. 2005). The importance of MuRF proteins is highlighted in a 
study of MuRF-2 and MuRF-3 double knockout mice. These mice exhibited protein 
aggregates, reduced force generation, and altered calcium handling (Lodka et al. 
2016). The ubiquitin ligase function of MuRFs comes from their zinc-binding 
RING and B-box domains. It is possible that the mishandling of zinc during 
autophagy or other muscle wasting diseases like muscular dystrophy may alter 
MuRF’s E3 ligase functions, reducing titin’s ability to respond to sensed changes in 
mechanical load.

MG53 is a zinc-finger-containing protein highly expressed in and secreted from 
skeletal muscle and is integral in maintaining cellular homeostasis (Cai et al. 2009). 
MG53 was discovered in 2009 while elucidating what proteins are involved in 
maintaining the structure of the skeletal muscle T-tubule and calcium signaling. It 
turns out that MG53 localizes not just to the T-tubule but to all plasma membrane 
upon cell injury. Together with annexin V and caveolin, MG53 binds to the 
membrane lipid phosphatidylserine to form a membrane patch, repairing the cell. 
Cell membrane repair function requires dimerization of MG53 proteins through a 
disulfide bond near the coiled-coil section of the TRIM domain (Cai et al. 2009; 
Weisleder et al. 2012). As mentioned previously, MG53 as a TRIM protein has 2 
zinc-finger domains in the RING-B-box region of the TRIM domain. MG53 is 
incapable of migrating to the plasma membrane upon injury without intact zinc- 
binding domains or if zinc is chelated, as indicated in Fig. 7.2 (Cai et al. 2015). 
Interestingly, though perhaps not surprisingly, MG53 has been implicated in 
regulating the PI3K/Akt/mTOR pathway during oxidative stress injuries by inducing 
phosphorylation of Akt, glycogen synthase kinase-3β (GSK-3β), and ERK1/ERK2 
(Cao et al. 2010). Additionally, MG53’s protection of cell membrane integrity can 
reverse muscle degeneration in several muscular dystrophy models via activation of 
the cell survival Akt, ERK1/ERK2, and GSK-3β pathway (Weisleder et al. 2012; He 
et al. 2012; Gushchina et al. 2017).

As an E3 ubiquitin ligase, MG53 has two known substrates: IRS-1 and focal 
adhesion kinase (FAK) (Nguyen et  al. 2014). During myogenesis, total FAK is 

7 Zinc Signaling in Skeletal Muscle



130

transiently reduced as it is targeted by MG53 for ubiquitination, a critical step after 
cell commitment to differentiation. After the temporary reduction in FAK, expression 
is increased again to promote the fusion of myoblasts into myotubes (Graham et al. 
2015). Although MG53 requires zinc for function in plasma membrane repair and 
ubiquitinating FAK for myogenesis, it is unknown whether MG53 is also involved 
in zinc regulation in the cytoplasm to activate the cell survival pathways or if 
changes in zinc concentration or localization inside the cell can modulate MG53’s 
membrane repair function.

7.5  Skeletal Muscle-Based Glucose Metabolism

Zinc is an essential nutrient in glucose metabolism. As mentioned before, zinc 
mediates the creation of insulin, stabilizes proteins, and regulates insulin sensitiv-
ity (Miranda and Dey 2004; Fujitani et  al. 2014). A deficiency in dietary Zn2+ 
decreases the whole-body response to insulin, a condition that is exacerbated in 
diabetic mouse models and in humans (Myers et  al. 2013). Many studies and 
reviews have described zinc’s control of insulin in pancreatic β-islet cells, particu-
larly focusing on the formation of insulin and the transport of zinc through ZIPs 
and ZnTs (Li 2014; Wijesekara et al. 2009; Huang 2014). ZnT8 in β-islet cells is 
the most characterized zinc transporter involved in insulin formation and secretion 
(Myers et al. 2012). Skeletal muscle is another major component of glucose metab-
olism, accounting for approximately 80% glucose uptake, and is involved in dia-
betic disease processes (Thiebaud et al. 1982; Abdul-Ghani and DeFronzo 2010).

Normally, when glucose concentration increases in the blood stream, β-islet cells 
secrete insulin. Elevation of insulin in the blood activates skeletal muscle to absorb 
glucose for storage and metabolism by binding to insulin receptors on the skeletal 
muscle plasma membrane. Insulin receptors are phosphorylated, leading to a 
signaling cascade that activates the transportation of GLUT-4 to the plasma 
membrane which facilitates glucose transport into the cell for further storage and 

Fig. 7.2 MG53 binds zinc for membrane repair. Zinc binding to the RING and B-Box of MG53 
contributes to repair of injury to skeletal muscle, through facilitation of intracellular vesicle 
trafficking to the injury site. ZIP-7-mediated movement of zinc across the SR membrane and injury 
response of zinc transport across the sarcolemmal membrane modulate the changes in zinc 
homeostasis associated with muscle injury
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use (Goodyear et al. 1991; Kristiansen et al. 1996, 1997). As it turns out, zinc has 
several significant roles in skeletal muscle-based glucose metabolism, insulin 
receptor activation, glucose transport, and glucose metabolism.

In 2004, Edward Miranda and Chinmoy Dey defined zinc’s role in binding to the 
insulin receptor and modulating its downstream signaling in differentiated C2C12 
mouse skeletal muscle cells (Miranda and Dey 2004). In their study, zinc alone 
activated the insulin receptor, though not as potently as insulin alone. Zinc and 
insulin together have an additive, or synergynisctic, effect on the phosphorylation 
status of the insulin receptor, increasing the receptor’s sensitivity to insulin in the 
blood stream. Later studies in both human and mouse skeletal muscle-derived cells 
built upon the studies by Miranda and Dey, using human-derived skeletal muscle 
cells to follow the downstream signaling of the insulin receptor. Clear activation of 
phospho-Akt, phospho-ERK, phospho-SHP, and phospho-tyrosine occurred in cells 
with the addition of zinc with no activation in the presence of an insulin receptor 
inhibitor (Norouzi et al. 2018; Wu et al. 2016). Additionally, zinc restores glucose 
consumption in insulin-resistant L6 (a rat-derived immortalized cell line) myotubes, 
reestablishing GLUT-4 translocation in a dose-dependent manner (Wu et al. 2016).

Zinc is directly involved in glucose metabolism through GSK-3β, a constitu-
tively expressed protein that phosphorylates glycogen synthase, an enzyme that 
catalyzes the conversion of glucose to glycogen. In vitro studies showed zinc can 
directly interact with GSK-3β, preventing its ability to phosphorylate glycogen syn-
thase (Ilouz et al. 2002). In addition to binding to the IRs of skeletal muscle, zinc 
transport into and throughout skeletal muscle cells is necessary for maintaining 
homeostasis in glucose metabolism.

Zinc transporters ZIP7 (Slc39a7) and ZnT7 are necessary for zinc transport in 
muscle cells to regulate glucose metabolism genes. ZIP7 locates to the ER and 
Golgi apparatus and is known as the zinc “gatekeeper,” regulating zinc signaling in 
the cell in response to changes in its phosphorylation state (Taylor et  al. 2012). 
Studies knocking out ZIP7 in cell lines exhibited a reduction in the expression of 
genes implicated in glucose metabolism (Myers et al. 2013). Moreover, knocking 
down ZIP7 and treating with insulin results in significant reduction of GLUT4, 
pAkt, and insulin receptor substrates 1 and 2 (Irs1, Irs2) expression and reduction in 
glycogen synthesis. Overexpression of ZIP7 induces the expression of Irs1, Irs2, 
and pAkt, with a slight increase in GLUT4 expression (Myers et al. 2013). ZnT7 is 
also localized to the Golgi apparatus to sequester zinc (Huang et al. 2018). ZnT7 
KO mice have a higher concentration of blood glucose and lower expression of 
pAkt, Irs1, Irs2, and GLUT4 without any changes in insulin secretion (Huang et al. 
2007, 2012, 2018). Additionally, ZnT overexpression increases glucose uptake. 
Together ZIP7 and ZnT7 are necessary for the tight regulation of zinc concentrations 
inside skeletal muscle cells required for insulin-induced glucose uptake and 
metabolism. Although studies on ZIP7 and ZnT7 have not directly shown a 
coordinated effort between the two zinc transporters in skeletal muscle, studies in 
cardiomyocytes directly show ZIP7 and ZnT7 work in concert to regulate zinc 
concentrations in the cytoplasm to regulate glucose homeostasis (Tuncay et  al. 
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2017). The coordination of ZIP7 and ZnT7 regulating glucose homeostasis may be 
integral to all glucose metabolizing-intensive cell types.

Since its initial discovery in 2009, many groups have worked toward understand-
ing MG53 in physiology and how to target MG53 for tissue repair in regenerative 
medicine. As it turns out, MG53 may be a mediator in metabolic syndrome and 
insulin signaling in skeletal muscles; however this function is hotly debated (Cai 
et al. 2015; Ma et al. 2015; Hu and Xiao 2018). Several studies have shown that 
insulin receptor substrate 1 (IRS-1) and focal adhesion kinase (FAK) are E3 ligase 
substrates for MG53-mediated ubiquitination and degradation. Song et al. reported 
MG53 expression was markedly elevated in animal models of insulin resistance 
(Song et al. 2013). Adverse effects of MG53 as an E3 ligase in harnessing IRS1- 
mediated insulin signaling and metabolic function in muscle have been reported by 
a group from Peking University (Hu and Xiao 2018; Liu et al. 2015; Yi et al. 2013). 
Additionally, they suggest muscle samples derived from the db/db mice and human 
patients show an elevation of MG53; however this has not been reproducible by any 
other groups studying MG53. IRS-1 is ubiquitinated by MG53, preventing insulin 
signaling; however, without its zinc-binding motifs, there is disruption of its 
ubiquitination function (Cai et al. 2015; Song et al. 2013). There are three other 
homologous proteins in the IRS family: IRS-2, IRS-3, and IRS-4, all of which 
contribute to insulin signal transduction in skeletal muscle. An absence of IRS-1 or 
IRS-3 is not enough to induce type II diabetes. Only through a combination of 
IRS-1 and IRS-3 deficiency does a manifestation of diabetic phenotypes result, 
indicating that IRS-1 and IRS-3 serve overlapping physiological functions in insulin 
signaling Thus, MG53-mediated IRS-1 downregulation cannot solely induce type II 
diabetes. Indeed, we show MG53 expression remains unchanged in skeletal muscle 
after a high fat diet that resulted in metabolic syndrome, and less MG53 is secreted 
into the blood stream (Ma et al. 2015). Additional toxicological studies on MG53 by 
a third party indicate that repeated i.v. administration of MG53 results in no adverse 
effects with no changes to blood glucose. In the future, it will be essential to clarify 
whether MG53 is involved in causing diabetes or if diabetes alters MG53 function.

Zinc-α2-glycoprotein (ZAG), an adipokine, is another zinc-binding protein that 
is involved with glucose metabolism in skeletal muscles. ZAG improves insulin 
responsiveness and increases lean muscle mass of gastric but not soleus skeletal 
muscles by increasing phosphorylation of AkT, mTOR, and IRS-1. Increased 
phosphorylation in this signaling pathway increases the expression of GLUT1 and 
GLUT4, improving glucose uptake (Russell and Tisdale 2010a, b; Gao et al. 2018). 
Indeed, reduced serum ZAG is strongly correlated with obesity from increased 
circulating serum glucose (Liu et  al. 2018). ZAG may be a possible zinc-based 
therapeutic to diabetes and obesity; however caution must be taken with this 
approach as it was initially described in relation to causing muscle loss in cancer 
patients (Todorov et al. 1998). Indeed, ZAG was originally characterized in relation 
to cachexia and has more recently been associated with sarcopenia. Just as increased 
ZAG secretion from tumors results in cachexia, increased plasma ZAG strongly 
correlates with increased frailty, particularly in older women (Lee et al. 2016).
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7.6  Future Perspectives

Zinc’s functions, transport, and zinc-binding proteins discussed herein are by no 
means exhaustive. Rather, this chapter is intended to highlight some of the more 
recent translational works being done in the field of zinc signaling in skeletal muscle 
while touching on some seminal studies that have led the field to where it is today. 
Many review articles already exist on zinc signaling; some even address aspects of 
zinc in skeletal muscle. This just exemplifies the importance of zinc research to the 
field of medicine. There are, however, still questions to be answered about the 
regulation of zinc and zinc’s regulation of homeostasis.

Even though zinc is clearly an integral part of nutrition to aid in maintaining 
healthy skeletal muscle, there are still many unknowns that remain. ZIPs and ZnTs 
are differentially expressed in satellite cells during differentiation into mature 
muscle fibers; however, very little is still known about the specific roles of most of 
these transporters during and after that process. For example, although we know 
insulin incites ZIP7 to release zinc from the Golgi apparatus, resulting in further 
insulin-mediated signaling, knocking out ZIP7 does not result in embryonic 
lethality, suggesting another compensatory mechanisms for metabolism in skeletal 
muscle. Elucidating this mechanism will be essential for future diabetic research.

Atrophy is a large field of research itself, and there are still transcription factors 
that regulate and are regulated by zinc whose functions are still being elucidated. 
There is still the possibility of creating a muscle-specific zinc-chelating therapeutic 
to counter atrophy, particularly to prevent or treat cachexia or muscle wasting due 
to aging. Targeting ZIP14 or other zinc transporters’ expression in satellite cells to 
incite differentiation may be a candidate for muscle wasting diseases like muscular 
dystrophy to promote muscle growth. As suggested by the study performed by 
Summermatter et al. (Summermatter et al. 2017), finding some therapeutic agent to 
block metallothioneins may be one of the several therapies related to countering 
skeletal muscle cachexia if targeting ZIP14 does not work. These proposed 
therapeutics would need to be carefully studied since manipulating zinc handling 
for improved muscle contraction may result in obesity and vice versa.

MG53 secretion from skeletal muscle can be a physiological myokine for tissue 
crosstalk in regenerative medicine. MG53 contains binding sites for zinc. Dissecting 
the cellular and molecular function of Zn by modulating the myokine function of 
MG53 will be an important endeavor for future research.
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Chapter 8
Zinc Signaling in Aging Heart Function

Belma Turan, Deniz Billur, and Yusuf Olgar

Abstract Zinc is an important micronutrient for mammalians, whereas free/labile 
zinc ion (Zn2+) level ([Zn2+]i) in cells can be detrimental if it is over the physiologi-
cal range. The cellular [Zn2+]i is regulated by proteins, responsible for its influx (ZIP 
family) into cells or efflux (ZnT-family) from cells. In addition, it has been shown 
that there is a close relationship between cellular [Zn2+]i and increasing oxidative 
stress, and both are also responsible for the dysregulation of the excitation/contrac-
tion coupling in the heart. Although age-dependent changes in the structure and 
function of the left ventricle are closely related to fibrosis, cellular evidence showed 
the importance of mitochondria as a potential target for aging medicine. However, 
several studies have shown that zinc supplementation provides important improve-
ments in the maintenance of cardiovascular disorders, and it is needed to know the 
exact role of [Zn2+]i and its transporters in aging heart function. Although there is 
very little information related to the role of Zn2+ transporters in mammalian aging, 
some studies have shown their importance in cardiovascular disorders including 
failing human heart. Since few studies examined the role of ZIP14 as an inflamma-
tion responsive transporter and amplified with aging, we demonstrated an important 
data on the ZIP14 status in organelles such as the sarcoplasmic reticulum and mito-
chondria in aging rat’s ventricular cardiomyocytes. As a summary, we discussed our 
data in the light of literature data as well.
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8.1  Introduction

Aging is a physiological process, genetically programmed and modified by environ-
mental influences and lifestyle of individuals. Although the percentage of aging 
people among the populations is increasing worldwide, the rate of aging can vary 
widely among individuals (Strait and Lakatta 2012; Heidenreich et al. 2013). It is 
well known that the aging process is not a pathological condition, but it is a con-
tinuum progressing throughout the life span of humans. Understanding the basis of 
mammalian aging and producing innovative treatment approaches will surely 
improve the life of aging people.

In the general aspects of this progress, the gradual loss in many organ functions 
of humans is named as physiologic aging. Coronary artery disease (CAD) has also 
an increased risk factor between aging people, while there is also an increased inci-
dence of cerebrovascular, renal, and pulmonary disease that can accelerate the loss 
of function, particularly leading to heart failure (HF). Therefore, it is an obvious 
reality why HF is a consequence of age-associated disease (Shioi and Inuzuka 2012; 
Veronica and Esther 2012; Quarles et al. 2015; Bradford et al. 2017). The aging 
process in humans can be defined as a combination of morphological and functional 
changes and can take place over time, in part, related to decreased elasticity in tis-
sues (Kirkwood 2005). In aging humans, there exists increased resistance to cardiac 
pumping which, in turn, induces an increased workload against that increased resis-
tance being the underlying cause of HF in aging individuals (Quarles et al. 2015). In 
the aging heart, there are marked increases in the wall thickness and mass of the left 
ventricle. At the cellular level, all these changes result in a significant increase in 
cardiomyocyte dimension with a marked decrease in the number of alive and func-
tional cardiomyocytes (Olgar et al. 2018a).

Both experimental and clinical studies pointed out the association between aging 
and both whole body and cardiac insulin resistance (Paolisso et al. 1999; Kannel 
1999; Schocken 2000; Wilson and Kannel 2002; Gottdiener et al. 2002; Barbieri 
et al. 2001; Boudina 2013). Insulin resistance is present in 30–50% of humans over 
the age of 65 years (Kannel 1999; Wilson and Kannel 2002; Senni et  al. 1999), 
while it is about 60–70% in aging experimental animals (Olgar et  al. 2018a). 
However, there are important controversies between results, particularly related to 
humans, whether insulin resistance is an absolute consequence of aging or results of 
increased body weight-related complications (Paolisso et al. 1999; Barbieri et al. 
2001). As an answer to these controversies, we demonstrated that the aging male 
rats (24 months old) (about their 70) had marked insulin resistance compared to 
those of adult male rats (6 months old) even if they did have normal body weight 
and blood glucose level (Olgar et al. 2018a).

It has been also mentioned that mitochondrial dysfunction has an important role 
in aging-associated disorders in mammalians since the properly working mitochon-
dria are vital for mammalian cells. However, there are many controversies in this 
field with several unresolved questions (Payne and Chinnery 2015). The main role 
of mitochondria is to provide the continuous ATP supply and modulate the cytosolic 
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Ca2+ signaling, influencing cellular reactive oxygen species (ROS) levels and regu-
lating the redox state of cells (Beal 2002; Ristow 2012; Lee and Oh 2010). We, in 
our early studies, have demonstrated that both external and internal oxidants, includ-
ing ROS, caused a 30-fold increase in cytosolic free Zn2+ level in cardiomyocytes 
([Zn2+]i) parallel to only twofold increase in [Ca2+]i (Turan et al. 1997). Furthermore, 
the cellular ATP level has significant effects on both steady-state K+-channel cur-
rents and inward-rectifier K+ channel currents, while there is no effect on transient 
K+-channel currents (Degirmenci et al. 2018). Furthermore, the high [Zn2+]i could 
induce marked activation in ATP-sensitive K+ channel currents, depending on the 
cellular ATP levels (Degirmenci et al. 2018). These data point out that high [Zn2+]i 
can be considered as much more biologically toxic than that of high [Ca2+]i. 
Moreover, the studies strongly pointed out the role of cellular high [Zn2+]i on the 
function of mitochondria via movement of [Zn2+]i between cytosolic and mitochon-
drial pools by affecting the opening of permeability transition pores together with 
mitochondrial membrane potential and release of some proapoptotic agents from 
the mitochondria in the heart preparations (Jiang et  al. 2001; Sensi et  al. 2003; 
Tuncay et al. 2013; Tuncay et al. 2019; Billur et al. 2016). Therefore, the present 
chapter focused on the documents of already presented data in this field, particularly 
associated with the role of [Zn2+]i and Zn2+ transporters in aging heart function.

8.2  Role of Zinc in Mammalian Heart Function

Trace element zinc is a multipurpose element for the mammalian body and plays an 
important role for the regulation of several cellular signaling mechanisms such as 
zinc ion, Zn2+ (Stefanidou et al. 2006). Zn2+, being a catalytic and structural compo-
nent of proteins, contributes to cellular proliferation in mammalian cells, including 
cardiomyocytes (Berg and Shi 1996; Tatsumi and Fliss 1994). The Zn2+ dyshomeo-
stasis in the body can lead to many diseases, including neurological and cardiovas-
cular diseases (Prasad et al. 1990; Prasad 2013; Evans 1986; Jurowski et al. 2014). 
Zinc compounds are used as therapeutic agents in many diseases not only in those 
associated with zinc deficiency but also in acute diarrhea in children, Wilson’s dis-
ease, and diseases associated with aging such as prevention of both blindness and 
infection-related disorders in the elderly (Prasad 2008, 2013; Jurowski et al. 2014; 
Prasad et al. 1993). Following new discoveries on the role of Zn2+ in biological sys-
tems, particularly related to its second messenger role in the immune system, it gets 
much more attention for the clinical studies (Yamasaki et al. 2007; Haase and Rink 
2014; Hojyo and Fukada 2016). Both external and internal stimuli can induce the 
release of free Ca2+ from metalloproteins (Turan et al. 1997; Tuncay et al. 2011) and 
from intracellular Zn2+ stores such as in the perinuclear area, at most from the endo-
plasmic reticulum (ER) in mast cells (Yamasaki et al. 2007) as well as sarco(endo)
plasmic reticulum, S(E)R, in cardiomyocytes, which is a phenomenon named as 
Zn2+ wave (Tuncay et al. 2011, 2017). Zn2+ release can occur during resting state of 
cardiomyocytes, similar to that of Ca2+ release, and is named as Zn2+ sparks as well 
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(Tuncay et al. 2011). It has been also shown that Zn2+ wave was dependent on Ca2+ 
influx besides the activation of some kinases (Tuncay et al. 2011; Hershfinkel et al. 
2001), while that Zn2+ wave can contribute to various intracellular signaling 
pathways.

Besides studies about the relationship between zinc deficiency and associated 
diseases in mammalians, several clinical trials with randomized controls performed 
in patients with type 2 diabetes have shown that zinc supplementation provides 
important improvements in the process of glycemic control (Capdor et al. 2013) and 
lipidemia control (Foster et al. 2010), which are closely related to the maintenance 
of cardiovascular disorders (CVDs). There are many articles focused on the rela-
tionship between zinc status and CVDs in mammalians. For the demonstration of 
the relationship between zinc status and CVD in humans, the authors monitored 
zinc intake or serum zinc level in patients (Soinio et al. 2007; Mursu et al. 2011; de 
Oliveira Otto et al. 2011). Some studies demonstrated low serum zinc level in ath-
erosclerosis, coronary artery disease, angina, and cardiac ischemia (Eby and 
Halcomb 2006; Giannoglou et  al. 2010; Efeovbokhan et  al. 2014). More impor-
tantly, a higher rate of HF in patients with zinc deficiency has been also emphasized. 
The systemic body level of zinc, although it participates in a number of biochemical 
signaling mechanisms in mammalian cells, is not a good biomarker for any patho-
logical condition, particularly associated with many CVDs (Pan et al. 2017). The 
body mass zinc level of humans is about 2–3 g, while the heart contains 0.4% of 
body zinc (King et al. 2000; Jackson et al. 1982).

Although there are conflicting reports on the relationship between serum zinc 
levels and HF, when statistical adjustments are performed due to age and sex, most 
of the data reported no significant association between zinc intake and CVDs. 
Moreover, Otto et al. reported a greater risk of CVDs with increased dietary zinc 
intake (de Oliveira Otto et al. 2011). However, it has been also announced that CVD 
risk was not associated with total dietary zinc intake. On the other hand, some stud-
ies pointed out the importance of excessive zinc intake in CVDs due to its highly 
toxic effects (Turan et al. 1997; Brown et al. 2000; Fosmire 1990; Plum et al. 2010; 
Romanjuk et al. 2016). Interestingly, in a recent study, authors take into consider-
ation the role of zinc in immunity, energy metabolism, and antioxidative defense 
system, and they determine the zinc status of trained athletes compared with control 
individuals. Their meta-analysis demonstrated that athletes have lower serum zinc 
level, although they have higher total dietary zinc intake (Chu et al. 2018).

The basal level of intracellular free Zn2+ in mammalian cells ([Zn2+]i) is generally 
very low since it is mostly found to be bound to proteins, while this level is increased 
under external and/or internal stimulations. The [Zn2+]i in ventricular rabbit and rat 
cardiomyocytes was measured as less than 1 nmol under physiological condition, 
while this level increased markedly under electrical stimulation, similar to that of 
the cytosolic level of free Ca2+ ([Ca2+]i) (Turan et  al. 1997; Tuncay et  al. 2011; 
Chabosseau et al. 2014). We and others have demonstrated the significant modula-
tion of [Zn2+]i in cardiomyocytes with the redox state of the cells, including under 
both increases in ROS and reactive nitrogen species (RNS) (Turan et  al. 1997; 
Tuncay et al. 2011; St Croix et al. 2002; Jang et al. 2007). In addition, it has been 
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demonstrated that [Zn2+]i in ventricular cardiomyocytes from rats could increase 
markedly under hyperglycemia, at most, due to its uncontrolled leaking from S(E)R 
through opposing changes in the expression of Zn2+ transporters, ZIP7 and ZnT7, 
with important contribution to cardiac dysfunction in diabetic mammalians (Tuncay 
et al. 2017). Consequently, these experimental studies clearly provided important 
information related to the detrimental contribution of excess [Zn2+]i in ventricular 
cardiomyocytes via affecting excitation-contraction coupling.

8.3  Aging and Insufficient Heart Function

It is clear that not only humans but also all alive species in the natural are aging. For 
humans, aging is a physiological process and started with their birth. The physio-
logic changes are, therefore, accompanying their maturation process. All over the 
world, the percentage of elderly individuals is rising among the populations; how-
ever, proper maintenance of their lives is considered an essential clinical handicap 
(Mirzaei et al. 2016; Hammadah et al. 2017; Ferrucci et al. 2018; Zhang et al. 2018; 
Anderson et al. 2019). Many findings in aging individuals and/or elderly patients 
are accepted as abnormal events in younger patients, although they are not directly 
responsible for a special symptom since symptoms in older individuals often can 
arise due to multiple alterations in their body.

Aging in humans is one of the major risk factors for HF, while elderly individu-
als are more likely to develop the cardiac disease, and they cannot recover prop-
erly, following a heart attack. In spite of healthy lifestyle desires, with many 
proposals for this program, such as exercise and well-balanced daily diet, it seems 
impossible to avoid the ill effects of aging in humans. As mentioned in the intro-
duction, the marked structural and functional distortions are common alterations in 
the heart of aging humans, which are the dominant risk factors for cardiovascular 
diseases, which are the leading cause of death among almost all humans with 
increasing elderly populations (Shioi and Inuzuka 2012; Veronica and Esther 2012; 
Quarles et al. 2015; Bradford et al. 2017; Chiao and Rabinovitch 2015). The preva-
lence rate of cardiovascular diseases for Americans 60–79 years of age is greater 
than 70%, while it is higher than 80% for Americans age greater than 80 years 
(Douaud et al. 2014).

Although the phenotypes of cardiac aging have been well characterized, several 
recent studies have emphasized the contribution of multiple molecular mechanisms 
underlying the development of cardiac aging, such as altered nutrients and related 
changes in growth signaling as well as changes in insulin-like growth factor-1 
(IGF-1) signaling (Puche et al. 2008; Kennedy et al. 2007; de Rivera et al. 2006; 
Wessells et al. 2004). In addition, remodeling in the adverse extracellular matrix and 
chronic activation in neurohormonal signaling are involved in the development of 
aging insufficient heart function. Moreover, recent studies have shown that cellular 
impaired [Ca2+]i homeostasis and overproduction of superoxides in the mitochon-
dria and mitochondrial dysfunction are the contributors to cardiac aging in 
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 mammalians (Strait and Lakatta 2012; Shioi and Inuzuka 2012; Chiao and 
Rabinovitch 2015; Borlaug and Kass 2006; Dai et  al. 2009; Judge et  al. 2005; 
Zieman and Kass 2004; Dai et al. 2014).

8.4  Role of the Mitochondria in Aging Heart

It is well accepted that any disruption in the basal level [Ca2+]i is closely associated 
with the impartment of mitochondria and the altered level of mitochondrial free 
Ca2+ ([Ca2+]mit) in cardiomyocytes, particularly under pathological condition (Shioi 
and Inuzuka 2012; Dai et al. 2014). Moreover, the altered level of [Ca2+]mit can lead 
to important impairments in different intracellular signal transduction pathways, 
including cellular oxidative stress and apoptosis. In these regards, it can be a notice-
able fact that the acceleration rate of most studies in the field of mitochondria and 
CVD is related with the demonstration of the importance of mitochondria as a 
potential target for mitochondrial medicine (Giorgi et al. 2012; Nazarewicz et al. 
2013a, b; Chung et al. 1998). Taking these studies into consideration, one can point 
out why aging is associated with not only high [Ca2+]i but also high [Ca2+]mit-related 
mitochondrial dyshomeostasis mechanisms in cardiomyocytes (Raza et al. 2007), in 
a similar manner to that of neurons (Thayer and Miller 1990; Herraiz-Martinez 
et al. 2015; Santulli et al. 2015). Even early studies emphasized the role of mito-
chondria in energy production and in the modulation of [Ca2+]mit homeostasis in 
cardiomyocytes, being fundamental players in several processes for heart function 
(Carafoli and Lehninger 1971; Denton et al. 1980; Rizzuto et al. 1992). In other 
words, mitochondria in mammalian cells are critical organelle related to metabolic 
energy generation through oxidative phosphorylation, participating in the redox 
state of the cells, including [Ca2+]i homeostasis (Stanley et al. 2005). Therefore, the 
loss of cellular [Ca2+]i homeostasis leads to cellular dysfunction through the impaired 
mitochondrial function. Supporting this statement, recent studies have shown the 
importance and the molecular structure of the main proteins involved in the han-
dling of [Ca2+]mit for mitochondria-based pharmacological strategies, including 
mitochondrial fusion and fission proteins (Payne and Chinnery 2015; Giorgi et al. 
2012; Dibb et al. 2004; Eisner et al. 2017). The fusion process involves mitofusin 1 
and 2 (Mfn1 and Mfn2), and they mediate outer mitochondrial membrane fusion. In 
addition, optic atrophy protein 1 (OPA1) regulates inner mitochondrial membrane 
fusion in mammalian cells (Mishra and Chan 2016). On the other hand, the fission 
process is mediated by dynamin-related protein 1 (Drp1) and mitofission protein 
Fis1, which are closely related with a polarized and a depolarized mitochondrion 
(Hamacher-Brady and Brady 2016).

If one wants to give detailed information about the role of mitochondria in elderly 
heart function, the statement on the important contribution of mitochondria to aging 
due to the balancing key role in the cellular processes is very revealing. Age- 
associated cellular changes are affecting the mitochondrial membrane potential 
leading to mitochondrial depolarization via the opening of membrane transition 
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pores (Payne and Chinnery,2015; Elmore et al. 2001). Therefore, it can be summa-
rized that although aging is a physiological process, it is closely associated with not 
only decreased mitophagy but also with impaired mitochondrial functions (Moreira 
et al. 2017). If any of these essential processes are changed, the maintenance of a 
healthy mitochondrial function is disrupted, further leading to organ dysfunction 
(i.e., HF in mammalians). Considering the radius of muscle fibers in heart tissue 
(H&E staining) from aging rats with marked insulin resistance, there was a 60% 
significant increase in systolic and diastolic function compared to those of adult rats 
(Olgar et  al. 2018a). Light microscopy analysis of those tissues stained with 
Mallory’s Azan presented significant loss in the integrity of heart muscle myofibrils 
and increases in the connective tissue around the myofibrils together with marked 
fibrous increases in interstitial regions. Furthermore, marked irregularity in the 
mitochondria including their fractionation around the myofilaments and higher 
amount of lysosomes were detected with electron microscopy examinations in 
aging rat’s left ventricular tissue (Olgar et  al. 2018a). Moreover, there were an 
apparent irregular arrangement of myofilaments and Z-lines and enlarged T-tubules 
in this aging group. Indeed, previous studies also demonstrated that aging is associ-
ated with not only systemic insulin resistance but also myocardial insulin resistance, 
being independent of body weight. It is closely related to mitochondrial dysfunction 
associated with impairment in the insulin action of cells (Bhashyam et al. 2007).

As can be seen in Fig. 8.1, there are a number of changes in the morphology of 
left ventricular heart tissue from insulin-resistant aging rats (24-month-old Wistar 
male rats) compared to those of adults (6-month-old Wistar male rats). The light 
microscopy photomicrographs showed that there was a marked muscle hypertrophy 
due to enlarged diameter in age group samples stained with hematoxylin and eosin 
(B) with normal appearance in the adult group (A). The left ventricular heart tissue 
samples stained with Mallory’s Azan also demonstrated important morphological 
changes including an increased amount of collagen fiber (blue stained) in aging rats 
(D) with normal muscle fibers (red stained) in the adult group (C). All these light 
microscopy data clearly indicate the existence of fibrosis in insulin-resistant aging 
heart tissue. Electron microscopy analysis performed in isolated left ventricular car-
diomyocytes also demonstrated the important alterations in age group such as irreg-
ularly partitioned and clustered intermyofibrillar mitochondria (in part via increased 
fission process), enlargement in T-tubules, swelling and vesiculation of the sarco-
plasmic reticulum (SR), and irregularly arranged Z-lines (Fig. 8.2b–d). However, 
there were regularly arranged intermyofibrillar mitochondria, T-tubules, SR, and the 
components of the sarcomere with normal Z-lines in the adult group (Fig. 8.2a). 
Therefore, both experimental and clinical data strongly demonstrate the essential 
role in the development of the aging-associated processes in cardiac insufficient 
function (Lesnefsky et al. 2016).

Indeed, early studies demonstrated that mitochondrial function is impaired in 
aging mammalian’s myocardium at various levels including the activity of the elec-
tron transport chain as well as depressed antioxidant capacity of the mitochondria in 
aging heart samples (Corsetti et al. 2008; Tate and Herbener 1976; Schmucker and 
Sachs 1985). An increased ROS formation in cells, at most associated with increased 
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[Ca2+]mit and depressed antioxidant capacity of mitochondria, is associated with an 
increased number of damaged and/or dead cells. Indeed, either mouse with a 
mitochondrial- targeted catalase overexpression or cardiomyocytes treated with 
direct mitochondria targeting antioxidant (MitoTEMPO) demonstrated marked car-
dioprotection against aging-associated alterations in the heart (Dai et  al. 2014; 
Schriner et al. 2005). However, the exact mechanisms by which aged mitochondria 
affect cardiac function are not exactly shown, but it seems increased ROS genera-
tions and reduced antioxidant capacity of the mitochondria in aged hearts are impor-
tant candidates responsible for cardiovascular dysfunction. Consistent with these 
statements, studies have shown the association between [Ca2+]mit increase in mito-
chondria together with increases in mitochondrial superoxide production and 
decreases in ATP production (Mansouri et al. 2006). All of them are the main oxida-
tive stress sources in HF, further leading to electrical instability, at most, responsible 
for sudden cardiac death (Dey et al. 2018; Owada et al. 2017).

Fig. 8.1 Light microscopy photomicrographs of the left ventricular heart tissue. Heart tissues 
were prepared for light microscopy analysis, as described elsewhere (Billur et  al. 2016). Light 
micrographs showed normal appearance in adult group samples (6-month-old male Wistar rats) 
stained with either hematoxylin and eosin or Mallory’s Azan (a and c, respectively) while there 
was marked cardiac muscle hypertrophy (arrow) in hematoxylin and eosin-stained or Mallory’s 
Azan-stained age group samples (24-month-old male Wistar rats) (b and d, respectively). The blue 
color indicated the collagen fiber (age samples), and the red indicated the muscle fiber (adult 
group) in tissue samples stained with Mallory’s Azan. Magnification ×400
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All these studies indicate that mitochondria-targeting antioxidants, like 
MitoTEMPO, have important cardioprotective effect in age mammalian heart, 
besides other therapies (Boengler et  al. 2017; Jeong et  al. 2016). Consequently, 
increases in mitochondrial oxidative stress play an important role in the develop-
ment of age-related functional alterations, and, therefore, any enhancement in mito-
chondrial antioxidant defense can provide important therapeutic benefits in elderly 
cardiac complications.

8.5  Role of Zinc in Mitochondrial Dysfunction  
in Aging Heart

The zinc level in heart tissues is about or less than 1 g and is shown to be positively 
correlated with ejection fraction in humans (Jackson et al. 1982; Oster et al. 1993). 
Furthermore, Turan et al., for the first time, demonstrated that its free concentration 
in mammalian cardiomyocytes loaded with specific fluorescence dye was less than 
1 nM, while Palmer et al. showed Zn2+ localization into the sarcomere I-band (Turan 
et al. 1997; Palmer et al. 2006). Cellular free Zn2+ has an important role in cardio-
myocytes affecting Ca2+ signaling for the regulation of cellular responses (Yi et al. 
2013) as well as in excitation-contraction coupling to the organization of Ca2+ 
dynamics (Tuncay et al. 2011). Miyamoto et al. performed a work focusing on the 
role of Ca2+ dysregulation on the induction of mitochondrial depolarization and 
apoptosis in activated heterotrimeric G protein α subunit (Gαq) that expressed car-
diomyocytes with measuring cytosolic Ca2+ and mitochondrial membrane potential, 

Fig. 8.2 Representative electron microscopy photomicrographs of cardiomyocytes isolated from 
the left ventricle of the heart. The electron microscopic examination of isolated cardiomyocytes in 
the adult group (6-month-old male Wistar rats) showed regularly arranged intermyofibrillar mito-
chondria, T-tubules, SR, and the components of sarcomere including Z-lines (a). Representative 
electron micrographs showed irregularly partitioned and clustered intermyofibrillar mitochondria, 
enlarged T-tubules, swelling and vesiculation of SR, and irregularly arranged Z-lines in isolated 
left ventricular cardiomyocytes from aged group (24-month-old male Wistar rats) (b–d). Shortened 
symbols: m mitochondrion, L lysosome, arrow Z line, white arrow T tubules, tailed arrow sarco-
plasmic reticulum. Magnification for A,C,D ×21,560 and magnification for B ×10,000
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simultaneously, by confocal microscopy (Miyamoto et al. 2005). In a later study, 
Raza et al. demonstrated the relationship between aging and elevated [Ca2+]i and 
altered Ca2+ homeostasis-associated mechanisms in hippocampal neurons, while 
Giorgi et al. discussed widely the importance of mitochondrial Ca2+ homeostasis as 
potential target event for mitochondrial medicine (Giorgi et al. 2012; Raza et al. 
2007). Furthermore, the interactive roles of Zn2+ and Ca2+ in mitochondrial dysfunc-
tion have been studied and demonstrated that depolarization-induced Zn2+ uptake 
induced high amount of cell death and enhanced accumulation of [Ca2+]min in Ca2+- 
and Zn2+-containing media (Pivovarova et al. 2014), whereas Pitt and Stewart exam-
ined the role of [Ca2+]i in the regulation of Ca2+ release in mammalian cardiomyocytes 
(Pitt and Stewart 2015). In addition, Joseph et al. demonstrated mitochondrial oxi-
dative stress-associated increased SR Ca2+ leak via hyperphosphorylated RyR2 in 
cardiac lipid overload condition (Joseph et al. 2017).

However, the exact role of Zn2+ in heart function under physiological condition 
is not known very well yet. Since zinc, as an essential micronutrient, is important 
for the functioning of the immune system (Doets et al. 2012) and zinc deficiency is 
particularly very common in elderly humans (Joshi and Bakowska 2011), zinc-rich 
diet can be recommended to elderly population. Furthermore, the role of intracel-
lular Zn2+ release and Zn2+ toxicity in the brain, Zn2+ dyshomeostasis, and neuronal 
injury and the role of Zn2+ in aging, oxidative stress, and Alzheimer’s disease are 
widely documented (McCord and Aizenman 2014). Moreover, the role zinc in aging 
and immunosenescence is widely discussed by Cabrera and others focusing on doc-
uments related to zinc and oxidative inflammatory aging (Haase and Rink 2014; 
Cabrera 2015).

The importance of zinc in age-related conditions cannot be related only with cel-
lular [Zn2+]I deficiency. Studies demonstrated that any alteration in [Zn2+]I homeo-
stasis can arise due to alterations in Zn2+-transporting proteins, particularly in CVDs 
(ZIP and ZnT families) (Tuncay et al. 2018; Olgar et al. 2018b; Mocchegiani et al. 
2010). Supporting these statements, Giacconi et al. determined the effect of Zn2+ 
influx into the lymphocytes from young adults than in lymphocytes from elderly 
donors via the upregulation of the ZIP genes (Giacconi et al. 2012).

To develop new sensitive and specific biomarkers for the determination of free 
Zn2+ in cells with reliable techniques is a new research field. Another emerging aim 
in this field is to quantify and cellularly locate Zn2+ transporters. In these regards, by 
using FRET-based recombinant-targeted Zn2+ probes, authors demonstrated that the 
Zn2+ level in sarco(endo)plasmic reticulum ([Zn2+]ser) is much higher than the cyto-
plasm while it is less than the mitochondria, [Zn2+]mit (Chabosseau et al. 2014). Both 
light and electron microscopy analyses also showed that increased [Zn2+]i in cardio-
myocytes could induce marked increases in the size of the cells, indicating hyper-
trophic cells, markedly increasing the mitochondrial matrix to the cristae area 
together with marked clustering and vacuolated mitochondrion (Billur et al. 2016). 
In confocal studies, authors showed the role of increased [Zn2+]i on the opening of 
mitochondrial permeability transition pores which further leads to loss of mitochon-
drial membrane potential (Sensi et al. 2003; Sharpley and Hirst 2006; Kumari et al. 
2017; Xi et al. 2009). However, Rajapaksed et al. demonstrated how externally zinc 
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exposure-protected oxidative stress is associated with retinal pigment epithelium 
death, due to its reducing action on damaged mitochondria (Rajapakse et al. 2017).

Freshly isolated left ventricular cardiomyocytes, when exposed to zinc com-
pounds such as zinc ionophore and zinc pyrithione (ZnPT), showed marked degen-
erative changes including damages (swelling and cytoplasmic vacuolizations) in 
light microscopic examinations of left ventricular cardiomyocytes isolated from 
adult (6-month-old) male rats in a concentration-dependent manner (Fig. 8.3b–d) 
compared to the controls (Fig. 8.3a). Electron microscopy examination of these iso-
lated cardiomyocytes demonstrated gradual enlargement in T-tubules and fragmen-
tation in the mitochondria with increasing concentrations of ZnPT-incubated cells 
(Fig. 8.4b–d). The cells incubated without ZnPT showed normal appearance of SR, 
regularly arranged intermyofibrillar mitochondria and T-tubule, and normal-sized 
Z-lines (Fig. 8.4a).

Despite the central role of the mitochondria in metabolism, the relationship 
between mitochondrial quality and insulin action remains unclear. In these regards, 
Jeong et al. performed a study in order to show the role of mitochondrial oxidative 
stress in the development of cardiac diastolic dysfunction in metabolic syndrome 

Fig. 8.3 Representative light micrograph images. Samples were prepared as described elsewhere 
(Billur et al. 2016). Images obtained from 1 μm semi-thin sections of isolated left ventricular car-
diomyocytes isolated from 6-month-old male rat heart and stained with Toluidine blue in (a). The 
degenerative changes in cardiomyocytes incubated with zinc ionophore and zinc pyrithione (ZnPT) 
in a concentration-dependent manner. ZnPT incubations with either 0.01 μM (b), 0,1 μM (c), or 
1 μM ZnPT (d). Magnification a–d ×1,000
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rats (Jeong et  al. 2016). Using mitochondrial targeting antioxidant, they demon-
strated that one can prevent insulin resistance and diastolic dysfunction in the heart 
by the maintenance of mitochondria function.

8.6  Role of Zinc Transporters in Mammalian Heart Function

Several studies have shown that high [Zn2+]i can induce severe detrimental effects in 
cardiomyocytes, including the increased basal level of [Ca2+]i, depolarization in mito-
chondrial membrane potential, and increases in oxidative stress (Turan et al. 1997; 

Fig. 8.4 Representative electron microscopy micrographs. Samples for electron microscopy were 
prepared as described elsewhere (Billur et al. 2016). Images obtained from isolated left ventricular 
cardiomyocytes from adult rats (6-month-old male rats) in (a). ZnPT incubations with either 
0.01 μM (b), 0,1 μM (c), or 1 μM ZnPT (d). Shortened symbols: m mitochondrion, arrow Z-line, 
white arrow T tubule, tailed arrow SR. Magnification A-D ×21,560
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Degirmenci et al. 2018; Tuncay et al. 2011, 2016, 2017; Turan and Tuncay 2017). 
[Zn2+]i homeostasis in cells are maintained by different proteins including metallo-
proteins, and two types of Zn2+ transporter families, responsible from Zn2+ influx into 
the cytosol (ZIPs, solute-linked transporters, SLC39) and Zn2+ efflux from the cyto-
sol (ZnTs, SLC30) (Kimura and Kambe 2016).

Although there are a number of studies on the important roles of Zn2+ status in 
cells, there are a limited number of studies related to the direct role of alterations 
associated with Zn2+ transporters for CVDs. In this concept, researchers demon-
strated the important role of ZIP7 induction of ER stress in yeast through the release 
of Zn2+ from S(E)R (Ellis et al. 2004; Hogstrand et al. 2009; Taylor et al. 2012). 
Another study also showed that ZIP7 is localized to the Golgi inducing the Zn2+ 
release from its lumen into the cytosol (Huang et al. 2005). It has been also men-
tioned that some endogenous factors including protein kinase 2 (CK2) played an 
important role for the activity of ZIP7 (Taylor et al. 2012), which are closely associ-
ated with the contribution of [Zn2+]i dyshomeostasis to pathological conditions in 
cells (Grubman et al. 2014; Groth et al. 2013). Latter studies provided important 
data related with the role of ZIP7 together with ZnT7 (which are localized to S(E)
R) in the development of diabetic cardiomyopathy through increased due to the high 
amount of Zn2+ release from S(E)R (Tuncay et  al. 2017). In further studies by 
Turan’s team, it has been also shown that protein expression levels of some Zn2+ 
transporters, ZIP7 and ZIP14, were increased, while ZIP8 was significantly decreas-
ing in MetS rat’s cardiomyocytes. Furthermore, in the same study, the authors dem-
onstrated that ZnT7 was decreased with no change in ZnT8. Moreover, these 
changes were found to be associated with the alterations in the protein expression 
levels of MMP-2 and MMP-9 in the same ventricular cardiomyocytes (Olgar and 
Turan 2018). In addition, Olgar and his coworkers examined the role of Zn2+ trans-
porters in the development of heart failure (HF) in patients scheduled to undergo 
orthotopic heart transplantation for end-stage HF as well as in ventricular 
cardiomyocytes- induced HF via the induction of ER stress (Olgar et  al. 2018b). 
They showed that ZIP8, ZIP14, and ZnT8 are localized to both sarcolemma and 
S(E)R in ventricular cardiomyocytes and ZIP14 and ZnT8 were significantly 
increased with decreased ZIP8 level in these HF cardiomyocytes. Those data also 
significantly demonstrated the correlation between the induction of ER stress, the 
elevation of [Zn2+

]i due to altered expression levels of these Zn2+ transporters, and 
increased oxidative stress, at least via the activated PKCα in HF cardiomyocytes. In 
another study, authors provided more information about these transporters via dem-
onstrating the important role of ZIP7 and ZnT7 in cardiac dysfunction via affecting 
S(E)R-mitochondria interaction in hyperglycemic cardiomyocytes (Tuncay 
et al. 2018).

The above data are also supported by others. It has been shown that an intestinal 
epithelium-specific ZIP7 deletion in mice was shown to be related with increased 
apoptosis in the stem cell-derived cells, via a role with increased ER stress in these 
samples. They further showed that the upregulation of ZIP7 played an important 
role in the maintenance of [Zn2+]i homeostasis under ER stress (Ohashi et al. 2016). 
In addition, Fukada’s team well-documented the roles of Zn2+ transporters in health 
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and diseases in their several early and recent review articles (Kimura and Kambe 
2016; Fukada and Kambe 2018; Kambe et al. 2008, 2015). In their wide documen-
tation, a number of genetic disorders caused by mutations in the genes encoding 
several Zn2+ transporters, such as ZIP4 in acrodermatitis enteropathica, ZIP13 in the 
spondylocheiro dysplastic form of Ehlers-Danlos syndrome, ZnT2 in transient neo-
natal zinc deficiency, ZnT8 in diabetes, and ZnT10 in Parkinsonism and dystonia, 
have been shown. In another review article, Hara et al. documented the expressions 
and modification levels of several Zn2+ transporters in mammalian cells/tissues, 
focusing on their physiological roles such as ZnT2, ZnT3, ZnT4, and ZnT8 as well 
as ZIP4, ZIP5, ZIP6, ZIP7, ZIP8, ZIP10, ZIP12, ZIP13, and ZIP14 (Hara et al. 2017).

As a summary, all the above studies strongly emphasized that a number of cel-
lular actors can interact with cellular Zn2+ for their functions, acting not only as an 
accessory molecule for proteins but also as a signaling molecule, much similar to 
Ca2+ (Hara et al. 2017; Maret 2013). More importantly, known data imply that the 
Zn2+ transporter ZIP7, particularly, has an important role in the proper heart func-
tion in mammalians.

8.7  Role of Zinc Transporter ZIP14 in Aging Mammalian 
Heart Function

The named ZnT and ZIP proteins are classified as Zn2+ transporters, which are 
responsible either in Zn2+ influx into the cytosol or Zn2+ efflux from the cytosol in 
cells. However, some of them can transfer the other trace metal ions, including iron 
ion as well as other cations (Eide 2011). Among ZIPs, ZIP14 (SLC39A14) was first 
identified in uncharacterized human genes, and it is most highly expressed in the 
liver (Nomura et al. 1994) and in epithelial cells (Zhu et al. 1997), as well as associ-
ated with the estrogen-related gene LIV-1 (Taylor and Nicholson 2003). In a later 
study, Taylor et al. have demonstrated that ZIP14 located to the plasma membrane 
could function as Zn2+ influx transporter in CHO cells. Furthermore, into cell, dem-
onstrate properly its role that the plasma membrane located in ZIP14 was regulated 
with interleukin-6 and is regulated in the liver, contributing to the hypozincemia of 
the acute-phase response to inflammation and infection (Liuzzi et  al. 2005). 
Furthermore, it was also shown that ZIP14-mediated the Zn2+ uptake and non-trans-
ferrin-bound iron uptake into cells, indicating its role in zinc and iron metabolism in 
hepatocytes (Cousins et al. 2006; Jiang et al. 2018; Gartmann et al. 2018), in human 
proximal tubular epithelial cells (van Raaij et al. 2019), and in the promotion of 
cachexia in metastatic cancers through ZIP14 upregulation in skeletal muscle (Wang 
et al. 2018). The mediation role ZIP14 in the uptake of non- transferrin- bound iron 
was also given by the study of Zhao et al. in the latter period (Zhao et al. 2010).

Another important role of ZIP14 has been shown by Aydemir et al., who demon-
strated that hepatic ZIP14-mediated Zn2+ transport could contribute to endosomal 
insulin receptor trafficking and glucose metabolism (Aydemir et  al. 2016a). 
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Supporting this study, Turan’s lab provided important information related to the 
possible role of ZIP14  in insulin-resistant MetS rats with high blood glucose. In 
those studies, the protein expression level of ZIP14 was found to be markedly 
increased being parallel to increased [Zn2+]i in MetS-rat cardiomyocytes (Olgar and 
Turan 2018). More importantly, they demonstrated the similar increased protein 
level of ZIP14 in HF human heart with a correlation between the induction of ER 
stress, the elevation of [Zn2+]i, and increased oxidative stress (Olgar et al. 2018b).

Although there is very little information related with the role of Zn2+ transport-
ers, particularly ZIP14 in mammalian aging, Aydemir et al. demonstrated the role of 
ZIP14 as an inflammation responsive transporter, and it has important phenotypic 
effects, amplified with aging (Aydemir et al. 2016b). In these regards, the ZIP14 
situation in aging male rat (24 months old) in the left ventricular cardiomyocytes 
compared to those of adult male rats (6 months old) was examined by Western blot 
analysis. As can be seen in Fig. 8.5a, the total protein expression level of ZIP14 in 
aging rats’ cardiomyocytes was not significantly different from that of adult value. 

Fig. 8.5 Western blot analysis of subcellular protein expression levels of ZIP14 in isolated left 
ventricular cardiomyocyte homogenates. Cardiomyocytes were freshly isolated from 6-month-old 
(adult) and 24-month-old (aging) male Wistar rats (Turan et al. 1997). Age cardiomyocytes were 
incubated with mitochondria-targeted antioxidant MitoTEMPO (1 μM) for 3 h. Though whole cell 
homogenates were extracted with conventional NP-40 lysis buffer (250 mM NaCl, 1% NP-40, and 
50 mM Tris-HCl; pH 8.0 and 1XPIC), isolation of mitochondrial fractions and sarcoplasmic retic-
ulum fractions from freshly isolated cardiomyocytes were performed by different densiometric 
centrifugal forces using Mitochondria Isolation Kit for Cultured Cells (Thermo, 89,874) and 
Endoplasmic Reticulum Isolation Kit (Sigma-Aldrich, ER0100), respectively. Protein levels were 
measured by Bradford Assay (Pierce Biotechnology, USA) with bovine serum albumin as the 
standard method, and equal amount of protein preparations was run on SDS-polyacrylamide gels 
and blotted with a primary antibody against ZIP14 (Thermo, PA5–21077; 1:300), GAPDH (Santa 
Cruz, Sc365062; 1:10000), COXIV (Cell Signalling, ab1474; 1:10000), and SERCA2a (Santa 
Cruz, Sc-376235; 1:5000) to detect their protein levels. Immunoreactive bands were detected by a 
chemiluminescent reaction (ECL kit, Advansta). ZIP14 protein levels presented as whole-cell (A), 
sarcoplasmic reticulum-graded (B), and mitochondrial-graded lysates (C) for all groups. Data 
were presented as mean ± SEM. Significance level accepted as ∗p < 0.05 vs. Adult group, #p < 0.05 
vs. Age group
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However, its level in isolated mitochondria (Fig. 8.5b) was significantly depressed 
in age group compared with the adult group, while it was significantly high in the 
isolated S(E)R part (Fig. 8.5c) in the same cells. These data imply that the protein 
expression level of this transporter, ZIP14, has a muffling role between S(E)R and 
the mitochondria in aging heart cells.

8.8  Conclusion

Literature search shows that the functional significance of ZIP14-mediated trans-
port of Zn2+ either into or out of cardiomyocytes is not known yet, although its role 
for Zn2+ transport in the liver, intestine, adipose tissue, and bones is documented 
(Cousins et al. 2006; Pinilla-Tenas et al. 2011; Guthrie et al. 2015; Tominaga et al. 
2005; Hojyo et al. 2011) providing information about its marked tissue specificity 
of expression. ZIP14 can also transport other metal ions, such as iron ions, manga-
nese ions, and cadmium ions (Zhao et  al. 2010; Jenkitkasemwong et  al. 2015; 
Fujishiro et al. 2011, 2012; Tuschl et al. 2016).

Most of the data have shown that increased oxidative stress plays an important 
role in the disruption of both cellular Zn2+ homeostasis and the responsible 
Zn2+ transporters. In this regard, our data given in Fig.8.3 can support clearly this 
hypothesis. Therefore, we treated the cardiomyocytes from aging rat with an anti-
oxidant directly targeting the mitochondria, MitoTEMPO.  As can be seen in 
Fig. 8.5, the altered level of depressed ZIP14 expression in either the mitochondria 
or S(E)R could be augmented fully.

Taken into consideration the marked cardioprotective effect of MitoTEMPO 
treatment of aging rats (Olgar et  al. 2018a), we have summarized the evidence 
related with the role of cellular homeostasis of Zn2+ and Zn2+ transporters and the 
protective action of mitochondrial antioxidant MitoTEMPO in Fig. 8.6. Under the 
light of other documents, we propose that both oxidative and nitrosative stresses are 
increasing in aging heart, leading to alterations in both cellular Ca2+ and Zn2+ 
homeostasis, through alterations of both S(E)R and mitochondria. All these changes 
can underline the serious alterations in cardiac function (Olgar et  al. 2018a, b; 
Tuncay et al. 2013; Tuncay et al. 2018). If one can follow a strategy to protect the 
mitochondria during the aging period, then it can help to have a proper heart func-
tion in age mammalians.
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Fig. 8.6 A pathway giving possible mechanisms underlines the changes in the heart during the 
aging process and a mitochondria-targeting antioxidant MitoTEMPO providing cardioprotection/
therapy via cellular Zn2+ homeostasis against aging-associated development of cardiovascular 
insufficiencies/dysfunction in insulin-resistant mammalian heart. Taken into consideration the 
marked cardioprotective effect of MitoTEMPO treatment of aging rats (Olgar et al. 2018a), we 
have summarized the evidence related with the role of cellular homeostasis of Zn2+ and the protec-
tive action of mitochondrial antioxidant MitoTEMPO
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Chapter 9
Zinc Signaling in the Life and Death 
of Neurons

Elias Aizenman

Abstract ZnT3 (SLC30a3), a zinc transporter, packages zinc into glutamatergic 
synaptic vesicles, imparting the metal with potential neurotransmitter-like proper-
ties. In fact, zinc is released from nerve terminals in an activity-dependent fashion 
and interacts with neurotransmitter receptors, influencing their function. This is 
most notably the case for the NMDA receptor, where synaptically released zinc can 
effectively regulate ion channel function. Critically, synaptically released zinc also 
directly activates a receptor (mZnR/GPR39) whose primary ligand is the metal 
itself, regulating neuronal excitation. In essence, then, zinc is a neurotransmitter. 
Zinc is also, in and of itself, a critical and ubiquitous second messenger. Intracellular 
zinc in neurons can be liberated from metal-binding proteins, such as metallothio-
nein, via redox-regulated processes. The liberated zinc, in turn, can activate both 
pro-survival and pro-cell death signaling cascades, the latter of which are associated 
with the injury-mediated enhancement of functional Kv2.1 potassium channels in 
the cell membrane, leading to the cell death-promoting loss of cytoplasmic potas-
sium. It is thus not altogether surprising that cellular zinc is tightly regulated through 
the presence of metal-binding proteins and multiple zinc transporters, many of 
which are covered in detail elsewhere in this book. This rich array of zinc signaling 
processes in neurons clearly point to the many vital and critical roles the metal plays 
in brain function and dysfunction.
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9.1  Zinc Rocks!

Or rather, zinc comes from rocks, most commonly sphalerite (zinc sulfide). And if 
you ever find yourself in Pittsburgh, Pennsylvania, you may view many fine samples 
of this most widespread zinc-containing ore at the Hillman Hall of Minerals and 
Gems, within the Carnegie Museum of Natural History in the neighborhood of 
Oakland (Fig. 9.1). Industrial zinc is extracted from sphalerite by heated chemical 
reduction or “smelting.” And if you then happen to find yourself Down Under atop 
a boat sailing along the Derwent river just north of Hobart, Tasmania, you will likely 
pass by the old, massive Lutana zinc works (now Nyrstar), one of the largest zinc 
smelting facilities in the world (Fig. 9.2). We, of course, must eat the zinc that flows 
through our bodies (Prasad 2013; Gibson et al. 2016), but it is interesting (at least to 
this author) to sometimes step back and take in the fact that zinc is, after all, a super-
nova product (Umeda and Nomoto 2002; Timmes et  al. 1995) that somehow, 
through complex evolutionary processes (Berg and Shi 1996; Bini 2010; Hilgers 
and Ludwig 2001), has found its way to fill a critical signaling niche within our 
brain (Frederickson et al. 2005; Sensi et al. 2011). Yes, think about that.

9.2  Zinc Is a Neurotransmitter

Over the years, there have been various iterations of the criteria listed as necessary 
for a molecule to meet and thereby achieve the status of being classified as a neu-
rotransmitter (Purves et al. 2001). Within this author’s own interpretation of these 
criteria, herein are listed the requirements already met, or not, by the metal zinc:

Fig. 9.1 Zinc-containing 
rock. Sphalerite sample 
(with ankerite –lighter- 
colored mineral; from 
Kosovo), displayed at the 
Hillman Hall of Minerals 
and Gems at the Carnegie 
Museum of Natural 
History in Pittsburgh, 
PA. Many other sphalerite- 
containing samples can be 
found in the museum’s 
collection. (Photograph by 
the author)
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 1. Zinc must be present in the presynaptic cell (a synthetic process would be a 
bonus!). Although our brains sometimes explode with great ideas, they are not 
even close to generating the conditions necessary to produce zinc, such as the 
energy present within the expanding gas that follows a supernova explosion 
(Timmes et al. 1995). As such, we must consume the zinc that neurons will even-
tually utilize (Prasad 2013; Gibson et al. 2016). Nonetheless, zinc is indeed pres-
ent in the presynaptic cell, as it is present in all cells. And as such, a mechanism 
must be in place to put zinc, as a neurotransmitter, in the right place within the 
neuron, that is, in synaptic vesicles. This brings us to the next point.

 2. A transport process must be present to place zinc within synaptic vesicles. ZnT3 
(SLC30a3) is a zinc-selective transporter present mostly in a subpopulation of 
synaptic vesicles that normally also contain glutamate. In fact, this transporter is 
both necessary and sufficient for synaptic vesicles to sequester zinc (Cole et al. 
1999; Wenzel et al. 1997; Palmiter et al. 1996). And why not all glutamatergic 
vesicles have ZnT3, and thereby contain zinc (Lavoie et al. 2011)? One possible 
explanation lies with the fact that the tail end of the zinc transporter interacts 

Fig. 9.2 A zinc smelter. The Nyrstar zinc works in Lutana, just north of Hobart, Tasmania. The 
body of water in front is the Derwent River, flowing from Lake St. Clair south to the Tasman Sea. 
(Photograph by the author). “And so instead Mr. Hung dug out a small workshop beneath his old 
Zinc Company house in Lutana and set to work building fake antique chairs and carving ersatz 
whalebone to complement our more sordid fictions.” (From Richard Flanagan’s Gould’s Book of 
Fish (2001))
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with the adaptor-like protein complex AP-3, which may localize to only a sub-
population of vesicles, hence determining the vesicular sorting of ZnT3 (Salazar 
et al. 2004). Indeed, deletion of the gene for the delta subunit of AP-3 results in 
a reduction in vesicular zinc in the so-called mocha mouse (Kantheti et al. 1998). 
It must be noted, however, that not all of the vesicular zinc is absent in this 
mutant mouse (Stoltenberg et al. 2004). In contrast, deletion of ZnT3 gene results 
in a complete absence of vesicular, or “synaptic,” zinc (Cole et al. 1999). And so, 
yes, zinc is sequestered into synaptic vesicles by the zinc transporter ZnT3, ren-
dering the metal as a potential transmitter. Before we move on to the next point, 
it must be noted that an interesting co-dependent functional relationship exists 
between ZnT3 and the glutamate vesicular transporter Vglut1. That is, the trans-
port properties of either one of these molecules are facilitated by the presence of 
the other within the same vesicle (Salazar et al. 2004).

 3. Zinc must be released from presynaptic terminals by an activity-dependent pro-
cess where it would be free to diffuse across the synaptic cleft. Believe it or not, 
this was a point of contention until recent years. In spite the fact that several 
classic papers strongly suggested synaptic zinc release did in fact occur (Assaf 
and Chung 1984; Howell et al. 1984), a lack of state-of-the-art fluorescent indi-
cators or rapid zinc chelators led some authors to prematurely conclude that even 
though vesicular zinc could be “externalized” following synaptic activity, it did 
not diffuse across the cleft but somehow remained anchored to the presynaptic 
membrane to form what was termed a “zinc veneer” (Kay 2003). But as technol-
ogy continued to improve, evidence for synaptic zinc release began, once again, 
to accumulate (Qian and Noebels 2005). The advent of highly selective and sen-
sitive extracellular ratiometric zinc indicators, such as LZ9 (Anderson et  al. 
2015), and, especially, the development of high-affinity, fast, and selective zinc 
chelators, such as ZX1 (Pan et al. 2011; Anderson et al. 2015), allowed investiga-
tors to finally demonstrate, without a doubt, that zinc, indeed, was synaptically 
released following presynaptic neuronal activity. Moreover, synaptic zinc could 
diffuse across the synaptic cleft to modify postsynaptic function, the topic of the 
next point in this section.

 4. Zinc must act synaptically via zinc-sensing receptors. In addition to the well- 
known neuromodulatory effects of zinc on classical neurotransmitter receptors, 
in particular the NMDA ligand-gated ion channel (Peters et al. 1987; Westbrook 
and Mayer 1987; Traynelis et al. 1998; Paoletti et al. 1997; Vergnano et al. 2014; 
Anderson et al. 2015), synaptically released zinc will specifically and directly 
activate the metabotropic zinc receptor (mZnR) GPR39 (Hershfinkel et al. 2001; 
Holst et  al. 2007; Yasuda et  al. 2007), first described by Michal Hershfinkel, 
Israel Sekler, and colleagues. The physiological effects of postsynaptic mZnR/
GPR39 activation by synaptically released zinc are inhibitory in nature. In one 
example, mZnR/GPR39 activation produces an enhanced, syntaxin-dependent 
insertion of KCC2 in the postsynaptic membrane, leading to increased synaptic 
inhibition mediated by GABAA channels by shifting the chloride reversal poten-
tial in a hyperpolarizing direction (Chorin et  al. 2011; Saadi et  al. 2012). Of 
interest, intracellular zinc blocks KCC2 activity (Hershfinkel et al. 2009). In a 

E. Aizenman



169

second example, synaptic zinc activation of mZnR/GPR39 induces postsynaptic 
production of the endocannabinoid 2-AG, which, in turn, diffuses to the presyn-
aptic terminal to inhibit further excitatory glutamatergic neurotransmission via 
CB1 receptors (Perez-Rosello et al. 2013). Thus, in both cases (Fig. 9.3), activa-
tion of mZnR/GPR39 leads to decreased excitation. Not surprisingly, genetic 
deletion of mZnR/GPR39 produces hypersensitivity to seizure-inducing stimuli 
(Gilad et al. 2015), a phenotype not too dissimilar from that previously observed 
in ZnT3 null mice (Cole et al. 2000).

 5. Following activity-dependent release, zinc must be removed from the synaptic 
cleft to terminate its activity. A number of potential ZIP (SLC39a) zinc transport-
ers may serve as vehicles for zinc entry into a non-synaptic compartment (e.g., 
astrocytes, pre- or postsynaptic neurons) following its synaptic release. In fact, it 
has been observed that genetic deletion of ZIP1 and ZIP3 decreased zinc accu-
mulation in CA1 neurons of the hippocampus following pathogenic zinc release 
stimulation (Qian et al. 2011). This does not necessarily mean that these trans-
porters normally regulate cleft zinc concentrations, but they are the only ones 
thus far implicated in this process. It must be also mentioned that a non- 
synonymous single nucleotide polymorphism in ZIP8 was recently associated 
with schizophrenia in European populations, potentially implicating this trans-
porter in the normal physiological function of synaptic zinc (Carrera et al. 2012; 
Li et al. 2016). In addition to ZIPs, zinc may gain entry into the postsynaptic 
cells (Li et al. 2001; Frederickson et al. 1989; Koh et al. 1996) via a number of 
conduits, including calcium channels (Kerchner et al. 2000; Dietz et al. 2008; 

Fig. 9.3 Synaptic zinc activation of mZnR/GPR39. In (a), synaptic zinc leads to an ERK- 
dependent, SNARE-mediated insertion of KCC2 transporter molecules in the plasma membrane, 
driving the reversal potential for GABAA currents in the hyperpolarized direction and rendering 
synaptic inhibition more effective. In (b), activity-dependent synaptic zinc release triggers endo-
cannabinoid synthesis and release from postsynaptic neurons, with subsequent inhibition of trans-
mitter release via activation of presynaptic CB1 receptors
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Sheline et al. 2002; Kim et al. 2000; Sensi et al. 1997) and calcium-permeable 
AMPA receptors (Yin and Weiss 1995; Weiss et  al. 1993; Sensi et  al. 1997), 
essentially removing it from the synaptic cleft. Finally, there is evidence that 
synaptically released zinc can diffuse to extra-synaptic sites (Anderson et  al. 
2015), suggesting that movement away from the cleft may also contribute to the 
termination of its neurotransmitter actions.

The information presented here strongly suggests that, by most criteria generally 
attributed to classical neuronal messengers, zinc is, indeed, a bona fide neurotrans-
mitter. It is present in presynaptic vesicles, released in an activity-dependent man-
ner, has specific receptors that, when activated by zinc, alter the excitability of the 
postsynaptic cells (in addition to serving as allosteric neuromodulator at other 
receptors), and has several putative mechanisms to terminate its actions. It must also 
be noted that, although not as common as in the glutamatergic system, some zinc- 
containing terminals release GABA as well, resulting in inhibition of GABAA 
receptors (Ruiz et  al. 2004), a previously known effect of the metal (Smart and 
Constanti 1982). At this point, the reader is directed to a more comprehensive trea-
tise on synaptic zinc, including its effects on plasticity, namely, an outstanding 
review recently published by Brendan McAllister and Richard Dyck (McAllister 
and Dyck 2017). Moreover, for elegant analyses of the actions of synaptic zinc on 
cortical circuit function and its role in behavior, the reader is referred to recent stud-
ies from Richard Dyck and Thanos Tzounopoulos’ laboratories (Anderson et  al. 
2017; Kumar et al. 2019; McAllister et al. 2018; Patrick Wu and Dyck 2018).

9.3  Intracellular Zinc Signaling

9.3.1  Translocation of Synaptic Zinc

As mentioned in the prior section, synaptically released zinc has been observed to 
translocate from presynaptic terminals to postsynaptic neurons (Li et  al. 2001; 
Frederickson et al. 1989). For the most part, this phenomenon has been closely asso-
ciated with neuronal injury, as the stimuli utilized to observe the translocation have 
been generally injurious themselves (Qian et al. 2011; Koh et al. 1996; Frederickson 
et al. 1989; Yin et al. 2002). In an extremely interesting, recently described study by 
Paul Rosenberg, Larry Benowitz, and co-workers, retinal ganglion cell death 
observed following optic nerve crush was ascribed to zinc translocation, originating 
from amacrine cells (Li et al. 2017). In this system, expression of ZnT3 in amacrine 
cells was observed only after retinal ganglion cell axonal injury. Indeed, ZnT3 null 
mice showed attenuated injury, as were animals treated intravitreally with extracel-
lular zinc chelators (Li et al. 2017). But not all cases of trans-synaptic zinc translo-
cation have been associated with injurious processes. For example, mossy 
fiber-originating zinc translocation has been observed to activate TrkB in CA3 hip-
pocampal neurons via Src-dependent, BDNF-independent mechanisms, at least 
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in vitro, resulting in synaptic potentiation (Huang et al. 2008). Other investigators 
have similarly reported effects of synaptic zinc translocation on heterosynaptic 
facilitation of cortical inputs to CA3 hippocampal neurons (Eom et al. 2019). More 
recently, the zinc transporter ZnT1, which moves zinc from the cytoplasm to the 
extracellular space, was found to interact with the highly zinc-sensitive NMDA 
receptor subunit GluN2A (Mellone et al. 2015), suggesting the possibility that syn-
aptic zinc translocation could then undertake a circuitous route to modulate gluta-
matergic neurotransmission mediated by NMDA receptors (Krall et al. 2018).

John Weiss and colleagues recently reported that the selective vulnerability of 
CA3 pyramidal hippocampal neurons to limbic seizures is likely due to zinc 
translocation- induced toxicity, gaining access to cells primarily via calcium- 
permeable AMPA-gated receptor channels (Medvedeva et al. 2017). CA1 neurons, 
which are selectively injured following global ischemia (instead of seizures), also 
perish as a result of an intracellular increase in zinc. However, in contrast to CA3 
neurons, the source of the injurious zinc in CA1 cells is not synaptic, but, rather, 
hastily liberated metal that had been previously bound inside the postsynaptic cells 
by metal-binding proteins such as metallothionein (Medvedeva et al. 2017). This 
intracellular source of zinc, as a primary driver of neuronal injury, is the next topic 
of this chapter.

9.3.2  Intracellular Liberation of Zinc

As recently and brilliantly discussed by Wolfgang Maret, zinc itself is not a redox- 
active metal, but it both regulates and is highly regulated by redox processes (Maret 
2019). In fact, the cytosolic zinc-binding protein metallothionein, which has a very 
high affinity for metal (Kd = 1 × 10−14 M at neutral pH), can readily release zinc 
upon mild oxidative conditions, given its very negative (−365 mV) redox potential 
(Maret and Vallee 1998). This property makes metallothionein ideally suited to 
transfer zinc to nascent zinc-binding proteins (Jacob et al. 1998), without altering 
the intracellular free concentrations of the metal, which can be highly deleterious to 
the cell (Koh et al. 1996; Aras and Aizenman 2011; Aras et al. 2009a). It is, in fact, 
this source of zinc that may be a critical component of a large number of neurode-
generative cell signaling pathways (Hara and Aizenman 2014; McCord and 
Aizenman 2014; Pal et al. 2004; Aras and Aizenman 2011).

A clear hint that zinc translocation from ZnT3-containing vesicles was not the 
only mechanism for unregulated intracellular free zinc elevation came from a set of 
studies by Jae Koh and colleagues. First, this group observed that zinc still accumu-
lated in hippocampal neurons following seizures in ZnT3-deficient mice (Lee et al. 
2000). In a follow-up study, these investigators showed that zinc accumulation in 
the hippocampus was significantly depleted in metallothionein 3 (MT3) knockout 
mice and even more so in double ZnT3/MT3 null animals (Lee et al. 2003). MT3 is 
constitutively expressed and is the primary isoform of metallothionein present in the 
brain (Vasak and Meloni 2017; Hidalgo et al. 2001). Nearly concurrent with Jae 
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Koh’s group observations (Lee et al. 2000), our group, in collaboration with Ian 
Reynolds, stumbled upon intracellular zinc liberation following oxidative injury, as 
a primary cause of cell death in neurons (Aizenman et al. 2000).

And so enter 2,2′-dithiodipyridine or DTDP. Our group was in search of a cell- 
permeant oxidant that could target intracellular thiol groups. The idea at the time 
was to induce the release of calcium from intracellular storage sites, namely, the 
endoplasmic reticulum (ER), independently from calcium entry from extracellular 
sources, such as the NMDA receptor. We were fortunate that down the hallway from 
our laboratory, Guy Salama and colleagues had observed that DTDP and related 
thiol oxidants could effectively release calcium from the sarcoplasmic reticulum of 
skeletal and cardiac myocytes (Zaidi et al. 1989; Prabhu and Salama 1990). Salama 
and co-workers went on to show that oxidant-induced intracellular calcium release 
was due to the action of DTDP and related compounds on a redox-sensitive gate 
within the ryanodine receptor complex (Salama et al. 1992). Of note, this work led 
to subsequent observations that nitric oxide was also an effective trigger of intracel-
lular calcium liberation from sarcoplasmic reticulum by targeting the same gate 
(Stoyanovsky et al. 1997; Kobzik et al. 1994).

Our group began using DTDP in neurons previously loaded with “traditional” 
calcium fluorescent indicators such as Fura-2, being well aware that these com-
pounds were also highly effective in detecting fluctuating intracellular zinc levels 
(Grynkiewicz et al. 1985; Cheng and Reynolds 1998), although we had no reason to 
suspect we were looking at anything but calcium at the time. DTDP, as advertised, 
produced substantial “calcium” transients in neurons and dramatic neurotoxicity, 
while sparing the surrounding glia. Moreover, glutamate receptor antagonist could 
not protect from DTDP’s toxic effects. We had essentially found what we were 
looking for, or so we thought. With NMDA receptor antagonists rapidly losing favor 
as potential neuroprotectants in humans (Olney 1994), we thought we could target 
toxic calcium loads in neurons via a different mechanistic pathway.

This author gives full credit to Ian Reynolds for righting our ship, which, admit-
tedly, had gone astray. Ian had been exploring the toxic effects of zinc in neurons 
(Dineley et al. 2000) and had arrived to the now classic papers by Wolfgang Maret, 
Bert Valle, and colleagues investigating the mobility of zinc from seemingly stable 
zinc/sulfur complexes in metallothionein following the treatment with redox-active 
ligands (Jacob et al. 1998; Jiang et al. 1998; Maret et al. 1997; Maret and Vallee 
1998). With this seminal work, Maret, Valle, and co-workers showed effective and 
complete liberation of zinc from metallothionein utilizing none other than the thiol 
oxidant DTDP (Maret and Vallee 1998). Upon this revelation, we naturally adjusted 
course and showed that intracellular liberation of zinc, not calcium, was primarily 
responsible for the toxic effects of DTDP on neurons (Aizenman et al. 2000). Later 
studies by our group (Hara and Aizenman 2004) and others confirmed without a 
doubt that oxidants such as DTDP induce intracellular zinc release from metal- 
binding stores in intact cells (Gibon et  al. 2011a, b; Lien et  al. 2018). We later 
showed that other, more physiological (or pathophysiological) stimuli, such as 
microglial-derived peroxynitrite (Knoch et al. 2008; Zhang et al. 2004), glutamate 
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receptor stimulation (Aras et al. 2009a), and ischemic injury (Aras et al. 2009b), 
could also effectively trigger the liberation of intracellular zinc.

Our group and others had now arrived at the realization that intracellular libera-
tion of zinc was a critical trigger in neuronal injury responses. The critical question 
to answer now was the obvious “how?” Although there were clearly many paths to 
take, this author’s group embarked on a signaling discovery trail that was initially 
guided by earlier discoveries in the laboratories of John Cidlowski at NIEHS and 
Shan Ping Yu together with Dennis Choi, then at Washington University in St. 
Louis. These research teams had suggested that a critical component of cell injury 
pathways was the eventual loss of cytoplasmic potassium, which, in turn, created a 
permissive environment for cell death-inducing proteases and nucleases to be opti-
mally activated (Bortner et  al. 1997; Hughes et  al. 1997; Hughes and Cidlowski 
1999; Montague et al. 1999; Wei et al. 2003; Yu et al. 1997, 1998, 2001). We set out 
to investigate whether potassium efflux was necessary for intracellular zinc- 
mediated cell death, and, if so, what cellular components were harnessed to accom-
plish this cellular task. A brief summary of how our group pieced this signaling 
pathway together is described in the next section.

9.3.3  A Zinc/Potassium Continuum in Neuronal Cell Death

In our first study on this topic (McLaughlin et al. 2001), rat cortical neurons in cul-
ture briefly exposed to a lethal concentration of DTDP were monitored for the 
appearance of enhanced potassium currents under voltage-clamp conditions, in a 
manner very similar to that described by Yu and colleagues in serum-deprived and 
staurosporine treated cells (Yu et  al. 1997). Delayed-rectifier, TEA 
(tetraethylammonium)-sensitive potassium currents were indeed dramatically 
enhanced following treatment, albeit it took approximately 3 h for this effect to be 
clearly measurable. This suggested to us that complex signaling cascades were in 
place to link the intracellular release of zinc with the loss of intracellular potassium. 
We observed that intracellular zinc chelation and p38 inhibitors could both prevent 
the DTDP-induced enhanced currents and inhibit cell death, while caspase inhibi-
tors only attenuated the latter. That is, the enhanced currents, in and of themselves, 
were necessary, but not sufficient, to trigger cell death. The current enhancement 
was an indirect manifestation of the cellular loss of intracellular potassium, which 
created a cell death-enabling environment, rather than triggering a cell death- 
inducing event. Our study clearly showed that intracellular zinc liberation was an 
upstream trigger mediating the apoptotic surge of potassium currents, occurring in 
a p38-dependent fashion (McLaughlin et al. 2001).

Connecting the dots between zinc liberation and potassium current enhancement 
required the identification of the ion channel responsible for the augmented cur-
rents. Together with Ed Levitan and in collaboration with Jeanne Nerbonne, the 
author’s team zeroed in on Kv2.1 as the channel responsible for the injury-mediated 
enhanced currents (Pal et  al. 2003). The use of dominant-negative mutated or 
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 truncated Kv2.1 channels in neurons was sufficient to prove that this channel was 
responsible for the apoptotic current surge. Moreover, preventing the enhanced cur-
rents with the dominant-negative constructs was highly neuroprotective. Once 
Kv2.1 was identified as the channel to target, the pieces of the puzzle fell together 
quite nicely in a series of subsequent studies. Since we knew p38 activation was 
important, we readily identified its upstream kinase, downstream from the zinc- 
liberation event, as being the apoptosis signaling kinase 1 or ASK-1 (Aras and 
Aizenman 2005). Moreover, in collaboration with the Levitan laboratory, we dis-
covered that the enhanced potassium currents during the cell death process was 
mediated by the syntaxin-dependent insertion of a reserve pool of Kv2.1 channels, 
rather than a modification of pre-existing functional channels at the cell membrane 
(Pal et al. 2006). Several years later we showed that the de novo syntaxin-dependent 
insertion of Kv2.1 channels occurred at pre-existing membrane channel clusters 
(Justice et al. 2017), hubs of seemingly silent Kv2.1 aggregates that aid in ion chan-
nel exocytosis (Deutsch et al. 2012). Channel declustering by non-lethal ischemic 
injury (Aras et al. 2009b; Schulien et al. 2016) may be, in fact, a neuroprotective 
strategy neurons employ in the phenomenon known as ischemic preconditioning. 
Importantly, sublethal, intracellular zinc liberation may be an important trigger for 
this neuroprotective cascade to occur (Aras et al. 2009a, b; Schulien et al. 2016; 
Shah et al. 2014; Lee et al. 2008).

Additional studies in our laboratory showed that p38’s involvement in the zinc- 
triggered apoptotic Kv2.1-mediated current surge was due to a direct phosphoryla-
tion of the channel by the kinase at serine 800, in the intracellular C-terminal domain 
(Redman et al. 2007). We later went on to show that zinc also facilitated the phos-
phorylation of tyrosine 124 on the N-terminal domain of the channel via Src kinase, 
primarily by inhibiting a phosphatase (protein tyrosine phosphatase epsilon or 
PTPε), which also targets this site (Tiran et al. 2003; Redman et al. 2009). In fact, 
phosphorylation has to occur at both sites for the Kv2.1 exocytotic process to occur 
(Redman et al. 2009), with the Src-mediated step seemingly required to proceed 
first (He et al. 2015). We later went on to show that, not surprisingly, calcium, in 
addition to zinc, had also a role to play. We observed that either oxidant or zinc- 
mediated liberation of calcium from the endoplasmic reticulum (Schulien et  al. 
2016) led to the activation of CaMKII, the binding of this kinase to syntaxin. 
Syntaxin then, in turn, binds and facilitates the membrane insertion of the dual 
phosphorylated Kv2.1 (McCord and Aizenman 2013).

The interaction of Kv2.1 with syntaxin is a critical and perhaps unique step 
necessary for the completion of the neuronal cell death cascade. Removing the 
syntaxin binding site and interfering with the interaction of the channel with the 
SNARE protein are highly neuroprotective strategies both in  vitro and in  vivo 
(McCord et al. 2014; Yeh et al. 2017), importantly, without altering the endogenous 
levels of Kv2.1-mediated functional currents in neurons. This exciting develop-
ment has led us to the targeted discovery of small molecules as novel neuroprotec-
tive agents (Yeh et al. 2018). An illustrated summary of the pathways described in 
this section is presented in Fig. 9.4. A potential key role of the mitochondria in 
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Fig. 9.4 A zinc/potassium continuum in neuronal cell death. Cell death-enabling pathway trig-
gered by intracellular zinc, released from metallothionein (MT), with a possible interplay with 
mitochondrial zinc pools, following oxidative or nitrosative injury (Aizenman et al. 2000; Aras and 
Aizenman 2011). The liberated zinc, in turn, activates p38 via ASK-1 (Aras and Aizenman 2005; 
McLaughlin et al. 2001). Activation of p38 leads to phosphorylation of residue S800  in Kv2.1 
(Redman et al. 2007). Zinc also inhibits protein tyrosine phosphatase epsilon (PTPε), enabling Src 
phosphorylation of residue Y124 of Kv2.1 (Redman et al. 2009). The dual phosphorylated channel 
interacts with the SNARE protein syntaxin at a C-terminal region (C1a) (McCord et al. 2014; Pal 
et al. 2006), requiring the activation and binding of CaMKII (McCord and Aizenman 2013). The 
latter had been activated via the oxidative release of calcium from the ER (McCord and Aizenman 
2013). Zinc can also trigger calcium release from the ER via activation of ryanodine receptors 
(Schulien et al. 2016). The interaction of Kv2.1 with syntaxin leads to the insertion of the potas-
sium channel in the cell membrane, producing large measurable delayed rectifier currents under 
voltage clamp, and, during the injurious process in dying cells, the loss of intracellular potassium 
from the cytoplasm (McLaughlin et al. 2001)
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regulating  intracellular zinc (Shuttleworth and Weiss 2011; Capasso et al. 2005; 
Sensi et al. 2003), not discussed in this chapter, is also included in the overall dia-
gram in Fig. 9.4.

9.4  Tapping the Zinc/Potassium Continuum 
as a Neuroprotective Strategy

The lack of effective neuroprotective therapies to treat neurodegenerative disorders 
recently drove us to design an innovative approach to protect neurons from dying 
during the course of the disease process (Justice et  al. 2018). We designed this 
potential new therapy based on three underlying principles, two of which have been 
discussed in detail in prior sections of this chapter. First, nearly all neurodegenera-
tive disorders have been linked, at some point of the disease, to oxidative injury 
(Cicero et al. 2017; Cobley et al. 2018; Liu et al. 2017), and, as indicated earlier, 
oxidative stress can effectively liberate zinc from intracellular metal-binding pro-
teins (Maret 2019; McCord and Aizenman 2014). Second, the liberation of intracel-
lular zinc following oxidative injury leads to Kv2.1-mediated cellular potassium 
loss, which, as highlighted above, is a required element in the completion of cell 
death programs of many neuronal subtypes (Shah and Aizenman 2014). The third 
component, not previously discussed here, relates to the activation of the zinc- 
selective transcription factor MTF-1 (metal regulatory element transcription factor 
1) by the liberated zinc. Zinc, and only zinc, binds to MTF-1 to promote its nuclear 
translocation and binding to the MRE (metal regulatory element) in the promoter 
region of various zinc-sensitive genes, including ZnT1 and inducible isoforms of 
metallothionein (Daniels et al. 2002; Langmade et al. 2000; Carpenter and Palmer 
2017; Andrews 2000; Smirnova et al. 2000; Hardyman et al. 2016).

The idea was this. If a neuron were sufficiently oxidatively injured to trigger a 
substantial zinc-liberation event, an ectopic MRE-driven gene construct would be 
present, driving the expression of a protein or peptide designed to interfere with the 
apoptotic insertion of Kv2.1 (Fig.  9.5). The potential breakthrough concept was 
thus the design of a normally silent gene, to be activated as a neuroprotective agent 
only upon lethal injury. For our proof-of-concept study (Justice et  al. 2018), we 
opted to drive the expression of the hepatitis C-derived protein NS5A with the 
MTF-1/MRE strategy. We had previously shown that NS5A is an effective inhibitor 
of the Src-mediated phosphorylation of Kv2.1, an earlier noted signaling step 
required for the interaction of the channel with syntaxin (Redman et  al. 2009; 
Clemens et al. 2015). Hepatitis C evolved this property to retard or inhibit normal, 
ongoing hepatocyte cell death in order to increase the probability of the virus in 
establishing a chronic infection in that organ (Mankouri et  al. 2009). For some 
unknown reason, hepatocytes also utilize Kv2.1 to die (Mankouri et  al. 2009), 
although whether zinc is required to drive this process is not yet known. We were 
very pleased to observe that neurons previously transfected with and MRE-driven 
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NS5A constructs where highly resistant to a normally lethal stimulus, also failing to 
observe the enhancement of potassium currents following injury (Justice et  al. 
2018). As predicted, unchallenged neurons had no detectable levels of the viral pro-
tein. Encouraged by these results, we plan to test this new method of neuroprotec-
tion in in vivo models of both acute and chronic neurodegeneration in the near future.

9.5  Concluding Remarks

Zinc has long known to be sequestered within synaptic vesicles in vast regions of 
the brain, including the cerebral cortex and the hippocampus. With the increasing 
development of a large range of highly specific zinc probes, a little mental elbow 
grease, and an unending curiosity on the part of old and new zinc neuro-aficionados, 
the metal has been finally yielding its secrets, revealing its many roles in neuronal 
function and dysfunction. In addition to the so-called synaptic zinc, non-vesicular 
intracellular pools of zinc are important contributors to a vast array of signaling 
networks that not only influence brain physiology but also are critical for determin-

Fig. 9.5 Zinc-dependent expression of a neuroprotective protein. Oxidative injury induces the 
liberation of intracellular metal-binding sources, primarily metallothionein (MT). The liberated 
zinc, in turn, binds and promotes the nuclear translocation MTF-1, activating the expression of the 
hepatitis C-derived protein NS5A (tagged with GFP). NS5A prevent phosphorylation and syntaxin- 
dependent membrane insertion of Kv2.1, preventing the apoptotic potassium current surge and 
thereby blocking the cell death cascade mechanism
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ing whether neurons will live or die. With apologies to colleagues whose work was 
not described in detail, this review did not intend to cover the full gamut of zinc 
signaling components in the brain, as, in fact, two other chapters in this volume are 
also devoted to zinc function in the central nervous system. However, it is hoped 
that the examples provided here illustrate the fact that detailed, mechanistic studies 
of zinc signaling networks in neurons can not only offer a window into the complex 
biology of this metal in the brain but also point toward novel venues for therapies in 
complex brain disorders. It must be saliently pointed out, however, that the work is 
very far from over. Indeed, we have only begun to scratch the surface of the large 
number of cellular and molecular components that integrate the neurobiology of 
zinc. Hopefully, this brief glimpse into the signaling of neuronal zinc will beckon 
more young scientists to join us in this fascinating and rewarding branch of neuro-
biological research.
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Chapter 10
Possible Therapeutic Roles 
of Metallothionein-3 and Zinc 
in Endosome-Autophagosome-Lysosome 
Pathway (EALP) Dysfunction in Astrocytes

Ha Na Kim, Bo-Ra Seo, Sook-Jeong Lee, and Jae-Young Koh

Abstract The accumulation of abnormal protein aggregates contributes to the 
pathological progression of diverse neurodegenerative diseases. An increasing body 
of evidence indicates that defects in the protein clearance system play a crucial role 
in this process. Cargoes delivered via endosomes, phagosomes, and autophago-
somes converge on lysosomes for degradation, which process is collectively called 
“the endosome-autophagosome-lysosome pathway” or EALP. As such, dysfunction 
of lysosomes may result in the accumulation of all these upstream vesicles/cargoes 
and may play a key role in diverse neurodegenerative conditions.

Over the years, we found that Zn-metallothionein-3 (MT3), the brain-enriched 
form of metallothionein, regulates lysosomal functions in cortical astrocytes. 
Zn-MT3 appears to interact with β-actin and activate c-Abl kinase. As a result, 
Zn-MT3 plays a role in maintaining lysosomal acidity, a prerequisite for vesicle 
fusion as well as cargo degradation. The reported downregulation of MT3  in 
Alzheimer’s disease (AD), hence, may contribute to lysosomal dysfunction in 
AD. Of interest, raising intracellular free zinc levels also caused lysosomal acidifi-
cation and normalization of degradation, even in the context of arrested autophagy. 
Pending further research on the mechanisms of these effects, we propose that mea-
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sures increasing Zn-MT3 and/or intracellular/lysosomal free zinc may be useful in 
normalizing lysosomal functions in neurodegenerative conditions.

Keywords Lysosome · Zinc · MT3 · Autophagy · Alzheimer

10.1  Introduction

Eukaryotic cells continuously produce and degrade a great number of cellular mac-
roconstituents, the balance of which is essential for their survival. Accumulation of 
certain waste proteins can lead to the formation of toxic protein oligomers and 
aggregates (Komatsu et al. 2006). In addition, accumulation of dysfunctional organ-
elles such as mitochondria and peroxisomes may contribute to increases in oxida-
tive stress (Jin 2006). Collectively, these events may cause severe cellular 
dysfunction, eventually leading to their demise, which may underlie diverse pathol-
ogies associated with aging.

Macromolecule degradation in eukaryotic cells takes place in diverse compart-
ments, including proteasomes, peroxisomes, late endosomes, and lysosomes. While 
proteasomes and peroxysomes engage in degradation of specific components, lyso-
somes are specialized for the all-purpose, high-capacity degradation of large pro-
teins, protein aggregates, and organelles (De Duve and Wattiaux 1996). Cargoes are 
delivered to lysosomes via diverse routes that include processes, such as macroau-
tophagy, chaperone-mediated autophagy, microautophagy, endocytosis, and phago-
cytosis, collectively referred to as the endosome-autophagosome-lysosome pathway 
(EALP). As the final effector organelle in the EALP, lysosomes are equipped with 
more than 60 acidic hydrolases that are able to degrade almost all cellular macro-
constituents (Settembre et  al. 2013). Although the mode of activation of each 
enzyme may differ, autocatalytic conversion of a proform to an active form seems 
to be the main mechanism for many lysosomal enzymes such as cathepsins (Stoka 
et al. 2016).

The average life span of humans is long compared to those of most other mam-
mals. While with aging other dividing cells may remove excess waste products and 
replace damaged cells by cell replacement, in postmitotic central neurons, clearance 
of waste materials may completely depend on adequate lysosomal function through-
out life. Therefore, lysosomal dysfunction tends to affect the central nervous system 
(CNS) to a greater extent than other tissues or organs in humans. One example of 
such dysfunction is a group of disorders termed lysosomal storage disorders (LSDs). 
The LSDs include neuronal ceroid lipofuscinosis (NCL, also known as Batten’s 
disease), Niemann–Pick type C (NPC), and mucolipidosis type IV (MLIV), which 
are caused by defects in CLN1–CLN3, NPC1, and MCOLN1 (TRPML1) genes, 
respectively. All of these genetic defects are linked to lysosomal dysfunction (Nixon 
2013). Other examples are aging-related neurodegenerative disorders that include 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral scle-
rosis (ALS).
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10.2  Contributors to Lysosomal Dysfunction 
in Aging- Related Neurodegenerative Diseases and Their 
Mechanisms

In central neurons, inadequate lysosomal degradation would allow a variety of 
waste products to gradually accumulate in cells. Some of the waste products can be 
degraded by alternative paths such as proteasomes or dumped out of the cell as 
exosomes through the formation of multivesicular bodies (MVBs). However, since 
these processes may not be sufficient to remove all waste products, such waste prod-
ucts will gradually accumulate in organelles and the cytosol, and will interfere with 
various cell functions. It is not yet completely clear which waste products are toxic 
to neurons, but in neurodegenerative conditions, oligomers of peptides and proteins, 
such as amyloid-β, phospho-tau, α-synuclein, and transactive response (TAR) 
DNA-binding protein 43 (TDP-43), are regarded as the main culprits.

Aβ, the main component of senile plaques in AD, is produced mainly in late 
endosomes from the plasma membrane protein amyloid precursor protein (APP), by 
the action of β- secretase-1 (BACE1). BACE1 is a transmembrane aspartic protease 
responsible for most of the β-secretase activity, but there is no direct evidence to 
support a causative role for increased BACE1 activity in AD. Instead, a growing 
body of evidence indicates that Aβ is rather a normal product of APP metabolism 
that serves diverse physiological functions (Muller et al. 2017; Manucat-Tan et al. 
2019). For instance, a recent study reported that Aβ acts as an antimicrobial peptide 
in the brain (Kumar et al. 2016). Since BACE1 works best at acidic pH (around 
pH 4.5) (Huse et al. 2000; Tesco et al. 2007), stagnation of APP in acidic late endo-
somes, as may occur under conditions of lysosomal dysfunction, could increase the 
Aβ production from APP.  Combined with decreased lysosomal degradation, this 
late-endosomal retention of BACE1 and APP would result in the accumulation of 
Aβ. In fact, by yet unidentified mechanism, Aβ itself can cause lysosomal alkalini-
zation and dysfunction (Guo et al. 2017), which would further promote Aβ accumu-
lation. Accordingly, a small increase in Aβ production caused by APP mutations 
could induce mild lysosomal dysfunction, which, in turn, leads to further increases 
in Aβ levels. This type of a positive feedback loop would result in a gradual increase 
in Aβ accumulation. Intriguingly, mutant presenilin-1 (PSEN1), which has been 
suggested to increase Aβ levels by virtue of its role as a component of γ-secretase, 
also causes lysosomal alkalinization by inhibiting vacuolar ATPase (V-ATPase) 
assembly (Lee et al. 2010a; Coffey et al. 2014). Hence, a common denominator in 
the effects of both mutated APP and presenilin-1 (PS-1) may be lysosomal 
dysfunction.

Another potential contributor to aberrant lysosomal degradation in AD is hyper-
phosphorylated tau, which accumulates in the cytosol leading to the formation of 
neurofibrillary tangles, another hallmark of AD. The main physiological function of 
tau is to bind to microtubules in order to stabilize the structure. Dissociation of tau 
from microtubules disrupts retrograde transport of peripherally derived endosomes 
and autophagosomes to lysosomes localized in the vicinity of the nucleus,  interfering 
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with degradation of cargoes. Conversely, inhibition of lysosomal degradation fur-
ther aggravates phospho-tau accumulation (Hamano et al. 2008). Although muta-
tions in the tau gene cause tauopathies without producing conspicuous Aβ 
accumulation (Roberson et al. 2007), mutations in APP genes cause accumulation 
of Aβ, α-synuclein, and tau (Boutajangout et al. 2004; Samura et al. 2006). These 
findings indicate that aberrant APP processing and Aβ may have broader effects on 
the EALP than tau. Alternatively, lysosomal dysfunction alone may not be sufficient 
for Aβ accumulation. Perhaps, accompanied abnormality in the endocytosis of APP 
may be a prerequisite. In fact, proteins involved in endocytosis may be upregulated 
by aging (Alsaqati et al. 2018).

Recent studies have found that a substantial fraction of genes involved in PD are 
related to endosomal trafficking and/or lysosomal function. To name a few, VPS35, 
GBA, ATP13A2, ATP6AP2, DNAJC13/RME-8, RAB7L1, and GAK (cyclin 
G-associated kinase) are such genes (Perrett et  al. 2015). The ATP13A2/PARK9 
gene encodes a lysosomal ATPase that transports cations, and the ATP6AP2 gene 
encodes a transmembrane protein that is a component of V-ATPase. The resultant 
functional defects in lysosomes, in combination with environmental factors, likely 
contribute to accumulation of α-synuclein aggregates in midbrain dopaminergic 
neurons as well as in cortical neurons. Reciprocally, as in the case of Aβ in AD, 
thus-formed α-synuclein aggregates can further impair macroautophagy (Moors 
et al. 2017; Rahman and Rhim 2017), again giving rise to a vicious cycle.

Likewise, lysosomal dysfunction has been implicated in the pathogenesis of 
other neurodegenerative diseases, including ALS, Huntington’s disease (HD), and 
other trinucleotide repeat disorders (Cipolat Mis et al. 2016; Croce and Yamamoto 
2019; Yamada et  al. 2002). Aggregates of SOD-1 (superoxide dismutase-1) or 
TDP-43, which are associated with ALS, disrupt the EALP (Chen et al. 2012; Han 
et al. 2015; Xia et al. 2016; Leibiger et al. 2018). Aggregates of mutant huntingtin, 
and likely those of other polyglutamine proteins, again inhibit the EALP (Croce and 
Yamamoto 2019). Hence, it is tempting to speculate that a common mechanism 
underlying neurodegenerative diseases, especially those accompanied by accumula-
tion of aggregated proteins, may be lysosomal or EALP dysfunction. Hence, mea-
sures targeting normalization of the EALP function may prove to be preventive 
against or therapeutically effective in diverse neurodegenerative diseases.

10.3  Possible Measures to Restore Lysosomal Function

A number of kinases, membrane proteins, transport machinery, signaling membrane 
phospholipids, and cations, such as Ca2+, Mg2+, and Zn2+, are reported to regulate the 
EALP (Shen et al. 2011; Liuzzi et al. 2014; Venkatachalam et al. 2015; De Craene 
et al. 2017; Nascimbeni et al. 2017). Hence, it may not be easy to elucidate which 
steps are critically affected in a particular neurodegenerative disease. To correct 
abnormalities in the EALP degradation in neurodegenerative disease models, a 
number of investigations have focused on finding measures to promote early steps 
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such as autophagosome formation. However, if the main defect is the lysosomal 
dysfunction causing arrested autophagy or more broadly arrested EALP, activation 
of early steps of EALP alone may not be sufficient to restore the degradation. In 
fact, while it has been reported that levels of beclin-1, an upstream activator of 
autophagy, are reduced in AD brains (Pickford et al. 2008; Jaeger et al. 2010), little 
evidence supports that autophagosome formation in AD is defective. To the con-
trary, an increasing body of evidence indicates that upstream vesicles including 
autophagosomes and late endosomes accumulate likely as a result of inefficient 
fusion between these vesicles and lysosomes (Boland et al. 2008; Lee et al. 2011). 
Directly supporting this, a recent study presented evidence that autophagosome for-
mation is not reduced, but is instead upregulated, in the early stage of AD (Sanchez- 
Varo et al. 2012). If so, therapies aiming at enhancing autophagosome formation per 
se would be futile or may even aggravate accumulation of vacuoles in AD.

In contrast, as discussed above, multiple lines of evidence indicate that lyso-
somal dysfunction occurs in and contributes to neurodegenerative disorders. Hence, 
measures that increase lysosomal function in the EALP may prove effective as ther-
apy for proteinopathic neurodegenerative conditions. One possible way to increase 
lysosomal function is to upregulate lysosomes and lysosomal proteins, including 
enzymes. Although the level of transcription factor EB (TFEB), the master tran-
scriptional activator of lysosomal proteins, is not reduced in AD brains, further 
increasing it by delivering viral TFEB constructs reduces Aβ and phospho-tau levels 
in AD mice (Xiao et al. 2015; Polito et al. 2014). Hence, TFEB may be a viable 
target for the development of drugs to enhance lysosomal degradation. There appear 
to be diverse ways to increase the level and activity of TFEB in addition to introduc-
ing the corresponding gene. For example, AKT, mTORC1 (mammalian target of 
rapamycin complex 1), and ERK-2 (extracellular signal-regulated kinase-2) phos-
phorylate TFEB to inhibit its translocation to nuclei; thus, inhibitors of these kinases 
may upregulate TFEB activity. Notably, the disaccharide sugar trehalose activates 
TFEB and induces lysosomal biogenesis (Rusmini et al. 2019), which may underlie 
the beneficial effect of trehalose on the accumulation of TDP-43 in a cell model of 
ALS (Wang et al. 2018).

Although TFEB activates lysosomes, it acts in the entire EALP. Are there mea-
sures that more specifically target the lysosome? There appear to be several such 
measures. For instance, GBA (encoding for the lysosomal enzyme glucocerebrosi-
dase), mutations of which gene are linked to PD, may be one. Whereas homozygous 
mutations lead to Gaucher disease, heterozygosity is a risk factor for PD.  GBA 
interacts with α-synuclein and its mutations disrupt functions of lysosomes, includ-
ing lysosomal recycling. Whether this defect is caused by accumulation of glucosyl-
ceramide, the substrate of GBA, in lysosomes, or a deficiency in GBA’s nonenzymatic 
functions is yet unknown. Regardless, treatment of GBA-deficient fibroblasts with 
imiglucerase, a recombinant human GBA, is effective in normalizing lysosomal 
functions. Another potential example is progranulin (PGRN), a gene involved in 
neuronal ceroid lipofuscinosis. Again, haploinsufficiency of PGRN results in fron-
totemporal lobar degeneration (FTLD) accompanied by TDP-43 accumulation 
(Baker et al. 2006; Cruts et al. 2006). Although it remains unknown why a PGRN 

10 Possible Therapeutic Roles of Metallothionein-3 and Zinc…



192

deficiency induces neurodegenerative diseases, several lines of evidence implicate 
PRGN in lysosomal function. First, PGRN facilitates the acidification of lysosomes 
and maturation of cathepsin D (CTSD) (Tanaka et al. 2017). Second, PGRN may act 
through its C-terminal granulin E domain to function as a chaperone that regulates 
multiple lysosomal enzymes, including GBA and CTSD (Jian et al. 2017). PGRN 
also has links to TFEB. The promoter of GRN contains TFEB-binding sites, and 
PGRN expression is upregulated by TFEB overexpression (Sardiello et al. 2009). 
Furthermore, a reduction or complete deletion of PGRN changes the expression of 
genes associated with lysosomal function and lipid metabolism, indicative of lyso-
somal dysfunction (Evers et al. 2017). Hence, measures to increase levels of PRGC 
may help restore lysosomal dysfunction.

Lastly, in many cases, lysosomal dysfunction may be overcome by manipulating 
luminal pH. In fact, for optimal activity of lysosomal enzymes, the lysosomal pH 
should be kept around 4.5–5.5. For this, V-ATPase, the lysosomal proton pump, is 
required. In diverse cell models of proteinopathic neurodegenerative diseases, it is 
found that lysosomal pH is shifted toward the alkaline direction, a change that may 
be brought about by downregulating V-ATPase. The end results of lysosomal alka-
linization are: (1) decreased fusion between cargo vesicles and lysosomes and (2) 
suboptimal enzyme activities. Regardless of the specific cause, re-acidification of 
lysosomes tends to normalize fusion as well as degradation. Hence, measures that 
help re-acidify lysosomes may prove useful in hindering the progression of pro-
teinopathic neurodegenerative diseases. A recent study reported that acidic nanopar-
ticles may be useful for this purpose (Bourdenx et al. 2016; Trudeau et al. 2016).

10.4  Emerging Role of Metallothionein-3 (MT3) 
in Regulation of Endocytosis and Lysosome Functions 
in Astrocytes

Metallothioneins (MTs) are small-sized proteins with seven metal-binding sites. 
While under normal conditions zinc is the main metal bound to MTs, under patho-
logical conditions, their apo-forms may function as buffers for toxic heavy metals 
such as lead, cadmium, and copper. Recently, however, a growing body of evidence 
has indicated that MTs may have additional functions in cells. For instance, oxida-
tive or nitrative stress can release zinc from MTs. The released zinc may then be 
involved in diverse signaling events such as protein kinase C (PKC) and Erk activa-
tion (Aras et al. 2009; Lin et al. 2011; He and Aizenman 2010; Noh et al. 1999). In 
addition, MT3, a CNS-enriched form, binds to β-actin and contributes to signaling 
such as c-Abl activation. The latter mechanism appears to affect clathrin-mediated 
endocytosis and lysosomal function, both of which are major constituents of the 
EALP (Lee et al. 2015).

One known finding about MT3 biology in neurodegenerative disease is that it is 
downregulated in Alzheimer’s disease, especially in astrocytes. While the 
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 significance of this change has yet to be determined, based on results obtained from 
astrocyte cell culture experiments, it seems possible that MT3 downregulation may 
contribute to dysfunction in the EALP, especially in Aβ endocytosis as well as its 
lysosomal degradation in astrocytes. Hence, while the cascade leading to MT3 
depletion in AD is unknown, it may play as a component in Aβ accumulation in the 
AD brain.

In AD, Aβ is mainly produced in neurons and secreted to the extracellular fluid 
at least partly via the exosome pathway. The accumulation of Aβ in the extracellular 
fluid (ECF) depends on its secretion rate and aggregation rate as well as its removal 
rate. For the latter, clearance via the glymphatic and vascular system and removal by 
microglial phagocytosis are well-known processes. In addition, a growing body of 
evidence indicates that Aβ endocytosis by astrocytes also plays a significant role in 
its clearance (Tarasoff-Conway et al. 2015; Dominguez-Prieto et al. 2018). In this 
regard, it seems significant that the absence of MT3 markedly reduces Aβ uptake via 
the clathrin-mediated endocytosis (Fig.  10.1a). While this effect may reduce Aβ 
burden in astrocytes, it may decrease the clearance of Aβ from the ECF. This effect 
may be linked to the MT3’s interaction with β-actin. MT3 promotes polymerization 
of actin, which is a necessary step in clathrin-mediated endocytosis.

The other effect of MT3 in the EALP is on lysosomes. We found that the absence 
of MT3 in astrocytes resulted in the reduction of autophagy flux (Fig. 10.1b) (Lee 
et al. 2010b). One of the changes induced by MT3 deletion was lysosomal alkalini-
zation. Combined with reduced lysosomal enzyme activities, MT3 deletion resulted 
in autophagosome accumulation and reduced lysosomal degradation. Again, the 
interaction between MT3 and β-actin, and the consequent activation of c-Abl kinase, 
is a necessary event for this effect. Of interest, the N-terminal portion of MT3 con-
taining TCPCP motif, a unique component of MT3 among MTs, was required for 
the interaction of MT3 with actin, and thus to restore lysosomal function. 
Consistently, MT1 and MT2 did not interact with β-actin and had no effect on lyso-
somal biology. Finally, zinc binding to MT3 is also required, as depletion of zinc 
with TPEN abrogated the effect. As will be discussed in the next section, increasing 
intracellular free zinc alone also has the function-boosting effect on lysosomes, 
including the acidity. Hence, zinc released from MT3 might be an additional con-
tributing mechanism to increasing lysosomal function.

Since MT3 expression is limited mainly to CNS cells such as astrocytes and 
neurons, the MT3-dependent regulation of endocytosis and lysosomal function may 
be unique to the CNS. As such, MT3 may be a good target for the development of 
lysosome-boosting drugs in the CNS. Further studies are needed to show whether 
MT3 or any of derived peptides, when given systemically or into the CSF, has 
desired effects on brain lysosomes.
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10.5  Measures Increasing Cytosolic and/or Lysosomal Free 
Zinc Levels May Help Overcome Lysosomal 
Dysfunction

Another potential therapeutic strategy for re-acidification of lysosomes is to raise intra-
cellular or lysosomal free Zn2+ levels. Simple exposure of cultured cells to Zn2+-enriched 
media or to a Zn2+ ionophore such as clioquinol is sufficient to achieve this effect. 
Clioquinol increases cytosolic and lysosomal Zn2+ levels and activates autophagy, result-
ing in degradation of mutant huntingtin aggregates (Park et al. 2011). Increasing intra-
cellular or lysosomal Zn2+ levels by a zinc ionophore clioquinol reverse lysosomal pH 
changes and autophagy arrest (Fig. 10.2). Consistent with these changes, Zn-clioquinol 
reduces levels of Aβ or mutant huntingtin in the respective cell models (Seo et al. 2015).

Fig. 10.1 MT3 controls lysosomal pH and clathrin-mediated endocytosis of Aβ. (a) MT3 
KO (knockout) decreases Aβ endocytosis. Confocal fluorescence micrographs of MT3 WT (wild- 
type) and KO astrocytes. Cells were incubated with 1 μM fluorescein isothiocyanate (FITC)-Aβ 
(green dots) for 15 min at 37 °C. The plasma membrane was stained with Alexa Fluor 594-WGA 
(wheat germ agglutinin) (red). The FITC-Aβ uptake was noticeably reduced in MT3 KO cells com-
pared with WT cells. Western blots (lower) for 6E10 and corresponding β-actin in MT3 WT and KO 
astrocytes. Astrocytes from MT3 WT and KO were incubated with 1 μM Aβ. After 24 h, the cells 
were lysed and immunoblotted with an anti-6E10 antibody. Compared to MT3 WT cells, MT3 KO 
cells reduced Aβ uptake (56). (http://creativecommons.org/licenses/by/4.0/). (b) Lysosomal pH in 
MT3 WT and KO astrocytes. Confocal fluorescence photomicrographs of LysoSensor Green DND-
189-loaded MT3 WT (left) and KO (right) astrocytes. Western blots (lower) for p62, a marker of 
autophagy flux, and corresponding β-actin in MT3 WT and KO astrocytes. Compared to MT3 WT 
cells, MT3 KO cells exhibited more alkaline lysosomal pH and reduced autophagy flux
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Lysosomes contain various potential Zn2+ transport routes, including ZnT2 (Zn2+ 
transporter-2) and ZnT4 ((Zn2+ transporter-4), as well as ATP13A2/PARK9. Zn2+ 
transporters (ZnTs) are Zn2+ –H+ antiporters that, upon activation, transfer Zn2+ out 
of the cytosol, thereby reducing cytosolic Zn2+ levels (Kambe et al. 2015). ZnT1 
((Zn2+ transporter-1) moves Zn2+ from the cytosol to the extracellular space, and 
ZnT2 and ZnT4 transport Zn2+ into acidic organelles, such as endosomes, lyso-
somes, and secretory vesicles. It was recently reported that ZnT2 interacts with 
V-ATPase, and further that loss of ZnT2 disrupts V-ATPase assembly, impairing 
vesicle acidification (Lee et al. 2017). Another player may be ATP13A2/PARK9, a 
lysosomal type 5 P-type ATPase. Mutations in ATP13A2 are associated with 
 early- onset Parkinsonism, known as Kufor–Rakeb syndrome (KRS). Studies using 
ATP13A2−/− cells from a KRS patient revealed that ATP13A2 encodes a Zn2+ trans-

Fig. 10.2 A zinc ionophore clioquinol increases Zn2+ and proton levels in lysosomes. (a) 
FluoZin3-AM and LysoTracker-loaded astrocytes before (upper, Clioq 0 min) and after a 1 h treat-
ment (lower, Clioq 60  min) with 5  μM clioquinol, a zinc ionophore. Addition of clioquinol 
increased FluoZin3 signals in lysosomes, resulting in an increase in yellow spots in the merged 
image. (b) For lysosomal pH evaluation, astrocytes were loaded with Lysosensor DND189 before 
(left, Clioq 0 min) and after a 1 h treatment (right, Clioq 60 min) with 5 μM clioquinol. Clioquinol 
increased lysosomal acidity
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porter that serves to sequester Zn2+ in endosomes and lysosomes (Tsunemi and 
Krainc 2014). These studies showed that mutation or knockdown of the correspond-
ing gene results in reduced lysosomal Zn2+ levels, increased lysosomal pH, and 
reduced lysosomal degradation, a mechanism that may contribute to the pathogen-
esis of Parkinsonism. Hence, as is also true in this case, lysosomal Zn2+ levels seem 
to be linked to lysosomal acidification. In theory, the action of ZnTs as Zn2+/H+ 
antiporters is predicted to alkalinize lysosomes. One possible explanation for this 
apparent paradox is that re-acidification may be a physical property of high Zn2+ 
levels in lysosomes, reflecting the fact that Zn2+ in solution lowers the pH (Kiedrowski 
2012). Another possibility is that cytosolic or lysosomal Zn2+ somehow activates 
V-ATPase or other indirect routes of H+ influx. For instance, Zn2+ activates mem-
brane protein kinase C (PKC), which is known to upregulate V-ATPase activity 
(Heming and Bidani 1995). Although further studies are required to elucidate the 
underlying mechanism, methods that raise lysosomal Zn2+ levels may be helpful for 
overcoming the lysosomal dysfunction that contributes to the pathogenesis of 
diverse neurodegenerative diseases. One caveat in using Zn2+ ionophores as thera-
peutics is the potential toxicity of such agents. Clioquinol was formerly used as an 
antimicrobial drug in Japan, but was withdrawn because of a serious side effect 
termed subacute myelo-optic neuropathy (SMON) (Konagaya 2015). In culture 
conditions, clioquinol can kill neurons and astrocytes by excessively increasing 
intracellular free Zn2+ levels (Park et al. 2011). In light of this progress, developing 
Zn2+ ionophores with optimal physical parameters that do not raise intracellular free 
Zn2+ levels above the cytotoxic threshold may prove to be critical for the clinical use 
of such agents.

10.6  Conclusions

In this paper, we discussed the possibility that abnormalities in the EALP, especially 
lysosomal dysfunction and the resultant arrested autophagy, may act as core patho-
genic events in diverse proteinopathic neurodegenerative disorders. In addition, we 
discussed some possible measures that can be taken to normalize lysosomal func-
tions under these conditions, and thereby restore normal flux through the EALP. In 
particular, we presented evidence showing that measures that raise Zn2+ levels as 
well as those that normalize Zn-MT3 functions may be effective in restoring lyso-
somal acidity and catabolic flux through the EALP.
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Chapter 11
Zinc in Neurodegeneration

Stuart D. Portbury, Ashley I. Bush, and Paul A. Adlard

Abstract Zinc is a critical regulator in the central nervous system and has many 
different roles in various cellular pathways under normal conditions. As a conse-
quence, when there is a disturbance in zinc homeostasis in the brain, as can occur 
with ageing, disease or injury, then this can have significant deleterious conse-
quences for normal brain function. In this chapter, we will review the role that zinc 
has in the mechanisms underlying neurodegeneration, which collectively encom-
passes cellular processes such as autophagy, oxidative stress, protein aggregation, 
excitotoxicity, mitochondrial failure and neuroinflammation. These pathways are 
broadly involved in the initiation and potentiation of the neuronal cell death and 
dysfunction that occurs in a number of common disorders that occur across lifespan, 
such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, 
traumatic brain injury and even normal ageing. Understanding the role of zinc in 
neurodegeneration will ultimately facilitate the development of targeted therapeu-
tics that may promote successful brain ageing.

Keywords Neurodegeneration · Autophagy · Oxidative stress · Aggregation · 
Inflammation · Excitotoxicity · Mitochondria · Alzheimer’s disease · Parkinson’s 
disease · Ageing · Traumatic brain injury · Amyotrophic lateral sclerosis

11.1  Introduction

Neurodegeneration is a broad-strokes term that refers to a progressive and irrevers-
ible loss of neurons and their axonal and dendritic projections and synaptic connec-
tions. Together, this results in an impairment in brain function, and depending on the 
location and magnitude of the neurodegeneration, this may manifest in gross 
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deficits in higher order functions such as learning and memory, movement and 
speech. Neurodegeneration is often associated with age-related neurodegenerative 
disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and Motor 
Neuron disease (MND), but is also a feature of a multitude of other devastating condi-
tions, such as Huntington’s disease (HD), Frontotemporal Dementia (FTD), multi-
ple sclerosis and prion disease. In addition, head trauma/traumatic brain injury 
(TBI) can similarly result in neurodegeneration and an associated clinical phenotype.

Whilst the cumulative global burden of “neurodegeneration” in its broadest con-
text is not typically quantified, a recent white paper (Mindgardens_Neuroscience_
Network 2019) reviewed the burden of disease in Australia for two of the most 
common neurodegenerative disorders: AD (including “other” dementias) (preva-
lence: 242,870; mortality: 17,119; disability-adjusted life years: 171,319; cost: 
$8.6B) and PD (prevalence: 47,209; mortality: 2328; disability-adjusted life years: 
32,848; cost: $1.6B). As the population continues to live longer, the burden of dis-
ease is predicted to grow significantly. Whilst there are varying reports about current 
and future global incidence rates and costs of these conditions, as well as less com-
mon neurodegenerative diseases such as MND, FTD and HD, it is clear that these 
diseases represent a profound impost on all levels of the community. Further to this, 
TBI actually has a substantially higher incidence rate, with estimates of around 
50–60 million new cases occurring annually worldwide (Maas et  al. 2017). 
Significantly, TBI is the leading cause of mortality in young adults and a major 
cause of death and disability across all ages in all countries.

The situation, therefore, is one where there is a global epidemic of neurodegen-
eration in the community, effectively encompassing millions of individuals at all 
stages of life. The consequence to the individual is an untreatable burden of disabil-
ity and/or death, with an economic cost to society well in excess of a trillion dollars. 
Whilst considerable effort has gone into research to identify compounds that modu-
late single disease-specific targets, these have all largely failed in clinical trial. 
There remains, therefore, a significant translational gap (Cummings 2017). Given 
the multi-factorial nature of neurodegenerative disorders and the complexity and 
overlapping nature of many of the pathways involved, it has been suggested that 
whilst the mechanism that initiates the injury/disease processes may vary from con-
dition to condition, there may be common pathways (Gan et  al. 2018) that ulti-
mately drive the neurodegenerative cascade across multiple disorders, such as AD, 
PD and TBI.

We recently reviewed the literature around TBI, chronic traumatic encephalopa-
thy (CTE; a tau-linked neurodegenerative disorder that arises as a consequence of 
repeated mild injury to the brain) and AD, with the perspective that they may all 
share common pathologies that are potentiated by altered zinc homeostasis (Portbury 
and Adlard 2015). In this chapter, we will revisit the notion that zinc may be a 
potentially central feature of a variety of age-related neurodegenerative diseases and 
other brain disorders that are characterized by a neurodegenerative phenotype. Zinc 
is clearly involved in a diversity of cellular pathways across the body, as evidenced 
by the other chapters in this book. In this chapter, however, we will specifically 
review the role of zinc in a number of key pathways that are reported to be involved 
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in the process of neurodegeneration, including protein misfolding and aggregation, 
mitochondrial dysfunction, inflammation and oxidative stress. Furthermore, we will 
also examine a number of small vignettes of different conditions that are character-
ized by a neurodegenerative phenotype and outline the role that zinc is likely to play 
in these conditions – such as AD, PD and TBI.

11.2  How Does Zinc Contribute to Neurodegeneration?

11.2.1  Zinc and Autophagy

The evolutionarily conserved catabolic process utilized by eukaryotic cells for the 
regulated degradation of damaged or redundant proteins and organelles is called 
autophagy (Chen and Klionsky 2011). There are three types of autophagy; 
chaperone- mediated autophagy, microautophagy and macroautophagy (Chen and 
Klionsky 2011), the latter of which is the best characterized and will be dis-
cussed herein.

Autophagy can be either selective or non-selective, the former targeting dam-
aged or superfluous mitochondria (Narendra et al. 2008), peroxisomes (Iwata et al. 
2006), lipid droplets (Singh et al. 2009) and microbes (Baxt et al. 2013), with the 
latter being involved with the turnover of bulk cytoplasm under starvation condi-
tions (Kirkin et al. 2009). In each instance, however, autophagy is activated as a 
response to adverse cellular conditions such as the deprivation of nutrients, patho-
gen infection, hypoxia, radiation and oxidative stress, and as such plays a role in 
cellular homeostasis, development and longevity (Kroemer et al. 2010).

Whilst autophagy is generally considered an innate pro-survival mechanism, 
irregular or unbridled autophagy can be associated with cell death (Galluzzi et al. 
2008), and has also been shown to play a negative role in neurodegenerative dis-
eases (Nilsson and Saido 2014; Orr and Oddo 2013), ageing (Jong-ok Pyo 2013), 
cancer (Lozy and Karantza 2012), fatty liver (Czaja et al. 2013) and diabetes (Quan 
et al. 2013).

The induction of autophagy in mammalian cells is regulated by more than 30 
autophagy-related genes in response to a diverse array of stimuli. The process is 
initiated by the formation of an isolation membrane known as the phagophore which 
subsequently expands and sequesters cellular constituents such as lipid droplets, 
organelles, cytoplasm and damaged mitochondria in a double-membrane vesicle 
termed an autophagosome (Mizushima 2007). The maturation of the autophago-
some is completed by fusing to late endosomes and lysosomes to form an autolyso-
some, in which the cargo is subjected to lysosomal enzymes for degradation 
(Mizushima 2007).

The mechanisms by which zinc regulates the process of autophagy are yet to be 
clearly defined; however, there is strong evidence to suggest that zinc is a positive 
regulator of autophagy. In vitro zinc depletion studies using either the cell- permeable 
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zinc chelator TPEN (N, N, N′N′-tetrakis(−)[2-pyridylmethyl]-ethylenediamine) or 
Chelex-100 have demonstrated a suppressive action of basal and induced autophagy 
in MCF-7 cells (Hwang et al. 2010), human hepatoma cells (Liuzzi and Yoo 2013) 
and astrocytes (Lee and Koh 2010). Moreover, studies in which excess zinc is pro-
vided in cell culture medium (20–200 μm) have been shown to enhance autophagy 
induced by tamoxifen in MCF-7 breast cancer cells (Lee and Koh 2010), in astro-
cytes and dopamine in PC12 cells and cultured neurons (Hung et al. 2013), and the 
zinc ionophore PCI-5002 was shown to radio-sensitize non-small-cell lung cancer 
by potentiating autophagy (Kim et al. 2011a).

These studies provide strong evidence for a critical role of zinc in autophagy 
flux; however, the direct mechanism of action is not clearly defined. Nonetheless, 
observations from studies with extracellular-signal-regulated kinase (ERK1/2) 
inhibitors indicate that phosphorylation of ERK1/2 is a requirement for zinc- 
regulated basal and induced autophagy (Liuzzi and Yoo 2013; Lee and Koh 2010). 
ERK1/2 is a known regulator of autophagy whereby it can activate the Beclin1- 
PI3K complex by phosphorylating the negative regulator of Beclin-1, Bcl-2 (Botti 
et al. 2006), or by promoting the disassembly of mTORC1 complex (Wang et al. 
2009). Furthermore, a recent study implicated the zinc-binding low molecular 
weight protein metallothionein as the intracellular source for autophagy activation 
during oxidative stress, evidenced by the observation that astrocytes from metallo-
thionein 3 (MT3) knockout mice exhibited reduced autophagy activation by H2O2 
(Lee and Koh 2010).

It is conceivable that zinc may also regulate autophagy via the modulation of 
autophagy regulating genes. For example, zinc has been shown to induce gene 
expression through activation of the metal-responsive transcription factor (MTF1) 
(Lichtlen and Schaffner 2001); therefore, autophagy-regulating genes containing 
binding sites for MTF1 may be regulated by zinc. Similarly, zinc regulation of 
microRNA expression (Ryu et  al. 2011), and zinc-mediated methylation (Sharif 
et al. 2012) of autophagy-related genes may also allow zinc to act as an autophagy 
modulator.

Evidence indicates that in addition to a gene regulatory role for zinc in autoph-
agy, it also likely plays a role in late-stage autophagy whereby the degradation of 
lysosomal cargo is dependent upon zinc. For example, it has been shown that astro-
cytes from mice lacking MT3 have reduced expression of the known autophagy 
activators cathepsin D and L concurrent with accumulation of cholesterol and lipo-
fuscin (Lee and Koh 2010), and zinc deficiency in rats resulted in elevated lipofus-
cin deposition in retinal epithelium (Julien et al. 2011), an indicator of incomplete 
lysosomal digestion, emphasizing zinc as a requirement for proper lysosomal func-
tion. Furthermore, low zinc has also been demonstrated to affect lysosome function 
and integrity via the blocking of cargo degradation in lysosomes. In both macro-
phage (Summersgill et al. 2014) and human hepatoma cells (Liuzzi and Yoo 2013), 
treatment with the zinc chelator TPEN resulted in compromised lysosomal function 
and impaired degradation of LC3II and p62/SQSTM proteins which are known to 
be essential autophagy markers.
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Conversely, recent studies have shown that autophagy dysregulation can cause 
significant changes in cellular zinc homeostasis. Experiments investigating the 
autophagy inhibitor 3-methyladenine (3-MA) on the regulation of the zinc trans-
porters ZnT1, ZnT2, ZnT3 and ZnT10 (Liuzzi and Yoo 2013) indicated a downregu-
lation of these transporters. Interestingly, the expression of the ZnT10 gene has been 
shown to be downregulated in the brains of patients with Alzheimer’s disease 
(Bosomworth et  al. 2013), a condition associated with compromised autophagy 
(Nilsson and Saido 2014; Orr and Oddo 2013).

11.2.2  Zinc and Protein Aggregation

The aggregation of specific proteins into either extra- or intra-cellular “lesions” is a 
common phenomenon across many different neurodegenerative diseases, such as 
AD (extracellular Aß plaques and intracellular tau-containing neurofibrillary tan-
gles), PD (intracellular Lewy bodies comprised of alpha-synuclein), MND (intra-
cellular inclusions of SOD1), HD (huntingtin and ubiquitin) and many other 
conditions. In many cases, these proteinaceous inclusions are specific to a given 
disease, but may also present as comorbidities across multiple disorders (often com-
plicating diagnoses). These aggregates are often believed to be critical components 
of the pathogenesis of disease, and are often targets for therapeutic modulation. 
Whilst we will not debate the relative toxicity of these pathological structures, 
which also typically occur in a defined spatiotemporal fashion across the different 
conditions, the process by which they can arise is relevant to this chapter.

In approximately one-third of the human proteome, the protein structures consist 
of key residues or combinations of residues that create specific coordination motifs 
that can bind different metals (such as iron and copper) (Leal et  al. 2012), with 
approximately 3000 proteins (~10% of all those encoded) containing zinc 
(Kochanczyk et al. 2015). The coordination of zinc typically involves ligands from 
specific amino acids, including histidine (nitrogen), glutamate/aspartate (oxygen) 
and/or cysteine (sulphur) – and these ligands may arise from up to four proteins, 
with zinc typically coordinating in a tetrahedral geometry within the protein com-
plex (Kochanczyk et al. 2015; Krezel and Maret 2016). In addition to coordination 
chemistry, the metal–protein interaction can also be influenced by a variety of other 
factors such as electrostatic forces, the thermodynamics of zinc binding to different 
combinations of ligands, cellular zinc availability, the stability of the zinc binding 
site and so on. These and other issues have previously been thoroughly reviewed 
(Kochanczyk et al. 2015; Krezel and Maret 2016).

This metal ion binding facilitates a diverse range of functions of proteins which 
have historically been classified as being either catalytic or structural in nature. 
More recent work (Kochanczyk et al. 2015) has suggested that further delineation 
into the following classes is required: catalytic zinc binding (typically high affinity 
within the cell), where the zinc is coordinated using three amino acid donors from 
one polypeptide side chain (typically histidine and aspartate/glutamate), with such 
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zinc binding sites thought to be critical for catalytic activity and found across a 
range of enzymes; structural zinc binding (thermodynamically stable zinc binding 
and kinetically stable complex), characterized by four protein donors (typically via 
cysteine and histidine donors), where the coordination facilitates protein folding 
and the subsequent formation of defined structures which can be sites of interaction 
with other domains within the protein or with other cellular components; multinu-
clear zinc binding (thermodynamically stable zinc binding but kinetically labile 
complex), where there is more than one zinc molecule per binding site with associ-
ated bridging ligands typically coming from cysteine, which facilitates functions 
associated with the redistribution of zinc; a transport architecture in which the prop-
erties of the metal binding site are quite variable and likely dependent on the overall 
protein structure, but in which there is a low-to-moderate affinity for the zinc, which 
facilitates a mobility in the metal that is critical for proteins such as zinc transport-
ers, which function to translocate zinc across membranes; inter-protein coordina-
tion, in which the ligands for binding are derived from multiple polypeptides, which 
creates an environment of protein–protein interactions that may be important for the 
formation or stability of specific protein complexes.

It is clear, therefore, that there are a variety of ways in which zinc can bind to 
proteins, with implications for both the structure and function of the protein and the 
zinc itself. In the context of neurodegeneration, this becomes highly relevant when 
considering that many of the disease-associated proteins, such as ß-amyloid, tau, 
alpha-synuclein and others, are metalloproteins that can bind zinc with all the con-
sequent downstream effects on protein folding and misfolding (and hence, three- 
dimensional conformation of the protein), protein stability and protein deposition 
(Leal et al. 2012). One of the classic examples of this is found in Alzheimer’s dis-
ease, where the two primary pathological structures found in the brain (the extracel-
lular ß-amyloid plaque and, to a lesser extent, the intracellular neurofibrillary tangle 
(NFT)) have been reported to be modulated by zinc (Wang and Wang 2017).

The microtubule-associated protein tau is the principal component of the paired 
helical filaments that comprise the NFTs that characterize neurodegenerative tauop-
athies such as AD. Data suggest that zinc can bind to tau and promote its fibrilliza-
tion and aggregation, and that zinc is critical for toxicity (Hu et al. 1863; Huang 
et al. 2014, 2016; Mo et al. 2009). Furthermore, the regulatory pathways (kinases 
and phosphatases) that control the phosphorylation of tau (which is critical for its 
function) are also subject to modulation by zinc (An et al. 2005; Bjorkdahl et al. 
2005; Harris et al. 2004; Sun et al. 2012).

A greater body of work has focused on the amyloid precursor protein (APP; the 
parent protein to the ß-amyloid protein that comprises the extracellular plaques in 
the disease), which will bind zinc between position 170 and 188, where there are 
key cysteines and other ligands. This binding can result in the dimerization and 
aggregation of APP, with potential functional implications for the protein (Brown 
et al. 1997; Ciuculescu et al. 2005; Scheuermann et al. 2001). The cleavage of APP 
to generate ß-amyloid also involves the coordinated activities of the secretase fam-
ily of proteins (alpha, beta and gamma secretase) which themselves are modulated 
by zinc (Cross et al. 2002; Greenough et al. 2011; Hoke et al. 2005; Lammich et al. 
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1999; Park et al. 2001); and the zinc-binding domain in the ß-amyloid region of 
APP overlaps the cleavage site of alpha-secretase, therefore potentially modulating 
the cleavage of the protein (Bush et al. 1994a). Finally, once ß-amyloid is formed, 
the subsequent aggregation and function of the protein are critically dependent on 
the coordination of zinc (Kepp 2017; Liu et al. 1999; Matheou et al. 2016). On the 
flip-side to the aggregation of ß-amyloid, considered to be a primary pathogenic 
event in AD, is the proteolytic degradation of the protein by enzymes such as nepri-
lysin and insulin-degrading enzyme. These and other proteins are metallopeptidases 
that bind catalytic zinc via the HEXXH consensus sequence (Turner et al. 2001).

It is clear, therefore, that metals such as zinc are involved in multiple different 
aspects of the various pathways (at both a transcriptional, translational and post- 
translational level) that potentiate pathological protein aggregation to then contrib-
ute to specific anatomical, biochemical and psychiatric manifestations that 
collectively characterize specific neurodegenerative disorders.

11.2.3  Zinc and Oxidative Stress

Oxidative stress is characterized as a metabolic disturbance that results in an imbal-
ance between the production of reactive oxygen species (ROS) and antioxidant 
defences. ROS include such chemical moieties as superoxide ion (O2

−), hydrogen 
peroxide (H2O2), hydroxyl radical (HO−) and peroxynitrite (ONOO−). Whilst ROS 
is a natural by-product of cellular metabolism, under times of cellular stress, the 
ROS-buffering capability of the cell can become compromised, resulting in an 
imbalance of ROS to natural cellular defence mechanisms. The imbalance potenti-
ates the oxidation of biomolecules, leading to oxidative damage to cells and tissues, 
subsequently contributing to the development of chronic disease. Zinc has been 
shown to play a myriad of roles in the cellular antioxidant defence system, with 
numerous cellular (Aimo et al. 2010; Ho and Ames 2002; Kojima-Yuasa et al. 2005; 
Oteiza et al. 2000; Yan et al. 2008; Zago et al. 2005) and animal (Bray et al. 1986; 
Bruno et al. 2007; Canali et al. 2000; Hammermueller et al. 1987; Oteiza et al. 1995; 
Shaheen and Elfattah 1995; Song et al. 2009a, 2010; Sullivan et al. 1980) models, 
indicating a requirement of homeostatic zinc maintenance to maintain optimal anti-
oxidant defences. Of importance to antioxidant defence mechanisms, however, is 
the role of zinc in glutathione peroxidase regulation, metallothionein protein pro-
duction, and providing a critical structural component of the antioxidant enzyme 
superoxide dismutase.

Glutathione (GSH) is an endogenous cellular antioxidant capable of preventing 
damage to important cellular components caused by ROS (Pompella et al. 2003). 
Zinc has been shown to regulate the cellular GSH concentration via the modulation 
of glutamate-cysteine ligase (GCL), the rate-limiting enzyme of GSH de novo syn-
thesis. One such study investigated the effects of zinc against oxidative stress in 
cultured retinal pigment epithelial cells and demonstrated that zinc (150 μm) sig-
nificantly increased GSH (70%) and the mRNA levels of GCL (Ha et al. 2006). 
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Supporting this observation was a recent study by Omata et al., in which GSH levels 
were shown to be significantly reduced in the brains of gestation day 19 foetuses 
from dams fed marginal zinc diets throughout gestation, and in zinc-deficient 
IMR-32 human neuroblast cell cultures (Omata et al. 2013). Indeed, these observa-
tions have also been extended to human studies where sub-optimal zinc intake is 
associated with increased oxidative stress (Prasad et al. 2007; Song et al. 2009b).

Metallothioneins (MT) are a family of cysteine-rich low molecular weight zinc- 
binding proteins that mediate the cellular control of oxidative stress (Ruttkay- 
Nedecky et al. 2013). Whilst MTs can bind a wide range of metals, its role in the 
uptake, transport and regulation of zinc in biological systems and its subsequent 
role in the control of oxidative stress have received the most attention. Under nor-
mal physiological conditions, MT binds zinc; however, under conditions of oxida-
tive stress, zinc is liberated from its MT complex, resulting in the initiation of two 
major antioxidants mediating events within the cell. Firstly, the liberated zinc acti-
vates the synthesis of more MT (Maret and Krezel 2007; Ozcelik et  al. 2012). 
Secondly, the liberation of zinc from MT cysteine residues renders the residues 
available for the binding of destructive oxidant radicals like superoxide and hydroxyl 
radicals (Kumari et al. 1998).

Additionally, MT has the capacity to bind other heavy metals such as mercury, 
cadmium, chromium and copper (Coyle et al. 2002; Gunther et al. 2012a, b), known 
to be toxic in excess amounts and can themselves initiate ROS production. MT 
binding of these heavy metals acts as a system of detoxification and reduces ROS 
(Andrews 2000).

Superoxide dismutase is an enzyme present in mammals that catalyses the dis-
mutation, or partitioning, of the superoxide radical (O2

−) into molecular oxygen 
(O2) or hydrogen peroxide (H2O2) (Wang et al. 2018). There are three forms of SOD 
that vary based upon location and structure. SOD1 is in cytoplasm, SOD2 in mito-
chondria and SOD3 is extracellular. Both SOD1 (Cao et  al. 2008) and SOD3 
(Antonyuk et al. 2009) contain copper and zinc, whereas SOD2 (Borgstahl et al. 
1996) has manganese in its reactive centre. Cellular zinc deficiency can induce 
mutant-like conformation of superoxide dismutase that can induce chronic endo-
plasmic reticulum stress (Homma et al. 2013). Additionally, misfolding and aggre-
gation of SOD1 are implicated in neuronal death in amyotrophic lateral sclerosis 
(ALS), and there is evidence that metal ions are critical for correct SOD1 confirma-
tion (Ding and Dokholyan 2008).

11.2.4  Zinc and Synaptic Function/ Learning and Memory

Whilst the majority of brain zinc is associated with macromolecules, a small num-
ber of zinc ions exist as free or chelatable zinc that is concentrated within synaptic 
vesicles of glutamatergic terminals via the activity of the zinc-specific transporter 
ZnT-3 (Paoletti et al. 2009). Neuronal ionotropic glutamate receptors mediate the 
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majority of excitatory synaptic transmission throughout the central nervous system, 
are key players in synaptic plasticity and have been shown to be sensitive to 
 extracellular zinc concentrations. Indeed, zinc is capable of directly modulating 
postsynaptic receptors to exert effects in both neuronal and glial cells.

The release of zinc into the synaptic cleft (from synaptic vesicles) upon cellular 
activation has been shown to contribute to the regulation of neuronal processes such 
as long-term potentiation (LTP) and long-term depression (LTD) via the activation 
of N-meythyl-D-aspartate (NMDA) receptors (Takeda and Tamano 2012). LTP is a 
component of synaptic plasticity that is widely accepted as the key modulator of 
learning and memory (Nicoll 2017). Zinc released into the synaptic cleft has also 
been shown to modulate synaptic transmission and plasticity via the regulation of 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 
(Kalappa et  al. 2015). Additionally, zinc has been shown to interact with targets 
such as the tyrosine kinase receptor TrkB (Huang et  al. 2008), the zinc-sensing 
receptor ZnR/GPR39 (Besser et al. 2009) and p75 (Lee et al. 2008), all of which 
have influence on synaptic transmission and plasticity (Frederickson et al. 2005). 
Accordingly, given the breadth of post-synaptic regulating properties, zinc has been 
described as an ‘atypical neurotransmitter’ (Haase and Rink 2011).

Further supporting the critical modulatory role of zinc in synaptic plasticity and 
memory formation was a recent study utilizing ZnT-3 knockout mice, in which the 
ablation of synaptic zinc in glutamatergic synapses resulted in an age-dependent 
impairment in spatial learning and memory (Adlard et  al. 2010). Additionally, a 
downregulation of ZnT- 3 protein levels has been shown in the cerebral cortex from 
mice and humans as an age-dependent occurrence (Adlard et al. 2010; Olesen et al. 
2016), and a subsequent further decline in ZnT-3 is observed in people with AD 
(Beyer et al. 2009).

11.2.5  Zinc, Excitotoxicity and Mitochondria

A number of neurodegenerative diseases (e.g. AD, ALS, PD and HD) and other 
conditions (e.g. TBI, spinal cord injury and stroke) are characterized by excitotoxic-
ity, which refers to a series of cellular events that can ultimately lead to neuronal 
death. It classically results from the sustained activation of ionotropic glutamate 
receptors (such as NMDAR and AMPAR) by exposure to abnormally high levels of 
glutamate (and also by other mechanisms such as exposure to kainic acid or NMDA), 
which causes an influx of various ions (especially calcium) into the neuron through 
the receptor. The downstream consequences of this are varied, and include the pro-
duction of reactive oxygen and nitrogen species; increased potassium channel activ-
ity; mitochondrial depolarization and failure; the activation of calcium-dependent 
proteases (such as calpain), phospholipases and endonucelases; and the initiation of 
cell death cascades (via necrotic, pro-apoptotic and autophagy-related pathways). 
Whilst calcium was historically considered to be the primary mediator of this 
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cellular cascade, it is now apparent that zinc is involved in this process, and may 
indeed be an important regulator of this pathway – with its effects (positive or nega-
tive) being very much concentration-dependent (Choi et al. 1989; Takeda 2011).

Zinc is co-released from synaptic vesicles, along with glutamate, during periods 
of synaptic excitation (and can also be liberated from intracellular stores under 
specific conditions). Once released, it can enter the post-synaptic neuron via a 
number of routes, including via voltage-sensitive calcium channels and a subset of 
calcium- permeable AMPA/kainate channels, to modulate a variety of proteins and 
cellular processes. In different regions of the hippocampus, zinc is reported to pre-
vent calcium influx and to also prevent glutamate release via the activation of pre-
synaptic potassium channels. Thus, zinc may regulate glutamate-induced 
excitotoxicity by providing negative feedback mechanisms, not only on glutamate 
but also on calcium (Bancila et al. 2004; Cohen-Kfir et al. 2005; Quinta-Ferreira 
and Matias 2004, 2005; Takeda et al. 2007a, b). Under pathological conditions (be 
it due to age, injury or disease), however, where there is often a disruption in nor-
mal zinc homeostasis, then zinc can potentiate excitotoxicity and disease (Sensi 
et al. 2009).

The abnormal flux of extracellular zinc into the neuron and/or the mobilization 
of zinc from intracellular stores (from various sources such as cytosolic zinc bind-
ing proteins like metallothionein and mitochondria for example) can have various 
consequences such as mitochondrial dysfunction, oxidative stress and cell death. In 
isolated mitochondria, it has been shown that zinc exerts differential effects, depend-
ing on the concentration of the metal, with sub micromolar levels of zinc inducing 
mitochondrial membrane depolarization, an increase in currents across the inner 
membrane, increased oxygen consumption and decreased ROS production (with 
higher levels causing decreased oxygen consumption and increased ROS) (Sensi 
et al. 2003). In the case of excitotoxicity, zinc is released in a calcium- and oxidative 
stress-dependent manner from intracellular stores and can, in concert with calcium, 
impact the mitochondrial membrane potential and cause opening of the mitochon-
drial permeability transition pore, cause overproduction of ROS and the release of 
pro-apoptotic factors (such as cytochrome c) (Sensi et al. 2000, 2003; Bossy-Wetzel 
et al. 2004; Jiang et al. 2001) (calcium and zinc signalling have also been shown to 
converge on pathways critical for neuronal cell death cascades (McCord and 
Aizenman 2013)). Indeed, it has been shown that the mobilization of zinc provides 
a critical link between ROS production, mitochondrial failure, calcium dyshomeo-
stasis and neurotoxicity (Granzotto and Sensi 2015), although there have been 
views to the contrary (Pivovarova et  al. 2014). Furthermore, mitochondria are a 
critical target of zinc (Ji et al. 2019; Ji and Weiss 2018). Taken together, it is clear 
that there are independent and synergistic effects of calcium and zinc that can initi-
ate and potentiate a number of signalling events (such as occurs with excitotoxicity) 
that precipitate neuronal deficits and death, with downstream consequences for 
functional outcomes across ageing and in disease.
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11.2.6  Zinc and Inflammation

Inflammation is a natural process of the body initiated to protect the host from tissue 
damage and infection in order to restore homeostasis to cells and tissue. The proper 
modulation of the inflammatory response to combat noxious stimuli such as stress, 
free radicals, cytokines or bacterial and viral antigens is profoundly influenced by 
zinc, and as such plays a critical role in the development of chronic inflammation 
resulting in the loss of tissue function.

One of the major inflammatory pathways is the nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-κB) signalling pathway. It acts as the master regu-
lator of the genes controlling innate and adaptive immune responses, inflammatory 
processes, apoptosis, cell adhesion, proliferation, tissue remodelling and cellular 
stress. Thereupon, it influences the expression of the pro-inflammatory cytokines 
such as TNF-α, IL-1β, IL6, IL8 and MCP (Jarosz et al. 2017).

The role of zinc in activation of NF-κB is, however, complex and, at times, con-
tradictory. For example, zinc has been shown to be a necessary component for the 
activation of lipopolysaccharide (LPS)-induced NF-κB signalling pathway, whereby 
chelation of zinc with the membrane-permeable zinc-specific chelator TPEN com-
pletely blocked the pathway (Haase et al. 2008). However, a study by Prasad et al. 
indicated that zinc suppresses the generation of NF-κB-regulated inflammatory 
cytokines by induction of A20, a zinc finger protein that is recognized as an anti- 
inflammatory protein known to regulate tumour necrosis factor receptor (TNFR)- 
and toll-like receptor (TLR)-initiated NF-κB pathways (Prasad et  al. 2011). In 
addition, zinc supplementation was shown to be associated with downregulation of 
inflammatory cytokines via the reduced gene expression of IL-1β and TNF-α 
through the upregulation of mRNA and DNA-specific binding of A20 to inhibit 
NF-κB activation (Prasad et al. 2004).

Zinc inhibition of NF-κB has also been demonstrated via increasing the expres-
sion of peroxisome proliferator-activated receptor α (PPAR-α), which is known to 
be a mediator of lipoprotein metabolism, inflammation and glucose homeostasis. A 
zinc-induced increase in PPAR-α initiates a downregulation of inflammatory cyto-
kines and adhesion molecules (Bao et  al. 2010). Additionally, cyclic nucleotide 
phosphodiesterase (PDE) can be inhibited by zinc, whereby it elevates cyclic gua-
nosine monophosphate (cGMP) activating protein kinase A (PKA) with a subse-
quent inhibition of NF-κB (von Bulow et al. 2007).

Zinc can also play a modulatory role in the inflammation process through toll- 
like receptor (TLR) signalling. Toll-like receptors are a class of proteins usually 
expressed on sentinel cells such as macrophages and dendritic cells that play a key 
role in the innate immune system. A study by Kitamura et al. demonstrated that 
stimulation with the toll-like receptor 4 agonist LPS altered the expression of zinc 
transporters in dendritic cells, thereby decreasing intracellular free zinc and inhibit-
ing the upregulation of major histocompatibility complex class II and co- stimulatory 
molecules (Kitamura et al. 2006).
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Zinc can also modulate the apoptotic and inflammatory processes of caspases. 
Caspases are a family of enzymes that play essential roles in programmed cell death 
or apoptosis. Zinc has been shown to inhibit all the major caspases involved in 
apoptosis, with each using unique zinc-binding stoichiometries and inhibition con-
stants. Importantly, however, inhibition is observed at low, though varying, nano-
molar concentrations as well as low nanomolar binding within the estimated range 
of free intracellular zinc (Eron et al. 2018). These observations suggest that zinc can 
regulate apoptosis through inactivation of caspases in a manner that is unique for 
each caspase.

Chronic inflammation is characterized by increased levels of inflammatory cyto-
kines, and zinc can influence the production and signalling of numerous cytokines 
in many cell types. During the acute phase response to infection or trauma, there is 
a transient and rapid decline of the plasma zinc concentration due to redistribution 
of zinc into intracellular compartments that appears to be partially mediated and 
preceded by cytokine activation (Gaetke et  al. 1997). Numerous studies indicate 
that acute illness presents with hypozincaemia and elevated cytokine production 
(Besecker et al. 2011; Young et al. 1996).

11.2.7  Zinc and Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disorder characterized by an 
abnormal deposition of protein aggregates in the form of extracellular plaques com-
posed of fibrillar amyloid beta protein (Aβ), and intracellular neurofibrillary tangles 
composed of hyperphosphorylated tau (Lashley et al. 2018). Numerous biochemical 
studies demonstrate zinc to be intricately involved in the amyloid dysmetabolism of 
AD (Bush et al. 1993; Cornett et al. 1998; Cuajungco and Lees 1997; Danscher 
et al. 1997; Lovell et al. 1998; Multhaup et al. 1994), where elevated concentrations 
of zinc are observed in neuritic plaques and cerebrovascular amyloid deposits in 
both AD patients and AD-like transgenic mice (Lovell et al. 1998; Corrigan et al. 
1993; Friedlich et al. 2004; Lee et al. 1999; Suh et al. 2000a; Zhang et al. 2008). 
Moreover, chelation of zinc favours the disaggregation of plaques (Cherny 
et al. 1999).

Under normal conditions, zinc acts as a co-transmitter on post-synaptic gluta-
mate receptors (Pochwat et al. 2015), N-Methyl-D-aspartic acid receptors (NMDAR) 
(Amico-Ruvio et al. 2011), tyrosine kinase receptor type 2 (Hwang et al. 2005) and 
the zinc-sensing receptor ZnR (Hershfinkel et al. 2007). However, increased local 
zinc concentrations can contribute to the pathology of AD because Aβ is a metal- 
binding protein (Atwood et al. 2000; Bush et al. 1994b), and zinc has been shown 
to promote Aβ oligomerization (Curtain et al. 2001). Moreover, zinc is concentrated 
in synaptic vesicles throughout the cortex and hippocampus where, during synaptic 
transmission, zinc concentrations can rise to 300 μm (Frederickson and Bush 2001), 
a concentration at which zinc can precipitate Aβ oligomers at the synaptic cleft 
(Deshpande et al. 2009).
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The observation of the presence of zinc in the synaptic cleft as a contributor to 
Aβ oligomerization is supported by two studies utilizing ZnT-3 knockout mice. The 
first study utilized the Tg2576 AD-like transgenic mouse (a mouse model that over-
expresses mutant human amyloid precursor protein) cross-bred with a ZnT-3 knock-
out mouse, resulting in a significantly decreased plaque load (Lee et al. 2002). The 
second model assessed Aβ oligomer formation at the synaptic cleft of hippocampal 
slices in ZnT-3 knockout and wild type mice after stimulation with KCL or gluta-
mate. There was a marked elevation in Aβ oligomer formation in the wild type mice 
that was dramatically reduced in the ZnT-3 knockout mice (Deshpande et al. 2009).

However, the role of zinc in the pathogenesis is not clearly defined, and indeed, 
multiple investigations in both human and animal models have produced disparate 
data. For example, post-mortem analysis of AD brain zinc concentrations has been 
largely contradictory with studies showing an increase in zinc levels in the AD 
Brain (Danscher et al. 1997; Lovell et al. 1998), decreased levels in the AD brain 
(Corrigan et al. 1993; Andrasi et al. 2000) or unchanged levels (Rulon et al. 2000). 
Similarly, in transgenic animal models of AD, dietary zinc supplementation has led 
to an increase in the number and size of Aβ plaques concomitant with cognitive defi-
cits (Linkous et al. 2009; Railey et al. 2011). However, the same results have also 
been observed in a study of dietary zinc deficiency in the APP/PS1 transgenic mouse 
model of AD (Stoltenberg et al. 2007).

An alternate pathway through which zinc may contribute to AD onset and pro-
gression is through its role in the generation of hyperphosphorylated tau protein 
causing the polymerization and generation of neurofibrillary tangles (NFTs). 
Studies indicate that low micromolar concentrations of zinc can cause the aggrega-
tion of human tau fragments (Mo et al. 2009; An et al. 2005; Pei et al. 2006), and 
additionally, zinc is able to regulate phosphorylation of tau protein through the 
extracellular signal-related kinase pathway (MAP/ERK) (Kim et  al. 2011b). 
Moreover, a recent study by Xiong et al. indicated that zinc can inactivate the major 
tau phosphatase, protein phosphatase 2A (PP2A), resulting in hyperphosphoryla-
tion of tau (Xiong et al. 2013). Supporting this observation is the fact that the use of 
zinc chelators attenuates zinc mediated tau hyperphosphorylation (Sun et al. 2012).

Collectively, these studies implicate a mechanistic role, although yet to be clearly 
defined, for zinc in the pathways leading to the two major hallmark patholo-
gies of AD.

11.2.8  Zinc and Parkinson’s Disease

The second most common brain disorder after AD is Parkinson’s disease (PD), a 
long-term degenerative disease pathologically defined by the loss of dopaminergic 
neurons of the substantia nigra pars compacta concomitant with Lewy body deposi-
tion in neurons (Schneider and Obeso 2015). The clinical manifestations of PD are 
classically motor-related, with the most obvious signs being shaking, muscle 
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rigidity, slowing of movement and difficulty with ambulation. Additionally, behav-
iour regulation and dementia are now recognized as a late-stage clinical manifesta-
tion of the disease (Pagonabarraga and Kulisevsky 2012).

Two recent meta-analyses indicated that PD patients have significantly decreased 
circulating zinc levels in serum, plasma and CSF when compared to healthy con-
trols (Du et al. 2017; Sun et al. 2017). Whilst evidence of zinc supplementation in 
PD patients is scarce, there are animal models demonstrating zinc supplementation 
efficacy. A recent publication investigating biochemical and histological changes 
with rotenone-induced Parkinsonism in rats indicated that oral zinc supplementa-
tion attenuated the cell death and neuronal size reduction induced by rotenone con-
comitant with a reduction in lipid peroxidation and antioxidant status (Mbiydzenyuy 
et al. 2018). Another study utilizing a Drosophila melanogaster PD model in which 
the orthologue of the human Parkin gene was disrupted to induce motor abnormali-
ties mimicking human PD symptoms showed attenuation of symptoms with dietary 
zinc supplementation (Saini and Schaffner 2010).

Early onset of PD in humans is associated with a mutation of PARK9, a lyso-
somal type 5 P-type ATPase, which has been demonstrated to reduce lysosomal zinc 
storage, resulting in elevated cytosolic zinc with α-synuclein accumulation, a patho-
logical hallmark of PD (Kong et al. 2014; Tsunemi and Krainc 2014). Furthermore, 
in the substantia nigra, caudate nucleus and lateral putamen areas associated with 
PD pathology, there is an observed accumulation of zinc in PD patients (Dexter 
et al. 1991).

11.2.9  Zinc and Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a fatal neurodegenerative disease affecting the 
human motor system. It is both familial and sporadic in nature with 5–10% being 
familial and 90% sporadic. The most common cause of familial ALS is a mutation 
in the ubiquitously expressed free radical scavenging enzyme, copper/zinc superox-
ide dismutase (SOD1) gene (Rosen et  al. 1993). SOD1, a 32-kDa homodimeric 
enzyme, is expressed in the cytosol and acts to reduce the intracellular concentra-
tion of superoxide radicals by catalysing their dismutation to O2 and H2O2. SOD1 
naturally binds zinc at the Derlin-1-binding region of SOD1; however, mutant forms 
of the enzyme associated with ALS have a significantly attenuated affinity for zinc 
(Smith and Lee 2007; Vonk and Klomp 2008), the result of which is a toxic gain of 
function in motor neurons when zinc is missing from its active site (Roberts et al. 
2007). Whilst the mechanism of action causing neuronal injury upon the SOD1 
toxic gain of function is unclear, aberrant free radical management, abnormal pro-
tein regulation and increased susceptibility to excitotoxicity are all hypothesized 
(Barber et al. 1762; King et al. 2016; Webster et al. 2017).

The zinc-binding metallothioneins are also postulated to play a yet to be 
clearly defined role in ALS progression. Metallothioneins are ubiquitous low 
molecular weight metal-binding proteins known to be present in humans, plants, 
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fungi, cyanobacteria and prokaryotes. Human MTs are encoded by a multi-gene 
family located on chromosome 16, with four distinct mammalian MT isoforms 
currently identified, designated MT-1 through MT-4. In the central nervous sys-
tem (CNS), MT-1 and MT-2 are primarily expressed in astrocytes and spinal glia, 
with MT-3 being exclusively expressed in neurons (Thirumoorthy et al. 2011). 
The CNS MTs play a significant role in neuronal zinc homeostasis, and as such, 
has been implicated in numerous neurodegenerative diseases (Juarez-Rebollar 
et  al. 2017). It has been observed that ALS patients exhibit upregulation of 
metallothionein in the spinal cord (Sillevis Smitt et  al. 1994), and deletion of 
MT-1, MT-2 and MT-3 in the Gly93 Ala mutant SOD1 transgenic mouse results 
in accelerated symptom onset and a reduction in survival time (Nagano et  al. 
2001; Puttaparthi et al. 2002). Both of these observations are consistent with the 
notion of metallothionein mediating a neuroprotective function via zinc binding 
to prevent the elevation of toxic-free zinc concentrations. Zinc therefore appears 
to play a multifactorial role in its contribution ALS progression, via both impaired 
SOD1 function and metallothionein dysregulation.

11.2.10  Zinc and Ageing

Zinc deficiency in developed countries is a common problem affecting the elderly, 
and is often a by-product of nutritional disorders caused by the ageing process itself 
and senescence of homeostatic mechanisms (Cabrera 2015). The daily intake rec-
ommended for people over the age of 70 years is 11 mg for males and 8 mg for 
females. However, it has been estimated that people older than 65 years have a zinc 
intake 50% below this recommended level (Mocchegiani et  al. 2013). Indeed, a 
recent study of elderly Europeans revealed that 44% of them were zinc-deficient, 
and 20% were highly zinc-deficient (Madej et al. 2013). Inadequate dietary zinc 
intake in the ageing population results in low intracellular zinc ion availability, con-
tributing to age-related conditions via the alteration of intracellular zinc homeosta-
sis. Indeed, several dietary zinc supplementation studies in the elderly support the 
notion that adequate zinc intake provides beneficial health outcomes, primarily 
manifesting as improved resilience to infections via enhanced immune function 
(Prasad et al. 2007; Bao et al. 2010; Guo and Wang 2013; Meydani et al. 2007).

The combination of senescence of homeostatic mechanisms and low dietary zinc 
in the elderly results in low circulating zinc (in plasma), and has been associated 
with age-related diseases such as AD (Brewer et  al. 2010) and diabetes mellitus 
(Kazi et al. 2008). In AD, increased local zinc concentrations are implicated in the 
pivotal pathological mechanisms as described above; however, decreased zinc at the 
systemic and cellular level likely contributes as well. For example, low ZnT-3 
expression known to occur in AD (Beyer et al. 2009), coupled with zinc sequestra-
tion in senile plaques (Miller et al. 2006), could diminish the pool of readily releas-
able synaptic zinc contributing to cognitive decline as evidenced in the previously 
mentioned study utilizing aged ZnT-3 knockout mice (Adlard et al. 2010).
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Of further significance is the age-related alterations in the gene expression of 
zinc transporter proteins that maintain cellular zinc homeostasis in the human brain. 
There are two classes of zinc transporter proteins, SCLA30A (ZnT) and SCLA39 
(ZIP), and both have contrasting roles. The zinc -and iron-like regulatory proteins 
(ZIP) are primarily responsible for cellular zinc uptake into cells or export of zinc 
from vesicles or organelles (Cousins et al. 2006). In contrast, the zinc transporter 
(ZnT) proteins function to regulate both influx an efflux of zinc ions in cells and 
cellular compartments such as vesicles, mitochondria, and Golgi apparatus 
(Kambe 2012).

A recent study by Olesen et al. using microarray data from human frontal cortex 
demonstrated an age-related decrease in ZnT-3 and ZnT-4 expression, whereas the 
expression of ZIP-1, ZIP-9 and ZIP-13 increased (Olesen et al. 2016). Whilst it was 
known that ZnT-3 is downregulated with ageing, the finding that ZnT-4 is also 
downregulated with ageing was a novel one. Like ZnT-3, ZnT-4 is involved in vesic-
ular secretory functions (Kambe 2012). ZIP-1 is ubiquitously expressed throughout 
the body; it is highly expressed in hippocampus, where its ablation in knockout 
mice has been shown to attenuate seizure-induced neuronal death (Qian et al. 2011). 
Little is known about the function of ZIP-9 and ZIP-13 in the brain. Nevertheless, 
the observation that ageing can alter the expression of genes that regulate intracel-
lular zinc homeostasis should warrant continued scrutiny as they pertain to age- 
related cognitive decline and the development of neurodegenerative disorders.

11.2.11  Zinc and Traumatic Brain Injury

Traumatic brain injury arises from a multitude of situations that cause different 
types and severities of injuries to the brain, with parallel time-dependent clinical 
phenotypes and anatomical/biochemical alterations in the brain. TBI is the leading 
cause of mortality in young adults and a major cause of death and disability across 
all ages in all countries. In regard to this chapter, as there are a number of parallels 
that can be drawn between TBI and AD in terms of shared pathologies and func-
tional deficits (and zinc has a number of known roles in AD), there are a number of 
defined pathways through which zinc and TBI can already be linked as we recently 
reviewed (Portbury and Adlard 2015). Indeed, whilst there is a poor understanding 
of the mechanistic pathways that contribute to the initiation and potentiation of 
acute and chronic TBI deficits, the literature suggests that zinc homeostasis may be 
an important factor in the pathobiology of TBI (Portbury and Adlard 2015).

Specifically, zinc has been shown to accumulate at the site of injury (Yeiser et al. 
1999), with a loss of zinc from presynaptic boutons and a concomitant appearance 
of zinc in injured neurons (Suh et al. 2000b) (which may occur as a function of zinc 
translocation from the pre-synaptic compartment, but also from zinc mobilization 
from intracellular stores in the post-synaptic side, as discussed earlier). These alter-
ations in zinc may induce toxicity via a number of different pathways, such as exci-
totoxicity, oxidative stress (which may be driven by, or driving, the cytotoxic zinc 
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fluctuations (Li et  al. 2010)) or mitochondrial dysfunction, and are suggested to 
contribute to the neurodegeneration that results from brain injury (Yeiser et al. 1999; 
Suh et al. 2000b, 2006; Choi and Koh 1998; Lee et al. 2003). As a consequence, zinc 
has become a target for therapeutic modulation in TBI, with a number of studies 
examining the utility of zinc chelators.

Indeed, Hellmich and colleagues (Hellmich et al. 2007) demonstrated that fol-
lowing TBI the degenerating neurons corresponded to those with high zinc levels, 
and a single injection of Ca-EDTA prior to TBI significantly increased the expres-
sion of neuroprotective genes and proteins post-TBI, which also then correlated 
with a reduced number of TUNEL-positive cells (Hellmich et  al. 2004). Recent 
studies have also demonstrated that the alterations that occur in the ubiquitin- 
proteasome system following injury can also be prevented by scavenging endoge-
nous zinc (Sun et al. 2013). Whilst chelator treatment is apparently beneficial in the 
acute phase post-injury, evidenced by a reduction in the number of injured hippo-
campal neurons at 24 h post-TBI, this does not appear to translate to longer term 
benefits on functional deficits, such as learning and memory (Hellmich et al. 2008). 
Whilst such studies have not been interrogated exhaustively, it does prompt ques-
tions around the use of chelation as a therapeutic strategy. Indeed, Yeiser and col-
leagues (Yeiser et al. 2002) have shown that dietary zinc levels are critical in limiting 
neuronal death in the more chronic phases following TBI; and the use of dietary 
zinc supplements has been shown to improve cognitive performance following 
injury and to reduce other psychiatric manifestations such as depression-like behav-
iour, which is a significant comorbidity in ~40% of TBI patients (Cope et al. 2011, 
2012). Taken together with the wealth of knowledge around the role of zinc in nor-
mal neuronal function, the complexity of its pathways and the reported strong links 
between zinc homeostasis and behavioural/clinical end points such as depression, 
anxiety and cognitive function, it is perhaps not surprising that a unidirectional 
modulation in zinc would not be universally beneficial. As the change in zinc that 
occurs post-TBI is not likely to be linear, different strategies (chelation vs supple-
mentation) will be required at different stages of “disease” (which is also true for 
neurodegenerative disorders and even ageing, where the alteration in zinc, the 
requirements for that metal and the need for its modulation will all vary across 
time). The use of a monotherapy that could maintain zinc homeostasis would, there-
fore, also be valuable. In this regard, our own data utilizing zinc chaperones (which 
do not exclude zinc from biological interactions, but rather facilitate the redistribu-
tion and maintenance of zinc homeostasis) suggest that this approach may have 
benefit in TBI and other brain disorders (Portbury et al. 2019).

11.3  Conclusion

In conclusion, there is a complex interplay between zinc and the brain, both in the 
context of normal cellular functions and in disorders of the CNS, such as neurode-
generative diseases and other conditions that result in a neurodegenerative  phenotype. 
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Understanding the mechanisms and pathways through which zinc is involved will 
present opportunities for the development of novel therapeutic approaches that tar-
get zinc to ultimately result in a diminution of the functional deficits that arise as a 
consequence of neurodegeneration across lifespan.
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Chapter 12
Role of Zinc Transporters in Type 2 
Diabetes and Obesity

Ayako Fukunaka and Yoshio Fujitani

Abstract Whereas zinc ions play an important role in insulin biosynthesis and stor-
age, many previous studies have reported the possible involvement of zinc defi-
ciency in the pathogenesis of diabetes. Zinc can counteract the deleterious effects of 
oxidative stress, which contributes to increased insulin sensitivity, and can also pro-
tect pancreatic β cells from glucolipotoxicity. The finding that SLC30A8/ZnT8 func-
tion modulates the susceptibility to type 2 diabetes provides new insights into the 
roles of zinc in diabetes and obesity. Here, we discuss the roles of zinc in glucose 
homeostasis and obesity, based on our knowledge of the functions of the zinc trans-
porters ZnT8 and ZIP13 on metabolic abnormalities in mice and humans.

Keywords Zinc · Insulin · Zinc transporter · ZnT8 · SLC30A8 · ZIP13 · Diabetes · 
Obesity · Beige adipocyte · Browning

12.1  Zinc and Pancreatic β Cells

Zinc was reported as an essential factor for insulin crystal formation in the 1930s 
(Scott 1934), and the zinc content in the pancreas of diabetic patients was shown to 
be reduced by 50% (Scott and Fisher 1938). These findings suggested a close asso-
ciation between zinc and diabetes. Follow-up studies have shown that insulin exists 
as a hexamer consisting of six insulin and two zinc molecules (Dodson et al. 1979; 
Dunn 2005) (Fig. 12.1). Crystallized insulin in insulin secretory granules is observed 
as “dense core granules” upon electron-microscopic analysis (Hou et  al. 2009; 
Tamaki et al. 2013).

After folding, the proinsulin protein forms dimers via electrostatic interactions. 
The residues B24–26 (amino acids 24–26 of the B chain) are thought to be impor-
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Monomer

2
Glu B13

Dimer

2 Zn2

2 Zn2+ Tetramer
+ Dimer

Zn2+

2 Zn2+ Hexamer

Fig. 12.1 Biosynthesis of insulin (a) The insulin precursor preproinsulin contains a signal 
sequence that is proteolytically cleaved to yield proinsulin, in which the C-peptide links the A and 
B chains of mature insulin. Cleavage of the C-peptide converts proinsulin into insulin. (b) 
Association of insulin monomers in the presence of zinc. Insulin monomer readily associates into 
dimers and then aggregates into hexameric forms in the presence of zinc. His (B10) is implicated 
in zinc-mediated insulin hexamer formation
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tant for this dimer formation (Zoete et al. 2005). In fact, amino acid substitutions in 
these residues yielded a series of ultra-rapid-acting insulin analogues, which are 
now widely used in clinical practice (Brange et al. 1990; Kang et al. 1991). The 
electrostatically coupled proinsulin dimers and zinc bind with B10 histidine, 
 resulting in proinsulin hexamer formation (Havu et al. 1977) (Fig. 12.1). This insu-
lin hexamer formation is accomplished by prohormone convertase-mediated 
C-peptide dissociation (Steiner et al. 1996). Because the C-peptide portion of pro-
insulin is located outside of the proinsulin hexamer, the formation of the hexamer 
has been considered to contribute to C-peptide dissociation (Dunn 2005). Insulin 
crystals are formed under specific conditions within insulin granules in which both 
insulin and zinc exist in high concentrations and the acidic pH is maintained (Emdin 
et al. 1980; Hutton 1989). Given that the addition of zinc into commercial insulin 
products improves their stability, hexamer formation and crystallization are thought 
to similarly contribute to insulin stabilization in  vivo. Once insulin crystals are 
secreted from pancreatic β cells, they are believed to rapidly dissociate into mono-
mers and flow into the bloodstream (Fig. 12.2).

Ca2+

Insulin

Ca2+

Golgi

Insulin hexamer

β cell

Non-synonymous
SNP (R325W)

Zn2+

Zn2+

Zn2+

Zn2+

Zn2+

Zn2+

Zn2+

Fig. 12.2 ZnT8 is involved in zinc transport into insulin secretory granules. Converting the 325th 
tryptophan (W) to arginine (R) changes the zinc transportability and increases the risk of develop-
ing type 2 diabetes
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12.2  Zinc Deficiency and Diabetes

The association between zinc deficiency and diabetes is widely studied in mouse 
models. Zinc-deficient mice showed reduced numbers of insulin granules in their 
pancreatic β cells (Boquist and Lernmark 1969) and had impaired glucose- 
stimulated insulin secretion (Huber and Gershoff 1973). Because pancreatic β cells 
actively synthesize large amounts of ATP, they are susceptible to oxidative stress 
exposure and are thereby damaged (Donath et  al. 2005). As zinc is an essential 
component of antioxidant enzymes, including Cu, Zn superoxide dismutase (Mysore 
et al. 2005) and catalase (Marklund et al. 1982), zinc deficiency could worsen the 
condition of pancreatic β cells under oxidative stress. These findings support the 
notion that zinc deficiency may lead to impaired pancreatic β-cell function and 
survival.

Zinc supplementation also improved insulin sensitivity in obese diabetic db/db 
and ob/ob mice (Begin-Heick et al. 1985; Simon and Taylor 2001). A recent study 
by Adachi et al. demonstrated that 4 weeks of oral administration of zinc (II) com-
plexes to obese diabetic KKAy mice significantly improved their glucose tolerance 
and insulin sensitivity, which has been reported to be associated with increased 
plasma adiponectin levels (Adachi et al. 2006). The insulin-sensitizing effect of zinc 
has been explained by inhibition of the tyrosine phosphatase activity of protein 
tyrosine phosphatase 1B (PTP1B) (Haase and Maret 2005). The enzymatic activity 
of PTP1B is inhibited by zinc ions. The concentration of available cellular zinc is in 
the nanomolar or picomolar range, and hence inhibition of PTPs by zinc occurs 
within this low range of available zinc (Haase and Maret 2003). Experiments in cell 
culture provided evidence for a physiological role of zinc in modulating PTP activ-
ity. The incubation of cells with zinc increases tyrosine phosphorylation of the insu-
lin receptor, and its effects are mediated by the inhibition of dephosphorylation 
rather than by enhanced phosphorylation. Thus, zinc appears to show antidiabetic 
activity not only through potentiating β-cell function but also through insulin- 
sensitizing effects on the liver and other insulin-sensitive tissues.

12.3  Physiological Functions of Zinc Transporters

Zinc homeostasis is controlled by zinc transporters, which are classified into two 
categories according to their direction of zinc transport. The ZnT family (Zn trans-
porter, SLC30A), which transports zinc from the cytoplasm to the extracellular 
space or to intracellular organelles, and the ZIP family (Zrt-, Irt-like protein), which 
transports zinc from the extracellular space or intracellular organelles to the cyto-
plasm. There are 9 types of ZnT and 14 types of ZIP in mammals, and each has been 
found to work in cooperation with each other or in a tissue-specific manner. The 
phenotypes of these zinc transporter knockout (KO) mice and variants in humans 
have been characterized (Fukunaka et al. 2017; Hara et al. 2017; Takagishi et al. 
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2017). Surprisingly, although there are 23 types of zinc transporters, their pheno-
types in each zinc transporter-deficient mouse as well as human are not redundant, 
suggesting that the zinc signal transported via each zinc transporter is specific and 
may exert a specific physiological function by affecting a specific target molecule. 
Table  12.1 shows the phenotypes of zinc transporter KO mice which have been 
reported to date in association with obesity and diabetes (Fukunaka et  al. 2017; 
Huang et al. 2012; Jenkitkasemwong et al. 2015; Sladek et al. 2007; Tamaki et al. 
2013; Troche et al. 2016; Wenzlau et al. 2007).

12.4  Structure and Function of ZnT8

ZnT8 is a member of the ZnT family, which has a predicted membrane topology of 
six membrane-spanning domains with both N- and C-terminal ends, four conserved 
amino acid residues within transmembrane domains (TMDs) II and V, and a cyto-
plasmic His-rich loop between TMDs IV and V (Kambe 2012). The expression of 
ZnT8 is 2–3 orders of magnitude higher in the islets than in all other tissues ana-
lyzed (Nicolson et al. 2009). Thus, ZnT8 is responsible for transporting zinc into 
insulin-containing granules in islet β cells, where insulin is stored as a hexamer 
bound with two zinc ions before secretion (Figs.  12.1b and 12.2). ZnT8 is also 
expressed in other tissues, including islet α cells, pancreatic polypeptide cells, and 
a subset of endocrine cells in the thyroid and adrenal glands (Tamaki et al. 2009). 

Table 12.1 Zinc transporters associated with obesity and diabetes 

Protein 
name Localization

Phenotype of knockout mice 
or human patient Zinc signal References

ZIP13 Golgi Impaired bone formation and 
growth retardation (KO 
mice)

TGF-β/BMP 
signal

Fukada (2008)

Ehlers-Danlos 
syndrome(SCD-EDS), 
increased beige fat

Fukunaka (2017)

ZIP14 Cellular 
membrane

Adipocyte hypertrophy, 
obesity-induced insulin 
resistance

cAMP-CREB 
signal

Troche 2016

Liver iron overload in 
hemochromatosis

Jenkitkasemwong 
(2015)

ZnT7 Early 
secretory 
pathway

Low body weight, impaired 
glucose tolerance, insulin 
resistant (KO mice)

PI3K/Akt 
signal, MAPK/
ERK signal

Huang (2012)

ZnT8 Insulin 
granule

Autoantigen in type 1 
diabetes

Insulin 
clearance

Wenzlau et al. (2007)

Impaired glucose tolerance 
(ZnT8 KO mice, 
rs13266634)

Sladek (2007) and 
Tamaki et al. (2013)
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The islet-specific expression of ZnT8 was shown to be regulated by the β-cell 
enriched transcriptional factor Pdx-1 through an intronic enhancer (Pound 
et al. 2011).

The expression of ZnT transporters is transcriptionally regulated by various 
stimuli. In β cells, it has been shown that glucose and cytokines play roles in the 
regulation of zinc transporter expression. The cytokines IL-1β and TNF-α decrease 
the expression of zinc transporters, particularly ZnT8 (El Muayed et al. 2010), sug-
gesting that the expression of ZnT8 may be decreased during diabetes that accom-
panies pancreatitis. Moreover, ZnT8 expression was found to be remarkably 
downregulated in the early stages of diabetes in diabetic model mice, such as db/db 
and Akita (Tamaki et  al. 2009). These findings suggested that the expression of 
ZnT8 is reduced during the course of hyperglycemia and inflammation in type 2 
diabetes.

Several studies have shown that ZnT8 is a bona fide zinc transporter, using ZnT8- 
overexpressed cells (Lefebvre et al. 2012), ZnT8-knockdown cells (Fu et al. 2009), 
and ZnT8-KO mice (Nicolson et al. 2009). The mechanism of zinc transport is still 
not fully understood. However, experiments using fluorescence-based functional 
measurements have shown that ZnT transporters function as Zn2+/H+ exchangers 
(Ohana et  al. 2009). ZnT8 may also use the same mechanism because ZnT8 is 
located in insulin granules in which is having a lower pH than cytoplasm. 

Homology modeling studies based on the bacterial zinc transporter and ZnT 
homolog YiiP have shown that ZnT8 forms homodimers which are held together by 

Fig. 12.3 Structure of Zinc transporter 8. ZnT8 encoded by SLC30A8 is localized on the mem-
branes of insulin secretory granules. Like other ZnT family members, it contains six transmem-
brane domains and a histidine-rich loop between TMDs IV and V, possibly for zinc binding. 
Insulin is stored inside secretory granules, bound to zinc ions. Zinc is released, together with 
insulin, upon glucose-induced exocytosis. A nonsynonymous single nucleotide polymorphism 
affecting amino acid 325 on ZnT8 has been implicated in type 2 diabetes from genome-wide asso-
ciation studies
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four zinc ions located at the interface of the cytoplasmic domains, with two trans-
membrane domains swinging out to yield a Y-shaped structure (Nicolson et  al. 
2009). Genome-wide association studies demonstrated that the nonsynonymous 
single nucleotide polymorphism (SNP) rs1326634 in the SLC30A8 gene, resulting 
in the replacement of tryptophan-325 with arginine, increases the risk of type 2 
diabetes (Figs. 12.2 and 12.3) (Diabetes Genetics Initiative of Broad Institute of 
et al. 2007; Scott et al. 2007; Sladek et al. 2007). To analyze the potential physio-
logical differences between the low-risk and increased-risk variants of ZnT8, Guy 
Rutter’s group showed that the increased-risk R-form of ZnT8 is less active as a zinc 
transporter, using fluorescent dyes to monitor the vacuolar accumulation of zinc 
(Nicolson et al. 2009). More recently, as a result of the reexamination of zinc trans-
port activity by liposome analysis using purified human ZnT8 proteins and analysis 
using human islets, it was concluded that the risk allele type has higher zinc trans-
port activity (Merriman et al. 2016).

12.5  The Role of ZnT8 in Glucose Homeostasis

As mentioned above, genome-wide analysis reported that ZnT8 is associated with 
type 2 diabetes. To clarify the physiological roles of ZnT8, whole-body ZnT8- 
deficient mice have been created by various research groups (Lemaire et al. 2009; 
Mitchell et al. 2016; Nicolson et al. 2009; Pound et al. 2009, 2012; Tamaki et al. 
2013; Wijesekara et al. 2010). However, there has been a lack of consensus on the 
effects of SlC30A8 deletion on glucose tolerance, insulin secretion, and circulation 
in mice, as summarized in Table 12.2 (O’Halloran et al. 2013). Whereas some stud-
ies reported that deletion of SLC30A8/ZnT8 results in impaired glucose tolerance 
(Nicolson et al. 2009; Wijesekara et al. 2010), others reported that loss of ZnT8 
results in essentially no change in glucose tolerance (Lemaire et al. 2009; Pound 
et  al. 2009). These different results may have been caused by differences in the 
study designs or the genetic backgrounds of the mice generated (Pound et al. 2012; 
Tamaki et al. 2013).

We also decided to create and analyze mice that specifically lack ZnT8 in pan-
creatic β cells (βZnT8-KO mice) (Tamaki et al. 2013). In line with previous reports, 
the formation of insulin crystal structures was incomplete in pancreatic β cells of 
βZnT8-KO mice. Thus, ZnT8-mediated zinc transport into insulin granules was 
shown to be important for insulin crystallization (Table 12.2). In the glucose toler-
ance test, βZnT8-KO mice were found to have mild glucose intolerance; hence it 
was initially predicted that insulin secretion was impaired in addition to impaired 
insulin crystal formation. In fact, insulin concentrations in the peripheral blood after 
glucose loading were reduced in βZnT8-KO mice (Table 12.2). However, when ana-
lyzed using isolated mouse islets, insulin secretion was unexpectedly enhanced in 
βZnT8-KO mice. To explain this discrepancy, the pancreas perfusion experiment 
was performed. Enhanced insulin secretion was still noted in ZnT8-KO islets upon 
pancreas perfusion, further supporting that insulin secretion is actually increased 
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in vivo in βZnT8-KO islets. Finally, a comparison of the results obtained by pan-
creas perfusion versus pancreas-liver perfusion demonstrated that a large proportion 
of the secreted insulin was degraded during the first liver passage. In addition, in 
βZnT8-KO mice and humans carrying rs13266634, which is a major risk allele of 
SLC30A8, the insulin degradation rate calculated by the C-peptide/insulin ratio was 
enhanced (Tamaki et al. 2013). Our results hence suggest that SLC30A8, which is 
expressed in pancreatic β cells, regulates insulin degradation in the liver, and that 
dysregulation of this system may be involved in the increased risk of developing 
type 2 diabetes.

12.6  Reconsideration of SLC30A8 Activity and the Risk 
of Diabetes

Recently, the analysis of several rare truncating variants of SLC30A8 has demon-
strated that haploinsufficiency of ZnT8 reduces the risk of developing diabetes by 
65% (Flannick et al. 2014). Functional analysis of each of the variants and the cor-
responding ZnT8 proteins showed a functional decline, such as decreased expres-
sion levels and decreased protein stability, and these variants reduced the risk of 
developing diabetes in the case-control study. Given the recently reported finding 
that the protein encoded by the risk allele of ZnT8 has higher zinc transport activity 
than that encoded by the normal allele (Merriman et al. 2016), it is reasonable to 
conclude that at least in humans, subjects expressing ZnT8 with reduced function 
have a lower risk of diabetes. In accordance with this, most recently, knock-in mice 
with the human ZnT8 risk allele were analyzed and were reported to have an 
increased ability to secrete insulin by enhancing pancreatic β-cell function. However, 
the mechanism at present as to why a reduction in the function of human ZnT8 low-
ers the risk of developing diabetes remains unknown. In studies using mice, as men-
tioned above, there have been multiple reports of impaired glucose tolerance in the 
loss-of-function models of ZnT8 published so far, but on the contrary, none of the 
phenotypes associated with diabetes have been reported to be improved (Table 12.2). 
Further analyses are needed to clarify the reasons for these discrepancies.

12.7  Zinc Transporter ZIP13 Inhibits Adipocyte Browning

In association with obesity, attention has been focused on the phenomenon of the 
browning of fat cells in recent years (Kajimura et al. 2015). The browning of fat 
cells/adipocytes means transforming the energy storing white fat cells into beige fat 
cells which are inducible brown fat cells that consume energy. Beige adipocytes, 
which are rich in mitochondria compared with white adipocytes, are brown and 
have a high iron content. It has been shown that beige adipocytes induced in response 

12 Role of Zinc Transporters in Type 2 Diabetes and Obesity



238

to cold stimulation are also present in human adults, whereas human beige adipo-
cytes have been reported to decrease with aging and obesity (Leitner et al. 2017). 
Based on these findings, it may be possible to achieve a healthier lifespan by eluci-
dating the mechanism of increase and activation of beige adipocytes and developing 
a therapy based on its control (Kajimura et al. 2015).

Following the above analysis of ZnT8, we analyzed the possibility that zinc 
transporters other than ZnT8 may be involved in the onset and pathogenesis of 
lifestyle- associated diseases. It has been reported that lipoatrophy is observed in 
patients with Ehlers-Danlos syndrome who have ZIP13 loss-of-function mutations 
(Fukada et al. 2008). Thus, we decided to analyze the role of ZIP13 in murine adi-
pose tissues. Surprisingly, Zip13-KO mice had increased beige fat cells in subcuta-
neous adipose tissue (adipocyte browning), whereby an increase in energy 
consumption was observed. Furthermore, Zip13-KO mice did not gain weight even 
when fed a high-fat diet, and thereby their glucose tolerance and insulin sensitivity 
were improved compared with control mice. The expression levels of brown adipo-
cyte marker genes were found to be significantly increased in adipose cells derived 
from Zip13-KO mice in a cell-autonomous manner (Fukunaka et al. 2017). These 
results indicate that ZIP13 may be a molecule responsible for regulating whole body 
metabolism by controlling the fate of white and beige fat cells. Further analysis 
demonstrated that the overexpression of ZIP13 in Zip13-KO cells can suppress adi-
pocyte browning, but a mutant of ZIP13 lacking the ability to transport zinc cannot 
suppress adipocyte browning. In addition, it was found that when an excess amount 
of zinc is added to the medium, the browning cannot be suppressed despite the 
increase in the amount of zinc in the cytoplasm. Furthermore, the browning could 
not be suppressed even when other zinc transporters were expressed in Zip13-KO 
cells. From these results, it was concluded that the zinc signals mediated by ZIP13 
regulate the quality (specificity) of ZIP13 as well as its quantity very precisely and 
regulate the suppression of adipocyte browning. We are currently working toward 
elucidating the mechanism of determination of zinc signal specificity by ZIP13, 
using the beige fat cell differentiation system as a model.

To date, the involvement of zinc in the functions of adipocytes has been assumed, 
but the role of zinc in determining the whitening versus browning of adipocytes has 
not been reported. As ZIP13 is involved in the transport of zinc from the Golgi to the 
cytoplasm, our results show that the transport of zinc from organelles to the cyto-
plasm via ZIP13 controls adipocyte browning by a completely novel mechanism, 
which might be conserved not only in mice but also in humans. Elucidation of the 
mechanism of suppression of adipocyte browning by ZIP13 has the potential to lead 
to novel therapeutic strategies against obesity.
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12.8  Therapeutic Application of Zinc Transporters 
Toward Obesity and Diabetes

The number of patients with type 2 diabetes continues to increase in both developed 
and developing countries, and elucidation of the pathogenesis of diabetes as well as 
the development of new therapeutic strategies are urgently needed. Obesity and type 
2 diabetes are associated with both hereditary factors and lifestyle. Our studies indi-
cated that the regulation of zinc transporters may enable manipulation of hereditary 
factors (Fukunaka et  al. 2017) (Fig. 12.4). In particular, as βZnT8-KO mice and 
Zip13-KO mice cannot restore their respective phenotypes by simple zinc supple-
mentation, we hope that new treatments will be developed in the future through 
clarification of the method of control of each zinc transporter. We are currently 
working on elucidation of the mechanism of determination of the specificity of zinc 
signals facilitated by ZIP13, and this elucidation will clarify the ZIP13-zinc signal-
ing pathway that enhances only adipocyte browning without leading to Ehlers- 
Danlos syndrome (Fig. 12.4).

Effector molecule

Zinc transporter
ZIP13

Zn2+

Zn2+ Effector molecule

Inhibition of browning

Effector molecule

Inhibition of browning

Fibroblast proliferation
and differentiation

Fibroblast proliferation
differentiation

Fig. 12.4 ZIP13-mediated zinc signaling specificity. ZIP13-mediated zinc signaling regulates the 
inhibition of adipocyte browning and fibroblast proliferation and differentiation. We are now inves-
tigating the mechanism as to how the specificity of zinc signaling is determined by ZIP13, via 
identifying putative effector molecules (A, B, and C in the figure) linking zinc signals to each 
biological effect
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Chapter 13
Zinc Signals in Immunology

Martina Maywald and Lothar Rink

Abstract Zinc is known to be an essential trace element that is highly important for 
all proliferating cells in the human body, especially for the immune system. Free 
zinc influences several signaling pathways, such as Toll-like receptor 4 or T cell 
receptor signaling, by binding reversibly to regulatory sites in signaling proteins, 
resulting in a change of free zinc concentrations that can affect signal transduction, 
and thus cellular responses can be altered. Zinc signals have been observed in cells 
of the innate as well as of the adaptive immune system, i.e., neutrophil granulocytes, 
mast cells, monocytes, dendritic cells, and T cells, mostly in changes of the cyto-
plasmic zinc concentration. To characterize zinc signals, one can distinguish them 
by the timescale they take place. First, zinc signals can occur within a few seconds 
to minutes and are, therefore, called fast zinc signals. Second, a slightly slower type 
of zinc signal is known and described as “zinc wave.” Third, some zinc signals 
occur on a timescale significantly longer than the others. In these cases, the signals 
are typically involved in altered expression of proteins involved in zinc 
homeostasis.

Zinc signals occurring in different cell types and signaling pathways that are 
mentioned in this chapter are classified regarding the specific discrimination of fast 
zinc signal, zinc wave, and late zinc signal.

Keywords Zinc · Zinc homeostasis · Signal transduction · TLR-4 · Adaptive and 
innate immunity · Zinc deficiency
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13.1  Zinc Signals in Immunology

In 1934, the essentiality of zinc for animals has been recognized, but it was not until 
the early 1960s that zinc was known as essential for humans. Compared to other 
metal ions with similar chemical properties, zinc is relatively harmless (Fosmire 
1990). Studies have shown that only exposure to high doses has toxic effects, mak-
ing acute zinc intoxication a rare event. Due to the systemic homeostasis and effi-
cient regulatory mechanisms on the cellular level, the uptake of cytotoxic doses of 
exogenous zinc is prevented. Nevertheless, intracellular zinc plays an important role 
in single cells and organ systems, since various functions and signaling pathways in 
virtually all immune cells are modulated by zinc in vitro and in vivo (Prasad 2009). 
Regarding this, it is quite obvious that there is strong evidence between zinc defi-
ciency and several infectious diseases such as shigellosis, acute cutaneous leish-
maniosis, malaria, human immunodeficiency virus (HIV), tuberculosis, measles, 
and pneumonia (Gammoh and Rink 2017).

In this chapter, we discuss the importance of zinc signals in the immune system 
and the interactions of zinc with major signaling pathways responsible for the regu-
lation of cellular functions, as well as the influence of zinc deficiency and zinc 
supplementation on zinc signaling in various immune cells.

13.2  Zinc Homeostasis and the Immune System

Zinc is considered to be relatively nontoxic to humans, and the human body con-
tains a total amount of 2–4 g zinc (Haase and Rink 2010). In general, there is no 
specialized zinc storage system in the human body, and thus a daily intake of zinc is 
necessary to achieve a steady state for proper immune function. The distribution of 
zinc in the human body differs significantly between various tissues and organs, 
ranging from 10 μg/g dry weight in the brain (1.5% of the total body zinc) up to 
100 μg/g in bones (29.0% of the total body zinc). Other organs contain estimable 
concentrations of zinc including liver, prostate, kidney, skin, lung, heart, pancreas, 
and the gastrointestinal tract. Oral uptake of zinc results in absorption throughout 
the small intestine and distribution subsequently occurs via serum, where zinc con-
centrations merely reach 10–18 μM, comparable to around 1 μg/g (0.1% of the total 
body zinc) (Mills 1989). It is abundantly bound with low affinity to albumin (60%), 
with high affinity to α2-macroglobulin (30%), and to transferrin (10%) (Rink and 
Gabriel 2000). Thus, it is a predominantly intracellular ion (Haase and Maret 2009), 
distributed between the cell nucleus (30–40%), cytoplasm, organelles, and vesicles 
(50%) (Vallee and Falchuk 1993) including zinc-specific vesicles called “zinco-
somes” (Beyersmann and Haase 2001). The latter segregate high amounts of zinc 
upon stimulation, as shown for growth factors (Haase and Maret 2003). Besides 
storage in specific organelles, the so-called buffering and muffling reactions are also 
highly important for intracellular zinc homeostasis. Efficient zinc buffering inside 
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the cell is indispensable to avoid zinc intoxication and zinc deficiency regulated by 
coordinating expression of zinc binding proteins and zinc transporters (Kimura and 
Kambe 2016). Intracellular zinc-binding proteins include members of the metallo-
thionein (MT) family and members of the S100 family (Brophy et al. 2012). The 
latter is still under debate; however, binding of intracellular zinc by calprotectin, a 
heterodimer of S100A8 and A9, in, e.g., myeloid cells is likely, as the decrease in 
intracellular zinc during monopoiesis is paralleled by an increase in S100A8 and A9 
expression, but no changes were found for MT-1 levels (Dubben et al. 2010).

MTs are proteins of 6–7 kDa that play an important role in zinc homeostasis by 
complexing about 20% of intracellular zinc. MTs have high cysteine content and 
thus are able to complex metal ions decreasing their cytotoxicity, and they can scav-
enge reactive oxygen species (ROS). Within the four MT classes, MT-1 and MT-2 
are expressed ubiquitous throughout the body, whereas MT-3 and MT-4 are 
expressed cell type specific (Kimura and Kambe 2016).

Although all zinc ions are bound in similar tetrathiolate coordination environ-
ments, the affinities of the sites for zinc range with a logK from 7.7 to 11.8. Thus, 
MT can act as a cellular zinc buffer over several orders of magnitude that range from 
picomolar to nanomolar concentrations due to different affinities of the metal ion 
binding sites (Krezel and Maret 2007). The dynamic regulation of cellular zinc 
homeostasis results from the synthesis of the apo-form thionein (T) in response to 
raised intracellular zinc levels by triggering the metal-response element binding 
transcription factor-1 (MTF-1). MTF-1 is a cellular zinc ion sensor and regulates 
transcription of genes, whose promoters contain metal-response elements, because 
at least two of its six zinc fingers are not constitutively bound to zinc and sense 
available free zinc by reversible binding, resulting in stabilization of the zinc-finger 
domains (Radtke et al. 1993). Furthermore, oxidation of cysteine residues alters the 
number of metal binding sites and thus connecting redox and zinc metabolism 
(Laity and Andrews 2007).

The S100 protein family includes 24 members, knowing to modulate apoptosis, 
transcription, and enzyme activities (Donato et al. 2013). Zinc binding S100 pro-
teins include S100B, S100A1, S100A2, S100A3, S100A5, S100A7, S100A8/9, 
S100A12, and S100A16. Calprotectin (S100A8/9) is the most abundant protein of 
neutrophils. Interestingly, recent studies showed a correlation between increased 
plasma levels during severe inflammatory diseases and serum hypozincemia (Bao 
et al. 2010; Lienau et al. 2018).

Despite the fact that the plasma zinc pool is very small, it is highly mobile and 
immunologically important. Like serum zinc, the vast majority of cellular zinc is 
bound to proteins leaving only a minor loosely bound or unbound part of intracel-
lular zinc, which is also referred to as labile, mobile, or “free zinc.” “Free zinc” is 
an operative term, used to distinguish zinc involved in signal transduction from the 
tightly protein-bound zinc which is thermodynamically unavailable. The term is 
used in this chapter with the understanding that it is chemically incorrect, because 
zinc ions will never be completely without ligands but form complexes with amino 
acids, glutathione, phosphate, or other low molecular weight ligands, when it is not 
bound to proteins.
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So far, more than 300 enzymes and even more proteins are identified to contain 
zinc. Based on a screening for well-known zinc binding sequences, it is estimated 
that up to 10% of the encoded proteins in the human body may contain zinc 
(Andreini et al. 2006). The zinc proteome consists of two major groups of compa-
rable size, which are enzymes and transcription factors. Together, these form over 
90% of the zinc proteome, indicating that the vast majority of zinc is required for 
catalysis and transcriptional regulation (Andreini et al. 2009).

Tightly protein-bound zinc is required for catalytic, co-catalytic, and structural 
functions of enzymes (Vallee and Falchuk 1993). In some enzymes it is important 
for structural integrity, in others it is the central ion for enzymatic activity, but some-
times both functions are involved. Moreover, zinc is involved in the stabilization of 
structural domains, such as in zinc fingers and related structures, and enables 
protein- protein interaction or interaction of nucleic acid and many transcription fac-
tors (Maret 2006).

But first of all the understanding of how the mechanism of zinc uptake into the 
cell takes place is important. It has been shown that exogenous zinc enters the cell 
within minutes (Wellinghausen et  al. 1996). Cellular zinc underlies an efficient 
homeostatic control to avoid excessive accumulation. Therefore, two families of 
eukaryotic zinc transporter are known to date: the Zip and ZnT proteins. The Zrt- 
like, Irt-like protein (Zip) family comprise 14 genes designate solute carrier family 
39 (SLC39) A1 to A14 that transport zinc into the cytosol, whereas the zinc trans-
porter (ZnT) family of 10 genes (SLC30A1 to SLC30A10) transport zinc in the 
opposite direction (Cousins et al. 2006; Eide 2006). The same transporter families 
regulate the intracellular distribution of zinc into cellular organelles as the endoplas-
mic reticulum, mitochondria, and Golgi, respectively (see Chap. 3). In addition to 
that, different mechanisms for zinc uptake such as facilitated diffusion via amino 
acids and anionic exchange or calcium-conducting channels have been reported 
(Bentley 1992; Hogstrand et al. 1996). To date, additionally members of four dis-
tinct superfamilies have been shown to transport zinc through the cell membrane, as 
voltage-gated calcium-channels (VGCC) (Gyulkhandanyan et al. 2006), glutama-
tergic receptors (Jia et al. 2002), nicotinic acetylcholine receptors (Ragozzino et al. 
2000), and transient receptor potential channels (Dong et al. 2008).

However, free zinc contributes to the regulation of numerous cellular processes 
and influences several signaling pathways by binding reversibly to regulatory sites 
in signaling proteins. This results in a change of the free zinc concentration that can 
affect signaling pathways, and thus cellular responses can be altered (Ibs and Rink 
2003). Furthermore, it shows intracellular fluctuation after stimulation (Haase et al. 
2006a), assuming a complex interaction between zinc homeostasis and signal trans-
duction, where zinc may have similar functions as the second messenger calcium 
(Williams 1984; Colvin et al. 2010).

Free zinc is crucial for the appropriate development and function of the innate as 
well as the adaptive immunity, but the importance of zinc for proper immune func-
tion is most obvious in zinc-deficient individuals.

Whereas intoxication by excessive exposure is rare, zinc deficiency is wide-
spread and has been known for a detrimental impact on growth, neuronal 
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 development, and immunity, and in severe cases its consequences are lethal. Human 
zinc deficiency has been reported first time in 1961, when Iranian males were diag-
nosed with symptoms including growth retardation, skin abnormalities, hypogonad-
ism, and mental lethargy led back to nutritional zinc deficiency (Prasad et al. 1961). 
Later additional studies showed remarkably similar features and manifested zinc 
deficiency as a potentially widespread problem in developing countries as well as in 
industrial nations (Prasad et al. 1963; Sandstead 1991).

Zinc deficiency manifests itself on different levels and can be subdivided into 
either severe or marginal zinc deficiency. Moreover, zinc deficiency can be either 
inherited or acquired. On the one hand, severe zinc deficiency is caused by meta-
bolic disorders regarding zinc uptake as well as by other sources such as parenteral 
nutrition without zinc.

Zinc deficiency results in complex immune defects, leading to various immune 
disorders (see Chap. 11). This is observed in its most severe form in the zinc malab-
sorption syndrome acrodermatitis enteropathica, an autosomal recessive disorder 
characterized by periorificial and acral dermatitis, mucocutaneous lesions, failure to 
thrive, alopecia, diarrhea, neuropsychological disturbances, weight loss, and fre-
quent severe infections with fungi, viruses, and bacteria that base in most cases on 
a mutation of the intestinal zinc uptake protein Zip 4 (Kury et  al. 2002; Wang 
et al. 2002).

Acquired severe zinc deficiency has been observed in patients receiving total 
parental nutrition without zinc supplementation, following excessive alcohol con-
sumption, severe malabsorption, and iatrogenic causes like treatment with histidine 
or penicillamine (Prasad 1985). The arising symptoms are mostly similar to those in 
acrodermatitis enteropathica. Patients who become zinc deficient while receiving 
total parenteral nutrition without zinc supplementation develop abnormalities, 
which include lymphopenia, decreased ratios of CD4+-to-CD8+ T cells, decreased 
NK cell activity (Rolles et al. 2017a), and increased monocyte cytotoxicity, but are 
readily corrected by proper zinc supplementation (Allen et al. 1983).

Another group of inherited disorders of zinc metabolism is mentioned in some 
reports. Here the zinc plasma level lies above 3 μg/mL, more than three times the 
physiological level, while iron and copper levels stay normal (Failla et  al. 1982; 
Fessatou et al. 2005; Smith et al. 1976). Even though this exceeds the amount found 
in serum after zinc intoxication, symptoms range from none to severe anemia, 
growth failure, to systemic inflammation (Fessatou et al. 2005; Smith et al. 1976; 
Saito et al. 2002; Sampson et al. 1997). The increased zinc level has been attributed 
to excessive binding to serum proteins like albumin (Failla et al. 1982; Smith et al. 
1976) or to an overexpression of calprotectin, a zinc binding S100 protein (Fessatou 
et al. 2005; Saito et al. 2002). Therefore, the large amount of zinc in the serum of 
these patients is attached to proteins, and thus biologically available zinc may be 
depleted (Sampson et al. 1997). Moderate zinc deficiency can also accrue as a con-
sequence of sickle cell disease (Prasad 1981), where hyperzincuria and a high pro-
tein turnover due to increased hemolysis lead to moderate zinc deficiency in these 
patients. This causes clinical manifestations typical for zinc deficiency, such as 
growth retardation, hypogonadism in males, hyperammonemia, and cell-mediated 
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immune disorder (Prasad 2002) connected with thymic atrophy (Dardenne 
et al. 1984).

Affected subjects show reduced lymphocyte proliferation response to mitogens, 
anergy, thymic atrophy, a selective decrease in CD4+ T cells, and deficient thymic 
hormone activity (Prasad 2000). In general, zinc deficiency leads to an increased 
susceptibility to infection and parasitic disease and is furthermore the fifth leading 
cause of mortality and morbidity in developing countries (WHO 2002).

Marginal zinc deficiency can be characterized by slight weight loss, oligosper-
mia, and hyperammonemia (Prasad 1985). It may be caused by nutritional zinc 
deficiency due to high consumption levels of zinc-chelating phosphates, lignins, and 
phytates, which counteract zinc absorption by malabsorption syndrome or by sickle 
cell anemia.

Moreover, parallels exists between the declined immune function in elderly and 
zinc deficiency even in industrialized countries. A significant percentage show a 
reduced serum zinc level, and zinc supplementation studies indicate that this defi-
ciency contributes to increased susceptibility to infectious diseases. It also occurs 
frequently during pregnancy and lactation, due to rapid growth, and in vegetarians 
or persons with renal insufficiency (Brieger and Rink 2010; Haase and Rink 2010).

The overall frequency of zinc deficiency worldwide is expected to be higher than 
20% (Wuehler et al. 2005). In developing countries, it may affect more than two 
billion people (Prasad et  al. 1961; Cavdar et  al. 1983; Prasad et  al. 1963). 
Furthermore, it has been estimated that only 42% of the elderly (≥71 years) in the 
United States have adequate zinc intake (Briefel et  al. 2000). This widespread 
occurrence combined with the variety of clinical manifestations makes zinc defi-
ciency a serious nutritional problem.

Until now, no biomarker of zinc status exists, although serum and plasma zinc 
concentrations, hair zinc concentration, and urinary zinc excretion can be consid-
ered as potentially useful. However, zinc status is highly impacted by the immune 
status itself, diet, absorption, and conserving mechanisms via gastrointestinal tract 
and kidneys (Lowe et al. 2013), which makes the diagnosis of suboptimal zinc sta-
tus very complicated. In this regard, a recent study published a biochemically vali-
dated food frequency questionnaire to estimate zinc status in humans (Trame et al. 
2018) that might find application in routine use in future times.

Detractions in the zinc homeostasis affect multiple aspects of the immune system 
including hematopoiesis, cell cycle progression, and immune-regulating molecules. 
Intracellular killing, cytokine production, and ROS synthesis are all affected by zinc 
deficiency. It also affects adversely the growth and function of T and B cells, which 
occurs through dysregulation of basic biological functions at the cellular level. 
Moreover, zinc is needed for DNA synthesis, RNA transcription, cell division, and 
cell activation. Programmed cell death (apoptosis) is also elevated in the absence of 
adequate zinc levels. Also secretion and function of cytokines, the basic messengers 
of the immune system, are adversely affected by zinc deficiency. The ability of zinc 
to function as a pro-antioxidant and to stabilize membranes suggests that it has a 
role in prevention of free radical induced injury during inflammatory processes.
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All in all zinc signals contribute to the regulation of virtually all immune cells 
(see Chap. 11), numerous cellular processes, and influence several signaling path-
ways by binding reversibly to regulatory sites in signaling proteins. Thus, zinc is 
crucial for the appropriate development and function of the innate as well as the 
adaptive immunity that is further described below.

13.3  Types of Zinc Signals

Free zinc influences several signaling pathways by binding reversibly to regulatory 
sites in signaling proteins, resulting in a change of free zinc concentrations that can 
affect signaling pathways, and thus cellular responses can be altered (Haase and 
Rink 2009a).

It has been shown that activation of T cells causes an intracellular redistribution 
of zinc and an activation of protein kinase C (PKC) (Csermely et al. 1987; Csermely 
et al. 1988). Since this time, zinc signals have been observed in different immune 
cells, i.e., T cells (Kaltenberg et al. 2010; Yu et al. 2011; Lee et al. 2008; Aydemir 
et al. 2009), dendritic cells (DCs) (Kitamura et al. 2006b), monocytes (Haase et al. 
2008a), neutrophil granulocytes (Hasan et  al. 2013), mast cells (Yamasaki et  al. 
2007), and NK cells (Rolles et al. 2018) mostly in changes of the cytoplasmic zinc 
concentration (Haase and Rink 2009a).

One possibility to characterize zinc signals is by the timescale they take place. 
First, zinc signals can occur within a few seconds to minutes by triggering receptors 
like Toll-like receptor (TLR)-4. Zinc acts as second messenger, comparable to cal-
cium, and influences several signaling pathways directly. Therefore, the zinc signal 
is independent from the synthesis of proteins like Zips and ZnTs and is thus called 
fast zinc signal.

Second, a slightly slower type of zinc signal is known and described as “zinc 
wave” investigated in mast cells. Here cross-linking of FcεRI induces a release of 
free zinc from the perinuclear area, including the endoplasmic reticulum (Yamasaki 
et al. 2007, 2012). Comparable to the fast zinc signal, zinc also acts as second mes-
senger but is induced indirectly depending on calcium influx (see Chap. 5). However, 
zinc signals and zinc wave also have a function as second messenger; the altered 
cytoplasmic zinc concentration influences other signaling pathways also, compara-
ble to the role of late zinc signals.

Third, some zinc signals occur on a timescale significantly longer than the oth-
ers. In these cases, the late signals are typically involved in altered expression of 
proteins involved in zinc homeostasis, like maturation of monocytes and DCs or 
cytokine expression (Dubben et al. 2010; Kitamura et al. 2006b). Furthermore the 
altered zinc homeostasis results in an influence of several signaling pathways, but 
zinc itself does not function as a second messenger.

Examples for each classification of zinc signals occurring in different cell types 
and signaling pathways are mentioned in the following section below and are sum-
marized in Table 13.1.
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Table 13.1 Characterization of zinc signals concerning the timescale they take place

Zinc signal Duration Effect

Fast zinc signal Sec-min Influence of cGMP by inhibition of PDE in 
monocytes/macrophages
MKP inhibition in monocytes/macrophages
PMA-induced NET-formation in PMN
Expression of IL-8 in epithelial cells
Lck recruitment to TCR-activating complex
Zinc release from lysosomes in T cells
Triggered T cell activation by APC
Homodimerization and activation of Lck in T cells
Redistribution of zinc from nucleus/mitochondria to 
cytosol/microsomes in T cells

Zinc wave Min Zinc release from perinuclear area in mast cells
Altered zinc homeostasis 
(late zinc signal)

Hours Adherence of monocytes to endothelial cells

Influence of mRNA transcription, e.g., IL-2, A20 in T 
cells, monocytes/macrophages
Alteration of M1/M2 differentiation by inhibition of 
STAT6 phosphorylation
MAPK activation in airway epithelial cells and 
monocytes/macrophages
Negative regulation of TRIF pathway in macrophages
Change of Zip/ZnT expression in DCs and T cells
Inhibition of adenylate cyclase transcription in T cells
Influence of cytokine production, e.g., IL-2 in T cells
Upregulation of Akt phosphorylation in T cells
PTEN inhibition in T cells
STAT3/STAT6 phosphorylation in B and T cells
Induction/stabilization of regulatory T cells
Inhibition pro-inflammatory Th9 cell differentiation
Reduced cytokine production, e.g., IFN-γ in T cells
Inhibition of PTEN in T cells
Induction of NK cell killing and granzyme expression
Inhibition of caspase activity
Epigenetic modifications due to inhibition of Sirt1

Zinc signals, occurring within a few seconds to minutes, are called fast zinc signals and are inde-
pendent from the synthesis of proteins like Zips and ZnTs. A slightly slower type of zinc signal is 
known and described as a “zinc wave” occurring after a few minutes. Zinc signals that take place 
on a timescale significantly longer (hours) are typically involved in altered expression of proteins 
involved in zinc homeostasis
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13.4  Zinc Signal and the Innate Immunity

The innate immunity as the first line of defense is a highly important natural protec-
tion system against harmful substances, consisting of different cell types like 
monocytes/macrophages, granulocytes, DCs, mast cells, and natural killer (NK) 
cells, as well as countless soluble proteins like complement proteins, acute phase 
proteins, cytokines, and chemokines. It is not highly specific like the adaptive 
immunity but reacts on different antigens in the same way. Its cells are activated by 
conserved structures in pathogens, called pathogen-associated molecular patterns 
(PAMPs), that are recognized by conserved receptors triggering processes like cyto-
kine production, killing of target cells, or antigen presentation to cells of the adap-
tive immune system. Compared to the number of processes regulated on the cellular 
level, only limited numbers of signaling pathways exist. These pathways, depending 
on the cell type, are induced by different receptors and lead to the expression of cell 
type specific genes. Immune cells as well as a myriad of other cell types share these 
identical pathways that are discussed below.

In case of an infection, polymorphonuclear leukocytes (PMN) are the first cells 
actively entering the infected tissue by following a concentration gradient of chemi-
cal messengers, a mechanism known as chemotaxis. It is reported that this and other 
cellular functions are disturbed by altered zinc levels. Zinc deficiency leads to 
reduced PMN chemotaxis (Ibs and Rink 2003; Shankar and Prasad 1998), whereas 
elevated zinc concentrations of about 500 μM are reported to induce chemotactic 
activity directly in vitro (Hujanen et al. 1995). PMN are phagocytes that are essen-
tial to mortify pathogens by phagocytosis and generation of the respiratory burst. 
Zinc deficiency leads to a decreased phagocytosis (Hasan et al. 2016) that can be 
restored by zinc supplementation (Sheikh et al. 2010). These effects depend on an 
altered zinc homeostasis.

PMN kill phagocytosed pathogens through the rapid production and release of 
ROS, including superoxide anion, hydrogen peroxide, and hypochlorous acid. 
Superoxide anions are produced by NADPH oxidase, which can be inhibited by 
zinc deficiency as well as by zinc excess (DeCoursey et al. 2003; Chasapis et al. 
2012; Hasegawa et al. 2000). Another neutrophil granulocyte function is influenced 
due to altered zinc concentrations, namely, NETosis. NETosis is described as the 
release of a matrix composed of DNA, chromatin, and granule proteins to capture 
extracellular bacteria within so-called neutrophil extracellular traps (NETs). 
NETosis can be induced by PKC activator 12-myristate 13-acetate (PMA) and 
depends on the production of ROS by NADPH oxidase. PMA treatment leads to a 
fast zinc signal in neutrophil granulocytes that is an essential component of the 
ROS-dependent signal transduction leading to NET formation. Recently, it was 
shown that zinc chelation abrogates NET formation in vitro (Hasan et al. 2013). 
Moreover, chemotaxis, phagocytosis, oxidative burst, degranulation, and cytokine 
production are impaired (Hasan et al. 2016).

Like PMN, macrophages also take up pathogens or cellular debris by phagocyto-
sis and kill pathogens by oxidative burst, which are both zinc-dependent. Monocytes 
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produce various cytokines, e.g., pro-inflammatory cytokines such as IL-1β, IL-6, 
and TNF-α. Therefore, zinc signals are essential and can also be directly induced by 
stimulation with high extracellular zinc concentrations (Wellinghausen and Rink 
1998; Wellinghausen et  al. 1997a). Monocytes develop from myeloid precursor 
cells and can move quickly to sites of infection in the tissues and differentiate into 
macrophages and DCs to elicit an immune response. Zinc signals have been shown 
recently to alter M1/M2 differentiation by inhibition of STAT6 phosphorylation 
(Dierichs et al. 2017).

In general, cellular maturation is described to be dependent on long-term reduc-
tion of the intracellular zinc (Kitamura et al. 2006a). The differentiation of mono-
cytes is calcitriol-dependent and can be enhanced by zinc sequestration. This 
indicates a negative regulatory role for this ion (Dubben et al. 2010), depending on 
an altered zinc homeostasis. Additionally, recently similar observations have been 
found for granulopoiesis as well (Tillmann et al. in preparation).

After their development, monocytes circulate in the blood stream, from where 
they start to migrate into the tissue, where the maturation into resident macrophages 
takes place. The migration from the blood into the tissue starts by adherence to 
endothelial cells, which can be augmented by zinc, and stimulation of monocytes 
with chemoattractant protein-1 (MCP-1) or PMA induces an intracellular zinc sig-
nal promoting adhesion to endothelial cells (Chavakis et  al. 1999; Kojima et  al. 
2007). These effects depend on an altered zinc homeostasis.

Monocytes/macrophages and DCs take up and present antigens to T cells. They 
coordinate the immune response by producing cytokines regarding to a sufficient 
stimulation that leads to an activation of both cell types, like lipopolysaccharide 
(LPS), which is sensed by TLR-4. Thus, TLR-4 signaling leads to secretion of pro- 
inflammatory cytokines and maturation and antigen presentation in DCs and 
macrophages.

In TLR-4 signaling zinc has a double-edged effect on the cytokine secretion in 
monocytes (see Fig. 13.1). Herein fast zinc signals that are moderately increased are 
involved in TLR-4 signal transduction, whereas longtime higher concentrations are 
inhibitory. Additionally, long-term zinc deficiency augments pro-inflammatory 
cytokine production, which is reversible if zinc is reconstituted (Wessels et  al. 
2013). A fast zinc signal has been observed within less than 2 min by binding of 
bacterial LPS to TLR-4 that is involved in the activation of mitogen-activated pro-
tein kinase (MAPK) signaling. MAPK activation via zinc can be observed in lots of 
cell types. The MAPK extracellular regulated kinase (ERK) is shown to be activated 
by zinc treatment of fibroblasts (Hansson 1996), as well as of neurons or neuroblas-
toma cells (An et  al. 2005; Park and Koh 1999). In addition, this effect is also 
described in the activation of further MAPKs like p38 and c- Jun N-terminal kinase 
(JNK) (An et  al. 2005; LaRochelle et  al. 2001). Similar observations have been 
made with other TLR-ligands, such as Pam3CSK4, insulin, and TNF-α.

Even though no direct effect of zinc on MAPK activity is reported, a fast zinc 
signal is reported to lead to an inhibition of MAP-kinase phosphatases (MKP) that 
dephosphorylate both tyrosine and threonine residues in activated MAPKs. Thus, 
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Fig. 13.1 Zinc and Toll-like receptor 4 (TLR-4) signaling. Triggering of TLR-4 induces fast zinc 
release (dotted arrows) from zincosomes. These physiological fast zinc signals (highlighted in 
green) are required for activation of nuclear factor kappa B (NF-κB) and mitogen-activated protein 
kinase (MAPK) signaling (activation arrow) leading to translocation (dashed arrows) into the 
nucleus. Longtime higher concentrations of zinc, due to the use of ionophores in experimental 
procedures (highlighted in red), inhibit TLR-4 signaling (inhibition arrow). Suggested mecha-
nisms are a direct inhibition of interleukin-1 receptor-associated kinase (IRAK), an upregulation 
of A20 that removes the activating ubiquitination of tumor necrosis factor receptor-associated fac-
tor 6 (TRAF6), an inhibition of cyclic nucleotide phosphodiesterases (PDE) or an inhibition of 
TIR-domain-containing adapter-inducing interferon-β (TRIF). The inhibition of PDE leads to a 
rise in cyclic guanosine monophosphate (cGMP) and cross-activation of protein kinase A (PKA), 
resulting in Raf inhibition and thereby TLR-mediated NF-κB activation. Furthermore increased 
intracellular zinc concentrations inhibit adenylate cyclase (AC). IKK I kappa B kinase, IRF3 
Interferon regulatory factor 3, MKK MAPK kinase, PKA protein kinase A, PTP protein tyrosine 
phosphatases AP-1 activator protein 1, GMP guanosine monophosphate, GTP guanosine 
trisphosphate
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indirectly zinc causes the inhibition of ERK1/2 and dephosphorylation of p38  in 
human macrophages (Haase et al. 2008a). The zinc-dependent inhibition of MKP is 
involved in ERK activation during oxidative stress in neurons (Ho et al. 2008) and 
is one mechanism by which zinc stimulates expression of IL-8 in epithelial cells 
(Kitamura et al. 2006b). However, not all of the zinc effects on MAPK phosphoryla-
tion and activation can be explained simply by zinc inhibition of MKP because zinc 
also affects targets upstream of the MAPKs. For instance, MAPK activation in air-
way epithelial cells also depends on a longtime zinc effect on tyrosine phosphoryla-
tion upstream of ERK (Wu et al. 2002).

However, the effect of zinc on MAPKs is not always agonistic. Low concentra-
tions of zinc are shown to activate ERK in rat glioma cells, whereas higher concen-
trations reduced the activating phosphorylation (Haase and Maret 2005). One potent 
molecular mechanism could be that the zinc transporter (ZnT)-1 homolog CDF (cat-
ion diffusion facilitator)-1 mediates zinc efflux, leading to activation of Ras/Raf/
MEK/ERK pathway (Bruinsma et al. 2002). Here zinc may promote the inhibitory 
phosphorylation of kinase suppressor of Ras (KSR). KSR works as a scaffolding 
protein that stabilizes the interaction of Ras, Raf, and MEK (Yoder et al. 2004). 
Another molecular mechanism could be the CDF/ZnT-1 binding to Raf-1, promot-
ing its biological activity which is inhibited by zinc (Jirakulaporn and Muslin 2004). 
Therefore, an altered zinc homeostasis influences the signaling pathways and the 
threshold of activation.

Also extended concentrations of zinc inhibit TLR-4 signaling. In this connection 
the first suggested mechanism is a direct inhibition of the interleukin-1 receptor- 
associated kinase (IRAK). Second, the late zinc signal leads to upregulation of 
mRNA of the cytoplasmic zinc finger protein A20 (Prasad et al. 2004) that removes 
the activating ubiquitination of tumor necrosis factor receptor-associated factor 6 
(TRAF6), which could result in the disturbed TLR-4 signaling. In TLR signaling 
TRAF6 ubiquitination leads to proteasome-independent activation of the transform-
ing growth factor beta-activated kinase 1 (TAK1), which in turn phosphorylates IκB 
kinases (IKKs) and MAPK kinases (MKKs) (Deng et al. 2000; Wang et al. 2001). 
A20 is induced by pro-inflammatory stimuli and is involved in the termination of 
TLR-induced activity of NF-κB and pro-inflammatory gene expression in macro-
phages (Boone et al. 2004). Moreover, it de-ubiquitinates TRAF6, inactivating this 
protein. Therefore, upregulation of A20 by zinc leads to diminished NF-κB and 
MAPK activation in response to TLR stimulation. Third, the inhibition of the cyclic 
nucleotide phosphodiesterases (PDE) via a fast zinc signal is named, which results 
in an increase in cyclic guanosine monophosphate (cGMP) synthesized by guanyl-
ate cyclases (GCs). This effect is due to cross-activation of protein kinase A (PKA) 
by elevated cGMP concentrations. In human monocytes, degradation of cyclic 
nucleotides is mediated by PDEs 1, 3, and 4 that are all inhibited by zinc (von 
Bulow et al. 2005). This leads to inhibitory phosphorylation of Raf-1 resulting in its 
inactivation. But because Raf-1 is necessary for TLR-4 mediated NF-κB activation, 
the zinc/cGMP/PKA/Raf pathway blocks the activation of this transcription factor 
and thereby transcription of genes for pro-inflammatory cytokines (von Bulow et al. 
2007). In addition to PDEs, the adenylate cyclase (AC) is inhibited by the late zinc 

M. Maywald and L. Rink



255

signal leading to a reduced cAMP level, whereas the synthesis of cGMP by soluble 
GC is unaffected. So far, two different mechanisms for zinc inhibition of AC have 
been presented: first, zinc may influence enzymatic activity by altering the confor-
mation of AC (Klein et al. 2004) or, alternatively, by inhibiting the activation of AC 
via the heterotrimeric G-protein alpha subunit (Gao et al. 2005).

Moreover, during a longer timescale zinc affects the response of DCs to LPS. The 
treatment of murine DCs with LPS leads to a reduction of free intracellular zinc, 
based on a TIR-domain-containing adaptor protein inducing IFN-β (TRIF)-
dependent change in the expression pattern of several zinc transporters. This 
involves a reduction of the Zrt-like, Irt-like proteins (Zip) 6 and 10 gene expression 
and upregulates expression of ZnT1, ZnT4, and ZnT6. The reduction in free zinc is 
important for maturation of DCs (Kitamura et al. 2006b). But also chelation of zinc 
influences TLR-4 signaling in macrophages. Stimulation with the zinc chelator 
TPEN augments TLR4-mediated production of IFN-β and subsequent synthesis of 
inducible NO synthase and production of NO. The effect is based on zinc acting as 
a negative regulator of the TRIF pathway via reducing IFN regulatory factor 3 acti-
vation (Brieger et al. 2013).

Zinc is involved in the regulation of LPS signaling in cells of the innate immune 
system, but effects depending on zinc are not limited to the response to LPS. Also a 
role for free zinc in regulation of PKC activity during monocyte chemoattractant 
protein (MCP)-1-induced adhesion is known (Kojima et al. 2007). In this context it 
has to be investigated which other receptors depend on zinc for the cellular signal-
ing. In vivo, zinc deficiency will impair the function of monocytes, in particular 
their ability to mount an adequate cytokine response during infection, but because 
zinc is equally involved in negative regulation of the same pathways, a disturbance 
of zinc homeostasis could also affect the limitation of pro-inflammatory cytokine 
production, leading to an overproduction. Although this seems contradictory, it is 
supported by experimental evidence. For instance, in the elderly a reduced sponta-
neous cytokine production is observed by longtime zinc supplementation, but 
simultaneously an improved cytokine response to PAMPs (Kahmann et al. 2008).

NK cells also play a major role in immunity against infections and tumor devel-
opment. They are a subset of lymphocytes that mediate the killing of either infected 
or transformed cells. Therefore, they use a variety of different receptors. They act 
mainly by two different mechanisms: the first one bases on the availability of major 
histocompatibility complex class I (MHC-I) molecules or other cell-surface pro-
teins on target cells screened by NK cells. The absence of those molecules indicates 
an attempted evasion of T cell immune surveillance. The second mechanism is the 
antibody-dependent cell-mediated cytotoxicity (ADCC), which is based on the rec-
ognition of antibodies that are bound to the target cell surface. In both cases target 
cells are killed by release of the content of cytotoxic granules, such as Perforin and 
Granzyme B.

Here zinc is involved in the recognition of MHC-I on target cells, mainly human 
leukocyte antigen C, by p58 killer cell inhibitory receptors on NK cells for the inhi-
bition of the killing activity (Rajagopalan et al. 1995; Rajagopalan and Long 1998). 
In general, the NK cell number as well as activity is dependent on the serum zinc 
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level. The lytic activity of NK cells is decreased by zinc deficiency, probably due to 
decreased stimulation from T cells via the cytokine IL-2. Furthermore, the relative 
number of precursors of cytolytic cells is decreased during zinc deficiency as well 
as the lytic activity of NK cells itself (Prasad 2000; Rolles et al. 2018), but moderate 
zinc supplementation increases differentiation of CD34+ progenitors toward NK 
cells and their cytotoxic activity (Muzzioli et al. 2007). However, merely the inhibi-
tory signal is zinc-dependent, whereas the human leukocyte antigen C interaction 
and positive signals do not require zinc. Thus, zinc is needed to maintain the normal 
function of NK cells, and zinc deficiency may result in functional loss and evoke 
nonspecific killing.

To date, intracellular zinc signals have not been investigated in NK cells in detail; 
however, a recent study uncovered changes in the intracellular zinc level after cel-
lular activation (Rolles et al. 2019). Lines of evidence connect major signaling path-
ways in NK cells to zinc. A multitude of different receptors are required for 
fine-tuning of NK cell activity (Yokoyama and Plougastel 2003). A common feature 
of many of these receptors is the presence of characteristic tyrosine phosphorylation 
sites that either activate (immunoreceptor tyrosine-based activation motif; ITAM) or 
inhibit (immunoreceptor tyrosine-based inhibitory motif; ITIM) NK cell function. 
In this respect, one feature of zinc is of particular importance: its ability to inhibit 
protein tyrosine phosphatases (PTPs) by a fast zinc signal (Brautigan et al. 1981). 
This inhibition seems to be a common feature of PTPs, in which zinc interacts with 
the highly conserved catalytic domain, possibly by binding to the active site cyste-
ine (Haase and Maret 2005). Notably, a nucleophile attack by the catalytically active 
cysteine residue is a shared feature of PTPs and MKPs, another target of zinc that 
has been mentioned above. On the other hand, serine/threonine phosphatases have a 
dinuclear metal center in which water acts as the nucleophile (Barford et al. 1998), 
and no reports exist about a specific inhibition of these enzymes by zinc so far. 
Several PTPs are inhibited by low concentrations of zinc, including T cell PTP, with 
a half maximal inhibitory concentration (IC50) of 200 nM (Maret et al. 1999), and 
PTP1B and SHP-1, with an IC50 of 17  nM and 93  nM, respectively (Haase and 
Maret 2003). These values are close to the concentration range of physiological 
levels of free zinc and presume a partial inhibition of PTPs by free zinc even at basal 
levels. These effects, therefore, depend on the extracellular zinc concentrations and 
not zinc signals.

Cell surface antibody receptors, called Fc receptors, allow different immune 
cells to utilize antibodies for pathogen recognition, like in mast cells. The triggering 
of the high affinity IgE-specific FcεR on mast cells induces degranulation. Notably, 
the secretory mast cell granules are rich in zinc that is released into the cellular 
environment together with a variety of immunological mediators (Gustafson 1967; 
Ho et al. 2004). The relationship between activation of FcRs and zinc status has 
been investigated in mast cells, but so far the results are undetermined. Measurements 
with fluorescent probes show a reduction of free zinc in response to treatments that 
induce degranulation including the triggering of FcεRs (Ho et  al. 2004). On the 
other hand, other studies (Yamasaki et al. 2007; Yamasaki et al. 2012) report that the 
cross-linking of FcεRI induces a release of  free zinc from the perinuclear area, 

M. Maywald and L. Rink



257

including the endoplasmic reticulum in mast cells. This phenomenon is known as 
zinc wave (see Chap. 5), which depends on calcium influx and MAPK.

This discrepancy might be due to the use of different fluorophores in the two 
studies, detecting different pools of cellular zinc. Whereas the decrease of zinc is 
attributed to a loss of granule zinc, the increase seems to be cytosolic, originating 
from the perinuclear region (Yamasaki et al. 2007). Furthermore, the treatment with 
the membrane permeable zinc-chelator TPEN (N,N,N′,N′-tetrakis-(2-pyridylmethyl)
ethylenediamine) activates NF-κB. The TNF-α-induced NF-κB activation is blocked 
by treatment with zinc/pyrithione (Ho et al. 2004). A later study states a blockade of 
NF-κB activation in response to FcεR cross-linking by TPEN administration, and 
this effect can be reversed by zinc treatment (Kabu et al. 2006). Thus, it remains to 
be analyzed under which circumstances zinc inhibits NF-κB and caspase-3 activity 
or is involved in the activation of NF-κB, ERK, JNK, and PKCβI and is thereby 
required for degranulation and cytokine production in mast cells in vitro as well as 
allergic reactions in vivo (Yamasaki et al. 2007).

Despite the fact that the innate immunity is the first stage in response of the 
immune system, observations relating to the influence of zinc signals are also asso-
ciated with the function of the adaptive immunity.

13.5  Zinc Signal and the Adaptive Immunity

Influences of zinc have also been identified regarding the adaptive immunity with its 
two parts, humoral (B cells) and cellular immunity (T cells). B and T cells are pro-
duced as precursors and educated to recognize their specific antigen in the thymus 
(T cells) or bone marrow (B cells). The resulting naïve lymphocytes differentiate 
after antigen contact into effector cells and memory cells, in which the latter are the 
basis for the immunological memory and the stronger reaction to a known antigen 
as a secondary response. Zinc is highly important especially concerning the devel-
opment of T cells and B cells (Osati-Ashtiani et al. 1998).

T cells are effector cells as well as important cells for the regulation of the spe-
cific immune system. Zinc not only influences NK cell-mediated killing, as men-
tioned above, it also affects the activity of cytolytic T cells (Mingari et al. 1998). 
Here the relative amount of CD8+ CD73+ T cells is decreased during zinc deficiency 
(Prasad 2000). These cells are predominantly precursors of cytotoxic T cells (CD8+), 
and CD73 is needed for antigen recognition and proliferation as well as cytolytic 
process generation (Beck et al. 1997). Furthermore, zinc is involved in the develop-
ment of T cells, because zinc deficiency results in various T cell defects manifested 
in thymus atrophy and lymphopenia (King et al. 2005).

Zinc acts as an essential cofactor for various enzymes, like the thymic hormone 
thymulin (a nonapeptide). Thymulin is a hormone that is produced by the thymus, 
released by thymic epithelial cells (Dardenne et al. 1984), and induces markers of 
differentiation in immature T cells (Saha et  al. 1995). Besides these intrathymic 
functions on thymocytes and immature T cells, thymulin acts on mature T cells in 
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the periphery. It also modulates the cytokine release by peripheral blood mononu-
clear cells (PBMC), and proliferation of CD8+ T cells in combination with interleu-
kin (IL)-2 (Coto et  al. 1992). Therefore, zinc influences immature and mature T 
cells through the activation of thymulin. As a consequence of zinc deficiency, T cell 
proliferation decreases after mitogen stimulation (Dowd et al. 1986), whereas zinc 
supplementation is able to reverse the zinc deficiency induced changes in the thy-
mus and on peripheral cells. This can also be observed in patients with acquired 
immune deficiency syndrome (Mocchegiani et al. 1995). In contrast to other lym-
phocyte populations, a direct effect of zinc on T cells can be observed. For instance, 
zinc induces blast transformation in human lymphocytes (Berger and Skinner 1974; 
Sood et al. 1999) and ensures the expression of the high-affinity receptor for IL-2 on 
mature T cells (Tanaka 1989), one effect resulting in decreased proliferation of T 
cells in zinc deficiency (Crea 1990). Moreover, IL-2, the soluble IL-2 receptor (sIL-
 2R), and IFN-γ can be induced by high concentrations of zinc in human PBMC 
(Driessen et al. 1994; Wellinghausen et al. 1997b).

In addition, zinc deficiency results in disturbed polarization of mature T cells. 
Zinc deprivation inhibits the polarization into Th1 cells and therefore changes the 
Th1/Th2 ratio toward Th2 cells, leading to unbalanced cell-mediated immune 
responses (Prasad 2000). It is observed that the production of IFN-γ and IL-2 (prod-
ucts of Th1 cells) is decreased during zinc deficiency, whereas production of IL-4, 
IL-6, and IL-10 (products of Th2 cells) is not affected. Accordingly, the risk for 
infections and Th2-driven allergies is increased. Furthermore, the functional impair-
ment of T cell-mediated responses during zinc deficiency favors the development of 
autoimmune diseases (Honscheid et  al. 2009). Consistently, both zinc deficiency 
and increased zinc levels influence T cell function. Increasing zinc levels during T 
cell activation are postulated to calibrate T cell receptor (TCR) signaling leading to 
T cell responses following suboptimal stimuli (Yu et al. 2011). This effect depends 
on a fast zinc signal. In contrast, physiological zinc-level-exceeding zinc concentra-
tions, ranging from 50 to 100 μM, inhibit T cell activity as demonstrated by sup-
pressed IL-1β-stimulated IFN-γ expression (Wellinghausen et  al. 1997b). 
Furthermore, an induction and stabilization of regulatory T cells (Treg) can be 
observed in vitro and in vivo (Rosenkranz et al. 2015, 2016a; Maywald et al. 2017), 
whereas the pro-inflammatory Th17 and Th9 cells are dampened (Rosenkranz et al. 
2016a; Maywald et al. 2018). This is of great importance, since the discovery of 
Treg offers a new paradigm for transplantation medicine since intra-graft Treg fre-
quency seems to correlate with clinical graft acceptance, survival, and function 
(Graca et al. 2002; Hanidziar and Koulmanda 2010). Treg function and maturation 
is highly TGF-β1 dependent (Horwitz et  al. 2008) by triggering the TGF-β1- 
dependent Smad signaling pathway. Recently, TGF-β-induced Smad signaling was 
shown to be intensified by zinc administration contributing to higher Treg cell 
induction (Maywald et al. 2017). Since Smad-binding elements are prominent in the 
conserved non-coding DNA sequence (CNS) 1 region of the Foxp3 promoter 
(Takaki et al. 2008), and zinc promoted Foxp3 stability by preventing proteasomal 
degradation caused by the histone deacetylase Sirt1 (Rosenkranz et al. 2016b), the 
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increased numbers of Treg after zinc supplementation result from a synergism of 
both triggered mechanisms.

CK2-mediated activation of zinc transporter Zip7 is mentioned as another mech-
anism controlling Treg function. CK2 mediates phosphorylation and subsequent 
activation of Zip7 resulting in Zip7-mediated zinc release from the ER triggering 
activation of multiple downstream pathways enhancing cell proliferation and 
 migration. Regarding Treg function, genetic ablation of the β-subunit of CK2 is 
addressed to insufficient potential to suppress allergic immune responses in the 
lungs mediated by Th2 cells in vivo (Ulges et al. 2015). Therefore, inappropriate 
CK2 function impairs cell-specific immunological tolerance which is partly due to 
altered zinc homeostasis.

Furthermore, studies highlighted that Treg development and survival is depen-
dent on specific transcription factor expression, as IRF-1 and KLF-10. IRF-1 defi-
ciency results in a prominent increase in highly differentiated and activated Treg 
cells in vivo (Fragale et al. 2008). IRF-1 plays a direct role in the generation and 
expansion of Treg cells by specifically repressing Foxp3 activity that can be damp-
ened by zinc supplementation supporting the pro-tolerogenic immune reaction 
(Maywald and Rink 2016).

KLF-10 is important for appropriate Treg function, because animals carrying a 
disruption in KLF-10 no longer show Foxp3 activation (Cao et al. 2009). KLF-10- 
deficient Treg cells display impaired cell differentiation, altered cytokine profiles 
with enhanced Th1, Th2, and Th17 cytokine expression. Furthermore, a reduced 
capacity for suppression by wild-type co-cultured T effector cells as well as acceler-
ated atherosclerosis in immunodeficient atherosclerotic mice were exhibited (Cao 
et al. 2009).

In contrast to T cell stimulation, T cell inhibition by zinc excess can also be 
observed in vivo, leading to the assumption that T cell activity is critically regulated 
by the zinc concentration. This might be a reason why some diseases with a T cell 
pathology, like rheumatoid arthritis, type 1 diabetes, cancer, neurodegenerative dis-
eases, and depression (Alder et al. 2012; Szewczyk 2013; Stelmashook et al. 2014; 
Xin et  al. 2015; Bredholt and Frederiksen 2016; Ressnerova et  al. 2016; Maret 
2017), are associated with moderate zinc deficiency. Some clinical trials show a 
reduction of the pain score while on zinc supplementation, leading to a presumption 
that zinc deficiency increases allo- or autoreactivity, whereas it is inhibited by high 
zinc dosages.

Important molecular zinc targets responsible for the above-mentioned zinc 
effects comprise receptor proteins, kinases, phosphatases, caspases, and transcrip-
tion factors, which can be activated or inactivated by zinc (Haase and Rink 2009b). 
Furthermore, it functions as a second messenger in signal transduction contributing 
to its immunomodulating capacity (Haase et al. 2008b).

In T cells, fast zinc signals have been observed in response to TCR or interleu-
kin- 2 receptor (IL-2R) stimulation (Kaltenberg et al. 2010; Yu et al. 2011). Regarding 
the TCR, the signal seems not to be dependent on direct activation of this receptor. 
Initiation of the signaling from the TCR occurs by specific interaction with an 
antigen- loaded MHC molecule on the surface of a neighboring antigen-presenting 
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cell (APC) by formation of a functional immunologic synapse (see Fig. 13.2). This 
results in an immediate influx of zinc from the extracellular environment through 
the transporter Zip 6 after T cell stimulation (Yu et al. 2011). In contrast to this, trig-
gering of the IL-2R results in a release of zinc from lysosomes within 2 min after T 
cell stimulation (Kaltenberg et al. 2010). Thus, an altered intracellular zinc level is 
induced, leading to an influence of, e.g., dual-specificity phosphatases (DUSP) or 
protein phosphatase 2 (PP2A) by a fast zinc signal, as well as signal transduction 

Fig. 13.2 Zinc and T cell signaling. Overview of T cell receptor (TCR) signaling, Interleukin-1 
receptor (IL-1R), IL-2R, IL-4R, and TGF-β signaling in T cells. A direct induced zinc signal via 
Zip 6, by APC mediated T cell activation ([Zn] ) is known to activate TCR signaling, by augmented 
ZAP phosphorylation, sustained Ca2+ influx and inducing the active TCR signaling complex by 
binding of lymphocyte-specific protein tyrosine kinase LCK.  IL-2R triggering in experiments 
leads to a zinc release (dotted arrows) from zincosomes, resulting in an increased intracellular zinc 
concentration ([Zn]). Zinc mediates the inhibition (inhibition arrow) of signaling via interleukin-1 
receptor-associated kinase (IRAK), or c-Src tyrosine kinase (Csk)/protein kinase A (PKA) medi-
ated inhibition LCK in TCR signaling, but induces (activation arrow) zeta-chain (TCR)-associated 
protein kinase (ZAP), protein kinase C (PKC) activity, mitogen-activated protein kinase (MAPK) 
signaling, nuclear factor kappa B (NF-kB) phosphorylation, KLF-10 expression, Smad Signaling, 
and subsequent Foxp3 expression. Increased intracellular zinc concentrations lead to an inhibition 
of calcineurin (CN) and avoid translocation into the nucleus (dashed arrows) of nuclear factor of 
activated T cells (NFAT). Besides zinc signals, zinc deficiency ([Zn]) also influences T cell signal-
ing, i.e., IL-4R signaling. Zinc deficiency leads to a decreased phosphorylation of signal transducer 
and activator of transcription 6 (STAT6). MKP MAP-kinase phosphatase, CREB cyclic adenosine 
monophosphate response element-binding protein
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and protein expression by late zinc signals, such as diminished dephosphorylation 
of MEK and ERK or elevated transcription of Zip 6, leading to an increased MT 
expression, which supports T cell proliferation and is of particular importance for T 
cell survival and expansion in the elderly (Kaltenberg et al. 2010; Yu et al. 2011; Lee 
et al. 2008).

Concerning the TCR, zinc signal influences assembly of the TCR activating 
complex by reduced recruitment of SHP-1 to the TCR activation complex and, thus, 
increased activation of the lymphocyte protein tyrosine kinase (Lck). TCR has no 
intrinsic kinase activity and depends on a Src-family tyrosine kinase, Lck, for signal 
transduction. Lck is one of the first kinases activated and is essential for phosphory-
lation of the 10 ITAM motifs of the T cell antigen receptor-signaling complex and 
augments phosphorylation of the kinase ZAP70 (Palacios and Weiss 2004). The 
activation of ZAP70 phosphorylates downstream targets that activate MAPK path-
ways and cause T cell activation.

Lck expression is upregulated in T cells of zinc-deficient mice (Lepage et  al. 
1999; Moore et al. 2001), and a number of additional lines of evidence also point to 
a direct regulation of Lck and sustains calcium influx (Yu et al. 2011). Zinc-provoked 
Lck activation occurs by linking two distinct protein interface sites. The N-terminal 
region of Lck is bound to the intracellular domains of the membrane proteins CD4 
and CD8 (Huse et al. 1998; Lin et al. 1998). In a so-called “zinc clasp structure,” 
this interaction is stabilized by a zinc ion that is bound to two cysteine residues from 
each protein at the interface site between Lck and CD4/CD8 (Kim et al. 2003). Due 
to the fact that CD4 and CD8 bind to MHC with their extracellular domains, too, 
they are thus recruited in close proximity of the TCR signaling complex, and this 
brings Lck close to its substrates.

Another zinc-dependent interface site is necessary for the homodimerization of 
Lck. Therefore, two zinc ions at the dimer interface of the SH3 domains stabilize the 
complex (Romir et al. 2007). The activation of Lck is a complex event, depending 
on two tyrosine phosphorylation sites. The first is tyrosine 394 situated in the so- 
called activation loop. It is transphosphorylated between Lck molecules upon acti-
vation, increasing kinase activity (Palacios and Weiss 2004; Brautigan et al. 1981). 
The Lck activation is due to the zinc-induced homodimerization by a fast zinc sig-
nal, bringing two Lck molecules into close proximity. The second phosphorylation 
occurs in the C terminal negative regulatory site at tyrosine 505. According to the 
phosphorylation, the kinase assumes a closed, inactive conformation. The trans-
membrane PTP CD45 selectively dephosphorylates tyrosine 505, thus keeping Lck 
in a primed state. TCR signaling and Lck phosphorylation are regulated by numer-
ous PTPs (Mustelin and Tasken 2003) that are all potential targets for zinc- inhibition. 
Consequently, it cannot be predicted if this would result in preferential dephos-
phorylation of an activating or inactivating tyrosine by zinc in vivo. Zinc can acti-
vate Lck directly in the absence of phosphatases, most likely as a result of 
dimerization. Zinc-dependent homodimerization as well as heterodimerization are 
specific for Lck, because the cysteine residues that form both intermolecular zinc- 
binding sites are not present in other Src kinase family members but are unique for 
this kinase (Romir et al. 2007; Kim et al. 2003).
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An inhibition of TCR signaling and T cell activation result from a phosphoryla-
tion of the inactivating tyrosine 505 of Lck via c-Src tyrosine kinase COOH-terminal 
Srk kinase (Csk) (Chow et al. 1993). Zinc can interfere with these events in several 
ways. First, the fast zinc signal leads to an inhibition of Csk by reversible binding of 
zinc that is mediated by substituting for Mg2+ at one of its binding sites (Klein et al. 
2002). Second, the activation of Csk in T cells can be observed via phosphorylation 
by PKA (Vang et al. 2001). Although zinc has no direct influence on PKA activity, 
it can inhibit AC transcription by a late zinc signal, and thereby the formation of the 
PKA activator cAMP. Furthermore, also fast zinc signals influence cAMP by inhibi-
tion of PDE that can block degradation of cyclic nucleotides, leading to activation 
of PKA (von Bulow et al. 2007). An inhibition of Csk and AC promote TCR signal-
ing, while PDE inhibition antagonizes it. But the outcome on TCR signaling result-
ing from the modulation of this pathway by zinc in vivo remains to be investigated.

In response to TCR stimulation, another transcription factor, nuclear factor of 
activated T cells (NFAT), mediates the expression of plenty of genes, like IL-2. In 
resting cells, NFAT proteins are constitutively phosphorylated and are found in the 
cytoplasm. In response to TCR/CD28-mediated calcium signaling, NFAT is dephos-
phorylated by calcineurin (CN), a Ca2+/calmodulin-dependent serine/threonine 
phosphatase, and translocates into the nucleus (Macian 2005). Iron and zinc are 
essential cofactors for the catalytic domain of CN, containing a Fe2+-Zn2+ binuclear 
center, but merely an inhibition of CN by zinc is described. Also, in vitro experi-
ments show an inhibition at physiologically relevant zinc concentrations, ranging 
from 10 nM to 10 μM (Huang et al. 2008; Takahashi et al. 2003). One of the kinases 
that keeps CN in its phosphorylated, inactive state in resting cells is phosphatidyl- 
inositol- 3-kinase (PI3K) which is a negative regulator of Glycogen synthase kinase 
3 beta (GSK-3β). Therefore, augmented PI3K activity can abrogate NFAT activity 
(Macian 2005).

An increased GSK-3β phosphorylation via a pathway involving PI3K is known. 
Here zinc acts through the PI3K pathway in various cell types (Eom et al. 2001; 
LaRochelle et  al. 2001; Tang and Shay 2001). One possible explanation for this 
mechanism is an increased enzyme degradation of phosphatase and tensin homolog 
deleted on chromosome 10 (PTEN) (Wu et al. 2003). A later study examining the 
IL-2-induced PI3K/Akt signaling pathway could not verify these results but showed 
an inhibition of PTEN (Plum et al. 2014). Here it has been indicated that late zinc 
signals seem to be necessary for the regulation of PI3K/Akt pathway, because under 
zinc deficiency the IL-2-induced Akt phosphorylation is diminished. Late zinc sig-
nals are known to upregulate phosphorylation of Akt at Ser473 and inhibit PTEN at 
sub-nanomolar concentrations (IC50 0.59 nM). This inhibition seems to be mediated 
by binding of zinc ions at its cysteine thiol at position 124 (cys124) that is essential 
for the catalytic activity of PTEN (Plum et al. 2014). Thus, a modulation of this 
pathway occurs upstream of Akt, but downstream of Jak1, because STAT5 signal-
ing, which is also downstream of Jak1, is not influenced by zinc.

PTEN in general functions as a dephosphorylase of phosphatidylinositol 
3,4,5-trisphosphate, a product of PI3K, mediating the activation of PDK-1/Akt/
GSK-3β. These results suggest a comparable activation of PI3K via zinc occurring 
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in T cells. Inhibition of CN by zinc results in NFAT inactivation and reduction of 
TCR-mediated transcription simultaneously, whereas activation of PI3K signaling 
acts agonistic.

In addition to TCR signaling, zinc signals also affect signals originating from the 
IL-1 receptor. High zinc concentrations of about 100 μM inhibit IL-1β-stimulated 
IFN-γ production in primary human T cells and IL-1 dependent proliferation of 
murine T cells. Zinc incubation leads to a reduced activity of IL-1 receptor- 
associated kinase (IRAK) that is a central kinase in the signaling pathways down-
stream of the IL-1 receptor. Zinc supplementation to zinc-deficient T cells has also 
regulatory effects on cytokine production. Zinc supplementation leads to a fast rise 
in intracellular zinc levels, i.e., zincflux, due to an increased expression of cell 
membrane-located zinc transporters Zip 10 and Zip 12 because of the former zinc 
deficiency condition. Thus, IL-2 production and IL-2 mRNA expression are highly 
increased after IL-1β stimulation, concerning phosphorylation of MAPK p38 and 
NF-κB subunit p65 (Daaboul et al. 2012).

Moreover, the IRAK family of serine/threonine kinases is involved in other path-
ways, too. IRAK4 participates in TCR-mediated NF-κB activation (Suzuki et  al. 
2006), although this observation is debated (Kawagoe et al. 2007). Hence, zinc can 
inhibit two central signaling pathways (TCR and IL-1 receptor) that are essential in 
the activation of T cells, by its effect on IRAK, making this a major target for nega-
tive regulation of T cells by zinc supplementation. But the role of IRAK is not 
merely limited to T cells. The high rate of similarity between TLR-4 and IL-1 recep-
tor signal transduction suggests IRAK inhibition for another mechanism by which 
zinc negatively influences TLR-4 signaling.

Zinc as a mediator of T cell signal transduction has been known since the first 
reports of a potential role of this ion in signaling. Its interaction with PKC is identi-
fied as the biochemical basis of these observations (Csermely and Somogyi 1989). 
The PKC is a family of serine/threonine kinases that comprise of several isoforms. 
They are differentiated into classical PKCs, which are activated by cofactors like 
Ca2+ and diacylglycerol, novel PKCs, which bind diacylglycerol but no Ca2+, and 
atypical PKCs, which do not interact with either cofactor. Each isoform has specific 
roles in the regulation of cellular functions; e.g., in T cells, PKCθ is involved in the 
activation of several transcription factors in response to TCR/CD28 stimulation. In 
addition, a role for PKCα in proliferation and IL-2 production of T cells is known. 
Furthermore, several PKC isoforms are involved in survival of B cells, pre-B cell 
development, and induction of tolerance toward self-antigens (Tan and Parker 2003).

PKCs have four conserved domains (C1-C4) in common. The diacylglycerol 
binding C1 domain in the N-terminal regulatory part of PKCβ1 contains two 
homologous regions with six cysteines and two histidines, forming a total of four 
Cys(3)His zinc binding motifs (Hubbard et al. 1991). No information about a dif-
ferential effect of zinc on the different isoforms is available, and varying forms of 
C1 domains are present in conventional, novel, and atypical PKCs, indicating zinc 
binding to all known PKC isoforms (Tan and Parker 2003).

Late zinc signals affect multiple steps during PKC activation, for example, aug-
mented PKC kinase activity, increased affinity to phorbol esters, and enhanced 

13 Zinc Signals in Immunology



264

binding to the cytoskeleton and plasma membrane (Forbes et al. 1990; Wellinghausen 
et al. 1997b). An inhibition of these events can be mediated by membrane- permeable 
zinc chelators, such as TPEN. PKC itself can be a source for zinc release; thus, 
interaction between PKC and zinc is not limited to an effect of zinc on the PKC 
activation. PKC activation by lipid second messengers or thiol oxidation leads to 
measurable zinc release from the regulatory domain (Knapp and Klann 2000; 
Korichneva et al. 2002). In addition to that, PKC regulates the intracellular free zinc 
concentration and distribution. In T cells, phorbol ester treatment leads to a fast zinc 
signal resulting in redistribution of zinc from the nucleus and mitochondria to the 
cytosol and microsomes (Csermely et al. 1987). Furthermore, treatment with phor-
bol esters, like PMA, leads to an increase of free zinc in the human T cells, whereas, 
e.g., PHA stimulation leads to calcium increase (Haase et al. 2008a), and the phor-
bol ester-induced differentiation of HL-60 cells into macrophages comprises a tran-
sitional increase of nuclear zinc depending on PKCβ (Glesne et al. 2006).

In general, a forecast of zinc effects on T cells is impossible because of the high 
number of zinc-related signaling pathways. Several studies concerning zinc status 
and T cell function in vivo stated an increase of the delayed type hypersensitivity 
reaction upon correction of zinc deficiency (Haase et al. 2006b). On the other hand, 
zinc supplementation diminishes the allogeneic reaction in the MLCs (Faber et al. 
2004) and stabilizes regulatory T cell function (Rosenkranz et al. 2016b), indicating 
that zinc may have multiple, opposing functions, depending on its concentration and 
certainly also on the interaction with multiple other environmental factors.

B cells represent the main cells of humoral immunity and differentiate to 
antibody- producing plasma cells after stimulation. Nearly all of the zinc regulated 
signaling pathways discussed above are also important in B cells, e.g., tyrosine 
phosphorylation, PKC, MAPK, and activation of the transcription factors NFAT and 
NF-κB. In contrast to many of the cell types discussed before, mature B cell prolif-
eration and function are not as dependent on the organisms’ zinc status as it is in T 
cells. Therefore, the influence of zinc deficiency on B cells is not comparable to the 
situation of T cells (Fraker and Telford 1997). Zinc itself seems to have no direct 
influence on the activity of B cells (Crea 1990). However, zinc deficient patients, 
like elderly and hemodialysis patients, show a reduced response to vaccination 
(Cakman et al. 1996; Bonomini et al. 1993). Rather, lymphopoiesis and pre-B cell 
development are mainly affected by zinc deprivation in  vivo (Fraker and King 
2004). Zinc deficiency causes an exceeded loss of lymphoid tissue compared to 
other tissues, and thus additionally to B cell, T cell development is impaired (Keen 
and Gershwin 1990). B cells and their precursors (especially pre-B cells and imma-
ture B cells) are reduced in absolute number during zinc deficiency, whereas changes 
among mature B cells are only slight.

During development lymphocytes are sensitive for apoptosis signals due to posi-
tive and negative selection mechanisms in the primary lymphoid organs, whereas 
mature B and T cells are apoptosis resistant, and therefore inactivated (known as 
“anergy”) in case of autoreactivity. A strict selection guarantees functionality and 
avoids autoreactive cells by eliminating the majority of newly formed cells by apop-
tosis. Zinc deficiency increases the rate of apoptosis within the B cell population 
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(Fraker et al. 2000) and leads to cell depletion. Contrarily to zinc deficiency low 
zinc levels have no influence on the cell cycle status of precursor B cells and only 
modest influence on cycling pro-B cells (King and Fraker 2000). Hence, there are 
fewer naïve B cells during zinc deficiency that can react on neoantigens. Taking into 
account that the number of T cells is reduced during zinc deficiency, too, and that 
the most antigens are T cell dependent, it is probable that while zinc deficiency, the 
body is unable to respond with antibody production in response to neoantigens. This 
assumption is consistent with findings showing a disturbed antibody production by 
B cells during zinc depletion (DePasquale-Jardieu and Fraker 1984). In accordance 
to this, a late zinc signal is essential for STAT6 phosphorylation via IL-4 induction, 
because STAT6 phosphorylation is diminished by zinc deficiency in B cells, as well 
as in T cells (Gruber et al. 2013). Thus, T cell reactivity is impaired, and B cell 
activity and antibody production are affected as well since IL-4 promotes the activa-
tion of early B cells and the immunoglobulin class switch toward IgE, and thereby 
the further antibody specification, leading to a higher risk of parasitic infection 
(Kopf et al. 1993). Furthermore, zinc signals are important for IL-6 induced STAT3 
phosphorylation, increased due to zinc deficiency. IL-6 is responsible for the activa-
tion and final differentiation of B cells into plasma cells and IL-6 overproduction is 
associated with autoantibody production. Many diseases, e.g., RA and plasma cell 
neoplasias, go along with reduced serum zinc levels, indicating potential co-effects 
of IL-6 overproduction and enhanced susceptibility of B cells due to zinc deficiency 
(Gruber et al. 2013).

A further mechanism impairing adequate immune responses might be epigenetic 
changes of DNA.  The epigenome is highly influenced either by environmental 
changes and daily nutrition (Wessels 2014). In line with that, histone-modifying 
enzymes as histone deacetylases are known to be regulated zinc-dependent 
(Rosenkranz et al. 2016b). Hence, the organism’s zinc status is important for ade-
quate epigenetic modification of DNA. This indicates that a strict regulation is nec-
essary to keep the immune system balanced.

In addition, studies reveal that antibodies as a response to T cell-dependent anti-
gens are more sensitive to zinc deficiency than antibody production in response to T 
cell-independent antigens (Moulder and Steward 1989). For example, zinc-deficient 
mice show reduced antibody recall responses to antigens for which they were 
immunized before. This effect has been observed in T cell-independent as well as in 
T cell-dependent systems. Thus, immunologic memory also seems to be influenced 
by zinc (Fraker et  al. 1986). However, mature B cells are more resistant to zinc 
deficiency due to high Bcl2 level; B cell memory is less affected than the primary 
response (Fraker et al. 2000).

Late zinc signals influence several regulatory proteins, such as those from the 
Bcl/Bax family (Truong-Tran et al. 2001), and furthermore several aspects of apop-
totic signal transduction. In this connection, zinc directly regulates the acidity of 
enzymes in the apoptotic cascade. First, the calcium-dependent endonuclease, 
which mediates DNA fragmentation, is inhibited by zinc. However, this target is 
beyond the point of no return for programmed cell death, and an inhibition could 
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explain a suppression of DNA fragmentation during apoptosis, but not the effect on 
cellular survival.

Another important group of enzymes in apoptosis are cysteine-aspartic acid pro-
teases, also known as caspases. They form a cascade to transduce initial apoptotic 
signals to the effector enzymes that mediate the organized cellular destruction 
which is characteristic for programmed cell death. In this process, inactive pro- 
caspases are activated by proteolytic cleavage. An additional regulatory mechanism 
is shown by inhibition of caspase-3, caspase-6, and caspase-8 by application of low 
micromolar zinc concentrations (Stennicke and Salvesen 1997). A half maximal 
inhibitory concentration for caspase-3 was found below 10 nM (Maret et al. 1999). 
This value is clearly in the physiological range of free intracellular zinc, leading to 
the suggestion that endogenous zinc can inhibit caspase-3. Furthermore, studies 
showed a blockade of caspase-3-dependent apoptosis occurring in a rat heterotro-
phic heart transplant model leading to an increased allograft survival (Kown et al. 
2000; Kown et al. 2002).

It is interesting that the function of mature B cells, which utilize the same signal-
ing pathway like other immune cells, seems to be affected by zinc to a lesser mag-
nitude. Even the reduced antibody production during zinc deficiency is based on 
reduced B cell numbers whereas it is unaffected on a per-cell basis (Cook-Mills and 
Fraker 1993). This indicates an effect on cellular development rather than on func-
tion. One reason might be a difference in zinc homeostasis, making mature B cells 
less susceptible to conditions of limited zinc availability. Although B cells are highly 
susceptible to apoptosis during development, and zinc is one factor that influences 
these signals, mature B cells can tolerate comparable conditions due to changes in 
zinc-regulating proteins, but also by changing the expression patterns of several 
other factors that regulate the cellular responsiveness to apoptotic signals. One 
important zinc-regulating protein in B cells is the zinc importer Zip10. Zip10 either 
is essential for cell survival during early B-cell development and for adequate B-cell 
receptor (BCR) signaling (Miyai et al. 2014; Hojyo et al. 2014). If Zip10 is lost dur-
ing an early B cell stage, cell survival is abrogated. Eventually, this leads to an 
absence of mature B cells in vivo, provoking spleno-atrophy and reduced Ig level. 
The absence of Zip10 also causes an impaired T cell-dependent and T cell- 
independent immune response, respectively. Moreover, mature B cells proliferated 
poorly in response to BCR cross-linking due to the dysregulated BCR signaling. On 
the molecular level, this might be due to a disturbed JAK-STAT signaling pathway, 
which modulates Zip10 expression (Miyai et  al. 2014). Additionally, a disturbed 
regulation of the BCR signal strength is likely, which might be due to the positive 
regulator function of Zip10 regarding CD45R phosphatase activity. In the case of 
Zip10 malfunction, CD45R phosphatase activity is reduced resulting in hyperacti-
vation of tyrosine-protein kinase Lyn that consequently provokes an altered thresh-
old for BCR signaling (Hojyo et al. 2014). Besides Zip10, a recent study uncovered 
the zinc transporter Zip7 to be essential for B cell development, since a mutation 
results in an autosomal recessive disease characterized by absent B cells, agamma-
globulinemia, and early onset infections (Anzilotti et al. 2019).
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Summing up, nearly all immune cells are directly affected by zinc, especially by 
zinc deficiency, indicating that zinc is a main regulator of cellular function and sig-
nal transduction. But the majority of these effects are characterized by investiga-
tions at isolated signaling pathways in vitro. Thus, further efforts have to elucidate 
the in vivo situation, i.e., which effects are actually physiologically relevant.
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Chapter 14
Zinc Signals in Inflammation

Sannette C. Hall and Daren L. Knoell

Abstract Zinc is an essential micronutrient for cell growth, differentiation, and 
survival and when deficient, is associated with increased susceptibility to infections 
and inflammatory disorders. Zinc homeostasis is critical for proper immune cell 
function and is therefore tightly regulated by zinc transporters. Recent evidence has 
highlighted zinc as an intracellular signaling molecule capable of modulating 
immune cell signaling. Slight changes in intracellular zinc, either by zinc deficiency 
or by excess zinc, can alter cellular signaling and immune cell function often result-
ing in increased inflammation. In this chapter, we discuss zinc signals in inflamma-
tion with a focus on zinc dependent modulation of select signaling pathways and the 
effects on immune cell function in response to potentially damaging challenges.

Keywords Zinc · Zinc deficiency · Inflammation · Zinc signal · Host defense · 
Innate and adaptive immunity

14.1  Introduction

Zinc (Zn) is an essential micronutrient for human health. Since the discovery of its 
importance in the 1960s, several studies have highlighted the role of zinc in immune 
cell function [extensively reviewed in (Maywald et  al. 2017; Hojyo and Fukada 
2016)]. A zinc imbalance, whether through zinc deficiency or excess zinc, can result 
in altered immune responses. Despite its known importance, it is estimated that 
nearly two billion people globally suffer from zinc deficiency (Prasad 2012; Wessells 
and Brown 2012), which is associated with a number of pathological conditions 
including increased susceptibility to infections and inflammation because of 
impaired immunological responses (Bonaventura et al. 2015; Gammoh and Rink 
2017; Sapkota and Knoell 2018).
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Zinc is ubiquitous in cells and can be found in the cytoplasm, as well as in most 
organelles. It is an important structural component of many proteins, including 
 transcription factors and enzymes, therefore intracellular zinc levels are tightly reg-
ulated by zinc sensors and zinc transporters to ensure homeostasis (Bonaventura 
et al. 2015; Hojyo and Fukada 2016; Maywald et al. 2017). Within the cell, Zn has 
structural, catalytic, and co-catalytic functions. In its structural role, Zn atoms main-
tain the tertiary structure of enzymes (analogous to disulfide bridges) involved in 
signaling pathways and may influence the catalytic activity of enzymes (Bonaventura 
et al. 2015; Murakami and Hirano 2008). Zinc also serves as a co-factor in Zn-finger 
domains to stabilize protein folding and regulate protein-protein or protein-nucleic 
acid interactions (Bonaventura et al. 2015; Hirano et al. 2008; Murakami and Hirano 
2008). Zinc finger proteins (ZNFs) are one of the most abundant groups of proteins. 
Zinc finger domains are present in 3% of the human genome and the zinc proteome 
is estimated to have over 3000 proteins that have a wide array of functions including 
transcriptional regulation, DNA repair, cell migration, and signal transduction 
(Cassandri et al. 2017; Bonaventura et al. 2015).

Free intracellular zinc, also referred to as labile or available zinc, is regulated by 
Zn transporters that uptake and redistribute Zn to mediate signaling (Haase and 
Rink 2014). Transport of zinc, from either the extracellular space or organelles to 
the cytosol, is mediated by 14 ZIP (Zrt/Irt like) proteins, resulting in a net increase 
in cytosolic Zn levels. Zinc export or sequestering is mediated by 10 ZnT transport-
ers, resulting in an overall decrease in cytosolic zinc. Other proteins, namely 
metallothioneins (MTs) and a zinc-sensing transcription factor, metal-responsive 
transcription factor (MTF)-1, also play a role in maintaining zinc homeostasis 
(Bonaventura et al. 2015; Haase and Rink 2014; Hojyo and Fukada 2016; Maret 
2017). Free intracellular zinc has been shown to act like a signaling molecule, either 
as a neurotransmitter or as a secondary messenger (Bonaventura et  al. 2015; 
Maywald et  al. 2017; Murakami and Hirano 2008). In the brain, free or loosely 
bound zinc can be found in forebrain glutamatergic neurons sequestered into syn-
aptic vesicles. When released into the synaptic cleft after presynaptic stimulation, 
Zn has the capacity to interact with and modulate glutamate receptors and trans-
porters, among other synaptic targets (Paoletti et al. 2009; Toth 2011). Over the last 
decade, zinc has been established as a second messenger, comparable to calcium 
and cyclic adenosine monophosphate (cAMP). Relative to inflammation, Zn can act 
through Zn transporters and channels to regulate signal cascades mediated by a 
number of receptors including growth factor, cytokine, and patter recognition 
receptors (Bonaventura et al. 2015; Hojyo and Fukada 2016; Hirano et al. 2008; 
Maywald et al. 2017).

Although the pool of free intracellular zinc is small, slight changes in Zn levels 
can alter cellular signaling by affecting protein stability and structure of hormones, 
growth factors, and cytokines (Hojyo and Fukada 2016; Maywald et al. 2017). In 
this chapter, we discuss zinc signals in inflammation, particularly zinc dependent 
modulation of signaling pathways that modulate immune cell function and the cor-
responding consequences of altered Zn concentrations in the context of host defense 
and the balancing act of inflammation.
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14.2  Zinc Signals and Inflammation

14.2.1  Zinc Signals

Intracellular zinc signals can be broadly characterized as either a zinc flux (early Zn 
signal or EZS) or a homeostatic zinc signal (late zinc signal or LZS). The EZS 
occurs within seconds to minutes and is triggered by external stimuli such as activa-
tion of pattern-recognition receptors (PRRs), cytokines, or growth factors. This 
results in a rapid change in intracellular Zn levels, through the release of Zn, typi-
cally from a Zn store, that directly influences signaling cascades independent of Zn 
transporter synthesis (Bonaventura et al. 2015; Fukada et al. 2011; Maywald et al. 
2017). The altered zinc levels can then activate select Zn transporters to further 
facilitate sharp increases in cytosolic Zn (Maywald et al. 2017).

The LZS occurs within several hours and can lasts for several days. Unlike the 
EZS, the LZS is dependent on transcriptional change and altered expression of pro-
teins involved in Zn homeostasis (Fukada et al. 2011; Maywald et al. 2017; Maret 
2017). Both zinc signals have been shown to modulate immune cell signaling in 
monocytes/macrophages, antigen presenting cells, T-cells, and mast cells [reviewed 
in (Haase and Rink 2009; Hirano et al. 2008; Fukada et al. 2011; Maywald et al. 
2017; Maret 2017; Nishida and Uchida 2018) and discussed further in this chapter].

14.2.2  Zinc Homeostasis and Signaling Pathways

As an intracellular signaling molecule, Zn has been implicated in various inflamma-
tory signaling pathways. Signal transduction mediated by Zn often involves post- 
translational modification by changes in phosphorylation (Maywald et  al. 2017; 
Maret 2017). Therefore, signaling pathways that utilize phosphorylation for down-
stream signal activation can be affected by altered Zn homeostasis (Fig. 14.1).

14.2.2.1  Zinc and the MAPK Pathway

As previously mentioned, early zinc signals (zinc flux or zinc wave), result in the 
release of stored Zn. Yamasaki and colleagues demonstrated that cross linking of 
high affinity IgE receptors (FcεRI) on mast cells induced release of Zn in the peri-
nuclear area; a phenomenon they termed “zinc wave”. This release was dependent 
on calcium influx and the activation of mitogen-activated protein kinases (MAPKs), 
thus establishing Zn as an important second messenger (Yamasaki et  al. 2007). 
Since the discovery of this phenomenon in mast cells, other studies have shown that 
intracellular Zn can alter MAPK signaling. Zinc has been found to differentially 
regulate MAPKs in T-cells with increased activation of p38. Further investigation 
revealed that this zinc-induced activation was mediated by activation of the cAMP 
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response element binding (CREB) protein and increased mRNA expression of Th1 
cytokines (Honscheid et al. 2012). In the brain, increased intracellular Zn was found 
to inhibit extra-cellular signal regulated kinases (ERK)-1/2 activation and cell death 
in neurons (Ho et al. 2008). Other studies have suggested that Zn and ERK1/2 are 
important for normal brain development and can modulate neural progenitor cell 
proliferation. Zinc deficiency decreases ERK1/2 activity and suppresses neuronal 
progenitor proliferation, which has been shown to contribute to depression. 
Conversely, zinc supplementation has been shown to increase ERK1/2 phosphory-
lation, which has been shown to mitigate these deleterious effects [reviewed in 
(Nuttall and Oteiza 2012)].

Zinc homeostasis has been shown to affect signaling of other protein tyrosine 
kinases including phosphoinositide 3-kinase (PI3K) and CD45 (found on all leuko-
cytes and regulates Src kinase family mediated signaling), and cell cycle controller 
CK2 (Maywald et al. 2017; Nimmanon et al. 2017; Taylor et al. 2012). Collectively, 
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Fig. 14.1 Zinc signals and the inflammatory response. Zinc homeostasis is critical for proper 
immune cell function and has been shown to alter signal cascade in several inflammatory signaling 
pathways (discussed in this chapter). Increase in intracellular zinc, via Zn transporters, can modu-
late signal cascade directly or indirectly by inhibiting phosphorylation or activating pathway inhib-
itors that prevent nuclear translocation and gene expression. Green dots with P – phosphorylation; 
blue dots – intracellular zinc; black arrows – signal transduction, green arrow – activating effect of 
Zn; red lines – inhibition. LPS – lipopolysaccharide; TLR – toll-like receptor; MyD88 – myeloid 
differentiation primary response 88; IRAK- interleukin-1 receptor-associated kinase; TRAF  – 
tumor necrosis factor receptor-associated factor; TAK – transforming growth factor beta activated 
kinase; IKK – I kappa B kinase; NFκB – nuclear factor kappa B; TRADD – tumor necrosis factor 
receptor type 1-associated death domain; TNF – tumor necrosis factor; TNFR – tumor necrosis 
factor receptor; MAPKs – mitogen activated protein kinase; ERK – extra-cellular signal regulated 
kinases; JNK – c-Jun N-terminal kinases; AP-1 – activator protein 1; STAT – signal transducer and 
activation of transcription; JaK – Janus kinase; PI3K – phosphatidyl-inositol-3-kinase
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these observations indicate that Zn mediated phosphorylation of protein kinases can 
activate or inhibit inflammation depending upon the stimulus, cell type, and 
environment.

14.2.2.2  Zinc and the NFΚB Pathway

Like MAPKs, nuclear factor kappa B (NFΚB) signaling is critical for proper immune 
cell function. NFΚB is a family of inducible transcription factors that regulate mul-
tiple aspects of the inflammatory response. The family is made up of five structur-
ally related proteins namely, NFΚB1 (p50), NFΚB2 (p52), RelA (p65), RelC, and 
c-Rel, that form homo and heterodimers. These proteins are not synthesized de 
novo, but instead are present in an inactive form in the cytoplasm and regulated by 
another family of proteins known as inhibitors of NFΚB (IKB). NFΚB signaling can 
be divided into the classical/canonical and alternative/non-canonical pathways 
(triggered by activation of a subset of receptors). Activation of either pathway 
induces expression of multiple pro-inflammatory genes that are critical for the 
inflammatory process, cell adhesion, innate and adaptive immune cell function (Liu. 
et al. 2017; Jarosz et al. 2017).

Zinc has been shown to modulate the NFΚB pathway in various immune cells; 
however, results to date have been contradictory. In T-cells, zinc was found to be a 
positive regulator of NFΚB signaling, increasing expression of interleukin (IL)-2 
(which plays a central role in T-helper cell function), and its receptor in HUT-78 
cells. Further investigation revealed that this response was mediated by increased 
phosphorylation on IΚB-α and subsequent translocation and activation of NFΚB by 
the IΚB pathway (Bao et al. 2007). In monocytes, stimulation with toll-like receptor 
(TLR) ligands, LPS (TLR4) and Pam3CSK4 (TLR1/2), induced an increase in free 
zinc. In the case of LPS stimulation, this was associated with increased production 
of pro-inflammatory cytokines, suggesting a potential role of Zn signals in LPS- 
induced activation of NFΚB (and MAPK) pathways (Haase et al. 2008).

Conversely, the majority of literature suggests that zinc is a negative regulator of 
NFΚB. In cancer cells, zinc was found to inhibit NFΚB and activator protein (AP)-1 
activation. This was associated with reduced expression of several pro-angiogenic 
and pro-metastatic mediators, namely, vascular endothelial growth factor (VEGF), 
IL-6, IL-8, and matrix metalloproteinase (MMP)-9 (Uzzo et  al. 2006). More 
recently, the ZIP8 transporter has been shown to be a negative feedback regulator of 
NFΚB through zinc-mediated inhibition of IΚΚ. In lung epithelia and 
monocytes/macrophages, bacterial exposure significantly increased expression of 
ZIP8, which resulted in net increase of cytosolic Zn. This was found to inhibit 
NFΚB-mediated signaling by blocking the IKK complex (Liu et al. 2013).

Zinc can also mediate its effects on the NFΚB signaling by modulating inhibitors 
of the pathway. Perhaps the most studied of these is the effects of zinc on the A20 
protein, the main negative regulator of NFΚB activation via the tumor necrosis fac-
tor (TNF)-α receptor (TNFR)- and TLR-mediated pathways (Jarosz et al. 2017). 
Prasad and colleagues showed that zinc increased mRNA and protein expression of 
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A20 while decreasing oxidative stress and expression of IKK-α/ NFΚB signaling 
in vitro (Prasad et al. 2011). Using the mouse macrophage cell line RAW 246.7, 
treatment with zinc oxide nanoparticles (ZO-NP) inhibited LPS-induced activation 
of NFΚB by upregulating expression of A20 (Kim and Jeong 2015). In a rodent 
model of abdominal aorta aneurysm (AAA), in which chronic inflammation and 
degradation of elastin are the major contributors to pathogenesis, intraperitoneal 
injection with zinc sulphate (ZnSO4) attenuated calcium chloride induced expan-
sion of aortic diameter. Zinc supplementation also decreased infiltrating macro-
phages and lymphocytes in the aortas and induced expression of A20 that inhibited 
NFΚB signaling pathway (Yan et al. 2016).

The evidence presented in these studies demonstrate that zinc alters NFΚB sig-
naling in immune cells. This zinc-mediated modulation of NFΚB signaling can 
occur based on changes to key proteins involved in the signaling pathway and may 
vary depending on the activating signals and/or the type of immune cell involved in 
the response.

14.2.2.3  Zinc and GPCRs

There also exists a unique plasma membrane G-protein coupled receptor (ZnR/
GPR39) that is sensitive to Zn and senses changes in extracellular Zn levels 
(Hershfinkel 2018). ZnR/GPR39 can be activated directly by endogenous release of 
zinc or indirectly by allosteric modulation of ZnR/GPR39 signaling (Sunuwar et al. 
2017; Sato et al. 2016). Activation of ZnR/GPR39 induces the release of calcium via 
the inositol trisphosphate (IP3) pathway by signaling through Gαq, and has been 
shown to be important in cell signaling in neurons, keratinocytes, pancreatic cells, 
cancer cells, and bone (Hershfinkel 2018; Sunuwar et al. 2017).

ZnR/GPR39 has also been shown to be ubiquitously expressed throughout the 
gastrointestinal tract. A recent study demonstrated that engagement of the Zn sens-
ing receptor enhanced tight junction assembly via activation of AMP activated pro-
tein kinase (AMPK) signaling, thus highlighting a potential therapeutic role of ZnR/
GPR39 in intestinal barrier disruption (Pongkorpsakol et al. 2019). Zn has also been 
shown to upregulate protein kinase C (PKC)-ζ via activation of GPR39 and improve 
epithelial integrity by enhancing the abundance of tight junction protein zonula 
occludens (ZO)-1, following Salmonella challenge in vitro (Shao et al. 2017).

More recently, studies have identified an unexpected link between GPR-mediated 
signaling and Zn homeostasis. In mice, the ZIP14 transporter was shown to control 
GPR-mediated signaling by maintaining basal cAMP levels, through net increase in 
cytosolic zinc, and suppressing phosphodiesterase (PDE) activity (Hojyo et  al. 
2011). Another G-coupled protein receptor, GPR83, was also found to be activated 
by zinc. Under physiological conditions, Zn activated mouse GPR83 by binding to 
a cluster of ion-binding sensitive amino acids in an activation sensitive region of the 
receptor. This was not seen with calcium or magnesium, highlighting zinc as a 
potent agonist of GPR83. Further investigation revealed that the zinc-mediated acti-
vation was via the Gq/11 signaling pathway (Muller et al. 2013).
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14.2.2.4  Zinc and Other Signaling Pathways

The Janus kinase/signal transducers and activators of transcription (JAK/STAT) sig-
naling pathways are also affected by cellular zinc status. The mechanisms of JAK/
STAT signaling have been extensively studied by several groups. Briefly, the signal 
cascade is initiated by extracellular binding of cytokine and/or growth factors to 
their respective receptors. This activates Jak, which then activates STATs, leading to 
dimerization, nuclear translocation, and DNA binding. The JAK/STAT signaling 
pathway regulates the expression of genes that are involved in cell proliferation, 
differentiation, survival, and apoptosis (Bafaro et al. 2017; Villarino et al. 2015).

Zinc deficiency was found to impair STAT1/3 signaling in fetal brain and neuro-
blastoma by inhibiting phosphorylation and nuclear translocation. Zn-mediated oxi-
dative stress was also shown to impair STAT1/3 modulation, thus compounding the 
deleterious effects on fetal brain development (Supasai et  al. 2017). In B-cells, 
ZIP10 was found to play a critical role in B-cell development and modulate early 
B-cell survival through activation of STAT3/5. ZIP10 was also highly expressed in 
human B-cell lymphoma samples and is believed to potentially exacerbate malig-
nancy via Jak/STAT signaling, in coordination with Bcl2 (Miyai et al. 2014).

14.2.2.5  Zinc and ROS

Oxidative stress is essentially an imbalance between the production of reactive oxy-
gen species (ROS) and the ability of cellular anti-oxidant systems to counteract their 
harmful effects. This leads to the oxidation of biomolecules that contribute to cel-
lular damage and facilitate the development of several inflammatory diseases 
including cancer, diabetes, atherosclerosis, and neurodegeneration (Jarosz et  al. 
2017; Marreiro et al. 2017). The role of zinc as an anti-oxidant has been extensively 
studied. Zinc exhibits its anti-oxidant properties through catalytic activity of super-
oxide dismutase, upregulation of metallothionein (MT) expression, and protection 
of thiol groups from oxidation [discussed in (Lee 2018; Marreiro et  al. 2017; 
Olechnowicz et al. 2018; Jarosz et al. 2017)].

As discussed in the studies outlined in the above reviews, zinc is a structural 
component of the superoxide dismutase (SOD) enzyme; the enzyme responsible for 
promoting conversion of harmful superoxide radicals to less harmful metabolites 
such as oxygen and hydrogen peroxide. Zinc, bound to MTs under physiological 
conditions, can be released from this complex during oxidative stress and intracel-
lularly redistributed to exert anti-oxidant properties (Lee 2018; Marreiro et al. 2017; 
Olechnowicz et al. 2018; Jarosz et al. 2017).

It is important to note that the anti-oxidant properties of zinc are only afforded 
at physiological concentrations. Zinc deficiency has been associated with increased 
oxidative stress and inflammation in several in vitro and in vivo models of cardio-
vascular disease (Choi et al. 2018; Lee 2018). Chronic zinc deficiency also impairs 
the activity of MTs, by decreasing MT expression, and as such increases suscepti-
bility to injury and inflammation mediated by oxidative stress (Jarosz et al. 2017; 
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Lee 2018; Olechnowicz et al. 2018). Other studies have demonstrated that at high 
concentrations, zinc can exert pro-oxidant effects. In the brain, elevated Zn levels 
have been shown to be toxic to astrocytes and neurons by inhibiting the activity of 
glutathione reductase, increasing oxidative stress (Bishop et al. 2007). In vascular 
smooth muscle cells (VSMCs), Zn overload (50 μM and higher) induced senes-
cence and activated nicotinamide adenine dinucleotide phosphate hydrogen 
(NADPH) oxidase (Nox1) by increasing the production of mitochondrial 
ROS. This in part mediated the activation of NFΚB, which when translocated to the 
nucleus, induced production of Nox1, further increasing cytoplasmic ROS levels 
(Salazar et al. 2017).

The above studies highlight multifunctional roles of zinc in redox regulation and 
its ability to act as an anti-oxidant or pro-oxidant based on zinc status. This further 
demonstrates the importance of zinc homeostasis in cell signaling and inflammation.

14.2.3  Zinc Signals in Acute Inflammation

Inflammation is a natural mechanism employed by the host to protect itself against 
infections, invading pathogens or injury. The primary goal of the inflammatory 
response is to detect and eliminate factors that interfere with homeostasis, thus 
restoring balance in the host. In some cases, however, resolution of inflammation is 
aberrant, and the inflammatory response persists leading to chronic inflammation 
that drives tissue damage (Gammoh and Rink 2017).

Nutritional inadequacies in early life contribute to poor lung function and 
impaired immunity resulting in more frequent and severe infections. Many children 
in developing countries suffer from zinc deficiency, which is associated with growth 
retardation, GI tract disorders, and increased susceptibility to diarrhea and respira-
tory infections (Prasad 2012; Basnet et al. 2015; Karim et al. 2017). Zinc supple-
mentation has been shown to be associated with lower risk of acute lower respiratory 
infections in children and overall decreased mortality and morbidity (Karim et al. 
2017; Malik et al. 2014; Roth et al. 2010).

14.2.3.1  Zinc and the Common Cold

The common cold is an acute infection of the upper respiratory tract that is spread 
by direct or indirect contact with secretions from an infected person or aerosol 
secretions. The cold lasts for about 7–10 days and symptoms include sore throat, 
rhinitis, cough, and fatigue (Allan and Arroll 2014). Zinc was suggested to be an 
effective treatment for the cold in the 1980s, however since then, there has been 
inconclusive evidence provided by clinical trials. Since the 2000s, several meta- 
analyses have been aimed at determining whether zinc supplementation can reduce 
the severity and duration of symptoms associated with the common cold.
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A comparison of zinc lozenges and zinc intranasal gel versus placebo showed 
inconclusive results regarding zinc’s ability to reduce duration of common cold 
symptoms (Arroll 2008). More recently, two meta-analyses have shown that zinc 
supplementation can reduce the duration and severity of a cold. In particular, evi-
dence from 13 randomized placebo-controlled trials showed that if taken soon after 
the onset of cold symptoms, zinc could reduce both the duration and severity of 
these symptoms (Rao and Rowland 2011). Another study further examined these 
effects and reported that the reduction in symptoms were restricted to the dosage 
and formulation of zinc administered. Specifically, higher doses and administration 
of zinc acetate reduced the duration of symptoms, which was not seen with lower 
doses or other formulations (Science et al. 2012).

14.2.3.2  Zinc and Sepsis

Sepsis is a form of the systemic inflammatory response that is initiated by an infec-
tion and triggers an initial over-reaction of the immune system resulting in damage 
to the host, often in the form of organ failure. The response is characterized by an 
acute inflammatory phase, mediated by the innate immune system, followed by an 
immune suppressive phase, characterized by impaired innate and adaptive immune 
responses (Alker and Haase 2018; Bosmann and Ward 2013; Souffriau and Libert 
2018). As previously mentioned, zinc homeostasis is critical for proper immune cell 
function and zinc deficiency is associated with increased risk of infection. Given 
that sepsis is caused by an exaggerated immune response to an infection, it should 
come as no surprise that zinc status plays a role in the pathology of sepsis.

A relationship between zinc status and sepsis has consistently been demonstrated 
by animal and human studies that have been the focus of recent reviews (Alker and 
Haase 2018; Bosmann and Ward 2013; Knoell and Liu 2010; Souffriau and Libert 
2018). For the most part, zinc has been shown to provide protection against sepsis 
with a direct link with low zinc levels and increased sensitivity to develop systemic 
inflammatory responses and sepsis. The mechanism of protection seems to be medi-
ated by the effects of zinc on the inflammatory response, chemotaxis, oxidative 
stress, and alteration of immune cell function.

14.2.4  Zinc Signals in Chronic Inflammation

14.2.4.1  Zinc and Allergic Airway Inflammation

Zinc deficiency is also associated with many chronic inflammatory diseases includ-
ing allergic airway inflammation, rheumatoid arthritis, atherosclerosis, colitis, and 
dermatitis (Bonaventura et al. 2015; Fukada et al. 2011).

In humans, zinc deficiency has been linked to increased risk of asthma and its 
supplementation has been shown to decrease acute exacerbations in children 
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(Rerksuppaphol and Rerksuppaphol 2016). The underlying anti-inflammatory 
mechanisms of Zn supplementation in allergic airway inflammation have been fur-
ther investigated using animal models. Early animal studies showed that Zn supple-
mentation decreased infiltrating leukocytes, particularly eosinophils and 
lymphocytes, to the airways in acute and chronic models of allergic airway inflam-
mation (Lang et  al. 2007). Rats maintained on zinc restricted diets, which were 
sensitized and challenged with the experimental allergen ovalbumin (OVA), showed 
decreased numbers of eosinophils, neutrophils, and monocytes in broncho-alveolar 
lavage fluid. Zn supplementation resulted in suppressed expression of chemokines, 
eotaxin, and monocyte chemoattractant protein (MCP)-1, and increased mRNA 
expression of interferon (IFN)-γ (which inhibits Th2 cytokines) in the lung (Lu 
et al. 2012). In a similar study, Zn supplementation decreased airway hyperrespon-
siveness (AHR) and IgE levels; both of which are hallmark features of allergic air-
way inflammation (Morgan et al. 2011).

Zinc also plays a role in directly regulating the inflammatory response mediated 
by several cell types (namely, dendritic cells, T-cells, mast cells, and 
monocytes/macrophages) involved in the initiation and progression of allergic 
inflammation (Bonaventura et  al. 2015; Fukada et  al. 2011; Hojyo and Fukada 
2016). The role of Zn homeostasis in immune cell signaling will be discussed in 
further details in the next section.

14.2.4.2  Zinc and Gastrointestinal (GI) Disorders

In the context of zinc and GI disorders, zinc deficiency can arise from either 
decreased nutritional intake, genetic defects that lead to malabsorption, or from 
disease mechanisms that causes malabsorption (biochemical deficiency) (Skrovanek 
et al. 2014). The ultimate effect of these factors is a disruption in zinc homeostasis 
that in turn alters zinc signaling and perpetuates inflammation.

The association between zinc and GI disorders, namely, Crohn’s disease and 
ulcerative colitis, have been examined by many groups (Ananthakrishnan et  al. 
2015; Skrovanek et al. 2014). Results from meta-analysis of human studies have 
highlighted a link between zinc intake and digestive tract cancers. Higher Zn intake 
was associated with reduced colorectal cancer risk and with lower esophageal and 
gastric cancer risks in certain populations (Li et  al. 2014). A recent systematic 
review identified several Zn transporters (ZIP 1, 2, 4–7, 10, and 14; ZnT 1, 8, and 
19) as having some functional role in the GI system, potentially providing amenable 
targets for therapeutic intervention (Myers et al. 2017).

The zinc signals implicated in GI disorders (previously discussed) include: the 
modulation of ROS via SOD (Gilca-Blanariu et al. 2018; Skrovanek et al. 2014); 
modulation of MTs and zinc transporter expression (Skrovanek et al. 2014; Myers 
et al. 2017); as well as regulating cell signaling pathways that drive inflammation 
(Triner et al. 2018).
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14.2.4.3  Zinc and Inflamm-Aging

Aging is an inevitable process associated with progressive pathological features 
including oxidative stress, nucleic acid damage, and altered immune cell function. 
Immune function decreases with age starting at about 60–65  years. The term 
“inflamm-aging” was coined in the early 2000s and is described as a chronic pro-
gressive increase in pro-inflammatory status associated with the aging process. It is 
associated with increased risk of development of inflammation related disorders 
including Alzheimer’s disease, Parkinson’s disease, autoimmunity, cancers, type II 
diabetes, osteoporosis, atherosclerosis, among others (Fulop et al. 2018; Maywald 
and Rink 2015; Xia et al. 2016). Inflamm-aging is a consequence of immunosenes-
cence where the conserved innate immune system overtakes the more highly spe-
cialized adaptive immune system as we age (Fulop et al. 2018).

Many cells in the innate and adaptive immune response are affected by aging. Of 
these, T-cells seem to be the most affected by age-induced changes. The effects of 
aging on T-cells have been extensively reviewed by several groups (Chen et  al. 
2013; Nikolich-Zugich 2014; Salam et al. 2013). Age associated alterations in T-cell 
function include increased cytotoxicity, enhanced production of pro-inflammatory 
cytokines, reduced antigen-induced proliferation, and decreased cell division. These 
changes occur both in the thymus, the site of T-cell development and maturation, as 
well as in the periphery. Thymus involution, a gradual decrease in the structural 
integrity of the thymus with age, along with changes in genes that promote cell 
growth, proliferation and cell death, ultimately result in a decline in the production 
of naïve T-cells (Salam et al. 2013; Nikolich-Zugich 2014). Thymocytes also show 
age related changes in the expression of genes associated with T-cell receptor (TCR) 
signaling, antigen presentation, and lymphocyte development and function (Chen 
et al. 2013). Similar age-related effects are seen in mature peripheral T-cells. Studies 
show increased gene expression of apoptotic related genes and decreased expres-
sion of genes involved in cell growth and energy metabolism (Chen et al. 2013). 
Diversity of the TCR decreases with age and there is a shift in T-cell phenotype. 
Overall, there are increased numbers of CD8+ cytotoxic T-cells and a decrease in 
CD4+ T-helper cells. The CD4+ repertoire also undergoes a shift in the Th1/Th2 
paradigm in favor of the Th2 cytokines IL-4 and IL-10 (Xia et al. 2016; Chen et al. 
2013; Nikolich-Zugich 2014; Salam et al. 2013).

There are striking similarities between immunosenescence and zinc deficiency 
including the effects on innate and adaptive immune cell function. Zinc deficiency 
is common in the elderly and when coupled with immunosenescence, increases 
susceptibility to infections, cancers, neurodegenerative, and autoimmune diseases 
(Maywald and Rink 2015; Szewczyk 2013). A recent study conducted in Japan 
found that a considerable portion (20% or greater) of the elderly had marginal to 
severe zinc deficiency, with the prevalence of zinc deficiency increasing with aging 
(Yasuda and Tsutsui 2016).
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Inflamm-aging is also associated with changes in expression of zinc transporters 
and cytokine profiles in immune cells. Analysis of gene expression of zinc trans-
porters and pro-inflammatory cytokines in lymphocytes isolated from young and 
old donors revealed that expression of ZIP1,2,3 were elevated in cells from young 
donors. Conversely, the pro-inflammatory cytokines IL-6 and TNF-α had higher 
expression in cells from elderly donors (Giacconi et al. 2012). In aged mice, zinc 
deficiency was associated with increased inflammation due to the reduction of intra-
cellular zinc in immune cells. The pro-inflammatory response was enhanced by 
reduced expression of Zip6 and age-specific Zip6 dysregulation correlated with 
increased methylation of the Zip6 promoter (Wong et al. 2013). A follow up study 
by the same investigators showed that zinc deficiency in aged mice upregulated 
expression of intercellular adhesion molecule (ICAM)-1 and IL-6 gene expression 
with decreased IL-6 promoter methylation (Wong et al. 2015).

Zinc is involved in several neuronal processes. Evidence from molecular, genetic, 
and clinical studies have elucidated a role of zinc homeostasis in depression and 
psychosis in the elderly. While influx of zinc can drive neurotoxicity under clinical 
conditions such as traumatic brain injury, stroke, or epilepsy, there is increasing 
evidence to suggest that zinc deficiency leads to increased risk of developing neuro-
logical disorders, as well as learning and memory defects. In the brain, zinc can also 
positively modulate synaptic function and neurotrophic signaling, suggesting both 
pro- and anti-inflammatory roles of the metal ion in brain function (Cabrera 2015; 
Sensi et al. 2018; Szewczyk 2013).

Knowing that zinc deficiency potentiates immunosenescence and inflamm-aging 
in the elderly, zinc supplementation has been studied to determine whether it is 
beneficial. In an observational study, nursing home subjects with normal zinc con-
centration had lower incidences of pneumonia, shorter duration of pneumonia, and 
fewer new antibiotic prescription and days of antibiotic use than subjects with low 
zinc concentrations (Meydani et  al. 2007). A 2016 randomized double-blind 
placebo- controlled trial to determine the effects of zinc supplementation (30 mg of 
Zn/day) on serum zinc concentration in elderly deficient subjects showed that sup-
plementation increased serum concentration of zinc. Zinc supplementation also 
increased T-cell proliferation, denoted by increased anti-CD3/CD28, and the num-
ber of peripheral T-cells (Barnett et al. 2016). In healthy elderly subjects, moderate 
zinc supplementation was found to increase liable zinc that was associated with a 
reduction in the numbers of unspecific preactivated T-cells and led to improved 
T-cell responses upon stimulation (Kahmann et al. 2008). Collectively, the existing 
data highlights a correlation between zinc deficiency and inflamm-aging in the 
elderly and a role of zinc supplementation in reducing the extent of systemic inflam-
mation which may reduce the existence of comorbid disease conditions, although 
this remains to be proven.
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14.3  Altered Zinc Homeostasis and Immune Cell Signaling 
in Inflammation

Zinc homeostasis is critical for proper immune cell function. A growing body of 
evidence, which includes animal and human studies, highlights the effects of Zn on 
activation and function of innate and adaptive immune cells. The effect of Zn on 
immune cell function is multifaceted and can affect gene expression, cytokine pro-
duction, maturation, and polarization of subsets of immune cells (Bonaventura et al. 
2015; Haase and Rink 2014; Hojyo and Fukada 2016).

14.3.1  Zinc Signals and the Innate Immune System

The innate immune system is the first line of defense against invading pathogens. It 
is made up of monocytes/macrophages, dendritic cells (DCs), natural killer (NK) 
cells, and polymorphonuclear leukocytes (PMNs), among others. Cells of the innate 
immune system play a major role in recognizing and destroying or restricting patho-
gens until the more specific adaptive immune response can be mounted by the host 
(Elliott et al. 2014).

14.3.1.1  Monocyte/Macrophages

Macrophages are key components of the innate immune response to pathogens. 
They play a role in phagocytosis, antigen presentation, and immunomodulation, 
with the goal of maintaining homeostasis after pathogen exposure (Gao et al. 2018). 
Several studies have highlighted a relationship between zinc homeostasis and mac-
rophage function. Macrophages express a number of zinc transporters under physi-
ological conditions that can then be upregulated or downregulated during 
pathological conditions suggesting that Zn plays a critical role in macrophage func-
tion (Gao et al. 2018; Stafford et al. 2013).

The impact of zinc homeostasis upon monocytes/macrophage function is most 
highlighted in studies relating to innate immune signaling via LPS activation of 
TLR-4. In 2008, Haase and colleagues demonstrated that zinc signals were essential 
for LPS-induced signal transduction in monocytes. Their studies showed that LPS 
stimulation increased the concentration of free intracellular zinc that mediated acti-
vation of downstream signaling pathways, namely, MAPKs and NFΚB, as well as 
the release of pro-inflammatory cytokines. This effect was found to be abrogated by 
chelation of zinc, suggesting a zinc specific mechanism (Haase et al. 2008). Since 
then, several groups have focused on investigating the role of zinc signals, specifi-
cally in the context of zinc transporters and downstream signaling pathways in 
monocyte/macrophage function.

14 Zinc Signals in Inflammation



292

As discussed in previous sections, ZIP8 has been shown to be a negative regula-
tor of NFΚB signaling in monocytes (Liu et al. 2013). Studies by the same group 
have revealed that ZIP8 is constitutively expressed on resting macrophages and sig-
nificantly upregulated after LPS exposure. This was associated with reduced mRNA 
and protein expression of IL-10 but increased mRNA expression of pro- inflammatory 
cytokines (IL-6, IL-8 and TNF-α). Further investigation revealed that knockdown of 
ZIP8 inhibited LPS-mediated accumulation of intracellular zinc and prevented zinc- 
dependent reduction in IL-10. Supplementation with zinc was also found to reduce 
nuclear localization and activity of the transcription factor CCAAT/enhancer bind-
ing protein beta (C/EBPβ), which drives expression of IL-10 (Pyle et al. 2017). Zinc 
homeostasis was also found to be critical in monocyte adhesion and recruitment to 
inflamed arteries. ZIP8 was shown to be upregulated on monocytes adhering to 
aortas ex vivo, suggesting a role of the zinc transporter in regulating Zn influx and 
recruitment of monocytes to atherosclerotic lesions (Cheng et al. 2018).

Other zinc transporters have been implicated in macrophage function. In primary 
macrophages, ZIP14 was upregulated upon activation, which was dependent on cal-
cium signaling, GC-rich DNA binding and downregulation of NFκB. Knockdown 
of ZIP14 attenuated expression of IL-6 and TNF-α, highlighting another zinc trans-
porter that mediates LPS signaling (Sayadi et al. 2013). More recently, IL-4 has 
been shown to trigger a MT-3 and ZnT4 dependent increase in liable zinc stores in 
macrophages. This increase in zinc in turn was exploited by pathogens to promote 
their survival and drive inflammation in both human and animals alike (Subramanian 
Vignesh et al. 2016).

The impact of zinc deficiency and supplementation have been investigated in 
monocytes/macrophages given that they are at the forefront in host defense and 
therefore may be affected by changes in zinc status. Zinc deficiency induced changes 
in the number and distribution of leukocytes in rats. Rats on a zinc deficient diet 
(0.7 mg zinc/kg) had increased numbers of monocytes and granulocytes compared 
to animals on the control diet (Someya et al. 2009). Human peripheral blood mono-
nuclear cells (PMBCs) cultured under zinc deficient conditions, either by using 
TPEN or CHELEX 100 resin, and exposed to different bacteria (Streptococcus 
pneumoniae, Escherichia coli, and Staphylococcus aureus) showed differential 
effects from zinc depletion. Phagocytosis of bacteria and oxidative burst were ele-
vated whereas production of TNF-α and IL-6 were reduced (Mayer et al. 2014). In 
patients with type 2 diabetes mellitus, where immunity is suppressed, thus increas-
ing susceptibility to several inflammatory disorders and cancers, supplementation 
with 30  mg of zinc per day significantly increased the proportion of monocytes 
expressing TNF-α, a key component in the host defense against cancers. It is worth 
mentioning that although there was a higher proportion of TNF-α bound to mono-
cytes, there were no significant changes in plasma TNF-α and TNF-α expressing 
lymphocytes between the treated and placebo groups (Meksawan et  al. 2014). 
Collectively, the data suggests that monocytes/macrophages can be affected by both 
short-term zinc signals, as well as changes in zinc status over time.
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14.3.1.2  Dendritic Cells

Dendritic cells (DCs) are professional antigen presenting cells that bridge the gap 
between the innate and adaptive immune systems. Like macrophages, DCs express 
several PRRs that allow them to sense pathogens and then process and present 
antigens to T-cells, thus mediating the adaptive immune response (Bonaventura 
et al. 2015; Haase et al. 2008; Hojyo and Fukada 2016). Unlike macrophages, much 
less is known about zinc signals and dendritic cell function. In the early 2000s, it 
was shown that stimulation of murine DCs with LPS led to maturation of DCs, 
denoted by surface upregulation of major histocompatibility complex (MHC)-II 
and co- stimulatory molecules, mediated by overall decrease in intracellular free Zn 
levels. This decrease in intracellular zinc was the net result of changes in the dif-
ferential expression of select zinc transporters. Expression of ZIP6 and ZIP10 was 
downregulated whereas ZnT1, 4, and 6 were upregulated. Zinc depletion by TPEN 
was shown to mimic the LPS-induced effects and increase the ability of DCs to 
prime naïve T-cells the effect of which was abrogated by zinc supplementation 
(Kitamura et al. 2006).

Since these findings were reported, other studies have investigated the effects of 
zinc homeostasis on DC function. In a model of Histoplasma capsulatum fungal 
infection, a global fungal pathogen, zinc treatment induced a tolerogenic phenotype 
in bone morrow derived dendritic cells (BMDCs) marked by diminished cell surface 
expression of the maturation marker MHC-II and upregulation of tolerogenic mark-
ers, namely, programmed death-ligand (PD-L)1 and PD-L2. These results were 
reproducible in vivo and skewed the T-helper cell response to the development of 
T-regulatory cells (Tregs) while decreasing Th17 responses. The results highlight a 
potential role of Zn in modulating DC function during fungal infection (George 
et  al. 2016). Langerhans cells, the dendritic cells of the skin, were found to be 
decreased in mice and samples from human patients suffering from zinc deficiency 
(Kawamura et al. 2012). Conversely, another study showed that zinc induced apop-
totic cell death in mouse DCs. In BMDCs, zinc was shown not to have any distin-
guishable effects on DC maturation but led to an increase in the number of cells in 
sub G-1 phase, a hallmark feature of apoptosis, stimulated the formation of ceramide, 
a known trigger of suicidal cell death, and resulted in apoptotic death that was 
absent in sphingomyelinase knockout DCs. This is one of the first studies to high-
light a link between zinc-induced sphingomyelin activation and cell death in DCs, 
which in turn could affect the overall immune response (Shumilina et al. 2010).

14.3.1.3  Neutrophils

Neutrophils play a prominent role in acute inflammation and are rapidly recruited 
to the site of injury or infection soon after pathogen exposure, invasion, or inflam-
mation. They are the largest leukocyte population in the blood and provide the first 
line of defense against pathogens by phagocytosis and oxidative burst, as well as 
secretion of multiple cytokines and chemokines (Maares and Haase 2016; 
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Subramanian Vignesh and Deepe 2016). Zinc deficiency has been shown to be 
associated with impaired neutrophil function in both animal models and human 
subjects. In zinc deficient rats, analysis of white blood cells revealed that there 
were marked increases in total number of neutrophils (Someya et  al. 2009). 
Increased migration of neutrophils seen during zinc deficiency has been shown to 
be caused by membrane- induced damage and increased production of IL-8 
(Finamore et  al. 2008). Chelation of free Zn was found to impair chemotaxis, 
phagocytosis, oxidative burst, and cytokine production (the mechanisms of which 
have been previously discussed) in human neutrophils from healthy donors (Hasan 
et al. 2016). Conversely, zinc supplementation resulted in improved survival in a 
juvenile model of sepsis by enhancing neutrophil recruitment in the peritoneal cav-
ity, enhanced phagocytosis, and neutrophil extracellular trap (NET) formation. 
This was associated with decreased serum cytokine levels and myeloperoxidase 
activity in the lung tissue, suggesting attenuation of the systemic inflammatory 
response (Ganatra et al. 2017).

14.3.1.4  Mast Cells

Tissue resident mast cells are central in orchestrating the immediate response to 
allergens by secreting mediators that act on the vasculature, connective tissue, struc-
tural and immune cells (Nishida and Uchida 2018). Mast cell activation, degranula-
tion, and the production of pro-inflammatory cytokines are influenced by zinc 
signals. The discovery of the zinc wave phenomenon and establishment of zinc as a 
second messenger was first identified in mast cells (Yamasaki et  al. 2007). The 
ZnT5 transporter is highly expressed on mast cells and was found to mediate 
delayed-type allergic responses. Studies using bone marrow-derived mast cells 
(BMMCs) demonstrated that ZnT5 is required for FcεRI- mediated activation of 
NFΚB and the translocation of PKC to the plasma membrane, mediating cytokine 
production in delayed-type allergic reactions (Nishida et al. 2009).

14.3.2  Zinc Signals and the Adaptive Immune System

The adaptive immune response is mediated primarily by B- and T-lymphocytes. 
B-cells mature in the bone marrow and when activated mediate the humoral 
response. T-cells leave the bone marrow, mature in the thymus, and are more directly 
involved in the cellular-mediated responses (Blewett and Taylor 2012).

14.3.2.1  T-Lymphocytes

Zinc plays a role in T-cell maturation and development, as well as several T-cell 
signaling cascades including TCR and cytokine signaling pathways. The roles of 
zinc status in T-cell development and phenotype have been extensively discussed in 
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two recent reviews (Blewett and Taylor 2012; Nishida and Uchida 2018). Broadly, 
studies examined in these reviews highlighted a role for zinc in lymphopenia (zinc 
deficiency was associated with decreased numbers and aberrant T-cell functions); 
skewing the Th1/Th2 polarization in favor of a Th1 phenotype; and decreasing the 
autoimmune response mediated by Th17 cell activation leading to modulation of 
T-helper cell responses that ameliorate inflammation (Blewett and Taylor 2012; 
Nishida and Uchida 2018).

More specifically, T-cell receptor stimulation induced zinc influx via ZIP6. The 
accumulation of free zinc ions resulted in reduced recruitment of Src homology 
region 2 domain-containing phosphatase (SHP)-1 to the TCR complex, increased 
phosphorylation of zeta chain of T-cell receptor associated protein kinase (ZAP)-70 
and lowered threshold to TCR stimulation, providing a negative feedback mecha-
nism in TCR signaling (Yu et al. 2011). More recently, zinc was shown to modulate 
several signaling pathways in T-cells, including NFAT, NFκB, and AP-1 signaling 
cascades. Stimulation of the TCR in human T-cells resulted in upregulation of ZIP1, 
ZIP4, ZIP6–9, and ZIP14. Of these transporters, ZIP6 was found to be a key com-
ponent of the T-cell activation machinery (Colomar-Carando et al. 2019).

Zinc supplementation, at physiological doses (50 μM of ZnSO4), significantly 
decreased cell proliferation and pro-inflammatory cytokine production from antigen- 
specific T-cells after reactivation. Mixed leukocyte cultures were shown to have an 
increased induction and stabilization of T-regs based on zinc induced upregulation of 
forkhead box (Fox)-P3 and Kruppel like factor (KLF)-10, essential transcription fac-
tors for T-reg development and function respectively, and downregulation of inter-
feron regulatory factor (IRF)-1, a negative regulator of FoxP3 (Maywald and Rink 
2017). In a similar study, supplementation with 50 μM of ZnSO4 was shown to 
enhance cytosolic zinc concentrations in CD3+ T-cells, increase Th1 cytokine 
responses, demonstrated by increased IL-10, TNF-α, and IFN-γ production after 
allergen challenge. Zinc also enhanced T-regs population and upregulated mRNA 
expression of cytotoxic T-lymphocyte antigen (CTLA)-4 (Rosenkranz et al. 2017). In 
another supplementation study, zinc aspartate suppressed expression of Th1 (IFN-γ), 
Th2 (IL-5), and Th17 (IL-17) cytokine production in pre-activated T-cells (Guttek 
et al. 2018). Collectively, studies suggest that zinc homeostasis is critical for proper 
T-cell function and its supplementation could potentially alleviate the inflammatory 
response mediated by Th2 and Th17 cells in allergic and autoimmune disorders.

14.3.2.2  B-Lymphocytes

Many of the signaling pathways used by T-cells already discussed, namely 
MAPKs, protein tyrosine kinases, nuclear factor of activated T-cells (NFAT), and 
NFκB, are also important to B-cell development, maturation, and function. 
However, unlike T-cells and other immune cells, B-cell development and function 
are less affected by an organism’s zinc status. Zinc signals do not appear to directly 
affect B-cell function but overall zinc deficiency can alter lymphopoiesis and 
B-cell development (Bonaventura et al. 2015; Haase and Rink 2009; Hojyo and 
Fukada 2016; Maywald et al. 2017).
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As an example, the ZIP10 transporter was found to play an important role in the 
B-cell receptor (BCR) signal transduction. ZIP10 deficiency reduced the mature 
B-cell population and shortened lifespan. Cells had dysregulated BCR signaling, 
which was triggered by reduction in CD45 receptor phosphatase activity resulting 
in hyperactivation of LYN, a key protein kinase that mediates BCR signaling (Hojyo 
et al. 2014). More recently, two studies have suggested a role of ZIP7 in B-cell acti-
vation and development. In the first study, human B-cells, infected with Epstein- 
Barr virus (EBV), showed differentially altered expression of zinc transporters, 
specifically ZIP7, which had increased mRNA and protein expression. Comparison 
of these findings to freshly isolated B-cells suggested that elevation of free intracel-
lular zinc was a consequence of B-cell activation and proliferation (Ollig et  al. 
2019). In the second study, CRISPR-Cas9 mutagenesis was used to precisely model 
ZIP7 deficiency in mice and was found to reproduce the block in B-cell develop-
ment previously observed in patients with agammaglobulinemia and absent B-cells. 
This was seen in hypomorphic alleles as homozygosity for null alleles caused 
embryonic death. B-cells from mutant mice had intrinsic failure of development 
seen in development arrest at the late pre-B-cell to immature B-cell transition. Cells 
also had reduced cytoplasmic zinc and defects in BCR signaling characterized by 
increased phosphatase activity and decreased phosphorylation downstream of the 
pre-BCR and BCR. Developmental blockade from pre-B-cells to B-cells is a char-
acteristic feature seen in patients with agammaglobulinemia and these results high-
light a potential role of zinc homeostasis in immunodeficiency (Anzilotti et al. 2019).

Taken together, these findings highlight the effects of zinc signals mediated by 
Zn transporters on both the innate and adaptive immune responses. Zinc influences 
proliferation, differentiation, and survival of cells involved in the first line of host 
defense and can subsequently influence the nature of the immune response gener-
ated by adaptive immune cells.

14.4  Zinc Toxicity

Our focus so far has been in the context of zinc signals associated with zinc defi-
ciency and supplementation at physiological concentrations. The potential effects of 
over consumption of zinc and/or zinc toxicity are largely unknown. As discussed in 
this review, zinc has a broad impact upon the human proteome, playing both struc-
tural and catalytic roles. Additionally, there are multiple proteins that are largely 
responsible for maintaining zinc balance within and outside of cells, namely, zinc 
transporters and MTs. This suggests that the body is also designed to tolerate or man-
age excessive zinc content, unlike other metal ions that share similar properties.

Unlike zinc deficiency, which is widespread and has a number of implications 
on immune cell function and inflammation, zinc toxicity is relatively rare and 
based on human case studies, mainly arises from short-term exposure to high zinc 
concentrations (Plum et al. 2010). Perhaps the most studied toxic reaction to zinc 
in humans is inhalation of industrial fumes containing zinc: the “metal fume fever” 
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(MFF). Metal fume fever is mainly caused by inhalation of zinc oxide resulting 
in localized inflammation with symptoms that include fever, chills, muscle sore-
ness, nausea, chest pain, and cough. The symptoms are usually acute and resolve 
within a few days following exposure (Plum et  al. 2010). A recent analysis of 
reported cases of metal fume fever showed inhalation of excessively high concen-
trations of zinc oxide fumes, 77–600  mg Zn/m3, were required to induce metal 
fume fever. Although the exact mechanism of MFF has yet to be elucidated, patho-
physilogical mechanisms reported included production of pro-inflammatory cyto-
kines, neutrophil activation, and the formation of oxygen radicals (Greenberg and 
Vearrier 2015). While metal fume fever is typically benign, chronic exposure can 
lead to more severe cases and longer recovery periods following cessation of expo-
sure (Greenberg and Vearrier 2015; Plum et al. 2010).

Oral intake of large doses of supplemental zinc over prolonged periods can result 
in copper deficiency caused by competitive absorption of zinc and copper mediated 
by MTs in red blood cells. Dietary zinc upregulates the expression of MTs and MTs 
binds copper with a higher affinity than zinc resulting in decreased available copper 
ions (Plum et  al. 2010). A 2005 case report identified three patients with zinc- 
induced copper deficiencies exhibiting clinical symptoms of severe neutropenia, 
anemia, and peripheral neutropathy. Copper deficiency was identified by bone mar-
row biopsy and identification of high zinc levels (Willis et  al. 2005). In a more 
recent case, a patient was diagnosed with pancytopenia, low levels of all blood cells 
including red and white blood cells and platelets, secondary to hypocuprenia from 
zinc toxicity (Johnsrud et al. 2017).

Zinc has also been shown to be toxic on a cellular level specifically in the brain. 
Excess accumulation of zinc in the central nervous system (CNS) can lead to excito-
toxicity, oxidative stress, impaired energy production, and neural and glial cell death. 
Zinc-induced neurotoxicity has been implicated in a number of neurodegenerative 
disorders including epilepsy, Alzheimer’s, and Parkinson’s diseases, all of which are 
comprehensively described in (Morris and Levenson 2012; Sensi et al. 2011).

Zinc is essential for normal immune cell function and has been shown to have 
relatively low toxicity, given the rare incidences of zinc toxicity in humans. 
Nevertheless, when zinc toxicity does occur, it can be damaging to the host both at 
a cellular and systemic level.

14.5  Conclusions

The studies in this chapter have highlighted the many roles of zinc signals in immune 
cell function and inflammation. Despite the known and emerging roles of zinc 
homeostasis in proper immune cell function, zinc deficiency remains a global prob-
lem that contributes to severe immunodeficiency. Results from studies conducted in 
the last two decades have established zinc as a bona fide intracellular signaling 
molecule that modulates multiple signaling cascades within multiple cell types 
involved in innate and adaptive immune function. By doing so, zinc plays an essen-
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tial role in mediating the host response to infection and danger signals, thereby 
balancing the extent of inflammation observed both during the acute and later stages 
of damage and recovery. A prevailing theme to most studies conducted so far is that 
zinc must be present in sufficient quantities at the onset of danger to catalyze a 
robust response to control inflammation and set the stage for effective resolution. If 
this is not the case, often observed is exuberant inflammation, excessive damage, 
and poorer prognosis both in the context of acute and chronic inflammatory-based 
disease.

A great deal remains unknown regarding the actions of zinc signals in immune 
cell function and inflammation. A more in-depth understanding of cellular zinc 
homeostasis, zinc signals, and the molecular mechanisms that mediate dysfunction 
will further establish zinc as a critical micronutrient in health and disease, poten-
tially providing novel therapeutic options for patient care.
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Chapter 15
Zinc Transporters and Zinc Signaling 
in Skin Formation and Diseases

Bum-Ho Bin, Mi-Gi Lee, Takafumi Hara, Teruhisa Takagishi, 
and Toshiyuki Fukada

Abstract The skin is the first body region to manifest zinc deficiency. Recent studies 
have revealed that the zinc transporters, especially zinc importers belonging to the Zrt-
Irt-like (ZIP) family, play crucial roles in skin homeostasis. Fourteen ZIP members 
have been identified in humans, with at least 6 members being related to skin develop-
ment and maintenance. ZIP1, ZIP2, ZIP4, and ZIP10 are associated with epidermal 
morphogenesis and disorders, whereas ZIP7 and ZIP13 are essential for dermis forma-
tion and collagen metabolism. Mouse models in combination with clinical data have 
shown the molecular pathogenic mechanisms involving ZIP members. Although other 
family members have not been well studied with respect to their role in the skin, their 
direct or indirect associations are also considerable and they are believed to be drug 
targets for skin diseases. Therefore, precise analysis and understanding of ZIP family 
members are indispensable for the care and treatment of skin disorders.

Keywords Zinc transporter · Zinc signal · Skin · Epidermis · Dermis

15.1  Zinc Transporters and Zinc Signaling

Zinc is an essential mineral in the skin (Ogawa et al. 2018; Prasad 2014; Tasman- 
Jones and Kay 1975), and the skin is the first body region to manifest zinc deficiency. 
In humans, the skin has the third highest abundance of zinc among tissues and zinc 
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is the second most abundant trace element after iron (Ogawa et al. 2016, 2018). 
An adult body with an average weight of 70 kg contains between 2 and 3 g of zinc. 
Zinc is present in all tissues and liquids of the body, and its concentration is higher 
in the epidermis than in the dermis (Fig. 15.1) because it is required for active cell 
proliferation and differentiation of epidermal keratinocytes (Bin et al. 2017c, 2018a, 
c; Ogawa et al. 2019). In fact, about 10% of proteins encoded in the human genome 
including transcription factors and enzymes may have zinc-binding motifs (Andreini 
et al. 2006). In addition to these molecules, certain enzymes such as caspase and 
protein tyrosine phosphatase are sensitive to the zinc ion, which binds to the active 
center and inhibits their enzymatic activity. Moreover, CD4 and Lck cross-link via 
the zinc atom in T cells (Huse et al. 1998). Although initially considered as a com-
ponent of proteins, recent attention has been drawn to the importance of the zinc ion, 
mediated via zinc transporters, as a signaling factor (called the zinc signal), high-
lighting the importance of zinc as an integral component of the cellular response to 
environmental cues (Fukada and Kambe 2014).

As discussed in the other chapters, zinc in cells is transported by 2 distinguished 
types of transporters: the Zrt-Irt-like (ZIP) family and the ZnT family of proteins 
(Fig.  15.2) (Bin et  al. 2018c; Fukada and Kambe 2011; Hara et  al. 2017). ZnT, 
which is a zinc-exporting protein belonging to solute carrier 30A (SLC30A), car-
ries zinc from the inside of the cell to the outside, or from the cytoplasm to the 
organelle lumen. ZnT proteins generally have 6 transmembrane domains, and the 
N- and C-terminal domains are located in the cytoplasm. To date, 10 proteins 
belonging to this family, ZnT1 to ZnT10, have been identified. Like ZnT2, some 
allow the passage of zinc from the mother to the embryo or the newborn via milk; 
thus, loss of function of mutations in ZnT2 affects the zinc level in maternal breast 
milk, resulting in severe epidermal dermatitis (Golan et al. 2017; Itsumura et al. 
2013; Lee et al. 2015). In contrast, the import of zinc into cells in humans is mainly 
maintained by solute carrier 39A (SLC39A), which belongs to the ZIP family 

Epidermis

Dermis Zn

Zinc content

Fig. 15.1 Zinc content in the skin
Zinc is more abundant in the epidermis than in the dermis, which indicates that the proliferation of 
keratinocytes in the epidermis requires zinc-mediated cellular processes
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(Fukada and Kambe 2011; Hara et al. 2017). In humans, there are 14 SLC39A pro-
teins (SLC39A [or ZIP] 1–14), which have 8 transmembrane domains and their C- 
and N-terminal domains are on the extracellular side. ZIP proteins are localized in 
the plasma membrane, where they mediate the transport of zinc from the outside to 
the inside of the cells or to the membranes of intracellular organelles (where the 
transport takes place from the lumen of the organelle to the cytoplasm), resulting in 
elevated intracellular zinc levels.

The involvement of ZIP proteins in human diseases has been recently uncovered 
(Takagishi et al. 2017). For example, a nonsense mutation at the level of the gene 
coding for ZIP12 is responsible for a form of schizophrenia (Chowanadisai 2014; 
Chowanadisai et al. 2013), and hypomorphic mutations of ZIP7 are associated with 
a novel type of human immunodeficiency with agammaglobulinemia (Anzilotti 
et al. 2019). ZIP6 and ZIP10 are reported to be involved in the progression of breast 
cancer (Hashemi et al. 2007; Hwang et al. 2010; Kagara et al. 2007; Matsui et al. 
2017). In addition, recent data have suggested that several ZIP members are associ-
ated with skin disorders. In this chapter, we outline the role of ZIP family members 
in skin formation and diseases.

15.2  ZIP1

ZIP1 was isolated as a member of the IRT1 (iron regulated transporter) family of 
transporters (Lioumi et al. 1999). ZIP1 is mapped at 1q21.3 of the human chromo-
some at the telomeric end of the epidermal differentiation complex (EDC). The 
EDC contains many keratinocyte differentiation- and stratification-associated pre-
cursors such as loricrin, involucrin, and small proline-rich proteins, implying the 
involvement of ZIP1 in epidermis formation. More precisely, ZIP1 is located as 

Zn

ZIP family ZnT family 

Plasma/organelle
membrane 

Cytosol 

Lumen/extracellular Zn 

Intracellular zinc Decrease Increase 
Organelle zinc Increase Decrease

Fig. 15.2 Zinc transporter families and their contribution to zinc levels
There are 2 major zinc transporter families: SLC30A/ZnT transports zinc to the lumen or organ-
elle, whereas the SLC39A/ZIP family transports zinc to the cytosol
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telomere-ZIP1-S100A1-A13-A2-A3-A4-A5-A6-A7-A8-A12-A9-A11-A10- 
centromere. Instead, mice Zip1 is located at 3F1 of chromosome 3 between S100a9 
and S100a13, as telomere-S100a1-a8-a9-Zip1-a13-a6-a3-a4-a5-centromere. Thus, 
gene translocation has been observed in this chromosome area, and the relationship 
between ZIP1 and S100 proteins may be considerably involved in epidermal homeo-
stasis, as S100A7 (psoriasin) and S100A15 are associated with psoriasis and auto-
immune skin diseases (Wolf et al. 2008).

In situ hybridization analysis has shown that Zip1 is developmentally controlled 
during epidermal morphogenesis (Lioumi et  al. 1999). Zip1 is not expressed by 
embryonic day (E) 15.5, but its expression is apparently detected at E17.5. 
Interestingly, after birth, Zip1 expression is reduced and rarely detected at postnatal 
day 21. This expression pattern may support the vigorous cell proliferation and dif-
ferentiation during embryonic epidermal morphogenesis, as many proteins that are 
essential for DNA synthesis and cell proliferation need zinc for their functions. In 
fact, when proliferation of fibroblasts is stimulated by growth factors such as 
platelet- derived growth factor, epidermal growth factor, and insulin-like growth fac-
tor I, the labile intracellular pool of zinc is dramatically increased with the elevation 
of ZIP1 (Simpson and Xu 2006). Taken together, ZIP1 might play a crucial role in 
skin morphogenesis by regulating zinc homeostasis in the epidermis.

15.3  ZIP2

Based on a synchrotron radiation high-energy x-ray fluorescence (SR-XRF) study 
and a neutron activation analysis, the zinc level in the epidermis was reported to be 
about 6 times greater than that in the dermis (Inoue et  al. 2014). To identify the 
important ZIP proteins in this event, several ZIP proteins were analyzed and ZIP2 
was suggested to be one of the main zinc transporters in the epidermis. ZIP2 was not 
expressed in the basal layer, but accumulated in all other parts of the epidermis. After 
the induction of keratinocytes by calcium for differentiation, the ZIP2 expression was 
increased, but the expression of ZIP1 and ZIP3 was comparable. These expression 
patterns well correlated with the results of SR-XRF analysis of zinc. In addition, 
when extracellular zinc was chelated by Chelex-100, the ZIP2 expression was sig-
nificantly increased for transporting zinc to modulate the zinc balance in keratino-
cytes. Although ZIP2 is not essential in mice, Zip2 knockout mice showed epidermal 
blistering under zinc deficiency during early embryogenesis (Peters et al. 2007).

15.4  ZIP4

ZIP4 is produced by the slc39A4 gene located on chromosome 8 in 8q24 (Kury 
et al. 2002; Nakano et al. 2003). ZIP4 has been shown to be a key importer of zinc 
in intestinal cells such as enterocytes of the intestine and visceral endoderm 
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(Kambe and Andrews 2009; Wang et al. 2004). ZIP4, as other ZIP family mem-
bers, contains 8 transmembrane domains organized into 2 blocks of 3 and 5, which 
are separated by a histidine-rich cytoplasmic metal-binding site. ZIP4 possesses a 
long N-terminus facing the opposite side of the cytoplasm, with about 340 amino 
acids. During zinc deficiency, the N-terminus is cleaved by an unknown mecha-
nism, and this seems to contribute to the plasma localization of ZIP4 in intestinal 
cells to increase the zinc uptake. ZIP4 was discovered when mutations were linked 
to the human genetic disease acrodermatitis enteropathica (AE) (Andrews 2008; 
Hurley et al. 1979; Maverakis et al. 2007; Michaelsson 1990; Tucker et al. 1976; 
Walravens et al. 1978). First described by Brandt in 1936 and named by Danbolt, 
AE is also known as Danbolt-Closs syndrome. This disease is due to an autosomal 
recessive mutation in ZIP4, causing a disruption of its transport function and a 
reduction in zinc absorption. AE usually occurs during maternal weaning. Dozens 
of pathogenic mutations have been identified in ZIP4. Some of them prohibit the 
proper cleavage of the N-terminus, leading to abnormal cellular distribution. 
Others lead to low expression, causing defects in zinc uptake. As a result, patients 
with AE require daily zinc supplements throughout their lives. As zinc supple-
ments can address the problem of these patients, it is obvious that there are other 
transport mechanisms, although less effective, in the enterocytes. In fact, entero-
cytes increase the expression of ZIP4 when food intake is low, with ZIP4 more 
localized in the apical membrane with the cleavage of the N-terminus. This 
increases the zinc acquisition from the diet.

In mice fed a zinc-deficient diet, ZIP4 is overexpressed in the small intestine; 
however, its expression decreases after zinc supplementation (Andrews 2008; 
Dufner-Beattie et al. 2003, 2007; Geiser et al. 2012). These results suggest that the 
regulation of ZIP4 is essential for zinc uptake and plays a role in zinc homeostasis 
by increasing the ZIP4 expression when the zinc intake is limited or decreasing. As 
both ZIP2 and ZIP4 are overexpressed in the case of zinc deficiency, a common 
regulatory mechanism is likely responsible for this response.

Recent studies have demonstrated that human ZIP4 is also expressed in the 
epidermal keratinocytes to transport zinc into the cytoplasm (Bin et  al. 2017a). 
ZIP4 expression is enriched in proliferative and undifferentiated epidermal kerati-
nocytes in the basal layer of the epidermis, like the expression of zinc-dependent 
protein metallothionein (MT), implying that ZIP4 is involved in the zinc homeo-
stasis of the basal layer. Zinc-binding master transcription factor ΔNp63 is also 
expressed in the basal layer for epidermal homeostasis. When ZIP4 is depleted, the 
ΔNp63 activity is decreased, resulting in epidermal malformation (Fig.  15.3). 
ΔNp63 is one of the variants of p63 that lacks the N-terminal transactivation 
domain, and it possesses Cys205 as an essential residue for zinc-dependent regula-
tion. Mutations in Cys205 lead to abnormal nuclear localization of ΔNp63, and to 
loss of its functions. Taken together,  ZIP4- mediated zinc homeostasis is essential 
for epidermal formation by supporting the ΔNp63 activity. 
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15.5  ZIP7

ZIP7 is especially localized in the endoplasmic reticulum (ER) of almost all tissues 
and is believed to play a role as a zinc transporter (Hogstrand et al. 2009; Taylor 
et al. 2012). Zinc is released by ZIP7 through the phosphorylation of ZIP7 by an 
important enzyme called casein kinase 2. This enzyme stimulates the discharge of 
zinc ions from the ER, which provides a signal transduction pathway. The result of 
this pathway contributes to the activation of the receptors present in the cell surface, 
such as epidermal growth factor.

ZIP7 transporters have important roles in the growth of the dermis (Bin et al. 
2017b). ZIP7 deletion under the control of the collagen 1 promoter in mice leads to 
dysgenesis of the dermis due to loss of collagen 1-producing cells. ZIP7 is expressed 
in cells of mesenchymal origin, such as fibroblasts. When ZIP7 is depleted, the ER 
stress is greatly increased, leading to induction of cell death (Fig. 15.4). In the ER, 
protein disulfide isomerases (PDIs) are highly accumulated to mediate proper pro-
tein folding by facilitating disulfide bonding via a cysteine-rich motif. ZIP7 nor-
mally exports zinc from the luminal side of the ER to the cytoplasm. However, when 
ZIP7 loses its function, zinc accumulates within the luminal side of the ER, leading 
to an increase in the luminal zinc level within the ER. This then results in zinc- 
dependent aggregation of PDIs, probably via cysteine residues. Subsequently, ER 
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Fig. 15.3 ZIP4 supports p63 activity for epidermal homeostasis
ZIP4 supplies zinc for p63 activity. ZIP4 mutation leads to zinc deficiency, resulting in improper 
functioning of p63 and thus inducing epidermal disorders such as acrodermatitis enteropathica 
(AE). Zinc is depicted as yellow circles. (Modified from Bin et al. 2017a)
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dysfunction occurs, resulting in unfolded protein responses including apoptosis. 
Therefore, the source of cell numbers for collagen production is reduced in a ZIP7- 
deficient dermis. Most recently, a novel type of immune-deficient disorder caused 
by hypomorphic mutations of ZIP7 was identified, which affected not only B-cell- 
mediated immunity but also skin formation (Anzilotti et  al. 2019; Fukada et  al. 
2019). Interestingly, the hypomorphic ZIP7 mutants impaired the B-cell antigen 
receptor signaling pathways, but did not increase ER stress, indicating that ZIP7 is 
involved in multiple regulatory systems that participate in physiological events.

15.6  ZIP10

ZIP10 is widely expressed but particularly highly in lymphocytes such as B-cells, as 
ZIP10 plays a role in B-cell development and functions (Hojyo et al. 2014; Miyai 
et al. 2014). In addition, ZIP10 is also expressed in epithelial tissues, predominantly 
in the hair follicles, and is necessary for epidermis formation (Bin et al. 2017c).

During mouse embryo development, the ZIP10 expression patterns are similar to 
those of MT.  Its expression is accumulated within hair follicles, which contain 
diverse epidermal stem cells, indicating the involvement of ZIP10 in epidermal mor-
phogenesis. ZIP10 depletion in mice epidermis causes significant defects in epider-
mis formation. The mice show a partially distinctly formed epidermis, in that the 
dorsal epidermis progresses to stratification, but is very thin compared with normal 
epidermis, whereas the ventral epidermis has an entirely undifferentiated epithe-
lium. This might be the result of the relatively different speeds of epidermis forma-
tion in each body part. ZIP10 expression is detected in the embryo from E15, and is 
extremely elevated until just before birth. At E15, almost every basal epithelium is 
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Fig. 15.4 Schematic 
model for the role of 
ZIP7 in mesenchymal stem 
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When ZIP7 is dysregulated 
(right), the endoplasmic 
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zinc level is increased, 
which accelerates the 
zinc- dependent 
aggregation of protein 
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(PDIs), causing ER 
dysfunction and finally 
inducing unfolded protein 
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apoptosis. (Modified from 
Bin et al. 2017b)
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ready for differentiation. Thus, ZIP10 is not essential for basal epithelium forma-
tion. Instead, from E15, vigorous cell proliferation and stratification need to prog-
ress for epidermis formation. During this period, ZIP10 seems to supply zinc to 
those cells. In fact, ZIP10-positive cells in mouse epidermis show a high association 
with p63-depedent genes that are crucial for epidermis differentiation and stratifica-
tion, implying the cooperation between ZIP10 and p63 for epidermal morphogene-
sis. Interestingly, ZIP10-positive cells are high in lgr6 expression and low in gli1 
expression such that they serve as epidermal stem cell markers. When the epidermis 
is injured, ZIP10 expression increases, suggesting that ZIP10 may mark epidermal 
stem cell subsets. As ZIP4 supports the ΔNp63 activity, ZIP10 is also a crucial part-
ner for the p63 activity during epidermal morphogenesis. ZIP10 overexpression 
upregulates the expression of p63-dependent genes, whereas ZIP10 depletion down-
regulates their expression. Moreover, during epidermal morphogenesis, from E14, 
both ZIP10 and p63 are greatly increased, implying that more zinc will be needed 
during this period for proper functioning of p63. Therefore, the zinc-ZIP10-p63 axis 
is crucial for epidermal morphogenesis in the embryo.

ZIP10 may support diverse protein functions. Recent data have demonstrated 
that ZIP10 is involved in the activities of epigenetic enzymes (Fig. 15.5). ZIP10 
depletion in reconstituted human skin equivalent reconstructed from keratinocytes 
results in the downregulation of the activity of the histone acetyltransferases (HATs) 
(Bin et al. 2018b). HATs induce the acetylation of histones to open the chromosome 
to initiate the transcription of genes such as FLG and MT for epidermal homeosta-
sis. Therefore, ZIP10 is essential for the coordinated actions of transcription factors 
and epigenetic enzymes for proper epidermal morphogenesis and homeostasis.
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Fig. 15.5 Schematic model for the role of ZIP10 in human epidermal homeostasis
ZIP10 mediates zinc influx into the cytoplasm, affecting the activity of transcription factors 
(TFs) including p63 and epigenetic enzymes such as histone acetyltransferases (HATs). The 
cooperation of ZIP10 with HATs and TFs is essentially involved in epidermal morphogenesis 
and homeostasis. HDAC histone deacetylase
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15.7  ZIP13

ZIP13 is located in the perinuclear zone of cells. ZIP13 is mainly located in the 
Golgi apparatus in fibroblasts and osteoblasts, suggesting that this protein functions 
as an intracellular zinc transporter similar to another intracellular ZIP member, like 
ZIP7 (Bin et al. 2011; Fukada et al. 2008). ZIP13 is associated with Ehlers-Danlos 
syndrome spondylodysplastic type 3 (EDSSPD3; OMIM # 612350) (Fukada et al. 
2008; Giunta et  al. 2008). Patients with general Ehlers-Danlos syndrome (EDS) 
show disorders in connective tissues with hyperelastic and translucent skin and 
hypermobile fingers, as pathogenic mutations occur in diverse fibrous proteins and 
enzymes involved in collagen production. Although patients with EDSSPD3 show 
similar signs and symptoms to those with general EDS, no apparent mutations in 
those proteins have been reported. Instead, to date, 2 mutations have been identified 
from patients with EDSSPD3: G64D and ΔFLA in the SLC39A13 gene, which 
encodes the ZIP13 protein (Fukada et al. 2008; Giunta et al. 2008). These 2 muta-
tions reduce the protein stability and lead to rapid protein degradation via an 
ER-associated degradation pathway, resulting in loss of function (Bin et al. 2011, 
2014a, b). Two molecules (valosine-containing protein and heat shock protein 90) 
that bind to the ZIP13 mutant have been identified, and they are involved in protein 
degradation for the transfer of ZIP13 to the proteasome machinery. Loss of function 
of ZIP13 reduces the cytoplasmic zinc level and causes dysgenesis of the dermis 
due to defects in collagen production. ZIP13-null mice also show identical pheno-
types to those of patients with EDSSPD3, including thin and weak dermis and 
growth retardation. Further analysis has demonstrated that the transforming growth 
factor-β signaling pathway, the major collagen production pathway in the dermis, is 
blocked by the irregularity of the nuclear translocation of SMAD transcription fac-
tors (Fukada et al. 2008). SMAD is a zinc finger transcription factor that needs zinc 
to bind to the promoter region of the collagen gene (Col). Reduced cytoplasmic zinc 
level in ZIP13-mutated or ZIP13- depleted fibroblasts may contribute to the dys-
regulation of SMAD by inhibiting the proper zinc distribution to SMAD; however, 
the precise molecular mechanism of how ZIP13 controls the nuclear translocation 
of SMAD is still unclear.

As discussed in Chap. 12, ZIP13 is also involved in adipocyte browning in the 
hypodermis, which is the lowest layer of the skin (Fukunaka et al. 2017). Patients 
with EDSSPD3 show lipoatrophy (Fukada et al. 2008), and in an animal model 
analysis using ZIP13-null mice, the stability of the CCAAT/enhancer binding 
protein-β (C/EBP- β), which is associated with the dominant transcriptional co-
regulator PR domain containing 16 in directing adipocyte lineage processing, is 
regulated by ZIP13- mediated zinc. Although the precise mechanism underlying 
the association between ZIP13 and C/EBP-β is still unclear, there is no doubt that 
ZIP13 is a molecule that regulates the zinc homeostasis of both the dermis and 
the hypodermis.
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15.8  Other ZIP Family Members

ZIP8 deletion reduces the MT (Mt1) expression as a consequence of decreased 
intracellular zinc levels, and increases the responses of pro-inflammatory cytokines 
such as tumor necrosis factor-α and interleukin-1β by inhibiting the nuclear 
factor-κB pathway through zinc-mediated downmodulation of IκB kinase activity 
(Liu et  al. 2013). Because immune responses can affect skin development and 
homeostasis, it is possible that ZIP8 might indirectly influence skin development 
and homeostasis. As ZIP14 expression is changed by inflammatory signaling path-
ways (Aburto-Luna et al. 2017; Galvez-Peralta et al. 2014; Sayadi et al. 2013) and 
its expression is altered by ER stress in mesenchymal stem cells (Bin et al. 2017b; 
Homma et al. 2013), ZIP14 may be involved in human skin pathophysiology under 
certain stress signaling pathways.

15.9  Conclusion

The ZIP members mentioned in this chapter have clear involvements in skin health 
and diseases. Therefore, further investigations will be needed to gain a precise 
understanding of zinc regulation in the skin, as well as to sufficiently elucidate the 
association of the remaining members with skin development and homeostasis. 
Because zinc transporters are related to diverse cellular events including immune 
responses, organ homeostasis, and aging, which can also affect the skin condition, 
the indirect involvements of zinc transporters could be considerable.

Such observations and speculations emphasize the importance of considering 
zinc transporters as drug targets in skin-related diseases and of understanding the 
mechanisms by which zinc transporters control the skin homeostasis, so as to fully 
understand the roles of zinc transporter-mediated zinc signals in the regulation of 
normal skin and disease conditions.

References

Aburto-Luna V, Trevino S, Santos-Lopez G et  al (2017) Hepatic mobilization of zinc after an 
experimental surgery, and its relationship with inflammatory cytokines release, and expression 
of metallothionein and Zip14 transporter. Inflamm Res 66(2):167–175

Andreini C, Banci L, Bertini I, Rosato A (2006) Counting the zinc-proteins encoded in the human 
genome. J Proteome Res 5(1):196–201

Andrews GK (2008) Regulation and function of Zip4, the acrodermatitis enteropathica gene. 
Biochem Soc Trans 36(Pt 6):1242–1246

Anzilotti C, Swan DJ, Boisson B et al (2019) An essential role for the Zn(2+) transporter ZIP7 in 
B cell development. Nat Immunol 20(3):350–361

Bin BH, Fukada T, Hosaka T et al (2011) Biochemical characterization of human ZIP13 protein: 
a homo-dimerized zinc transporter involved in the spondylocheiro dysplastic Ehlers-Danlos 
syndrome. J Biol Chem 286(46):40255–40265

B.-H. Bin et al.



315

Bin BH, Hojyo S, Hosaka T et al (2014a) Molecular pathogenesis of spondylocheirodysplastic 
Ehlers-Danlos syndrome caused by mutant ZIP13 proteins. EMBO Mol Med 6(8):1028–1042

Bin BH, Hojyo S, Ryong Lee T, Fukada T (2014b) Spondylocheirodysplastic Ehlers-Danlos syn-
drome (SCD-EDS) and the mutant zinc transporter ZIP13. Rare Dis 2(1):e974982

Bin BH, Bhin J, Kim NH et al (2017a) An acrodermatitis enteropathica-associated Zn transporter, 
ZIP4, regulates human epidermal homeostasis. J Invest Dermatol 137(4):874–883

Bin BH, Bhin J, Seo J et al (2017b) Requirement of zinc transporter SLC39A7/ZIP7 for dermal 
development to fine-tune endoplasmic reticulum function by regulating protein disulfide isom-
erase. J Invest Dermatol 137(8):1682–1691

Bin BH, Bhin J, Takaishi M et al (2017c) Requirement of zinc transporter ZIP10 for epidermal 
development: implication of the ZIP10-p63 axis in epithelial homeostasis. Proc Natl Acad Sci 
U S A 114(46):12243–12248

Bin BH, Hojyo S, Seo J et al (2018a) The role of the Slc39a family of zinc transporters in zinc 
homeostasis in skin. Nutrients 10(2):219

Bin BH, Lee SH, Bhin J et al (2018b) The epithelial zinc transporter ZIP10 epigenetically regulates 
human epidermal homeostasis by modulating histone acetyltransferase activity. Br J Dermatol 
180(4):869–880

Bin BH, Seo J, Kim ST (2018c) Function, structure, and transport aspects of ZIP and ZnT zinc 
transporters in immune cells. J Immunol Res 2018:9365747

Chowanadisai W (2014) Comparative genomic analysis of slc39a12/ZIP12: insight into a zinc 
transporter required for vertebrate nervous system development. PLoS One 9(11):e111535

Chowanadisai W, Graham DM, Keen CL, Rucker RB, Messerli MA (2013) Neurulation and 
neurite extension require the zinc transporter ZIP12 (slc39a12). Proc Natl Acad Sci U S A 
110(24):9903–9908

Dufner-Beattie J, Wang F, Kuo YM, Gitschier J, Eide D, Andrews GK (2003) The acrodermati-
tis enteropathica gene ZIP4 encodes a tissue-specific, zinc-regulated zinc transporter in mice. 
J Biol Chem 278(35):33474–33481

Dufner-Beattie J, Weaver BP, Geiser J et al (2007) The mouse acrodermatitis enteropathica gene 
Slc39a4 (Zip4) is essential for early development and heterozygosity causes hypersensitivity to 
zinc deficiency. Hum Mol Genet 16(12):1391–1399

Fukada T, Kambe T (2011) Molecular and genetic features of zinc transporters in physiology and 
pathogenesis. Metallomics 3(7):662–674

Fukada T, Kambe T (eds) (2014) Zinc signals in cellular functions and disorders. Springer, Tokyo
Fukada T, Civic N, Furuichi T et al (2008) The zinc transporter SLC39A13/ZIP13 is required for 

connective tissue development; its involvement in BMP/TGF-beta signaling pathways. PLoS 
One 3(11):e3642

Fukada T, Hojyo S, Hara T, Takagishi T (2019) Revisiting the old and learning the new of zinc in 
immunity. Nat Immunol 20(3):248–250

Fukunaka A, Fukada T, Bhin J et al (2017) Zinc transporter ZIP13 suppresses beige adipocyte 
biogenesis and energy expenditure by regulating C/EBP-β expression. PLoS Genet 13(8): 
e1006950

Galvez-Peralta M, Wang Z, Bao S, Knoell DL, Nebert DW (2014) Tissue-specific induction of 
mouse ZIP8 and ZIP14 divalent cation/bicarbonate symporters by, and cytokine response to, 
inflammatory signals. Int J Toxicol 33(3):246–258

Geiser J, Venken KJ, De Lisle RC, Andrews GK (2012) A mouse model of acrodermatitis entero-
pathica: loss of intestine zinc transporter ZIP4 (Slc39a4) disrupts the stem cell niche and intes-
tine integrity. PLoS Genet 8(6):e1002766

Giunta C, Elcioglu NH, Albrecht B et al (2008) Spondylocheiro dysplastic form of the Ehlers- 
Danlos syndrome--an autosomal-recessive entity caused by mutations in the zinc transporter 
gene SLC39A13. Am J Hum Genet 82(6):1290–1305

Golan Y, Kambe T, Assaraf YG (2017) The role of the zinc transporter SLC30A2/ZnT2 in transient 
neonatal zinc deficiency. Metallomics 9(10):1352–1366

Hara T, Takeda TA, Takagishi T, Fukue K, Kambe T, Fukada T (2017) Physiological roles of 
zinc transporters: molecular and genetic importance in zinc homeostasis. J  Physiol Sci 
67(2):283–301

15 Zinc Transporters and Zinc Signaling in Skin Formation and Diseases



316

Hashemi M, Ghavami S, Eshraghi M, Booy EP, Los M (2007) Cytotoxic effects of intra and extra-
cellular zinc chelation on human breast cancer cells. Eur J Pharmacol 557(1):9–19

Hogstrand C, Kille P, Nicholson RI, Taylor KM (2009) Zinc transporters and cancer: a potential 
role for ZIP7 as a hub for tyrosine kinase activation. Trends Mol Med 15(3):101–111

Hojyo S, Miyai T, Fujishiro H et  al (2014) Zinc transporter SLC39A10/ZIP10 controls 
humoral immunity by modulating B-cell receptor signal strength. Proc Natl Acad Sci U S A 
111(32):11786–11791

Homma K, Fujisawa T, Tsuburaya N et al (2013) SOD1 as a molecular switch for initiating the 
homeostatic ER stress response under zinc deficiency. Mol Cell 52(1):75–86

Hurley LS, Lonnerdal B, Stanislowski AG (1979) Zinc citrate, human milk, and acrodermatitis 
enteropathica. Lancet 1(8117):677–678

Huse M, Eck MJ, Harrison SC (1998) A Zn2+ ion links the cytoplasmic tail of CD4 and the 
N-terminal region of Lck. J Biol Chem 273(30):18729–18733

Hwang JJ, Kim HN, Kim J et al (2010) Zinc(II) ion mediates tamoxifen-induced autophagy and 
cell death in MCF-7 breast cancer cell line. Biometals 23(6):997–1013

Inoue Y, Hasegawa S, Ban S et al (2014) ZIP2 protein, a zinc transporter, is associated with kera-
tinocyte differentiation. J Biol Chem 289(31):21451–21462

Itsumura N, Inamo Y, Okazaki F et al (2013) Compound heterozygous mutations in SLC30A2/
ZnT2 results in low milk zinc concentrations: a novel mechanism for zinc deficiency in a 
breast-fed infant. PLoS One 8(5):e64045

Kagara N, Tanaka N, Noguchi S, Hirano T (2007) Zinc and its transporter ZIP10 are involved in 
invasive behavior of breast cancer cells. Cancer Sci 98(5):692–697

Kambe T, Andrews GK (2009) Novel proteolytic processing of the ectodomain of the zinc trans-
porter ZIP4 (SLC39A4) during zinc deficiency is inhibited by acrodermatitis enteropathica 
mutations. Mol Cell Biol 29(1):129–139

Kury S, Dreno B, Bezieau S et al (2002) Identification of SLC39A4, a gene involved in acroder-
matitis enteropathica. Nat Genet 31(3):239–240

Lee S, Hennigar SR, Alam S, Nishida K, Kelleher SL (2015) Essential role for zinc transporter 2 
(ZnT2)-mediated zinc transport in mammary gland development and function during lactation. 
J Biol Chem 290(21):13064–13078

Lioumi M, Ferguson CA, Sharpe PT et  al (1999) Isolation and characterization of human and 
mouse ZIRTL, a member of the IRT1 family of transporters, mapping within the epidermal 
differentiation complex. Genomics 62(2):272–280

Liu MJ, Bao S, Galvez-Peralta M et al (2013) ZIP8 regulates host defense through zinc-mediated 
inhibition of NF-kappaB. Cell Rep 3(2):386–400

Matsui C, Takatani-Nakase T, Hatano Y, Kawahara S, Nakase I, Takahashi K (2017) Zinc and its 
transporter ZIP6 are key mediators of breast cancer cell survival under high glucose conditions. 
FEBS Lett 591(20):3348–3359

Maverakis E, Fung MA, Lynch PJ et al (2007) Acrodermatitis enteropathica and an overview of 
zinc metabolism. J Am Acad Dermatol 56(1):116–124

Michaelsson G (1990) Acrodermatitis enteropathica: zinc in epidermis in relation to changes in 
dosage of zinc. Acta Derm Venereol 70(1):90–91

Miyai T, Hojyo S, Ikawa T et al (2014) Zinc transporter SLC39A10/ZIP10 facilitates antiapoptotic 
signaling during early B-cell development. Proc Natl Acad Sci U S A 111(32):11780–11785

Nakano A, Nakano H, Nomura K, Toyomaki Y, Hanada K (2003) Novel SLC39A4 mutations in 
acrodermatitis enteropathica. J Invest Dermatol 120(6):963–966

Ogawa Y, Kawamura T, Shimada S (2016) Zinc and skin biology. Arch Biochem Biophys 
611:113–119

Ogawa Y, Kinoshita M, Shimada S, Kawamura T (2018) Zinc and skin disorders. Nutrients 
10(2):199

Ogawa Y, Kinoshita M, Shimada S, Kambe T, Kawamura T (2019) Zinc transporters in the epider-
mis. J Dermatol 46(7):e243–e245

B.-H. Bin et al.



317

Peters JL, Dufner-Beattie J, Xu W et al (2007) Targeting of the mouse Slc39a2 (Zip2) gene reveals 
highly cell-specific patterns of expression, and unique functions in zinc, iron, and calcium 
homeostasis. Genesis 45(6):339–352

Prasad AS (2014) Impact of the discovery of human zinc deficiency on health. J Trace Elem Med 
Biol 28(4):357–363

Sayadi A, Nguyen AT, Bard FA, Bard-Chapeau EA (2013) Zip14 expression induced by lipopoly-
saccharides in macrophages attenuates inflammatory response. Inflamm Res 62(2):133–143

Simpson M, Xu Z (2006) Increased abundance of labile intracellular zinc during cell proliferation 
was due to increased retention of extracellular zinc in 3T3 cells. J Nutr Biochem 17(8):541–547

Takagishi T, Hara T, Fukada T (2017) Recent advances in the role of SLC39A/ZIP zinc transport-
ers in vivo. Int J Mol Sci 18(12)

Tasman-Jones C, Kay RG (1975) Letter: zinc deficiency and skin lesions. N Engl J Med 293(16):830
Taylor KM, Hiscox S, Nicholson RI, Hogstrand C, Kille P (2012) Protein kinase CK2 triggers cyto-

solic zinc signaling pathways by phosphorylation of zinc channel ZIP7. Sci Signal 5(210):ra11
Tucker SB, Schroeter AL, Brown PW Jr, McCall JT (1976) Acquired zinc deficiency. Cutaneous 

manifestations typical of acrodermatitis enteropathica. JAMA 235(22):2399–2402
Walravens PA, Hambidge KM, Neldner KH et al (1978) Zinc metabolism in acrodermatitis entero-

pathica. J Pediatr 93(1):71–73
Wang F, Kim BE, Dufner-Beattie J, Petris MJ, Andrews G, Eide DJ (2004) Acrodermatitis entero-

pathica mutations affect transport activity, localization and zinc-responsive trafficking of the 
mouse ZIP4 zinc transporter. Hum Mol Genet 13(5):563–571

Wolf R, Howard OM, Dong HF et al (2008) Chemotactic activity of S100A7 (Psoriasin) is medi-
ated by the receptor for advanced glycation end products and potentiates inflammation with 
highly homologous but functionally distinct S100A15. J Immunol 181(2):1499–1506

15 Zinc Transporters and Zinc Signaling in Skin Formation and Diseases



319© Springer Nature Singapore Pte Ltd. 2019
T. Fukada, T. Kambe (eds.), Zinc Signaling, 
https://doi.org/10.1007/978-981-15-0557-7_16

Chapter 16
Post-translational Mechanisms of Zinc 
Signalling in Cancer

Thirayost Nimmanon and Kathryn M. Taylor

Abstract Three groups of proteins are actively involved in the control of intracel-
lular zinc, consisting of ZIP channels (SLC39A), ZnT transporters (SLC30A), and 
metallothioneins. Malfunctions of many zinc transport proteins, especially those 
belonging to the ZIP family which increase cytosolic zinc availability, have been 
associated with cancer. Importantly, post-translational modifications have been 
reported to play an increasing role in the functional control of ZIP channels. In this 
chapter, we therefore detail the established role of zinc signalling in cancer, with an 
emphasis on breast cancer, as well as demonstrate effects of post-translational mod-
ifications by phosphorylation and proteolytic cleavage.

Keywords Cancer · SLC39A · SLC30A · SLC39A7 · SLC39A6 · SLC39A10 · 
ZIP channels · ZnT transporters · Phosphorylation · Proteolytic cleavage

16.1  Introduction

The importance of zinc in human health and diseases cannot be overstated, as has 
previously and only partially been described in this book. The human body has 
approximately 2 g or 30 mmol of zinc, with 60% of total body zinc contained in the 
skeletal muscle (King et al. 2000), and the highest zinc concentration in the choroid 
and the prostatic secretion (FAO/WHO 2002). Amongst all the metals, only zinc 
associates with all the 6 enzyme classes (Vallee and Galdes 1984). Furthermore, 
10% of human protein has been designated as zinc protein, according to a bioinfor-
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matics approach (Andreini et al. 2006, Passerini et al. 2007). Not surprisingly, zinc 
is involved in numerous physiological processes (Kambe et al. 2015), as evidently 
supported by disturbances of multiple human organ systems in people with severe 
zinc deficiency (Hambidge 2000), the severest end of the spectrum of which is called 
acrodermatitis enteropathica (Moynahan 1974). Despite much advancement of the 
insight into pathogenesis of zinc deficiency, this condition has still been reported to 
have relatively high prevalence worldwide, with 17.3% of the population estimated 
to be at risk (Wessells and Brown 2012). Given the high impact on the public health 
globally of either subclinical or clinical zinc deficiency and the lack of a dependable 
diagnostic techniques, zinc is reasonably referred to as a micronutrient of remark-
able biological and epidemiological significance (Hambidge and Krebs 2007).

Zinc helps to maintain human health in various ways. Zinc is dispensable for the 
immune system, both innate and adaptive (Haase and Rink 2014, Bonaventura et al. 
2015), the antioxidant mechanism (Oteiza 2012) and the wound-healing process 
(Lansdown et al. 2007), with intrinsic anti-bacterial (David 2012) and anti-fungal 
(Reeder et  al. 2011) properties. As such, different forms of zinc are included in 
dietary supplements (Schwingshackl et  al. 2015), topical therapeutic preparations 
(Sadeghian et al. 2011), and even anti-dandruff shampoos (Schwartz et al. 2013). 
Zinc supplementation has also been proved to prevent underweight and growth stunt-
ing in children prone to have zinc deficiency (Brown et al. 2002), quicken recovery 
time of acute diarrhoea (Walker et al. 2015) and common cold (Fashner et al. 2012), 
and halt progression of early stages of age-related macular degeneration (Lawrenson 
and Grzybowski 2015). It is therefore apparent that zinc plays substantial roles in 
both the homeostasis of the human body and the battle against various diseases.

Zinc actively participates in multiple biochemical mechanisms (Hambidge and 
Krebs 2007; FAO/WHO 2002). Furthermore, zinc helps the body to fight against 
invaders through its involvement in the immune system (Haase and Rink 2014), 
protects cells from oxidative damage through its pro-antioxidant properties (Maret 
2008), and modulates human brain functions through its action as a neuromodulator 
in zincergic neurons (Takeda et al. 2013; Kay and Tóth 2008). Additionally, it has 
been demonstrated in mast cells (Yamasaki et al. 2007), Chinese hamster ovary cells 
(Pandey et al. 2010), and breast cancer cells (Taylor et al. 2012) that zinc also func-
tions as a second messenger, satisfying at least four out of five criteria for a second 
messenger proposed by Sutherland (Sutherland et al. 1968; Aley et al. 2013). In 
breast cancer cells, zinc is released from the stores after cellular exposure to an 
extracellular first messenger, either zinc plus the zinc ionophore pyrithione or epi-
dermal growth factor (EGF) plus the calcium ionophore ionomycin, producing a 
zinc wave (Taylor et al. 2012). Consequentially, the released zinc acts as a second 
messenger, mediating phosphorylation on ERK1/2 and AKT (Taylor et al. 2012) 
through its inhibitory action on protein tyrosine phosphatases (Wilson et al. 2012). 
Since zinc is a second messenger, zinc-mediated cellular effects can now be 
observed in the time scale of minutes, independently of its transcriptional roles, 
which may take hours or days (Hirano et al. 2008). Following this remarkable role 
of zinc, the importance of zinc signalling in pathogenesis of human diseases, includ-
ing carcinogenesis, has increasingly been unravelled.
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16.2  Control of Intracellular Zinc Level

Intracellular zinc homeostasis is stringently regulated, given that too much zinc 
results in apoptosis or necrosis (Kim et al. 1999), whereas too little zinc results in 
cell growth arrest (MacDonald 2000) or apoptosis (Fraker 2005). This regulation is 
carried out by three families of proteins: ZIP channels or zinc importers (SLC39A), 
ZnT transporters or zinc exporters (SLC30A), and zinc-binding proteins, particu-
larly metallothioneins (Lichten and Cousins 2009). ZIP channels increase zinc bio-
availability by importing zinc from the extracellular space or the intracellular stores 
into the cytosol (Kambe et  al. 2015) through an as-yet-unknown mechanism, 
although phosphorylation (Taylor et al. 2012) and heterodimerisation (Hogstrand 
et al. 2013) have been reported for some ZIP channels. In contrast, ZnT transport-
ers, functioning as Zn2+/H+ exchangers (Ohana et  al. 2009), counterbalance ZIP 
channels by mobilising zinc in the opposite direction (Kambe et  al. 2015). 
Metallothioneins substantially participate in the control of intracytosolic free zinc 
levels through a zinc-buffering reaction under a steady state and a zinc-muffling 
reaction upon zinc flux into the cytosol (Colvin et al. 2010). Metallothioneins are so 
efficient that cytosolic free zinc levels are maintained within a narrow range of high 
pM to low nM (Krezel and Maret 2006).

Experimental data performed in cortical neuronal cells have proposed a “muf-
fler” model, which incorporated into the equations a protein that has high affinity 
for zinc ions and deep cellular stores where zinc is sequestrated and released upon 
activation (Colvin et al. 2008). This model strongly supports the capability of zinc 
to act as a second messenger, given that zinc is stored intracellularly, released upon 
activation, and initiates intracytosolic phosphorylation signalling cascades (Taylor 
et al. 2012). This model also underlines the key role of ZIP channels located in the 
intracellular zinc stores in zinc homeostasis. In light of the muffler model (Colvin 
et al. 2010), when zinc ions are transported in to a cell, they are immediately muf-
fled by the metallothioneins and shuttled to the stores such as the ER. When the cell 
is exposed to an extracellular stimulus, organellar ZIP channels are activated, mobil-
ising zinc ions from the stores into the cytosol where phosphorylation cascades 
commence.

16.3  Classification and Predicted Membrane Topology 
of Zinc Transport Proteins

Much scientific data have been reported concerning the association of ZIP channels 
and their post-translational modifications with cancer. These channels, particularly 
those belonging to the LIV-1 subfamily, will therefore be the main focus of this 
chapter.

16 Post-translational Mechanisms of Zinc Signalling in Cancer
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16.3.1  ZIP Channels

A variety of evidence supports that ZIP proteins can act as ion channels. Firstly, they 
are responsible for bringing zinc down the transmembrane concentration gradient to the 
cytosol, which contains a negligible amount of zinc ions (Alam and Kelleher 2012), 
though it is never really negligible with regard to their impact on cellular physiology 
(Maret 2013). Secondly, ZIPB, a ZIP homolog from the bacteria Bordetella bronchi-
septica, is molecularly characterised as a non-saturable ion- selective electro-diffusional 
channel responsible for passive cellular uptake of zinc (Lin et al. 2010), supporting the 
biochemical properties of an ion channel (Nelson and Cox 2013). However, the exact 
mechanism of ZIP channel-mediated zinc transport is relatively obscure with no sup-
porting data from investigations using electrophysiological methods such as a patch 
clamp technique (Kornreich 2007). Because of these collective data, ZIP transport pro-
teins are referred to as ZIP channels in this chapter.

Fourteen human proteins have been identified as ZIP channels, which are phylo-
genetically divided into four subfamilies of ZIP channels: gufA (ZIP11), subfamily 
I (ZIP9), subfamily II (ZIP1-3), and the LIV-1 subfamily (ZIP4-8, ZIP8, ZIP10, and 
ZIP12-14, also previously called LZT) (Taylor et al. 2007; Taylor and Nicholson 
2003). ZIP7 is exceptionally located in the ER, and ZIP9, ZIP11, and ZIP13 are 
found in the Golgi, whilst all the other ZIP channels are known to reside on the 
plasma membrane (Fukada and Kambe 2011). Structurally, computational analysis 
has predicted that all ZIP channels have 8 transmembrane domains (TM) with a 
long extracytosolic N-terminus, a short extracytosolic C-terminus, and a long vari-
able intracytosolic loop between TM3 and TM4, which is histidine-rich and thereby 
supposedly zinc-binding (Guerinot 2000) (Fig. 16.1).

Many members of the LIV-1 subfamily have two extra histidine-rich regions at 
the long extracytosolic N-terminus and the extracytosolic loop between TM2 and 
TM3 (Taylor and Nicholson 2003). Importantly, all the LIV-1 subfamily members 
contain within TM5 a HEXPHEXGD sequence (H, histidine; E, glutamate; P, pro-
line; D, aspartate; G, glycine; and X, any amino acid), a consensus motif that is 
detected only in this subfamily and predicted to be a catalytic zinc-binding site 
(Taylor and Nicholson 2003) because of its sequence similarity to a zinc-binding 
region in zinc metallopeptidases (zincins) (Hooper 1994). In fact, this region has 
long been thought to contribute to selective zinc transport (Guerinot 2000), and this 
was further confirmed by the capability of ZIP8 and ZIP14, which have the initial 
histidine residue in this motif changed to a glutamate (E) residue (Taylor et  al. 
2007), to also transport cadmium, manganese (Girijashanker et al. 2008), and iron 
(Wang et al. 2012).

The unique localisation of ZIP7 and ZIP13 on intracellular membranes has been 
firmly established by co-localisation of recombinant ZIP7 with an ER marker, cal-
reticulin (Taylor et al. 2004; Valentine et al. 2007), and recombinant ZIP13 with a 
Golgi marker, GM130 (Bin et al. 2011), using an immunofluorescence technique. In 
contrast to the majority of the LIV-1 subfamily members which mainly function as 
zinc importers (Hogstrand et  al. 2009), these intracellular ZIP channels instead 
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function as gatekeepers for zinc release from intracellular stores. In addition, 
because of the ubiquitous expression of ZIP7 in the human body (Taylor et al. 2004) 
and the demonstration of CK2-induced ZIP7 phosphorylation on residues S275 and 
S276 (Taylor et al. 2012) which results in activation of growth-promoting tyrosine 
phosphorylation cascades (Taylor et al. 2008), ZIP7 is reasonably referred to as “a 
hub for tyrosine kinase activation” (Hogstrand et al. 2009). It is noteworthy that 
ZIP9, which is located on the Golgi membrane, may function as a gatekeeper for 
zinc release from intracellular stores where endogenous ZIP7 is not present, such as 
in chicken B cells (DT40) (Kambe et al. 2006). In these cells, ZIP9-mediated zinc 
release from cellular stores results in protein tyrosine phosphatase inhibition and 
subsequent activation of downstream effectors (Taniguchi et al. 2013). This signi-
fies that intracellularly located ZIP channels can be functionally interchangeable, 
and when ZIP7 is chronically deficient in mammalian cells, another ZIP channel, 
such as ZIP9, may effectively compensate the gatekeeper function of ZIP7.

ZIP6 and ZIP10 are the closest paralogues grouped in the same sub-branch in a 
phylogenetic tree and are both strongly associated with breast cancer migration and 
metastasis (Nimmanon and Taylor 2014). A unique characteristic for ZIP6 and 
ZIP10 is the presence within the N terminus of a PEST motif (Figs. 16.1 and 16.2), 
which is a potential cleavage site for ubiquitination-mediated proteolysis (Meyer 

Fig. 16.1 Amino acid sequences of all human ZIP channels were aligned. Residues that were at 
least 50% identical (black) and complementary (grey) were shaded. The green stars highlight the 
predicted N-terminal CPALLY motif, which is not present in ZIP7 and ZIP13. The red squares 
mark the predicted transmembrane domains (TM). The red residues in ZIP6 and ZIP10 are the 
N-terminal predicted PEST sites
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et al. 2011, Ramakrishna et al. 2011). This motif is hydrophilic, containing 12 nega-
tively charged amino acids, especially proline (P), glutamate (E), serine (S), and 
threonine (T) (Rogers et  al. 1986, Rechsteiner and Rogers 1996). ZIP10 has an 
additional PEST motif within the cytosolic loop between TM3 and TM4 (Fig. 16.2). 
The presence of a PEST motif may generally imply a shortened half-life of the pro-
teins because it is a site for ubiquitination-mediated degradation (Meyer et al. 2011; 
Ramakrishna et al. 2011). Nevertheless, it may instead lead to proteolytic cleavage 
which can be required for channel activation, a phenomenon previously reported in 
the CaVβ3 subunit of voltage-gated calcium channels (Sandoval et al. 2006). This 
cleavage has also been observed for both ZIP6 (Hogstrand et al. 2013) and ZIP10 
(Ehsani et al. 2012), zinc transport function of which is activated by cleavage in the 
N-terminus or the ectodomain. This will be discussed further in the following 
sections.

16.3.2  ZnT Transporters

Ten human proteins have been recognised as ZnT transporters, which can be classi-
fied into 4 subfamilies (Kambe 2012). ZnT transporters catalyse H+/Zn2+ exchange 
as the means of zinc transport (Ohana et al. 2009). However, ZnT9 is now believed 

Fig. 16.2 Amino acid sequences of ZIP6 and ZIP10 were aligned. Residues that were at least 70% 
identical (black) and complementary (grey) across all the LIV −  1 subfamily members were 
shaded. The predicted TM regions (Taylor and Nicholson 2003) (red squares), the CPALLY motif 
(green stars), and the PEST motifs (the ZIP6 motif beneath red squares and the ZIP10 motifs above 
blue squares) are indicated
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to be a nuclear coactivator instead of a zinc transporter (Kambe 2012). Most ZnT 
transporters are estimated to have 6 TMs, but ZnT5 is shown to have as many as 12 
TMs (Cousins et al. 2006). In contrast to ZIP channels, both the N-terminus and 
C-terminus are on the cytosolic side of the membrane (Palmiter and Huang 2004). 
There is a long histidine-rich intracytosolic loop located between TM4 and TM5 
(Palmiter and Huang 2004), potentially responsible for zinc binding and selectivity. 
This histidine-rich region is replaced by a serine-rich region for ZnT6 (Seve et al. 
2004), suggesting that this ZnT may also transport other metals. Amongst all the 
ZnT transporters, only ZnT1 is located on the cell membrane and therefore crucially 
needed for zinc excretion from the cells (Palmiter and Findley 1995).

16.4  Zinc and Cancer

Zinc is widely believed to be a cancer-preventative substance, thanks to its immunity- 
enhancing and antioxidant properties (Dhawan and Chadha 2010). Although with-
out any well-established evidence from a clinical trial, this presumption is firmly 
supported by high prevalence of low serum zinc levels amongst patients with can-
cers of the breast (Arinola and Charles-Davies 2008; Gumulec et al. 2014), the head 
and neck (Buntzel et al. 2007; Gumulec et al. 2014), the lung (Gumulec et al. 2014), 
the gastrointestinal tract (Boz et al. 2005; Gumulec et al. 2014), the liver (Gumulec 
et al. 2014), the gallbladder (Gupta et al. 2005), the female genital organs (Martin- 
Lagos et al. 1997, Naidu et al. 2007), and the prostate gland (Gumulec et al. 2014). 
Measurement of hair zinc levels, which is thought to be as reliable as serum zinc 
levels in indicating body zinc status (Lowe et al. 2009), also confirmed the associa-
tion between low body zinc status and breast cancer (Memon et  al. 2007). 
Notwithstanding, conflicting data do exist with regard to the association of serum 
zinc levels with cancer. One meta-analysis observed decreased serum zinc levels in 
most cancer types (Gumulec et al. 2014), whereas another smaller meta-analysis 
reported no change in serum zinc levels, but low hair zinc levels, in breast cancer 
(Wu et al. 2015). This discrepancy can be at least partly due to various factors, either 
physiological or pathological, that may interfere with measurement of serum zinc 
levels (King 2011).

Cellular zinc deficiency, experimentally induced by either zinc supply limitation 
or zinc chelation, results in upregulation of genes involved in DNA repair with an 
increase in oxidative DNA damage (Ho et al. 2003; Ho and Ames 2002). Despite the 
increase in P53 gene expression (Ho et al. 2003), the function of this DNA repair 
protein, which requires zinc for the site specificity of DNA binding (Loh 2010), is 
severely impaired unless zinc is sufficiently supplied (Bruinsma et al. 2002). This is 
experimental evidence of cellular zinc deficiency as a predisposing factor for DNA 
damage, which is a known mechanism for carcinogenesis.

In vivo studies have also been conducted to demonstrate the role of zinc in cancer 
prevention. Studies in mice and rats have demonstrated cancer-preventative effects 
of zinc supplementation in lung cancer (Satoh et al. 1993), colonic cancer (Dani 
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et al. 2007), and oesophageal cancer (Fong et al. 2001). Nevertheless, conflicting 
data have been reported in clinical studies, indicating zinc intake as a risk factor 
(Kolonel et  al. 1988), a preventative factor (Kristal et  al. 1999), and also a non- 
associated factor (Chang et al. 2004; Leitzmann et al. 2003; Gonzalez et al. 2009) 
for prostatic cancer. A large clinical trial revealed that zinc could prevent prostatic 
cancer, although other vitamins and minerals that were also supplied with zinc in 
this study might have contributed to the effect (Meyer et al. 2005). It is also note-
worthy that because of the lack of a reliable body zinc status indicator (Wieringa 
et al. 2015), determining any relationship of body zinc status with cancer can be 
extremely challenging. Altogether, these data imply that the role of zinc in either 
cancer-promoting or cancer-preventing mechanisms still requires further clinical 
investigation.

Zinc is generally perceived as a preventative factor for carcinogenesis and there-
fore reasonably expected to be present in cancer cells or tissues at a lower level than 
their non-cancerous counterparts. This expectation is proved to be true for many 
types of cancer, including prostatic cancer, lung cancer, and thyroid cancer (Huang 
et al. 2006). However, breast cancer tissue surprisingly contains higher zinc levels 
than in normal breast tissue (Taylor et al. 2011). Compared to non-neoplastic breast 
tissue, breast cancer tissue was shown to have a seven-fold mean zinc level increase 
when using emission spectrography (Mulay et al. 1971) and an approximately two- 
fold zinc level increase when using atomic absorption spectrophotometry 
(Margalioth et  al. 1983; Jin et  al. 1999). A more recent study using synchrotron 
radiation microprobe x−ray fluorescence revealed a 1.5-fold increase in tissue zinc 
levels, specifically in oestrogen receptor-positive breast cancer when compared to 
surrounding non-neoplastic breast tissue, but this increase was not seen in oestrogen 
receptor-negative breast cancer cases (Farquharson et al. 2009). Not only does the 
zinc level change in breast cancer, but zinc isotopic composition has also been 
reported to be altered in breast cancer, with a lighter zinc isotope being detected in 
breast cancer tissue than that found in blood and non-neoplastic breast tissue (Larner 
et al. 2015). These data indicate that the change in cancer tissue zinc levels does not 
necessarily reflect the total body zinc status, but may instead be attributed to abnor-
mal expression of zinc transport proteins.

16.5  ZIP Channels in Breast Cancer

The neoplasm that has the strongest link to abnormal functions of ZIP channels is 
breast cancer (Taylor et al. 2011). ZIP6 (LIV-1), the first zinc transport protein asso-
ciated with breast cancer, was shown to have increased gene expression in oestrogen 
receptor-positive cases (Manning et  al. 1993) and cases associated with regional 
lymph node metastasis (Manning et al. 1994). After having been extensively inves-
tigated, ZIP6 is now known as a reliable indicator of oestrogen receptor-positive 
breast cancer (Tozlu et al. 2006; Schneider et al. 2006). Similar associations have 
also been reported for ZIP10, another ZIP channel that is grouped together in the 
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same sub-branch with ZIP6 (figure ref) in a phylogenetic tree (Taylor and Nicholson 
2003). ZIP10 gene expression is also enhanced in oestrogen-positive cases (Taylor 
et al. 2007) and cases with regional lymph node metastasis (Kagara et al. 2007). In 
contrast to ZIP6 and ZIP10, the ZIP7 gene and protein expression has been linked 
specifically to tamoxifen-resistant breast cancer cells (Taylor et  al. 2007) and 
aggressiveness of these cells (Taylor et al. 2008). More details are going to be dis-
cussed in the following sections.

16.5.1  ZIP7 in Breast Cancer

ZIP7, which has a ubiquitous gene expression in the human body (Taylor et  al. 
2004), plays an essential role in the regulation of zinc release from intracellular 
stores and thereby activation of tyrosine kinases, including those required for cell 
growth and migration (Hogstrand et al. 2009). ZIP7 is mapped to the region for the 
major histocompatibility complex II (MHC II) on chromosome 6p21.3 (Ando et al. 
1996), consistent with the recently proved role of its signalling in the immune 
response, specifically B-cell functions (Ollig et al. 2019). Its unique localisation in 
the ER has been confirmed by immunofluorescence that co-localised it with calre-
ticulin, an ER marker, in MCF-7 breast cancer cells (Taylor et al. 2004) and with 
ZnT5 variant B, which is also known to be located in the ER, in Hela cervical cancer 
cells (Thornton et al. 2011).

ZIP7 overexpression has been observed in tamoxifen-resistant breast cancer cells 
(TAMR cells) (Knowlden et al. 2003), consistent with the discovery of a cellular 
zinc level in these cells twice as much as in the MCF-7 hormone-responsive breast 
cancer cells (Taylor et al. 2008). TAMR cells not only survive and grow in the pres-
ence of the selective oestrogen receptor modulator, but also acquire aggressiveness 
(Hiscox et al. 2004), attributed to increased activation of phosphorylation of well- 
known oncogenic signalling molecules including EGFR (Knowlden et  al. 2003), 
IGF-1R (Jones et al. 2004), and Src (Hiscox et al. 2006). Importantly, ZIP7-mediated 
zinc release from intracellular stores has been demonstrated to be responsible for 
the activation of EGFR, IGF-1R, and Src (Taylor et al. 2008), probably due to the 
strong inhibitory effect of zinc on protein tyrosine phosphatase 1B (Haase and 
Maret 2005; Bellomo et al. 2014), an enzyme that phosphorylates all these signal-
ling molecules (Bourdeau et al. 2005) (Fig. 16.3). The activation of these tyrosine 
kinases results in a phosphorylating activation of ERK1/2 and AKT, promoting cell 
growth and migration (Taylor et al. 2008). Inhibiting ZIP7 can therefore become a 
strategy to prevent development of drug resistance and decrease aggressiveness of 
the hormone-resistant cells.

ZIP7 functional control came to light when it was shown to involve protein 
kinase CK2-mediated phosphorylation on residues S275 and S276, which are situ-
ated in the cytosolic loop between TM3 and TM4 (Taylor et al. 2012) (Fig. 16.3). 
These two residues are contained within a region that matches a consensus motif for 
CK2 binding, S/T-X-X-E (S, serine; T, threonine; E, glutamine; X, any amino acid) 
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(Franchin et al. 2015). This post-translational modification results in prompt chan-
nel opening within 2 min, followed by zinc release from the ER and activation of 
ERK1/2 and AKT, with consequential growth and migration of breast cancer cells 
(Taylor et al. 2012) (Fig. 16.3). CK2 is a known oncoprotein contributing to carci-
nogenesis through activation of numerous predicted signalling molecules (Tawfic 
et al. 2001). It is therefore plausible that ZIP7 is one of the molecules responsible 
for oncogenic effects driven by CK2 (Nimmanon and Taylor 2015). Further investi-
gations revealed that maximal ZIP7 activation requires phosphorylation not only on 
residues S275 and S276, but also on residues S293 and T294 (Nimmanon et  al. 
2017), suggesting that hierarchical phosphorylation (Lodish et al. 2000), a phenom-
enon common for CK2-mediated phosphorylation (St-Denis et al. 2015), may be 
involved in ZIP7 activation control. Moreover, using antibody arrays, several pro-
tein kinases were shown to be phosphorylated after phosphorylation-mediated ZIP7 
activation, including those involved in MAPK, PI3K-AKT, and MTOR pathways 
(Nimmanon et al. 2017) (Table 16.1). Amongst these protein kinases, zinc has been 
experimentally confirmed to either directly or indirectly induce phosphorylation of 
CREB (Nuttall and Oteiza 2012), p70 S6 Kinase (Nuttall and Oteiza 2012, 
Nimmanon et  al. 2017), and GSK-3β (Nimmanon et  al. 2017), all of which are 
known to promote cell growth and survival (Sakamoto and Frank 2009; Soda et al. 
2008; Piedfer et al. 2013). This therefore links ZIP7 to multiple carcinogenetic path-
ways and explains the role of ZIP7 as an independent predictor of poor clinical 
outcome in breast cancer (Taylor et al. 2007) according to the Oncomine cancer 
microarray database (Rhodes et al. 2004).

The discovery of phosphorylation as a mechanism for ZIP7 activation gives rise 
to a twofold implication. First, because of the lack of an effective biomarker for 
body zinc status (Wieringa et  al. 2015), the antibody that specifically binds the 

Fig. 16.3 The schematic illustrates a simplified ZIP7-mediated zinc-signalling pathway. ZIP7 in 
the ER is functionally activated by CK2-mediated phosphorylation on residues S275 and S276 
(Taylor et al. 2012). This ZIP7 activation results in zinc release from cellular stores, inhibition of 
protein tyrosine phosphatases, and activation of tyrosine kinases that are involved in cell prolifera-
tion and migration
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phosphorylated form of ZIP7 might be used to determine ZIP7 activity and thus the 
zinc bioavailability within the cells. Second, given the role of activated ZIP7  in 
breast cancer aggressive behaviour particularly in tamoxifen-resistant breast cases, 
targeting activated ZIP7 might benefit these patients. The antibody that recognises 
ZIP7 when residues S275 and S276 are phosphorylated has been developed in house 
(Nimmanon et al. 2017). Using this antibody with an immunohistochemistry tech-
nique, breast cancer samples are shown to have a significant increase in pZIP7 com-
pared to normal breast samples with a clearer result than that seen when using a total 
ZIP7 antibody (Ziliotto et al. 2019).

16.5.2  ZIP6 in Breast Cancer

ZIP6 (SLC39A6), previously recognised as LIV-1 (Taylor et al. 2003), is a 4.4-kb- 
long mRNA (Manning et  al. 1988) with its gene being mapped to chromosome 
18q12.2. Unlike ZIP7, ZIP6 is preferentially expressed in some tissues, particularly 
brain and hormonally regulated tissues (Taylor et al. 2003), although the relevant 
GenBank page suggests that it is expressed in all tissues with some variability. ZIP6 
gene is oestrogen-regulated, highly expressed in hormonally responsive breast can-
cer cells (Manning et al. 1993, Manning et al. 1995), especially after being treated 
with oestrogen (Manning et  al. 1988). The positive relationship between ZIP6 
expression and oestrogen receptor status has already been confirmed and estab-
lished by larger scale studies utilising real-time reverse-transcription PCR (Tozlu 
et al. 2006; Taylor et al. 2007) and microarray analysis (Schneider et al. 2006). In 
addition, ZIP6 gene expression is prevalent in regional lymph node metastasis 
(Manning et al. 1994). Because of these relationships, ZIP6 is now a potential bio-
marker for the luminal A molecular subtype of breast cancer (Schnitt 2010). Given 

Table 16.1 Downstream effectors of ZIP7-mediated zinc release

Receptor-tyrosine kinases (RTK) arrays
ALK ErbB3 EphA7
EGFR ErbB4 FGFR3
ErbB2 EphA1 RYK
Phospho-kinase and mitogen-activated protein kinases (MAPK) arrays
AKT HSP27 PRAS40
AMPK HSP60 STAT2
c – Jun JNK STAT5
CREB p38α MAPK STAT6
ERK1/2 p53 WNK1
GSK-3α/β p70 S6

This table details proteins that were activated downstream of ZIP7-mediated zinc release when 
tested using arrays of receptor tyrosine kinases, the MAPK pathway or multiple phospho-kinases 
(Nimmanon et al. 2017)
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that this molecular subtype of breast cancer has good prognosis, high ZIP6 expres-
sion indicates favourable outcome (Kim et al. 2012).

The involvement of ZIP6  in carcinogenesis was first related to effects on the 
process of epithelial−mesenchymal transition (EMT) observed during embryonic 
development (Yamashita et al. 2004), whereby epithelial cells acquire a mesenchy-
mal phenotype allowing them to migrate (Thiery et al. 2009). In zebrafish during 
gastrulation, ZIP6 was shown to be transcriptionally activated by signal transducer 
and activator of transcription 3 (STAT3) (Yamashita et al. 2004). This increase in 
ZIP6 expression resulted in nuclear retention of Snail, decreased expression of 
E-cadherin, and cell migration (Yamashita et al. 2004). This phenomenon has also 
been observed in MCF-7 breast cancer cells (Taylor et  al. 2007), signifying that 
ZIP6 may also be involved in the EMT process in breast cancer, the process required 
for neoplastic cell invasion and metastasis (Thiery et  al. 2009). In breast cancer 
cells, STAT3 induces ZIP6 gene expression and consequential production of a ZIP6 
pro-protein, which is stored in the ER (Hogstrand et al. 2013) (Fig. 16.4). Western 
blotting analysis using ZIP6 antibodies to different epitopes detected different bands 
of ZIP6, indicating that it is N-terminally cleaved before being moved to the plasma 
membrane, the location where it can function as a cellular zinc importer (Hogstrand 
et  al. 2013) (Fig.  16.4). Zinc ions that flux into the cell directly phosphorylate 

Fig. 16.4 The schematic illustrates ZIP6 post-translational modification in breast cancer 
EMT. STAT3 induces ZIP6 gene expression and production of a ZIP6 pro-protein, which is stored 
in the ER and N-terminally cleaved before being moved to the plasma membrane, the location 
where it imports zinc into the cells (Hogstrand et al. 2013). Zinc ions that flux into the cell phos-
phorylate GSK-3β, resulting in retention of Snail within the nucleus, in E-cadherin downregula-
tion, cell detachment, migration, and metastasis (Hogstrand et al. 2013)
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GSK-3β (Ilouz et al. 2002), and AKT (Lee et al. 2009, Ohashi et al. 2015), the latter 
of which also phosphorylates GSK-3β (Moore et al. 2013) (Fig. 16.4). GSK-3β in a 
normal situation phosphorylates the nuclear repressor Snail (Zhou et al. 2004), relo-
cating it to the cytoplasm where it is degraded in the proteosomes (Bauer et  al. 
2009). Zinc-induced inhibitory phosphorylation of GSK-3β therefore retains Snail 
within the nucleus, resulting in E-cadherin downregulation, cell detachment, migra-
tion, and metastasis (Hogstrand et al. 2013) (Fig. 16.4). These data link ZIP6 to 
cancer cell invasion and metastasis, explaining the previous observation of its rela-
tionship with regional lymph node involvement in breast cancer.

16.5.3  ZIP10 in Breast Cancer

ZIP10 and ZIP6 are the closest paralogues of the LIV-1 subfamily of ZIP channels 
and are both involved in breast carcinogenesis. The ZIP10 gene is mapped to chro-
mosome 2q32.3, and widely expressed throughout the body, preferentially in the 
central nervous system, the lungs, the kidneys, the bowels, and the genital organs 
(Lizio et al. 2015). The same gastrulation effects attributed to ZIP6 have also been 
demonstrated for ZIP10 (Taylor et al. 2016). Like ZIP6, ZIP10 gene expression is 
positively correlated with oestrogen receptor status (Taylor et al. 2007) and regional 
lymph node involvement (Kagara et  al. 2007). High ZIP10 gene expression was 
observed in highly aggressive cell lines (MDA-MB-231 and MDAMB-435S) com-
pared to less aggressive ones, and knocking down ZIP10 and zinc chelation success-
fully inhibited cell migration (Kagara et al. 2007), establishing the essential role of 
ZIP10 in breast cancer EMT. Importantly, a recent study demonstrated that ZIP6 
forms a heterodimer with ZIP10 in the ER (Taylor et al. 2016), confirming the close 
companionship between the two ZIP channels in functioning as cellular zinc 
importers.

16.6  Zinc Signalling in Prostate Cancer

The prostate gland contains the highest concentration of zinc in the body (FAO/
WHO 2002). It is essential for sperm release and motility, keeping fertility in males 
(Yoshida et al. 2008). It inhibits m-aconitase, keeping a high amount of citric acid 
in prostatic secretion (Costello et al. 2005). However, zinc is decreased in prostatic 
cancer tissue compared to non-neoplastic tissue (Ho and Song 2009), supporting the 
possible role of zinc supplementation in prostate cancer prevention. This preventa-
tive effect can be attributed to the role of zinc in protecting the cells from oxidative 
DNA damage (Yan et  al. 2008) and suppressing cell growth by promoting pro- 
apoptotic conditions (Feng et al. 2002; Feng et al. 2008).
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At least six members of the ZIP family of zinc transport proteins have been 
reported to have altered expression in prostate cancer. ZIP1-4 are reduced in pros-
tate cancer, consistent with the decrease in the cellular zinc level (Huang et al. 2006; 
Desouki et al. 2007; Chen et al. 2012). ZIP1 is the most extensively characterised, 
being shown to have depressed gene expression at an early stage of prostate cancer 
(Franklin et  al. 2005) and thereby indicated as a tumour suppressor for prostate 
cancer (Costello and Franklin 2006; Franklin and Costello 2007). In contrast to 
ZIP1-4, ZIP6 (Lue et al. 2011) and ZIP9 (Thomas et al. 2014) have been reported to 
increase, with the former being linked to prostate cancer EMT. ZnT1 (Hasumi et al. 
2003) and ZnT4 (Beck et al. 2004) are decreased in prostate cancer tissue, with as- 
yet- unclear mechanism in carcinogenesis.

16.7  Post-translational Modifications of ZIP Channels

The transcriptional control of ZIP channels has been well characterised (Cousins 
et al. 2006). However, relatively little is known regarding their post-translational 
controls. Discovering the mechanisms might allow development of new strategies 
for cancer treatment. Two processes in particular have been shown to play important 
roles in ZIP channel controls, including phosphorylation and proteolytic cleavage 
(Nimmanon and Taylor 2017).

16.7.1  Phosphorylation

Phosphorylation is a well-known post-translational process whereby a phosphoryl 
group from ATP is attached to a serine (84%), threonine (15%), or tyrosine residue 
(less than 1%) (Humphrey et al. 2015). This process is mediated by cellular kinases 
and reversed by phosphatases (Cheng et al. 2011). It is involved in virtually all cel-
lular aspects (Cohen 2002), coordinating with other post-translational modifications 
(Humphrey et al. 2015). Abnormal control of this mechanism therefore results in 
aberrant cell growth and the development of cancer. Its importance in carcinogene-
sis is suggested by a high-throughput bioinformatic approach in cancer exhibiting 
high prevalence of mutations affecting phosphorylatable residues, which is twice as 
high as the control data set (Radivojac et al. 2008). Moreover, a high proportion of 
eukaryotic kinases were mapped to the amplicons frequently involved by oncogenic 
mutations (Manning et al. 2002). Importantly, tyrosine kinases have successfully 
been targeted by inhibitors and monoclonal antibodies. For example, Imatinib 
mesylate (Gleevec), a Bcr−Abl tyrosine kinase inhibitor, has become the first-line 
treatment for chronic myeloid leukaemia (Henkes et  al. 2008), and Trastuzumab 
(Herceptin), a monoclonal antibody targeting erbB2 or HER2/neu, has enormously 
benefitted patients with breast cancer that overexpresses HER2 (Pinto et al. 2013). 
Given the importance of this post-translational modification in various cellular pro-
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cesses including cancer, it is reasonable to speculate that ZIP channels may be phos-
phorylated as a means of functional control. The discovery of CK2-mediated 
phosphorylation of ZIP7 on residues S275 and S276 as a key mechanism for activat-
ing ZIP7 (Taylor et al. 2012) therefore validates this speculation.

Since ZIP7 is activated by phosphorylation, it is possible that other ZIP channels 
may also be activated in a similar fashion. Online databases, including PhosphoNet 
(Kinexus Bioinformatics Corporation), PhosphoSitePlus (Hornbeck et  al. 2012), 
and NetPhos (Blom et al. 2004), list multiple sites in the intracytosolic loop between 
TM3 and TM4 that have been either predicted from amino acid sequences or experi-
mentally confirmed by mass spectrometry to be phosphorylated in many other ZIP 
channels (Table 16.2). Remarkably, some ZIP channels other than ZIP7 also contain 
serine residues predicted to be phosphorylated by CK2, including ZIP6 and ZIP10 
(Table 16.2). It is therefore possible that CK2 might simultaneously activate both 
intracellularly located ZIP7 to release zinc from the cellular stores and plasma mem-
brane-located ZIP channels, such as ZIP6 and ZIP10, to refill the stores with zinc 
once depleted, allowing cells to have adequate cytosolic free zinc to exert its onco-
genic action. Noteworthy, phosphorylation sites are present not only in ZIP chan-
nels, but also in ZnT transporters (Hogstrand et al. 2009), some of which are even 
predicted to be phosphorylated by CK2, such as those in ZnT6 (Huang et al. 2002) 
and ZnT8 (Chimienti et  al. 2004). The relevance of phosphorylation sites to the 
control of zinc transport proteins need to be properly and individually investigated, 
given the simple consensus sequences and thus the high probability of false positives.

16.7.2  Proteolytic Cleavage of ZIP Channels

Proteolytic cleavage has been reported as a mechanism required for relocation and 
zinc ion transport function of ZIP channels as well as ZIP channels. ZIP4 has been 
demonstrated during zinc deficiency to be proteolytically cleaved at the extracellu-
lar N-terminus, leaving its 37-kDa ZIP4 peptide portion without its ectodomain to 
import zinc into the cells and thus enhancing zinc intestinal absorption (Kambe and 
Andrews 2009). Following this discovery, another pair of LIV-1 subfamily mem-
bers, ZIP10 (Schmitt-Ulms et  al. 2009) and ZIP6 (Hogstrand et  al. 2013) were 
shown to be also functionally activated by N-terminal cleavage. It is noteworthy that 
interactome analyses have indicated these two ZIP channels as candidate interactors 
of cellular prion protein (Watts et al. 2009). To compensate for cellular starvation of 
zinc or manganese, ZIP10 undergoes ecto-domain shedding at its N-terminus 
(Schmitt-Ulms et al. 2009), reminiscent of the prion protein activation mechanism 
(Altmeppen et al. 2012), resulting in ZIP10 activation and cellular import of these 
trace metals (Schmitt-Ulms et al. 2009). In cancer, ZIP6 activation involves a com-
plex process of post-translational modifications, including N-terminal proteolytic 
cleavage (Hogstrand et  al. 2013), as has previously been detailed (Fig.  16.4). 
Altogether, these findings implicate that N-terminal proteolytic cleavage is a key 
mechanism for activation of ZIP channels, particularly ZIP4, ZIP10, and ZIP6.
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Table 16.2 Phosphorylation sites in the intracytosolic loop between TM3 and TM4 of ZIP 
channels belonging to the LIV-1 subfamily with associated and predicted kinases

ZIP Site Sequence Predicted kinases

4 S439 PCGHSSHSH mTOR
S440 CGHSSHSHG mTOR
S442 HSSHSHGGH mTOR
S447 HGGHSHGVS TBK1
S451 SHGVSLQLA TBK1
S457 QLAPSELRQ GSK3 family
S469 PHEGSRADL PKA
S478 VAEESPELL JNK family
S490 PRRLSPELR p38 MAPK

5 S336 PENGSGMAL
S359 REKNSQHPP DNAPK, PKG
S374 HQGHSHGHQ PKC
S381 HQGGTDITW cdc2

6 S471 KKQLSKYES CK2, GSK3
Y473 QLSKYESQL
S475 SKYESQLST GSK3, DNAPK, PIKK
S478 ESQLSTNEE CK2, CK1
T479 SQLSTNEEK CK2, PKC
T486 EKVDTDDRT CK2, GSK3
T490 TDDRTEGYL
Y493 RTEGYLRAD (EGFR)
S498 LRADSQEPS GSK3, DNAPK, ATM
S502 SQEPSHFDS GSK3
S506 SHFDSQQPA DNAPK, ATM, PIKK
Y528 PQEVYNEYV
Y531 VYNEYVPRG
S542 NKCHSHFHD PKA
S547 HFHDTLGQS GSK3, NEK
S551 TLGQSDDLI CK2
S577 HHPHSHSQR PKG1, GSK3
S579 PHSHSQRYS DNAPK, ATM, GSK3
S583 SQRYSREEL CK2

7 S247 GHGHSHGHG cdc2
S255 GHAHSHTRG mTOR/FRAP, PIM1
S260 HTRGSHGHG mTOR/FRAPm, PKA
S269 RQERSTKEK AKT1/2, CK2, PKC
T270 QERSTKEKQ PIM1, PIM3, PKC
S275 KEKQSSEEE CK2a
S276 EKQSSEEEE CK2a, CK1
T283 EEKETRGVQ BARK1
S293 RRGGSTVPK MAPKAPK, PKA, PKC

(continued)
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Table 16.2 (continued)

ZIP Site Sequence Predicted kinases

T294 RGGSTVPKD PIM1, PKC
8 S275 FDNVSVVSL NEK10, CK1, mTOR

S278 VSVVSLQDG CK1
S287 KKEPSSCTC mTOR, CK1
S288 KEPSSCTCL mTOR, CK1, PKA
S298 GPKLSEIGT PKA

10 Y521 MFKHYKQQR CSK, (INSR)
T536 MKQNTEEST ATR, (GSK3)
S539 NTEESTIGR PIM1, BARK1, PLK1
T540 TEESTIGRK LRRK2, PLK1
S546 GRKLSDHKL PIM3/1, PKA, RSK
T553 KLNNTPDSD JNK1/3, MAPK
S556 NTPDSDWLQ IKKb, CK2, (GSK3)
T567 PLAGTDDSV CK2, (cdc2, GSK3)
S570 GTDDSVVSE PIM2/1, PLK1
S573 DSVVSEDRL CK2, PIM2, CK1, CK2
T580 RLNETELTD Trb3, CK2
T583 ETELTDLEG CK2, cdc2
S591 GQQESPPKN CDK2/1, MAPK
Y596 PPKNYLCIE SYK, (INSR)
S610 DHSHSDGLH NEK10, CK2
T634 GENKTVLRK PIM1, PLK1, PKC
S648 HHKHSHHSH PKC
S651 HSHHSHGPC PKC, CK1
S657 GPCHSGSDL CDK1, PIM1
S659 CHSGSDLKE mTOR, cdc2

12 S470 ILLVSPNDK (GSK3)
S478 KQGLSLVNG mTOR, PKA
S494 LALNSELSD JNK, mTOR, CK1
S497 NSELSDQAG mTOR, (CK1)
S505 GRGKSASTI PIM, PKA, RSK
S507 GKSASTIQL PIM, PKC
T508 KSASTIQLK PKC, CK1
S513 IQLKSPEDS ERK5, JNK, p38MAPK
S517 SPEDSQAAE ATR, PIKK, DNAPK
S526 MPIGSMTAS RHOK, ERK5, GSK3
T528 IGSMTASNR CDK2, ERK5, (GSK3)
S530 SMTASNRKC RHOK, CDK, PKC
S538 CKAISLLAI PKA

13 S172 MFLDSKEEG CK2
S178 EEGTSQAPN ATR, ATM, DNAPK
S213 AVVRSIKVS PKC, GSK3

(continued)
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16.8  Conclusions

It is becoming clear that ZIP channels may play an important role in multiple can-
cers. This is perhaps not surprising, as zinc is central to the growth of cells and 
when zinc is present in increased amounts in diseases such as cancer, it can easily 
activate many growth signalling pathways. Since ZIP7 was demonstrated to require 
phosphorylation in order to release zinc from stores (Taylor et  al. 2012), it is a 
likely prospect that other ZIP channels can also be activated in this way. Analyses 
of the potential of these protein sequences for phosphorylation reveal numerous 
opportunities (Table  16.2), increasing the likelihood that phosphorylation offers 
some acceptable functional control. This is an exciting area of research that needs 
much more experimental examination and testing before valid conclusions can be 
drawn and the full extent of relevance to disease can be discovered. Additionally, 
N-terminal cleavage of ZIP channels has been demonstrated for at least three fam-
ily members to date and in all cases, this cleavage has influenced the activity of the 
proteins concerned. The fact that prions have descended from the LIV-1 family 
(Schmitt-Ulms et al. 2009) adds credence to the belief that the N-terminal cleavage 
is crucial to controlling protein functional activity. Prions are known to be cleaved 
in functionally relevant ways and therefore discovery of the proteases involved with 
each ZIP channel should provide valuable information of functional control. 
Legends.

Table 16.2 (continued)

ZIP Site Sequence Predicted kinases

S217 SIKVSGYLN PKC, PKA
14 S256 HHGHSHYAS IKKE, GSK3

Y258 GHSHYASES
S262 YASESLPSK CK1, IKKE, PKC
S265 ESLPSKKDQ CK2, PKC
S292 QHCSSELDG RAF family
S309 VIVGSLSVQ PKA, DNAPK
S311 VGSLSVQDL (cdc2)
S318 DLQASQSAC ATR, NEK2, PIKK
Y330 KGVRYSDIG TRK family, ABL
S331 GVRYSDIGT GSK3, PKA
T335 SDIGTLAWM DNAPK

Table showing the predicted phosphorylation sites in the intracellular loop of the LIV-1 family of 
ZIP channels between TM3 and 4. These predictions are an amalgamation of results from using 
PhosphoNet (Kinexus Bioinformatics Corporation), PhosphoSitePlus (Hornbeck et al. 2012), and 
NetPhos (Blom et al. 2004), and ELM (Gouw et al. 2018). Values in brackets were sites predicted 
by Netphos which met the threshold value of 0.5, but the actual kinase prediction was less than 0.5. 
Blank spaces represent no kinase prediction
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Chapter 17
Zinc Signaling (Zinc’ing) in Intestinal 
Function

Michal Hershfinkel, Johnny Iv, and Shannon L. Kelleher

Abstract Zinc plays a well-documented role in intestinal function, perturbations in 
zinc homeostasis are associated with impaired barrier function and disease. A large 
repertoire of zinc transport proteins ( ZnTs, ZIPs), TRP channels, and a distinct zinc 
receptor, ZnR/GPR39, are expressed along the intestinal epithelial cells. We will 
discuss the cellular roles of zinc ions, Zn2+, in activating signaling and physiological 
function of multiple cells along the intestinal epithelium. We will further describe 
the network of Zn2+-homeostatic proteins that are responsible for maintaining Zn2+ 
concentrations within the cytosol and their role in maintaining cellular functions. 
This review will reveal the tip of the iceberg that is currently known regarding the 
role of intestinal Zn2+ and will elucidate the need for extensive studies that will 
expound the complete map and physiological roles of Zn2+-homeostatic proteins.

Keywords Zinc · ZnT · SLC30A · ZIP · SLC39A · ZnR/GPR39 · Intestine · Zinc 
absorption · Barrier function

17.1  Introduction

Zinc is an essential nutrient that plays a role in growth and proper function of all 
physiological systems, among them immune, epithelial, and digestive. Zinc ions 
(Zn2+) are critical for >300 different biological pathways, therefore aberrations in 
cellular zinc concentrations will inherently influence numerous signaling systems 
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and intracellular second messengers that coordinate cell renewal, differentiation, 
function, and death (Levaot and Hershfinkel 2018; Hennigar and Kelleher 2012). 
Zinc is absorbed from the diet by intestinal epithelial cells, mostly enterocytes in the 
upper part of the small intestine, after being released from dietary complexes into 
zinc ions (Zn2+). Under circumstances when absorption is not sufficient in the small 
intestine, such as in cases of chronic intestinal inflammation, Zn2+ can also be 
absorbed in the colon. In addition to the zinc from the diet, endogenous sources of 
luminal Zn2+ include Zn2+ secreted from salivary gland vesicles and Paneth cell 
granules, and Zn2+ released from pancreatic digestive enzymes (Gopalsamy et al. 
2015; Frederickson et al. 1987; Frederickson and Danscher 1990; Sondergaard et al. 
2003; Ishii et al. 1999). High turnover of intestinal epithelial cells involves shedding 
of mature apical cells into the lumen and constant migration of newly differentiated 
cells from the crypts to the apical surfaces in the small intestine and colon (Watson 
et al. 2009). Apoptosis of the shed cells can result in release of endogenous Zn2+ 
from cellular proteins (Sharir et al. 2010), and this may account for free Zn2+ in the 
intestinal lumen. Absorption of the luminal Zn2+ by the epithelial cells plays a role 
in maintaining whole body zinc homeostasis. Importantly, the changes in luminal 
and cellular levels of Zn2+ regulate physiological function of intestinal epithe-
lial cells.

The luminal-facing cells of the intestinal epithelium are derived from intestinal 
stem cells (iSCs) and include enterocytes, goblet cells, enteroendocrine cells, tuft 
cells, and Paneth cells. These cells express Zn2+ transporters, both from the ZIP 
(SLC39A/Zrt- and Irt-like protein) and ZnT (Solute carrier, SLC30A/Zinc trans-
porter) families (Fig. 17.1), which govern the movement of Zn2+ into the cytosol and 
out of it, respectively. As such, Zn2+ efflux transporters expressed on the apical cells 
of the epithelium may transport Zn2+ from the cells into the intestinal lumen and 
may provide another source of luminal Zn2+. Indeed, the Zn2+ transporters ZnT1, 
ZnT5, and ZnT6 are localized to the apical side of intestinal cells suggesting they 
may transport Zn2+ into the lumen (Yu et  al. 2007; Jou et  al. 2009). Changes in 
dietary zinc uptake were shown to influence the expression level and localization of 
the Zn2+ transporters, further attesting to their roles in zinc absorption, as well as 
Zn2+ signaling (Jou et al. 2009). Emerging evidence implicate specific Zn2+ trans-
porters, not only in regulating intracellular Zn2+ levels, but also in playing key roles 
that govern intestinal epithelial cell development and physiological function (Wang 
and Zhou 2010; Myers et al. 2017).

Dyshomeostasis of zinc, resulting from changes in diet or Zn2+ transporter dys-
function, may lead to deficiency or excess of this ion but can also impair intestinal 
cell function. Indeed, zinc dyshomeostasis is associated with disease. Zinc defi-
ciency is manifested by impaired function of the digestive system, most prominent 
of which are severe diarrhea and inflammatory bowel disease (IBD) (Walker and 
Black 2010; Luk et al. 2002; Maret and Sandstead 2006). The general role of Zn2+ 
in preserving intestinal epithelium in human disease is underscored by the effect of 
zinc supplementation on reducing diarrhea (Walker and Black 2010; Scrimgeour 
and Lukaski 2008) and permeability of the gut (Sturniolo et al. 2001), particularly 
in individuals who are zinc deficient. The World Health Organization (WHO) sug-
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gests zinc supplementation for effective treatment of diarrhea, and this is supported 
by multiple studies showing the role of this nutrient in shortening the disease phase 
and reducing mortality (Lazzerini and Wanzira 2016 21; Crisinel et al. 2015; Hoque 
and Binder 2006). Although zinc deficiency is associated with IBD, it is unclear if 
it predisposes one to IBD, or if IBD results in zinc deficiency. This is illustrated by 
the fact that IBD is more prominent in countries where nutritional zinc deficiency is 
less common. Notably, availability of Zn2+ in the intestine may also be impaired by 

Fig. 17.1 Schematic representation of the localization of Zn2+ homeostatic proteins in intestinal 
epithelial cells. In light pink are crypt cells, which include the intestinal stem cells (iSC) and 
Paneth cells; while villus cells (or apical surface cells in the large intestine) that are facing the 
intestinal lumen are shown in orange and represent enterocytes (or colonocytes in the large intes-
tine) or Goblet cells (blue cells). Apical or basolateral expression of Zn2+ homeostatic proteins is 
marked by the location of relevant transporters relative to the cell it is shown on; and transporters 
localized within cellular compartments are marked by a pink background to the protein name. 
Figure adjusted from modules of Servier Medical Art (http://www.servier.com)
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phytate, and a high fiber diet may also result in zinc deficiency that is more common 
in developed countries (Gibson et al. 2018). In addition to a direct role on intestinal 
epithelial physiology, zinc regulates immune system function, and may thus be also 
involved in mucosal inflammation, such as seen in IBD. Finally, zinc supplementa-
tion is suggested to enhance appetite during chemotherapy treatment or in anorexia 
nervosa patients. In these disease states, it is not clear if zinc deficiency is a conse-
quence of the low micronutrient uptake and zinc supplementation merely repletes 
the deficiency, or if zinc serves as a signaling ion that triggers cellular pathways to 
enhance recovery. More recently, excess zinc intake through supplementation has 
been modestly associated with IBD, and studies in animal models provide compel-
ling evidence that excess zinc exposure in otherwise healthy and non-zinc deficient 
subjects, causes oxidative stress, inflammation, and negatively impacts intestine 
function (Podany et al. 2019). Thus, understanding the mechanisms underlying the 
roles of zinc in the digestive system is important to optimizing human health and 
eliminating the burden of disease.

17.2  The Role of Zinc in Intestinal Function

The intestinal epithelium must maintain a firm and selective barrier to prevent inva-
sion of bacteria and pathogens into the body, but at the same time to enable selective 
uptake and removal of nutrients and solutes. This is achieved by: (i) continuous 
renewal of the intestinal epithelium, a process requiring rapid cell proliferation and 
iSC differentiation into multiple cell types found along the lumen; (ii) formation of 
a physical tight barrier mediated by expression of apical junctional proteins; (iii) 
regulation of ion (K+, Cl−, and Na+) transport across the intestinal epithelium that 
establishes osmotic gradients and allows water and nutrient absorption (Barrett 
2008; Zachos et al. 2009); and (iv) regulated secretion of antimicrobial peptides, 
cytokines, and other immunologically active factors that maintain mucosal immu-
nity and the gut microbiome. Evidence supports a critical role for zinc in all of these 
functions.

The intestinal epithelium is composed of an array of differentiated epithelial 
cells that derive from the multipotent iSCs. Under homeostatic conditions, iSCs 
replenish the various cell types that line the lumen (Potten and Loeffler 1990). These 
remarkable cells feature the ability to self-renew while giving rise to intermediate 
transit-amplifying progenitor cells (TA cells) that continually differentiate to renew 
intestinal epithelial cells that comprise the crypt-villus axis (Rizk and Barker 2012; 
Potten and Loeffler 1990). The most predominate cell type is the enterocyte that 
primarily functions to absorb nutrients through various integral membrane trans-
porters and channels, and large macromolecules through endocytosis (Overeem 
et al. 2016). Enterocytes are critical to maintaining active absorptive function of this 
tissue on one hand and on the other hand, these cells are responsible for forming the 
intestinal barrier that attenuates paracellular movement across the epithelium. The 
intestinal barrier is composed of a mucus layer and apically expressed transmembrane- 
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junctional proteins, e.g., claudins, occluding, and zonula occludens-1, which seal 
the apical surface and block paracellular movement. Chronic inflammation and 
diarrhea associated with IBD have been linked to disruption in epithelial barrier 
functions (Barbara 2006; Catalioto et al. 2011). Breakdown of the apical junctional 
complexes during inflammatory conditions, induces uncontrolled paracellular trans-
port that precedes actual damage of the tissue, and is therefore considered an impor-
tant stage in the pathogenesis of these diseases (Bertiaux-Vandaele et al. 2011). In 
addition to serving as the absorption site for zinc, the physiological function of the 
enterocyte is regulated by this ion (Walker and Black 2010; Sazawal et al. 1995; 
Lindenmayer et al. 2014). Zinc deficiency impairs barrier function and increases 
permeability and cell death (Finamore et al. 2008; Geiser et al. 2012). Barrier func-
tion and expression of claudin proteins are impaired during disease, and zinc sup-
plementation to Shigella-infected intestinal cells ameliorates claudin expression, 
and thereby restores barrier function (Sarkar et al. 2019). Studies in piglets show 
that zinc repletion enhances expression of the tight junction (TJ) proteins occludin 
and zonula occludens-1, and promotes increased villus height, width, crypt depth, 
and surface area (Wang et al. 2018). Studies in vitro also show that TJ proteins are 
regulated by zinc supplementation to the growth medium. At the cellular level, Zn2+ 
regulates barrier function by enhancing the cell membrane localization of TJ pro-
teins claudin-2 and -4, and modulating phosphorylation state of TJ proteins through 
extracellular signal-regulated kinase (ERK)1/2 (Sarkar et al. 2019). Zn2+ also pro-
motes barrier formation (Finamore et  al. 2008; Geiser et  al. 2012; Glover and 
Hogstrand 2003; Wang et al. 2013) in colon epithelial cell (colonocyte) cultures, 
and plays a major role in enhancing proliferation and survival of colonocytes (Cohen 
et al. 2012; Sunuwar et al. 2017b). The underlying signaling pathways associated 
with these processes are activated by an upstream regulator, a zinc-sensing G-protein 
coupled receptor (ZnR/GPR39, see Sect. 17.4). However, excess zinc in non-zinc 
deficient subjects can have a negative effect on barrier function as well, as zinc 
induces oxidative stress and intestinal permeability through decreasing e-cadherin 
expression (Podany et al. 2019).

Goblet cells are the second most-predominant cell type and are responsible for 
secreting mucus, which is quintessential to the integrity of the mucosal barrier, and 
ensures not only the hydration of the underlying intestinal layers but is critical for 
neutralizing toxins and infectious agents (Kim and Khan 2013; Kim and Ho 2010; 
Pelaseyed et al. 2014), and providing an energy source for gut microbiota. Effects 
of Zn2+ on mucus secretion have been described in fish and are also associated with 
regulation of absorption by the epithelium (Khan and McGeer 2013; Glover and 
Hogstrand 2003). Studies in  vitro show that mucins provide a zinc source for 
absorption, as mucins contain multiple zinc-binding sites with biologically relevant 
affinity within one mucin molecule (Maares et al. 2018). Zinc deficiency increases 
mucus production (Bolick et al. 2014); however, effects on goblet cell number were 
not reported. Interestingly, excess zinc exposure increases mucus production and 
goblet cell number in mice (Podany et al. 2019), broilers (Shah et al. 2018), and 
in vitro in HT-29 cells (Arriaga et al. 2017). Although the mechanisms are not cur-
rently understood, one possibility is that excess zinc increases KLF-4 and/or BMP 

17 Zinc Signaling (Zinc’ing) in Intestinal Function



352

signaling in iSCs, which drives differentiation of iSCs into goblet cells (Chen 
et al. 2018).

Finally, protection of the intestinal system is supported also by secretion of anti-
microbial agents and cytokines by the Paneth cells, and by immune cells from the 
lamina propria beneath the epithelial layer. The highly specialized and secretory 
Paneth cells are situated in the crypts of Lieberkühn and adjacent to the iSCs, and 
known for their large secretory granules through which they secrete antimicrobial 
peptides (e.g., a-defensin, lysozyme, and secretory phospholipase A2), cytokines, 
enzymes, growth factors, and a large amount of Zn2+ (Stappenbeck 2009; Giblin 
et al. 2006; Danscher and Stoltenberg 2005). These granule factors are required to 
neutralize bacterial pathogens and maintain microbial homeostasis, as well as pro-
vide critical growth factors such as Wnt to influence iSC proliferation and differen-
tiation (Stappenbeck 2009). Loss of Paneth cells leads to reduction of iSCs, which 
underscore the Paneth cell’s role as the “gatekeeper of the intestine”. Severe zinc 
deficiency in rats does not affect granule Zn2+ content or Paneth cell ultrastructure, 
suggesting these specialized cells are relatively resistant to zinc depletion (Moran 
and Lewis 1985). However, evidence from human studies indicate that loss of 
Paneth cell granules is associated with low serum zinc levels, which may affect host 
susceptibility in these individuals (Kelly et  al. 2004). The importance of zinc in 
host-microbe interactions is underscored by numerous studies, and changes to ZIP 
transporters induced by inflammatory cytokines have been described in the lung 
(Galvez-Peralta et al. 2014), similar mechanisms may affect the intestinal epithe-
lium as well. Importantly, secretion of Zn2+ or Zn2+-chelating agents may regulate 
the luminal microbial survival (Malavia et  al. 2017; Shank et  al. 2018). Indeed, 
excess zinc exposure in neonatal mice alters the gut microbiome such that several 
pathogenic taxa are enriched (Podany et al. 2019). Thus, zinc may also indirectly 
regulate barrier function of the intestinal epithelium via modulation of antimicro-
bial/antibacterial mechanisms.

17.3  Zinc Transporters in the Digestive Tract

17.3.1  Transporters Responsible for Uptake

The transporter that is most closely related to Zn2+ uptake is ZIP4, and loss of this 
transporter is embryonically lethal. ZIP4 is found on the apical membrane of intes-
tinal cells where it imports zinc from the lumen, and its expression is modulated by 
proteolytic processes following changes in enterocyte Zn2+ concentrations 
(Hashimoto et al. 2016; Dufner-Beattie et al. 2003, 2007). A profound example of 
zinc deficiency is seen in the disease acrodermatitis enteropathica (AE) where muta-
tions in ZIP4 underlie the disease mechanism (Wang et al. 2002). A primary defect 
in AE is reduced transport of Zn2+ across the apical membrane of enterocyte, which 
leads to diarrhea, impaired immune function, gastrointestinal lesions, and severe 
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and potentially lethal zinc deficiency (Nistor et al. 2016). Importantly, supplementa-
tion with dietary zinc can rescue these patients. Knockdown of ZIP4 in the intestinal 
epithelium abrogates Zn2+ absorption, but also disrupts iSC differentiation and 
eventually results in loss of the columnar epithelium on the villi (Geiser et al. 2012). 
This is associated with profound loss of labile Zn2+ within Paneth cell granules 
(Geiser et al. 2012), which may impair Paneth cell-iSC interactions that are critical 
for maintaining the stem cell niche. Localization of ZIP5 on the basolateral mem-
brane of enterocytes cells suggests this transporter is also involved in response to 
systemic zinc or zinc excretion. Indeed, knockdown of ZIP5 results in abrogated 
zinc concentrations in the liver, and specific knockdown of ZIP5  in enterocytes 
increases pancreatic zinc accumulation (Geiser et al. 2013). Expression of ZIP5 is 
also tightly regulated by dietary zinc deficiency when it is degraded, which is likely 
a protective mechanism to reduce zinc loss. Basolateral expression of ZIP14 on 
enterocytes suggested that this transporter is also involved in absorption of this ion 
(Guthrie et al. 2015). Indeed ZIP14 knockout mice showed increase in accumula-
tion of Zn2+ in endosomes in the small intestinal epithelial cells and increased 
expression of the Zn2+ binding metallothioneins (Guthrie et al. 2015). Interestingly, 
ZIP14 deficient mice showed impaired TJ complexes and increased permeability, 
which may also result due to impaired Zn2+-dependent activation of ZnR/GPR39 
(see Sect. 17.4). The ubiquitous zinc transporter ZnT1 is predominantly expressed 
on the basolateral entercocyte membrane and is likely responsible for Zn2+ efflux 
and absorption into systemic circulation (Yu et  al. 2007). Possible ZnT1 apical 
expression in enterocytes suggests it may also be responsible for Zn2+ efflux back 
into the lumen following excess zinc exposure (Jou et al. 2009). Dietary zinc defi-
ciency affects expression of ZnT1 in the intestine, with even mild zinc deficiency 
reducing levels of ZnT1 in the jejunum (Jou et al. 2009), is due to the cellular role 
of Zn2+ regulating metal transcription factor 1 (MTF1) phosphorylation (Langmade 
et al. 2000).

The Transient Receptor Potential proteins are a family of non-selective ion chan-
nels that are widely expressed (Bouron et  al. 2015). While Zn2+ modulates, and 
largely inhibits, TRP channels, several members of this family can transport Zn2+ 
ions, for example TRPA1 (Hu et al. 2009), TRPC6 (Gibon et al. 2011), TRPM3 
(Wagner et al. 2010), TRPML1 (Kiselyov et al. 2011; Eichelsdoerfer et al. 2010), 
and TRPM7 (Inoue et al. 2010). A role for TRPM3 was suggested in pancreatic 
β-cell absorption of zinc, where Zn2+ is stored in insulin granules (Kristiansen et al. 
2001), and may also potentiate Zn2+ influx through voltage-gated calcium channels 
(Wagner et al. 2010). Efflux of lysosomal Zn2+ is mediated by TRPML1, and orches-
trated activity of this transporter with ZnT4 maintains cellular Zn2+ homeostasis 
(Kukic et al. 2013). Recently, specific intestinal knock down of TRPM7 was shown 
to modulate zinc status in mice, as well as downregulation of several Zn2+ transport-
ers, including ZIP4 (Mittermeier et al. 2019). Thus, ZIP4 decrease may also have a 
role in reducing absorption of Zn2+, a direct role for TRPM7 in Zn2+ absorption still 
needs to be verified.
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17.3.2  Transporters Responsible for Intracellular Zn2+ 
Homeostasis

Expression studies indicate that ZnT4 is found in both the absorptive enterocytes 
and the goblet cells (Yu et al. 2007; Murgia et al. 2006, 1999). Previously reported 
on the basolateral side of enterocytes in rats (Murgia et al. 1999), ZnT4 is also local-
ized to the Golgi apparatus and to intracellular vesicles other cell types (McCormick 
et al. 2016). Although the major phenotype in ZnT4-null mice is a reduction in milk 
zinc levels known as “lethal-milk” syndrome (McCormick et al. 2016), a spontane-
ous truncation mutation in ZnT4 also results in ZIP4 expression and low zinc 
absorption (Murgia et  al. 2006). ZnT4-deletion leads to reduced activation of 
STAT5, which is also critical for homeostatic regulation of gut integrity and immu-
nity (Gilbert et al. 2012). Attenuation of STAT5 in intestinal organoids fail to form 
crypts and are unable to expand, suggesting that ZnT4-mediated zinc transport 
plays a role in crypt expansion (Gilbert et al. 2015). As ZnT4 is required for epithe-
lial differentiation via STAT5 in mammary cells (McCormick et al. 2016), it may 
play a similar role in enterocytes and goblets cells. ZnT5 and ZnT7 are primarily 
localized to the basal side of enterocytes (Yu et al. 2007), which is consistent with 
the localization of these proteins on the Golgi and vesicular compartments (Ishihara 
et  al. 2006). Expression of ZnT5 and ZnT7 is higher in developing cells in the 
crypts, likely due to the high rates of protein production that requires Zn2+ (Suzuki 
et al. 2005a; Suzuki et al. 2005b). While ZnT4, 5, and 7 are found mostly in the 
duodenum and jejunum, ZnT7 alone is expressed in the ileum. ZnT6, which is 
largely associated with ZnT5 as a heterodimer found on intracellular organelles, is 
also expressed on the apical side of small intestinal cells (Yu et al. 2007); however, 
the role of ZnT6 is not understood (Fukunaka et al. 2009; Ohana et al. 2009).

Paneth cells have a unique requirement for zinc. Their large secretory granules 
contain a large amount of Zn2+ in addition to antimicrobial proteins and cytokines 
(Danscher and Stoltenberg 2005; Elmes and Jones 1981). Zinc depletion following 
genetic deletion of ZIP4 in enterocytes, results in Paneth cell death and their replace-
ment by mucin-secreting goblet cells (Geiser et  al. 2012). This may be due to 
changes in Wnt signaling as it plays a well-known role as the master regulator of the 
sophisticated network that modulates the iSC niche (Fevr et al. 2007). Wnt binds to 
Frizzled receptor, thereby stabilizing β-catenin transcription factor complex, which 
drives a variety of cell signaling pathways that control cell fate (Clevers 2006). 
Deletion of ZIP4 reduces SOX9 and dephosphorylates GSK3, thereby reducing 
mTOR1 activity, which is closely interconnected with Wnt signaling pathways. A 
zinc transporter critical for Paneth cell function is ZnT2. ZnT2 is localized to the 
large secretory granules and is responsible for the accumulation of granular Zn2+. 
Deletion of ZnT2 in mice does not alter the gross morphology of the small intestine, 
but reduces Zn2+ content in Paneth cells and results in disorganization of their secre-
tory granules altogether (Podany et al. 2016). In accordance with the major role of 
the Paneth cells in gut microbial homeostasis and immune susceptibility, ZnT2 
knockout mice show diminished antibacterial response to lipopolysaccharide, 
increased gut permeability, and systemic inflammation (Podany et al. 2016). This 
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suggests ZnT2 may protect against IBD; however, further studies are required to 
address the human health implications.

Epithelial regeneration is particularly rapid in the cells of the intestinal mucosa 
that interface with the lumen of the digestive tract. ZIP7 is detected in the intestinal 
crypt, and localized to subcellular compartments such as the endoplasmic reticulum 
(ER) and Golgi apparatus in TA cells and Paneth cells, where it exports Zn2+ into the 
cytoplasm (Huang et al. 2005; Ohashi et al. 2016). Targeted deletion of ZIP7 in the 
intestinal epithelium in mice reveals aberrations in Paneth cell granules and the loss 
of Olfm4+ stem cells in the crypt, suggesting ZIP7 plays a key role in mediating iSC 
proliferation and differentiation (Ohashi et al. 2016) and rapid recovery from injury. 
Phosphorylation regulates ZIP7 function and it is required for activation of AKT 
signaling and myoblast differentiation (Mnatsakanyan et  al. 2018; Taylor et  al. 
2012), suggesting a potential mechanism in the intestine. In addition, ZIP7 deletion 
increases susceptibility to irradiation-induced damage that requires rapid epithelial 
recovery (Ohashi et al. 2016). A similar mechanism was also associated with dermal 
stem cell survival (Bin et al. 2017). Moreover, deletion of ZIP7 in cultured organ-
oids leads to degeneration and failure to undergo crypt fission, suggesting that ZIP7 
is essential to regeneration of intestinal crypts (Ohashi et al. 2016). Interestingly, the 
inability to release Zn2+ from the ER leads to ER stress and hypodense granules, 
suggesting the ER may provide the pool of Zn2+ that accumulates in Paneth cell 
granules (Ohashi et al. 2016; Podany et al. 2016).

17.4  Intestinal Function of ZnR/GPR39

Transient changes in extracellular Zn2+ concentrations suggested that this ion might 
act as a first messenger, triggering cellular signaling via interaction with membrane 
proteins. Indeed, Zn2+ acts as a modulator of numerous membrane proteins, thereby 
affecting cellular signaling pathways. For example, Zn2+ modulates the function the 
store operated Ca2+ signals (Gore et  al. 2004) or purinergic receptor responses 
(Mendez-Barredo et  al. 2018; Jiang 2009). But, exogenous Zn2+ also acts as an 
essential activator of a distinct Zn2+ sensing receptor (Hershfinkel et al. 2001). A 
Zn2+-triggered Gq-dependent mechanism for activation of Ca2+ cellular signaling is 
mediated by a functional metabotropic receptor, ZnR/GPR39, that senses changes 
in extracellular Zn2+ in colonocytes (Hershfinkel 2018). Initial studies indicated that 
ZnR/GPR39 is widely-expressed throughout the digestive system (Moechars et al. 
2006; Depoortere 2012). In native colon tissue, luminal application of Zn2+ is suf-
ficient to activate ZnR/GPR39, suggesting that the receptor is present on the apical 
side of colon epithelial cells (Cohen et al. 2012). The Zn2+- triggered ZnR/GPR39- 
dependent Ca2+ signaling and downstream MAP kinase and AKT activation, play a 
key role in enhancing proliferation and differentiation of epithelial cells (Hershfinkel 
et  al. 2001; Cohen et  al. 2012, 2014; Azriel-Tamir et  al. 2004). Colonocytes are 
exposed to numerous apoptotic signals, e.g., the short chain fatty acid butyrate 
 present at high concentrations in the colon lumen, which imposes acidosis and cell 
death (Yu et al. 2010; Scharlau et al. 2009; Bordonaro et al. 2008). Prolonged expo-
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sure of colonocyte cell cultures to butyrate induces cell death that is attenuated by 
activation of ZnR/GPR39-dependent MAP kinase and AKT pathways and subse-
quent upregulation of the pro-survival glycoprotein, clusterin (Cohen et al. 2012). 
The role of ZnR/GPR39 is likely not limited to the colonocytes, as luminal Zn2+ 
accelerates healing of gastric ulcers (Opoka et al. 2010), which may involve ZnR/
GPR39- dependent enhanced proliferation.

Activation of ZnR/GPR39 in colonocyte cell cultures also enhances expression of 
TJ proteins zonula occludens-1 and occludin (Cohen et al. 2014), critical elements of 
the intestinal barrier (Furuse et al. 1994; Chiba et al. 2008). While several studies 
showed that Zn2+ enhances TJ formation, only later was ZnR/GPR39 identified as the 
underlying mechanism by using inhibitors of the ZnR/GPR39 signaling pathway, as 
well as silencing of the receptor itself (Cohen et al. 2014). A significant reduction in 
TJ barrier function is also monitored in colonic epithelium of ZnR/GPR39 knockout 
mice (Cohen et  al. 2012). Accordingly, treatment of ZnR/GPR39- expressing or 
knockout mice with dextran sodium sulfate (DSS) to induce colitis, resulted in 
increased inflammatory response in the knockout mice (Sunuwar et al. 2016). Using 
the DSS model permitted exploration of the recovery period, which showed that ZnR/
GPR39 expression allows enhanced proliferation and recovery of the mucosal layer 
including TJ formation. In contrast, ZnR/GPR39 knockout mice had reduced survival 
and slower recovery of the mucosal layer after removal of DSS.  Importantly, this 
study reveals a direct role for Zn2+, via ZnR/GPR39, in activating epithelial cell signal-
ing leading to a tightening of the epithelial barrier. Controversial results regarding the 
role of dietary zinc in IBD may stem from partial understanding of the mechanism, as 
such, supplementation with zinc during periods of ZnR/GPR39 desensitization or in 
patients who lack a functional receptor may yield negative results for the role of zinc. 
In addition, the interaction of supplemental Zn2+ with multiple Zn2+ transporters 
clearly affects multiple pathways. Thus, a specific agonist for ZnR/GPR39 may serve 
as a better entity to test the effect of ZnR/GPR39 in human patients with IBD.

Epithelial intestinal cells have an essential role in maintaining ion gradients 
across the epithelial barrier. In the colon, Zn2+ was suggested to modulate ion trans-
port either under normal conditions or during experimentally induced diarrhea 
(Medani et al. 2012; Canani et al. 2005). Activation of ZnR/GPR39 in colon cell 
lines and native colonocytes promotes upregulation of Na+/H+ exchanger (NHE) 
activity (Azriel-Tamir et al. 2004; Cohen et al. 2012) and basolateral K+/Cl− cotrans-
porter, KCC1, activity (Sunuwar et  al. 2017a). Impaired ion transport balance 
results in diarrhea, and is seen in cholera toxin-treated mouse models. Indeed, ZnR/
GPR39 upregulation of KCC1 activity in wild type mice results in a much milder 
diarrhea compared to that observed in ZnR/GPR39 knockout mice (Sunuwar et al. 
2017a). In addition, ZnR/GPR39 upregulation of NHE activity may be mediated by 
the apical NHE3 that also has a role in attenuating diarrhea (Singh et  al. 2012; 
Donowitz et al. 2013). Diarrhea itself may impose zinc deficiency, and zinc supple-
mentation in patients with dietary zinc deficiency may improve general health and 
immune system function. However, the identification of ZnR/GPR39-dependent 
activation of ion transport suggests that Zn2+ acts as a specific signaling molecule. 
Moreover, ZnR/GPR39 serves as a direct target for intestinal Zn2+ that can be thera-
peutically modulated to alleviate diarrhea.
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17.5  Conclusions and Future Directions

Zinc is essential for function of all the systems in the body, and its primary entry 
pathway is through gastrointestinal uptake. Multiple transporters are responsible for 
maintaining zinc homeostasis and critical cellular functions in the gastrointestinal 
system. Zn2+ in the enterocytes is responsible for the formation of a tight barrier 
between the intestinal lumen and the body; maintaining a stable barrier is critical to 
maintaining a healthy gut. Paneth and goblet cell functions are critically dependent 
upon Zn2+, and as such, are essential for promoting host-microbe interactions. A key 
gap in knowledge is our profound lack of understanding of the role of Zn2+ in regu-
lating iSC function and differentiation. Although the function of only few of the 
Zn2+ transporters has been elucidated to-date, it is clear that they serve an important 
role in development and maintenance of the healthy intestine. In addition, Zn2+ acts 
as a signaling ion and activates cellular signaling pathways either directly or via 
modulation of its transporters. As such, chelation of Zn2+ by compounds that can be 
found in the intestinal lumen, e.g., phytate or citrate, not only affects zinc absorption 
leading to deficiency but can also impair Zn2+  −  dependent signaling. Loss of 
endogenous Zn2+ following its chelation by citrate or amyloid-β resulted in changes 
in ZnR/GPR39 signaling that were shown to modulate functions of prostate cells or 
neurons, respectively (Dubi et al. 2008; Abramovitch-Dahan et al. 2016). The com-
plexity of the Zn2+ transporting network is far from being clear, as changes in each 
of the transporters, or levels or subcellular localization of Zn2+ itself, affect the 
expression level, localization, and function of other transporters. The requirement 
for multiple compensatory pathways for each piece of this puzzle only attests to the 
importance of the Zn2+ transporting network in maintaining gastrointestinal homeo-
stasis. Revealing the multitude of relations between these Zn2+ transporters remains 
a task to be investigated. The Zn2+ sensing receptor, ZnR/GPR39, is also activated 
in the intestinal epithelial cells and regulates important functions including barrier 
recovery and ion transport. Its interaction with other Zn2+ homeostatic proteins has 
not been elucidated, but adds another layer of complexity to the Zn2+ transporting 
network. Future studies are expected to identify and link the dots of this physiologi-
cally critical network.
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Chapter 18
In Situ Imaging of Zinc with Synthetic 
Fluorescent Probes

Jiyao Yu and Christoph J. Fahrni

Abstract Small-molecule synthetic fluorescent probes represent powerful tools for 
interrogating labile zinc pools in biology. Transported into cells through passive 
diffusion, they are particularly well suited for visualizing dynamic changes of zinc 
in living systems. When employing fluorescent probes for visualizing biological 
zinc, there are important limitations that differentiate this approach from quantita-
tive microanalytical techniques. Notably, fluorescent probes engage in a competi-
tive exchange equilibrium with endogenous ligands and proteins and thus detect 
changes of labile Zn(II) pools rather than total cellular zinc levels. Focusing on 
design approaches and photophysical concepts, this chapter offers an overview of 
the most widely employed fluorogenic and ratiometric probes for the detection of 
Zn(II) in a biological environment, discusses concepts relevant for the design and 
application of Zn(II)-responsive probes for two-photon excitation microscopy, and 
outlines current challenges and limitations of their application in biological 
systems.

Keywords Exchangeable zinc · Fluorescence imaging · Fluorogenic probes · 
Emission-ratiometric probes · Two-photon excitation microscopy

18.1  Introduction

Cellular zinc levels are regulated through a complex network of subcellular storage 
sites such as metallothioneins and membrane-localized transporters that control 
influx and efflux pathways (Kambe et al. 2015; Hara et al. 2017). While a significant 
fraction of cellular zinc is tightly bound to proteins where it serves as a catalytic 
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cofactor or structural support, there is increasing evidence that cells also maintain a 
labile pool of zinc that might be involved in signaling processes (Khan et al. 2014; 
Vergnano et al. 2014). Synthetic fluorescent probes offer unique opportunities to 
explore the nature of this exchangeable zinc pool and to advance our understanding 
of zinc-dependent signaling and regulatory processes in biology (Carter et al. 2014; 
Fahrni et al. 2017). Due to their lipophilicity and low molecular weight, synthetic 
probes can passively diffuse across biological membranes to reach cellular targets 
in a noninvasive manner, thus enabling the visualization of dynamic changes in live 
cells. A number of Zn(II)-selective fluorescent probes are commercially available 
and can be employed with conventional fluorescence microscopes available in most 
cell biology laboratories. As no additional equipment is required, the detection of 
Zn(II) with fluorescent probes is cost-effective and often the method of choice for 
assessing cellular zinc levels. However, fluorescent probes do not report on total 
cellular zinc concentrations, rather, they reflect on the fraction of labile or exchange-
able Zn(II) that is buffered by an ensemble of endogenous proteins and bioligands 
(Maret 2015). Because fluorescent probes inherently engage in a competitive metal 
exchange equilibrium, the observed response is dependent on the probe interaction, 
notably the relative affinities and exchange kinetics. For this reason, fluorescence 
imaging with Zn(II)-selective probes cannot substitute for quantitative imaging 
techniques such as x-ray fluorescence microscopy or secondary ion mass spectrom-
etry imaging (McRae et al. 2009). Instead, fluorescent probes offer complementary 
insights into the dynamics of labile Zn(II).

18.2  Fluorogenic Probes

18.2.1  Design Principles and Applications

At a molecular level, fluorogenic probes are composed of an organic fluorophore 
tethered to a chelator, which triggers a fluorescence increase upon metal ion bind-
ing. The photophysical mechanisms that couple the fluorescence output with the 
metal binding event are diverse but typically involve controlling the photoinduced 
movement of electrons or protons in a metal ion-dependent fashion. For example, 
8-hydroxy-quinoline and 6-methoxy-8-p-toluenesulfonamido-quinoline (TSQ), 
two of the earliest renditions for probing biological zinc, employ a heterocyclic 
quinoline ring, which serves both as metal coordination site and fluorophore moiety. 
The donor attached in the 8-position turns the quinoline ring into a bidentate chela-
tor, which forms with Zn(II) a complex with 2:1 stoichiometry (Fig. 18.1) (Fahrni 
and O’Halloran 1999; Nasir et al. 1999). While the Zn(II) complex is brightly fluo-
rescent, a non-radiative excited state intramolecular proton transfer pathway is 
likely responsible for quenching of the quinoline emission in the free probe (Lan 
and Liu 2015). The underpinning photophysical mechanism is best illustrated with 
a simplified Jablonski diagram as shown in Fig. 18.1b. Upon photoexcitation, the 
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basicity of the quinoline nitrogen increases concomitantly with the acidity of the 
neighboring hydroxy or sulfonamide group, thus promoting a proton transfer to 
yield a zwitterionic intermediate, which then thermally equilibrates back to the 
original ground state protomer without photon emission. In the complexed form, 
Zn(II) occupies both the proton donor and acceptor sites, thus inhibiting the original 
proton transfer quenching pathway and restoring fluorescence of the quinoline fluo-
rophore. Because the quinoline heterocycle acts as a strong photobase in its own 
right (Hunt and Dawlaty 2018), the fluorescence remains quenched even under 
basic conditions where the hydroxy or sulfonamide groups are deprotonated. 
Although other divalent transition metal ions such as Mn(II), Fe(II), or Co(II) can 
form analogous complexes, their open d-shell electron configuration results in effi-
cient fluorescence quenching.

The selectivity of TSQ for the detection of biological zinc within the chemically 
complex environment of tissues was corroborated with the neo-Timm stain 
(Frederickson et al. 1987; Frederickson 1989), a histochemical method based on 
autometallographic enhancement of zinc selenide nanoparticles formed from histo-
chemically reactive zinc upon perfusion with sodium selenide (Danscher 1981). 
Such correlative imaging studies were not only critical to validate the observed fluo-
rescence staining pattern but also to promote overall confidence when employing 
synthetic probes in other biological systems. To increase retention in live cells, 
Zalewski et al. developed the quinoline derivative zinquin carrying an ester group 
(Zalewski et al. 1993; Mahadevan et al. 1996). Upon cleavage by cellular esterases, 
the ester group is converted into a negatively charged carboxylate anion with has a 
much-decreased membrane permeability.

Fig. 18.1 Quinoline-based Zn(II)-selective fluorescent probes. (a) Molecular structures of 
8-hydroxy-quinoline (8HQ), 6-methoxy-8-p-toluenesulfonamido-quinoline (TSQ), and 
zinquin. (b) Simplified Jablonski diagram illustrating the photophysical mechanism for Zn(II)-
induced emission enhancement. Excitation of the quinoline fluorophore promotes an exited 
state intramolecular proton transfer (ESIPT) to yield the zwitterionic tautomer T∗, which ther-
mally equilibrates back to the ground state (GS). In the presence of Zn(II), the bidentate quino-
line ligand forms a tetrahedral complex, where ESIPT quenching is no longer possible and the 
fluorescence is switched on
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The early success of quinoline-based probes for the in situ detection of biological 
zinc stimulated further developments, which evolved into a vibrant area of research 
that has produced a large body of literature as summarized in several comprehensive 
reviews (Carter et al. 2014; Jiang and Guo 2004; Kikuchi et al. 2004; Lim et al. 
2004; Nolan and Lippard 2009; Xu et al. 2010; Carter et al. 2014; Chen et al. 2015; 
Chabosseau et al. 2018; Sfrazzetto et al. 2016). While the probes reported thus far 
cover a broad range of binding affinities and exhibit diverse photophysical charac-
teristics, both in terms of fluorescence contrast and available emission wavelengths, 
the literature on their biological applications remains comparatively sparse. Because 
most probes require elaborate multistep synthetic procedures, the majority of bio-
logical studies have been conducted with reagents that are available from commer-
cial sources. With these limitations in mind, the following discussion focuses on 
general guidelines for the application of these reagents rather than reviewing the 
extensive literature on Zn(II)-responsive fluorogenic probes that are less readily 
accessible. As a newer development, the design and application of fluorescent 
probes for two-photon excitation microscopy (TPEM) will also be reviewed, includ-
ing some of the latest development concerning ratiometric Zn(II)-selective fluores-
cent probes.

The majority of commercially available Zn(II)-selective fluorescent probes 
respond with an increase in fluorescence intensity upon saturation with Zn(II) 
(Table 18.1). With the exception of TSQ and zinquin, all probes employ a xanthene 
derivative as fluorophore moiety, which is linked to various chelators acting as 
Zn(II) recognition sites (Fig. 18.2). In contrast to the quinoline-based probes dis-
cussed above, the Zn(II)-induced fluorescence switching of xanthene derivatives 
relies on a photoinduced electron transfer (PET) mechanism rather than excited 
state proton transfer (Fig. 18.3). Specifically, excitation of the fluorophore promotes 
an electron into an empty antibonding orbital, and the resulting vacancy in the bond-
ing orbital is filled by accepting an electron from the tethered chelator acting as an 
electron- rich donor. The resulting radical ion pair undergoes charge recombination 
to furnish the original ground state, a process that usually occurs through thermal 
equilibration without emission of a photon. Because Zn(II) coordination lowers the 
energy of the electron donor, formation of the radical ion pair becomes less favor-
able, and the driving force for the electron transfer is diminished. As a consequence, 
radiative deactivation can now effectively compete with PET, which would other-
wise quench the fluorescence. Thus, the observed Zn(II)-induced fluorescence 
enhancement can be rationalized based on the efficiency of PET quenching in the 
free probe and its inhibition upon Zn(II) binding.

As evident from Table 18.1, different combinations of chelator and fluorophore 
moieties produce quite different fluorescence contrasts, which directly affect the 
limit of detection and overall sensitivity. In addition to the magnitude of fluores-
cence enhancement upon saturation with Zn(II), the limit of detection also depends 
on the molar brightness, which corresponds to the product of the absorption cross 
section (molar extinction coefficient) at the wavelength of excitation and the quan-
tum yield of the Zn(II)-bound probe. Probes with higher fluorescence contrast and 
brightness can be employed at a lower concentration and thus are capable of detect-
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Fig. 18.2 Molecular structures of commercially available Zn(II)-selective fluorogenic probes

Fig. 18.3 Principle of photoinduced electron transfer (PET) fluorescence switching in xanthene-
based Zn(II)-responsive fluorescent probes. Photoexcitation of the xanthene moiety promotes an 
electron transfer from the nearby donor (D) to yield a radical ion pair (D•+-X•–), which undergoes 
non- radiative charge recombination back to the ground state (GS). Because the electron transfer 
rate constant (ket) is faster than that of radiative deactivation (kr), the fluorescence is quenched. 
Upon metal binding to the donor, the electron transfer is rendered less favorable, and radiative 
deactivation is now the preferred deactivation pathway
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ing lower Zn(II) concentrations. Even for the brightest probes, fluorescence  intensity 
measurements with conventional fluorimeters still require probe concentrations in 
the high nanomolar range to achieve a robust signal-to-noise ratio.

The Zn(II)-selective response of fluorogenic probes can be harnessed to deter-
mine the total Zn(II) concentration in analytical samples by fluorimetry. If the Zn(II) 
dissociation constants of the probe is significantly lower than the total probe con-
centration, the fluorescence intensity increases with a steady slope upon addition of 
Zn(II) up to the saturation point. Given this linear relationship, a simple calibration 
curve can be established and utilized to determine the total Zn(II) concentration of 
an unknown sample by fluorimetry, provided no other ligands are present that bind 
Zn(II) with similar or higher affinity than the probe. To exclude such interference, 
the sample is therefore best digested by boiling with concentrated acid followed by 
neutralization with base. Following this approach, fluorescent probes are well suited 
to measure total Zn(II) concentrations in a wide range of samples, including bulk 
cells or tissues, thus offering a low-cost alternative to microanalytical methods that 
require expensive instruments such as inductively coupled plasma mass spectrom-
etry (ICP-MS), atomic emission spectroscopy (AES), or total reflection x-ray fluo-
rescence elemental analysis (TXRF) (McRae et al. 2009).

18.2.2  Visualizing Zinc in Cells and Tissues

Due to their lipophilicity and small molecular size, many fluorescent probes can 
diffuse across lipid bilayers to reach subcellular compartments and organelles in a 
noninvasive fashion. Although hydrophilic charged probes are usually not 
membrane- permeant, they are useful for detecting extracellular analytes as demon-
strated, for example, with the dynamic release of Zn(II) ions from pancreatic β-cells 
(Gee et al. 2002b). To enable cellular uptake and increased retention, fluorescent 
probes containing carboxylic acids can be masked as ester derivatives, an approach 
that was pioneered by Tsien and coworkers in the early 1980s (Tsien 1981). Upon 
cellular uptake, the ester group is cleaved by nonspecific cytosolic esterases to 
release the negatively charged carboxylate anion, thus rendering the probe mem-
brane impermeant and increasing its overall cellular retention. Due to more favor-
able hydrolysis kinetics, acetoxymethyl (AM) esters are preferred over methyl or 
ethyl ester derivatives, and most of the carboxylic acid-containing probes listed in 
Table 18.1 are also commercially available as AM ester derivatives. When using AM 
esters for live cell imaging studies, the cell culture medium can be supplemented 
with millimolar concentrations of pyruvate to counteract potential toxicity of form-
aldehyde, which is a by-product of the AM ester hydrolysis (Tsien and Pozzan 
1989). While AM ester derivatives have been widely used for cellular in vitro stud-
ies, high levels of extracellular esterases in the vascular space may cleave the probe 
prior to cellular uptake, thus rendering AM derivatives ineffective for monitoring 
intracellular processes in vivo (Jobsis et al. 2007). Altogether, the ability to mask 
charged probes and deliver them into the cytosol of live cells permitted for the first 
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time the noninvasive observation of various metal ions, a key development that rev-
olutionized cell biology research.

Analogous to the fluorimetric analysis of bulk samples, the intracellular concen-
tration of a fluorescent probe must be sufficiently high to achieve a robust signal-to- 
noise ratio for fluorescence imaging. The following consideration provides a rough 
estimate for the lower limit of the cellular fluorophore concentration. Assuming an 
average focal volume of around 1 fL for a confocal imaging setup, a single probe 
molecule placed within this volume would yield a nominal concentration of 
1.7 nM. Because the emission of a single fluorophore would be obscured by the 
autofluorescent background within a cellular environment, the probe must be pres-
ent at significantly higher concentration, thus placing the recommended loading 
into the high nano- to low micromolar concentration window.

The first fluorescent probes for imaging metal ions in live cells were geared 
toward monitoring intracellular Ca(II) and Mg(II) fluxes, which occur at concentra-
tions that are significantly higher than the typical cellular loading levels of the 
probe. Under these conditions, the analyte concentration is not limiting, and the 
fluorescence response toward increasing metal ion concentrations follows a sigmoi-
dal binding isotherm centered around the probe Kd (Fig.  18.4). As these probes 
engage with the metal ion in a 1:1 binding equilibrium, the fractional saturation f, 
defined as the ratio of the metal-bound to total probe concentration, is a direct mea-
sure of the free metal ion concentration according to Eq. (18.1):

 

f
Kd

=
[ ]
+ [ ]
M

M
 

(18.1)

Fig. 18.4 Binding 
isotherm for a probe-metal 
complexation equilibrium 
with 1:1 stoichiometry 
assuming a complex 
dissociation constant (Kd) 
of 1 nM. The shaded area 
indicates the free metal ion 
concentration range where 
the fractional saturation of 
the probe resides between 
10 and 90%. As illustrated 
with the dotted blue trace, 
a linear approximation of 
the probe response is only 
valid for metal ion 
concentrations close to the 
probe Kd

J. Yu and C. J. Fahrni



373

Conversely, the above relationship can be used to calculate the free metal ion 
concentration based on the fractional saturation of the probe after solving for [M]:

 
M[ ] =

−
K f

f
d

1  
(18.2)

Based on Eq. (18.1), it is apparent that the fractional saturation of the probe is 
50% if the free metal ion concentration is equal to the Kd. Because the slope of the 
binding isotherm is the steepest within one logarithmic unit below and above the Kd, 
the dynamic range window of the probe is limited to approximately two decades 
centered around the Kd (shaded area in Fig. 18.4). Because the concentration of the 
probe-metal complex is significantly lower than the total metal concentration, the 
fractional probe saturation represents a direct measure of the cellular metal status.

The success of these early studies stimulated the development of fluorescence 
probes for other biologically relevant metal ions, including zinc (Maret 2015). 
However, there is an important difference that must be taken into consideration 
when employing Zn(II)-selective fluorescent probes. Although total cellular zinc 
levels may approach low millimolar concentrations, a significant portion of zinc 
remains buried within the binding pockets of proteins and is therefore not accessi-
ble, even for probes with much tighter binding affinities. Unlike Ca(II) and Mg(II), 
which rapidly equilibrate within the cytosol, only a fraction of the total cellular 
Zn(II) is exchangeable and can be detected with a fluorescent probe. Increasing 
evidence suggests that this labile, exchangeable zinc pool is buffered at high pico- to 
low nanomolar concentrations (Qin et al. 2011; Vinkenborg et al. 2009; Hessels and 
Merkx 2014), presumably involving an ensemble of proteins such as metallothio-
neins and low-molecular-weight bioligands (Colvin et al. 2010). Although the actual 
buffer depth, which corresponds to the total concentration of exchangeable Zn(II), 
is not known, it likely resides in the tens of micromolar range and thus should be 
sufficient to saturate a probe that is present at low micromolar concentrations. 
Provided the probe Kd matches the buffer window of the exchangeable Zn(II) pool, 
the fractional saturation can still be used as an indicator of the cellular zinc status as 
discussed above. However, it is important to note that there is no linear relationship 
between the probe response and total cellular Zn(II) concentration; instead, the 
probe only reports on changes in buffered levels. For this reason, in-cell analysis of 
the fluorescence response of a probe cannot be used as a substitute for measuring 
total Zn(II) levels by bulk analytical methods such as ICP-MS or AES.

The tight buffering of the exchangeable Zn(II) pool has another important impli-
cation when employing fluorescent probes. Because the buffered Zn(II) levels are 
several orders of magnitude lower than the probe concentration, the Zn(II) exchange 
kinetics would be exceedingly slow if the probe could only access free aquated 
Zn(II) ions. In view of the short experimental equilibration times, the exchange of 
Zn(II) between endogenous ligands and the probe likely occurs through an associate 
mechanism involving a transient ternary complex. Because the kinetics for forma-
tion of the ternary complex is expected to depend on both the electrostatic and steric 
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nature of the probe and the coordination environment of the endogenous Zn(II) 
sites, it is conceivable that structurally different fluorescent probes might produce 
different results, even if their Zn(II)-binding affinities are identical. Such  differences 
might be especially pronounced when acquiring data with protein-based genetically 
encoded vs. small synthetic fluorescent probes (Qin et al. 2013).

18.2.3  Limitations and Artifacts

When employing fluorogenic probes for monitoring cellular Zn(II) levels, it is 
important to keep in mind that the observed fluorescence signal is only an indirect 
measure that might be influenced by factors other than Zn(II). For example, changes 
in environmental polarity might trigger a fluorescence increase without binding of 
the target analyte. This is especially of concern for probes that employ a PET 
switching mechanism because the charge-separated radical intermediate is destabi-
lized in a low polarity environment such as lipid bilayers (Fahrni et al. 2003). Even 
without polarity-induced fluorescence increases, accumulation of a fluorogenic 
probe within a compartment leads to a fluorescence enhancement due to the back-
ground fluorescence of the unbound probe. It is quite common that synthetic fluo-
rescent probes exhibit an uneven cellular distribution. Depending on the molecular 
size and polarity, they often localize to specific subcellular structures and compart-
ments. For example, the fluorescence staining pattern of zinquin in untreated HeLa 
cells appeared uniform with a mostly cytosolic distribution (Devergnas et al. 2004), 
while FluoZin-3 localized to the Golgi apparatus (Qin et al. 2013), and Zinpyr-1 
was sequestered mostly into mitochondria (Lu et  al. 2016). Thus, accumulation 
within subcellular compartments, partitioning into lipid bilayers, or association 
with lipid droplets might produce bright staining by the free probe alone, thus lead-
ing to potential imaging artifacts. To avoid misinterpretations, the reversibility of 
the fluorescence signal is best tested with a membrane-permeant high-affinity chela-
tor such as TPEN. Ternary complex formation by association with proteins (Meeusen 
et al. 2012; Karim and Petering 2016) or low-molecular ligands (Staszewska et al. 
2013; Marszalek et al. 2018) might present another source of potential artifacts. For 
example, detailed subcellular fractionation studies of cell lysate revealed that TSQ 
and zinquin (Fig. 18.1) form both ternary adducts with zinc proteins (Nowakowski 
et al. 2015). Rather to competitively chelate Zn(II) from proteins, the probes form 
ternary adducts, which in fact appear to be the major source of the observed fluores-
cence staining in cells.
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18.3  Ratiometric Fluorescent Probes

Developed more than 30  years ago for the visualization of calcium ion fluxes 
(Grynkiewicz et al. 1985), ratiometric probes respond with a spectral shift rather 
than a large intensity increase upon binding of the analyte. Due to this spectral shift, 
the ratio of fluorescence intensities at two different wavelengths is different for the 
free and metal-bound probe but independent of the probe concentration, thus 
 rendering ratiometric microscopy less prone to artifacts than intensity-based imag-
ing with fluorogenic probes. Furthermore, the intensity ratio can be directly related 
to the actual buffered metal ion concentration [M] according to Eq. (18.3) 
(Tsien 1988):

 

M f

b

[ ] = −
−


















K

R R

R R

S

Sd
min

max  

(18.3)

where Kd is the dissociation constant of the metal-bound indicator, Rmin and Rmax are 
the minimum and maximum intensity ratios for the free and metal-bound indicator, 
and Sf and Sb are instrument-dependent calibration constants. The instrument- 
dependent term Sf/Sb becomes obsolete if one of the acquisition wavelengths is cho-
sen at the crossover point of the calibration spectra. In this case, the limiting ratio 
values Rmin and Rmax can also be used to determine the fractional probe saturation f 
for a given intensity ratio R according to Eq. (18.4):

 
f

R R

R R
=

−
−

min

max min  
(18.4)

where f is defined as the ratio of the metal-bound and total probe concentrations. 
The dissociation constant Kd is best determined from an independent calibration 
using fluorescence intensity data at a single wavelength. It is also important to note 
that Eq. (18.3) is only valid if the probe engages with the metal ion in a simple 1:1 
complexation equilibrium, both in calibration media and within the chemically 
complex environment of cells.

As the ratiometric probe must be present at low micromolar concentrations to 
produce an adequate fluorescence signal over cellular background, it raises the 
question of how this approach can be used to detect Zn(II) at nanomolar levels and 
below. Instead of capturing free aquazinc(II) ions, the probe engages in a competi-
tive exchange equilibrium with endogenous Zn(II) ligands, likely through an asso-
ciative mechanism as described in Sect. 18.2. Thus, the probe affinity dictates to 
what degree Zn(II) can be chelated from this pool. Upon equilibration, the fractional 
saturation of the probe, which can be derived from the intensity ratio, reflects the 
thermodynamic availability of cellular Zn(II) based on the isotherm shown in 
Fig. 18.4. As long as the buffer depth, corresponding to the total concentration of 
exchangeable Zn(II), is significantly larger than the probe concentration, the ratio-
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metric probe response is expected to accurately reflect the cellular zinc status. As 
the buffer depth might vary significantly with the cellular zinc status, ratiometric 
probes should be employed at the lowest possible concentration where a satisfactory 
signal over background ratio can be achieved. If the probe concentration exceeds 
the buffer capacity, the resulting fractional saturation no longer reflects the buffered 
levels. Such probe overloading is particularly of concern when using acetoxymethyl 
(AM) ester derivatives, which yield increased cellular retention but might produce 
higher than desired intracellular probe concentrations (Thompson et al. 2012).

Compared to fluorogenic probes, the body of literature on Zn(II)-responsive 
ratiometric probes is much smaller. An overview of various designs is shown in 
Fig. 18.5 and the corresponding photophysical properties are compiled in Table 18.2. 
FuraZin and IndoZin were both derived from the established Ca(II)-selective indi-
cators fura-2 and indo-1 (Gee et  al. 2002a). By truncating the original BAPTA 
ligand, the affinity for Ca(II) was significantly reduced; however, the Zn(II)-binding 
affinities are too weak for monitoring cytosolic Zn(II) levels, which are buffered at 
in the low nanomolar range (vide infra). Similarly, ZnAF-R2 was derived from the 
molecular framework of the Ca(II) probe fura-2 (Maruyama et al. 2002). Although 
the N,N-di(2-picolyl)ethylenediamine (DPEN) moiety increases the Zn(II) affinity 
by approximately tenfold over FuraZin, it still remains too low for accessing endog-
enous Zn(II) pools. In contrast, the Zn(II) affinity of Zinbo-5 is well matched for 
biological applications (Taki et al. 2004). The probe responds with a 36 nm red-shift 
of the emission as Zn(II) coordination displaces the phenolic proton. The coumarin- 
based probe ZnIC revealed a significant shift of the emission maximum upon satu-
ration with Zn(II) (Komatsu et al. 2007). Employed in live HEK293 cells as well as 
rat hippocampal slices, the probe revealed dynamic changes of labile Zn(II) avail-
ability. The structurally related probe DPA-COUM-4 showed a Zn(II)-induced shift 
of the absorption and emission maximum; however, the probe was only character-

Fig. 18.5 Molecular structures of Zn(II)-selective ratiometric fluorescent probes
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ized in methanol and not further tested within a biological system (Lim and Bruckner 
2004). Specifically designed for NIR imaging, the cyanine derivative DIPCY 
responded with a strong shift of the maximum excitation wavelength upon satura-
tion with Zn(II). With a Kd around 2.1 nM (logK = 8.7), the tris-picolylamine deriva-
tive SBD-TPEA offers an affinity that is well matched for biological applications as 
demonstrated for ratiometric imaging of labile Zn(II) in HepG2 cells as well as 
zebrafish embryos (Liu et al. 2014).

18.4  Fluorescent Probes for Two-Photon Excitation 
Microscopy

18.4.1  Design Principles and Applications

Originally developed by Webb and coworkers (Denk et al. 1990), two-photon exci-
tation microscopy (TPEM) employs an ultrafast-pulsed laser as excitation source to 
promote simultaneous absorption of two photons by the fluorophore. Compared to 
conventional fluorescence imaging, only half of the photon energy is required to 
reach the same excited state manifold of the fluorophore, thus shifting the excitation 
window toward the near-infrared region. The shift to longer-wavelength excitation 
is particularly advantageous for intravital imaging as it results in increased penetra-
tion depth, decreased cellular autofluorescence, and reduced phototoxicity (Schießl 
and Castrop 2016). Because the two-photon absorption process scales with the 
square of the incident light intensity, the focal volume is significantly smaller com-
pared to one-photon excitation. As a result, only fluorophore molecules that reside 
near the focal plane are excited, thus yielding intrinsic 3D imaging capabilities and 

Table 18.2 Photophysical and thermodynamic properties of ratiometric Zn(II)-responsive 
fluorescent probes

Free probe
Zn(II)-bound 
probe

Probe
λabs 
[nm]

λem 
[nm] λabs [nm] λem][nm] logK Rmax/Rmin References

FuraZin 378 510 339 510 5.7 9.0 Gee et al. (2002a)
IndoZin 350 480 350 395 5.5 n.d. Gee et al. (2002a)
ZnAF-R2 365 495 335 495 6.6 7.0 Maruyama et al. 

(2002)
ZnIC 513 543 524 558 11.9 2.4 Komatsu et al. (2007)
DPA- 
COUM- 4

400 484 431 505 6.3 n.d. Lim and Bruckner 
(2004)

Zinbo-5 337 407 376 443 8.7 33 Taki et al. (2004)
DIPCY 627 758 671 765 7.6 1.5 Kiyose et al. (2006)
SBD-TPEA 456 585 386 545 8.7 1.7 Liu et al. (2014)
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enabling live cell imaging studies over extended periods by minimizing photo-
bleaching (Schießl and Castrop 2016).

While most established fluorescent probes can be used for TPEM, their relative 
brightness might be significantly different. In analogy to one-photon excitation, the 
fluorophore brightness in TPEM depends on the quantum yield and absorption cross 
section; however, as the quantum mechanical selection rules that govern the two-
photon absorption process are different from those for linear absorption, not all 
fluorophores are equally well-suited for TPEM. A compilation of the two-photon 
absorption properties for a selection of commonly employed fluorophores and fluo-
rescent probes is shown in Table 18.3. An extensive list of two-photon probes and 
their 2PA maxima, molecular brightness, and emission ranges has been recently 
reported by Fiole and coworkers (Ricard et al. 2018). To better compare the one- 
and two-photon excited fluorescence properties across the different fluorophores, 
their relative brightness has been normalized to fluorescein as a reference. Among 
the tabulated fluorophores, rhodamine 6G provides the greatest detection sensitivity 
in both excitation modes. While the brightness of Alexa Fluor 488 and BODIPY 
492 is similar compared to fluorescein, the two-photon excited fluorescence output 
is significantly attenuated due to the lower 2PA cross sections. In contrast, the cya-
nine dye Cy5.5 is 35% brighter compared to fluorescein in two-photon excitation 
mode. Genetically encoded fluorescent proteins such as EGFP (enhanced green 
fluorescent protein) are particularly attractive for labeling proteins in live cells and 
whole organisms. A wide variety of fluorescent proteins with emission maxima 
across the entire visible spectrum are available, and most of them offer a two-photon 
excited brightness comparable or better than fluorescein (Drobizhev et al. 2011). In 
general, the two-photon absorption cross section of fluorophores with absorption 
maxima in the UV range is significantly lower. For example, the brightness of the 
Ca(II)-responsive fluorescent probes fura-2 or indo-1 is less than 10% compared to 
fluorescein and decreases even further upon saturation metal binding (Table 18.3). 
The low two-photon absorption cross section is due to the smaller size of the conju-
gated π-system, which limits both the oscillator strength and the magnitude of the 
excited state dipole moment. Nevertheless, the two-photon excited brightness of 
such dyes is often significantly increased at wavelengths below the 680 nm limit of 
pulsed Ti:sapphire lasers commonly used in TPEM. For example, the UV-excitable 
nuclear stain DAPI is approximately tenfold brighter using two-photon excitation at 
590 nm compared to excitation above 700 nm using the same laser power (Tragardh 
et al. 2015).

The theoretical principles that govern the two-photon absorption cross section of 
a fluorophore are well established (Albota et al. 1998; Rumi et al. 2000), and several 
comprehensive reviews have been published that summarize various design 
approaches for fluorophores with high two-photon absorption cross sections and 
their application in biological systems (Sumalekshmy and Fahrni 2011; Huang et al. 
2010; Kim and Cho 2011; Yao and Belfield 2012; Sarkar et al. 2014; Kim and Cho 
2015; Liu et al. 2017). At a fundamental level, the two-photon absorption cross sec-
tion is proportional to the imaginary part of the second-order hyperpolarizability, 
which increases with increasing excited state polarization. In the simplest case, the 
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degree of intramolecular charge transfer (ICT) or excited state polarization can be 
enhanced by modifying the π-system of a linear fluorophore with an electron-rich 
donor (D) and an electron-deficient acceptor (A) group (Fig. 18.6A). Although such 
fluorophores are already polarized in the ground state, photoexcitation results in 
further charge redistribution from the donor to acceptor end of the π-system, thus 
yielding a strong enhancement of the dipole moment in the excited state compared 
to the ground state. By extending the fluorophore π-system from a dipolar to a cen-
trosymmetric quadrupolar structure (Fig. 18.6B), very large 2PA cross sections can 
be achieved (Rumi et al. 2000). While the increase in excited state polarization is 
beneficial for achieving a high 2PA cross section, it might also have an adverse 
effect on the quantum yield, especially in polar solvents due to enhanced non- 
radiative deactivation pathways promoted through stronger solvent-solute interac-
tions. For this reason, enhancing the excited state polarization might in fact yield a 
fluorophore with lower overall brightness when employed in TPEM.

Although several Zn(II)-selective probes have been employed in TPEM (Khan 
et al. 2014; Lee et al. 2016; Chang et al. 2004), only few have been specifically 
designed to achieve a large 2PA cross section. For example, the fluorogenic probe 
AZn2 takes advantage of the favorable two-photon absorption properties of the 
donor-acceptor substituted naphthalene derivative acedan (2-acetyl- 6-
(dimethylamino)naphthalene) (Kim et  al. 2008). The probe exhibits an emission 
maximum at 499 nm and responds with an approximately 50-fold increase in fluo-
rescence intensity, likely mediated through a photoinduced electron transfer switch-
ing mechanism as described above for fluorescein-based probes (Fig. 18.7). With a 
two-photon absorption cross section of 140 GM at 780 nm and a quantum yield of 
0.49 for Zn(II)-bound form, the brightness of AZn2 is more than twofold higher 
compared to fluorescein when used in TPEM. Functionalized with a N,N-di(2- 
picolyl)ethylenediamine (DPEN) moiety as Zn(II)-receptor site, the probe offers a 
Zn(II) dissociation constant of 1.1 nM (pH 7.2, 0.1 M KCl), which is well matched 
for imaging labile Zn(II) pools within biological systems. Upon incubation in acute 
hippocampal slices, AZn2 revealed elevated fluorescence in the stratum lucidum of 
the CA3 region and the hilus of the dentate gyrus, areas that are both known to con-
tain elevated levels of mobile Zn(II) based on histochemical detection (Cole et al. 
1999). As an extension of this design, structural modifications of the chelating moi-

Fig. 18.6 Fluorophore architectures for achieving high two-photon absorption cross sections. (a) 
Simple non-centrosymmetric dipolar arrangement of an acceptor (A) and donor (D) moiety to a 
fluorophore π-system (π). (b) Centrosymmetric architectures with a central donor (top) or acceptor 
(bottom) moiety
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ety yielded a series of Zn(II)-responsive probes covering an extended range of dis-
sociation constants from 8  nM to 12  μM while offering similar photophysical 
properties (Danish et al. 2011). Replacing the acetyl group with a benzothiazole as 
acceptor moiety, the fluorescence emission of the structurally related probe SZN2-
Mito was red-shifted to 536  nm, and the two-photon absorption cross section 
increased to 155 GM at 750 nm. By attaching the lipophilic triphenylphosphonium 
group, SZn2-Mito and the related probe SZn-Mito selectively localized to mito-
chondria (Baek et al. 2012; Masanta et al. 2011). Interestingly, an analogous probe 
SZn-C containing a carboxylic acid in lieu of the amide substituent selectively 
localized to the Golgi apparatus (Singh et al. 2015).

18.4.2  Ratiometric Probes for Two-Photon Microscopy

With the ability to follow dynamic changes of analyte concentrations in a semiquan-
titative fashion, ratiometric imaging is the preferred choice over simple intensity- 
based approaches. However, not all ratiometric probes are suitable for 
TPEM. Although the excitation wavelength of femtosecond-pulsed Ti:sapphire 
lasers can be tuned over a broad range, it is not possible to switch dynamically 
between two different wavelengths. Ratiometric TPEM must therefore rely on fluo-
rescent probes that respond with a chromatic shift of the emission rather than excita-
tion maximum. As indicated by the data listed in Table 18.2, Zn(II)-induced shifts 
of the emission maxima are, however, small for most ratiometric probes. The 
observed small changes are an intrinsic property of the underlying probe architec-
ture in which the metal receptor also functions as the electron donor of a push-pull 
fluorophore system. The intramolecular charge redistribution that occurs upon pho-
toexcitation results in partial buildup of a positive charge on the donor moiety. 
Coulomb repulsion by the bound metal ion thus weakens its interaction with the 
fluorophore, which therefore adopts a polarized charge transfer state similar to that 
of the free probe. As weakening of the metal-fluorophore interaction proceeds on a 
faster timescale than radiative deactivation, emission occurs from the equilibrated 
excited state with only a small change in energy.

Fig. 18.7 Zn(II)-selective fluorogenic probes for two-photon microscopy employing donor- 
acceptor substituted naphthalene π-system as fluorophore
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To design a probe that offers both a large 2PA cross section and a shift of the 
emission maximum upon metal ion coordination, we devised a push-pull fluoro-
phore architecture where the metal ion receptor is integrated within the acceptor 
rather than the donor site (Sumalekshmy et al. 2007). With this configuration, the 
metal-fluorophore interaction is strengthened upon photoexcitation, as it generates 
a partial negative charge on the acceptor site, thus leading to Coulomb attraction 
rather than repulsion. Recently implemented in chromis-1 (Fig. 18.8a) (Bourassa 
et al. 2018), this design approach yielded a large shift of the emission maximum 
from 483 to 520 nm upon saturation with Zn(II) and a balanced 2PA cross section 
for the free and Zn(II)-bound forms of 19 and 25 GM, respectively (Fig. 18.8b, c). 
Despite the small size of the fluorophore π-system, the 2PA action cross section of 
Zn(II)-bound chromis-1 still approaches 18 GM, corresponding to about 40% of the 
value for fluorescein.

The acid form of chromis-1 binds Zn(II) with a Kd of 49 ± 13 pM at pH 7.0 
(0.1 M KCl, 25 °C). Although other biologically relevant transition metals such as 
Mn(II), Fe(II), and Co(II) also coordinate to chromis-1, their open d-shell electron 
configuration leads to fluorescence quenching, likely mediated through energeti-
cally low-lying metal-centered d-d states. While chromis-1 acid is not membrane- 
permeant, the corresponding ethyl ester can readily enter cells. As illustrated by 
TPEM imaging of live NIH 3 T3 mouse fibroblasts, incubation with chromis-1 ester 
for 15 minutes in serum-free medium yielded bright fluorescence staining through-
out the cytoplasm (Fig. 18.9a). For ratiometric analysis, fluorescence micrographs 
were acquired by collecting the emission intensity between 425–462 nm (BP1) and 
478–540  nm (BP2) with two separate detectors. The corresponding ratio image, 
which was derived by dividing BP2/BP1, revealed a rather uniform intensity ratio 
around 0.60 ± 0.16 across all cells (Fig.  18.9a, right). Exposure to a mixture of 
Zn(II) sulfate and the ionophore pyrithione (ZnPyr) resulted in an immediate 
increase of the intensity ratio to 2.5 ± 0.6, which was reversed to a slightly lower 

Fig. 18.8 Spectral properties of the ratiometric Zn(II)-selective fluorescent probe chromis-1 
(pH 7.0, 10 mM PIPES, 0.1 M KCl, 25 °C). (a) Molecular structure of chromis-1 ester and its acid 
form. (b) Two-photon absorption cross section of chromis-1 acid in the free (blue trace) and 
Zn(II)-saturated (red trace) form. (c) Fluorescence emission response upon addition of Zn(II) with 
0.1 molar eq aliquots. (Data adopted from ref. (Bourassa et  al. 2018). Copyright American 
Chemical Society 2018)
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value around 0.54 ± 0.13 upon addition of the membrane permeant high-affinity 
chelator TPEN. A plot of the intensity ratio change as a function of time illustrates 
the rapid dynamics of Zn(II) binding and competitive chelation by TPEN (Fig. 18.9b, 
right). Using the Kd of chromis-1 ester (2.4 ± 0.4 nM) and the limiting ratio values 
after exposure to Zn(II)-pyrithione and TPEN as Rmax and Rmin, the fractional satura-
tion of chromis-1 can be calculated with Eq. (18.4) to yield 3–6% under basal con-
ditions. Based on this value, the buffered Zn(II) concentrations reside between 50 
and 100 pM, a range that agrees well with previous reports using genetically 
encoded ratiometric Zn(II) probes (Qin et al. 2011; Vinkenborg et al. 2009; Hessels 
and Merkx 2014). Chromis-1 was also suitable to visualize dynamic changes of 
endogenous zinc pools. For example, exposure to the thiol-selective oxidant 2,2′ 
-dithiodipyridine (DTDP) induced a rapid release of Zn(II), presumably from pro-
teins containing sulfhydryl binding sites. Similar to recent observations with a 
Cu(I)-selective ratiometric fluorescent probe (Morgan et al. 2019), the elevated lev-
els gradually re-equilibrated back to basal conditions. As differences in cellular 
loading are cancelled out by ratiometric image analysis, this approach is more reli-
able than intensity-based imaging for monitoring subtle changes in buffered Zn(II) 
levels. For example, chromis-1 revealed a small but significant decrease in buffered 
Zn(II) levels upon differentiation of developing into mature oligodendrocytes 
(Bourassa et al. 2018).

Fig. 18.9 Ratiometric imaging of labile Zn(II) pools in live NIH 3T3 mouse fibroblasts with 
chromis-1 ester by TPEM (excitation at 720 nm). (a) Left: Fluorescence intensity images acquired 
with 425–462 nm (BP1) and 478–540 nm (BP2) emission channels. Right: Intensity ratio image 
with R = BP2/BP1. (b) Left: Ratio images (BP2/BP1) after addition of 50 μM ZnSO4 and 5 μM 
pyrithione (ZnPyr), followed by addition of 100 μM TPEN at 13 min. Right: Time course of the 
average intensity ratio change for the ROI indicated with a white circle in panel A. The asterisks 
indicate time points for the respective ratio images shown to the left. Scale bar: 40 μm. Data 
adopted from ref. (Bourassa et al. 2018). Copyright American Chemical Society 2018
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18.5  Conclusions

Since the early success of visualizing histochemically reactive zinc in brain tissue 
with fluorogenic quinoline derivatives, an extensive range of Zn(II)-responsive fluo-
rescent probes has been developed. The ability to visualize Zn(II) in a noninvasive 
fashion has provided unique opportunities to unravel the dynamics of biological 
signaling events in real time. However, there are important limitations that must be 
carefully considered when employing fluorescent probes in live cells and organ-
isms. First and foremost, fluorescent probes do not report on total zinc levels but 
only on the exchangeable fraction. The probe dissociation constant should therefore 
match the buffered concentration of the exchangeable Zn(II) pool. Second, different 
probes might produce different staining patterns due to variations in subcellular 
distribution, binding affinity, or pH sensitivity. Third, the response of fluorogenic 
probes might be susceptible to potential imaging artifacts caused by subcellular 
sequestration, ternary complex formation with low-molecular-weight ligands, or the 
association with proteins. In principle, most of these limitations can be addressed by 
using ratiometric probes; however, only few probes have been developed that offer 
a dissociation constants within the biologically relevant concentration window, and 
none of these are commercially available. Moreover, in-cell protein labeling tech-
niques such as HaloTag or SnapTag can readily be adapted to direct synthetic probes 
to specific subcellular localization (Li et al. 2015; Los et al. 2008; Tomat et al. 2008; 
Kamiya and Johnsson 2010), thus addressing a key shortcoming over genetically 
encoded protein-based probes. Regardless of the approach, it is important to keep in 
mind that fluorescent probes interact with a chemically complex environment and 
that the identity of the ligands and proteins that participate in buffering labile Zn(II) 
remains mostly elusive. As the labile Zn(II) pool likely equilibrates through an asso-
ciate exchange involving ternary complexes (Heinz et  al. 2005; Wommer et  al. 
2002), the underlying kinetic barriers add an additional level of complexity. At pres-
ent, the kinetics of Zn(II) exchange reactions remains mostly unexplored but might 
prove to be critical for understanding cellular zinc regulation and signaling. 
Altogether, Zn(II)-selective fluorescent probes have already become an indispens-
able tool in Zn(II) biology research, and the most recent advances in the develop-
ment of ratiometric probes offer new exciting opportunities for unraveling the 
complexity of cellular zinc homeostasis.
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Chapter 19
Zinc Signals in Biology

Hak Chung and Amanda J. Bird

Abstract Zinc is an essential nutrient that is required for the structure and catalytic 
activity of many different proteins. In addition to its well-established role as a cofac-
tor, a growing amount of evidence suggests that zinc ions also function as signaling 
molecules. In some organisms, zinc ions bind to extracellular receptors which in 
turn triggers an intracellular response, whereas in other organisms, zinc ions are 
rapidly released from intracellular compartments into the cytosol, where they inhibit 
or stimulate the activity of downstream targets. As previous chapters have focused 
on zinc signaling in mammals, here we summarize our current knowledge of intra-
cellular and extracellular zinc signals in bacteria, fungi, nematodes, and fish. As the 
mechanisms that maintain cellular zinc homeostasis are critical for zinc to function 
as a signaling molecule, these mechanisms as well as those that facilitate zinc sig-
nals are discussed.

Keywords Two-component signaling systems · Zinc homeostasis · Zinc signaling 
· Microorganisms · Metallo-regulatory

19.1  Introduction

Zinc is required for the function of a wide range of proteins in all living creatures 
(Andreini et al. 2006). As a consequence, all organisms rely on a variety of mecha-
nisms to tightly control the levels of zinc inside of cells to maintain sufficient levels 
of zinc for the function of these zinc-binding proteins. In addition to being a structural 
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and catalytic cofactor, a growing amount of evidence suggests that zinc ions also 
function as extracellular and intracellular signaling molecules in many different 
organisms. Studies in bacteria have revealed two-component signaling systems that 
sense and respond to subtoxic levels of zinc in the periplasm, whereas studies in 
nematodes, fish, and potentially yeast suggest that zinc ions can be rapidly released 
from zinc intracellular stores in response to environmental or developmental cues. 
In this chapter, we review what is known about the underlying mechanisms that 
control zinc homeostasis in bacteria, fungi, nematodes, and fish and also highlight 
new roles of zinc as a signaling molecule.

19.2  Zinc Homeostasis and Signaling in Bacteria

Bacteria are a diverse group of unicellular organisms that are able to occupy and 
thrive in a broad range of habitats, including those which have exceptionally high 
levels of zinc and those where zinc ions in the environment are scarce (Fones et al. 
2010; Cox and Saito 2013). Many bacteria also live in habitats where the levels of 
zinc constantly change. For example, in humans the host immune response to 
microbial pathogens includes nutritional immunity, a condition where the host 
restricts access to essential metals such as zinc to intentionally limit growth of 
invading microbes (Corbin et al. 2008; Kehl-Fie and Skaar 2010; Capdevila et al. 
2016). Invading bacterial pathogens also run the risk of being engulfed by macro-
phages and exposed to lethal cocktails of high levels of metals, including zinc 
(Wagner et al. 2005; Botella et al. 2011; Ong et al. 2014). To survive in this ever- 
changing battleground, bacterial pathogens require mechanisms to rapidly adapt 
and survive in both low- and high-zinc conditions. As we will outline below, bacte-
ria primarily maintain zinc homeostasis at the transcriptional level using zinc- 
responsive metallo-regulatory proteins and also rely on extra help from 
two-component signal transduction systems to survive conditions of extreme zinc 
toxicity (Fig. 19.1).

19.3  Zinc Homeostasis in Bacteria

Zinc is critical for the growth and survival of bacteria as it is required for the func-
tion of a large number of proteins, most of which are enzymes (Andreini et  al. 
2006). Bacteria also have to tightly monitor zinc availability as excessive concentra-
tions of zinc can compete for other types of metal-binding sites leading to mis- 
metalation (Foster et al. 2014). To maintain a level of zinc that is both sufficient and 
not inhibitory for growth, bacteria tightly control zinc influx and efflux, and how 
they allocate zinc inside of cells. In bacteria, these processes are controlled primar-
ily at the transcriptional level with changes in intracellular zinc levels being rapidly 
sensed by zinc-responsive metallo-regulatory proteins.
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In most bacteria, pairs of zinc-responsive metallo-regulatory proteins work 
together with one triggering changes in gene expression that protect against zinc 
deficiency and the other triggering changes that protect against zinc toxicity 
(Capdevila et al. 2016; Choi and Bird 2014; Mikhaylina et al. 2018). For example, 
in the well-characterized gram-negative bacterium Escherichia coli, the metallo- 
regulatory proteins Zur and ZntR control the expression of genes required for zinc 
import and efflux, respectively (Outten and O’Halloran 2001). Whereas, in the 
gram-positive bacterium Streptococcus pneumoniae the factors AdcR and SczA 
control these processes (Kloosterman et  al. 2007; Panina et  al. 2003). While the 
precise mechanisms by which these factors activate or repress transcription vary, 
bacterial zinc-responsive metallo-regulatory proteins share two common features: 
(1) they bind zinc ions in a manner that is dependent upon intracellular zinc ion 
availability, and (2) zinc binding leads to a conformational change that allosterically 
enhances or inhibits their affinity for a specific DNA regulatory element (Reyes- 
Caballero et al. 2011). By directly sensing intracellular zinc levels, these sensors 
ensure that the expression of genes that protect against zinc deficiency is increased 
when zinc is limiting, whereas the expression of genes that protect against zinc 
toxicity is increased when zinc levels are high (Guerra and Giedroc 2012).

In addition to genes required for zinc import and efflux, bacteria tightly control 
the expression of other genes that play important roles in zinc homeostasis. One of 
the most widely used strategies to adapt to conditions of zinc deficiency is called the 
zinc sparing response. The basic principle behind this mechanism is that abundant 
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Fig. 19.1 Zinc homeostasis and signaling in P. aeruginosa. In low zinc, the Zur repressor is inac-
tive leading to increased expression of gene required for zinc acquisition and zinc sparing. P. 
aeruginosa also expresses CadR and CadA which may protect cells from high-zinc conditions. In 
the presence of subtoxic levels of zinc, zinc binds to CzcS triggering dimerization and autophos-
phorylation. This phosphate is then transferred to CzcR, which then increases the expression of 
genes encoding the CzcCBA efflux pump
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zinc-binding proteins are replaced with functionally equivalent proteins that do not 
bind zinc during conditions of zinc deficiency – thus sparing zinc for more impor-
tant functions. In most bacteria, Zur plays a central role in this response by increas-
ing the expression of genes encoding zinc-independent paralogs of ribosomal 
subunits that replace abundant zinc-requiring paralogs (Mikhaylina et al. 2018; Shin 
and Helmann 2016; Dow and Prisic 2018). However, some bacteria use related 
mechanisms that result in the replacement of other abundant zinc-requiring enzymes 
such as alcohol dehydrogenases with alternative non-zinc-requiring substitutes 
(Mikhaylina et al. 2018). Other genes that are commonly upregulated in low zinc 
include small putative GTPases belonging to the COG0523 family (Haas et  al. 
2009). In the opportunistic pathogen Acinetobacter baumannii, a member of this 
family called ZigA (for Zur-Induced GTPase A) binds zinc with a high affinity and 
is required for the zinc-stimulated activity of histidine ammonia lyase, raising the 
possibility that these proteins may act as metallochaperones and facilitate the deliv-
ery of zinc to select protein targets when zinc levels are low (Nairn et al. 2016).

When zinc is in excess, the primary response of most bacteria is to increase the 
expression of genes required for zinc efflux. However, some bacteria and cyanobac-
teria rely on increased expression of small cysteine-rich proteins called metallothio-
neins to bind and buffer excess zinc in the cytoplasm (Blindauer et al. 2001, 2002). 
In the absence of zinc efflux systems, a variety of small metabolites are important 
for zinc tolerance including glutathione in E. coli and bacillithiol in Bacillus subtilis 
(Helbig et al. 2008; Ma et al. 2014). As these molecules are abundantly found within 
the cytoplasm and can form complexes with zinc, it is thought that these low molec-
ular weight thiols, along with other small molecules such as histidine, play an 
important role in buffering labile zinc ions within the cytosol (Capdevila et al. 2016).

19.4  Zinc-Responsive Two-Component Signal Transduction 
Systems in Bacteria

The tight control of zinc homeostasis genes by zinc-responsive transcription factors 
enables bacteria to survive in low- and high-zinc conditions. Although these 
responses are critical for cell survival over a broad range of environmental zinc 
stress, a growing amount of evidence suggests that two-component signaling sys-
tems are important for survival upon exposure to subtoxic levels of zinc.

Two-component signaling systems are widely used by prokaryotes where they 
play an important role in sensing and responding to changes in environmental con-
ditions (Stock et al. 2000). Bacterial two-component signaling systems consist of a 
membrane-bound histidine protein kinase (HK) containing a conserved intracellular 
kinase core and an intracellular response regulator protein (RR). In response to 
environmental stimuli, the HK undergoes autophosphorylation at a histidine resi-
due. This phosphate is then transferred to the cognate RR triggering a specific 
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 cellular output response, which in most cases is a change in gene expression (Stock 
et al. 2000).

Two-component signaling systems have been identified that sense and respond to 
many essential metals including: Fe, Cu, Mn, Ni, Zn, and Co, and toxic metals such 
as Pb, Ag, and Cd. Here we specifically review what is known about two-component 
signaling systems that are triggered by excess zinc, which include the CzcRS, 
ColRS, BaeSR, and ZraSR systems. More information about the regulation of two- 
component systems by other metals can be found elsewhere (Singh et al. 2014).

One of the first zinc-responsive two-component signaling systems to be charac-
terized was the CzcRS system in Cupriavidus metallidurans CH34 (previously 
Alcaligenes eutrophus CH34) (Grosse et al. 1999; van der Lelie et al. 1997). This 
gram-negative bacterium has been widely used as a model organism to study metal 
toxicity as it harbors multiple plasmids which enable it to survive under conditions 
of severe heavy metal stress (von Rozycki and Nies 2009). One of these plasmids, 
pMOL30, contains the cobalt-zinc-cadmium (czc) resistance determinant, a region 
containing at least nine genes including the czcCBA Co, Zn, and Cd efflux system, 
and the czcRS two-component signaling system (Grosse et al. 1999, 2004). While 
the czcRS genes within this resistance determinant are not critical for zinc tolerance 
or the expression of czcCBA in response to zinc excess, deletion of czcR or czcS 
leads to a lag in the zinc-dependent induction of these genes (Grosse et al. 1999). As 
CzcR binds to the 5′ region of one of the genes (czcN) in the determinant, which 
then results in the expression of a longer czcNICBA transcript, it is thought that the 
primary function of this two-component signaling system is to provide an extra 
level of control by facilitating the rapid transcription of genes upon exposure to zinc 
(Grosse et al. 1999, 2004).

The role of the CzcRS two-component regulatory system has also been studied 
in the opportunistic pathogen Pseudomonas aeruginosa. In strains of P. aeruginosa 
isolated from metal-polluted rivers, plasmids expressing the czcCBA and czcRS 
genes are important for tolerance to excess zinc and cadmium (Hassan et al., 1999). 
However, most studies in this organism have focused on the function of the chromo-
somally located czcR and czcS genes. In the chromosome, the czcRS operon is diver-
gently transcribed from the czcCBA operon. As treatment with sublethal zinc 
concentrations results in increased expression of czcRS and czcCBA, it is thought 
that the CzcRS regulatory system directly controls the transcription of these genes 
in response to zinc (Perron et al. 2004). Consistent with this hypothesis, a V194 L 
substitution in the CzcS sensor results in the constitutive expression of the czcCBA 
genes and resistance to normally lethal zinc concentrations (Perron et al. 2004).

Recent studies characterizing the structure of the periplasmic sensory domain 
from CzcS have provided additional evidence that CzcS directly senses and responds 
to zinc. In other HKs, metal binding to the sensory domain triggers homodimeriza-
tion which in turn leads to increased activity of the cytosolic kinase domain (Affandi 
et al. 2016; Affandi and McEvoy 2019). In the presence of micromolar levels of 
zinc, the sensory domain of CzcS forms a homodimer, with a single zinc ion being 
coordinated to His55 and Asp60 from each monomer at the homodimerization inter-
face (Wang et al. 2017). As genetic mutations that substitute His55 and Asp60 with 
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Ala prevent CzcS from sensing and responding to zinc in vivo, it is thought that 
CzcS is regulated by a related mechanism where zinc binding induces CzcS homodi-
merization triggering autophosphorylation and the subsequent activation of CzcR 
(Wang et al. 2017).

The structure/function analysis of the sensory domain from CzcS has also 
revealed important differences between changes in gene expression that are medi-
ated by two-component signaling systems vs. zinc-responsive metallo-regulatory 
factors, which in Pseudomonas include Zur and potentially CadR (Ellison et  al. 
2013; Pederick et al. 2015; Lee et al. 2001). These differences include (1) that the 
sensory domain of CzcS is located within the periplasm, whereas Zur and poten-
tially CadR sense changes in cytoplasmic zinc availability, and (2) that CzcS binds 
zinc with a micromolar affinity, whereas Zur from P. aeruginosa binds zinc with a 
nanomolar affinity (Wang et al. 2017; Pederick et al. 2015). Together these different 
properties result in the set point for “labile zinc” in the cytosol being low and two- 
component regulatory systems only operating when cells are exposed to subtoxic 
levels of zinc (Fig. 19.1).

Studies of the ColRS two-component signal transduction system from 
Pseudomonas have provided additional evidence suggesting that zinc-induced 
dimerization is critical for zinc sensing and signal transduction in zinc-regulated 
HKs. The ColRS system senses and confers tolerance to multiple metals including 
Zn, Fe, Mn, and Cd (Ainsaar et al. 2014). The periplasmic sensory domain from 
ColRS contains a conserved ExxE motif that is critical for the ColS HK to sense 
zinc and iron (Ainsaar et al. 2014). As zinc ions are typically coordinated with a 
tetrahedral geometry, zinc could drive dimerization and activation of ColS with a 
single zinc ion being coordinated to the ExxE motif from each monomer. In the 
presence of sublethal levels of zinc, this two-component signaling system plays an 
important role in protecting cells from membrane stress by upregulating the expres-
sion of genes that alter the lipopolysaccharide composition of the outer membrane 
and polysaccharide content of the cell wall (Mumm et al. 2016; Nowicki et al. 2015).

The BaeSR two-component regulatory system has been extensively studied in 
E. coli where it senses and responds to a broad range of environmental stimuli rang-
ing from exposure to indole, to excessive levels of cations (Leblanc et  al. 2011; 
Raffa and Raivio 2002). Genes that are regulated by this system include the mdtABC, 
acrD, and mdtD multidrug efflux pumps, the spy periplasmic chaperone, as well as 
baeRS (Leblanc et al. 2011; Nishino et al. 2005). In Salmonella and E. coli, baeS 
and baeR are required for tolerance to zinc excess, and exposure to sublethal zinc 
concentrations leads to increased expression of baeRS and other genes of the BaeR 
regulon (Lee et al. 2005; Nishino et al. 2007). In addition to protecting cells from 
zinc toxicity, studies in E. coli have revealed that genes of the BaeR regulon are also 
important for survival during zinc shock.

Zinc shock refers to a growth condition where zinc-starved cells are suddenly 
exposed to high concentrations of zinc in the extracellular environment (MacDiarmid 
et al. 2003). This transition is potentially hazardous for bacteria because in low zinc 
they transcriptionally increase the expression of genes required for zinc uptake and 
at the same time decrease the expression of genes required for zinc export (Outten 
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and O’Halloran 2001). As a consequence, if cells are suddenly exposed to high 
levels of zinc in the environment, zinc ions will rapidly enter the cell via the uptake 
systems resulting in the cytosol being flooded with excessive zinc ions. By using a 
genetically encoded zinc sensor to monitor changes in the labile pools of zinc inside 
of the cytosol, Fierke and colleagues found that deletion of mdtA, mdtC, mdtD, 
acrD, or spy led to the rapid, transient saturation of the sensor during zinc shock 
(Wang and Fierke 2013). They also found that deletion of spy or mdtC led to higher 
levels of total cellular zinc, suggesting that these genes protect zinc-limited cells 
from environmental zinc shock by facilitating the removal of labile zinc from the 
cytosol. Although the BaeSR two-component system is not required for the initial 
response to a zinc shock, it presumably establishes a positive feedback loop to 
increase the expression of these genes upon prolonged exposure to zinc (Wang and 
Fierke 2013).

E. coli and Salmonella also express a second two-component signaling system, 
ZraRS (hydH/G), which senses and responds to Zn and Pb (Leonhartsberger et al. 
2001; Appia-Ayme et al. 2012). In both bacteria the ZraRS system regulates the 
expression of a divergently transcribed gene zraP, which encodes a periplasmic 
protein that can bind zinc (Appia-Ayme et al. 2012). In E. coli, ~70% of the cellular 
zinc is bound to ZraP under conditions of zinc stress, suggesting that the primary 
function of ZraP is to trap or store zinc in the periplasm and protect the cytoplasm 
from zinc toxicity (Sevcenco et al. 2011). Consistent with this hypothesis, deletion 
of zraP leads to increased expression of zraP and zraS, suggesting that ZraP is part 
of a negative feedback loop to tightly regulate the abundance of ZraP in a manner 
that is dependent upon periplasmic zinc concentrations (Appia-Ayme et al. 2012). 
While other two-component systems are controlled by related negative feedback 
mechanisms (Raivio et al. 1999), the precise function of ZraP is still debated because 
ZraP is not required for zinc tolerance (van der Weel et al. 2019). While it remains 
possible that other protective mechanisms compensate in the absence of ZraP, other 
studies have found that ZraP has chaperone activities, and that it binds copper with 
higher affinity than zinc (Appia-Ayme et al. 2012; van der Weel et al. 2019; Petit- 
Hartlein et  al. 2015). Recent studies have also revealed that ZraR regulates the 
expression of 25 additional genes including many stress response genes (Rome 
et al. 2018). Further analyses of these other targets may therefore help to shed light 
on the precise functions of ZraSR and ZraP during zinc stress.

While many lines of evidence indicate that zinc functions as an extracellular 
signaling molecule in bacteria, its role as an intracellular signaling molecule is less 
clear. In mammals, zinc ions can function as an intracellular signaling molecule in 
part because zinc ions are stored in intracellular compartments such as the endo-
plasmic reticulum and then can be rapidly released with the appropriate stimuli 
(Maret 2017). As bacteria lack organelles, it is not possible for them to rapidly 
release zinc ions from an intracellular store to trigger a response. Although the 
absence of intracellular stores suggests that zinc is unable to function as an intracel-
lular signaling molecule in bacteria, an interesting situation arises when zinc- limited 
bacteria are exposed to high levels of zinc. As outlined earlier, this condition leads 
to a rapid influx of zinc into the cytoplasm, resembling that of the rapid release of 
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zinc seen in mammalian cells during a signaling event. While it is unclear if zinc 
could have additional regulatory roles under these conditions, there are precedents 
for the activity of some bacterial enzymes being dependent on intracellular zinc 
concentration. As one example, zinc allosterically inhibits the activity of the E. coli 
DgcZ diguanylate cyclase, which leads to reduced levels of the signaling molecule 
cyclic di-GMP and decreased biofilm production (Zahringer et al. 2013; Yeo et al. 
2018). The ability of zinc to modulate the activity of specific enzymes in vivo sug-
gests that rapid influxes of zinc during zinc shock, or extreme changes of the con-
centration of zinc ions in the environment, could function as the trigger to alter the 
activity of zinc-binding proteins to elicit a specific cellular response.

19.5  Zinc Homeostasis and Signaling in Fungi

The fungal kingdom contains a diverse range of organisms including yeasts, molds, 
mildews, and mushrooms. However, much of what is known about zinc homeostasis 
in fungi is based on studies with Ascomycota, or sac fungi, which include the yeasts 
Saccharomyces cerevisiae, Schizosaccharomyces pombe, and Candida albicans, 
and the filamentous fungi Aspergillus fumigatus (Wilson 2015; Wilson and Bird 
2016; Walencik et al. 2016). In contrast to bacteria that tightly regulate zinc efflux, 
when zinc is excess, sac fungi typically store excess zinc in intracellular compart-
ments. Studies in the budding yeast S. cerevisiae have revealed how the processes of 
zinc acquisition and compartmentalization can be tightly regulated by transcrip-
tional and posttranslational mechanisms in response to cellular zinc status 
(Fig. 19.2).

In S. cerevisiae proteins belonging to the Zrt1- and Irt1-like Proteins (ZIP) fam-
ily and cation diffusion facilitator (CDF) family play important roles in zinc trans-
port (Fig. 19.2). In this yeast, ZIP family members facilitate zinc uptake into the 
cytoplasm (Zrt1 and Zrt2), and the release of zinc from the vacuolar stores (Zrt3) 
(Zhao and Eide 1996a, b; MacDiarmid et al. 2000). A fourth ZIP family member, 
Yke4, also facilitates the bi-directional transport of zinc to and from the endoplas-
mic reticulum (Kumanovics et al. 2006). In addition to these proteins, an unrelated 
transporter called Fet4 plays an important role in zinc acquisition, particularly under 
anaerobic growth conditions (Waters and Eide 2002). Transport of zinc out of the 
cytosol is primarily mediated by four CDF family members including Msc2 and 
Zrg17, which form a complex that transports zinc into the endoplasmic reticulum, 
and Zrc1 and Cot1, which both transport zinc ions into the vacuolar stores 
(MacDiarmid et al. 2000; Ellis et al. 2005; Miyabe et al. 2001). Consistent with 
these proteins having a primary role in controlling where labile zinc ions are sent to 
inside of cells, the expression or activities of nearly all of these zinc transporters are 
dependent on cellular zinc status.

At the transcriptional level, a zinc-responsive transcription factor called Zap1 
plays a primary role in zinc homeostasis by activating gene expression when zinc 
levels are low (Wilson and Bird 2016). Genes that are activated by Zap1 under this 
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condition include the zinc uptake genes ZRT1, ZRT2, and FET4 (Waters and Eide 
2002; Zhao and Eide 1997). Zap1 also controls the expression of ZRT3, ZRG17, and 
ZRC1 (MacDiarmid et al. 2000, 2003; Wu et al. 2011). While at first it seems coun-
terintuitive that Zap1 would regulate the expression of ZRG17 and ZRC1, the Zap1- 
dependent regulation of ZRG17 protects against ER stress in low-zinc conditions, 
whereas increased expression of ZRC1 is a proactive mechanism to prevent toxic 
levels of zinc accumulating in the cytosol during a zinc shock (MacDiarmid et al. 
2003; Wu et al. 2011). Recent studies have also found that MSC2 mRNA levels are 
higher in low zinc, suggesting that it is also a zinc-regulated gene (Wu et al. 2016). 
In addition to controlling the expression of zinc transport genes, Zap1 also regulates 
the expression of a large number of other genes, many of which enable yeast to 
adapt and survive during longer conditions of zinc deficiency (Wu et al. 2008).
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Fig. 19.2 Zinc homeostasis and signaling in S. cerevisiae. Left upper panel: When zinc is limiting, 
the transcriptional activator Zap1 increases the expression of genes encoding protein that facilitate 
zinc uptake (Zrt1, Zrt2, and Fet4) and the release of zinc from the vacuolar stores (Zrt3). Zap1 
target genes also include ZRG17, ZRC1, and ZAP1. As a posttranslational level, Cot1 is targeted 
for degradation by the vReD pathway. Lower left panel: When zinc is in excess, Zap1 is inactive 
leading to reduced expression of the above target genes. Newly synthesized Zrt1 is targeted for 
degradation in the endoplasmic reticulum by the ERAD-R pathway, whereas Zrt1 proteins at the 
plasma membrane undergo endocytosis and degradation in the vacuole. Zrt3 is also targeted for 
degradation by the vReD pathway. Right panel: When zinc-limited cells are exposed to zinc, Zrc1 
plays a central role in removing excess zinc from the cytoplasm. Under these conditions, Zrt1 may 
function as a transceptor for the activation of the PKA pathway
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To complement this transcriptional regulation, the activities of the Zrt1, Zrt3, and 
Cot1 proteins are regulated at a posttranslational level in response to cellular zinc 
status (Fig.  19.2). Zrt1 and Zrt3 are both targeted for degradation in high zinc, 
whereas Cot1 is degraded in low zinc (Gitan et al. 1998; Li et al. 2015; Avci et al. 
2014). Two independent mechanisms facilitate the degradation of Zrt1 in high zinc, 
with one mechanism targeting Zrt1 for degradation at the plasma membrane and the 
other at the endoplasmic reticulum. At the plasma membrane, the degradation of 
Zrt1 is dependent on the Rsp5-dependent ubiquitination of Lys195, an amino acid 
located in a large cytosolic loop located between transmembrane domains 3 and 4. 
Ubiquitination of Lys195 in turn triggers the endocytosis of Zrt1, and its degrada-
tion in the vacuole (Gitan et al. 1998; Gitan and Eide 2000). The Rsp5-dependent 
degradation of Zrt1 is also dependent upon a small “metal response domain” con-
taining the sequence DATSMDV, which is located within the same cytosolic loop as 
Lys195 (Gitan et al. 2003). As this domain contains multiple amino acid residues 
that could coordinate zinc, it is tempting to speculate that zinc binding to this 
domain triggers a conformational changing which leads to the ubiquitination and 
subsequent degradation of Zrt1. Zrt1 is also targeted for degradation in high zinc by 
the ER-associated degradation regulatory pathway (ERAD-R). In this pathway, the 
degradation of Zrt1 is facilitated by the ERAD protease Ypf1 and E3 ligase Doa10 
(Avci et al. 2014). Although it seems surprising that yeast would make and then 
immediately degrade a functional protein, cells that overproduce Zrt1 fail to rapidly 
sense decreases in cytosolic zinc concentration (Levy et al. 2011). As the ERAD-R- 
dependent turnover of Zrt1 ensures the absence of Zrt1 on the plasma membrane 
when there are adequate levels of zinc for growth, this mechanism enables the early 
sensing of zinc deficiency when zinc levels start to decline (Avci et al. 2014).

The degradation of Zrt3 and Cot1 is dependent upon the vacuole membrane recy-
cling and degradation (vReD) pathway (Li et al. 2015). While the precise signal that 
triggers the ubiquitination and degradation of Zrt3  in high zinc, and Cot1 in low 
zinc, is unclear, the ubiquitination of both proteins is dependent upon the RING 
domain-containing E3 ligase Tul1 and the Defective for SREBP cleavage (Dsc) 
complex. A second E3 ligase Rsp5 also facilitates the ubiquitination of Zrt3 (Li 
et al. 2015). Following ubiquitination, Zrt3 and Cot1 are both sorted into the vacu-
olar lumen for degradation with the aid of the ESCRT machinery (Zhu et al. 2017).

In most other fungi, orthologs of Zap1 tightly control the expression of genes 
required for zinc uptake, highlighting the importance of zinc-dependent transcrip-
tional control in the fungal kingdom (Wilson 2015). In addition to controlling the 
expression of zinc uptake genes, the Zap1 orthologs in other fungi often regulate 
genes which are important for survival in their own environmental habitat. As an 
example, in pathogenic fungus C. albicans, Csr1 (the Zap1 ortholog) induces the 
expression of the pH-regulated antigen 1 gene PRA1, which encodes a secreted 
zincophore (Citiulo et al. 2012). PRA1 gene expression is also increased at neutral 
to alkaline pHs (Sentandreu et al. 1998). In the absence of Pra1, the ability of inva-
sive hyphae to sequester zinc from the host during endothelial invasion is reduced 
(Citiulo et al. 2012), suggesting that this system helps C. albicans to scavenge zinc 
from the host in neutral to alkaline environments – growth conditions where the 
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solubility of zinc is reduced. While Zap1-like proteins are widely used in the fungal 
kingdom, there are exceptions. For example, the fission yeast S. pombe uses a dif-
ferent zinc-responsive transcription factor called Loz1 to control gene expression in 
response to zinc (Corkins et al. 2013; Ehrensberger et al. 2014). Fission yeast also 
produce zinc metallothioneins in high zinc to sequester excess zinc in the cytosol 
(Borrelly et al. 2002). These differences highlight that studies with other fungi will 
further our knowledge of zinc homeostasis by revealing novel mechanisms and 
alternative strategies to survive zinc limitation and zinc excess.

While most studies in fungi have focused on zinc homeostasis, a few recent stud-
ies have explored whether zinc can function as a signaling molecule. In yeast, the 
cAMP-Protein Kinase A (PKA) pathway controls the expression and activity of a 
wide range of proteins in response to nutrient status; typically acting positively on 
processes associated with rapid growth and negatively on processes that drive 
slower growth (Conrad et al. 2014). A recent study in S. cerevisiae has shown the 
addition of zinc to severely zinc-limited cells (i.e., zinc shock) leads to a rapid surge 
(within 2–3 min) in trehalase activity, which is a widely used reporter to indicate 
activation of the PKA pathway (Schothorst et al. 2017). While further experiments 
are required to demonstrate that this increase is a result of a signaling event, as this 
increase is not observed in a ZRT1 deletion strain, it has been proposed that Zrt1 
functions as a transceptor for activation of the PKA pathway. A link between the 
PKA pathway and zinc has also been observed in C. albicans. In this yeast, the 
intracellular zinc reporter Zinbo-5 localizes to the endoplasmic reticulum, with glu-
cose stimulation triggering changes in Zinbo-5 fluorescence in a manner that is 
dependent upon the PKA pathway (Kjellerup et al. 2018). It remains to be tested 
whether these changes in fluorescence are a direct result of the rapid flux of zinc out 
of the endoplasmic reticulum into the cytosol.

19.6  Zinc Signals and Homeostasis in Caenorhabditis elegans

Caenorhabditis elegans is a member of the phylum Nematoda and has been exten-
sively used as a model system to study animal development and behavior (Corsi 
et al. 2015). As it is relatively simple to control the levels of essential metals and 
metallo-cofactors in the diet of C. elegans, and to perform genetic screens to iden-
tify mutants that have increased or decreased tolerance to low or high levels of these 
elements, a growing number of researchers are also using this roundworm to study 
mechanisms of metal homeostasis (Anderson and Leibold 2014; Sinclair and Hamza 
2015). So far, studies with C. elegans have shown that the expression of many zinc 
homeostasis genes is regulated at a transcriptional level in response to zinc 
(Fig. 19.3) and that zinc ions function as an important signaling molecule to acti-
vate sperm.

Most studies examining zinc homeostasis in C. elegans have focused on the role 
of the nuclear receptor protein HIZR-1 (high-zinc-activated nuclear receptor 1). 
HIZR-1 plays a central role in the response to zinc excess by regulating the 

19 Zinc Signals in Biology



400

 expression of genes required for zinc storage and zinc efflux (Warnhoff et al. 2017). 
HIZR-1 facilitates these changes by binding to HZA elements that are located in the 
promoters of its target genes, with binding leading to increased activation of gene 
expression in high zinc (Warnhoff et  al. 2017; Roh et  al. 2015). Characterized 
HIZR-1 target genes include mt1–1, which encodes a metal-binding metallothio-
nein, and the CDF family members, ttm-1b and cdf-2. In C. elegans TTM-1b facili-
tates the excretion of excess zinc ions by transporting them back into the intestinal 
lumen, whereas CDF-2 transports zinc into gut granules, a lysosome-related organ-
elle where zinc ions can be stored and released when needed (Warnhoff et al. 2017; 
Roh et al. 2013; Davis et al. 2009). HIZR-1 also autoregulates the expression of its 
own gene, which established a positive feedback loop to maximize the transcrip-
tional response to high zinc (Warnhoff et al. 2017).

Recent studies in C. elegans have also shown that the expression of three genes 
belonging to the ZIP family is induced at a transcriptional level in response to zinc 
deficiency (Dietrich et al. 2017). While the precise identity of the regulatory factor 
that controls these changes is unknown, the zinc-dependent regulation of all of these 
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genes is dependent upon the presence of a conserved low zinc-activation element 
(LZA). As related DNA elements are found in the promoters of the ZIP2 and ZIP13 
zinc transporter genes in humans, and the expression of both of these genes is 
enhanced under conditions of zinc deficiency, the regulatory factor that is required 
for the low-zinc response in worms may also be conserved in vertebrates (Dietrich 
et al. 2017).

The above mechanisms play a critical role in cellular zinc homeostasis by adjust-
ing zinc uptake, storage, and efflux according to cellular zinc status. Studies in 
C. elegans have also found that during sperm activation, zinc ions are rapidly 
released into the cytosol, suggesting that zinc also functions as a signaling molecule 
in worms.

C. elegans is a useful model organism to study sperm activation as it has two 
sexes, males and hermaphrodites, both of which make sperm (L'Hernault, 1997). In 
both sexes, spermatocytes undergo multiple meiotic divisions to generate sperma-
tids, which are round, immotile, transcriptionally silent haploid cells. In a process 
called sperm activation, these cells then undergo a series of rearrangements which 
leads to the formation of the pseudopod which enables them to crawl to and fertilize 
oocytes (L’Hernault 1997). In hermaphrodites, sperm activation is dependent upon 
the SPE-8 signaling pathway and zinc (Liu et al. 2013; Muhlrad et al. 2014).

The first hint that zinc was required for sperm activation in C. elegans was 
obtained in studies identifying compounds that led to the activation of sperm 
in vitro. These analyses revealed that extracellular zinc could trigger the sperm acti-
vation in a manner that was dependent upon the SPE-8 signaling pathway (Liu et al. 
2013). They also demonstrated that the addition of extracellular zinc, or other types 
of activating signals, promoted the rapid intracellular redistribution of labile zinc 
ions, consistent with zinc ions functioning as secondary messengers during sperm 
activation. More recent studies have shown that the zipt-7.1 zinc transporter gene is 
expressed in developing spermatocytes, and that deletion of the zipt-7.1 gene leads 
to sterility and lower levels of zinc accumulating inside of spermatids (Zhao et al. 
2018). As the ZIPT-7.1 transporter is localized to internal membranous organelles, 
it has been proposed that ZIPT-7.1 facilitates the rapid release of zinc from intracel-
lular stores, which in turn may alter the activity of proteins required for sperm acti-
vation (Zhao et al. 2018).

While the above hypothesis has yet to be tested, it is noteworthy that loss-of- 
function alleles of cdf-1 and sur-7 were both discovered in genetic screens to iden-
tify factors that affect Ras-mediated signaling (Bruinsma et al. 2002; Yoder et al. 
2004). In C. elegans, the Ras-mediated signaling pathway controls multiple devel-
opmental processes including the development of the vulva, which is a hermaphro-
dite specific organ that connects the external environment with the internal 
reproductive system (Sternberg 2005). As outlined in more detail in the following 
review (Dietrich et al. 2016), loss-of-function alleles of cdf-1 and sur-7 were both 
isolated in genetic screens searching for suppressors of the multi-vulva phenotype 
of hyperactive alleles of the let-60 ras gene (Bruinsma et  al. 2002; Yoder et  al. 
2004). As cdf-1 and sur-7 both encode CDF family members that are predicted to 
transport zinc out of the cytosol, these results are consistent with higher 
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 concentrations of zinc in the cytosol inhibiting Ras-mediated signaling (Fig. 19.3). 
While it is currently unclear how zinc ions inhibit this pathway, potential mecha-
nisms that have been proposed include that CDF proteins directly interact with and 
control the activity of the kinase Raf1 and that zinc ions modulate the activity of the 
KSR scaffold protein (Yoder et al. 2004; Jirakulaporn and Muslin 2004).

19.7  Zinc Homeostasis and Signaling in Fish

Danio rerio (zebrafish) is by far the most extensively studied fish model system, 
particularly for the research of developmental biology (Lele and Krone 1996; Dahm 
and Geisler 2006). As the nutrient content of the surrounding water can be easily 
manipulated, a growing number of studies are also using zebrafish as a model sys-
tem to study nutrient homeostasis and metabolism (Zhao et al. 2014). Studies so far 
have revealed multiple similarities in the mechanisms that maintain zinc homeosta-
sis in fish to those in mammals.

Phylogenic studies of zinc transporters belonging to the CDF (called ZnTs in 
fish) and ZIP families have shown that of the ten ZnT and fourteen ZIP human 
genes, all but ZnT10, ZnT3, ZIP2, and ZIP5 have orthologs in the zebrafish (Feeney 
et al. 2005). Global genome profiling has also revealed that the expression of many 
of the genes encoding zinc transporters is subject to transcriptional regulation in the 
gill, the intestine, and the kidney, in response to altered aquatic zinc levels (Feeney 
et  al. 2005; Zheng et  al. 2010a, b). While the mechanisms by which zinc levels 
affect mRNA level in response to zinc deficiency are largely unclear, the ability of 
zebrafish to sense zinc in excess is dependent upon the metal-regulatory transcrip-
tion factor 1 (MTF1) (Dalton et al. 2000). As in mammals, zebrafish MTF1 is acti-
vated by increases in intracellular zinc concentration. It also facilitates changes in 
gene expression by binding to metal-response elements (MREs) located within the 
promoters of its target genes (Hogstrand et al. 2008). Genes that are upregulated by 
this MTF1/MRE transcriptional control include MT2 and ZNT1, which encode a 
metal-binding metallothionein and a zinc export protein, respectively (Hogstrand 
et al. 2008; Zheng et al. 2008). MTF1 also regulates the expression of the ZIP10 
gene. Due to differences in the transcriptional start site and MRE promoter position, 
MTF1 functions as an activator of ZIP10 expression in the gills, while a repressor 
of ZIP10 expression in the kidney (Zheng et al. 2008).

Multiple studies in zebrafish have also revealed an important role for zinc during 
embryogenesis. Riggio et al. (2003) reported a dramatic increase of zinc content 
after fertilization, followed by a slow reduction before reaching a plateau. Whereas, 
Ho and colleagues (Ho et al. 2012) noted that each zinc transporter mRNA mani-
fests a distinct expression pattern over the course of embryonic development. A 
more direct role for zinc was observed in studies investigating the role of Zip7 dur-
ing vertebrate development. By using morpholino antisense oligonucleotides to 
downregulate zip7 expression, Yan et  al. (2012) found that this decrease had no 
effect on the levels of zinc in the whole embryo, but did lead to morphological 
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defects and reduced concentrations of zinc in the brain, eyes, and skeletal structure, 
which could be compensated for by the supplementation of exogenous zinc. 
Together these results suggest that Zip7 plays a vital role in the distribution of zinc 
ions in the developing embryo.

Multiple studies have obtained evidence which suggests that zinc ions may also 
act as an important signaling molecule in fish. Yamashita et al. (2004) identified that 
LIV1, a human ZIP6 homolog, is the downstream target of STAT3, a transcription 
factor that plays an important role in the epithelial-mesenchymal transition (EMT) 
during gastrulation. They also found that LIV1 is crucial for the nuclear localization 
of the transcriptional repressor Snail, the master regulator of the EMT. Together 
these results suggest a pathway where the STAT3-dependent induction of LIV1 
results in increased flux of zinc into the cytosol which in turn triggers the nuclear 
localization of Snail. While additional studies are needed to test this exciting 
hypothesis, pyrithione zinc was identified in a high-content screening assay as a 
factor that increased expression of fibroblast growth factor (FGF) reporters 
(Saydmohammed et al. 2011). Together these studies suggest that the changes in 
intracellular zinc may affect multiple signaling pathways that are important for nor-
mal embryonic development.

The Atlantic croaker (Micropogonias undulatus) is another teleost model organ-
ism useful for the study of endocrine control of reproduction (Thomas 1990). 
Despite the limited amount of literature compared to the zebrafish model system, a 
series of recent studies in Atlantic croaker has revealed another signaling pathway 
in which zinc is likely involved as a secondary messenger. While ZIP9 belongs to 
the ZIP family of zinc transporters, Berg et  al. (2014) found that in the Atlantic 
croaker it also functions as an androgen receptor that is activated specifically by 
testosterone. They also found that the ZIP9-dependent signaling pathway was 
required for the testosterone-induced apoptosis of ovarian follicle cells, and that 
testosterone treatment caused an acute increase in the intracellular free zinc concen-
tration. A follow-up paper by the same group further proved the importance of zinc 
by showing that the absence of zinc in the culture media blocked the testosterone- 
induced apoptosis (Converse et al. 2017). These results suggest that ZIP9 functions 
as both an androgen receptor and a zinc transporter, and that increases in the cyto-
solic zinc concentration may mediate the cell death signal. More recent studies have 
shown that zinc is also an important signaling molecule in zebrafish oocyte matura-
tion (Li et al. 2019). Although it is unclear which signaling cascade is triggered by 
increased cytosolic zinc, the protein tyrosine phosphatase b (PTPb)-insulin-like 
growth factor receptor (Igf1r) pathway has been suggested.

19.8  Conclusions

A growing amount of evidence suggests that zinc ions function as extracellular and 
intracellular signaling molecules in a wide range of organisms. In this chapter, we 
highlighted the current knowledge of zinc signaling mechanisms in bacteria, yeast, 
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nematodes, and fish. However, it should be appreciated that examples of zinc sig-
nals are found throughout nature, suggesting that zinc ions may function as a signal-
ing molecule in many living creatures (Maret 2017; Rousset et al. 2002; Chang et al. 
2005). Despite a wealth of new studies in this emerging field, many questions 
remain unanswered. For instance, relatively little is known about the factors that 
trigger the rapid release of zinc from intracellular stores, and the extent to which 
zinc may function as a signaling molecule. It is also largely unclear what proteins 
are activated by zinc signals and how these proteins are inactivated. As zinc signals 
potentially control cellular processes throughout biology, further studies of zinc 
signals in a wide range of organisms will likely provide answers to some of these 
questions.
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