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Zinc is a micronutrient involved in many fundamental roles that are vital for routine bodily functions. A tight control of its

concentration, however, is necessary to ensure balance inside the cells. Zinc transporters are thus essential to maintain

cellular homeostasis.
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1. Introduction

Zinc is a micronutrient involved in many fundamental roles that are vital for routine bodily functions. It is estimated that

one in ten proteins have zinc-binding motif . Additionally, every one of the main six classes of enzymes (hydrolases,

isomerases, ligases, lyases, oxidoreductases, and transferases) contains zinc-dependent proteins . At the molecular

level, zinc binds to proteins  in various capacities such as protein structural integrity, catalysis, and regulatory activity

of DNA function . Additionally, zinc plays other crucial roles in cell signaling pathways such as the “zinc spark” during

fertilization , modulation of neurotransmitter receptors or ion channels  and second messenger system of specific

signal transduction pathways . The widespread effects of and dependence on zinc by various proteins demonstrate the

broad usefulness of this trace metal. We refer the reader to a review on the multi-dimensional effects of zinc in cells by

Cuajungco, Ramirez, and Tolmasky (2021) as part of the Special Issue.

Mammals, especially in humans, require zinc for proper immune responses. Innate and adaptive immune systems both

rely on proper zinc levels in order to develop and carry out their protective duties . Evidence also demonstrates that

zinc can benefit those suffering from viral, bacterial, and even parasitic infections . In addition to helping to destroy

endocytosed pathogens, zinc can be used in ridding cells of reactive oxygen species (ROS) . However, for some cell

types, there is indication demonstrating that intracellular zinc accumulation leads to increased ROS formation in the

mitochondria . The strict control of ROS production demonstrates another crucial, although indirect role for zinc,

especially that ROS imbalance releases zinc from metalloproteins and creates oxidative stress within the cells leading to

disease .

Zinc dyshomeostasis is a known factor in many human health problems. In diabetes mellitus (DM), there is evidence

associating zinc imbalance occurring at the physiological and cellular levels . For example, insulin needs two zinc

ions to stabilize its granules, but the role of zinc in DM is more complicated than simply zinc dyshomeostasis or abnormal

metabolism , which will be discussed later in this review. Zinc deficiency also has consequences on the immune

system. One such example is that zinc deficiency adversely affects the function of immune cells as evidenced by atypical

inflammatory responses occurring under reduced zinc conditions . Additionally, zinc deficiency has been shown to be

associated with chronic diseases such as liver cirrhosis  and asthma . While cases of zinc deficiency in human

population are often more mild-to-moderate in their severity, it is relatively widespread and affects one in four people .

With zinc deficiency afflicting many people worldwide and a wide variety of health issues stemming from it, nutritional

supplementation appears to be quite important. Nevertheless, zinc supplementation alone is not enough to solve the

many issues in human health , because abnormal zinc levels in the human body could also mean increased tissue or

cellular zinc concentrations that result in cytotoxicity. Thus, it is necessary to further understand zinc homeostasis with

respect to the living cell.

2. Zinc Transport

Further insight into human diseases linked with zinc imbalances can be obtained by studying how zinc is transported into

and out of cells. The solute carrier 30 (SLC30) and the SLC39 families comprise the two major groups of cellular zinc

transporters . As such, these families play vital roles in regulating tissue zinc homeostasis. Due to their considerable

control of zinc concentrations, it is not surprising that a large number of diseases can result from, or are associated with,
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members of these two families that are either dysfunctional or differentially expressed . Due to the similarities of

human Transmembrane 163 protein (TMEM163) to SLC30 proteins, as will be discussed later on, only the SLC30 family

will be further explored in this section.

2.1. The SLC30 Family or ZnT Efflux Transporters

The SLC30 proteins or ZnTs belong to the CDF superfamily . These are zinc transporters found across a wide

variety of species from bacteria to humans. ZnTs have six transmembrane domains (TMDs) with intracellular amino

terminus domain (NTD) and relatively longer carboxyl terminus domain (CTD) . Although a longer CTD is expected

of CDF proteins, there have been protein homologs identified in bacteria (marine and soil) that lack longer CTD . There

are currently ten known ZnT proteins  with ZnT1–ZnT4 identified through direct experimentation with zinc-resistant

cells or via cloning, while ZnT5–ZnT10 were found by homology sequence analysis using previously discovered ZnTs .

The structure of a bacterial CDF called YiiP has been published , which served as a template to model theoretical

structures of certain mammalian ZnT proteins. Recently, however, the structure of human ZnT8 was also solved using

cryo-electron microscopy . The recent publication of the ZnT8 structure confirmed that certain members of the CDF

family, especially the SLC30 proteins, have specific zinc-binding sites within their TMDs and the CTD .

As a whole, the ZnTs function almost exclusively as zinc effluxers, and as such, they export zinc from the cytosol to either

the outside of the cell or bring cytoplasmic zinc into vesicles or organelles . Note, however, that ZnT10 is unusual

from its related members in that it has been reported to efflux not only zinc , but also manganese ions . Recent

data suggest that ZnT10 mainly extrudes manganese  and that manganese efflux appears to be a calcium-dependent

antiport process  as opposed to a proton-dependent mechanism previously shown for certain ZnT proteins .

The functional difference between ZnT10 and other ZnTs may stem from the putative metal binding motif on ZnT10′s

TMD2, which is NXXXD compared to the typical HXXXD associated with zinc binding observed for specific ZnTs .

Counter to expectation, site-directed mutagenesis (SDM) targeting both asparagine (N) and aspartate (D) of the TMD2

NXXXD motif within ZnT10 did not inactivate its manganese efflux function . These results indicate that the TMD2

HXXXD motif that has been ascribed to zinc binding is not generalizable and cannot be used solely to classify a protein as

a ZnT family member without sufficient empirical evidence to support classification. A case in point, ZnT6 does not have

the TMD2 HXXXD motif, but rather, it has a TMD2 DXXXD motif. As we will elaborate later on, the TMD2 DXXXD motif is

also found in both YiiP and TMEM163 . Despite such debatable findings, the role of ZnT10 as an effluxer is not in

doubt; however, it may be that this protein is an atypical ZnT member as is the case for ZnT9 and TMEM163 as discussed

below and in the subsequent section. Future research should investigate specific motifs within TMD2 and TMD5, as well

as relevant amino acid residues surrounding these domains to fully define their role in zinc transport and help establish a

way to define classification and membership to the ZnT family or the CDF family, in general.

A truncated isoform of ZnT5  has been reported to act as a zinc influxer, while a variant of ZnT8  implicated in DM

appears to show a similar influx activity when heterologously expressed in cells. While such bidirectional activity may

suggest a novel function for some of these members of the ZnT family, this characteristic has been called into question

upon further examination of the structure of ZnT8 . Thus, members of the SLC30 family should be recognized as

mainly effluxers until more extensive evidence showing bidirectional function is experimentally validated. Of added interest

is that ZnT9 had its membership with the SLC30 family called into question due to its reported role as a nuclear receptor

co-activator and possible lack of zinc transport function . Recently, however, research into the causal role of a point

mutation within ZnT9 leading to a cerebral-renal disease in humans has shed some light in support of ZnT9 as a zinc

transporter . Moreover, knock-down of ZnT9 expression in human chondrocytes results in upregulation of the zinc-

regulatory transcription factor, MTF-1, while over-expression of ZnT9 produces an opposite effect, suggesting that ZnT9

mediates intracellular zinc flux . Noteworthy is that ZnT9 also has the HXXXD zinc-binding motif on TMD2 that is found

among members of the ZnT family . To resolve this controversy, further studies would need to be done to validate these

observations and to show specific domains or motifs that are directly responsible for the zinc efflux function of ZnT9.

ZnTs localize to different areas in the cell. Some common subcellular localization of ZnTs include the plasma membrane,

synaptic or secretory vesicles, and the Golgi apparatus . A central structural feature of ZnTs is that they transport

zinc as a dimer. Noteworthy is that certain ZnT subunits heterodimerize with each other to carry out their functions,

although some ZnT subunits can only form functional homodimers while others could form more than one heterodimer

version . Strong evidence shows that ZnT1–ZnT4, ZnT7 , and ZnT8  form homodimers, but that ZnT1–ZnT4

are also able to form heterodimers with each other . Similarly, ZnT5 may form a homodimer but it also heterodimerizes

with ZnT6 . ZnT3 and ZnT10 are reported to form heterodimers with each other . As heterodimers, some ZnTs

confine themselves differently from their normal subcellular localization , exhibiting features that are far more intricate

than merely effluxing zinc. However, the exact nature of these ZnT subunit interactions and the express purposes of
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creating functionally redundant ZnT heterodimers in various cell types remain to be elucidated. Thus, further investigation

into ZnT dimerization, differential subcellular localizations, and the consequences of subunit interactions should be

priorities in future studies of the ZnT protein family.

2.2. ZnTs in Human Diseases

Many diseases and health issues have been linked with the improper function or altered expression of ZnTs (Figure 1).

More specifically, various ZnTs have been implicated in neurodegenerative diseases and cancers. Both a loss of function

 and an over-expression of ZnT1  for example, are associated with cancer, but that the former findings may be

predictive or prognostic indicator of patient survivability . Mutations in ZnT2 cause zinc concentrations in breast milk to

be deficient, which leads to zinc deficiency in children if their primary source of the micronutrient comes from breast milk

. Expression levels of ZnT3 are shown to be reduced in post-mortem brains of Alzheimer’s disease (AD) patients 

and in a mouse model of Mucolipidosis type IV (MLIV) disease . On the other hand, ZnT3 levels appear to be elevated

in the cerebellum of a mouse model of AD . Meanwhile, increased expression levels of ZnT6  and decreased

expression of ZnT10  have been associated with AD pathology in the hippocampus and frontal cortex, respectively. It is

also worth noting that specific mutations within ZnT10 are linked with Parkinson’s disease (PD), dystonia with or without

hyper-manganesemia, chronic liver disease, and polycythemia . In prostate cancer, ZnT5 and ZnT6 expression

levels are downregulated, while ZnT9 and ZnT10 expression levels are shown to be increased . As mentioned earlier, a

mutation in ZnT9 was recently found to be responsible for cerebro-renal syndrome disease  and its function may

modulate the expression of aggrecan, which is implicated in Temporomandibular joint osteoarthritis . ZnT8 has been

widely reported to be involved in DM ; however, its role in type II diabetes (T2D), particularly linked with a loss-

of-function ZnT8 variant , conflicts with evidence supporting treatment of T2D by increasing ZnT8 function .

Figure 1. Schematic illustration of associations between altered SLC30 (ZnT) expression and notable human diseases.

The Venn diagram includes TMEM163, which has been implicated in certain human diseases. References are

represented as numbers in brackets.

The list of zinc transporters that appears to be correlated with various human diseases in the current review is not

exhaustive. Nevertheless, it demonstrates that zinc plays many roles in influencing normal and diseased states, and thus,

broadening the investigation of these proteins is of significant value to devise or discover a form of therapeutics against

many debilitating diseases in humans.
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