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Abstract
Zinc (Zn) is one of the most important essential nutrients of great public health significance. It is involved in numerous bio-
logical functions and it is considered as a multipurpose trace element, due to its capacity to bind to more than 300 enzymes 
and more than 2000 transcriptional factors. Its role in biochemical pathways and cellular functions, such as the response to 
oxidative stress, homeostasis, immune responses, DNA replication, DNA damage repair, cell cycle progression, apoptosis 
and aging is significant. Zn is required for the synthesis of protein and collagen, thus contributing to wound healing and a 
healthy skin. Metallothioneins are metal-binding proteins and they are potent scavengers of heavy metals, including Zn, and 
protect the organism against stress. Zn deficiency is observed almost in 17% of the global population and affects many organ 
systems, leading to dysfunction of both humoral and cell-mediated immunity, thus increasing the susceptibility to infection. 
This review gives a thorough insight into the most recent evidence on the association between Zn biochemistry and human 
pathologies, epigenetic processes, gut microbial composition, drug targets and nanomedicine.
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Introduction

A total of 2–3 g of Zn is contained in the human body 
making Zn the second most abundant transition metal in 
humans and many other living organisms after Fe and the 
second most abundant divalent cation after calcium. Zn is 
a trace element essential for the growth and development 
of all organisms. It is an essential antioxidant mineral for 
preventing formation and reactive response of free radicals, 
which are unstable atoms that contain one or more unpaired 
electrons that can damage cells, leading to the progression of 
chronic and degenerative diseases (Pae et al. 2012).

Zn plays a crucial role in proper cellular function, 
including differentiation, cell division, cell growth, cellular 

transport, endocrine and immune system, transcription, pro-
tein synthesis, RNA and DNA synthesis and DNA replica-
tion (Ackland and Michalczyk 2016). It is found in many 
tissues, with the majority in the testes, muscle, liver, bones 
and brain (Glutsch et al. 2019). It is abundantly present in 
the synaptic vesicles and it plays essential roles in learning 
and memory. Also Zn is a cofactor for more than 1000 enzy-
matic reactions and more than 2000 transcription factors 
(Chasapis et al. 2012b).

Zinc finger proteins are one of the most abundant groups 
of proteins and have a wide range of molecular roles in 
health and disease states. Zn is required for the structural 
stability of Zn finger proteins (Zfp). Zn finger proteins are 
transcriptional factors and are capable of modulating DNA, 
RNA and other proteins. More specifically, they regulate 
signal transduction, cell differentiation or proliferation, cell 
adhesion and transcription. Moreover, Zn maintains the 
enzymatic structure at the active site of CuZn-superoxide 
dismutase (SOD) (Santos et al. 2019). They are classified as 
Class I Cys2His2 (C2H2) proteins, Class II Cys4 (C4) Zn 
finger proteins, and Class III (C6) Zn finger proteins called 
Zn cluster proteins. Zn is extensively involved in normal 
function of the immune system, wound repair, insulin syn-
thesis and secretion and blood pressure regulation (Freitas 
et al. 2017; Lin et al. 2017). It is a biological regulator of 
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gene expression and homeostasis and it regulates the expres-
sion of metallothioneins (Pae et al. 2012). Dysregulation of 
Zn homeostasis is significantly involved in the development 
of cardiovascular diseases, cancer and production of reactive 
oxygen species (ROS) (Eide 2011; Choi et al. 2018; Lehvy 
et al. 2019).

After the uptake of Zn by cells, it is distributed within 
the cytoplasm (50%), nucleus (30–40%), and cell membrane 
(10%). Cellular Zn can bind tightly to metalloproteins/met-
alloenzymes and metallothioneins or compartmentalized 
through Zn transporters into intracellular organelles and 
vesicles for storage or be maintained in free form at a very 
low concentration in cytosol (Lee 2018).

Currently, Zn deficiency affects almost 17% of the global 
population (White et al. 2012) and it is responsible for 4% 
of global child morbidity and mortality (Penny 2013). In 
infants and children, the main causes of Zn deficiency are 
parenteral nutrition, undernourishment, malnutrition or low 
Zn levels in breast milk (Livingstone 2015). Also, excessive 
loss of Zn may result in disorders of the gastrointestinal or 
urinary tract, chronic inflammatory bowel diseases, such 
as Crohn’s disease and ulcerative colitis (Krebs 2013). The 
typical clinical symptoms of Zn deficiency include periorifi-
cial dermatitis, alopecia, diarrhea, impaired wound healing, 
disorders of the gustatory, such as dysgeusia and dysosmia 
sense, immunodeficiency and increased incidence of bacte-
rial, fungal and viral infections (Livingstone 2015; Nour and 
Lothar 2017).

Given Zn various and crucial functions in the human 
body, this paper attempts to provide an overview regarding 
the Zn biochemical involvement in human pathologies, epi-
genetic processes, gut microbial composition and medicinal 
targets.

Biology and homeostasis

Zinc  (Zn2+) is the second most important trace element in 
the body after iron (Mammadova-Bach and Braun 2019). 
Zn participates in many metabolic processes, possessing 
three major biological roles as a structural, catalytic, and 
regulatory component (King et al. 2015). It participates in 
the structure of more than 2000 transcription factors and as 
a cofactor for more than 300 enzymes (Olza et al. 2017), 
including hydrolases, transferases, oxyreductases, ligases, 
isomerases, and lyases (Baltaci et  al. 2018). Zn is also 
involved in gene expression regulation and in the proper 
function of immune system (Olza et al. 2017).

Zn is not stored in the body, thus a Zn daily intake is 
required to maintain the essential levels and support all 
its functions (Bonaventura et  al. 2015). The absorption 
of  Zn2+ takes places in the gut, mostly in the jejunum 
through the enterocytes, and residual  Zn2+ is excreted 

(Mammadova-Bach and Braun 2019). The average amount 
of Zn in the adult body is about 1.4–2.3 g and it is found in 
all body tissues and secretions in relatively high concentra-
tions (Chasapis et al. 2012b). The majority of  Zn2+ stores 
are located in skeletal muscle and second in bones and only 
a small amount of body  Zn2+ is circulating in the blood 
(Kambe et al. 2015). Zn is mostly found in the body bound 
to proteins, such as albulin or β2-macroglobulin and only a 
small fraction of  Zn2+ exists as free labile form that can be 
taken up by cells, including blood cells, endothelial cells 
and platelets (Lu et al. 2008), through endocytosis or other 
transport mechanisms (Hojyo and Fukada 2016).

Due to  Zn2+ ions hydrophilic properties, passive diffu-
sion of Zn is limited, thus specialized Zn transporters are 
important to maintain its homeostasis (Bonaventura et al. 
2015). The cellular homeostasis of Zn is mediated by two 
protein families of Zn transporters and metallothioneins 
(MTs). Metallothioneins (MTs) are metal-binding proteins 
that are present in virtually all living organisms and play a 
significant role in metal homeostasis. The Zn-importer (Zip; 
Zrt-, Irt-like proteins) family contains proteins that transport 
Zn into the cytosol from either the extracellular space or 
from intracellular organelles (Jeong and Eide 2013) and the 
Zn transporter (ZnT) family comprises proteins transport-
ing Zn out of the cytosol outside the cell or into the lumen 
of intracellular organelles (von Bülow et al. 2007). ZIP and 
ZnT proteins are encoded by 14 genes and 10 genes, respec-
tively, in the mammalian genome. These proteins follow a 
tissue- and developmental-specific expression pattern and 
are specifically localized in cellular and subcellular orga-
nelles. They respond to various stimuli, such as low or high 
levels Zn, by changing protein stability and cellular localiza-
tion (Kimura and Kambe 2016).

Food sources and recommended daily doses

Zn can be found in a broad variety of foods. Oysters are 
most abundant in Zn than any other food. However, the main 
sources of Zn intake are meat (beef, veal, pork and lamb) and 
meat products, cereals and grains, and milk and dairy prod-
ucts. Other good food sources such as fish, vegetables, nuts, 
and ready-to-eat meals contain Zn but in smaller amounts 
(Olza et al. 2017). The recommended dietary allowance of 
Zn has been defined by the US Institute of Medicine/Food 
and Nutrition board in the 2001 Dietary Reference Intakes 
report to be 11 mg/day for men and 8 mg/day for women. 
The tolerable upper limit of intake is 40 mg/day in adults 
(Ruz et al. 2019).
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Zinc deficiency

Several reports have highlighted that trace element defi-
ciencies are more frequent than previously suspected. 
Trace element deficiencies can affect all organs, so physi-
cians must be alert to consider them in their differential 
diagnoses (Zemrani and Bines 2019). Zn is an important 
trace element in human health and its deficiency can lead 
to retarded growth, anorexia, smell and taste failure, and 
other symptoms in humans (Chasapis et al. 2012b). Zn 
deficiency may be due to different causes. Parenteral nutri-
tion, undernourishment, malnutrition or low Zn levels in 
breast milk may cause poor Zn intake in infants and chil-
dren (Livingstone 2015). Moreover, eating disorders, such 
as anorexia nervosa and bulimia or even alternative eating 
habits, such as veganism can lead to Zn deficiency not only 
in children but also in adults. Increased loss of Zn may be 
the result of gastrointestinal disorders, such as recalcitrant 
diarrhea or urinary tract disorders, such as renal disease or 
diabetes mellitus. Most commonly, Zn deficiency is caused 
by malabsorption disorders. Chronic inflammatory bowel 
diseases, such as Crohn’s disease and ulcerative colitis, as 
well as inherited diseases like acrodermatitis enteropathica 
and cystic fibrosis may lead to deficit absorption of Zn. 
Except for that, a high intake of copper, iron or phytic acid 
can also result in malabsorption of dietary Zn (Glutsch 
et al. 2019).

Severe Zn deficiency may affect many organ systems, 
including the immune and gastrointestinal systems, central 
nervous system, skeletal and reproductive system. Zn defi-
ciency has been correlated with acute viral hepatitis, since 
patients suffering from this disease were found to have 
significantly reduced serum Zn levels (Fota-Markowska 
et al. 2002). Also, it has been noticed that patients with 
liver cirrhosis show decreased Zn levels. Damaged intes-
tinal mucosa or insufficient pancreatic exocrine function 
may lead to reduced intestinal Zn absorption. Malnutrition 
in cirrhotic patients is also a risk factor in developing Zn 
deficiency, especially in alcoholic patients (Prasad 2009).

Zn also plays an essential role in the biosynthesis, stor-
age, and secretion of male sex hormones such as testoster-
one. Zn deficiency has been associated with steroidogen-
esis failure and decreased testosterone and progesterone 
in Leydig cells, inducing apoptosis in these cells. As a 
cofactor of enzymes responsible for replication, transcrip-
tion and DNA packaging, Zn is necessary for sperm for-
mation (Croxford et al. 2011). It has a regulatory function 
for sperm capacitation and the acrosome reaction (Kothari 
and Chaudhari 2016). Due to its antioxidant properties, 
Zn can protect sperm cells from oxidative stress damage, 
since the cells are quite susceptible to free radicals (Mir-
namniha et al. 2019). In summary, Zn is one of the most 

significant trace elements, since its deficiencies can be 
associated with hypogonadism, delayed testicular devel-
opment, impaired spermatogenesis, sex hormones distur-
bances, oxidative stress and inflammation, and apoptosis.

Supplementation of Zn is potentially beneficial for man-
aging the nutritional status as well as providing management 
of several diseases, in which Zn may be used as an adjunct 
therapy. Zn sulfate is the most commonly used Zn form, but 
Zn citrate, gluconate and picolinate are also valid Zn salts. 
These forms are better absorbed than Zn oxide (Wegmüller 
et al. 2014). The concomitant intake of protein, especially 
whey protein with Zn may improve Zn absorption (Santos 
et al. 2019).

Zinc and binding enzymes

Zn-binding proteins are abundant in the Eukarya and in 
lower concentrations in Bacteria and Archaea (Andreini 
et al. 2006). Also in viruses, the majority of the proteomes 
contain Zn binding proteins indicating the important role of 
Zn in the interaction between viruses and human (Chasapis 
2018a). The role of Zn binding in enzymes fall into two cat-
egories: structural (Chasapis and Spyroulias 2009) and func-
tional (Gkazonis et al. 2010; Dalkas et al. 2010). Zn ions are 
required for proper folding of enzymes with a representative 
example being the E3 RING ligases, where  Zn2+ serves to 
transform an unstructured polypeptide into a properly folded 
domain capable for E2–RING E3 interactions in the human 
ubiquitin–proteasome system (Kandias et al. 2009; Chasapis 
et al. 2010, 2012a; Birkou et al. 2017; Chasapis 2018b). 
 Zn2+ in metalloenzymes can be replaced by non-essential 
heavy metals such as Cd leading to their inactivation. Spe-
cifically, in silico methodologies applied to toxicological 
models, such as protozoan Tetrahymena (Stefanidou et al. 
2011; Chasapis et al. 2017; Chasapis 2019) showed that Cd 
poisoning is mediated by Zn transporters (ZIPs) which are 
potential targets for Cd binding and they constitute the main 
candidates for the Cd uptake. Also it was reported that the 
putative Cd-binding human proteome has the highest num-
ber (24) of Zn transporters compared with the other heavy 
metal proteomes (Chasapis 2018c).

The matrix metalloproteinases (MMPs) are members of 
the metzincin superfamily which share a common Zn bind-
ing sequence motif HisGluXXHisXXGlyXX (His/Asp) 
(where X is any amino acid) in their catalytic domain (Cero-
folini et al. 2019). In the active site, the three histidines are 
coordinated by the metal ion in a trigonal pyramidal coor-
dination sphere completed by a catalytic water molecule as 
the fourth ligand. A second structural Zn site exists in the 
catalytic domain of MMPs, in which the central Zn coordi-
nates three histidines and one aspartic acid in a tetrahedral 
geometry. In humans 23 MMPs have been mentioned that 
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are encoded from 24 genes due to a duplicated MMP-23 
gene. These metalloproteins are tightly regulated and their 
expression is transcriptionally controlled by inflamma-
tory cytokines and growth factors within the extracellular 
matrix as well as hormones and cell–matrix interactions 
(Djuric and Zivkovic 2017). Biological activities mediated 
by MMP cleavage include: tumor cell resistance (Quintero-
Fabián et al. 2019), mammary epithelial cell apoptosis (Cor-
reia et al. 2013), osteoclast activation (Pivetta et al. 2011), 
cell migration (Gifford and Itoh 2019), anti-inflammatory 
(Fingleton 2017), disrupted cell aggregation (Ishikawa 
et al. 2017) and increased cell invasion (Ferrari et al. 2019), 
reduced cell adhesion and spreading (Tokuhara et al. 2019), 
PAR1 activation (Allen et al. 2016), vasoconstriction and 
cell growth (Nugent et al. 2016).

Metallothioneins (MTs) are another group of metal-
binding proteins, which belong to the family of intracellular 
metal-binding proteins that are present in virtually all living 
organisms and play a significant role in metal homeostasis 
(Chasapis et al. 2012b). Zn is tightly bound by MTs, which 
bind 20% of intracellular Zn (Stefanidou et al. 2006). MTs 
exists in 12 isoforms and each molecule of MT can bind up 
to seven Zn ions or other divalent metals. MTs can exchange 
metal ions with proteins in the cells, acting either as a Zn 
acceptor or donor. The cysteine sulfur groups of MT that 
are redox reactive, undergo through oxidation and subse-
quently release of Zn (Choi et al. 2018). Thus, MTs regulate 
the intracellular concentration of Zn and the intracellular 
Zn-mediated signaling pathways (Tinkov et al. 2018). Zn 
upregulates the Zn-sensing metal regulatory transcription 
factor 1 (MTF-1) expression and induces the MT synthesis. 
Hence, MT levels are increased in the cytosol, and due to 
their action as metal scavengers, they decrease the number 
of active redox metals participating in Fenton reaction and 
producing ROS (Tinkov et al. 2018; Choi et al. 2018).

Superoxide dismutase (SOD) catalyzes the dismutation 
or disproportionation of the superoxide anion  (O2

·−) into 
hydrogen peroxide and oxygen. There are three major types 
of SOD that differ in their metal cofactor. Cu, Zn superoxide 
dismutase (SOD1) comprises 90% of the total SOD. The 
SOD-1 protein found in the cytosol is a homodimeric pro-
tein with 32 kDa molecular mass (Milani et al. 2011). Two 
other forms, SOD-2 (Mn) and SOD-3 (Cu, Zn), are found in 
mitochondria and outside a cell, respectively, are tetrameric 
and are implicated in cancer and several neurological disor-
ders (Griess et al. 2017; Peana et al. 2018). Up to 130 point 
mutations in SOD-1 are associated with aamyotrophic lateral 
sclerosis (ALS) or Lou Gehrig’s disease, a neurodegenera-
tive disorder characterized by the selective death of motor 
neurons in spinal cord, brain stem and brain (Pansarasa 
et al. 2018). Misfolding and aggregation of mutant SOD-1 
are also responsible for other neurodegenerative diseases, 
such as Alzheimer’s disease and transmissible spongiform 

encephalopathies (Wojsiat et al. 2018). The wide variability 
in SOD-1 mutations linked to familial form of ALS (fALS) 
makes a structure-based drug design approach to inhibitors 
extremely difficult.

The p53 is a Zn-binding protein that has been described 
as “the guardian of the genome” because of its role in con-
serving stability by preventing genome mutation (Lane 
1992). It can activate DNA repair proteins, can arrest growth 
by holding the cell cycle, can initiate apoptosis and it is 
essential for the senescence response to short telomeres 
(Hashimoto et al. 2019; Pranavathiyani et al. 2019; Issaeva 
2019). Mutations of the gene encoding for this metallopro-
tein are found in approximately 50% of tumor cases, causing 
either a loss of activity or a gain in function producing p53 
capable of cellular transformation (Mantovani et al. 2019).

Zinc in oxidative stress and inflammation

Oxidative stress refers to the status of imbalance between 
free radicals, which is any molecule that contains one or 
more unpaired electrons, and the ability of the system to 
detoxify or impair oxidative damage to DNA, proteins, and 
lipids (Stefanidou et al. 2006; Choi et al. 2018). During the 
inflammatory processes, the activation of phagocytes and/
or the action of bacterial products with specific receptors 
are capable of promoting the assembly of NADPH oxidase, 
which catalyzes the production of high amounts of the super-
oxide anion radical  (O2

−). Neutrophils and macrophages pro-
duce superoxide free radicals and  H2O2, which are essen-
tial for defense against phagocytized or invading microbes 
(Stefanidou et al. 2006). In stress conditions, antioxidants 
are necessary to regulate the reactions that release free radi-
cals and prevent damages caused by free radicals. Antioxi-
dant nutrients included in a proper diet, such as vitamin E, 
vitamin C, b-carotene, and essential trace elements, such as 
selenium, copper, iron, and Zn, improve immune functions 
exhibiting an important protective role in infections caused 
by bacteria, viruses, or parasites (Chasapis et al. 2012b).

Zn does not undergo redox reactions, in contrast to 
other divalent transition metal ions, such as copper and 
iron(Chasapis et al. 2012b), which participate in redox reac-
tions, mainly through Fenton reaction (Jarosz et al. 2017), 
and produce high amounts of ROS and RNS. Nevertheless, 
Zn is involved in multiple pathways regulating cell oxidant/
antioxidant balance as an antioxidant or a signaling molecule 
(Korichneva 2006).

Zn mediates its antioxidant effect directly and indirectly. 
Directly binding to the thiol and sulfhydryl groups in pro-
teins and peptides, Zn protects the lipid bilayer from lipid 
oxidation, thus stabilizing the cell membrane (Stefanidou 
et al. 2006; Korkmaz-Icöz et al. 2016). Zn acts as a cofactor 
in more than 1000 enzymes, such as Cu, Zn-SOD, which 
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catalyzes the dismutation of  O2· to  H2O2 (Olechnowicz et al. 
2018). Moreover, Zn plays a role in MT synthesis. Activat-
ing the Zn-sensing metal regulatory transcription factor 1 
(MTF-1), Zn maintains an adequate level of MTs, acting as 
free radical scavengers in the cytosol (Chasapis et al. 2012b). 
Zn also increases glutathione (GSH) biosynthesis as well as 
inhibits NADPH oxidases, which catalyzes the production 
of  O2· from oxygen (Barman and Srinivasan 2017).

Superoxide dismutase is an enzyme that acts as an anti-
oxidant defense in the cells exposed to oxygen. It catalyzes 
the dismutation of the superoxide  (O2

−) radical into molecu-
lar oxygen  (O2) or hydrogen peroxide  (H2O2). SOD has an 
active center with a Zn ion and a copper ion, (CuZn-SOD) 
or (SOD1). In Zn-deficient conditions, SOD synthesis and 
activity are suppressed and cells are more susceptible to oxi-
dative stress (Olechnowicz et al. 2018; Nazem et al. 2019). 
Except for SOD, Zn also affects other antioxidant enzymes, 
such as GPx activity, through upregulation of the nuclear 
factor erythroid 2-related factor 2 (Nrf2) transcription fac-
tor. Nrf2 is a key regulator of detoxification, thus increas-
ing GSH synthesis, GPx activity, and other mechanisms of 
antioxidant defense (Li et al. 2014).

Oxidative stress can lead to an inflammatory response 
and is responsible for the development of many inflamma-
tory diseases. Zn is essential for the normal function of the 
immune system, affecting both innate and adaptive immune 
response. The main transcription factors regulating the 
inflammatory responses are NF-κB and HIF-1a and it is 
shown that Zn regulates both (Choi et al. 2018).

NF-κB is a key modulator for the expression of proin-
flammatory cytokines, chemokines, and other signaling 
molecules that regulate proliferation, apoptosis, cell adhe-
sion and immune responses (Jarosz et al. 2017; Olechnowicz 
et al. 2018). Zn is considered a negative modulator of NF-κB 
through three possible mechanisms. In normal conditions, 
NF-κB exists in the cytoplasm as heterodimer connected 
to a protein complex called IκB. Various stimuli activate 
NF-κB causing phosphorylation and degradation of the IkB 
proteins. NF-κB is then able to induce the expression of 
specific genes, such as proinflammatory cytokines (TNF-a, 
IL-1, IFN-g, etc.), since it is uncoupled and can enter the 
nucleus (Choi et al. 2018). In the Zn-mediated inhibition of 
NF-κB, Zn transporter ZIP8 is involved. This protein trans-
porter is upregulated in the cells in response to infections 
or cytokines. ZIP8 promotes the increase of cytosolic Zn, 
which blocks the phosphorylation of IkB proteins and subse-
quently blocks the activation of NF-κB (Jarosz et al. 2017). 
Another mechanism Zn-mediated inhibition of NF-κB is by 
suppressing LPS-induced activation of IKKb and NF-κB. 
This inhibition is mediated through cyclic nucleotide phos-
phodiesterase (PDE) inhibition and subsequent elevation 
of cGMP, which leads to cross-activation of protein kinase 
A (PKA). The activation of the PKA inhibits the protein 

kinase Raf-1 phosphorylation, thus suppressing the activa-
tion of IKKb and NF-κB, and subsequent TNF-a production 
in human monocytes (Jarosz et al. 2017; Olechnowicz et al. 
2018). A critical regulator of NF-κB activity is Zn finger 
protein (A20), which is known to protect against TNF-a-
induced NF-κB toxicity. This Zn-protein complex can sup-
press TNF-a and IL-1b production, inhibiting the activity of 
NF-κB (Prasad 2014).

HIF-1 is the main regulator in hypoxia and ischemia. 
Except for being activated in hypoxic conditions, it is also 
affected by non-hypoxic stimuli, such as inflammatory medi-
ators or cytokines (Croxford et al. 2011). Zn can affect Hif-
1a differently, depending on the cell type and inflammatory 
stages. For example, it can block Hif-1a nuclear transloca-
tion suppressing hypoxia stimulation, but also it can induce 
the expression of HIF genes (Choi et al. 2018).

Zinc and apoptosis

Apoptosis is a crucial mechanism of programmed cell death 
that is involved in several biological events during tissue 
development, remodeling or involution. It is a controlled 
biological mechanism required for the elimination of super-
fluous, mutant or moderately damaged cells in response to 
toxic agents (Nath et al. 2000). Apoptosis is a pathway of 
cellular ‘suicide’, in contrast to necrosis, that is the cellu-
lar ‘homicide’. Apoptosis differs morphologically from cell 
death due to lysosomal breakdown and/or necrosis. Apop-
tosis occurs in two phases: in the first, the biochemical sign-
aling pathways commit a cell to apoptosis and in the sec-
ond, the execution phase is characterized by morphological 
changes leading to cell death (Tapiero and Tew 2003). Sev-
eral extracellular or intracellular stimuli can induce apop-
tosis (Seve et al. 2002). The dysregulation of apoptosis is 
associated to pathogenic mechanisms in many diseases such 
as neurodegenerative disorders, acquired immune deficiency 
syndrome, auto-immune disease, and cancers (Tapiero and 
Tew 2003).

Zn has a multi-directional role in the initiation and inhibi-
tion of apoptosis, regulated by intracellular and extracellular 
Zn concentration changes (Skrajnowska and Bobrowska-
Korczak 2019). Zn acts as an inhibitor of caspase-3, cas-
pase-8, and caspase-9 that are cysteine proteases with 
a basic role in apoptosis, as it keeps them in the form of 
proenzyme (Chasapis et al. 2012b). These enzymes exist 
in the cytoplasm as proenzymes and are transformed into 
active forms when the apoptosis process is activated (Li and 
Yuan 2008). The active caspases can activate more procas-
pases, leading to a cascade of reactions (Skrajnowska and 
Bobrowska-Korczak 2019). These enzymes proteases are 
responsible for the proteolysis of several target proteins like 
poly (ADP-ribose) polymerase, which is responsible for 
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DNA repair, or transcription factors. MDM2 a protein that 
is a negative regulator of p53 is also suppressed. As a result 
to this, p53 can activate the genes associated with cell repair 
or apoptosis, activate certain members of the caspase family 
of proteases and lead the cell to apoptosis (Skrajnowska and 
Bobrowska-Korczak 2019).

In contrast, high Zn mitochondrial concentrations lead to 
inhibition of respiratory chain reactions, as a result of the 
release of cytochrome C (Gonzalez et al. 2013). Binding to 
the protein Apaf 1 (apoptotic protease activating factor 1) 
and to activated caspase 9, cytochrome C causes impair-
ment of the mitochondrial membrane integrity, the outflow 
of cytochrome C in the cytosol and activation of the caspase 
cascade leading to cell death (Choi et al. 2018).

Zinc and immune system

Zn has an important impact on the immune system since it 
is essential in both cell-mediated and humoral immunity. 
Zn deficiency can result in deterioration of innate immunity 
cellular mediators, such as macrophages, neutrophils, and 
natural killer (NK) cell activity, cytokine production and 
complement activity. Phagocytosis and intracellular killing 
are also affected by Zn deficiency. The growth and func-
tion of T and B cells are also affected adversely due to Zn 
deficiency (Prasad 2009). T-cells proliferation is associated 
with Zn, thus Zn deficiency results in a decreased number 
of peripheral and thymic T cells, impaired proliferative 
response, and decreased function of T helper and cytotoxic 
T cells (Overbeck et al. 2008). Also, Th1 response, which 
is important for the protection against infection, is sup-
pressed in Zn deficiency, whereas Th2 response is upregu-
lated. These impairments in immune response may lead to 
increased susceptibility to infections (Prasad 2009).

Zinc and cardiovascular diseases (CVDs)

It was suggested that Zn deficiency is associated with the 
development of cardiovascular diseases CVDs, especially 
atherosclerosis (Choi et al. 2018). Based on Human Protein 
Atlas database which host RNA-Seq transcriptomics and 
antibody-based proteomics, 24 Zn transporters (ZIPs) were 
markedly abundant in human heart muscle tissues suggest-
ing that alteration of Zn homeostasis is strongly associated 
with CVDs (Fagerberg et al. 2014).

Dysfunction of SOD1 causes oxidative stress and exces-
sive levels of  O2

− which react with nitric oxide (NO) to form 
peroxynitrite  (ONOO−) (RNS). RNS can oxidize eNOS and 
uncouple eNOS dimers, leading to excessive ROS produc-
tion and decreased NO synthesis. NO is a key modulator of 
vasodilation and reduction of NO plays an important role 

in the pathogenesis of many CVDs, such as hypertension 
(Chistiakov et al. 2014). Nitric oxide can affect blood pres-
sure directly, by promoting arterial dilation and indirectly 
since it is associated to the inhibition of sympathetic nervous 
activity involved in vasoconstriction (Hermann et al. 2006). 
The protective role of Zn against hypertension is supported 
by maintaining adequate levels of SOD and decreased levels 
of  O2− (Ruz et al. 2019). Moreover, loss of Zn homeostasis 
can be both the cause and effect of hypertension because in 
pulmonary artery hypertension, a significant elevation of 
intracellular Zn levels in both pulmonary endothelial cells 
and vascular smooth muscle cells was found (Zhao et al. 
2015).

Furthermore, animal studies showed that Zn regulates 
atherosclerotic process and Zn deficiency may be a strong 
risk factor for atherosclerosis (Choi et al. 2018), because 
an inverse association between atherosclerosis and serum 
Zn levels was found. Atherosclerosis is characterized by 
increased oxidative stress, which is responsible for endothe-
lial damage, disturbed NO and NF-κB-related signaling. Zn 
suppresses the NF-κB activation through A20 and PPAR 
signaling pathways, decreasing in this way the expression 
of inflammatory cytokines and oxidative stress biomarkers 
in atherosclerosis (Bao et al. 2010).

Also, lower consumption of dietary Zn was associated 
with low cholesterol levels high in density lipoprotein (HDL) 
as well as an increased prevalence of coronary artery dis-
ease. Also, it has been suggested that serum Zn is a reliable 
diagnostic indicator for acute myocardial infarction (MI), 
since patients with MI showed a highly significant reduc-
tion in serum Zn within the first 3 days (Liu et al. 2015). An 
inverse association was demonstrated between the plasma Zn 
concentrations during recovery periods and the occurrence 
of postoperative atrial fibrillation (AF) in patients undergo-
ing coronary artery bypass grafting (Yan and Zou 2012). 
Another important issue is the role of Zn in diabetes which 
has long been recognized to be an independent risk factor 
for CVDs.

Zinc and diabetes

Diabetes mellitus (DM) is a metabolic disorder characterized 
by an increase in blood sugar levels and a disturbance of glu-
cose metabolism, either as a result of decreased insulin secre-
tion or due to decreased sensitivity of the body’s cells to insu-
lin. Multiple clinical and experimental data have shown that 
oxidative stress is a key risk factor in the pathogenesis of DM 
(Foster and Samman 2010), since an imbalance between free 
radical production and its decreased antioxidant defense mech-
anisms in the body can cause cellular and molecular damage, 
including the development of insulin resistance (Prasad and 
Bao 2019). Zn is believed to play a significant role in insulin 
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secretion and action in peripheral tissues (Ruz et al. 2019). 
Binding of Zn to insulin is important for the biosynthesis, crys-
tallization, and maturation of the hormone (Chabosseau and 
Rutter 2016). The Zn transportation into the insulin secretory 
granules of β-cells is performed mainly through ZnT8 (Chu 
et al. 2016). It has been reported that lack or deletion of ZnT8 
decreases insulin crystallization and secretion (Wijesekara 
et al. 2010). Also, by inhibiting the activation of NF-κB, Zn 
leads to suppression of IL-1b, TNF-a, and IL-6 secretion from 
monocytes and macrophages. These cytokines, after long-term 
exposure, are responsible for apoptosis and insulin resistance 
of b-pancreatic cells. Zn has also insulin-mimetic properties 
and is able to inhibit FOXO transcription factors and regulate 
important gluconeogenic enzymes (Ruz et al. 2019). Zn also 
improves glucose metabolism and energy balance control and 
through activation of glucose transporter type 4 (GLUT4) to 
plasma membrane contributes to glucose uptake in insulin-
dependent tissues (Fukunaka and Fujitani 2018). The binding 
and opening ATP-sensitive potassium channels, cell hyper-
polarization and inhibition of voltage-gated channels in pan-
creatic α-cells, is the mechanism through which Zn leads to 
the inhibition of glucagon secretion (Ramracheya et al. 2010; 
Olechnowicz et al. 2018). It also has been suggested that dys-
function of ZnT8, caused by mutations and polymorphisms, 
can be linked to type 1 and 2 diabetes, thus indicating that 
ZnT8 may have prognostic value or could be a therapeutic 
target (Shan et al. 2014).

Zinc and obesity

Many researchers have suggested that Zn status is associ-
ated with the state of adipose tissue in obesity and other 
pathologies. To maintain the important functions of adipose 
tissue, for example, insulin sensitivity, a proper adipogenic 
differentiation is needed. Zn is involved in these actions 
through Zn finger proteins that may regulate transcription 
(Wei et al. 2013; Fukunaka and Fujitani 2018). For exam-
ple, Zinc-a2-glycoprotein (ZAG), is a cytokine secreted by 
adipose tissue and regulates lipid metabolism. Through its 
effect in several enzymes, i.e. increasing hormone-sensitive 
lipase (HSL), ZAG activity results in increased lipolysis 
and decreased lipogenesis in adipose tissue (Olechnowicz 
et al. 2018). Through its insulin-mimetic properties, Zn is 
considered as a negative regulator by inhibiting the adipose 
tissue lipolysis, inactivating hormone-sensitive lipase (HSL) 
(Ruz et al. 2019).

Zinc and skin disorders

Zn deficiency has been associated with numerous skin dis-
orders. Being a cofactor for many metalloenzymes, Zn is 
required for cell membrane repair, cell proliferation, growth 

and immune system function. Zn deficiency can lead to the 
occurrence of skin lesions, growth retardation, impaired 
immune function and compromised would healing. Zn plays 
a crucial role in regulating every phase of the wound heal-
ing process, from coagulation, inflammation and immune 
defense, angiogenesis to scar formation (Lin et al. 2017).

Acrodermatitis enteropathica (AE) is an inherited autoso-
mal recessive disorder caused by variations in the SLC39A4 
gene. The SLC39A4 gene encodes for ZIP4 and mutations 
are responsible for malabsorption of Zn, due to dysfunction 
of ZIP4 (Umair and Alfadhel 2019). The clinical effects of 
this disease are thymic atrophy and lymphopenia leading 
to impaired cell-mediated immune function, which can be 
reversed by Zn supplementation (Pae et al. 2012). Transient 
neonatal Zn deficiency (TNZD) is a pathological condition 
that occurs in infants during breastfeeding, due to a maternal 
heterozygous mutation in the SLC30A2 gene. This muta-
tion results in disrupted function of ZnT2, low Zn levels 
in breast milk and, subsequently, inadequate Zn uptake 
in the infant (Glutsch et al. 2019). In contrast to AE who 
require lifelong Zn supplementation, patients with TNZD 
have normal Zn absorption. Nutritional deficiencies are also 
responsible for skin diseases, such as necrolytic migratory 
erythema (NME), pellagra or biotin deficiency (Ogawa et al. 
2018). In patients who suffer from these diseases, Zn levels 
in serum are significantly low. The skin manifestations are 
caused by Langerhans cell (LC) loss. It has been shown that 
Zn deficiency can lead to LC apoptosis, due to impaired 
TGF-β expression in the epidermis, which causes disturbed 
expression of essential for LC homeostasis transcription fac-
tors (Kawamura et al. 2012). Zn supplementation has posi-
tive effects on the proliferation of LCs in patients with skin 
impairments related to decreased Zn levels.

Zinc and mental diseases

A connection between Zn dysregulation and neuropsychi-
atric disorders, such as depression, Alzheimer’s disease, 
amyotrophic lateral sclerosis, has been suggested, although it 
has not been completely explained yet. According to World 
Health Organization (WHO), major depressive disorders 
affects approximately 350 Mio. people worldwide, leading 
to significant morbidity and mortality, thus the association 
to depression may account for its largest psychiatric impact 
(Petrilli et al. 2017).

It has been suggested that Zn is involved in the regu-
lation of neurotransmission, endocrine, and neurogenesis 
pathways. Zn ions can regulate synaptic transmission or 
act as neurotransmitters in the hippocampus and cortex and 
modulate several ligand- and voltage-gated ion channels. Zn 
in the limbic system is mostly placed among glutamater-
gic neurons, acting as an inhibitor of the NMDA receptor 
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(Szewczyk et al. 2010). Besides inhibiting NMDAR, Zn can 
interact with many other receptors. Zn has agonistic prop-
erties for AMPA receptors and mTOR (mammalian target 
of rapamycin) (Szewczyk et al. 2015). Interactions of Zn 
with serotoninergic receptors are through possible allosteric 
modulation of 5-HT1A receptors, inhibiting in this way both 
agonist and antagonist binding in the synapse (Prakash et al. 
2015). Furthermore, decreased intake of Zn induces high 
levels of cortisol in serum (Takeda et al. 2012) and subse-
quently hyperactivity of the hypothalamic–pituitary–adrenal 
(HPA) axis, implicated in the development of depression 
(Wang et al. 2018). Another way that Zn may interact with 
the serotonergic system is through activation of the GPR39 
receptor that is necessary for the activity of antidepressants 
targeting the serotonin pathway (Doboszewska et al. 2017). 
Zn acts as a natural ligand of GPR39 (Petrilli et al. 2017) 
and downstream activates cyclic AMP response element 
(CRE)-dependent gene transcription, leading to higher levels 
of BDNF in the hippocampus and cortex (Mlyniec 2015). 
Due to the antioxidant and anti-inflammatory properties of 
Zn, it has been reported that Zn supplementation results in 
decreased levels of C-reactive protein (CRP) (Wang et al. 
2018). Increased levels of CRP have been previously linked 
to depression (Köhler-Forsberg et al. 2017), thus Zn has also 
potential antidepressant properties. In summary, disruption 
of Zn homeostasis in hippocampus and cortex can cause 
decreased neurogenesis and neuronal plasticity (Pfaender 
et al. 2016), leading to cognition disturbance and impaired 
behavioral and emotional regulation (Wang et al. 2018).

Zinc and bone formation

Zn is known to regulate growth, neuronal development, and 
immunity (Plum et al. 2010). This trace element positively 
affects the strength, flexibility, and architecture of the skel-
eton in animals, supporting the anabolic activity. In physi-
ological concentrations, Zn has an important bone-protective 
effect, mediated through different pathways. It acts as a growth 
stimulator, activating enzymes that support DNA, RNA and 
protein synthesis, thus it increases osteoblastic activity and 
promotes collagen synthesis. Zn can also inhibit osteoclastic 
bone resorption (Lowe et al. 2002), by changing the turnover 
balance in favor of anabolism (Gaffney-Stomberg 2019). Zn 
deficiency can also have an indirect impact on bone health 
by decreasing the absorption of intestinal calcium and by 
increasing the circulating parathyroid hormone (PTH) that 
stimulates bone turnover (Suzuki et al. 2015). Recent stud-
ies in human bone marrow-derived mesenchymal stem cells 
(hBMSCs), which are the precursors of osteoblasts, reported 
an increased activation of protein kinase A signaling (PKA). 
PKA activation can lead to the expression of RUNX2 gene and 
osteoblast differentiation, which mainly are responsible for the 

bone anabolic actions of Zn (Park et al. 2018). In summary, 
the effects of Zn on bone tissue can be mediated by effects on 
gene expression and cellular function, especially osteoblastic 
function, and even tissue level properties by incorporation into 
the bone matrix (Gaffney-Stomberg 2019).

Zinc and epigenetics

Gene expression is not only regulated by the DNA sequence 
but largely depends on the epigenome (Bernstein et  al. 
2007). An epigenome consists of chemical changes involv-
ing in part the post-translational modifications (PTMs) of 
DNA and proteins. Epigenetic changes determine whether 
genes are turned on or off and can influence the expression 
of proteins in cells. Epigenetic process can lead to abnor-
mal gene activity or inactivity, causing autoimmune diseases 
(Mazzone et al. 2019), cancers (Dawson 2017), metabolic 
(Tzika et al. 2018), and degenerative disorders (Berson et al. 
2018). There are two main types of epigenetic modifications: 
methylation or demethylation of DNA on cytosine and acety-
lation and/or methylation as well as covalent modifications 
of lysine in nuclear histones (Bernstein et al. 2007).

Several epigenetically active enzymes that are Zn-
dependent including DNA methyltransferases (Dnmts), 
methyl-binding proteins, and histone-modifying enzymes 
(acetylases, deacetylases, methylases). Class I (HDACs 
1–3 and 8) and class II (HDACs 4–7, 9, and 10) of his-
tone deacetylases (HDACs), as well as HDAC11 are all 
Zn-dependent hydrolases (Wong et al. 2015). Pathologies 
due to disturbed Zn homeostasis might be induced through 
epigenetic mechanisms (Wessels 2017). Actually, it was 
reported that, during Zn deficiency, the expressions of IL-1β 
and IL-6pro-inflammatory cytokines and TNFα cell sign-
aling protein are increased in vitro mainly due to changes 
in the chromatin structure of adjacent genes (Kessels et al. 
2016). Moreover, Zn deficiency or lack during pregnancy 
leads to diseases such as hypertension, impaired learning 
and immunodeficiency at later stages of life even after three 
succeeding generations. Zn transporters (Zip6, ZnT1, and 
ZnT5) are epigenetically regulated during aging by hyper-
methylation, thus leading to the age-related Zn homeostasis 
deregulation (Wessels 2015). Also, many neuronal diseases 
such as schizophrenia, autism, depression and anxieties are 
connected with the effect of Zn on the epigenome (Wang 
et al. 2012).

Zinc and gut microbiome

Bacterial proteomes contain high-affinity Zn-binding pro-
teins and transporter systems. Few reports are available that 
describe how dietary Zn contributes to the microbiota, or 
the effects of chronic Zn deficiency on the gut microbial 



1451Archives of Toxicology (2020) 94:1443–1460 

1 3

composition. For instance, it was reported that Campylo-
bacter survival in gut microbes was linked through the Znu-
ABC transporter system (Davis et al. 2009). The gut mucosa 
acts as an intestinal barrier against pathogenic microbes and 
invading bacteria and Zn is considered to have a crucial role 
on mucosa’s normal function and permeability to invading 
pathogens and microbes (Usama et al. 2018). Animal and 
human studies showed that Zn not only enhances gut health 
but also affects the immune system during attachment of 
certain virulence factors (Usama et al. 2018). In animals, 
Zn, given in the pre-weaning stage, influences growth, 
consumption of intake of food, weight gain and improves 
overall health of the gut by increasing the counts of benefi-
cial bacteria and reducing enterotoxigenic bacteria such as 
Salmonella typhimurium (Usama et al. 2018). Decrease of 
dietary Zn also causes multiple effects including decrease 
of Zn absorbability and disturbs gastrointestinal health. In 
Gallus gallus, which has been used extensively as a model of 
human nutrition (Reed et al. 2015), a mechanism by which a 
Zn-deficient gut microbiome may worsen a Zn-deficient phe-
notype was proposed. Zn deficiency, caused by insufficient 
dietary Zn, induces a decrease in gut microbial diversity 
and an outgrowth of bacteria particularly suited to low Zn 
conditions, thus leading to dysbiosis.

In humans, Zn supplementation has a negative impact 
on the counts of diarrhea-causing agents such as E. coli. 
Moreover, it has also been found that beneficial bacteria, 
e.g., Lactobacillus (probiotic) and Streptococcus in gut are 
increased with Zn supplementation (Usama et al. 2018). 
The excessive intake of dietary Zn alters the gut microbiota 
and it reduces the minimum amount of antibiotics needed to 
confer susceptibility to Clostridium difficile infection (CDI) 
(Zackular et al. 2016). CDI is the most commonly reported 
intrahospital pathogen in the United States. In animal study, 
excess dietary Zn enhances C. difficile-associated disease 
by increasing toxin activity and altering the host immune 
response to the pathogen. Also this study suggest that the 
Zn-binding S100 protein calprotectin has antimicrobial 
effects against C. difficile and it is an essential component 
of the innate immune response to CDI (Zackular et al. 2016).

Zinc‑induced neurotoxicity

Most neuronal Zn is protein-bound rather than free Zn. 
Zn-induced neurotoxicity causes various brain disorders 
including stroke, traumatic brain injury, and seizures (Mor-
ris and Levenson 2017). Zn binds and regulates the activ-
ity of postsynaptic receptors such as N-methyl-d-aspartate 
receptors. Reports showed that excess of synaptic Zn regu-
lates the expression of these receptors and is involved in 
calcium dysregulation, production of reactive oxygen spe-
cies, mitochondrial disruption, and excitotoxicity leading to 

postsynaptic neuronal damage and death (Inoue et al. 2015). 
Another important molecular mechanism of Zn neurotox-
icity is Zn-induced allosteric modulation of gamma-amin-
obutyric acid A receptors (GABAAR) and glycine receptors 
(GlyR) known to prevent neurotoxicity. However, it was sug-
gested that increased Zn concentrations inhibit GABAAR 
and GlyR (Kuenzel et al. 2016). Recent publications showed 
that excess Zn can inhibit cellular energy production lead-
ing to neuronal death. Zn induces kinase liver kinase B1 
(LKB1)—AMP-activated protein kinase (AMPK)–Bim pro-
tein signaling cascade leading to caspase-3 activation and 
apoptosis (Eom et al. 2016). Another recent report showed 
that excess Zn reduces levels of nicotinamide adenine dinu-
cleotide (NAD +) (Kim et al. 2016). Also, it was reported 
that Zn-induced signaling RAS/MEK/ERK pathway leads to 
ERK1/2 activation and subsequent mitochondrial dysfunc-
tion and neuronal death (He and Aizenman 2010).

Zinc and neurodegenerative diseases 
and aging

Alzheimer’s disease (AD) is a chronic disease that usu-
ally starts slowly and it worsens gradually over time, lead-
ing to dementia. It is mostly related to aging and usually 
associated with metal dyshomeostasis. It has been exten-
sively suggested that essential trace metals such as Zn 
are important for the proper brain function and disturbed 
homeostasis and distribution have been linked to neurode-
generative diseases, prion diseases (Kawahara et al. 2018) 
and aging (De Benedictis et al. 2019). Zn is present in 
the brain in abundance and accumulates in the synaptic 
vesicles. Reduced levels of Zn can lead to the activation 
of signaling pathways of the inflammatory, oxidative stress 
response, affecting the structural, regulatory and catalytic 
functions of various enzymes, receptors and transport-
ers. AD is characterized by the extracellular deposition 
of amyloid plaques in the brain consisting of amyloid-β 
(Aβ) peptides, abnormal hyperphosphorylation of tau 
protein (p-tau) leading to intracellular neurofibrillary tan-
gles (NFTs), and neuronal cell death (Li et al. 2019). Both 
Aβ and tau are metal-binding proteins. Tau is the major 
microtubule-associated protein (MAP) of mature neu-
rons that promote assembly and stability of microtubules. 
Tau protein abnormalities initiate AD. More specifically, 
the hyperphosphorylation of tau protein disintegrate the 
microtubules, destroying the structures of cytoskeleton 
and provoking collapse to the neuron’s transport system 
(Chun and Johnson 2007). AD progression is also associ-
ated with increased levels of oxidative stress in the brain. 
Both increased and reduced levels of cytoplasmatic Zn 
have been implicated in AD pathophysiology. Low intra-
cellular Zn levels destabilize microtubules, thus promoting 
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a cascade of tau release, hyperphosphorylation and forma-
tion of neurofibrillary tangles (Mezzaroba et al. 2019). At 
higher levels, Zn can induce Aβ monomers to aggregate 
via binding to its histidine imidazole rings and accumu-
late within senile plaques, leading to neurodegeneration 
(Cristóvão et al. 2016). Patients with Alzheimer’s disease 
(AD) have significantly higher brain Zn concentrations 
(> 1000 μM) (Loef et al. 2012). Possible interaction of Zn 
with the long form of Aβ (Aβ42) formed by the cleavage 
of amyloid precursor protein (APP) by the enzymes β- and 
ϒ-secretase also received attention in the pathogenesis of 
AD (Matheou et al. 2016).

Aging is an inevitable biological process associated 
with gradual biochemical and physiological changes and 
increased susceptibility to diseases. In aging, loss of immu-
nological responses is observed that may be due to increased 
apoptosis, regulated by Zn deficiency that leads to low Zn 
bioavailability and high MTs levels (Mocchegiani et al. 
2000a, b). Low Zn bioavailability and high MTs levels con-
sist risk factors for infection and relapses in the elderly that 
lead to the appearance of age-related degenerative diseases 
(Mocchegiani et al. 2000b, 2011).

Zinc and cancer

Numerous dietary compounds are considered to contrib-
ute to cancer prevention, including Zn. Zn in physiologi-
cal concentrations can inhibit cancer cell proliferation and 
migration, maintain balanced metabolism and promote 
apoptosis in cancer cells. Zn deficiency may contribute to 
tumor progression via increased expression of the NF-κB-
dependent pro-tumorigenic cytokines. Impaired Zn homeo-
stasis has been observed in various cancers (Lehvy et al. 
2019). In breast, prostate, liver, lung and kidney cancer the 
serum Zn levels are significantly decreased (Gumulec et al. 
2014). Also, transcript levels of Zn transporters are altered 
in breast, early stage or II of prostate cancer and bladder 
cancer (Singh et al. 2016). Studies regarding the association 
between serum Zn and breast cancers showed lower hair Zn 
in women with breast cancer, while in breast biopsies from 
cancer patients the Zn levels are significantly higher (Wu 
et al. 2015). Specific Zn transporters play an important role 
in human breast cancer progression. ZIP6 is associated with 
breast tumor grade, size, and stage, ZIP7 plays an important 
role in tamoxifen-resistant breast cancer cells and ZIP10 is 
involved in invasion and metastasis of breast cancer cells 
(Takatani-Nakase 2018). Another study suggests that since 
Zn metabolism during breast tumor formation is changed, 
measurements of Zn isotopic compositions (66Zn/64Zn ratio) 
in various tissues in patients with breast cancer could be 
used as an early biomarker (Larner et al. 2015).

Zn protection against metal toxicity

Environmental metal pollution causes great concern due 
to their bioaccumulation, bio-magnification and harmful 
effects in biological systems. Metal toxicity is unavoidable, 
regarding their environmental, ecological and nutritional 
impact (Nagajyoti et al. 2010). Trace elements, such as 
Se and Zn, are valuable for human health, since they play 
important roles in normal biological functions. In contrast, 
non-essential metals, such as Pb, As, Hg and Cd are danger-
ous for health, even in low concentrations and are related 
to harmful effects, such as cancer or neurological disorders 
(Jan et al. 2015). It has been reported that the essential trace 
elements, Zn and Se have a protective role against metal 
toxicity, through different mechanisms (Rahman et al. 2019).

Zn in Cd detoxification

Cd toxicity is mediated through oxidative stress. Zn, as 
an antioxidant and cofactor of SOD, can reduce oxidative 
stress caused by Cd through induction of MT synthesis and 
other antioxidant enzymes, such as GSH, GSH/GSSG, CuZn 
SOD and GPx, contributing to Cd detoxification (Jihen et al. 
2010).

Zn in Pb detoxification

Pb causes toxicity through many mechanisms, including dis-
ruption of the biological metabolism of cells, changes in cell 
adhesion, intra- and inter-cellular signaling, enzyme regula-
tion and release of neurotransmitters. These effects result 
in superfluous damage due to the formation of free radicals 
and, consequently, inducing oxidative stress. It is unclear if 
Zn causes detoxification of Pb by acting as antioxidant fac-
tor or chelator, but the competitive inhibition of Pb uptake 
can act as an antioxidant during long-term exposure (Hsu 
and Guo 2002).

Zn in As detoxification

As is involved in many cellular signaling pathways such as 
growth factor expressions, suppression of cell cycle key pro-
teins, enhancement and resistance to apoptotic cell death, 
impairment of DNA repair processes, reduction of immune 
surveillance, and increase of oxidative stress through dis-
turbance of the pro/antioxidant balance. These effects play 
a key role in carcinogenicity, genotoxicity, diabetes, car-
diovascular and nervous system disorders (Flora 2011). 
There are contradictory findings as far as the role of Zn in 
detoxifying As. Most of the studies support that Zn pro-
tects against As toxicity through restoring the prooxidant/
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antioxidant balance, increasing GSH and activating antioxi-
dant enzymes, such as SOD, GPx, GR and CAT, or inducting 
MT synthesis (Kumar et al. 2010).

Zn in Hg detoxification

Zn protection mechanism against inorganic Hg toxicity 
includes MT induction and oxidative stress reduction along 
with inhibition of Hg accumulation (Jadán-Piedra et al. 
2018).

In summary, Zn shows its protective role inducing anti-
oxidant and ROS scavenging mechanisms. Zn also elevates 
MT levels, reducing, in this way, the metal-induced oxida-
tive stress and lowering the metal availability in the target 
organs.

Zinc and Wilson

Wilson disease (WD) is an inherited disorder of impaired 
copper transport caused by biallelic mutations in the ATP7B 
gene (Schilsky 2017). A loss of function of this copper trans-
porter results in buildup of copper in the liver and the central 
nervous system. Subsequently, free Cu is able to cause cyto-
toxic effects resulting in serious hepatic and neurological 
abnormalities (Hedera 2019). Available medication in the 
treatment of WD patients include chelators and Zn salts. 
Chelating agents are considered as a first-line therapy. Their 
mechanism of action is through non-specific binding of Cu 
and mostly promoting Cu urine excretion. Zn salts are most 
commonly used after treatment with chelating agents, and 
after chelation induces a negative Cu balance. Zn, as men-
tioned before, acts as MT inducer. MTs have high affinity for 
Cu, thus they block dietary uptake of Cu in the gastrointesti-
nal system, thus preventing blood absorption (Hedera 2019). 
MT scavenging effect is accumulative leading to a delayed 
onset of efficacy of Zn salts. Hence, Zn salts are not used as 
a first-line medication. There are several Zn salts available 
but only Zn acetate has been approved by the FDA for treat-
ment of WD. Although Zn has been used as monotherapy 
for neurologic and hepatic types of WD, it seems to be less 
effective than chelating agents for controlling the liver dis-
ease (Weiss et al. 2011). The use of Zn as a first-line medi-
cine has been also suggested in asymptomatic patients, who 
are diagnosed during the screening of first-degree relatives, 
since the delayed efficacy does not represent a high risk 
for further deterioration of WD (Brewer et al. 1998). It has 
been suggested that Zn, because of delayed effectiveness, 
may not control neurologic phenotype of WD, when used 
as a first-line therapy, although it could be used in patients 
who developed neurologic symptoms and do not follow any 
decoppering therapy (Avan et al. 2017). Nevertheless, there 

are limited clinical data and further investigation should be 
done.

Zinc metal‑binding enzymes as medicinal 
targets

Because Zn binding proteins play key roles in regulating 
various metabolic pathways and physiological functions, 
many of them are drug targets (Anzellotti and Farrell 2008).

Protein prenyltransferases (PTs) catalyze a variety of bio-
chemical reactions involving the isoprenyl group including 
chain elongation of allylic pyrophosphate groups, transfer 
of isoprenyl pyrophosphate to a peptide and the cycliza-
tion of isoprenyl pyrophosphates (Liang et al. 2002). PTs 
are involved in cell proliferation, signal transduction and 
malignant transformation (Liu et al. 2010). The main sub-
strates for PTs are Ras, Rho, Rab subfamilies which belong 
to Ras superfamily of small GTPases (Ochocki and Diste-
fano 2013). Farnesyltransferase inhibitors are used as anti-
cancer agents which block the post-translational attachment 
of the prenyl moiety to C-terminal cysteine residue of Ras 
and thus inactivate it. Because Ras plays an important role 
in tumor progression and the Ras mutations are one of the 
most frequent aberrations in cancer, this strategy represents 
an appealing approach for the development of non-cytotoxic 
anticancer drugs.

Metallo-b-lactamases (mbLs) are a diverse set of Zn 
metallo-enzymes that catalyze the hydrolysis of a broad 
range of β-lactam antibiotics. Lactam antibiotics are the 
main front-line drugs against Gram-negative pathogens 
that can affect severely the life expectancy in patients with 
a compromised immune system, i.e. HIV, chemotherapy, 
and advanced age. Due to the important public health prob-
lem associated with resistant bacteria, β-lactamases are an 
important target for chemotherapy. Ζinc-β-lactamases are of 
special concern for two reasons. The first is their extensive 
activity against a very broad substrate spectrum hydrolyzing 
almost all β-lactam antibiotics and especially carbapenem 
derivatives, which are the newest and most powerful gen-
eration of β-lactams. The second is that there are no clini-
cally useful inhibitors for Zn-β-lactamases, in contrast to 
serine-β-lactamases where inhibitors such as clavulanic acid 
or sulbactum are used with considerable success (Somboro 
et al. 2018; Tooke et al. 2019).

The unsuccessful attempts for the development of SOD 
enzyme as a therapeutic agent can be partly attributed to 
a lack of an accurate method to quantitate SOD activity, 
lack of oral bioavailability and inability of the enzyme to 
enter cells (Anzellotti and Farrell 2008). Nevertheless, the 
screening of small molecules that can enhance the stability 
of SOD-1 dimer and prevent SOD-1 aggregation might also 
prevent amyloid formation and the onset of ALS. Studies 
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of SOD-1-linked fALS revealed novel chemotherapeu-
tic approaches for ALS including the rilutek (2-amino-6-
(trifluromethoxy) benzothiazole) which has an inhibitory 
effect on glutamate release (Bhatt and Gordon 2007) and it 
is the only FDA-approved neuroprotective compound.

As mentioned before, p53 is a Zn-binding protein that 
prevents the genome from genetic impairments. Pharmaco-
logical therapeutic intervention in cancer includes both inhi-
bition and activation of the wild type and mutant p53 (Sanz 
et al. 2019). Different classes of mutants require different 
pharmacological strategies (Zhou et al. 2019). For exam-
ple, p53 mutations that do not interact with DNA, need the 
introduction of groups of small molecules that will achieve 
contacts with the DNA. Small molecules and peptides can 
restore DNA-binding ability to mutant p53. Two of these 
molecules are ellipticine (Peng et al. 2003) and CP-31398 
(Wischhusen et al. 2003), which are related in p53–DNA 
complex and the compound PRIMA-1 which is capable of 
inducing apoptosis in human cells (Furukawa et al. 2018). 
Also, mutants with unfolded structure could be rescued by 
agents that can lead to refolding of the mutant. The best 
example in this area is the most common missense mutant 
of cancer  p53R175H which impairs Zn binding, resulting in 
misfolding of the protein (Kogan and Carpizo 2018). This 
means that raising intracellular Zn levels could allow Zn 
to bind to the  p53R175H and this could induce a wild-type 
conformational fold. Thus, various thiosemicarbazone metal 
ion chelators that could perform this function (named Zn 
metallochaperones ZMCs) have been tested. ZMCs are small 
molecules that bind Zn in 2:1 molar ratio and pass through 
the cytoplasmic membrane functioning as a Zn ionophore 
to raise intracellular Zn levels. ZMCs have been identified 
through screening of the National Cancer Institute (NCI) 
database for substances that preferentially inhibited growth 
of human cancer cell lines. The affinity for Zn of ZMC was 
found to be high enough to pull Zn from plasma binding 
proteins and preclinical reports claimed that Zn metallochap-
erone therapy is a capable strategy to reactivate mutant p53 
(Yu et al. 2018).

Zinc and nanomedicine

Nanomedicine is the medical application of nanotechnol-
ogy in the pharmaceutical industry that include advanced 
drug delivery systems using magnetic metal oxide nano-
particles by applying an external magnetic field at the tar-
get tissue (Amiri et al. 2019). Nanoparticles of  ZnFe2O4 
and ZnO/ZnFe2O4 are low-cost and low-toxicity nanomate-
rial and they have received remarkable attention especially 
for anti-cancer drug delivery (Maiti et al. 2016) antibacte-
rial, antioxidant, antidiabetic, anti-inflammatory activities 
and bioimaging application (Jiang et al. 2018). Anticancer 

effects of ZnO nanoparticles have been reported for vari-
ous human cancer lines including colon cancer (Fang 
et al. 2017), hepatocarcinoma (Zhang and Deng 2013), 
breast cancer (Othman et al. 2016), lung cancer (Bai et al. 
2017b), ovarian cancer (Bai et al. 2017a), cervical cancer 
(Pandurangan et al. 2016), gastric cancer (Dhivya et al. 
2017), human epidermal cancer (Patel et al. 2016), and 
acute promyelocytic leukemia (Rahman et al. 2016). The 
anticancer activity of ZnO nanoparticles is thought to be 
due to the higher intracellular release of free Zn ions, fol-
lowed by increased production of ROS followed by can-
cer cell death via apoptosis (Guo et al. 2013). Moreover, 
ZnO nanoparticles as drug carriers can load different types 
of drugs such as doxorubicin  (C27H29NO11), paclitaxel 
 (C47H51NO14), curcumin  (C21H20O6), baicalin  (C21H18O11), 
and DNA fragments and can achieve better solubility and 
higher toxicity compared to individual agents and effective 
delivery into cancer cells (Li et al. 2018). Also, reports 
suggest than ZnO nanoparticles can be used as antibacte-
rial agents because promising antibacterial effects have 
been reported for E. coli, P. aeruginosa, Klebsiella pneu-
monia, S. aureus, P. vulgaris, and Bacillus spp (Karthik 
et al. 2015). The mechanism is thought to be due on their 
ability to induce ROS generation (such as superoxide 
anion, hydroxyl radicals, and hydrogen peroxide produc-
tion) (Zhang and Xiong 2015) that caused bacterial cell 
membrane disintegration, membrane protein damage and 
genomic instability, thus leading to the death of bacteria 
(Jiang et al. 2016).

Conclusion

Zn appears to be a multipurpose element, necessary for 
health and well-being. It is undoubtedly one of the most 
essential micro-nutrients and it plays an important role in 
human physiology, in cell-mediated immune functions, in 
oxidative stress and as an intracellular signaling molecule. 
It is an anti-inflammatory agent and Zn biochemistry is 
involved in epigenetic processes, gut microbial composition 
and medicinal targets. Zn possesses therapeutic benefits in 
several chronic diseases in humans, such as atherosclerosis, 
several malignancies, autoimmune diseases, Alzheimer’s 
disease and other neurodegenerative disorders, cancer, 
diabetes, depression, aging and Wilson’s disease. In recent 
years, experimental evidence indicates that Zn deficiency is 
responsible for many health problems, thus it is important 
for Zn deficiency to be corrected. Supplementation of Zn is 
potentially beneficial for managing the nutritional status as 
well as providing management of these diseases, in which 
Zn may be used as an adjunct therapy.
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