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Abstract  
 Zinc (Zn) is an essential micronutrient involved in enzymatic activity, protein and membrane structure, gene 
regulation, and immune and antioxidant functions. Both excess and deficiency influence health, affecting reproduction, 
skin, bones, endocrine balance, immunity, and the nervous system. Zinc deficiency remains a major global public health 
problem, particularly in low-income countries, and is often underdiagnosed due to the lack of reliable biomarkers. This 
review examines the role of zinc in human health, the clinical consequences of imbalance, and its therapeutic potential 
in disease prevention and management. Evidence shows that zinc supports antioxidant defense, wound healing, cell 
proliferation, and immune function. Supplementation may enhance immunity, promote tissue repair, and reduce 
infection and metabolic risk, especially in vulnerable groups such as children, the elderly, and patients with chronic 
conditions. Excess intake, however, can be harmful, leading to drug interactions and impaired copper absorption. In 
summary, zinc plays diverse roles in health and disease and holds promise for evidence-based dietary strategies. Its use 
should be tailored to individual nutritional needs to maximize benefits and minimize risks. 
    
Keywords: Zinc, Public Health, Immunity, Metabolism, Disease 
 
Introduction 
 Zinc (Zn) is an indispensable trace element that 
cannot be synthesized endogenously and must be 
obtained through the diet [1,2]. It functions as a 
cofactor for more than 300 enzymes and modulates the 
activity of over 2,000 transcription factors [3]. Zinc is 
essential for protein and DNA synthesis [4], cell 
division [5], wound healing [6], immune regulation [7], 
and normal growth and development, particularly 
during pregnancy [8], childhood [9], and adolescence 
[10]. 
 The recommended dietary intake varies by age, 
sex, and physiological state. According to the Food and 
Nutrition Board (FNB) and the World Health 
Organization (WHO), daily requirements for healthy 
individuals range from 2 to 11 mg [11,12]. Major 
dietary sources include oysters, red meat, dairy 
products, seeds, and nuts [2]. However, phytate-rich 
plant-based diets can substantially reduce zinc 
bioavailability by inhibiting intestinal absorption [13]. 
 Globally, approximately 17% of the population is 
estimated to be at risk of zinc deficiency, with the 
highest prevalence in South Asia and Sub-Saharan 
Africa [14]. Clinical consequences include impaired 
immune function, anorexia, growth retardation, 
delayed wound healing, dermatological lesions, and 
reproductive and neurological disorders [15]. Zinc 
deficiency is also strongly associated with increased 
morbidity and mortality from diarrhea, pneumonia, and 
malaria in children under 5 years of age [16]. 
 While deficiency remains a major concern, 
excessive intake - typically exceeding 40 mg/day - may 

also be detrimental, leading to gastrointestinal 
disturbances, immune dysregulation, and impaired 
copper absorption [17]. Beyond deficiency and 
toxicity, zinc plays a central role in modulating 
oxidative stress and inflammation, with relevance to 
chronic diseases such as diabetes mellitus, 
cardiovascular disease, neurodegeneration, and cancer 
[18]. Recent research highlights its immunomodulatory 
and antiviral properties, including the regulation of T 
lymphocytes, NK cells, and macrophages [19], as well 
as its potential role in reducing viral replication in 
COVID-19 [20]. Furthermore, zinc may contribute to 
the maintenance of cognitive function and delay 
neurodegenerative progression in conditions such as 
Alzheimer’s and Parkinson’s disease, although current 
evidence supports association rather than causality 
[18,20]. 
 Given its multifaceted biological and clinical 
roles, a comprehensive understanding of zinc 
metabolism and function remains critical. This review 
examines zinc’s impact across major physiological 
systems, the health consequences of imbalance, 
therapeutic applications, and nutrient interactions. It 
also identifies existing research gaps, providing future 
directions for elucidating zinc’s role in promoting and 
preserving human health. 
 
Data collection method 
 Data for this review were collected through a 
systematic search of PubMed, Scopus, Web of Science, 
and Google Scholar for publications from January 2000 
to June 2025. Keywords included “zinc,” “human 
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health,” “immunity,” “metabolism,” and “disease 
prevention.” Inclusion criteria were English-language 
articles involving human studies, supported by relevant 
in vitro and in vivo research on zinc’s biochemical, 
physiological, or clinical roles. Exclusion criteria were 
conference abstracts, editorials, duplicate records, and 
studies lacking sufficient methodological or outcome 
details. Study quality was assessed based on research 
design, sample size, and methodological rigor, with 
priority given to randomized controlled trials and high-
quality observational studies. Reference lists of 
included papers were also screened. Extracted data 
covered population characteristics, zinc dosage and 
form, outcomes, and mechanistic insights. 
 
Zinc: Sources, absorption, and metabolism 
 Zinc (Zn) is an essential trace element present in 
both plant- and animal-derived foods, with its 
contribution to human requirements depending on 
concentration and bioavailability [21]. Animal products 
- particularly oysters (16 - 182 mg/100 g), liver, 
chicken, beef, and lamb - contain the highest zinc 
concentrations [22]. Fortified cereals, dairy products, 
and eggs also provide substantial amounts [23]. Plant-
based sources such as nuts, seeds (sesame, pumpkin, 
chia), and legumes contribute meaningfully; however, 
their zinc bioavailability is reduced due to the presence 
of phytic acid and other mineral-binding compounds 
[24]. 
 Dietary composition strongly influences zinc 
absorption [25]. High levels of phytate in cereals and 
legumes form insoluble complexes with zinc, markedly 
lowering absorption efficiency [26]. Additional 
inhibitors include dietary fiber, oxalates, and 
polyphenols [27]. Conversely, certain amino acids 
(e.g., histidine, cysteine), citric acid, and animal 

proteins enhance absorption by forming soluble 
complexes or stimulating zinc transporters [25]. As a 
result, omnivorous diets rich in animal products are 
less likely to cause zinc deficiency compared to 
predominantly plant-based diets, particularly in low-
income populations [28]. 
 Zinc absorption occurs mainly in the jejunum 
through active transport and facilitated diffusion [29]. 
The ZIP family of transporters, especially ZIP4, 
mediate zinc influx into enterocytes, whereas ZnT 
transporters, notably ZnT1 on the basolateral 
membrane, export zinc into the bloodstream [30,31]. 
Within enterocytes, zinc may bind to metallothionein 
for temporary storage, be utilized locally, or released 
into circulation. Since the human body lacks a long-
term storage system, homeostasis is maintained 
through tight regulation of intestinal absorption, tissue 
distribution, and excretion [25]. Most excess zinc is 
eliminated via feces, with minor amounts excreted in 
urine and sweat [32]. Table 1 shows the main dietary 
sources of zinc together with enhancers and inhibitors 
of its bioavailability. 
 After entering the bloodstream, zinc is widely 
distributed, with approximately 85% stored in skeletal 
muscle and bone, and smaller fractions present in skin, 
liver, brain, and plasma [25]. At the cellular level, zinc 
functions as an enzyme cofactor, a structural stabilizer 
of proteins, and an intracellular signaling molecule that 
regulates diverse metabolic pathways [33]. The 
coordinated expression of ZIP and ZnT transporters, 
which varies across tissues according to zinc status, is 
central to maintaining systemic zinc balance [34]. 
Figure 1 provides a schematic overview of dietary 
sources, intestinal absorption mechanisms, and factors 
affecting zinc bioavailability. 
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Figure 1 Dietary sources, intestinal absorption, and systemic distribution of zinc. 
 
Table 1 Food sources of zinc and factors affecting bioavailability. 

Food category 
Examples of food 

ingredients 
Zinc content 

(mg/100g) 
Bioavailability 

Factors that increase/decrease 
absorption 

Animal (high in 
zinc) 

Oysters, beef, chicken 
liver, poultry 

Oysters: 25 - 50 
mg 

Meat: 4 - 9 mg 
High 

↑ Animal protein 
↑ Amino acids (histidine, 

cysteine) 
↑ Citric acid 

Milk and dairy 
products 

Milk, cheese, yogurt 1 - 5 mg Medium 
↑ Calcium and phosphate have 

the potential to ↓ absorption, but 
the effect is still controversial 

Vegetable (seeds 
and nuts) 

Pumpkin seeds, 
sesame, cashews, 

peanuts 
3 - 7 mg Low-Medium 

↓ Phytic acid (high phytate:zinc 
molar ratio) 

↓ Oxalate and polyphenols 

Legumes & 
cereals 

Soybeans, lentils, 
whole wheat, brown 

rice 
1 - 4 mg Low 

↓ Phytate, ↓ Fiber, ↓ Tannin 
↑ The fermentation/seeding 
process can ↑ increase zinc 

absorption 

Fortified foods 
Breakfast cereal, 

fortified wheat flour 
Varies (depending 

on fortification) 
Medium-High 

↑ Fortified forms (zinc sulfate, 
zinc gluconate) 

↑ Consume with protein 
Notes: ↑ = increases zinc absorption; ↓ = decreases zinc absorption; mg/100g = mg per 100 g of food 
 
 

The role of zinc in biological systems 
 In the human body, zinc has a wide range of vital 
biological roles, including molecular and cellular 
structural, catalytic, and regulatory roles. The 3 
primary functions of zinc in biological systems are as 
an antioxidant that reduces oxidative stress, a cofactor 

for enzymes, and a modulator of genetic expression 
[35]. Table 2 classifies the various biological functions 
of zinc by molecular category, providing examples of 
enzymes or pathways involved, and the consequences 
of zinc deficiency and excess for each role.
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Table 2 Classification of zinc biological functions based on molecular categories, pathway examples, and consequences 
of imbalance. 

Molecular 
category 

Biological function 
Examples of 

enzymes/pathways 
Consequences of zinc 

deficiency 
Consequences of 

excess zinc 

Enzymatic 
cofactors 

Structural and 
catalytic activator of 

> 300 metabolic 
enzymes 

Alcohol 
dehydrogenase, 

carbonic anhydrase, 
DNA/RNA 
polymerase, 

carboxypeptidase, 
Cu/Zn-SOD 

Decreased enzyme activity, 
impaired 

protein/carbohydrate/lipid 
metabolism, oxidative stress 

Competitive 
inhibition of other 
metals (Fe, Cu), 
other enzymatic 

metabolic disorders 

Genetic 
expression 
regulators 

Modulation of gene 
transcription and 

DNA/RNA/protein 
synthesis through 
zinc finger motifs 

Metal-responsive 
transcription factor-1 
(MTF-1), p53, DNA 

repair enzymes 

Dysregulation of gene 
expression, impaired DNA 

replication and repair, 
impaired tissue growth 

Dysregulation of 
target gene 

expression, potential 
disruption of growth 
and cellular systems 

Antioxidant 
and anti-

inflammatory 

Cell membrane 
stabilizer, inhibits 

ROS and 
inflammation 

Cu/Zn-SOD, 
inhibition of Fenton 

reaction, NF-κB 
pathway, cytokines 

(TNF-α, IL-1β, CRP) 

Increased ROS, lipid 
peroxidation, systemic 

oxidative stress, chronic 
inflammation 

Decreased phagocyte 
activity, impaired 
adaptive immune 

response 

Immunity and 
cell 

proliferation 

T lymphocyte 
activation, 

phagocytosis, 
cytokines, 

differentiation and 
wound healing 

IL-2, TNF-α, MMPs, 
collagenase, cell 
differentiation 

pathways 

Decreased immune 
response, impaired wound 

healing, tissue damage 

Excessive immune 
suppression, 

potential 
autoimmune 
disorders or 

immunodeficiency 

Cell 
homeostasis 

and apoptosis 

Regulation of 
programmed cell 

division and death 

Caspase, Bcl-2, p53 
pathway 

Abnormal apoptosis, 
impaired tissue growth 

Inhibition of 
apoptosis, potential 
for abnormal cell 

proliferation 
Notes: Cu/Zn-SOD = Copper/zinc superoxide dismutase; Fe = Iron; Cu = Copper; ROS = Reactive oxygen species; NF-
κB = Nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α = Tumor necrosis factor alpha; IL-1β = 
Interleukin-1 beta; CRP = C-reactive protein; IL-2 = Interleukin-2; MMPs = Matrix metalloproteinases; Bcl-2 = B-cell 
lymphoma 2. 
 
 First, zinc serves as a cofactor for over 300 
enzymes that are engaged in different metabolic 
pathways, such as those that are crucial for the 
synthesis and breakdown of proteins, the metabolism 
of carbohydrates and fats, and the detoxification of free 
radicals [36]. Zinc is necessary, for instance, for the 
action of DNA and RNA polymerase, alcohol 
dehydrogenase, carboxypeptidase, and superoxide 
dismutase (SOD), a crucial enzyme in the body’s 
antioxidant defenses [37]. Zinc is also necessary for 

metalloenzymes like carbonic anhydrase that control 
pH and maintain acid-base equilibrium [38]. 
 Second, zinc is essential for the production of 
macromolecules like proteins, RNA, and DNA as well 
as for controlling genetic expression [39]. This is 
accomplished by the way zinc affects transcription 
factors that have zinc finger motifs, which are protein 
domain structures that enable particular binding to 
DNA sequences [40]. Zinc is required for transcription 
factors like metal-responsive transcription factor-1 
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(MTF-1) to either activate or inhibit the expression of 
target genes related to cell development, stress 
response, and metal homeostasis [41]. Zinc facilitates 
DNA replication and repair during DNA synthesis and 
cell division, which is critical for cell proliferation, 
particularly in tissues with rapid cell turnover like the 
skin and intestinal mucosa [42]. 
 Third, zinc has anti-inflammatory and oxidative 
stress-modulating properties that help preserve cell 
integrity and shield tissues from oxidative damage 
[43]. Zinc stabilizes cell membranes, prevents the 
Fenton reaction, which creates hydroxyl radicals from 
other transition metals like iron and copper, and is an 
essential component of antioxidant enzymes like 
Cu/Zn-superoxide dismutase [44]. It has been 
demonstrated that a zinc deficit raises lipid 
peroxidation, produces more reactive oxygen species 
(ROS), and lowers plasma’s overall antioxidant 
capability [35]. On the other hand, zinc 
supplementation can lower inflammatory biomarkers 
including TNF-α, IL-1β, and CRP by activating other 
anti-inflammatory transcription factors and inhibiting 
the NF-κB pathway [45]. 

 Zinc also has an impact on wound healing, 
connective tissue creation, apoptosis and cell 
differentiation, immunological function, and immune 
cell proliferation [5]. Regarding immunology, zinc is 
involved in phagocyte function, cytokine synthesis, and 
T lymphocyte development and activation [46]. Zinc 
plays a key role in tissue remodeling and wound 
healing by promoting collagen synthesis and matrix 
metalloproteinase (MMP) activity [47].  
 Zinc is a multipurpose micronutrient that is 
essential for preserving the integrity of the entire 
biological system, the stability of protein structure, and 
the effectiveness of enzyme activity [48]. Zinc 
imbalances, whether deficient or excessive, can lead to 
increased oxidative stress, genetic transcription 
abnormalities, enzymatic dysfunction, and eventually 
the emergence of a number of clinical illnesses [35]. 
Therefore, to ensure the best possible health and 
operation of all body systems, zinc homeostasis 
balance needs to be carefully maintained. Figure 2 
summarizes these biological functions, highlighting 
representative zinc-dependent enzymes, transcription 
factors, and antioxidant mechanisms, along with the 
consequences of zinc deficiency and excess.

 

 
Figure 2 Biological roles of zinc: Enzymatic cofactor, gene regulation, and antioxidant functions. 
 
 

Zinc levels in physiological and pathological 
conditions 
 Serum or plasma zinc concentration is the most 
widely used indicator of zinc status in humans, 
although it does not fully reflect tissue zinc stores [49]. 

Nevertheless, it remains the most practical clinical 
method. Table 3 summarizes serum zinc ranges under 
different physiological and pathological conditions, 
together with their clinical implications. 
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Table 3 Comparison of zinc levels in physiological and pathological conditions. 

Clinical conditions 
Serum zinc levels  

(normal: 70 - 120 µg/dL) 
Clinical description 

Normal 90 - 110 µg/dL Homeostasis is maintained 

Mild deficiency 60 - 70 µg/dL 
Often asymptomatic, immunosuppression begins 

to appear 
Moderate-severe deficiency < 60 µg/dL Recurrent infections, growth disorders, dermatitis 

Diabetes Mellitus ↓ (60 - 80 µg/dL) Increased urinary excretion, oxidative stress 

Alzheimer’s disease 
↓ (50 - 75 µg/dL or varies locally in 

the brain) 
Dysregulation of zinc distribution in the brain 

Acute/chronic infection ↓ Redistribution to the liver, use by immune cells 

Over-supplementation > 150 µg/dL Risk of toxicity, inhibition of Cu absorption 

Notes: µg/dL = micrograms per deciliter; ↓ = decreased level compared to normal; Cu = Copper. 
  
 
Normal condition 
 In healthy adults, serum zinc levels typically 
range from 70 to 120 µg/dL, with an average of 90 - 
110 µg/dL [50]. Within this range, zinc functions 
effectively as an immune regulator, cell membrane 
stabilizer, and enzymatic cofactor. Homeostasis is 
maintained by adaptive mechanisms in gastrointestinal 
absorption and excretion [32]. 
 
 Zinc deficiency 
 Mild deficiency (60 - 70 µg/dL): Usually 
asymptomatic or associated with nonspecific symptoms 
such as fatigue, reduced appetite, and early immune 
dysfunction [16]. 
 Moderate to severe deficiency (< 60 µg/dL): 
Associated with systemic manifestations, including 
dermatitis, impaired wound healing, growth retardation 
in children, and recurrent infections. This is common in 
individuals with chronic illness, malabsorption, 
inadequate intake, or increased requirements 
(pregnancy, lactation and rapid growth) [51]. 
 
 Diabetes mellitus 
 Patients with type 1 or type 2 diabetes mellitus 
often exhibit serum zinc levels of 60 - 80 µg/dL, due to 
oxidative stress, chronic inflammation, and urinary 
zinc loss (zincuria) [52]. Zinc is essential for insulin 
synthesis and secretion, as well as protection of 
pancreatic β-cells [53]. Low levels are therefore linked 
to metabolic inefficiency and increased vascular 
complications [1]. 

 Alzheimer’s disease 
 Alzheimer’s patients show altered zinc 
distribution, with systemic reduction and depletion in 
cortical and hippocampal tissues [54]. Although serum 
zinc may remain unchanged, levels often fall to 50 - 75 
µg/dL [55]. Dysregulated zinc contributes to 
neurodegeneration by promoting β-amyloid 
aggregation and altering neurotransmitter activity [56]. 
 
 Acute and chronic infections 
 During infections, zinc redistributes from plasma 
to the liver as part of the acute-phase response 
mediated by cytokines such as IL-6 [57]. 
Consequently, serum levels decrease despite adequate 
intake, reflecting tissue sequestration and heightened 
immune demand [58]. This transient response may 
worsen zinc deficiency in vulnerable individuals. 
 
 Over-supplementation 
 Serum zinc concentrations exceeding 150 µg/dL 
are generally associated with prolonged intake of high-
dose supplements without medical supervision [59]. 
Toxicity at this level can lower HDL cholesterol, cause 
gastrointestinal disturbances, and impair copper 
absorption, potentially leading to immune dysfunction, 
neuropathy, and anemia [16]. 
 
Zinc and the immune system 
 Zinc (Zn) is a critical mineral required for the 
maintenance and regulation of both innate and adaptive 
immunity [60]. It regulates immune gene expression, 
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cytokine production, and inflammatory signaling 
pathways, while serving structural and functional roles 
in multiple immune cells [61]. 
 In the innate immune system, zinc supports 
epithelial barrier integrity in the respiratory and 
gastrointestinal tracts, thereby reducing susceptibility 
to microbial invasion [62,63]. It also influences 
neutrophil and macrophage function, including 
phagocytosis, reactive oxygen species (ROS) 
generation, and clearance of intracellular pathogens 
[64]. Moreover, zinc is necessary for the activation and 
degranulation of natural killer (NK) cells, which 
eliminate virus-infected and malignant cells [18]. 
 In adaptive immunity, zinc is essential for T and 
B cell development, maturation, and function [6]. 
Deficiency can cause thymic atrophy, reduced T 
lymphocyte numbers, and imbalance between T helper 
(Th1/Th2/Th17) and regulatory T (Treg) cells [65,66]. 
It also impairs antibody synthesis and B cell activation, 

thereby weakening immune responses to novel 
antigens, including vaccines [67,68]. 
 Zinc further modulates inflammation by 
inhibiting nuclear factor kappa B (NF-κB) activation, 
thereby reducing the production of pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6 [69]. It also 
promotes the expression of A20, a cytoprotective 
protein that suppresses inflammatory signaling, and 
inhibits phosphodiesterase activity [70]. These 
mechanisms contribute to limiting excessive immune 
activation and preventing autoimmunity in diseases 
such as systemic lupus erythematosus, inflammatory 
bowel disease, and rheumatoid arthritis [71-74]. Zinc 
thus promotes immune tolerance and prevents 
inappropriate recognition of self-antigens [75]. Figure 
3 illustrates zinc’s immunomodulatory functions, 
including effects on epithelial barriers, phagocytes, NK 
cells, T and B lymphocytes, as well as its regulation of 
NF-κB and A20. 

 

 
Figure 3 Role of zinc in the immune system: Regulation of innate and adaptive immunity. 
 
 The association between zinc status and infection 
outcomes has been confirmed by numerous clinical and 
epidemiological studies. Supplementation has been 
shown to shorten the duration of upper respiratory tract 
infections [76], reduce the severity of acute diarrhea 
[77], and lower pneumonia incidence [78]. Zinc also 
exhibits direct antiviral effects by enhancing interferon 
responses, inhibiting viral RNA replication, and 
blocking viral proteases [79]. In vitro, increased 

intracellular zinc concentrations inhibit the replication 
of RNA viruses such as hepatitis C virus, 
coronaviruses, and rhinoviruses [80-82]. 
 During the COVID-19 pandemic, zinc received 
particular attention as a supportive therapy. Several 
clinical studies reported that patients with low zinc 
levels experienced more severe symptoms, longer 
hospitalizations, and higher mortality [83-86]. Zinc 
may enhance immune responses, augment endogenous 
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antiviral activity, and inhibit SARS-CoV-2 replication 
through suppression of RNA-dependent RNA 
polymerase [87]. Although evidence remains 
inconclusive, zinc supplementation continues to be 
recommended as supportive therapy, particularly for 
individuals at risk of deficiency such as the elderly and 
patients with chronic conditions [88]. 
 Overall, zinc contributes to immunological 
homeostasis by balancing effective immune activation 
against infections with the prevention of tissue damage 
and excessive inflammation [62,89]. Adequate zinc 
status is therefore essential for resistance to infection, 
recovery from illness, and protection against 
autoimmunity and chronic inflammatory disorders. 
 
Zinc in development and reproduction 
 Zinc is an essential micronutrient required for 
human growth, reproduction, and development [90]. 
Requirements increase markedly during growth, 
pregnancy, and lactation due to heightened metabolic 
activity, rapid cell division, and the demand for protein 
and DNA synthesis [91]. Zinc deficiency during these 
critical periods is associated with increased morbidity, 
reproductive complications, and long-term 
consequences for organ development and physiological 
function [92]. 
 
 Zinc and child growth 
 Zinc plays a central role in linear growth and 
tissue development during infancy, childhood, and 
adolescence [8]. It stimulates growth hormone and 
insulin-like growth factor-1 (IGF-1), key regulators of 
bone and soft tissue growth [93], and supports bone 
formation by enhancing osteoblast activity and 
mineralization [94]. Deficiency in children results in 
growth retardation, weight loss, and delayed puberty 
[95]. Clinical trials and meta-analyses consistently 
demonstrate that zinc supplementation improves height 
and weight in children with poor nutritional status, 
particularly in low-income countries [96-98]. Zinc also 
strengthens immunity, reducing the incidence of 
diarrhea, pneumonia, and respiratory tract infections, 
thereby indirectly supporting growth [99]. 
 
 Zinc in pregnancy and fetal development 
 During pregnancy, zinc is required for fetal 
organogenesis, placental growth, and maternal immune 

function [91]. It contributes to angiogenesis, DNA 
synthesis, embryonic cell proliferation, and antioxidant 
defense, protecting fetal tissues from oxidative stress 
[100]. Adequate zinc is also necessary for hormonal 
regulation, placental enzyme activity, and folate 
metabolism, which is vital for neural tube formation 
[101]. Zinc deficiency during pregnancy is associated 
with adverse outcomes, including low birth weight, 
preterm delivery, intrauterine growth restriction 
(IUGR), preeclampsia, and perinatal infections [102]. 
Moreover, insufficient maternal zinc impairs fetal 
immune and neurological development, increasing the 
risk of long-term immunological and cognitive 
dysfunction [103]. Supplementation during pregnancy 
is therefore recommended to improve maternal and 
child health, particularly in populations at risk [104]. 
 
 Zinc and fertility 
 Zinc is critical for gametogenesis, reproductive 
hormone regulation, and the quality of sperm and 
oocytes [90]. In men, zinc supports spermatogenesis, 
testosterone metabolism, and protection against 
oxidative damage to sperm DNA [105]. High 
concentrations of zinc in the prostate and seminal fluid 
stabilize sperm membranes and enhance motility [106]. 
Deficiency is linked to reduced semen volume, 
impaired motility, and abnormal morphology, leading 
to decreased fertility [107]. In women, zinc influences 
endometrial development, ovulation, and embryo 
implantation [91], partly through its regulation of 
follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) [108]. Zinc deficiency is associated with 
disrupted ovulation, poor oocyte quality, and reduced 
fertilization rates [109]. Evidence from in vitro 
fertilization (IVF) studies further demonstrates that 
adequate zinc concentrations in culture media improve 
embryo viability and implantation success [110]. 
 
Zinc and degenerative diseases 
 Zinc (Zn) is an essential micronutrient that 
supports the structure and function of the brain and 
central nervous system (CNS) [111]. It contributes to 
enzymatic activity, neurogenesis, antioxidant defense, 
and synaptic transmission [20]. Altered zinc 
homeostasis has been associated with mood disorders, 
such as depression, and with neurodegenerative 
diseases, including Alzheimer’s and Parkinson’s [112]. 
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Evidence suggests that zinc may exert both protective 
and potentially harmful effects in the CNS, depending 
on its concentration and distribution [113]. 
 
 Zinc in brain health and neuroprotection 
 Zinc is concentrated in the hippocampus, cortex, 
and amygdala, regions crucial for memory, emotion, 
and behavior [114]. Within glutamatergic neurons, zinc 
is stored in synaptic vesicles and released during 
neurotransmission, where it modulates GABA, AMPA, 
and NMDA receptors [115]. Through these 
mechanisms, zinc acts as a neuromodulator that 

influences synaptic plasticity, memory, and neuronal 
excitability. As a cofactor of superoxide dismutase 
(Cu/Zn-SOD), zinc contributes to antioxidant defense 
and protection against reactive oxygen species (ROS) 
[10]. It may also limit neuroinflammation by 
suppressing proinflammatory cytokines and regulating 
microglial activity [116]. Collectively, these processes 
highlight zinc’s role in maintaining neural homeostasis 
and resilience. Figure 4 illustrates zinc localization in 
specific brain regions, its involvement in synaptic 
signaling, and its potential relevance to 
neurodegenerative disorders. 

 

 
Figure 4 Role of zinc in brain health, neuroprotection, and neurological disorders. 
  
 
Zinc and Alzheimer’s disease 
 Alzheimer’s disease (AD), the most common 
form of dementia, is characterized by beta-amyloid 
(Aβ) plaques and tau neurofibrillary tangles [117]. Zinc 
can bind to Aβ and promote oligomer formation, which 
may contribute to neurotoxicity [118]. At the same 
time, adequate zinc levels may inhibit β- and γ-
secretase activity, thereby reducing Aβ generation 
[119]. Post-mortem studies have revealed both regional 
zinc accumulation and depletion in the hippocampus 
and cortex of AD patients [120]. Animal studies using 
zinc supplementation or chelation have shown mixed 
results, suggesting that therapeutic outcomes depend on 
disease stage and zinc distribution [21,54]. 
 

 Zinc and Parkinson’s disease 
 Parkinson’s disease (PD) is marked by 
dopaminergic neuron loss in the substantia nigra and α-
synuclein aggregation [121]. Zinc has been detected in 
α-synuclein aggregates and may influence their toxicity 
[122]. However, physiological zinc levels can support 
antioxidant activity and protect neurons from oxidative 
and mitochondrial damage [123]. Dysregulation may 
also promote microglial activation and release of 
proinflammatory cytokines such as TNF-α and IL-1β 
[124]. Preclinical evidence suggests that zinc 
supplementation at appropriate levels may help 
maintain dopaminergic neuron survival, although 
further clinical validation is required [125]. 
 



Trends Sci. 2026; 23(1): 11556   11 of 23 

 Zinc and depressive disorders 
 Depression is a multifactorial condition 
associated with neurotransmitter imbalance, oxidative 
stress, and systemic inflammation [126]. Patients with 
major depressive disorder often show reduced serum 
zinc concentrations, which are inversely related to 
symptom severity [127]. Zinc may support 
antidepressant effects by modulating NMDA receptor 
activity, enhancing brain-derived neurotrophic factor 
(BDNF) expression, and reducing inflammatory 
signaling [128]. Clinical studies indicate that 
adjunctive zinc supplementation with selective 
serotonin reuptake inhibitors (SSRIs) can accelerate 
symptom improvement and enhance treatment 
outcomes [129]. Zinc also contributes to regulation of 
the hypothalamic-pituitary-adrenal (HPA) axis, which 
is frequently altered in chronic depression [130]. 
 
Zinc and chronic disease 
 Zinc plays a multifaceted role in chronic disease 
pathogenesis, particularly in obesity, metabolic 
syndrome [131], cardiovascular disease [132], and 
diabetes mellitus (DM) [133]. Its functions extend 
beyond structural and enzymatic support to include 
antioxidant, anti-inflammatory, and gene-regulatory 
effects influencing blood pressure, cholesterol, and 
glucose metabolism [45]. Both zinc deficiency and 
excess are associated with increased disease risk and 
severity. 
 
 Zinc and diabetes mellitus 
 Diabetes mellitus, particularly type 2 (T2DM), is 
characterized by impaired insulin secretion and 
resistance [134]. Zinc is essential for insulin 
production, storage, and release, and protects β cells 
from oxidative and inflammatory damage [45]. Within 
β cells, zinc stabilizes insulin crystals in secretory 
granules and enhances insulin sensitivity in target 
tissues [135]. It also regulates PI3K/Akt signaling, 
which is central to glucose metabolism [136]. Serum 
and pancreatic zinc levels are typically reduced in 
diabetic patients, while hyperglycemia and renal 
dysfunction accelerate zinc loss via urine [137]. 
Deficiency further exacerbates oxidative stress and β-
cell dysfunction [10]. Clinical trials suggest that zinc 
supplementation can lower HbA1c, improve insulin 
sensitivity, and reduce inflammatory biomarkers, 

though outcomes vary by diabetes type and baseline 
zinc status [138,139]. 
 
 Zinc and cardiovascular disease 
 Cardiovascular disease (CVD), the leading cause 
of global mortality, is strongly linked to endothelial 
dysfunction, atherosclerosis, and hypertension [140]. 
Zinc exerts cardioprotective effects by stabilizing 
endothelial membranes, inhibiting LDL oxidation, and 
reducing pro-oxidant enzyme activity [35]. It also 
suppresses vascular adhesion molecules (VCAM-1, 
ICAM-1), thereby limiting plaque formation [141]. In 
addition, zinc regulates vascular tone through calcium 
homeostasis and modulation of angiotensin-converting 
enzyme (ACE) activity [142]. Observational studies 
link low zinc status to increased risks of stroke [143], 
ischemic heart disease [144], and hypertension [145], 
particularly in diabetic and renal disease patients [146]. 
While clinical trial findings remain inconsistent, 
adequate zinc status appears important for 
cardiovascular protection, primarily through anti-
inflammatory and antioxidative mechanisms. 
 
 Zinc and metabolic disorders 
 In obesity and metabolic syndrome, zinc 
contributes to lipid and energy homeostasis [45]. It 
regulates adipokines such as leptin and adiponectin, 
which influence appetite, lipolysis, and insulin 
sensitivity [147]. Obese individuals often exhibit 
reduced serum zinc and heightened systemic 
inflammation [131]. At the molecular level, zinc 
modulates transcription factors including SREBP and 
PPAR-γ, which regulate lipid biosynthesis and hepatic 
lipogenesis [148,149]. Experimental studies report that 
zinc supplementation can raise HDL and lower LDL 
and triglyceride concentrations, though human 
outcomes remain variable depending on baseline 
nutritional status [150-152]. 
 
 Zinc toxicity and supplementation risks 
 Although zinc is vital for metabolic health, 
excessive intake can be harmful. At the cellular level, 
excess zinc may disrupt mitochondrial function, induce 
oxidative stress, and impair signaling pathways 
involved in insulin and lipid metabolism [153]. 
Chronic high-dose supplementation (> 40 mg/day) 
reduces copper absorption, leading to anemia, 
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neutropenia, and immune dysfunction [16]. Clinically, 
toxicity may manifest as gastrointestinal distress, 
lowered HDL cholesterol, and increased infection risk. 
The elderly and patients with chronic diseases are 
particularly vulnerable to such adverse effects due to 
altered zinc metabolism and polypharmacy interactions 
[154]. Careful dosage regulation and individualized 
supplementation strategies are therefore essential to 
maximize benefits while avoiding toxicity. 
 
 Zinc toxicity and drug interactions 
 Zinc is an essential micronutrient crucial for 
health and physiological function, but excessive intake 
or prolonged supplementation without medical 
supervision can have harmful consequences and 
interact with medications and other minerals [1]. 
Therefore, it is important to consider the safe limits of 
zinc intake, its potential toxicity, and its interactions in 
the context of therapy and nutrition, in addition to 
understanding its role in maintaining biological 
activities. 
 
 Zinc toxicity and safe intake limits 
 The World Health Organization (WHO) and the 
Food and Nutrition Board (FNB) have established the 
tolerable upper intake level (UL) for zinc at 40 mg/day 
for adults, which is higher than the recommended daily 
allowance (RDA) [11]. Intakes exceeding this 
threshold, particularly from supplements or fortified 
foods, may lead to both acute and chronic adverse 
effects [153]. Acute zinc poisoning can occur with very 
high doses (> 200 mg) taken at once, such as from 
accidental industrial exposure or high-dose 
supplements. Clinical case reports describe symptoms 
including headaches, diarrhea, nausea, vomiting, 
abdominal pain, and dysgeusia (abnormal taste 
perception) [154]. In more severe cases, metabolic 
disturbances such as reduced plasma high-density 
lipoprotein (HDL) levels have been observed, along 
with gastrointestinal distress [155]. 
 Chronic zinc toxicity may develop when intake 
consistently exceeds 50 mg/day, leading to impaired 
activity of copper-dependent enzymes (e.g., 
ceruloplasmin, cytochrome oxidase) and secondary 
copper deficiency [156]. Case studies have documented 
conditions such as peripheral neuropathy, neutropenia, 
and normocytic hypochromic anemia as consequences 

of prolonged high zinc intake [158]. This occurs 
because elevated zinc induces enterocytes to 
overexpress metallothionein, which binds copper ions 
(Cu2+) with higher affinity, reducing systemic copper 
absorption [157]. 
 
 Interaction of zinc with other nutrients 
 Zinc interacts antagonistically and competitively 
with copper (Cu) and iron (Fe) [159]. Excess zinc can 
impair absorption of these minerals, while concurrent 
high-dose iron intake may reduce zinc bioavailability 
[160]. Clinical practice therefore recommends 
separating zinc and iron supplementation by at least 2 h 
[161]. Furthermore, zinc absorption is influenced by 
dietary factors, as it can form insoluble complexes with 
phytates, fiber, and polyphenols present in plant-based 
diets [2]. Such interactions must be considered in 
designing fortification and supplementation strategies 
[162]. 
 
 Zinc interactions with drugs 
 Zinc also interacts pharmacokinetically with 
several drugs, influencing absorption, distribution, and 
therapeutic efficacy. Notably, zinc can chelate with 
quinolone antibiotics (e.g., ciprofloxacin, levofloxacin) 
and tetracyclines (e.g., doxycycline), leading to 
reduced absorption. Clinical guidance advises 
separating intake of these antibiotics and zinc 
supplements by at least 2 to 3 h [163]. Patients on long-
term thiazide diuretics (e.g., hydrochlorothiazide) may 
experience zinc depletion due to increased urinary 
excretion, warranting monitoring of zinc status [164]. 
Similarly, zinc can interact with penicillamine, a 
chelating agent used for rheumatoid arthritis and heavy 
metal poisoning, by forming complexes that lower the 
drug’s bioavailability [165]. Monitoring zinc levels is 
recommended in such patients. In addition, potential 
interactions with certain antihypertensives, 
immunosuppressants, and anticonvulsants have been 
suggested, although further clinical studies are required 
to confirm these findings [166]. 
 
 Further research directions 
 Numerous studies have demonstrated the critical 
role of zinc in immune function, growth, reproduction, 
and the prevention of degenerative and chronic 
diseases, but it is also important to acknowledge 
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several scientific and methodological limitations. 
These limitations create opportunities for more 
comprehensive and systematic research, particularly to 
clarify zinc’s molecular mechanisms and to optimize 
its therapeutic applications in clinical settings. 
 At present, most zinc research remains 
observational, which limits the ability to establish clear 
causal relationships between zinc status and specific 
clinical disorders. For instance, it is often difficult to 
determine whether low zinc levels in individuals with 
chronic illnesses are a cause or a consequence of the 
condition [21]. Moreover, methodological 
inconsistencies in assessing zinc status - such as 
reliance on serum or plasma zinc concentrations, which 
are influenced by disease, hydration status, and timing 
of sampling - further complicate comparisons across 
studies. 
 There are also relatively few randomized 
controlled clinical trial (RCT) data on zinc 
supplementation, and the existing trials vary 
considerably in design, dose, duration, and study 
population [167]. In addition, dietary interactions, 
genetic polymorphisms in zinc transporters, and poorly 
controlled comorbid variables contribute to the 
heterogeneity of findings [168]. Based on these gaps, 
the following recommendations can be made for future 
research: 
 
 Large-scale, standardized clinical trials 
 Multicenter RCTs with rigorous designs are 
needed to evaluate the preventive and therapeutic 
effects of zinc supplementation. Such studies should 
determine optimal dosage, zinc form (organic or 
inorganic), timing, and carefully account for 
confounding factors such as phytate intake, 
micronutrient status, and immune response [169]. 
 
 Mechanistic and molecular studies  
 Further research is required to investigate the 
molecular pathways of zinc, including its roles in gene 
expression, epigenetic regulation, and the modulation 
of immune and inflammatory signaling. In particular, 
studies on zinc transporters (ZIP and ZnT) and their 
relevance to cancer, neurological diseases, and 
metabolic disorders would advance understanding of 
zinc deficiency and excess [170]. 
 

 Improved biomarkers of zinc status  
 The development of more sensitive and specific 
biomarkers beyond serum zinc is essential. Integrating 
metabolomic, proteomic, and molecular imaging 
approaches could allow more accurate mapping of zinc 
distribution and biological function [171]. 
 
 Interactions with nutrients and drugs  
 More studies are needed to examine zinc’s 
interactions with other micronutrients (e.g., copper, 
iron, vitamin A, selenium) and with medications. Such 
interactions may affect nutritional status and 
therapeutic efficacy, particularly in populations with 
chronic disease, polypharmacy, or advanced age [172]. 
 
 Zinc applications in precision medicine  
 Future work should also explore zinc’s role in 
precision medicine, especially its impact on individual 
genetic and epigenetic profiles. This may enable the 
development of zinc-based personalized therapies - for 
example, in neurodegeneration, oncology, or 
autoimmune regulation [173]. 
 
 Long-term safety studies  
 Finally, further research is required to establish 
the long-term safety of high-dose zinc intake, whether 
from supplementation or fortification. Chronic toxicity 
studies in both animal and human models are needed to 
define safe intake thresholds for the general and 
vulnerable populations [17]. 
 
Conslusions 
 An important micronutrient, zinc is crucial for 
many bodily biological processes, such as enzyme 
activity, gene expression regulation, membrane 
stability, immunity, and oxidative stress defense. 
According to this study, zinc is crucial for immune 
system integrity, neurological and endocrine system 
development, wound healing, bone growth, and 
reproductive health. It has been demonstrated that zinc 
shortage affects several physiological systems both 
clinically and subclinically, with symptoms ranging 
from reduced cognitive function to growth retardation, 
metabolic problems, and increased susceptibility to 
infection. However, high zinc intake, particularly from 
supplements or unregulated fortification, can be 
harmful, interfere with the balance of other 
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micronutrients like copper and iron, and have adverse 
drug interactions. Therefore, it is strongly advised to 
check zinc levels in the general population, particularly 
in susceptible populations including children, pregnant 
women, the elderly, and patients with chronic illnesses. 
Zinc supplementation interventions should be 
administered judiciously, evidence-based, and with 
consideration for dosage, duration, and any 
interactions. A critical step in preventing and treating a 
number of disorders linked to micronutrient 
deficiencies is the incorporation of zinc status 
monitoring into public health policies and nutrition-
based therapeutic practices, given the significance of 
zinc in systemic health. Optimizing the safe and 
effective use of zinc requires more research and 
advancements in the areas of diagnosis, treatment, and 
nutrition education. 
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