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INTRODUCTION  

An integral part of our physiology, the immune system 

aids in the defense against both internal and external 

dangers as well as infections. The immune system 

functions on three levels: immune cells, biochemical 

barrier, and physical barrier. Body hair, mucous 

membranes, and skin are examples of physical barriers. 

They prevent exterior dangers from getting inside the 

body. The biochemical barrier uses a variety of immune 

cells, such as macrophages, natural killer cells, non-

specific leukocytes, and cytokines, to discriminate 

between "self" and "non-self" in the event that the 

physical barrier is breached. T and B cells produce a 

more sophisticated and adaptive defense against the 

invaders. To neutralize the threat, these cells generate 

antibodies specific to the target.
[1,2]

 Over 300 enzymes 

and transcription factors depend on zinc for their 

structural and catalytic functions.
[3]

 It affects almost 

every cell in the body and is essential for the growth and 

operation of the immune system in particular
[4,5] 

Interest 
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Review Article 

ABSTRACT  

Human zinc insufficiency has been identified as a major global nutritional issue since it was first identified in an 

Iranian male in 1961. In regions with high cereal consumption and low animal food intake, it is more common. 

Zinc absorption is largely dependent on its bioavailability, even if the diet may not necessarily be poor in zinc. The 

primary known inhibitor of zinc is phytic acid. Zinc deficiency is more likely to occur in infants, children, 

adolescents, pregnant women, and nursing mothers than in adults due to their higher zinc requirements. Growth 

failure occurs when there is a zinc shortage during growth periods. The organs most clinically impacted by zinc 

deficiency include the skeletal, immunological, gastrointestinal, central nervous, reproductive, and epidermal 

systems. It is commonly acknowledged that zinc is essential for human health. Because zinc is used to treat and 

prevent respiratory tract infections, it has received increased attention during the COVID-19 pandemic. Zinc use, 

however, may have undesirable side effects and could be hazardous when taken in excess, according to certain 

research. This review provides an overview of recent basic science and clinical research on zinc's potential as a 

direct antiviral and antiviral immunity booster. Over the past 50 years, a wealth of evidence has been gathered to 

show zinc's antiviral action against a wide range of viruses and through many pathways. These findings have led to 

the therapeutic use of zinc for viral infections like the common cold and herpes simplex virus, but there is still 

much to learn about the antiviral mechanisms and clinical benefits of zinc supplementation as a preventative and 

therapeutic treatment for viral infections. Additionally, zinc has been associated with antiviral capabilities against a 

wide range of viruses, particularly RNA viruses including SARS-CoV, respiratory syncytial virus, and rhinovirus. 

Numerous food items naturally contain zinc. For those who are unable to obtain the necessary daily intake through 

diet, it can be taken as a supplement. Clinical research has demonstrated the health benefits of using zinc 

supplements to treat deficiencies and guarantee the proper operation of zinc-dependent physiological processes. 

The significance of zinc supplementation and its function in immunity have been discussed in this review. 
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in the biochemical and clinical aspects of zinc nutrition 

has significantly expanded since zinc insufficiency was 

identified as a human health issue in 1961.
[6]

 The 

biochemical and physiological functions of zinc, 

metabolism (absorption, excretion, and homeostasis), 

zinc bioavailability (inhibitors and enhancers), human 

requirements, high-risk groups, consequences and causes 

of zinc deficiency, assessment of zinc status, and 

prevention strategies of zinc deficiency are all covered in 

this paper. We found reduced serum testosterone levels, 

oligospermia, decreased natural killer (NK) cell activity, 

decreased interleukin-2 (IL-2) production, decreased 

thymulin activity, hyperammonemia, hypogeusia, 

decreased dark adaptation, and decreased lean body mass 

in the experimental human model where only a mild zinc 

deficiency in males was induced by dietary means. 

Therefore, it is evident that human clinical, biochemical, 

and immunological activities are negatively impacted by 

even a slight zinc shortage.
[7,9]

 

 

Zinc and Immunity  

The immune system is impacted by zinc in several 

ways.
[10]

 For neutrophils, NK cells, and cells mediating 

innate immunity to form and operate normally, zinc is 

essential. Zinc deficiency also affects macrophages. Zinc 

deficiency affects cytokine production, intracellular 

death, and phagocytosis. Zinc may play a part in 

preventing damage caused by free radicals during 

inflammatory processes because of its capacity to 

maintain membranes and act as an antioxidant. 

 

Role of zinc in immunity  

Zinc is essential for the proper growth of neutrophils, 

NK cells, and innate immunity as well as for the smooth 

operation of the cells that regulate them. Zinc deficiency 

also affects macrophages. Zinc deficiency affects 

processes including phagocytosis, intracellular killing, 

and cytokine synthesis. Lack of zinc has a negative 

impact on T and B cell development and function. Zinc 

has antioxidant qualities and aids in membrane 

stabilization, minimizing damage caused by free 

radicals.
[11] 

In immune cells, zinc functions as a second 

messenger.
[12]

 Zinc is involved in a number of signaling 

pathways, such as the cytokine interleukin (IL)-2 

pathway, which is the primary stimulus for T cell 

proliferation once engaged, and the activation of T cells 

via T cell receptors.
[13-15]

 Before the zinc shortage is 

detected in the plasma, immune cells detect it.
[16]

 Zinc-

dependent changes in chemotaxis, phagocytosis, 

respiratory burst, and the creation of neutrophil 

extracellular traps by innate immune cells are likely the 

source of the increased susceptibility to infections 

brought on by zinc shortage.
[17,19] 

 

Dietary, medical, and physiological factors all impact 

zinc absorption.
[20–22]

 Zinc intake, protein quantity and 

quality (positive correlation), phytate and fiber (negative 

correlation), calcium (negative correlation), iron 

(possible negative correlation), toxic cadmium levels 

(negative correlation), low molecular weight ligands and 

chelators (positive correlation), amino acids (positive 

correlation), and organic acids (possible positive 

correlation) are among the dietary factors influencing 

zinc absorption.
[23,24]

 Since the mucus layer and intestinal 

fluid are dynamic, their physiological state dictates the 

degree of zinc absorption. Furthermore, a favorable 

association between albumin content and zinc absorption 

has been shown.
[25]

 Chronic gastrointestinal illnesses, 

renal ailments, and hereditary predispositions including 

sickle cell anemia and zinc malabsorption syndrome can 

all be treated with zinc. 

 

Viral infection and zinc homeostasis 

Because intracellular and systemic zinc levels are strictly 

controlled, free zinc ions (Zn2+) make up a very small 

portion of total cellular zinc (about 0.0001%).
[26-28]

 Most 

zinc is still coupled to zinc-binding proteins such 

intracellular metallothionein proteins or serum albumin, 

from which it can be transported to transcription factors 

and zinc-binding enzymes when needed. Zinc transport 

is primarily mediated by two protein families: the ZIP 

[Zrt- and Irt-like proteins (SLC39A)] family of proteins, 

which carries zinc into the cytoplasm from extracellular 

sources or cellular organelles, and the ZnT [solute-linked 

carrier 30 (SLC30A)] family, which is in charge of zinc 

efflux outside the cell or influx into organelles.
[29] 

Well-

established antibacterial immune responses include metal 

sequestration and toxic buildup. One excellent example 

is calprotectin, which binds and sequesters extracellular 

calcium and zinc to stop the growth of bacteria and 

fungi
[30]

 On the other hand, intracellular Mycobacterium 

growth in macrophages can be inhibited by toxic 

endosomal zinc accumulation.
[31]

 Unfortunately, these 

mechanisms are little understood when it comes to viral 

infections, possibly due to their lack of effectiveness. For 

instance, calprotectin is not markedly elevated in 

response to viral gastroenteritis and has no demonstrated 

antiviral function.
[32] 

 

Antiviral action, zinc homeostasis, and 

metallothionein 

Small, cysteine-rich proteins called metallothionein have 

the ability to bind divalent cations like copper and zinc. 

Because they may bind and release metals from their 

thiol groups, metallothionein serve a variety of purposes 

as containers for a large portion of the labile intracellular 

zinc pool. These include participation in oxidative stress, 

apoptosis, and immunological responses, as well as the 

storage and transport of zinc ions and heavy metal 

detoxification.
[33]

 Four metallothionein isoforms (MT1–

4) are expressed in humans, including the widely 

expressed MT1 and MT2 genes (MT1A, B, E, F, G, H, I, 

J, L, M, X, MT2A), as well as MT3 and MT4, whose 

expression is restricted and whose function is yet 

unclear.
[34] 

Significantly, MT1 and 2 gene expression is 

highly responsive to zinc, making it a perfect measure of 

a person's zinc status.
[35]

 Notably, metallothionein have 

traditionally been categorized as interferon stimulated 

genes (ISGs) despite their great zinc responsiveness
[36]

 

Hundreds of antiviral genes are expressed when infected 
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cells and surrounding immune cells release IFNs, which 

are immunostimulatory cytokines. They have a variety of 

functions, such as direct antiviral activity, immune cell 

stimulation, and chemoattraction. We propose two 

methods of metallothionein induction in response to 

IFNs. Like MT1X and MT2A, the majority of ISGs have 

binding sites for STAT- or IFN regulatory factor (IRF) 

transcription factor-mediated expression.
[37,38] 

Other 

metallothionein, like MT1F and MT1G, are more 

responsive to zinc rather than having identified IFN 

regulatory areas in their promoters.
[39] 

The precise 

functions of metallothionein during viral infection are yet 

unknown due to their wide range of functions. However, 

research conducted both in vitro and in vivo has 

demonstrated unequivocally that viruses generate 

metallothionein. Metallothionein expression has been 

linked to zinc inflow or redistribution.
[40,41]

 viral 

infection, cytokine exposure, or oxidative stress.
[42]

 

however the exact mechanisms are frequently still 

unknown. Measles virus,
[31]

 influenza,
[43,44]

 HIV,
[45] 

hepatitis C virus (HCV),
[46]

 and coxsackie virus.
[47]

 have 

all been linked to overexpression of metallothionein. 

Zinc seems to be the primary factor influencing the 

expression of metallothionein in HIV, which promotes 

viral persistence. Both intracellular zinc and MT1 gene 

expression are significantly elevated in HIV-infected 

monocytes.
[48] 

 

Zinc in diarrhea  

By stimulating ion absorption in enterocytes under basal 

conditions, zinc directly promotes transepithelial ion 

transport. The function of the gastrointestinal epithelial 

membrane barrier is also maintained by zinc. It reduces 

intestinal permeability, promotes enterocyte development 

and differentiation, and controls oxidative stress and 

inflammation,
[50,51]

 The World Health Organization has 

suggested zinc supplements as an adjuvant to oral 

rehydration salts (ORS) for the treatment of acute 

diarrhea based on clinical research. 

 

Zinc in infectious disease 

Through both direct and indirect processes, zinc has been 

associated with antiviral capabilities against a wide range 

of viruses, particularly RNA viruses like SARS-CoV, 

respiratory syncytial virus, and rhinovirus.
[52] 

Zinc's 

antiviral qualities can be demonstrated by: preventing the 

virus from fusing with the host cell's membrane, 

preventing the release of viral particles, interfering with 

the translation and processing of the virus's proteins, 

upsetting the stability of the viral envelope, and 

impairing the virus's polymerase activity,
[53-55] 

By 

preventing the virus from entering the cell, zinc is 

thought to protect the cellular membrane.  

 

 Zinc exhibits antiviral immunity and maintains the 

integrity of the mucosal membrane by controlling the 

proteins of the tight junction structure of the mucosal 

layer. By changing the proteolytic processing of RNA-

dependent RNA polymerase and replicase polyproteins, 

zinc interferes with the viral replication pathway. 

Therefore, it is suggested that zinc may change COVID-

19's RNA production
[56] 

Zinc has been shown to be 

beneficial in combating the SARS-CoV-2 (COVID-19) 

virus. For the virus to display its viral characteristics, the 

host cell's metabolism is necessary. With the use of the 

zinc ionophore pyrithione, in vitro research has 

demonstrated that zinc cations block SARS-CoV RNA 

polymerase, indicating an antiviral characteristic against 

the virus. Zinc ions have also been shown to reduce 

angiotensin-converting enzyme 2 (ACE2), which the 

virus needs to enter host cells
[57,58] 

A zinc shortage is 

common, particularly in older people. Supplements may 

be a useful strategy to correct the zinc deficit and 

eventually lessen the worldwide burden of COVID-19 

because establishing zinc is difficult.
[59] 

There have been 

no fatalities or major, life-threatening side effects linked 

to zinc supplementation. Before taking such 

supplements, medical specialists should be consulted 

because zinc-related toxicity has been documented. Since 

zinc supplements are provided as over-the-counter 

products, standardized doses for both therapeutic and 

preventive purposes should be developed and 

recommended from a COVID-19 perspective.
[60] 

 

Role of zinc in respiratory infection  

Numerous investigations have demonstrated that zinc 

and certain zinc-dependent proteins support 

immunological control and antiviral defense in the 

respiratory system. In addition to preventing acute 

respiratory distress syndrome (ARDS) and ventilator-

induced lung damage, zinc has been suggested to lower 

the viral titer after influenza infection, lower the 

respiratory syncytial virus (RSV) load in the lungs, and 

shorten the duration of viral pneumonia symptoms. 

Significant alterations in the lung's epithelial layer can 

result from zinc deprivation, potentially due to increased 

apoptosis, FasR signaling, and IFNγ and TNFα.
[61]

 

Numerous publications have demonstrated the beneficial 

effects of zinc supplementation in respiratory 

infections.
[62,63] 

 

Zinc and transcription factors 

Zinc-finger-bearing transcription factors control both the 

innate and adaptive immune systems in humans. Zinc 

can therefore be expected to play both a direct and an 

indirect role in modifying intracellular signaling. 

Because they have a zinc-finger domain, crucial 

transcription factors including GATA-4/-5/-6 and KLF-

4/-5 may be zinc-regulated targets during the formation 

of innate immune cells.
[64,65]

 Additionally, a crucial 

transcription factor for the formation of iNKT cells is the 

promyelocytic leukemia zinc finger. PU.1 transcription 

factor expression is critical for lineage commitment in 

myelopoiesis.
[66] 

Numerous transcription factors that 

contain zinc fingers have been found in relation to the 

adaptive immune system. Several transcription factors, 

including the zinc-finger transcription factors GATA-3 

and Zbtb7b (Thpok, cKrox), are crucial for the proper 

differentiation into CD4+ T cells throughout T cell 

development.
[67,68] 

Furthermore, Th1 and Th2 
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subpopulation differentiation depends on GATA-3.
[69,70] 

The zinc-finger-containing KLF family, such as KLF-2/-

3 in B cells, KLF-2/-13 in NKT cells, and KLF-2/-4/-10 

in T cells, generally plays a significant role in immune 

cell differentiation.
[71]

 Thus, it is not unexpected that 

zinc-dependent KLF-10 regulation is one of the factors 

driving Treg differentiation.
[72]

 

 

The Herpesviridae  
Zinc's impact on HSV-1 and -2 has been investigated for 

more than 40 years. In vitro research indicates that zinc 

inhibits nearly every stage of the viral life cycle, 

including viral polymerase function.
[73]

 protein synthesis 

and processing,
[74]

 and free virus inactivation.
[75,76]

 A 

more recent study utilizing the zinc ionophore pyrithione 

showed a decrease in HSV replication from decreased 

NF-κB activation by interfering with the protein 

ubiquitination pathway, despite the fact that these 

investigations were conducted more than 20 years ago.
[77] 

Unfortunately, the mechanism by which zinc reduces 

HSV infection cannot be definitively demonstrated by 

any current experimental data. However, in vivo research 

in humans and mice has demonstrated a notable decrease 

in the burden of infection and illness. HSV-2 infection 

was significantly reduced in mouse experiments using 

intravaginal zinc inoculation in liquid
[78] 

or gel
[79]

 form. 

Numerous human topical zinc application trials have 

shown a
[78] 

arkedly decreased duration of infection 

(outbreak) and recurrence.
[80,81]  

Free zinc may in fact 

coat HSV virions, preventing infection, according to the 

effectiveness of topical administration and in vitro 

findings.
[82,83] 

It is necessary to investigate this molecular 

mechanism further. 

 

Additional respiratory tract illnesses include 

metapneumovirus, coronavirus, and influenza 

The antiviral properties of zinc against other respiratory 

viruses have not been thoroughly studied. The addition 

of the zinc ionophore pyrrolidine dithiocarbamate.
[84]

 

dramatically inhibits influenza (PR/8/34) replication in 

vitro, possibly via inhibiting the RNA-dependent RNA 

polymerase (RdRp), as was proposed thirty years ago.
[85]

 

Similarly, zinc reduced the binding and elongation of the 

severe acute respiratory syndrome (SARS) coronavirus 

RdRp template in Vero-E6 cells 
[86]

 Furthermore, it was 

demonstrated that zinc salts inhibited the respiratory 

syncytial virus, even when zinc was merely incubated 

with HEp-2 cells before to infection before being 

withdrawn.
[87]

 The scientists speculate that by blocking 

viral membrane fusion, this suggests an inhibitory 

mechanism akin to HSV. However, neither the 

suppression of other elements of the viral life cycle nor 

changes in intracellular zinc levels were measured. 

 

Togaviridae 

Similar to flaviviruses, togaviruses are mostly arthropod-

borne viruses like Chikungunya, Western horse 

encephalitis, and Semliki Forest viruses. Viral infection 

is caused via receptor-mediated endocytosis, which is 

followed by the release of particles into the cytoplasm 

and the fusion of the virus and endosomal membranes.
[88]

 

Zinc has been demonstrated to effectively prevent the 

membrane fusion of Sindbis and Semliki Forest viruses 

using liposome.
[89]

 red blood cell,
[90] 

and BHK-21.
[91] 

cell 

model systems. By attaching to a particular histidine 

residue that is visible on the viral E1 protein at low 

endosomal pH, zinc ions prevent membrane fusion.
[92] 

 

Unfortunately, the large concentration of zinc (>1 mM) 

used in this model raises questions about its in vivo 

relevance. Interestingly, vesicular zincosomes, which are 

believed to function as intracellular zinc storage vesicles, 

contain enriched zinc.
[93] 

Zincosome fusion to viral 

endosomes may prevent important stages of the viral life 

cycle, such as togavirus membrane fusion, in a manner 

akin to how macrophages prevent intracellular 

Mycobacterium spp. 

 

Retroviridae: HIV 

Because of their special reverse transcriptase (RT), 

which enables the integration of retroviral DNA into the 

host genome, retroviruses are named for their capacity to 

transcribe RNA into DNA. The integrated provirus is a 

significant obstacle to virus treatment approaches, 

especially for HIV-1, and can subsequently create a latent 

infection that lasts the host's entire life.
[94]

 Zinc has also 

been found to suppress retrovirus RTs, much like viral 

RdRps,
[95,96] 

In 2011, Fenstermacher and DeStefano 

showed that Zn2+ cations can displace Mg2+ ions from 

HIV-1 RT, encouraging the creation of an extremely 

stable replication complex that is also very sluggish and 

inefficient.
[97] 

With the exception of molecular simulation 

studies that discovered the zinc-binding sites at the 

catalytic aspartate-25 residue,
[98]

 zinc has not received 

much attention since it was demonstrated to inhibit the 

HIV-1 protease in 199.
[99] 

and to impede viral 

transcription in 1999.
[100] 

Given its antiviral 

characteristics, it may seem paradoxical that HIV can 

also promote zinc influx into monocytes.
[101] 

 

CONCLUSION 

Zinc has a crucial function in human health, as evidenced 

by the strict regulation of zinc homeostasis both 

intracellularly and systemically. Despite making up just 

around 10% of the human proteome, zinc can trigger a 

number of signaling cascades, including the antiviral 

response, depending on whether it is free or attached to a 

protein. Trials using creams, lozenges, and supplements 

with high free zinc concentration confirm in vitro 

research that suggests free zinc may have strong antiviral 

effects. Zinc insufficiency has been linked to a variety of 

illnesses, however its exact source and effects are still 

unknown. Immune response changes brought on by prior 

zinc deficiency make people more vulnerable to 

infections. Zinc may be useful in preventing and 

combating COVID-19, according to recent research. 

Therefore, it is essential to consume enough zinc each 

day, which can be accomplished by taking zinc 

supplements. To establish standardized doses for 
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medicinal and preventive purposes, more research may 

be necessary. 

 

REFERENCES  

1. Gombart AF, Pierre A, Maggini S. A review of 

micronutrients and the immune system–working in 

harmony to reduce the risk of infection. Nutrients, 

2020 Jan; 12(1): 236. 

2. Maggini S, Pierre A, Calder PC. Immune function 

and micronutrient requirements change over the life 

course. Nutrients., 2018 Oct 17; 10(10): 1531. 

3. Wessels I, Maywald M, Rink L. Zinc as a gatekeeper 

of immune function. Nutrients. 2017 Dec; 9(12): 

1286. 

4. Gammoh NZ, Rink L. Zinc in infection and 

inflammation. Nutrients, 2017 Jun 17; 9(6): 624. 

5. Wessels I, Maywald M, Rink L. Zinc as a gatekeeper 

of immune function. Nutrients, 2017 Dec; 9(12): 

1286. 

6. Ross AC, Caballero B, Cousins RJ, Tucker KL. 

Modern Nutrition in Health and Disease., Jones & 

Bartlett Learning, 2020; Jul 10. 

7. Prasad AS, Meftah S, Abdallah J, Kaplan J, Brewer 

GJ, Bach JF, Dardenne M. Serum thymulin in 

human zinc deficiency. The Journal of clinical 

investigation, 1988 Oct 1; 82(4): 1202-10. 

8. Beck FW, Kaplan J, Fine N, Handschu W, Prasad 

AS. Decreased expression of CD73 (ecto-5′-

nucleotidase) in the CD8+ subset is associated with 

zinc deficiency in human patients. Journal of 

Laboratory and Clinical Medicine, 1997 Aug 1; 

130(2): 147-56. 

9. Beck FW, Prasad AS, Kaplan J, Fitzgerald JT, 

Brewer GJ. Changes in cytokine production and T 

cell subpopulations in experimentally induced zinc-

deficient humans. American Journal of Physiology-

Endocrinology and Metabolism, 1997 Jun 1; 272(6): 

E1002-7. 

10. Shankar AH, Prasad AS. Zinc and immune function: 

the biological basis of altered resistance to infection. 

The American journal of clinical nutrition, 1998 Aug 

1; 68(2): 447S-63S. 

11. Prasad AS. Zinc in human health: effect of zinc on 

immune cells. Molecular medicine, 2008 May; 14(5-

6): 353-7. 

12. Fukada T, Yamasaki S, Nishida K, Murakami M, 

Hirano T. Zinc homeostasis and signaling in health 

and diseases: Zinc signaling. JBIC Journal of 

Biological Inorganic Chemistry, 2011 Oct; 16(7): 

1123-34. 

13. Aydemir TB, Liuzzi JP, McClellan S, Cousins RJ. 

Zinc transporter ZIP8 (SLC39A8) and zinc influence 

IFN-γ expression in activated human T cells. Journal 

of leukocyte biology, 2009 Aug; 86(2): 337-48. 

14. Kaltenberg J, Plum LM, Ober‐Blöbaum JL, 

Hönscheid A, Rink L, Haase H. Zinc signals 

promote IL‐2‐dependent proliferation of T cells. 

European journal of immunology, 2010 May; 40(5): 

1496-503. 

15. Yu M, Lee WW, Tomar D, Pryshchep S, 

Czesnikiewicz-Guzik M, Lamar DL, Li G, Singh K, 

Tian L, Weyand CM, Goronzy JJ. Regulation of T 

cell receptor signaling by activation-induced zinc 

influx. Journal of Experimental Medicine, 2011 Apr 

11; 208(4): 775-85. 

16. Jarosz M, Olbert M, Wyszogrodzka G, Młyniec K, 

Librowski T. Antioxidant and anti-inflammatory 

effects of zinc. Zinc-dependent NF-κB signaling. 

Inflammopharmacology, 2017 Feb; 25(1): 11-24. 

17. Hasan R, Rink L, Haase H. Zinc signals in 

neutrophil granulocytes are required for the 

formation of neutrophil extracellular traps. Innate 

Immunity, 2013 Jun; 19(3): 253-64. 

18. Hasan R, Rink L, Haase H. Chelation of free Zn2+ 

impairs chemotaxis, phagocytosis, oxidative burst, 

degranulation, and cytokine production by 

neutrophil granulocytes. Biological trace element 

research, 2016 May; 171(1): 79-88. 

19. Weston WL, Huff JC, Humbert JR, Hambidge KM, 

Neldner KH, Walravens PA. Zinc correction of 

defective chemotaxis in acrodermatitis 

enteropathica. Archives of Dermatology, 1977 Apr 

1; 113(4): 422-5. 

20. Maares M, Haase H. Zinc and immunity: An 

essential interrelation. Archives of biochemistry and 

biophysics, 2016 Dec 1; 611: 58-65. 

21. Lönnerdal BO. Dietary factors influencing zinc 

absorption. The Journal of nutrition, 2000 May 1; 

130(5): 1378S-83S. 

22. Maares M, Haase H. A guide to human zinc 

absorption: general overview and recent advances of 

in vitro intestinal models. Nutrients, 2020 Mar 13; 

12(3): 762. 

23. Lönnerdal BO. Dietary factors influencing zinc 

absorption. The Journal of nutrition, 2000 May 1; 

130(5): 1378S-83S. 

24. Maares M, Haase H. A guide to human zinc 

absorption: general overview and recent advances of 

in vitro intestinal models. Nutrients, 2020 Mar 13; 

12(3): 762. 

25. Maares M, Haase H. Zinc and immunity: An 

essential interrelation. Archives of biochemistry and 

biophysics, 2016 Dec 1; 611: 58-65. 

26. Bozym RA, Thompson RB, Stoddard AK, Fierke 

CA. Measuring picomolar intracellular 

exchangeable zinc in PC-12 cells using a ratiometric 

fluorescence biosensor. ACS chemical biology, 2006 

Mar 10; 1(2): 103-11. 

27. Malavolta M, Costarelli L, Giacconi R, Muti E, 

Bernardini G, Tesei S, Cipriano C, Mocchegiani E. 

Single and three‐color flow cytometry assay for 

intracellular zinc ion availability in human 

lymphocytes with Zinpyr‐1 and double 

immunofluorescence: Relationship with 

metallothioneins. Cytometry Part A: The Journal of 

the International Society for Analytical Cytology, 

2006 Oct 1; 69(10): 1043-53. 

28. Vinkenborg JL, Nicolson TJ, Bellomo EA, Koay 

MS, Rutter GA, Merkx M. Genetically encoded 



Ambhore et al.                                                                European Journal of Pharmaceutical and Medical Research 

 

 

www.ejpmr.com        │        Vol 13, Issue 6, 2026.         │        ISO 9001:2015 Certified Journal         │ 

 

 

 

 503 

FRET sensors to monitor intracellular Zn2+ 

homeostasis. Nature methods, 2009 Oct; 6(10):   

737-40. 

29. Kambe T, Tsuji T, Hashimoto A, Itsumura N. The 

physiological, biochemical, and molecular roles of 

zinc transporters in zinc homeostasis and 

metabolism. Physiological reviews, 2015; Jul 1. 

30. Becker KW, Skaar EP. Metal limitation and toxicity 

at the interface between host and pathogen. FEMS 

microbiology reviews, 2014 Nov 1; 38(6): 1235-49. 

31. Botella H, Peyron P, Levillain F, Poincloux R, 

Poquet Y, Brandli I, Wang C, Tailleux L, Tilleul S, 

Charrière GM, Waddell SJ. Mycobacterial P1-type 

ATPases mediate resistance to zinc poisoning in 

human macrophages. Cell host & microbe., 2011 

Sep 15; 10(3): 248-59. 

32. Chen CC, Huang JL, Chang CJ, Kong MS. Fecal 

calprotectin as a correlative marker in clinical 

severity of infectious diarrhea and usefulness in 

evaluating bacterial or viral pathogens in children. 

Journal of pediatric gastroenterology and nutrition, 

2012 Nov; 55(5): 541-7. 

33. Subramanian Vignesh K, Deepe Jr GS. 

Metallothioneins: emerging modulators in immunity 

and infection. International journal of molecular 

sciences, 2017 Oct 23; 18(10): 2197. 

34. Babula P, Masarik M, Adam V, Eckschlager T, 

Stiborova M, Trnkova L, Skutkova H, Provaznik I, 

Hubalek J, Kizek R. Mammalian metallothioneins: 

properties and functions. Metallomics, 2012 Aug; 

4(8): 739-50. 

35. Hennigar SR, Kelley AM, McClung JP. 

Metallothionein and zinc transporter expression in 

circulating human blood cells as biomarkers of zinc 

status: a systematic review. Advances in nutrition, 

2016 Jul; 7(4): 735-46. 

36. Read SA, O’Connor KS, Suppiah V, Ahlenstiel CL, 

Obeid S, Cook KM, Cunningham A, Douglas MW, 

Hogg PJ, Booth D, George J. Zinc is a potent and 

specific inhibitor of IFN-λ3 signalling. Nature 

Communications, 2017 May 17; 8(1): 15245. 

37. Read SA, O’Connor KS, Suppiah V, Ahlenstiel CL, 

Obeid S, Cook KM, Cunningham A, Douglas MW, 

Hogg PJ, Booth D, George J. Zinc is a potent and 

specific inhibitor of IFN-λ3 signalling. Nature 

Communications, 2017 May 17; 8(1): 15245. 

38. Kent WJ, Sugnet CW, Furey TS, Roskin KM, 

Pringle TH, Zahler AM, Haussler AD. The human 

genome browser at UCSC. Genome research, 2002 

Jun 1; 12(6): 996-1006. 

39. Read SA, O’Connor KS, Suppiah V, Ahlenstiel CL, 

Obeid S, Cook KM, Cunningham A, Douglas MW, 

Hogg PJ, Booth D, George J. Zinc is a potent and 

specific inhibitor of IFN-λ3 signalling. Nature 

Communications, 2017 May 17; 8(1): 15245. 

40. Lazarczyk M, Pons C, Mendoza JA, Cassonnet P, 

Jacob Y, Favre M. Regulation of cellular zinc 

balance as a potential mechanism of EVER-

mediated protection against pathogenesis by 

cutaneous oncogenic human papillomaviruses. The 

Journal of experimental medicine, 2008 Jan 21; 

205(1): 35-42. 

41. Read SA, O’Connor KS, Suppiah V, Ahlenstiel CL, 

Obeid S, Cook KM, Cunningham A, Douglas MW, 

Hogg PJ, Booth D, George J. Zinc is a potent and 

specific inhibitor of IFN-λ3 signalling. Nature 

Communications, 2017 May 17; 8(1): 15245. 

42. Li K, Prow T, Lemon SM, Beard MR. Cellular 

response to conditional expression of hepatitis C 

virus core protein in Huh7 cultured human hepatoma 

cells. Hepatology, 2002 May 1; 35(5): 1237-46. 

43. Zilliox MJ, Parmigiani G, Griffin DE. Gene 

expression patterns in dendritic cells infected with 

measles virus compared with other pathogens. 

Proceedings of the National Academy of Sciences, 

2006 Feb 28; 103(9): 3363-8. 

44. Zilliox MJ, Parmigiani G, Griffin DE. Gene 

expression patterns in dendritic cells infected with 

measles virus compared with other pathogens. 

Proceedings of the National Academy of Sciences, 

2006 Feb 28; 103(9): 3363-8. 

45. Mindaye ST, Ilyushina NA, Fantoni G, Alterman 

MA, Donnelly RP, Eichelberger MC. Impact of 

influenza A virus infection on the proteomes of 

human bronchoepithelial cells from different donors. 

Journal of proteome research, 2017 Sep 1; 16(9): 

3287-97. 

46. Raymond AD, Gekonge B, Giri MS, Hancock A, 

Papasavvas E, Chehimi J, Kossevkov AV, Nicols C, 

Yousef M, Mounzer K, Shull J. Increased 

metallothionein gene expression, zinc, and zinc-

dependent resistance to apoptosis in circulating 

monocytes during HIV viremia. Journal of leukocyte 

biology., 2010 Sep; 88(3): 589-96. 

47. Read SA, Parnell G, Booth D, Douglas MW, George 

J, Ahlenstiel G. The antiviral role of zinc and 

metallothioneins in hepatitis C infection. Journal of 

viral hepatitis., 2018 May; 25(5): 491-501. 

48. Ilbäck NG, Glynn AW, Wikberg L, Netzel E, Lindh 

U. Metallothionein is induced and trace element 

balance changed in target organs of a common viral 

infection. Toxicology, 2004 Jul 1; 199(2-3): 241-50. 

49. Raymond AD, Gekonge B, Giri MS, Hancock A, 

Papasavvas E, Chehimi J, Kossevkov AV, Nicols C, 

Yousef M, Mounzer K, Shull J. Increased 

metallothionein gene expression, zinc, and zinc-

dependent resistance to apoptosis in circulating 

monocytes during HIV viremia. Journal of leukocyte 

biology, 2010 Sep; 88(3): 589-96. 

50. Canani RB, Buccigrossi V, Passariello A. 

Mechanisms of action of zinc in acute diarrhea. 

Current opinion in gastroenterology, 2011 Jan 1; 

27(1): 8-12. 

51. Khan WU, Sellen DW. Zinc supplementation in the 

management of diarrhoea. World Health 

Organization, 2011; 4. 

52. Asl SH, Nikfarjam S, Zolbanin NM, Nassiri R, 

Jafari R. Immunopharmacological perspective on 

zinc in SARS-CoV-2 infection. International 

immunopharmacology, 2021 Jul 1; 96: 107630. 



Ambhore et al.                                                                European Journal of Pharmaceutical and Medical Research 

 

 

www.ejpmr.com        │        Vol 13, Issue 6, 2026.         │        ISO 9001:2015 Certified Journal         │ 

 

 

 

 504 

53. Asl SH, Nikfarjam S, Zolbanin NM, Nassiri R, 

Jafari R. Immunopharmacological perspective on 

zinc in SARS-CoV-2 infection. International 

immunopharmacology, 2021 Jul 1; 96: 107630. 

54. Skalny AV, Rink L, Ajsuvakova OP, Aschner M, 

Gritsenko VA, Alekseenko SI, Svistunov AA, 

Petrakis D, Spandidos DA, Aaseth J, Tsatsakis A. 

Zinc and respiratory tract infections: Perspectives 

for COVID‑19. International journal of molecular 

medicine, 2020 Jul 1; 46(1): 17-26. 

55. Wessels I, Rolles B, Rink L. The potential impact of 

zinc supplementation on COVID-19 pathogenesis. 

Frontiers in immunology, 2020 Jul 10; 11: 563256. 

56. Asl SH, Nikfarjam S, Zolbanin NM, Nassiri R, 

Jafari R. Immunopharmacological perspective on 

zinc in SARS-CoV-2 infection. International 

immunopharmacology, 2021 Jul 1; 96: 107630. 

57. Skalny AV, Rink L, Ajsuvakova OP, Aschner M, 

Gritsenko VA, Alekseenko SI, Svistunov AA, 

Petrakis D, Spandidos DA, Aaseth J, Tsatsakis A. 

Zinc and respiratory tract infections: Perspectives 

for COVID‑19. International journal of molecular 

medicine, 2020 Jul 1; 46(1): 17-26. 

58. Wessels I, Rolles B, Rink L. The potential impact of 

zinc supplementation on COVID-19 pathogenesis. 

Frontiers in immunology, 2020 Jul 10; 11: 563256. 

59. de Almeida Brasiel PG. The key role of zinc in 

elderly immunity: A possible approach in the 

COVID-19 crisis. Clinical nutrition ESPEN., 2020 

Aug 1; 38: 65-6. 

60. Samad N, Sodunke TE, Abubakar AR, Jahan I, 

Sharma P, Islam S, Dutta S, Haque M. The 

implications of zinc therapy in combating the 

COVID-19 global pandemic. Journal of 

inflammation research, 2021 Feb 26; 527-50. 

61. Sadeghsoltani F, Mohammadzadeh I, Safari MM, 

Hassanpour P, Izadpanah M, Qujeq D, Moein S, 

Vaghari-Tabari M. Zinc and respiratory viral 

infections: important trace element in anti-viral 

response and immune regulation. Biological trace 

element research, 2022 Jun; 200(6): 2556-71. 

62. Jalal Z, Bakour M, Lyoussi B. Medicinal Plants and 

Zinc: Impact on COVID‐19 Pandemic. The 

Scientific World Journal. 2021; 2021(1): 9632034. 

63. Murni IK, Prawirohartono EP, Triasih R. Potential 

role of vitamins and zinc on acute respiratory 

infections including Covid-19. Global Pediatric 

Health, 2021 May; 8: 2333794X211021739. 

64. Molkentin JD. The zinc finger-containing 

transcription factors GATA-4,-5, and-6: ubiquitously 

expressed regulators of tissue-specific gene 

expression. Journal of Biological Chemistry, 2000 

Dec 15; 275(50): 38949-52. 

65. Ghaleb AM, Nandan MO, Chanchevalap S, Dalton 

WB, Hisamuddin IM, Yang VW. Krüppel-like 

factors 4 and 5: the yin and yang regulators of 

cellular proliferation. Cell research, 2005 Feb; 15(2): 

92-6. 

66. Staitieh BS, Fan X, Neveu W, Guidot DM. Nrf2 

regulates PU. 1 expression and activity in the 

alveolar macrophage. American Journal of 

Physiology-Lung Cellular and Molecular 

Physiology, 2015 May 15; 308(10): L1086-93. 

67. Hernández-Hoyos G, Anderson MK, Wang C, 

Rothenberg EV, Alberola-Ila J. GATA-3 expression 

is controlled by TCR signals and regulates 

CD4/CD8 differentiation. Immunity, 2003 Jul 1; 

19(1): 83-94. 

68. Aliahmad P, Kaye J. Development of all CD4 T 

lineages requires nuclear factor TOX. The Journal of 

experimental medicine, 2008 Jan 21; 205(1):       

245-56. 

69. Ho IC, Tai TS, Pai SY. GATA3 and the T-cell 

lineage: essential functions before and after T-

helper-2-cell differentiation. Nature reviews 

immunology, 2009 Feb; 9(2): 125-35. 

70. Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, 

Wang Q, Killeen N, Urban JF, Guo L, Paul WE. 

Conditional deletion of Gata3 shows its essential 

function in TH1-TH2 responses. Nature 

immunology, 2004 Nov; 5(11): 1157-65. 

71. Hart GT, Hogquist KA, Jameson SC. Krüppel-like 

factors in lymphocyte biology. The Journal of 

Immunology, 2012 Jan; 188(2): 521-6. 

72. Maywald M, Rink L. Zinc supplementation induces 

CD4+ CD25+ Foxp3+ antigen-specific regulatory T 

cells and suppresses IFN-γ production by 

upregulation of Foxp3 and KLF-10 and 

downregulation of IRF-1. European journal of 

nutrition, 2017 Aug; 56(5): 1859-69. 

73. Fridlender B, Chejanovsky N, Becker Y. Selective 

inhibition of herpes simplex virus type 1 DNA 

polymerase by zinc ions. Virology, 1978 Feb 1; 

84(2): 551-4. 

74. Gupta P, Rapp F. Effect of zinc ions on synthesis of 

herpes simplex virus type 2-induced polypeptides. 

Proceedings of the Society for Experimental Biology 

and Medicine, 1976 Jul; 152(3): 455-8. 

75. Kümel G, Schrader S, Zentgraf H, Daus H, Brendel 

M. The mechanism of the antiherpetic activity of 

zinc sulphate. Journal of general virology, 1990 Dec; 

71(12): 2989-97. 

76. Arens M, Travis S. Zinc salts inactivate clinical 

isolates of herpes simplex virus in vitro. Journal of 

clinical microbiology, 2000 May 1; 38(5): 1758-62. 

77. Qiu M, Chen YU, Chu Y, Song S, Yang NA, Gao J, 

Wu Z. Zinc ionophores pyrithione inhibits herpes 

simplex virus replication through interfering with 

proteasome function and NF-κB activation. Antiviral 

research, 2013 Oct 1; 100(1): 44-53. 

78. Bourne N, Stegall R, Montano R, Meador M, 

Stanberry LR, Milligan GN. Efficacy and toxicity of 

zinc salts as candidate topical microbicides against 

vaginal herpes simplex virus type 2 infection. 

Antimicrobial agents and chemotherapy, 2005 Mar; 

49(3): 1181-3. 

79. Kenney J, Rodríguez A, Kizima L, Seidor S, Menon 

R, Jean-Pierre N, Pugach P, Levendosky K, Derby 

N, Gettie A, Blanchard J. A modified zinc acetate 

gel, a potential nonantiretroviral microbicide, is safe 



Ambhore et al.                                                                European Journal of Pharmaceutical and Medical Research 

 

 

www.ejpmr.com        │        Vol 13, Issue 6, 2026.         │        ISO 9001:2015 Certified Journal         │ 

 

 

 

 505 

and effective against simian-human 

immunodeficiency virus and herpes simplex virus 2 

infection in vivo. Antimicrobial agents and 

chemotherapy, 2013 Aug; 57(8): 4001-9. 

80. Zaslavsky V. Inhibition of vaccinia virus growth by 

zinc ions: effects on early RNA and thymidine 

kinase synthesis. Journal of Virology, 1979 Jan; 

29(1): 405-8. 

81. Shuman S, Golder M, Moss B. Characterization of 

vaccinia virus DNA topoisomerase I expressed in 

Escherichia coli. Journal of Biological Chemistry, 

1988 Nov 5; 263(31): 16401-7. 

82. Kümel G, Schrader S, Zentgraf H, Daus H, Brendel 

M. The mechanism of the antiherpetic activity of 

zinc sulphate. Journal of general virology, 1990 Dec; 

71(12): 2989-97. 

83. Arens M, Travis S. Zinc salts inactivate clinical 

isolates of herpes simplex virus in vitro. Journal of 

clinical microbiology, 2000 May 1; 38(5): 1758-62. 

84. Uchide N, Ohyama K, Bessho T, Yuan B, Yamakawa 

T. Effect of antioxidants on apoptosis induced by 

influenza virus infection: inhibition of viral gene 

replication and transcription with pyrrolidine 

dithiocarbamate. Antiviral research, 2002 Dec 1; 

56(3): 207-17. 

85. Oxford JS, Perrin DD. Inhibition of the particle-

associated RNA-dependent RNA polymerase 

activity of influenza viruses by chelating agents. 

Journal of General Virology, 1974 Apr; 23(1): 59-71. 

86. Te Velthuis AJ, van den Worm SH, Sims AC, Baric 

RS, Snijder EJ, van Hemert MJ. Zn2+ inhibits 

coronavirus and arterivirus RNA polymerase activity 

in vitro and zinc ionophores block the replication of 

these viruses in cell culture. PLoS pathogens, 2010 

Nov 4; 6(11): e1001176. 

87. Suara RO, Crowe Jr JE. Effect of zinc salts on 

respiratory syncytial virus replication. Antimicrobial 

agents and chemotherapy, 2004 Mar; 48(3): 783-90. 

88. Garoff H, Wilschut J, Liljeström P, Wahlberg JM, 

Bron R, Suomalainen M, Smyth J, Salminen A, 

Barth BU, Zhao H, Forsell K. Assembly and entry 

mechamisms of Semliki Forest virus. Positive-

Strand RNA Viruses, 1994 Jan 1; 329-38. 

89. Corver J, Bron R, Snippe H, Kraaijeveld C, Wilschut 

J. Membrane fusion activity of Semliki Forest virus 

in a liposomal model system: specific inhibition by 

Zn2+ ions. Virology, 1997 Nov 10; 238(1): 14-21. 

90. Zaitseva E, Mittal A, Griffin DE, Chernomordik LV. 

Class II fusion protein of alphaviruses drives 

membrane fusion through the same pathway as class 

I proteins. The Journal of cell biology, 2005 Apr 11; 

169(1): 167-77. 

91. Liu CY, Kielian M. Identification of a specific 

region in the e1 fusion protein involved in zinc 

inhibition of semliki forest virus fusion. Journal of 

virology, 2012 Apr 1; 86(7): 3588-94. 

92. Liu CY, Kielian M. Identification of a specific 

region in the e1 fusion protein involved in zinc 

inhibition of semliki forest virus fusion. Journal of 

virology, 2012 Apr 1; 86(7): 3588-94. 

93. Wellenreuther G, Cianci M, Tucoulou R, Meyer-

Klaucke W, Haase H. The ligand environment of 

zinc stored in vesicles. Biochemical and biophysical 

research communications, 2009 Feb 27; 380(1): 

198-203. 

94. Klemm V, Mitchell J, Cortez-Jugo C, Cavalieri F, 

Symonds G, Caruso F, Kelleher AD, Ahlenstiel C. 

Achieving HIV-1 control through RNA-directed 

gene regulation. Genes., 2016 Dec 7; 7(12): 119. 

95. Levinson W, Faras A, Woodson B, Jackson J, Bishop 

JM. Inhibition of RNA-dependent DNA polymerase 

of Rous sarcoma virus by thiosemicarbazones and 

several cations. Proceedings of the National 

Academy of Sciences, 1973 Jan; 70(1): 164-8. 

96. Palan PR, Eidinoff ML. Specific effect of zinc ions 

on DNA polymerase activity of avian myeloblastosis 

virus. Molecular and Cellular Biochemistry, 1978 

Nov; 21(2): 67-9. 

97. Fenstermacher KJ, DeStefano JJ. Mechanism of HIV 

reverse transcriptase inhibition by zinc: formation of 

a highly stable enzyme-(primer-template) complex 

with profoundly diminished catalytic activity. 

Journal of Biological Chemistry, 2011 Nov 25; 

286(47): 40433-42. 

98. Zhang ZY, Reardon IM, Hui JO, O'Connell KL, 

Poorman RA, Tomasselli AG, Heinrikson RL. Zinc 

inhibition of renin and the protease from human 

immunodeficiency virus type 1. Biochemistry, 1991 

Sep 1; 30(36): 8717-21. 

99. Haraguchi Y, Sakurai H, Hussain S, Anner BM, 

Hoshino H. Inhibition of HIV-1 infection by zinc 

group metal compounds. Antiviral research, 1999 

Sep 1; 43(2): 123-33. 

100. York DM, Darden TA, Pedersen LG, Anderson MW. 

Molecular modeling studies suggest that zinc ions 

inhibit HIV-1 protease by binding at catalytic 

aspartates. Environmental health perspectives, 1993 

Aug; 101(3): 246. 

101. Raymond AD, Gekonge B, Giri MS, Hancock A, 

Papasavvas E, Chehimi J, Kossevkov AV, Nicols C, 

Yousef M, Mounzer K, Shull J. Increased 

metallothionein gene expression, zinc, and zinc-

dependent resistance to apoptosis in circulating 

monocytes during HIV viremia. Journal of leukocyte 

biology, 2010 Sep; 88(3): 589-96. 


