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Respiratory diseases remain a major cause of morbidity and mortality worldwide. An imbalance of zinc, an essential trace element,
is associated with a variety of lung diseases. We reviewed and summarized recent research (human subjects, animal studies, in vitro
studies) on zinc in respiratory diseases to explore the protective mechanism of zinc from the perspective of regulation of oxidative
stress, inflammation, lipid metabolism, and apoptosis. In the lungs, zinc has anti-inflammatory, antioxidant, and antiviral effects; can
inhibit cancer cell migration; can regulate lipid metabolism and immune cells; and exerts other protective effects. Our
comprehensive evaluation highlights the clinical and experimental effects of zinc in the pathogenesis of respiratory diseases. Our
analysis also provides insight into the clinical application of zinc-targeted therapy for respiratory diseases.
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INTRODUCTION

The 2017 Global Burden of Disease Study, a comprehensive and
up-to-date analysis of respiratory diseases from 1990 to 2017,
revealed a 39.8% increase in the prevalence of chronic respiratory
diseases and an 18% increase in mortality from these diseases in
2017 compared to that in 1990 [1]. Chronic respiratory diseases are
the third leading cause of death globally after cardiovascular
diseases and tumors [1]. The course of chronic respiratory diseases
is relatively long, and the clinical manifestations are diverse,
ranging from mild cough, expectoration, and other symptoms to
varying degrees of respiratory failure. The pathology of lung
biopsy ranges from mild inflammatory cell infiltration to the
formation of diffuse nodular tumors or fibrosis in both lungs [2, 3].
In recent years, various antibiotics, hormones, immunosuppres-
sants, and targeted drugs have been used to treat certain
respiratory diseases, and some of these drugs have shown clinical
success [4, 5]. However, adverse reactions such as abnormal blood
pressure, dyslipidemia, and infection can occur following extensive
application of these drugs [6]. Related studies showed that the
incidence of asthma, chronic obstructive pulmonary disease
(COPD), lung cancer, and other diseases are high and gradually
increasing globally [7-9]. Horvatal et al. summarized the
protective effect of iron, a major nutrient in the human body, on
respiratory diseases [10]. Zinc has important effects on human
health and protects natural tissue barriers in the body, such as the
respiratory epithelium, prevents the invasion of pathogens,
balances the function of the immune and redox systems, and
affects a variety of respiratory diseases [11]. Sources of zinc include
beans, red meat (beef, veal, lamb, and mutton) and biofortified
eggs and wheat [12-15]. Phytate in beans, unrefined grains, and
nuts is the main inhibitor of dietary zinc absorption [16-18].
However, the chelation of phytate and zinc can be disrupted by
improving food processing methods (soaking, heating, and
fermentation) to improve the bioavailability of zinc [19, 20].

Therefore, dietary adjustment or nutritional supplement therapy
can regulate zinc homeostasis which has clinical application value
for preventing and treating respiratory diseases.

ZINC HOMEOSTASIS AND IMBALANCE

Zinc is among the most abundant trace metals (next to iron) in
the human body and is present in a total amount of
approximately 2-4 g [21]. In healthy people, homeostatic mechan-
isms maintain serum zinc concentrations within a narrow range
(approximately 10-15 umol/L; 70-98 pg/dL) [22-24]. When dietary
zinc intake was maintained (around 5-20 mg/day), plasma zinc
concentrations remain stable [23, 25]. However, zinc deficiency is
a global problem affecting approximately two billion (approxi-
mately 20%) people [26]. Zinc is an important cofactor of more
than 2000 transcription factors and more than 300 enzymes that
regulate cell proliferation, differentiation, and basic metabolic
functions [27]. Zinc cannot be stored in the body for long periods
and must be ingested daily through food to ensure an adequate
supply [28]. Zinc is mainly absorbed in the jejunum through
intestinal cells and is stored in the skeletal muscle, bones, and
liver. Although plasma zinc accounts for only 0.1% of the total zinc
storage, it increases the rate of intercellular signaling and
promotes zinc homeostasis [28] (Fig. 1a). This homeostasis is
regulated by zinc transporters (ZnT1-10 and ZIP1-14) and zinc-
binding proteins, some of which span the plasma membrane,
whereas others are in the mitochondria, Golgi apparatus, and
endoplasmic reticulum [29, 30]. ZnT transporters reduce the
cytosolic zinc concentration by promoting zinc efflux from cells or
zinc entry into organelles, whereas ZIP transporters increase the
cytosolic zinc concentration by promoting zinc influx into cells or
releasing zinc from organelles [29, 31]. During the acute phase of
response, zinc is redistributed in vivo, mainly from the serum to
the liver; during this response, serum tumor necrosis factor a
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Regulation of zinc homeostasis and imbalance in humans. a Absorption and transport of zinc (blue arrow) b Regulation of zinc levels

during acute response (red arrow) ¢ Severe malnutrition and chronic inflammation lead to zinc imbalance (green arrow). Zn Zinc, APR acute
phase of response, TNF-a tumor necrosis factor a, IL-6 interleukin-6, MT metallothionein, APP acute phase reactive protein, ZIP, ZnT zinc

transporters.

(TNF-0) and interleukin-6 (IL-6) are significantly increased [32].
These proinflammatory factors upregulate zinc transporter ZIP-14
on the liver membrane and metallothionein (MT) and acute phase
reactive protein in liver cells, resulting in transient serum
hypozincemia and elevated liver zinc concentrations [30, 32].
High zinc levels in the liver tissue can upregulate and combine
with acute phase reactive protein to achieve zinc homeostasis in
the liver, protect the liver, and promote re-establishment of the
zinc balance in the body [33, 34] (Fig. 1b). However, long-term
malnutrition and severe inflammatory diseases occur simulta-
neously with serum hypozincemia [35]. This disrupts zinc's
protective physiological response, leads to the release of
proinflammatory cytokines, enhances oxidative stress induced-
oxidative damage to DNA, affects gene expression, and eventually
damages tissues or organs [35, 36] (Fig. 1c).

PROTECTIVE AND PREVENTION EFFECT OF ZINC
HOMEOSTASIS ON LUNG INJURY

Deficiencies in micronutrients (vitamins A, D, E, selenium, zinc)
not only affect lung development, but also may lead to lifelong
impairment of lung function [37]. Zinc deficiency has become a
global problem affecting people’s health [26]. Therefore, it is
particularly important to investigate the effect of zinc home-
ostasis on the stability of lung function. The lung is the gateway
for gas exchange between the body and outside world.
Following exposure to harmful substances (cadmium, cigarette
smoke), zinc levels in the lungs are increased to protect the lung
tissue by affecting the functions of certain cells (macrophages, T
lymphocytes and neutrophils) [38-40]. ZIP8 is a zinc transporter
that is highly expressed in alveolar epithelial cells and is the main
entry point for Cd, a toxic heavy metal and carcinogen that exists
in large quantities in cigarette smoke [41]. When the body
inhales Cd-containing gas, zinc competes with Cd to bind to ZIP8
protein to prevent Cd from entering cells and reduces the
cytotoxicity of Cd to alveolar epithelial cells [38] (Fig. 2). Analysis
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of rat lung epithelial cells showed that progressive silencing of
ZIP8 expression during chronic Cd exposure is involved in the
acquisition of resistance against Cd in lung cells, representing an
adaptive survival mechanism to resist Cd-induced cytotoxicity
[42]. Both ZIP1 and ZIP2 proteins are found on the membranes of
normal alveolar macrophages. ZIP2 receives the extracellular low
zinc signal and rapidly balances the extracellular and intracellular
zinc concentration [39]. ZIP1 does not respond to the low zinc
signal but can assist in the efferocytosis of macrophages.
Coordinated action of the ZIP1 and ZIP2 transporters promotes
rapid clearance of apoptotic cells by macrophages, thereby
limiting secondary necrosis and inflammation in the lung [39]
(Fig. 2). In addition, T lymphocytes are important factors that
regulate immune responses in allergic diseases, with airway
allergic reactions mainly mediated by helper T cells 2 (Th2)
differentiated from CD4+ T cells [43]. Th2 cells mainly secrete the
cytokines IL-4, IL-5 and IL-13, which promote eosinophilia and
airway remodeling [44, 45]. Studies have shown that T cell
development, differentiation, and activation are zinc-dependent
processes [46]. In clinical trials, mild zinc deficiency in humans
(3-5 mg/day) caused dysfunctions in Th1 and Th2, leading to a
decline in cell-mediated immunity [47] However, in vitro and
in vivo experiments demonstrated that therapeutic zinc supple-
ments can mediate Th1 and Th2 immune functions and reduce
Th2-mediated chronic airway inflammation by activating reg-
ulatory T cells [40, 48]. Zinc in the lung tissue is regulated by zinc
transporters and mainly binds to MT. MT is an intracellular metal-
binding protein with antioxidant properties, and its zinc-thiolate
moieties are key targets of nitric oxide (NO) [49]. The S-
nitrosylation of MT by NO can lead to an increase in the
unstable zinc concentration in pulmonary artery endothelial
cells, which can directly inhibit the activity of caspase-3, thus
inhibiting apoptosis of pulmonary endothelial cells [49, 50].
Several studies showed that the NO-MT-Zn signaling pathway is
physiologically important for protecting lung endothelial cells
and regulating vascular tension [49, 51, 52]. In addition, KLF4 is a
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Fig.2 Regulation of zinc homeostasis in the lung. In lung epithelial cells, Zn** competes with Cd to bind ZIP8 protein, preventing Cd from
entering cells and inhibiting cell apoptosis and necrosis. In the hypoxic environment of pulmonary endothelial cells, NO can nitrosize the
S-nitrosization of zinc-binding protein metallothionein (MT), causing it to release Zn?*, which contributes to regulating the pulmonary
vascular tone; zinc significantly reduces neutrophil recruitment to the lungs and prevents their overactivity, thereby reducing inflammation. In
macrophages, the zinc transporters ZIP1 and ZIP2 coordinate regulation of the zinc ion concentration, promote macrophage endocytosis, and

remove necrotic tissue and inflammatory factors in the lung in a timely

transcription factor with a conserved zinc finger domain, and A20
is a zinc finger protein associated with hypoxia. As important
modulators of vascular homeostasis, these molecules play
important protective roles in pulmonary artery endothelial cells
[53, 54]. Neutrophil recruitment disorders and excessive neu-
trophil activation are signs of acute lung injury (ALl). In
lipopolysaccharide-induced mouse ALl models, Wessels et al.
found that preventive zinc supplementation (30 ug, intraperito-
neal injection) significantly reduced neutrophil recruitment and
prevented its hyperactivity in the lungs, thereby reducing lung
injury [55]. Using human cells (20 or 50 pM zinc sulfate) in vitro,
the findings from a mouse ALl model were shown to be
applicable to human diseases [55] (Fig. 2). Therefore, zinc levels
in the lung can regulate various cell functions (macrophages and
neutrophils), and zinc homeostasis plays an important protective
role in the lung tissue.

PROTECTIVE ROLE OF ZINC IN RESPIRATORY DISEASES
Antiviral and immune activity of zinc in COVID-19

In December 2019, a series of pneumonia cases of unknown cause
was reported. The causal agent was identified as a novel
coronavirus (2019-nCoV) [56]. This pathogen is mainly trans-
mitted through droplets, physical contact, and aerosols at a high
speed with high pathogenicity, and predominately invades the
respiratory system [57]. Infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can result in complications
such as acute respiratory distress syndrome (ARDS), sepsis, septic
shock, and multiple organ failure [56]. The World Health
Organization declared SARS-CoV-2 (COVID-19) an international
public health emergency [58]. Currently, there are no approved
specific treatments for COVID-19. Recent in vitro studies showed
that the master protease (Mpro) in SARS-CoV-2 is a key
component of the viral replication, and Zn** can bind to its
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manner.

enzyme active site to form a stable Zn?*-Mpro complex that
inhibits virus replication [59]. Severe infection with SARS-CoV-2
can lead to significant hematopoietic changes, particularly
lymphocytopenia and lymphocyte immune regulatory failure
[60]. Elevated levels of classic serum proinflammatory cytokines
such as TNF-a, IL-6, IL-7, IL-8, granulocyte-colony-stimulating
factor, and C-reactive protein have been associated with increased
mortality in patients with SARS-CoV-2 infection [61, 62]. Zinc
deficiency can enhance the release of these inflammatory factors,
which can then combine with the inflammatory response of
pathogens and aggravate lung damage [55]. Given the increased
incidence of acute pulmonary embolism in patients with severe
SARS-CoV-2 infection, zinc homeostasis is essential for all aspects
of physiological coagulation and affects thrombosis and fibrino-
lysis [63, 64]. A pilot case-control study showed that a low serum
level of zinc (approximately 56 ng/mL) is a risk factor for COVID-19
susceptibility [65]. Recent clinical studies showed that disease
severity and mortality in patients with COVID-19 were inversely
correlated with the serum zinc concentration, with more
complications, longer hospital stays, and higher mortality
observed in patients with zinc deficiency [66, 67]. Another study
showed that a high-dose oral zinc salt treatment administered to
SARS-CoV-2-infected patients significantly improved their clinical
symptoms and objective indicators [68]. Vaccination is highly
effective for preventing severe disease courses. Several vaccines
(Sputnik V, AZD1222, and BBIBP-CorV) have entered phase-lll
clinical trials [69]. Recent studies demonstrated that Zn-chitosan
can induce the generation of effective and durable neutralizing
antibodies against SARS-CoV-2 as a promising vaccine candidate;
however, additional immunological and structural studies at the
monoclonal antibody level are required [70]. Zinc blocks the
replication of 2019-nCoV by inhibiting viral replication and
regulating immunity, and zinc supplements have clinical value
for preventing and treating COVID-19.
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Fig. 3 Zinc delays the progression of lung disease by affecting a variety of signaling pathways. Zinc targets receptor-interacting protein 1
degradation by increasing the activity of zinc finger protein A20, thereby inhibiting the inflammatory cascade of downstream NF-kB
activation. Zinc supplementation inhibits activation of the PI3K/AKT pathway in cancer cells, thereby promoting inhibition of tumor cells by
the BAD and BAX, which are members of the pro-apoptotic family, enhancing p53-mediated apoptosis, and blocking activation of the NF-xB
pathway for regulatory T lymphocyte recruitment. In patients with obesity, zinc blocks inflammatory lung damage by inhibiting the
production of leptin, an adipocytokine, thereby blocking activation of the MAPK/NF-kB pathways. Zinc removes peroxide and inflammatory

factors by activating the ERK/mTOR autophagy pathway.

Zinc reduces the progression of harmful gas-induced COPD

COPD occurs when exposure to chronic inflammation restricts
the airflow and is often associated with pulmonary hypertension,
hypoxemia, and hypercapnia, all of which substantially increase
the incidence of cardiopulmonary complications. Numerous
studies have shown that cigarette smoke exposure is a major
cause of the onset and progression of COPD, which leads to
excessive inflammatory responses in the airway, alveoli, and
microvascular system [71, 72]. Cd is a toxic heavy metal present
in large quantities in cigarette smoke. Inhalation of Cd can
increase oxidative stress, lung inflammation, and emphysema;
reduce lung function; and induce epithelial-mesenchymal
transition [73]. As described above, zinc and Cd competitively
bind ZIP8; the expression of ZIP8 is progressively silenced in the
presence of excessive Cd, which can reduce the toxic effect of Cd
on lung epithelial cells [38, 42] (Fig. 2). In addition, inhaled toxic
gases or environmental pollutants (automobile exhaust, occupa-
tional dust exposure, and smoking) induce mitochondrial
autophagy dysfunction to cause oxidative overload, which has
been identified as a major cause of refractory inflammation in
COPD [72, 74]. Mitochondrial autophagy disorders lead to
increased production of reactive oxygen species and enhanced
inflammatory responses in small airway epithelial cells in patients
with COPD, exacerbating the disease progression [75]. Extra-
cellular signal-regulated kinase 1/2 (ERK1/2) induces autophagy
by inactivating the mammalian target of rapamycin (mTOR;
Fig. 3) [76]. Harmful gases promote reactive oxygen species
production, leading to oxidative release of zinc from MTs. An
increased zinc concentration can activate ERK1/2-mediated
autophagy, remove peroxides, and downregulate excessive
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inflammatory responses [77]. Cell experiments showed that zinc
increased ERK activity and Beclin1 expression, as well as
activated the mitochondrial PINK autophagy signaling pathway,
thereby removing damaged mitochondria and reducing mito-
chondrial superoxide production [78]. Zinc-induced activation of
the mitochondrial autophagy pathway exhibited a significant
protective effect on bronchial epithelial cells in patients with
COPD [72]. Therefore, the anti-inflammatory and antioxidant
effects of zinc are important for improving the condition of
patients with COPD and delaying disease progression.

Zinc relieves asthma attacks by regulating the immune system
Asthma is a chronic inflammatory disease of the airway and is
characterized by hyperresponsiveness to common allergens as
well as airway remodeling. The type 2 immune response
modulated by Th2 cells is considered as the core molecular
mechanism of asthma [43]. The airway type 2 immune response
is primarily mediated by inflammatory cells such as TH2 cells,
eosinophils, mast cells, basophils, and IgE-producing B cells.
Th2 cells primarily secrete cytokines IL-4, IL-5, and IL-13 to
promote the increase of airway eosinophils and airway remodel-
ing and to stimulate the occurrence of the type 2 immune
response [44, 45]. After intraperitoneal injection of zinc aspartate
(30 pug) in mice with allergic asthma, the ability of CD4 + T cells
to proliferate and differentiate in the lungs was significantly
reduced [40]. In cell experiments, zinc aspartate dose-
dependently (200 > 150 > 100 uM) inhibited the activation, pro-
liferation, and Th1 and Th2 differentiation of murine CD4+ T cells
[40]. In @ mouse model of allergic airway inflammation, Morgan
et al. found that zinc supplementation (10 mg/kg, intraperitoneal
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injection) enhanced the activity of the zinc finger protein A20,
which inhibits the NF-kB pathway by degrading receptor-
interacting protein 1, inhibits the inflammatory cascade caused
by downstream NF-kB activation, reduces inflammatory cell
infiltration and TNF-a cytokine release in the airway of mice, and
considerably reduces airway hyperresponsiveness and serum IgE
levels [79] (Fig. 3). The zinc transporters ZIP1 and ZIP2 on the cell
membrane of human alveolar macrophages assist in the
endocytosis of macrophages and promote in clearing inflamma-
tory mediators in chronic inflammatory diseases (asthma, COPD)
upon perceiving changes in the zinc concentration inside and
outside of the cell [39]. Zinc homeostasis in the lung can balance
the role of Th1 and Th2 cytokines and avoid the relative
dominance of Th2, reduce Th1 cytokine (such as interferon-y)
production, impair the immune defense, and induce allergic
diseases caused by zinc deficiency [80]. In allergen-activated
peripheral blood mononuclear cells, zinc sulfate (50 uM) inhib-
ited cell proliferation by activating regulatory T cells, enhancing
the Th1 cytokine response, and ameliorating chronic allergic
reactions mediated by Th2 cells [48]. Additionally, a zinc-
supplemented diet (95 mg/kg) was demonstrated to inhibit the
production of eosinophil chemokines and monocyte chemotac-
tic protein-1 in the airway of asthmatic rats, increase the
expression of lung interferon-y mRNA, and reduce airway
inflammation [81]. In summary, in the immune system, zinc
plays an important role in reducing the severity of asthma and
frequency of acute asthma by modifying NF-kB and other
signaling pathways as well as by regulating the function of
inflammatory cells (T cells, macrophages, and B cells).

Adjuvant therapeutic effect of zinc on non-small cell lung
cancer

Non-small cell lung cancer (NSCLC) accounts for approximately
85-90% of all respiratory malignancies. The disease is insidious
and progresses rapidly, with most patients at the middle and
advanced stages at the time of diagnosis, thus posing a serious
health threat [82]. The NF-kB inflammatory pathway is unregu-
lated in both tumor cells and the tumor microenvironment [83].
A study of drug-induced lung tumor models in mice showed that
activation of the NF-kB pathway in the airway epithelium led to
persistent chronic airway inflammation and recruitment of
functional regulatory T cells, thereby promoting lung tumor
development [83] (Fig. 3).In addition, continued activation of the
NF-kB inflammatory pathway led to the resistance of lung tumor
cells to cisplatin and other chemotherapy drugs, reducing the
treatment effect [84, 85]. Phosphoinositide 3-kinase (PI3K),
another key molecule in lung cancer, is involved in the PI3K/
Akt signaling pathway and is commonly mutated in NSCLC [86].
NF-kB is among the most important downstream signaling
molecule of Akt. Following activation of the PI3K/Akt pathway,
IKKa is phosphorylated and then phosphorylates the IkB protein
and promotes proteasome degradation, resulting in NF-kB
nuclear translocation and transcription of anti-apoptotic genes
(Fig. 3) [87].Studies have shown that zinc combined with CuO
nanocomposites inhibited tumor growth in vitro and in vivo
through ROS-dependent apoptosis and autophagy via the NF-«kB
pathway [88]. Makorin RING Zinc finger 2 (MKRN2) of the Makorin
RING zinc finger family encodes ribonucleic proteins with a
unique array of zinc finger domains [89]. MKRN2 is a ubiquitin E3
ligase that targets the P65 subunit of NF-kB to negatively
regulate inflammatory responses [90]. Other studies showed that
MKRN2 inhibits the migration and invasion of NSCLC cells by
negatively regulating the PI3K/Akt pathway [91]. In addition, zinc
supplements can be used as drug delivery platforms to kill tumor
cells for treating NSCLC and also be combined with other
chemotherapy drugs to enhance anti-tumor activity [92, 93].
Therefore, zinc supplements play an important role in inhibiting
the progression and invasion of NSCLC.
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Zinc may reduce obesity-related lung injury by regulating
lipid metabolism

Obesity (body mass index >30kg/m? has become one of the
most serious public health problems worldwide. Severe obesity
not only leads to a group of metabolic disorders including
dyslipidemia, hyperglycemia, hypertension, and atherosclerosis
[94, 95], but also increases the body’s susceptibility to lung injury
through the above-mentioned metabolic disorders. This affects
the pathological occurrence and clinical outcomes of lung injury
and pulmonary fibrosis [96, 97]. Obesity is an independent risk
factor for lung damage, and a multicenter clinical study showed
that obesity is strongly associated with an increased incidence of
moderate to severe COPD [98]. Other studies revealed that the
incidence of ALl in patients with obesity was significantly higher
than that in patients with a normal weight [99]. Leptin, a product
of the obesity gene, is a 16-kDa adipocytokine derived from fat
cells. Some studies of obesity and lung inflammation showed that
leptin activates the MAPK/NF-kB/ P300 cascade, and then
promotes the expression of proinflammatory protein cytosolic
phospholipase A2-a in human alveolar type Il A549 cells, leading
to the release of inflammatory factors in the lung [100]. Leptin also
promotes the production and secretion of mucin 5AC in the
human bronchial epithelial cell line 16 by activating the JAK2-
STAT3 pathway through IL-13, causing airway obstruction [101].
Visceral fat infiltration first results in the recruitment of activated
M1 macrophages into adipose tissue, where macrophages and
adipocytes co-produce a variety of proinflammatory and anti-
inflammatory factors, including leptin, adiponectin, TNF-a, IL-6,
and monocyte chemotactic protein-1 [102]. In addition, fat cells
release saturated fatty acids that bind to macrophage Toll-like
receptor 4 and activate inhibitors of kB kinase to activate the NF-
KB pathway and induce inflammation [103]. Liu et al. found that a
zinc-deficient diet (0.5-1.5 mg/kg) increased leptin production and
increased macrophage infiltration into adipose tissue in obese
mice, suggesting that zinc is important in the metabolic and
immune dysregulation of obesity [104] (Fig. 3). The late
adipogenic factor peroxisome proliferator-activated receptor y is
a core participant in adipogenesis, mediating adipocyte hyper-
trophy and insulin resistance induced by a high-fat diet [105]. Zinc
has an insulin-like effect on 3T3-L1 preadipocytes and adipocytes
and induces glucose transport into cells while enhancing insulin-
induced glucose transport, possibly through insulin signaling
pathways [106]. A clinical study revealed a significantly reduced
serum zinc concentration (<70 pg/dL) in individuals with obesity
compared to in normal individuals [107]. In addition, Zn
supplementation (30 mg/day) has favorable effects on reducing
anthropometric measurements, inflammatory markers, insulin
resistance and appetite in individuals with obesity [108]. Based
on these previous findings, zinc supplementation may reduce
lung injury caused by obesity by inhibiting adipokine production,
alleviating macrophage infiltration, and coordinating peroxisome
proliferator-activated receptor y-mediated lipid metabolism.

Protective role of zinc in other lung diseases

In critically ill patients with ARDS, the zinc concentration was
significantly lower than the normal range, and C-reactive protein
and IL-6 levels were significantly elevated at admission [109].
Following sufficient zinc supplementation in patients with ARDS,
the recovery of zinc homeostasis was associated with decreased
inflammatory factors, increased lymphocyte counts, and clinical
recovery [109]. Excess mucus production and fluid imbalance in
the airways are important markers of cystic fibrosis. One study
showed that loss of the zinc transporter ZIP2 led to intracellular
zinc deficiency and induced the secretion of mucin 5AC, which is
highly expressed in the airways. This effect led to cystic fibrosis of
airway epithelial cells. Zinc homeostasis plays an important
protective role in airway epithelial cells [110] and is critical for
inhibiting the development of various respiratory diseases.
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Clinical application of zinc supplements in patients with
respiratory diseases

Up to 30% of common respiratory infections, including the
common cold, are caused by viruses (rhinoviruses, adenoviruses,
and parainfluenza viruses) [111]. However, zinc appears to inhibit
the activity of RNA polymerase from influenza virus and leads to a
decreased viral titer [112]. In addition, zinc supplementation was
shown to reduce the frequency and duration of common cold
symptoms [111, 113, 114]. Moreover, zinc supplements induced
apoptosis and enhanced the anti-tumor efficacy of cisplatin and
paclitaxel in NSCLC by inhibiting the NF-kB signaling pathway
and reducing or reversing drug resistance [83, 92]. Asthma is
characterized by chronic inflammation and airway remodeling,
and this remodeling is resistant to drug therapy [115]. Some
clinical studies showed that zinc salicylate inhibited the mTOR
signaling pathway and induced the expression of the asthma-
related cell cycle inhibitor P21Waf/CPD) " thys preventing airway
remodeling in asthma [115]. Recent in vitro studies showed that
Zn”" interacts with SARS-CoV-2 Mpro to form a stable Zn*"-Mpro
complex, which interferes with coronavirus replication [59]. Oral
administration of large doses of zinc salts in patients with SARS-
CoV-2 infection significantly improved the clinical symptoms of
COVID-19 [68, 116]. In patients with COPD, zinc supplementation
reduced cytotoxicity, cell necrosis, and apoptosis by antagonizing
the inhalation of harmful heavy metals [38]. In patients with
cystic fibrosis and respiratory tract infection, zinc supplementa-
tion significantly reduced the time of antibiotic use and
incidence of infection, particularly the frequency of respiratory
tract infection in children [117-120]. In conclusion, zinc has many
biological functions and acts as an anti-inflammatory, antiox-
idant, antiviral agent, and immunomodulator. Supplementing
with zinc has important clinical value for treating various
respiratory diseases (Table 1).
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supplementation
13.3mg/2 h

(while awake)

30 mg/day (children)
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Nanoparticles

80 mg/day
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10 pg/mL
23-200 mg/day
15-200 mg/day
30 mg/day

5 mg/day

10 mg/day

>70 mg/week

ycle
-CoV-2 Mpro
-Mpro complex

Adverse effects of excessive zinc in humans

Zinc is a transition metal that is essential for regulating vital
activities in the body. However, zinc is toxic to cells at high
concentrations. Exposure to smoke grenades during military
training or combat can cause zinc chloride (ZnCl,) smoke inhalation
injury, which can lead to fatal progressive diffuse lung injury [121].
Workers in galvanizing plants experience occupational asthma due
to long-term exposure to high levels of zinc, and baseline
spirometry results were normal three months after they left the
work environment [122]. However, the tumor cell toxicity of zinc
can be used for anti-tumor therapy. ZnO nanoparticles provide a
drug delivery platform that preferentially kills tumor cells in vitro
and have been proposed as anti-tumor therapy for NSCLC [92, 93].
Therefore, further studies of the therapeutic effects of high
concentrations of zinc on diseases can translate its toxicity into
valuable clinical applications.

ulate cell ¢

/Cip1)

Risd
Zn%" can bind to SARS

to form stable Zn*
Regulate the immune system, anti-

Blocking ICAM-1 receptor, antiviral
inflammatory, antiviral

inflammatory cytokines such as IL-6

Induce apoptosis and cytotoxicity
and IL-8

Immune regulation, inhibition of
proinflammatory cytokines
Block remodeling pathway Akt-

Reduce plasma levels of

Mechanism
mTOR and u
inhibitor P21

Human airway smooth
muscle cells (ASMC)

Study object
Adults
Children
A549 cells
H1299 cells
Adults
Children
Children
Children

CONCLUSIONS

Zinc, as an intracellular signaling molecule, plays important roles
in cell-mediated immune function and oxidative stress and, as a
stable divalent cation, participates in regulating the oxidant/
antioxidant balance. Zinc supplements inhibit viral replication and
inflammatory cytokines in cell cultures. Zinc and its specific
transporters are potential targets of respiratory diseases, and zinc
supplements have some therapeutic effects in asthma, COPD, lung
cancer, COVID-19, and other respiratory diseases. Through dietary
adjustment or nutritional supplement therapy, the essential trace
element zinc can be supplemented to the body where it exerts
anti-inflammatory, antioxidant, antiviral, and immunomodulatory
functions and reduces the adverse reactions of hormones,
immunosuppressants, and other drugs. These properties can
control various health conditions and improve the quality of life of
patients. However, excessive levels of zinc in the body can cause

Disease
Common cold
NSCLC

Asthma

nCoV pneumonia
Cystic fibrosis
Upper RTI

Lower RTI

Clinical application of zinc supplements.
NSCLC non-small-cell lung cancer, RTI respiratory tract infection, ICAM-1 intercellular adhesion molecule-1.

Zinc supplementation

Zinc gluconate
Zinc acetate
Zinc sulfate
Zinc oxide
nanoparticles
Zinc salicylate
Zinc citrate
Zinc gluconate
Zinc acetate
Zinc gluconate
Zinc oxide
Zinc gluconate
Zinc

Table 1.
Zinc
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cytotoxicity. To demonstrate the preventative effects and treat-
ment potential of zinc, clinical controlled trials of zinc supple-
mentation for the diseases described above and the development
standards for assessing the zinc status are needed for COVID-19
research and treatment.
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